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The book presents the physical fundamentals of the
acrodynamics of air cushion vehicles, results of
experimental studics on nozzle installations forming

the air cushion, and an approximate theory for deter-
mining the acrodynamic characteristics of a vehicle

from specificed geometric parameters of its flow-through
section. Functions are derived that determine transverse
static stability of an air cushion vehicle with a section-
alized nozzle installation. Relationships are set up
between the drag of the flow-through section, the lift
properties of the vehicle, and the aerodynamic character-
1stics of fans. A complex of parameters is outlined

for the aerodynamic calculation of a vehicle in the
hovering regime. The book is written for engineers

and designers working on differant kinds of air cushion
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Klosn. nonkovy V, 1, (hero=
shumice of Air Cushion Vehiclesn), loscow, "Mishinostroyeniye" Press, 1977,
SO pp.

v the book are preaented the phycical fundamentals of the aerndynamics
of adr ocucnton vehicloog reaulte of cxperyaental studicen on nozzle ingtulla=
tyons formings the atr cushion s el Torth; ang an approximate theory is
i“iven ror Lie deterninntion o acrodynanic ~haracteristics of a
vehicle from specifice peopetric paraneters of ite flow=throuprh section,

Furictions sre derivea tha', etoroane transverse static stability of u
vehaele with 4 sectjonaliced noszle instullation,  The effect of the principal
ceometric parameters on the acrodyramic nd encryy characteristics of a
vehicle 1o examined.  Lelationships are det up between the drag of tne flow-
through section, the L1t properties of the vehicle, and the acrodynamic
haracteristics ot fans,  The principal methads of varying the hovering
recime of e vehicle over a golid support surface are investigated. A
onpley of paraneters it outlinea Yoro o the neradynamic calculation of a
vebhiiele 10 the hoverin, regine,

Tre nook 15 intendel {or g inors an desipners designing dif ferent
rinne of air enchion vehicle:s, ¢ 1llurtrations; 8% bibliecyraphic entries.
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Apprc s mately 40 years o prlots noted, turing tests of the first
| redi oopte rny, that in dire st proximity L the pround Curinge landing an addi-
tronanl it acting on the helicopter o protuced, o king of cushion is
formed e tween the heli opter and th ground curface, coftening the landing.
Phy s phenorenon 18 & consequin o of the acrodynamic «{fect of ground proximity
ono o the get of air expelled by the 1ift propeller,  Thus tne term "air cushion”
4 appeared for the first tine,

The peinciple of arr euwsh o Crave’ 4t tre present tine 18 finding

inreasings application in o varied fyeprtn of technolofsy.

A7 e result aof thearcticul ant eoperireatal stuties o air cushion
veracodes o testa of differont sedeie, serving variouws functions, conducted
in the Lovies Union and abroad, ielids of appli-ation are being founa in
whicth the alr cushien is an extremely offective and seretines the only meany
for imparting to w iven vehicle or *echnologi a4l procesc new qualitics,
rropertices, and specifications.

attempts to utilice tre air cushion in masking new kinds of meuns of
‘onvevance are quite natural.  Air cushion vehicles nave the following
advantapes compared to - ther kinas of transport:

the possibility of obtailning by mears of alr jets a 1ift force many
times oy vedinge the rea ticr Torce of these ets at some distance from the
support surface. Tnir advantageously differentintes air cushion flight
vehicles froe other kinds of aircrafs;
. the absence of direct conweo b L8 o air cusrion venicle with the
support surface, which severely lowerc the drag and poernits a transport
conveyance with high translationsl velocity to be buili;

) the possibility of uaing as « guppert the underlying surtace with any

/ degree of vigscosity. This makes 1t possinle to produce all-terrauin trans=
port conveyances capable of moving over solid grouni, boggy swamp, snow,
sand, shallow water, and deep water; and




M cnock=abgorbinge properties of ‘he air cushion through which the
woe, U of the vehicle fu overy even'y trarsmitted to the support surface.
Sl l rougtamivsacn A the support surlie e here have practically no effect eon
the ameothrers of movegent of the vebipole both at low and high speeds.

A modern air eashion trancport veincle s a complicated machine,
cnbining tne awchievements of many S1eids Lf technology. Fans and compregs=
a1 are uced teo produce the air cushion, «shile the thrust giving the
vehiicle ite translational movement iz produced by air or water propellers,
vater=jet, or air=jet engines. Piston and jet engines are used as the
drive for the fanu and propulsoris. High requirements are imposed on trans=
micnions converting torque. The vehicle hull ie ¢iven advantageous aero-
dynamic and hydrodynamic contours. 1ts flow=through section often is a
wwmplicated system of channels and nowiles supplying air to the bottonm
scetion of tne vehicle to produce tne air cushion. The vehicle is provided
with installations ensurings the requinite atability and controllability
during takeoff, flight, and landing. Designing and constructing these
vehicles would be impossible withou: scientific research studies in aero-
nydrodynarics,

bxpericree shows that air cushion vehicles <an find wide application
as vensels for travellidss over water surface andespeciully over shallow
wnter,  The posaibility of hovering, and flignt over water surface, floating,
and pasaing over sand bars anu ghoals, energing on a sloping bank, and
travelling over land imparts rew qualities to these vessels. These vessels
can travel over impassable swamps, marches, and driftwood, where neither
wvater—displiucenent vessels nor wheeled and tracked machines can traverse,
iweither piers or wharves are required [or air -ushion vehicles., Exiting
onto 1 oolid bank, they can reccive passengers and cargo. The achieved
speed of 120=170 km/hr is not the mayimum for these vessels. Tt is not
precluded that year=arcurd operation of these vessels on rivers is possible,
since they an travel over sand and ice, All this advantageously distin-
fuishes air cushion venicles from watcer-displacement vessels and hydrofoil
eraft.,

Suilding prototypes of overland air cuchion vehicles travelling at
4 rhallow height above ground, in view of their considerable disadvantagus,
thus far cannct compete with existin/s ~wans of land transportation. OJevere
dust fnrmation an? poor controllabilisy hamper thc operation of these
machines,

Lurge forces for acceleratjon ard bruking of a vehicle and restraining
it from sidc slip are required for excouting mancuvers, overcoming even
shallow elevations and descents, and for travelling obliquely. These forces
can be produced at the penalty of a large power ontlgy of engines and the
employment of complicated contrci devices.

e e it i
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MMantaining contact of an air cushion vehiele wisth the rround gurfuace
vy meane ol wheela o trocc e s it ponsibie Lo tuild land trunsport
verdcler with new propertica, [0 cere of the wei, bt of the vehicle is
trannferpred Lo the mount in a Gapercod manner by menns of nir cushion,
then the traversability of wheelea g troched vohjeles a0 be appre ~inbly
1nereicwod and mackines can o be buidt vty nigen load capacity that ie beyond
known kinds of onveynnes o,

e peonlem of aerocynand o e b dimmppenrs foroadir cunnion vehiclen
i owhi b the support units (wheela, tincks ) are partially unloaded, aund 1t
Pecomes pocible e operate these wehiine:s on roada and in populated places.

bepioyine partianl unloadi:, ot the support units sinkes it possible to
build o machine with more advantyeous power characteristies, since it
becomes poscible te appreciably reduce the recuired air flow and to simplify
the devacer forming the sir cusnien,  Problems scsociuted with aserodynamic
whirvement of stability of trave ] fade away. his, in turn, leads to the
poogibility »f using fans at lew nreaoure, whicn approciably lowers the
acrodynanic moige,  Dust and cplach Pormation ore also reduced, since the
cacape velocity of the air et ! or 4 venicle witn partial unloading of
the support units is Jess tnar inoa venicle with tot«l separation from the
gCroune, civen the sane oJerall danensions,

“Hraoht o vistar unfeld for tne ade cushion pran o aple applied to the build=
ing of hirn=speed trapsport conveysnecs travelling over specially prepared
receds, M oradntasindnge o eadl oar ocnoaer ade custiion over 4 rail bed or over
oron b et in the form o ouppot o aln, chamne b= rowgchy, or tunnel, and
by producis o thrust wit' e propelles, geb engane, or gpesqal clectric
WOLoTy 1t ta e poacible Lo prodicee oo e wnes tranaport conveyance wiln
t velocity several tines preaster thon Lo cpeed ol 0 railway truin,

t tre present tiee another 1portant fieda of nse for the air cushion
has been noted == ita ongloyment in the metallurpgical industry for the heat
sreatpent of roll snd sheet =etal, especially light alloy netal.

Mheouae of the ir ousadr aswcs 1t posgible to introduce radical
hargen 1nte the desigm o of furns e oand Yo apprecisbly improve tre techno=-
lopdcal procens of heat treatwrt, 1t becomes possitle to assign to the
ajiv ~usnion 4wn functions simulsanenusly: neatine icocling) of the sheet
and itn trancporting,

aivpia ng uniform heaving oo ccollny of sneet and roll strip witn jes
roducinge v alr cushion yields o nosogv neovs netal structure with small
privin, ctrictly remilated (ooled workin, and a narrow range of oechanical
jironecrties both in the longitudinal and the transverse cheet directions,
T™he aheet i asupported in the furnace with the scame gjets in tue suspended
state, wnich permits retaining ite hich ourface properties, gsince the sheet
b ro direct contast with furnace paris over the entire route of its travel
dquring heat tpeatoent,  The high rate of sneet neating and cooling combined
with the tpansporting cperation nakes 1L possible to build a high=capucity
furnace with gmall overall dimencions ann with @ high efficiency.
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Methods of air cushion production are being ateadily improved, und
the acope of its application for the moat diverse technical purposes is
broadening., Adrcraft with air cushion landing gear are beiny tested tor
takeoffs from a landing on unprepared ground. The firat succesetul experi-
ments in transporting drilling rigs in petroleum fields on air cushions ure
n mutter of record. Tranuport platformns on air cushions are beirg employed
in moving freight and equipment within rooms Juring installation work. The
air cushion is used in metalworking machines and manipuletors for supplying
machining stock; support towers are put into place more easily with the aid
of air cushions. Asbocement slabs, motion picture film during manufacture,
ard food products at warchouscs are beirg conveyed on air cushinns., GEZlectric
cars in intrashop transportation operate on air cushions; severely sick
ratients are conveyed on air cushions in clinicu,

The firat concepts of the possibility of increasing ship speed by
supplying air under its bottom section werc advanced as far back as the
19th century. In 18749 the British scientist Froude raised to the prospect
of reduciny; the resistance of water to ship motion by introaucing a thin
air interlayer betwe:n its hull and the water. In 1882 the Swedish inventor
laval patented it, a.u then buiit on models and in a prototype craft the
so=called "water lubricant." At th. same time attempts tc achieve this
effect vere unsuccessful, Research work on practical implementation of
this principle often wae halted and then resumed.

The principle of air cushion travel was most completely and clearly
substantiated in 1927 by K. *. Tsiclkovskiy [48], who was the first to
express the idea that by supplying compressed air under the bottom of a
means of conveyance it can be raised by some height into the air above the
ground surface and maintained in this position, and by iwmparting the
necessary thruat it can be given extremely rapid speeds of translational
motion at relatively omall power outlay.

K. £. Toiolncvrekiy estublished that the friction of a train is nearly
entirely eliminated by excess air pressure between the flow of rail car
and the ruilroad bed adjoining: it, and the pumped air ruises the train
by several millimeters and ic expelled along the edges of the base of the
car. Oeveral proposals to implicment this principle advanced by K. E.
Tsiolkovskiy were implemented in natural structures and designs for present-
day nachines.

The first air cushion vehicle built in the Soviet Union was the L-1
craft, built and teated by V. 7. Levkov 1in 1934. This two-seater with
a water displacement of 1.,8% tons had two 110 hp M~-11 engines, driving
propeller-fans, and could travel over water, sand, plowland, and snow at
speeds up to 60 km/hr. V. I, Levkov had begun his work on building it
air cushion vehicles as early as 1927 in the acrodynamic luboratory of
the Novocherkassk Aviation Institute. There he conducted extenaive experi-
mental studies on various models, the first of which was tested in 1931,
Under the supervision of V. I, Levkov an entire series of air cushion




Fiy. 1. L=) air cushion craf't (deaigned by Vo I,
la vkow, 107¢

craft were built, capable of trave i cver deep wnter, shallows, crossing
sand bars and shouls, and on emorging orto a bank, of travelling over dry
land. One of these craft (Fig.e 1) witn o water displacement of 8.6 tons
and cquipped with two 89C hp V=Y engcines, built in 193%, displayed a speed
over water that was unprecedented for that tine == 145 km/hr.

Late in the 1930's an attecpt wis amde in the goviet Union to employ
an air cushion device on an aircraf* in place of landing gear for takeoffs
und landings on unprepared soil,  This device was built under the supervision
of A, D. HNadiradze on the Ui=0 virarat’s i 194" and was tested by test pilot
I. I, Shelest. The approval of this instullation point~d to the thec:etical
possibility of giving aircraft rew takeoff and landinge capabilities.,

In 1943 G. 5, Turkin proponed the cesiyn for ar all=terrain  nonwheel
trancport vehicle with 4 noucle cyotenm of air cusrion formation., During
the two subsequrnt years he buil' scveral rodole of air cushion vehicles,
ana then a light experdimental nmachine equipped witl two motorcycle engines
driving; axial bands to cupply air to the nozulea, In this vehicle the
mozeles were arranged along the perimetor of its bottom. Tests were made
of this vehicle in 1955. In 169 e Tivet gingle=place all terrain air
cushion vehicle was also tested, built urnacr the aupervicrion of V. N.
Kozhokhin.

In the 1950's interest in air “irhar venicles rose sharply both in
the Coviet Union as well as abtro.a, Fros 17955=1954 4ir cushion vehicles
began to be investigated in Great Hrituin and the United Ltates, and in
recent yrar-, especially after the consteuction in 1959, on the proposal
of British designer C, C. Cockrrell, cf the oxpr rinental Hovercraft air
cushion vehicle, the SH. N=1, aleco in miny other countries.

In recent years several erperimentul air musinicn transport vessels
have been built in the Joviet Union,

e e i
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The year 1962 gsaw the completion of the building of the expericental
vt wir cushion pansenger veowel (M. ?). The platforn of this vecacl,
cquapped with two floster-aide bedien and with bow and srern flaps installed
be Lween them, forms the chuamber 0 e air cushion. The following are
sftuated in the superatructure on the platforms the wheelhouse == in the
how section, compartments for the fun and for fun engines == in the centrul
amidshipa, and two 38 passenger=place lounpes == along: the cides. The air
cunhion it produced with two ?=m dinneter axle fauns, and the thrust for the
trunslati- nnl motion is provided with a 72.%-m dismeter air propeller. A
225 hp piaton aircraft engine drives cach fan, and the uair propeller is
driven wito a 28 hp piaton engine,  The ship is controlled with rudders
installed behind the air propeller, and with rotary plenum chamber [laps.
“he chip length 43 17,3 m, its width is .6 m, ity nedicht from the bage
line 45 oo my and jto water dicsplaocement g .5 tong,

Mill=scale tests revealed adequate aisbility and controllability of
the vessel when travelliny on its air custqicn, 'The anip showed a npeed
of ubcut 0 ka/hr over quiet waters, It freely emerges onto sloping
banks and traverses aandbars, dind=driven waves up to aoout 0.5 m in heisht
4o not dmpede its motior at any headings witn roapect o the wave direction.

In 1941 workers at the Keasnoye Lormove Plant arnd th TaAGI [Centrnl
Inatitute of Aerohydroaymamics imeni H. Ye, uhukovskiy] developed an aero=
hydrodynaric layout and in 196 buil*t the Soviet Union's first air cushion
river craft, the kadugn (Fig. $), w#1th nozzle confijpuration. The craft
is a planform oval platform on which is situated u ctreamlined superstruce-
ture,  The nnzzle rection is built into the platform, consisting of a
aingsle=pasy nonele, two longitudinal and two transverse stability nozzles.
To improve the gesaworthy qualities, the bow farmations of the cruft were
profiled qecording to smeoth eurves,

The following are situated 0 the cuperstructure: the deckhouse with
placer for the pilat ang four passeng ro, ane 1800=mr diaveter nxle fan,
and a 219 hp aireraft piston engine driving the fan, 7The thrust for
taverment it provide! with a reversible two=blude C45%J)=1 diameter air
propeller with a shaftemourted ' np r-ine,  The water displacement of
the craft when empty is /. " tens. L i 9260 mro ir lengih, 4120 oo in
width, and 3420 in height vun-liein tue air propeller). Craft control
in provided with two air rudiers counted aft of the air propeller.

Trial launches were held in tre awcamn of 1942, 4ne stand, mooring,
ard rur tecty == in 1974, The rontes' speea cver quiet water was about
199 da/hr, and atout 60 kz/hr for t-avel over icy snow=covered surface.
T™e craft rose to 120 e aver hard yround, and up to 150=-170 mm when
travellin; over water surface at cpeeds upwards of 80 k-/hr. The craft
emerges onto gloping: banks, travels over sandbure and, vithout slowing
rown, aoves fror the beach t~ the water. In 196% an clastic enclosure
wAs inatalled at the nozzle section of the craf's, permitting greater craft
treversabijity, The craft freely paciec over oriftwood in the river.
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Fig. 2. Neva air cushion pussenger vessel (1962)

Fig. 5. Raduga air cushion cri £t (1965)

In 1962 designers of tne Krucnoye sormovoe Plant, jointly with scien-
tific personnel of the TsAGI developed plans and in 1965 launched the
sormovich air cushion passen, er vescel, tuilt by the Krasnoye Sormovo
Plant (Fi¢. 4). It consists of .« 1if+ plavforu ind a zigezag-shaped super—
structure mounted therc<orn, The deckhouse is in the bow section of the
superstructure, & S50-massengyr lounc- is anidships, and & machine complex
consistines of a turboprop engine, a¥in! fan, and twe four-blade air
propellery in vings i3 in the stern.

The platforc is equipped witn fleoat bodies iving the ship its
required water displacement. f1rne ai: cushion is produced with jets of
2ir exiting from the nouile secticn built into the platform and the float
bodies. This arr-angeuent consists of a contoured noz:le and two longitudinal
stability nozzles. . faun and air propellers with rotating blades are
employed on the ship, which makes it possible to redistribute the power
supplied from the motor to the fan and to the -ir j;ropeilers, depending
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Fig. 4. Sormovich air cushion passenger vessel (1967)

on the ship travel mode. The ship is controlled with air ridders nounted
aft of the air propellers and with bow and stern rotary nozzles. The
water displacement of the vessel i: /9 tons. Its length is 29 m, width
10 m, and height 6 n. A 3.4-n diame'ter fan is installed on the ship.

In stillwater tests, the ship demonctrated a speed of 120 km/hr. It
is lifted above the ground curface to a height of 250-200 wm. The ship
e¢agily overcomes shallow water, exits onto sloping banks, and stopa thereon.

During the past decade, in the OSoviet Union and abroad, interest in
air cushion vehicles has risen sharply and the number of scientific research

and design~project studies in this area has corresponding risen.

In recent years Joviet scientists  (G. Yu. Stepanov, Yu. Yu. Benua,
K. P. Vashkevich, 1. P. Lyutomirov, a. P. Biryulin, 1. T. Yegorov, G. H.
Sirotina, V. I. Andryutin, V. K. D'yachenko, B. N. Kolyzayev, V. A. Litvi-
nenko, I. V. Ozimov, and 5. .. Jmirnov), and the desigmers (4. A. Zhivotov=
skiy, V. k. Shemberg, .. A. smolin, and V. K. .oroastrov) investigated
a number of problems in acrohydrodynamics, stability, and controllability
of air cushion vehicles and have built experimental transport craft serving

various functions.
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CHILAPTER CN.

PRINCIPAL METHOIS OF AlIlL CUSHIOH FORMATION

At the present time air cushion vehicles of the most varied forms and
desigms are being desiymed and built. Various methods of air cushion
formation are also employed. lHowever, with all their diversity, general
features can 5til]l be examined., Yor caample, known craft can be divided
into four main kinds in terns of the method of air cushion formation:
slenun cb waber, chunnel flow, 1o wle, and vacuun chamber scheme,

1. lenur Chamber useboeme

Sraft built accordinge te the plevum charover scheme have a dom =shaped
form in their lower section (Fige © ). Into the plenum chamber forwed
by the dom of the craft ina the [rourc surface a fan pumps air, which
MStaing ¢xcess prescure compiared to tne atmospheric pressure. This pres-
sure ir transmitted to the bettom of the craf: and as a result a 1lift is
produced,  dhen the 1ift become: equal tn the weisht of the craft as the
nressure is raised, the mar;-in »f the craft oruse exerting a pressure orn
the support surface and the ertire weisht of <he craft is transmitted to
the pround via the air ~ushion.

A further, extremely sli, Mt rise ‘n oxcess pressure causes a lift-off
from the support surface and e trancition of the craft into the free
Lovering regime.  Betwoeen tne lowe s argin of the croft dome and -he ground
surface it formed an anrular sli! acd the escape of air from the chamber
autward commonees, liere the value f +he exocs: pressure in the air cushion
at the morent of craft lift-off {»o the ~rounn surface and in the hovering
~cine i determined by the weipnt of the erafty and does not depend on the
heipht of the 1ift., The 1ift height is only 4 function of the flew of air
rupplicd under the craft.

A key advantage of craft with thic configuration of air cushion forma=-
tion i+ the relative sioplicity -7 their execution. The dome-shaped
chamber s usually formed b, tue craft load=bcaring platform and side
walla progecting belmv, air onters the chanter directly from the fan
without *re upe of air-=distribuiing ducts and nozzles.




Fi¢e 5. Schemes for air

~= plenum
== plenum
plenum
plenun
plenum
plenum

chamber
chaaber
chamber
chamber
chamber
chamber

with
with
with
with
with
with

cughion formation
vertical sidewalls
inward—-inclined sidewalls
floaters

labyrinth seal

shield at fan exit
vertical partition

mmlti-pleaum chamber with fans
multi-plenum cnamocr with e jectors
multi-plenum chanber with enclosing sidewalls

.. drawback of these creft is the necessi:iy of installing relatively
high-capacity fans of relative!y large overall size with the correspondingly
hWigher power outlay, since air {lcew for air cushion formation rises rapidly
ac the craft clearance height increases. The use of craft built in this
configuration becomes desirable only for very low clcuarance heights.

An ideal schece cf this kind of craft car be one in which air enters
the chamber in & dicpe_scd manner, and the escape of air through the annular
slit occurs ac if from a reservoir of very large volume when the air velo-
city in it is cloge to =ro.

In

actual craft designs this does not appear
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of execution. Usually air enters the chavber from the fan in the ferrn of

A jet with relatively small diameter. This get streams over the support
surface ane is dircoted toward the annular glit, As the result, the kinetic
cnergy of the jet te a large extent in lost witnin the chamber, the uni-
formity of presaure distribution over Lhe  hawter g.rface deteriorates, and .
the flow cocrficient of the annuluar '3t risces under the effect of the
cacaping jet,  This lends to a drop in lift, higher required air pregsure
and volume flow, and a correspondii rise in the required power.,

therc are severas] modifications of craft built according to the plenum
chamber scheme of air cusion formation., 7o reduce air volume flow, the
side walls of the craft are iven an inclination toward the interior of
the chamber (Pig., 9 b). Thanks to this inclination, it becomes possible
to intensify the compression of the et escaping frcrt. beneath the side walls
for the sawe value of the clearance boetween the lower margin of these walls
and the support surface, and thus to reduce the volume flow ceefficient.

ror the case when the craf't 1o desigmed as oo trangsport vessel {or over—
winter travel, its aide walls are oiten made in the form of lLuoyancy tanrs
[flnutors] (Fige 5 ) Theue [loaters mive the craft its re uired water
displacerent, impart stability in the (loating state, promote higher
floating stabilit, when the craft ic travelling, and also scrve ag an
enclosure of the air cushion.  The lower aectior of the loaters are givewn
A confijurition that permits irtensilyin, the compression of the air e
bene oth Lo floaters and thus redicdng the air volume flow required to
torm the air cushion,

wervir,© the scame purpese, the side willie of the craft in their lewer
section are fitted with a serics of projections with acute edges, which
in combination witli tle cuppor® surface form a labyrinth seal (Fig. 5 d).
In this aseal the air jet encounters & seriec of sucressive compressions
and crpansions, due to which the reoigtance to the exiting of air from
beneath the floaters te the exterior becomes greater and the required
oxcer s pressure, for a small air volume flow, is produced beneath the
craf*.,

wotrep methot capnvle of sotn sy tne air volume flow in the craft
ir the technigque of ievparting an ac:vartageous direction to air current
within the chamber itself, Thus, v, installang a shield close to the fan
exit, it becomes pocsible to dirent the air stream leaving the fan toward
the side walls in the form of jets (Fir. 9 e). These jets, on flowing
of f tne outlet edges of the side wialle drwnward at an acute angle to the
reference curface intensify tne offest of compressing the stream as it
exits {rom the annular slit toward the exterior and thus reduce the volume
of air flow for the sane craft clearance above the support surface.

Adlr -cushion coaft in the plenur chamber ~onfiguration have a substan-
tial disadvintage: as the clcearance hoight it increased, static stubility
is very rapidly lost, To erhance ~tanility, the subdowe uection of the




craft is divided with a vertical partition into scparate compartments
(F1i70 9 £)e When this craft hec b, the pressure in the dome o partment
located on the depressed side rises, while the pressure in the compart-
trnt on the clevated side drops,  This causes a righting moment in the
alr ciihi U

A still preater eftfect of enhanced atatic stability cun achieved by
installing under the craf't bagse o prouap of chambers with independent air
~upply to cach of them, for exarple, with fans (Fig. 9 ¢) or by ejectors
driven from the samc compressor (Fig. 9 h). A disadvantape of craft built
in these configurations is the »elatively low load=bearing; capacity, since
much of the base arca outside the charbers is uncer a pressure that is
rear=atmospheric and participsates virtually not at all in lift production.

This drawback can be elininated to a large extent iy installing a
commen chanber with uide walls arraned along the peric ter of the craft
base and envelopin; a roup of small chambers (Fig. Y i . air passing
through the interior chtambers in this cralt reaches the common ~hamber,
ana then via the jap between the side walls of the commin chamber and the
snpport surface exits externally,. Two zones with different pressures are
formed beneath the craft: one=-within the gmall chacbers, ana the others
— oputaide these chumbers, enclosed by the side walls ¢f the common
~hamnber,

A ceraft built in tnis corfijmiration has relative tigh 1ift and is
mrked by a fairly high longitudinal ane transverse stitic stability.
when toth the common chamber and the ciall chanber: are oude of an clastic
sarterin!y, the eralt car be siven enhinnee ! travercabilivy,

'« Channel=Flow achote

4 cnaracteristic structural elerest of cruft “uilt in the channel-
flow schere 35 a lonpRtuiirel -~nanne!l formed by the craft botton and the
support curface for removal of air Troc tne fan and its discnarge
predoninantiy toward the stern (Fic. 0 ;. The stream of air exitirg
through ‘:.i5 channel can sitaultarecwsly alse fors the air cushion, support=-
nis the craft at gsome heipht above the cuppert surface, as well as producing
the thrusy that gives tre craft sranslational movement. The excess pressure
within tne channel forming the 1ift is produced by further compression of
the channel openinr wita adjustable [laps, while the thrust is induced
frowi the rcaction of <4ne exitirvy ot strean.

Tne rnoverent of this kind of craft is controlled with stern f{laps,
and algo witi, a rudder mounted in tne jet of air aft of the discharge
opening of the channel (in Fic. 6 a the rudders are nrot shown). If the
adjustable flaps are opened wiae, the s<reaa of air leaving the fan ejects
air from tihe bow ze~tien of ‘he churcwl and entrains it toward the stern.
if <he flaps are opened only slightly, come of the air supplied by the




1,7, 0o OScnemer of air cushion
Sormiat o ouce
a == cnanrel flow
bo== ¢ oannel flow w1t dead=cna
vow! formation
== cnanrel flow witn rotary
vow {11

foro atreans toward tue bow operre o o charnel and erits externally,
sty the craft o ds toavelline ander te o ffecty of free-=strearn flow, .o
cneape of air Lhrow s toe uo orerndng oo oveak nod, and beginning at some
velocity tne free=rtreqn adr Dlow an toe raft passes veneatn it.
vooadvantagre of a craft built 1 otnas oonene 10 tae possibility of
prroviding with the saze propul @ fans boh craft 1ift and craft propul-
“ien,  Thic maues 1t prooninle Lo xS cininum the nomentunm drag
. the eraft agsociated with overcoor 2 0 roen of vsistance of the still
externdl alir sucked into te cratt. 0 wotitiorn, in craft built according
tn the actere it bereomes porzo o 0 o bl Ve tre acceelerated movement of
the £lew alorg: the pats Cror tne o tne exit of the cnannel by profiling
nf the channel and in this way w0 “arwealy lower the pressure losses occur=
rings in the expansion cof tre £i0n, tnat ace luevitable in nearly all other
schenes of uwir cushion formatiorn,

craf* built in this cohese oo nereased traversability, since it
becomes ponsible o wake an cperlie in tne boew section of the cralt hull
for surmcunting relatively laprge surface irre, wlaritics, including waves,
wieen the craft ic travelling over space water,

A odisaavantae of Lo rofn in the displacenent of the point of
< sressure fereces to tnedir bottom section
inn orf the wloastsble flap in tre discharge

i
upplicatior of the resultaes
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openitys of the channel and in relation to the change in the fan operatin,:
neime ard, as a result, difficnliy in ensuring stability of craft propul-

~y
“iton and itn conteallability.

anceher craft variant built in the flow=channel scheme of air cushion
formatior ic chown in Fig, 6 b, In this craft the inlet opening of the
flow channpel i covered with the bow snection, reducin the encape of air
townrd the side of craft motion, znd flapa are installed in the exit
openine of the charne! just as i the scheme shown in Fig. 6 a, permitting
adjnuotnent of the thrust in the horivontal direction, and rudders serving
to induce 4 moment relative to the vertical aris, turning the craft toward
the desired aide, are alio installed at the exit opening of the channel.
In this casc the pressure distribvtion at the craft bottom depends to a
larFe extent on the pusitior of the adjustable flaps and the fan operating
roFine .,

"he installation ir the bov section of the channel of a rotary flap
(Fire 6 ¢) permits more flexihle craft contrel,

tiorw lee Scheme

The dictinpuishin: feature of a ~raft built in the novzle scheme of
iir cushion formaticn is that itc bottom se~tion is8 provided with a
wripherally arranpea slit=like norole for discharging the air jet toward
Voo pemound surface (e, 7 ::). Jr frem o the farn is broupght to the nozzle
vy oneans of aoreceiver or profiled channels located in the craft hull,
axacns pressure ino the air o onshios an this ewse ic produced by the resction
foree of the jet exitine fror *he nevele and streanines over the ground
surface ir.radial directions ron the raft,  To enhance the air cushion
preseure, the air gtream is directed benecath the craft at some acute angle
te. the pround surface, In these oeaft, when in the hovering regime, the
cycesn pressure in the air cushien ic always less than the total pressure
nrxpanded in producin; the jet,

'
i
!

The 1ift force sustainine e coaft ut some height atove the ground
mirface is comp.ced of the pressuye farces acting at the craft bottom on
*he ajr cushion side and the ver+ical componert of the reection force
aroduced by the aix jet exitin, dew . wonari, .4 small ~learance values, the
pressure forces actins on *he craft b tt~a are the fundamental forces
~aisine~ ‘bho craflt into the air. The vertical component of the reaction
Porce of tne jet is amall in this instance.,  As the craft clearance is
increased, the rnle of these forces chungec: tre pressure forces of the
air cushion decreasc while the rea-tior foree hecomes grrater. Thus,

the 1if* lorce is reducced for eraft with rnozrles having a small flow=
channel width with increase in clearance height.

e o f the nourle confiruration maren it pnssitle to build air cushion
craft wit: relatively Yaree [licht heipht for small power outlay. The
advanta;c of using: this ceneme is Adue te the fact that by employing a
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N = sinrlo-pw": noz:le
b -= nouzzle with builit=in fan
==~ noez:le arrangseaent with

recirculation from
outer nozzle to inner

d == nousle arrangement wite
recirculation fronm
inner novzle to ~uter

¢ == nozzle arrangrement Wit
recirculation through
built=in oerlt fan

nosele wilh a narrow clannel openir;

1 Fige 7. Jchenes of air cushion formation

{ == nnsile arranpement with
partial recirculation
throush additional deli-
very nozele

¢ == nozzle arranpement with
partial recirculation
through fan

! == nozzle arrangement with
partial ejector recircu-
lation

i == two=puss noz:le arrangement

J == two=rass nouzzle arrangement
with ejectior

ard dirc cting the air jet toward the

air cushion ride, the required “learince heipnt can ve provided for a

craft of specified weight and ~viw 1l

flows.

dimensions, for szall air volunme
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To produce the uir cushion for a craft built in this configuration,
n flow ~f air at relatively greater preasure und small volume expenditure
{ is requirvd, along with relatively high=head funs of low capacity. This
, pernits employing fane of relatively small size on the craft.

At the piregsent time these craft have gained the greatest acceptance.
Deperding on the purposc of the craft and the requirements imposed on it,
the most diverse craft variants and modifications are employed. Llet us
look at severul of the most typical,

«n craft built in the nozzle configuration, air from the lan is
brought to the nozzle installation through channels laid in its hull.
The hydraulic resistance of these channels to the passing air stream is
detrimental, since it is not directly related to the effect of air cushion
formation and makes it necessary to employ a fan with higher head and
additional power expenditure,

~ craft with a nozzle installation not employing air ducting is known.
Fire 7 b shows a scheme of this kind of craft. Its fan is built into the
hull and the nozzle in such a way that the working vanes are located
directly in the entrance of the annular nozzle and the hub serves as the
actua]l base «f the craft. External air is sucked into the nozzle directly
from the ambient atmosphere and exits from the nozzle in tne form of an
annular jet directed under the craft bottom.

Tnic installation permits not only bypassing thc use of air ducting
and asoociated detrimental resistances, but also the superior use of
dynamic pressure built up by the fan.

A key disadvantage of this kind of craft is the necessity of enploying
large fans. The complexity of design of the fan as well as the transmission
to it renders these craft unsuitable for transport vehicles, This scheme
can be used in building small craft with small clearance heights.

In craft with a single~pass nozzle installation (cf. Fig. 7 a), the
entire volume of the external air sucked in by the fan exits at high
velocity through the nozzle intc the surrounding atmosphere and its
kinetic energy is completecly lost. When this craft is travelling, addi-
tional drag is produced, caused by the forces of incrtia of the still

external air sucked in, referrecda to as momentum drag. The value of this
drag is directly proportional tc the amount of air passing through the
craft and to the craft velocity and is comparable in value to other main
kinds of drag.

Craft built in the nozzle configurations with air recirculation
(Fig. 7 c and d) permit a reduction in the kinetic energy losses of the
jets and lower momentum drag by trapping the exiting air streams and
using them again to form an air cushion.




variants of novele confijurations with air recirculation are differ-
Coated, differing by the wethod of arvangcing the delivery and guction
vo e b bhe eenft bane, kn the Fiest yneiant nodelivery nozele serveds
ac Lhe oaternnd nocade Joonted an the bacie periphery, and o suction
voss e nerves ag the anternal nes le. o the aecond variant u suction .
nossle in the extepnnl noccle, g nodelijvery rovate iy the internal,
According ly, in the first variant jetls are directed from the periphery
toward the center of the base, and in the second == f{row the base center .
toward it. periphery. In craft whose schemes are shown in Fig. 7 ¢ and d,
recirculation air is rioved by an uxiasl fan tocated in the craft hull,

One design solution of there craft is the use of a belt fan built
dlirectly into the nozzle installaticn (Fig. 7 e). 7The blades of this fan
are secured to special velts moving on puides along the nozzle. Depending
on the position of the blades on the belts, & given variant of flow
tirection of recircu.ation air in the rozcle installation can be attained.

maporience showe that noale installations witn air rcecearculation are
less o Ffsedieny comsoved to ordinary sincle=pacs nosslec with air discharged
exterpnlly, cince a craller eycess pressure in tne air cushion and a wenk
Lift o1 achieved. The necersity of inatalling a suction nozzle and
anxiliary ducting in o craft in erder to achieve recirculation produces
additionad dpeasy oxeceedine the dynamic preasure of the air jet exiting
fro-. the deelivery wesde and brin irys to naucht the apparent possibility
of crpleying the rinetic crern of the jet.

a oo le ingtallation whone Gonere ir chown irn Fig. 7 d, for very
svall cleurance heights, *as o property of sdhering to the surface, that
1o, has » nepative litt. Wnen as the cround surface a craft fitted with
this king of nozrle instelation cannot rise indeperdently when the fan
is operating.

There are neczle installations wit: partial recirculation in which
tre air jot splits into two paris on cxiting {rom the delivery nozzle:
one part streamg out, and the other is diverted beneath the craft and
then via additional ducting agnin crters the air cushion.

anstle installations whose schemes are shown in Fipo, 70, g, and h
can gerve a5 exanrples,

In the installation built u-~crding to the scheme of Fig. 7 £, air .
is bled directly from the air cushiorn and vin auxiliar)y ducting built
in the craft hull is discharg-? -:.. % the ground surface via auxiliary
deliver, nozzles., Air lcakage from tne air cushion is regplenished by
jets oplitting, of f frou the main uair jets. irlow in the auviliary ducting
is maintained by the cxcess pressure in the air cushion.

fhe installation built zrcording tc the s-heme in Fig. 7 h differs
ir that some of the air splitting awny from tne xmain jet toward the air
cushion it sucked in by the far througnh additional ducting, and is then

i8
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brousht to the delivery nowsle and Loge-ther with the externally
ecaping air is discharged towara the snpport surflace,

In the nocsle dnstallation (i, . /W) partial moeirculation of
nir i achioved directly in bbb delive oy noosde, T i asoumed that the
sredaure cise in the adir cushion results froo the diffuser ef feet ag
air flow: toward the air cushion in the jp formed by the profiled
section of the norzle hotton and the suppert surface.  The recirculation
flow in this installation i produced by the ejecting action of the
stream of air fed by the fan invo the upper section of the delivery
nozzlce,

Norsle installations with partial recirrulation, shown in Figs. 7 f
and ¢, are nerodynamically also less advantapeous than ordinary single=
pasc now:les, since their suction ducts produce high additional drag.
local pressure losses in the beanding of the recirculation air stream and
also prescure losses in the c¢jector vhen the active stream merges with
the recirculaticn stream render the nozule installation shown in Fige 7 h
ineffi~ient,

homete inastallations with compiote an well as partisl recirculation

re canpley in deaimm, take up oa large freacetion of toe area of the craft
tane, and requite expended fall volume Lo noune the reverse ducting,
These dnctdlations have thus far oo cained practical wsceeptance, Nozzle
installations ecmploying air roojveulation that are advantageous from the
acrolynanic point of view and that re feasible un Lo desi;a have thus

far no' been found,  Hozzle inctnllaticns with o recirculation system are
tprnerally mmsuitable for application on transport crvaft, since they suck
in dust, znow, and splaching wate: thraiph thee charnel flow of the craft,
whi~h rapidly renders themn inoperative,

sxperience shows that craft «ith single~pass ncncles exhibit
very low stability. haisiag this iiind of «<raft by a height of 1,5-2 per-
zent of <he nozzle width already causes hceelirng. 1ncreasing hovering
height leads to totai loss of stability nd the craft rests on the lower
cdge of ~ne side against the prournd. Tiis is cauged by the fact that the
rozzles on the depressed and elevaet sides, during heeling, are at
iifferent heights avove the suppart surface and the jets exiting from
the sides produce reaction forces dircected toward the air cushion differ-
ing in magnitude, and thus dissimilar excess pressures,

All this results in the air ‘et on the depressed side clogse to the
surface splitting inte twn and gome of it moving toward the clevated
side, As this takes place, at the depreassed side the reiction force of
the get dirccted toward the air cushion weaksns and tle ejecting action 4
caused by recirculatior of air in the cushion rises. as the result,
the pressure in this cushion vene falls off, anc thus the pressure over ]
the section of the bottom near the =levated side is also somewhat reduced.

v tipping moment actings on vre craflt is thus induced.
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To augmeat stability, the single=pass nozuge installacion is
weetionalized into individual sociions with additional nowiles == stati-
lity nowrles,  Fipeo T 4 shows o two=pass pozile arranenen Hf an adir
cushion vehicle., when this kind of craft yields under thc cifect of
the cxternal moment, the pressurce rises over the section of the bottom
between the outer and the inner noviles near the depressed side, while
ihe pressure is reduced over the symmetrical section of the bottom at
thi olevated side. As a reswlt, a righting noment is induced in the oir
~uoiion, restorins the craft to the horizontal position after elimination
of the cxternel moment applie! on the creaft.  air is usually fed from the
fun te this kind of nozcle ins<allaticon by means of a receiver,

In severa) cases, when for tome reauon 1t 1s desired to appreciably
reduce the capacity of the fan installed on o craft, nozzle installations
with built=in ejector are used (i 7 ). wjgectior air is supplied in
nor~le wreangements of this conflicuration at hipgh pressure via slitlike
nozcles mounted directly in the neccle installation.  The externally
coccted aip arrives vie a slitlike header lecated between the ejecting

oceles,  Discharys of dr in the Sorn of jets takes place through
avcedes Tosated in the erafy ottt

LXCenn presaure ir the air cusior is produced by the reaction of the
coecting and cjected alir escaning externally,  This facter appreciably
raises the e ficiency of the «jector, nowever the cfficiency of the craft's
power pla- i when thic device is used drops off, overall., The nozzle
installa ion eaploying arn ejectcr requires the use of & high-head fan or
JOMPIresSn T

Theoo apo sovera! variants of subility nozzle placement in the cruaft
bottem,  They tan be 'oeated ir the leorpitodinal end transverse directicns,
ir the dinnetrecl plar< 28 the oraft, near the zides, and in crosgwise
fashion. The eterminmure contitione includc uchieving the desired craft
staubility and satisfying configeention requi~erente == the possibility of
wocontinrent arrappenent of ductin Seedirr air e the fan to the
~tatility nouiles, for small Fydrn V2 rsictance values of the stability

nonvles,

i desipning adr cushioe ocnebiclel ) oone tugt zear in mind that the
2ing le=pass novale instellatic: nne L renatest load=bearing capacity.
Aany secticralizing of the ros le iastallation, with the same total area
of the passage openingw of = o :Je nzintained and with unchanged para=-
meters of the air strean fod t 4re noszle, reduces the 1ift. In oth-r
words, introducing zrxiliary nceroles into the aoczle installation to
mugment ctability somewhat de¢rradec  its load=bearine preperties.
in spite of thic drawback, two-pas. nnd other methods of sectionulizing
rozzler have gainedi the greatecty wcceprance and are used for craft of
the uoct dissimilar functicn.
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Yhe nouule dnstallation ir eraf't with the nezrele sorere of air
curhion formation and cide walle e cpaf’t with the plenun chamber and
Boare-l=f1ow corf ygmrationn, boil 1 the forr of cagad metal atrocturcn,
e ot Lty dicadtivanta, e == ey do ot permit contact with a
id capport surpiese daring progalavens i e dncarsaons on purta
trreepber it fes and progections ane b aaves Lbrike auring, propulsiorn
wver wate vy these devices beconc 4o formed and raprtly anlfunction.

-

i wn inportant step in imorovinge tranapert air cushion vehicles was
the use of eclastic aar cushion enclosures. 3y making nozzles and gide
4 wialls irn the form of flexible ckirts of thir clastic material (vulcanized

rubber, rubberized fubric, nylon, arne other 3ynthetic rateriale), the

wost important ability of air cashion venicles == treir truversability --

can be rarkedly enhanced. Flexible enclogures beccne kneaded upon
‘ri.inr obgtacles and tnen again acquire treir initial shape. Short=

1 teru cnarnge in the shape of the elustic enclosure has a neglible effect

on the acrodynamic qualities of the craft,

plastic enclosuares recuce L requirencents 1rposed on air cushion
cocicles with respect to flight Leipnite Tne pousibility of reducing the
learanes hetween the craft and the support su-face without detraucting
‘ fran i4 traversability improves e power capabilitiers of the craft and
1 peemits coploying fars of shaller )¢ wnd power Lo acnieve the same 1ift.

acrcaynanic pequircaents imposed on noscles and gide walls made of
elastic naterial remair vhe garc as for thedir rigid design. Ly icparting
the shape of nouzles to thne exitin: arenan of elastic caclosures, aero-
dynamicually advantageoas air cusni-rn fermatiorn configurations are achieved.
The main -epularities of air escape fror these devices achiicved with recpect
to rigid structures can be considersutly extended alio o flexible enclo-
snres Serving the ane purpose ard of siailar corntours,

£, Jacuum Chamber ocherw

a method of producir, 1itf't varec on inducir o rarefaction between the
load=hearing system of the :raft are tne supperi surface is possible,
diere, to produce the lif'v sustainirng 9 cralt of given weight in the
regrime of reovering: and propulsion, the load=bearing systen of the craft
it located beneath the support curface.  This methca has substantial

9 advantagen over methods bascea or sustaining excess pressure under the
craft bottem and can be used in waking transport conveyances travellang
over specially prepared rouds, for exauple, vehicles intended for monorail

S travel [Gj-GGﬁ.

A schematic of wmir cushion formution using a vacuum chamber is shown
in Fipio ¢ a. The chaaver of tris schere is formed by an upper load=-
bearing plate, vertical side wsxlls, and (beneath) outward nrojecting,
horizontally arranged strips rigidly connected to the walls. The opening
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Fig. 8. GSchemes of air cushion formation employing
vacuum charbers:
a =~ with fan built=-in to d -- with fan and linear

support electric motor

b == with internal support ¢ == with labyrinth seal,
atrips fans, and linear

~ == with exterrnil support electric motor:
strips j == stator

2 == rotor
5 == roof of rar

between the support sirips is covered with a plate to which freight can
be cuspended. The chamber is cquipped with a fan.

The working fun produces w4itnin tne chavwber . rarefaction, xtending
to itz entirze internal suriacce, including tie upper surface of tne plate.
The drep between the atmospheric (external) pressure Pu [H = external]

and rarcefaction within the ~hamber p, [e»- inter:Jl] produces a force

tending to lift the plate, When therc are wear rarefactions within the
chamber, the plate rests on the support strips. As the rarefaction is
intensified, this force in-reases and the momen: arrives when it becomes
cqual to the weight of the plate and the freight attached to it. In this
case the plate is supported by an air cushion and ceases to exert pressure
on the support strips. a further risc in rarefaction brings about the
liftof{ of the plate fror. the support strips and it rises. sxternal air
rushes into the gaps formed by the plate and strips. In this &+, flow,
two positions of the pl-.te in the chanmber are possibie:

s gt i i nGain m o




when with rising of the plate and the corresponding increase of the
Jot between its edges and the support strips the rarefaction drops off,
but still rerains high enougnn 3o that the forces produced by the rare=-
faction exceeds the weight of the plate, the plate tends to move upward
and then is sucked against the upper wall of the chamver == the load-
bearing nlate; and

when with increase in the j-ap the rarefaction in the chamber drops
of f nnd the moment of cquilibrium arises betwesn the forces of rarefaction
and the plate weight, the plute rines within the chamber only to a specific
of heipht about the sunport strips and remains in the state of free hover—
ing, without mechanical contact with its walls,

The rcecond position is of practical intcerest in designing transport
vehicles, The vacuum air cushion arrangement is bujlt in the form of
box=section beems secured to support masts, consti.uting a distinctlive
rail spur, and the load-bearing systen is in the form of a carriage
travelling: along this spur bearing a suspended rail car.

The load-bearing system built in tae scheme shown in Fig, 8 a has
4 key disiadvanvege: the fan is ccnnected directly with the housing. To
maintain the required rarefaction as the carriage is in translational
motion, the nousing zust have fans arranged in series of its entire extent,
switched on and off depending on the position of the carriage in the
housing. The lond=-bearing syster: built according to the scheme in
Fig. 6 b i3 free of this drawback. The fean is located directly on the
travelling plate, and to reduce the air volume flow and to maintain the
required vacuum vertical walls arc formed along the plate periphery,
forming a clearance with the rourings supparted by the plate.

The system built accordings to the scheme shown in Fig. 8 ¢ differs
in that the suppor: strips are extended outward, while the side walls
of the vacuum chamber in the upper section are equipped with inward-
projecting horizontal f{langes, which restrain the chamber on the support
strips. The ducts for passage of atmospheric air within the chamber have
a large number of turns and, therefore, produce sreat resistance to air
passage, This permits producin - in the chamber a rarefaction of the same
value, but with smaller air flow and correspondingly lower power outlay
in order to maintain the load-bearing system in the suspended state.

The air volume flow for a given clearance height of the load-bearing
system over the support strips can be n~hieved by using a system with a
labyrinth seal between the walls of the vacuum chamber and the support.
By extending the ducts and introducing additional turns into them
(PFig. B d), one can increase the resistance of the flow-through secticn
to peasape of external air within the chawber and make the load-bearing
syste . more economical.




A linear clectric motor (Fir. 8 d and e) can be used as a power
plant imparting tranalational motion to the load-bearing system. The
principle of its operation is based on the use of the cffect of a running
clectromametic field. This motor consists of stator 1, which is a system
of windines located on s magnetic conductor, and rotor ? made of stcel or
aluminum buar arranged alongy the spur in the interval between the working
surface of the stator, with small air gaps. The stator is mechanically
connected to the lnad=bearing system of the rail car, and the rotor is
rigidly connected to the structural clements of the spur =- the support
housing. Power is supplied to the motor from ground-based electric
traction substations via a contact network using current receivers,

The load-bearing system employing 4 vacuum chamber must not only
produce the requisite 1ift, but ulso exhibit adequate siability with
respect to angular dispiacements and side slip. An advantage of the
method of producing an air cushion with a vacuum chumber is the fact that
the center of gravity of the entire system (carriage and rail car) is
appreciably below the point at which the 1ift is anplied. In the event
of external moments causing heeling, this system, on the effect of the
woment formed by the force of gravity tends to occupy the initial vertical
wosition,

Load=bearing systems shown in Fig. 8 8, b, and c are unstable with
respect to transve "ze shifts caused by the action of external side forces,
for example, when the carriage is moving along rail line cur-ves, and so
on. By imparting to the channels formed by the side wall ol a carriage
and the support wall of the housing the shape shown in Fig. 8 e, a sgide
force can be produced that tends to rentore the carriapge to the center
of the suppcert housing,

¥ith respect to acrodynami-~s and power considerations, the air
cushion produced wit . a vacuam chanter is advantageous in that it permiis
introducing subtstantial hydraulic resistances along the route of external
air to travel toward the vacuum chamber; these resistances produce the
requisite 1ift for relatively cuall air volume flows. This not only
reduces power outlays in suctaininge the cquipment in the air above the
support surface, bu*t alce pernits using small fans,
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CHAPTEK  'I'WO
EXPERIMENTAL CHARACTERISTICS OF
AIR CUSHION VEHICLe NOZZLES

5. Nozzles

Noz-les are the most important component (the principal werking part)
of an air cushion flirht vehicle, whose 1ift qualities are produced by
means of iets of air discharged mainly beneath the craft. The nozzle
instuvllatior form: these jets. As the result of air jets interacting
with the support surface beneatl, the craft, a preswure is produced that
is in excess compared to the atmespueric pressure, and this excess pres-
aire by acting on the craft bottom produces the required lift sustainirg
the crafl over the support surface by some height both in the hovering
regime aa well as in flight,

By fiving the noz-le installation different planform contours,
arrangcing the nozzle slits ir it ir a definite fashion, and giving these
nozzle 5lits differen’ sizes and prefiles, one can substantially affect
the aercdynamic characteristics of the nozzlce installation and thus, the
characteristicas of the craft with respect to its lift properties as well
a5 its siability. By varying the vometrical parameters of nozzle slits
during hovering and fligsht, te soue ecxtent cne can assign the functions
of craft control devices t~ *he no»le installation,

The necessity of a co'tinunus supply of air beneath the craft through
the nozzles to produce the air cushicn involves a cornstant power outlay.
This power is expended directly in producing the air jets as well as in
overcoming detrimental resistances i1 the nozzles and the ducts supplying
air to them. These power outlays of*ten exceed the power outlays in
overcoming r~raft -“rag and are the principal factors determining the energy
characteristics of an air cushion vehicle. Therefore setting up 2 rela-
tionship between geometrical parameters of nozzles and the aerodynamic
parameters of the air cushion, ar well as sclecting retional noczzle
configurations exhibiting “igh 1ift qualities while satisfying the
requirements of craft stability is of paramount importance.
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6. oingle=Pass Annular Nozwvles With Profiled Generatrices

A adingle=puan cunular novele in the simplent nozzle arrangement and
nt the aame time the most advantygreous we to power, gince it exhibito
the grrentent 14t capacity for annizned purameters of the air stream fed
to it.

By imparting advantageous dimennions and profile to the entrance of
4 nozzle (rounded entrance edpes) and to the guide section (usually
straight walls), the total pressure of the stream of air fed to the nozzle
can be transformed into dynamic pressure for extremely small total pres-
sure loss., In a properly profiled nozzle installation, these losses
amount to 1.5=2 percent of the available total pressure and they are
expended nainly in the friction of the stream against the nozzle walls.
Owing to the profiled nozzle, it is possible to produce a stream of air
of required width with stable flow direction.

A single-pass nozvle installatior can serve as a kind of reference
standard in evaluating the 1ift capabilities of noz:le arrangements of
other systems,

Annular nozzles. In an experimental determination of the aerodynamic
characteristics of the air cusnion produced with annular jets, three
ceries of single-pass annular nozzles were built, differing in the widtn
of the passage opening (b = 8, 20, and 40 mm) and in the angle cf inclina-
tion of the nozzle ge~ratrix to its axis (@= Q, 30°, and 45°), vith an
identical inside bottom diamcter g [b = insidc] = 400 mm (Fig. 9), for

all nine nozzles tcrted. One of these novzzles had a passage opening with
width b = 25 mm and the generatrix angle of inclination @ = 300, Each
nozzle arrangement (Fig. 10) consisted of an internal section == bottom 2,
and external — tapered rim % encompassing this bottom. The bottom &nd
the tapered rim were connected with adjustable rods 2 in such a way that
an annular slit was formed — a nozzle with constant width b. The exit
edges of this nozzle lay in the same plane.

The bottom of cach of the tested nozzles, in turn, consisted of two
sections: an upper section 4 vprofiling the annular nozzle, and a 1ower
section, wnich consisted of a circular disk 9 with drainage openings to
neasure pregsure distribution. Twenty five drainage openings 1 om in
diancter and epaced at 15 mm intervals were made in this disk along its
diameter. Three more additional cpeninys of the same form were drilled
near the edges of the disk at u distance of 15 om from the principsal

series. The pressurc from each orifice was transmitted via a connecting 1
piece secured to the inner side of the disk. The same disk 5 secured . :
to the upper part of the craft bottom was used for all the nozzle i
arrangements tested. The edges of the entry openings of the annular

nozzles with width b = 6 mm wvere rounded to a radius of S5 mm; the edges é
of the entry openings for annular nozzles having width b = 20 mm and
25 mm were rounded to a radius of 12.5 mm; and to a radius of 25 mm -~
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Fi/. 9. Configuration of annular nozzles tested
a, b, ¢c == for ¢=0

4, e, £ == for ¢ = 30°

£y hy i == for @= 44°

for an ./ .r nozzles having width b = &0 mm. The nozzles were made of
duralumin. Cast nozsle blanks were machined, and the surfaces of the
nozvle walls facing the air sirear. ware ground.

The chield over which tie annular air jet streamed was a flat 950 mm
diameter circular diek (Fig. 11). The side of the disk facing the stream
wags made cmooth, and the other side was wade with stiffness ribs. The
shield had a hinged suspension. By using a set of rigid push rods and
adjustable bholta, the shield coild be given the required position with
respect to the nozzle installation. (n the flat side of the shield 12
drainage openings 1 oo in diameter were made aleng two rmtually perpen—
dicular diameters, with a spacin,; of 15 mm. On other side of the shield,
the drainage openings termin.:ted in -onnectins pipes.

smxperimental stand. c'resncdn, of we annular jet on the shield was
investifated on a stan. (Fi-. 7. ) ~onsissing of u siabilizing chamver 2,
replacecable ceasuring header ©, converpent duct 6, test nozzle arrangement
10, und sliding flat shield 10 at wiich the unnular jet of air escaping
froiv the nozzle rollided. The flow ol air in. the ctand was produced with
a4 special duct connected to v« entrance opening of the stabilizing
chamber. In this chamber the air was uniformly distributed over the
~rogs=scction by means of wetnl screens 1, Screens T were installed in
tlie outlet section of the conver -ert ¢ict for this same purpeee,

The nozzle arrangencnt 10 was secured to the flange of the convergent
duct £ with bolts. The pressure at the bottom »f the nozzle arrangeeent,
taken up by the drainage openings, wus diverted by means of rubber hoses
through 4 commen header ta the outride, to alcohol micromanoneter 8.

21

A s - T e e e e &




I Su— N PP

i
q
i
?

Fig. 10, Annular nouxles tested at t‘/D8 = 0.02:
n == for g =0

b -- for ¢ = 30°
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Fig. 11, arrangement of drain openings
on shield
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Figr. 17, Experimental stand Uor testing streaming of
annular jet on shield :

1 and 7 == netal screens

¢ ==~ stabilizing chanmber

3, 4, 8, 9, and 12 == aicromunoueters

Y == measurirng header

¢ == convergent duct

1) == %tes8t nousle arrarn-enent

11 == shield

The shield 11 was secures on o specisl travelling device in such a
way that the centers of *he bottom of the annular jet and of the shield
lay alor;s the longitudinal axis of the experimental stand, and their
drainage openings (one of two shield series) were arranged in the same
plane.  Tae travelling shield of the Jdevice consisted of a buse 12
(Fig. 1%) with two cylindrical puides 7 80 mr in diameter, at a distance
of 1000 mm from each other, and n carriage 1% travelling along these
rsuides by means of work mecnanism 12 driven by steering wneel 10. The
terminal section of the convergent duct containing the test nozzle and
the bage of the travelling devi: were rigidly secured to each other by
neans of a common frame 16,

During the experimernts, the siniole was positioned at several distances
1 from the cut=off of tne nozzle by neans of the travelling cdevice. The
distance h was measurcd on the scale of a coordinate spacer, whose push
rod 14 was connected to the slidins sriela, and scalel13 was connected to
the fixed base of the travelling device. Tac pressure distribution at
the shield was determined with an alcchol micromanometer 9.

The voluwe for air fed to the norzle was weasured by a replaceable
neasuring header profiled aloryg tre arc of a lemniscate, installed ia the
stabilizing chamber., A header provided with a connecting pipe 139 mm in
diameter was used for nozzles with flow-through opening b = 8 mm; and
a header with a connecting pipe of 178 and 261 am in diameter, respectively,
wag used for nozzles in which the flow-through opening: b was 20 and 40 mm.
Micromanometer 4 (cf. Fis. 1?) was used tc determine the pressure differ-
ence between the stabilizing chamber and the header connecting pipe, from
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Fig. 15. Lxperirental stand for testing

E streanin,; of anmilar jet on shield

1 == test nozule 10 == steering wheel
arrangement 11 — carriage

2 = convergrnt du t 17 == bage

5 == rubber hoses 14 == scale

4 = common header of 14 — push rod
—ubber hoses 1% == worm mechanism

5, 6, and 9 == micro- 16 == frame
manometers

7 == c¢ylindrical puide

88 == shield

which the velume of air flow was calculated. The readings of micromano~
meter 3 were used to enter corrections in calculating the volume of air
flow.

The excess pressure in fr nt of the nozzle causing the escape of
the air jet from the noztle was wcasured with micromanometer 9 using a
connecting pipe installed at the terrinal section of the convergent duct.

Tests of nozzle arrangements werc cunducted by varying the mean
escape velocity of air from nozzles in the range 3-55 m/sec, which corres-
ponded to a change in Heynolds nuamber, piven in terms of the doubled
width of the flow-through opening of t:.c nozzle, in the range
10,000~-280,000.

A general view of the experimental stand for nozzle testing is shown
in Fig. 14,




Fig. 4. General view of experimental stana for testing
annular nozzles

~= movable shield

== no.zle arran,:-ment

coordinate s,icer witn pneumometric tube
~= gtabilizins chamber
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Interpretation of teat resulis. Tne results of neasuring the pressure
distribution along the bottom of the nomzle arrarnyement and the shield

over which the annuler air jet streamed were represented as the dimension=-
less coefficient of the air cushion pressure:

3
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Po — Pu ! (’>

where p_ is the pressure at the tes* point con the bottom of the nozzle or

1

the shield; is the pressurv in the receiver [header] (terminal section

Po
of the convergent duct) ahead of the nouzzle; Py [H = external] is the

atnospheric pressure (in the external space surrounding the annular jet).

The discharge cocfficient of the annular jet is

Q
ax = —_—————— , (2)
2
FV—‘.’- (Po— P4)

where « is the volume flow of air mesured with the header of the experi-
mental stand; P is the area of the {low~through opening of the annular
nozzle; and e is the air density.

Note some arbitrariness in the determination of the area F of the
flow=through opening: of the annular nczzle for angles of inclination of
the renerairix > 0. This arbitrariness lies in the fact that the
product of the area of the exit opening (cut=off) of the nozzle by the
cogine of the angle of inclination of a generetrix was adopted &s the
area of the [locw=-through operiry:, that is,

. b
F=-2 (0~ D)osw= aDb(1 + pres ) =

==aD,b (1 b ). 3)

T Decosg

where D)y is the diameter of tne uar,ular noczle measured at the external
exit edpe; and Dg ic the dizmeter of the aanular nozzle measured at the
ir‘ernal exit edge (diamcter of <le hbottom). The geometric characteristics
of the nozzle arrangenente tested are as follows:
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0 8 100 4160 | 0020 | 00192 | 0.01025 | 0,13592
30 8 400 4185 | 0020 | 00191 | 001028 | 013756
45 8 400 4226 | 0.0200 | 0.0189 | 0.01033 ; 0.14026
0 20 300 3400 | 0.0500 | 0,045 | 0.02638 | 0.15205
30 25 400 4577 | 0.0625 I 0.056 | 0.03367 | 016453
45 20 400 4566 | 00500 | 0.0438 | 0.02630 | 0.16374
0 40 400 4800 | 0.1000 | 0.0833 | 0.05526 | 0.18096
k%) 40 400 90,5 | 0.1600 | 00815 | 0.05604 | 018927
43 0 | 40 5131 | 6,1000 | .0,0780 | 0.05734 | 0,26577
| | |

KEY: |\ == in depreeg
B == in mm

¢ == in =

The deynolds nueter wity reterer o ¢y e cquivalert diameter of
the anmlsr nozzle is

d;’"'mA 4
e = S22 (@)

3
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W= 23
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where vep is the mear (wict crpest toowolune flow) escape velocity of
4 . ~ . ) . . ) g
the air from the annular no:ol. s y 15 the egquivalent diameter of the ]
annular nozzle; and V' is the nineracic ~oeffirjent of air viscosity.

The equivalent diame‘er, i iu - ual 4 fousr hydraulic radii of

the exit aperture .f the arroar 0, e
F L
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bt o ()
where r] is ‘he wetted perices - : i oxit aperture ,
M=2D,(1 45 2 =) =220, (3 — g2 (6)
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By inserting Eqs. (3) and (6) in Fq. (9), we get d, = 2 b, and there-
fore

20,

\

The Heynolds numbe:s used in jlotting the avrodynamic characteristics
of annular nozzles were determined by this formula.

Effect of Reynolds number cr pressure and discharge coefficients.
eExperiments conducted with annul..r nozzles show that the nature of pressure
distribution along the nozzle bcttom agd alony the shield, as well <8 th-
value of the coefficients cf pr.assure p and discharge ¢, for a specified
arrangenent of the nczvle installation with respect to the shield, have
practically no dependence on the escuspe velocity of air from the nozzle in
the testea velocity range. In Figs. 'Y and 16, by way of example resvlts
are presented from a determination of tne effect that the Re number has
on the coefficients of pressure p ana discharge X for one of the nozzle
arrangencnts tested, numely {or a nozzle with an angle of inclination of
the generatrix qD = 45°, relative width of flcw=through aperture b/D = 0.05,
for an angie of shield inclination to the nozzle Y = 0, and for various
values of the parameter b/h. In these tests the variation in the Re number
was attained by varying the escape velocity of air from the nozzle, and
the variation in the parameter b/h was achieved by placement of & shield
at several distances h from the nozzle cut-off. The pressure coefficient
p was determined for the central point of the nozzle bottom.

The pressure coefficient p and the discharge coefficient & remain
constant in the range of velocity chenge v 5=35 m/sec, which corresponds
to change of Re numbers 15,000 to 90,000. Th:se and similar experiments
afforded grounds for assuvming th-t the flow pattern of the annular jet on
the flat shield over a wide range of he numbers remains practically
automodeling, and aerodynamic characteristics of annular nozzles do not
depend, within wide limits, on the lincar dimension of the nozzle.

Pressure distribution along the bottom of annulsr nozzles. Results of
measuring pressure distriou‘ion along the bottom of annular nozzles with a
relative passage opening width b/Dg = 0.02 for angles of generatrix @ = 0, ;
50, and 450, are presented in Figs. '/ and 18, 19 and 20, 21 and 22,
respectively. These resuits are presented in the form of the functlon a ;
p = f (x/Dp ) for various values of tne parameter b/h and angles of
nozzle inclination with respect to the shield ( Y = 0 and 4 ) The central
point of the nozzle bott.m was adopted as the origin of coordinates. Tue ;
distance from the center of the bottom to the drainage point at which the '
pressure pg was measured corresponded to the x values. Similar functions
are presented in Figs. 23-30 for nozzle arrangements with relutive width
of passage aperture b/D, = 0.0Y and 0.0625, and for b/Dg = 0.1 == in
Figs. 31-34.
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Fig. 10, Precsurc distribution
along nouzcle bottom (y = 0,
@ = 50°. and v/bg = 0.02)
KEY: a4 -- (without shield)

Fig. 20, Pressure idt"ibut.ion
along nozzle bottor ( y = 4°
@ = 30°, and v/Dg = 0.0?)
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values of the parameter b/h values of the parameter b/h

For free escape into a still medium not confined by a shield (b/h = 0), {
on exiting from the nozzle the annular jet gradually becomes constricted '
and at some distances fron the nozzle cut-off merges into a single general
jet travelling in the direction of the nozzle axis (Figs. 35 and 36). Due
to the ejecting action of the jet in the internal space bounded on the side
by the jet, and on the side of the annular nozzle by its bottom, circulation

air currents are induced in the shape of an annular vortex. The central i
jetlets of this vor.ex will move in the direction of the nozzle bottom. As ]
the result of the ejection effect in this internal space, in the shape of ?

a cone, rarefaction is induced. The presence of a difference between the
atmospheric pressure and the pressure in the interior space encompassed by
the annular jet also leads to the curved trajectory of the jetlets at the
nozzle exit.

If there is no shield along tne path of jet travel (b/h = 0), then both
rarefaction as well as excess pressure compared to the atmospheric can arise :
at the surface of the noz:le bottom. This depends on the angle of jet exit )
with respect to the angle of the noz:le determined by the angle of inclina-
tion ¥ of the nozzle generatrix. When ¢ = O, rarefaction (cf. Pigs. 17,
23, and 31) is observed over the entire surface of the bottom of the nozzles i
tested. Thus, for a nozzle with a relative exit width b/Dg = 0.2, the '
pressure coefficient p = -0.08, and for a nozzle width b/Dg « 0.05 and
0.1, these values are, recspectively, p = =0.1 and p = -0.17.
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Fig. 55. Pattern of
Jjet flow from nozzle

Fig. 36. Spectrum of jet flow from nozzle (@= 450)

Increasing the angle of inclination @ of the nozzle generatrix reduces
the size of the zone exhibiting circulation currents and markedly increases
the pressure in the central ares of the bottom, and a reduction of this
pressure — at its periphery. For examplc, for a nozzle with angle of
inclination @ = 45° and having the parameters b/Dg = 0.2, 0.05, and 0.1,
the pressure coeffic.:nts for the central point of the bottom are,
respectively, p = 0.23, 0.25, and 0.22, and over the peripheral area,
respectively, p = =0.1, -0.14, and C.09 (cf. Pigs. 21, 27, and 32). This
regularity of pressure distribution at the nozzle bottom is caused by the
circulation flow of air in the space boundei by the nozzle vottom and
the anmular jet. Owing to retardation of the air jetlets striking the
nozzle bottom, a head is induced and some excess (compared with atmospheric)
pressure occurs in this region.
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The presence of a flat shield along the path of jet travel leads to a
qualitative change in the pattern of annular jet flow. Pigs. 37 and 38
present photographs ' reveuling the flow over a cross-section of the annular
Jet for this instance. The jet is deflected by the shield toward the sides
and stresms over it in radial directions. The jet remains annular over the
section between the nozzle and the shield, but streaming over the shield it
becomes radial. In the interior region bounded from above by the bottom of
the annular nozzle, and from beneath == by the shield, and from the sides
== by the annular jet, a pressure increase compared with the atmospheric is
induced. This rise is caused by the reactive effect of the radial jet.

Circulation flow in the form of a system of concentrically arranged
annular vortices determining the nature of pressure distributim along the
bottom of the annular nozzle and the shield is induced in the interior
region.

when the shield is placed parallel to the nozzle bottom ( Y = 0), and
for extremely small distances between the nozzle and the shield, the pressure
is distridbuted evenly over the bottom and in magnitude is close to the total
pressure in the air stream ahead of the nozzle. As h -+ O, the pressure
coefficient p -» 1.

As the distance between the nozzle and the shield is increased, the
excess pressure at the nozzle boitom rapidly drops off, while a fairly
high degree of pressure distribution uniformity along the bottom radius is
retained. At relatively large distances between the nozzle and the shield,
beginning roughly at values of the parameter b/h 2 0.¢, for nozzles with
relative jet exit width b/Dg = 0.02, and beginning with values of b/h=X 0.5
for nozzles having width b/Dg * 0.05 and 0.1, the uniformity of pressure
distribution rapidly deteriorates.

Experiments show that even a slight inclination of the nozzle with
respect to the field leads to an abrupt redistribution of pressure over the
bottom surface. A substantial pressure drop is induced over thc section
of the bottom on the depressed nozzle side, while in the opposite section
of the bottom the pressure remains relatively weak. As the angle of inclina-
ticn -ises, the intensity of the pressure drop builds. Rarefaction even
occurs in some areas of the bottom. We note that as the angle of inclination
of thc nczzle generatrix @ is increased, this pressure redistribution
becomes more abrupt.

These properties of single-pass annular nozzles are responsible for
the inadequate static stability of air cushion craft designed with single-
pess nozzles. Even at a relatively low clearance height a tip,ing moment
is induced, acting on the craft in the direction of the depressed side.

As the results, the craft touches the support surface with its side.

1
The photographs were obtained in experiments with a flat model in a
flow channel. To render the flow visible, the surface of the water was
sprinkled with alumimum powder.
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Fig. 38. Spectrum of jet streaming on shield (?9. 450)

Pressure distribution along the shield. The results of measuring
pressure distribution along the shield for various distances between nozzle
and shield are given in Pigs. 39 an: 40 in the form of pressure fields
recorded in a plane passing through the center of the nozzle bottom. These
pressure fields were obtained for the outllow of jets from nozzles with
relative exit width b/Dg = 0.02 and angles of inclination of nozzle
generatrix ¢>- 0 and 45°. The nozzle bottom in these experiments was
positioned parallel to the shield (X = 0). The variation in the parameter .
b/h was obtained by varying the distance h for constant b. f
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Fig. 39. Pressure distribution along shield
when annular jet streams over it (Y = 0,p= 0,
b/Dg = 0.02)

Thus, the annular jet streaming slong the shield produces over its
surface a planform circular zone of increased pressure. At small distances
h and correspondingly large values of the parameter b/h, the dismeter of
this zone is approximately equal to the cdiameter of the nozzle bottom, while
the excess pressure in it is evenly distributed and is equal in magnitude

to the excess pressure at the noz:zle bottom for corresponding values of the
parameter b/DB

With increase in the distance h, the dimensions of the planform circular
s~one of increased pressure decrease and, beginning with the value b/hQ-' 0.3,
the pressure in the zone is unevenly distributed. For large distances h,
the annular jet, without even rcaching the shield, can merge into a single
comnon jet, causing the corresponding pressure distribution over the shield-
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Fig. 40. Pressure distribution along shield o
when annular jet streams over it (y= 0,¢= 45,

b/Dg = 0.02)

In addition, an annular .one with abruptly higher pressure is induced
at the shield surface, located over the section of the shield lying opposite
the exit of the annular nozzle. The mean radius of this zone is approximately
x/Dg = 0.4-0.6. With increase in the diswunce x/D; beyond the value
indicated above, the pressure in the direction of the radius falls off
rapidly and becomes equal to atmospheric pressure for x/De = 0.8-1,

A splitting of the flow masses streaming over the shield occurs in
the annular zone of increased pressure. The volume of air exiting from
the annular jet departs to the outside, while masses of air ejected from
the interior volume encompassed by the annular jet are directed toward the
axis of the annular jet (cf. Pig. 38). A critical annular line corresponding
to the streamline dividing the main mass of the anmular jet from the attached

mass is induced on the shield. Total stagnation of the splitting elementary
jetlet occurs along this line.
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shield vhen annular jet streams cver shield wheg annular jet streams over

it (y=0, P= 30° b/Dpg = 0.1) it (=2 '7’7500')"/% = 0.1,
b/h = 1

The effect of the angle of inclinstion ganma of the nozzle on the
pressure distribution is shown in Figs. 4 ‘=44, vherc the curves of pressure
distribution along two mutually perpendicular axes are presented, one of
which == lying in the plane of nozzle inclination == bears the drainage
points 1-63, and the other -~ the drainage points 64=125 (cf. Fig. 11).
Inclining the nozzle results in the annular zone of increased press pres
at the shield breaking up. The pressure rises in the area of the critical
annmular zone lying near the nozzlc cut-off, while it drops off rapidly over
the sectior distant from the nozzle. The symmetry of pressure distribution
is retained along the axis of the shield that is normal to the plane of
nozzle inclination. This patiern of pressure distribution at the shield
is caused Uy the variation in the direction of travel of the circulation
air currents within the volume bounded by the annular jet.

When the nozzle is inclined, some of the mass of the annular jet
streams into the interior space in the direction from the narrow clearauce
between the noz: .: ard the shie'd to the broad clearance, sweefps off the
annular vortices, aud exits to the exterior from beneath tvhe elevated edge
of the nozule (Fis,. 4Y). A circulation flow is induced in the interior
space, which i3 characterized *; the fact that the flow separating from
the annular jeu v.11 travel al ng the shield surface, while the attached
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Pig. 43. Pressure distribution along Fig. 44. Pressure distribution along
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b/h = 0.5) b/h = 0.2)

musses caused by the ejecting action of the active jets cre directed along
the nozzle bcttom in the opposite direction. The local pressure rise at
the shield side close to the noz:ule is caused by the fact that stagnation
of the elementary jetlet of the active flow exhibiting high kinetic energy
occurs in this area. The local pressure drop at the shield on the side of
the elevated nozzle section igs caused by the fact thait the active flow
passing over the shield is partially deflected upward as it npproaches the
Jjet and is sucked into the jet, tending to separate from the shield.

It muat be noted thst zones of increased pressure at the shield

surface lie in the region of zones of abrupt preasure drop at the bottom
of the anrulur jet.

Pressure coefficient and discharge coefficient of annular nozzles.
The pressure coefficients p at the bottom of the annuiar nozzle {the pres-
sure coefficients of the air cushion) ard the discharge coefficients or,
as functions of the parameter b/h for rozzles with relative exit width
b/Dg = 0.02, are presented in Figs. 46-48, in Figs. 49-51 -~ for nozzles
with b/D, = 0.05 and 0.0625, and in Pigs. 52=54 == ror nozzles with
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Fig. 45. Flow pattern of inclined asnnular jet along
shield: a and b — for smull and large distances
between nozzle and shield, respectively

b/Da = 0.1. Changes in the parameter b/h in the experiments were achieved
by varying the distance h brtween the no.:le and the shield. For the case
b/h = 0, the points of the curve were obtained by testing nozzles without
using 8 shield. The pressure coefficient p was determined from measurements
at the point lying in the center of the bottom of the annular nozzle.
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Pig. 46. Coefficient of air cushion pressurc and

flow coefficient of annular nozzle for @ = 0 and

b/D(,\ = 0.02 as theoretical and experimental
functionz of the parimeter b/h

Fig. 47. Coefficient of air cushicn pressure and 1
flow coefficient of annular nozzle for @ = 30°
and b/Dg = 0.02 as theoretical and experimental ,

functions of the parameter b/h ;
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Fig. 49. Coefficient of air cushion pressure and

flow coefficient of annular nozzle for ¢ = 0

and b/D, = 0.0 as theoretical and experimental
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flow coefficient of annular noz.le for @= 0 and
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Pig. 93. Coefficient of sir cushion pressure and 1

flow coefficient of annular nozzle for @= 300

and b/D, = 0.' as theorctical and experimental
functions of the parameter b/h

In the investigation, the range of variation in b/h covered three
characteristic regimes cf annular jc¢t streaming along the shield. One ]
corresponded to the case of small distances h between the nozzle and the ;
shield. At these distances the annular jet, encountering the shield in
its path, streams along it in radial directions. Increased pressure caused
by the reaction of the radially streaming jet is induced in the spuce
bounded by the bottom of the no:zle, shield, and by the annular jet --
along the sides, that is, an air cushion is formed (Fig. 55 a). With
increase in thc distance between the nozzle and the shield, corresponding

to a reduction in the parameter b/h, the excess pressure beneath the nozzle
is reduced and the air cushion gradually disappears.
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Fig. 99. Typical cas¢ of annular jet streaming
over shield: a8 == flow .. Zi, cushion formation;
b == transient flowv regi e; c == outflow without
the effect of ground proxiwity

Beginning at s)me distunce h, a transient flow regime sets in. This
second case is chara-terized by the fact that the annular jet in direct
proximity to the shie)d tends to merge into a single common stream, and
the shield itself ceas.s to serve as the surface bounding the air cushion
(Pig. 55 b). In this case the cushion is enclosed between the nozzle
bottom and the tapered cunverging annular jet.

The third case of flow occurs at lecge distances h at which the
annular jet is able along ite path to the shield of merging into a single
general circuler stream, wvhile the shield itself has no aerodynamic effect
on the escape of the jet from the nozzle and the distribiiion of pressure
along the nozzle bottom (Fig. 55 c). In this case the pressure and its
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Pig. 56. Effect of slope ¢ of annular nozule
generutrix on pressure and flow coefficients for
y = 0 and b/DB = 0.2
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passage opening of annular nozzle on pressure ~ad
flow coefficients for y= 0 and @ = 0

=1
x5

- _'=."-
s pa—

R =

-4 F

}rl-at-q-c-otq-r&l-

‘J' b i el
1 |

0

Fig. 60. Effect of relative width b/Dy of flow- 3
passage opening of annulur no.zle on pressure and
flow coefficients for y = O and @ - 300
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Fig. 61. Effect of relative width b/Dg of flow-
passage opening of annular nozzle on prcssure and
flow corfficients for J=0and @ = 45°
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Fig. 62. Two-pass nozzle installations:
1 == disk ]
== cylindrical connecting piece
== tapere? connecting piece
== annula. insert
= circular insert

2
3
4
5
6 == pin
7
8
9

i e

== Bet screw
== push rod
-~ adjusting screw

distribution along the bottom are¢ determined only by the width and the
angle of jet exit from the nozzle and by circulation air currents in the
apace enveloped by the annulur jet.

For nozzles with relutive exit width b/Dg = 0.02, the first case of
flow occurs in the region of values of purameter b/h > 0.1, the second
case == in the 0.025-0.1 b/h range, and the ‘hird case == in the 0-0.025 b/h
range. Por nozzles with large relative exit width, the limite of ihese
ranges co.-respond to somev'at greater values of the parameter b/h. Pigs. 56~
28 show curves characterizing the effect of the angle of inclinktion @ of
the nozzle generatrix on the pressure coefficeint p and discharge coeffi-
ci>nt or as & function of change in parumeter d/h for nozzles with relative
exit width b/Dy = 0.02, 0.09, and 0.1, 1

Tests reveul that increasing the angle of inclination ¢ appreciadbly
raises the pressure coefficieat of the air cushion for all nozzlee tested.
An especially large rise in the pressure coefficient p occurs in the
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Pig. 63. Arrangement of drainage
openings on two-pass nozzle insu-
lation
KEY: 1 -- 18 divisions of 15 [mm]
each
2 = View A

range b/h = 0.25-1.0, which is the working range for air cushion vehicles.
The discharge coefficient ¢, in contrast, (lecreases with increase in the
angle ¢

The effect of the relativ. exit width of annular nozzle on the coeffi-
jente p and & for identical angles of inclination ¢¥ of the nozzle
generatrices is clear from an examination of Figs. 59-61. The parameter

b/D g , varying during the -xperiments in the range 0.02-0.1, relatively
veakly affects the \values ol p and or .

7. Tvwo-pass Annular Nozzles

Air cushion flight vehicles with single-pass nozzle installations,
as shown by full-s:aie and model tests, do not exhibit the required static
stadility. BEven 4 slight heeling of this kind of craft at a relatively
small clearance .eads to a qualitative change in the motion of the principal
and the circrlation air currents in the space bounded by the annular jet.
An abrupt ni<_oure drop is observed at the bottom of the craft, on the
heeled nide, resulting in a tipping moment.

58

3
¥
E

il il il

iRl

|




G
et o "

e N

The static stabili.y of nozzle type craft can be appreciably augmented
by sectionalizing the bottom with additional nozzles. By articulating the
craft bottom with nozzles into sepurate scctions, the discharge of air jets
forming the air cushion can be orgunized in such s way that even far large
craf v heelings higher pressure is induced st the bottom section atjoining
the heeling side, and a righting soment will sppear, restoring the c.aft
to its initial position after the perturbing.

Several methods of sectionali:ing the bottom are known, among which
the simplest is based on dividiug the bottom into two sections with concen-
trically arranged nozzles. Th!s method has practical appiication fer
air cushion flight craft, and thus finding its aserodynamic qualities in
8 systematized form is of definite interest.

Studies of the streaming of t.o coaxial annular jets along a flet
shield oriented in different ways relative to the nozzle instellation aimed
at finding the physical flow patte n uof jets and circulation air currents
in the air cushinn, discovering regularities of pressure distribution over
the surface of the bottom of the nozzle installation and the shield, and
determining the dependence of pressurc coefficient and discharge coefficient
of two-pass nozzle installations on their geometrical parameters.

Two~pass annular noczzles. A study of the streaming of two coaxial
snnuler no.cles over a flat shield was carried out on nozzle installations
differing by the angle of inclination of the nozzle generatricess in one
case, tne angles ¢ = ?2 = 350° (Pig. 62 a), and in the other, ¢H - ¢E -

450 (P4 62 b). Each arrangement had two nozzless external nozzle wit’.
diareter D 81" 400 mm, and internal noz:zle with diameter D ao " 283 mm

(the dimenaions were measured along the inner edges of the nozzles). The
width of the exit opening of the external b1 and internal b2 nozzles were

identical and were equal to~ 8 mm. The entrance edges of the nozzles
were rounded to a radins of 4 mm.

The nozcle installation consisted of o disk 1, cylindrical connecting
piece 2, tapered connecting piece 5, annular insert 4 (external section of
bottom), and circular insert 9 (inner section of bottom). These parts were
oast of aluminum, turned on a lathe, and ground within the limits of the
nozzle working surfaces. Parts 2 and 5 were joined togethei with bolts.
Parts 4 and 5 vere independently connected to disk 1 by means of three
pins 6 and three push rods 8. Screws 7 and washers 9 provided the coaxiality
of purtc 1-5 and the possibility of installing them in such & way that the
exit edges of the nozzles would be in the seme plaune. In an adjusted
nozzle installation prepared for tests, the width of the annular slits,
as shown, differed by not more than ¢+ 0.05 mm in their weasureme:.ts.
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| Pig. 64. Experimental stand for investigating streaming
o/ coaxial annular jets over shield:
1 == ptabilizing chamber

2 -- measuring header

3 == converging duct

4 -- metal screen

S5 == cylindrical guide

6 -- test nozzle installation

7 == flat screen

8 == steering vheel

9 == carriage

10 == vase of travelling device

11 -- gcale

12 == push rod

13 == worm mechanism

14 == support frame

15=19 == micromanometers

Twenty five druinage openings ! mm ‘n dismeter at & spacins of 15 am
were nade along a diametral line in the bottom of the nozzle installation
(Pig. 63). From each drairage opening the pressure was transmitted along
a rudbber hose to an alcohol micromanomete: through a connecting pilece
secured to the inner side of the bottom.

Two-pass nozcie installations were tested on the same experimental
stand used to test single-pass nozzles (cf. Pig. 12). Part of the stand
on which the two-pass noz:zle was mounted is shown in Pig. 64, while Pig. 65
clarifies the installation Jf tle nozzle and the shield.




0Y. Assembly of experimental stand
two-pass nozzle installation
sliding shield

4orm wechanism

Interpretation of test results. Results of testing two-pass nozzle
inatallations were represented as the dimcnsionless pressure coefficient
p and discharge coefficient o , ralculated by forwulas (1) and (2). In the
determination of the diascharge coefficient o for a two-pass nozzle, the

areus of the passage openings of the external and internal nozzles were
as follows:

Foans (-, ")

[). Vi Q_.

where D, 1is the diameter determined from the external edge of the exit
aperture of the nozzle in question.

Therefore, when uaing thc above-aer i :d aerodynamic characteristics
of two-pass nozzle installations, we uust remcmber that the discharge
coefficient & determines the throughput capacity of the nozzle installation
a- a whole, that is, both the externul and the internal nozzles.

The areas (in m2) of the coaponents of the nozzle installations tested
are as follows.




o B Sfac

panree.

? . 30° P = 45°

Exit opening of external nozzle 0.01028 0.01033
Exit opening of internal nozzle 0.00734 0.00739
Total area of nozzle exit openings 0.01762 0.01772
External section of bottom 0.05%429 0.05229
Internal section of bottom 0.06287 0.06287
Total area of bottom (excluding

area of nozzle exit openingws) 0.11716 0.11516
Area of b_ttom along outer margin

of external nozzle 0.13749 0.14019

The Ke number used in plotting the aerodynamic characteristice of
two-pase nozzle arrangements was calculated by Eq. (4). The equivalent
dianeter, equal to four times the ruatio of the area of the nozzle exit
openings to the wetted perimeter, is

3
=] —— =2b-
d, 4§:n

where /1 is the wetted paremeter of the nozzle exit, calculated by Eq. (6).

Effect of Reynolds number on .ressure and discharge coefficients.
Results of experiments to determiie the effect of the Re number on the
pressure cocfficient at the external and internal sections of the bottom
of one of the tested varisnts of the nozzle arrangement for different rela-
tive widths b/'h of nozzle exit are given in Pig. 66 a and b. In the tests
the variation in th: Re number was achieved bty vurying the escape velocity
7¢y of air from the nozzles, and the variation in the parameter b/h wae
achieved by installing a shield at various distanceg b from the bottom of
the nozzle installation. The pressure coefficient p, was determined by
the central drain opening of the external section of the bottom (points 2
and 24, cf. Fig. 63), while the pressure coefficient p, vas determined from

the central drain opening of the internal section of the bottom (pwint 13).

Teast reveals thut for nozzles with angles ¢ = 500 and 45° and for all
the variants of shield placement relative to the nozzle, the pressure
coefficients p, and p, and the discharge coefficient o are practically

independent of velocity v.;, which was varied in the range 4-30 m/sec,

which corresponds to a variztion in the He number [illegible] to the equi-
valent Ziameter of the exit openings of a two-pass nozzle, from ~ 4000 to
32,000. This suggests that streaming of two coaxia! annular jats over

the flat shield even at Re numvers > 32,000 remains practically automecdeling,
and the flow characteristics are independent within wide limits of ‘4e
geometrical dimensions of the nozzle installation.
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Fig. 66. Pressurc coefficients for a section of the bottom
of a two-pass nozzle installation as a function of Reynolds
number Re for different values of parameter b/hi

a == cxternal .
b -- internal ( Y- 0, ¢, = @, = 50 r,1/n61 - b?/D 81 ®

0.02)
KEY: A == v, m/sec
av
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. 67. Pressure distribution alonyg  Fig. 68. Pressure distribution

bottom of two-pass annulur jet for along bottom of two—pass annular
Y = O and several values of the Jet for )y = 2° and several values
parameter b/h (‘¢1 -g, = 300, orotho parameter b/h ( Fq =06y =
b./Dg, = "z/Daw - 0.01) 507 b, /D gy = b2/D a1 " 0.02)
KEY: A -- kExternal nouzle KEY: A =-- kxternal nozzle

B == Internal noz.le B -- Internal nozzle

¢ == (without shield)

Pressure distribution over the botton of the nozzle installation.
Pigs. 67-70 give the results of ncasurcuents of pressure distribution over
the bottom of & no:zle instullation witn nozzle angle inclination ¢ e 30°
in the form of the function p = f (x/D€ ), for various values of parameter

b/h for nozalea of shlold inclination relative to the nozzle installation
Ye o, 2°, 4 , and 6 ; and Figs. 7:=74 pave the analogous functions for
nozzles with generatrix slope ¢ = 45“. The central point of the bottom
of the noz:le installation (point 15 -- c¢f. Fig. 63) was taken &8 the
origin of coordinates. The diatunce from the central point of tne botiom
to the drainage point at which pressure p, wan meusured corresponded to
the x values.
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Fig. 69. Pressure distribution along Fig. 70. Pressure distribution

bottom <f two-pass annulur jet for along bottom of two-pass annular
= 4° and several values of the g2t for y = 6° and several values
paraweter b/h (@, = ¢, 500; of th parameter b/h (f?1 -0, =
b,/Dg, = b,/D g, = 0.02) 50%; b,/D g, = b,/Dg, = 0.02)
KEY: A == bkxternal noz:zle KiY: A == Externsl nozzle
B =~ Internal nouz:.le B =- Internal nozzle

Observations showed that jets of air on exiting from a nozzle in free
escape, not confined by a shield (b/h = 0), gradually became narrow uac
at some distance from the nozzle cut~off merging to a single common sti._am
flowing in the direction of the no.zlc axis (Pig. 79). Rarefaction is
observed in the external section of the¢ vottom of the nozzle installatjon.
For a nozzle installation with nozule inclination angie¢ ¢ = 50° and 45°,
this rarefaction is 10-14 percent and 7-12 percent of total pressure in
the stream ahead of the novzle installation, respectively, which can be
seen by inspecting the function p = f (x/Dg,) for b/h = O in the section
x/Dm e + (0.38-0.5) shown in Figs. 67 and 1.




Fig. 71'. Pressure distribution
along bottom of two=-ps#ss annular
Jet for y = O and several values
of the parameter b/h (</'1 =g, =

(o) .
45 ; b1/DG1 - b2/D,“ = 0.02)

KEY: A == kExternal noz.le
B =-- Internal nou:le
C ==-b/h =« 0 and 0.02Y
D == 0 and 0.02%

Frod Mmrmp* L

Fig. 7<. Pressure distribution

along bottom of two-pasc annular
jet for y= 2° and several values
of the parsmeter b/h (¢, = 7y =

a2 by/Dyy = b,/Dg, = 0.02)

KEY: A ~- External nozzle
B == Internal noz:le

In the internsl section of the bottom rarefaction it is observed only
over some annular section of the_bottom, where the pressure coefficient
tukes on values extending to p = ~0.16 for a nozzle installation with
angle ¢ =« 50°, and up to p = =0.06 for a nozzle installation with angle
P= 450. Excess pressure is induced in the central section of this ares

of the bottom and along the periphery.

to p = 0-18 ﬂnd p - O.27-

Here the pressure coefficient rises
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Mg. 75, Pressure distribution
along bottom of two=-pass annular
jet for | = 4° und several values

of the purameter b/h (¢, =y, =
455 b/, = by/Dg. = 0.02)

KtY: A == bkxternsl noz:.le
B == Internal nozile
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Fig. 74. Pressure distribution

along botiom of ¢two-pass annular
. 0
jet for ) = 6 and several values

of the parameter b/h (¢ = P

45 b,/D,, = b,/Dy, = 0.02)

KEY: A =~- Lhxternal nozzle
B == Internal noz:le
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Fig. 79. Pree eacape from
nozzle of two coaxiusl annular
Jets




This nonuniformity in pressure distribution over the bottom of &
nozzle installation is a consequence of the intense circulation air currents
induced in the inner-annular spuce, caused by the ejecting action of the
annular jets.

The flat shield in the path of jet flow leuds to & qualitative varia-
tion in flow pattern. For lurge distAnces between shield and nozzle
(b/h < 0. 0253 8 single common stream flows along the shieid, resulting
from the merger of annular jets. In these cases the aerodynnmic effect
of the shiela on the inner-annular spuce is weak, and the pattern of pres-
sure distribution over the bottom of the nozile remains nearly the same
a8 for the case of flow without a shielda.

As the shield is brought closer to the nozzle, the effect of the shield
on flow in the inner-an.aular space beccues more intense, and the moment is
reached when the flovw of annular jets changes abruptly: the inner-annular
space is enclosed or the shield and the annular jets streaming over the
shield are converted into radial. At this critical distance the pressure
distribution over the bottom of the nozzle inatallation becomes particularly
nonuniform. This critical distance b/h = 0.04<0.1 for two=pass nozzles
tested.

with further epproach of the shield to the nozile, the uniformity of
pressure distribution over the bouttom is substantially jmproved and the
excess pressure over the bottom surfuace rises. A system of annmular vorticee
is induced in the inner-annular apace. The pressure at the surface of the
external mection of the bottom remains always much wveuker than the pressure
in its internal section. Fig. 76 shows photographs taken during experimente
with & flat model of a nozzle in u fiow channel. They clarify the streaming
of coaxial annular jets over the shicld when the bottom of the nozzle
inatallation is positioned parallel to the shield ( y = 0) and when it is
in the heeled position (Y’/ 0).

The effect of the angle of shield inclination y on the pressure
distribution over the external and internal sections of the bottom of the
nozzle installation can be determined by compering the functions
P ; f (x/Da1) for the correspording values of parameter b/h (cf. Pigs. 67-
74

As the aozzle of inclination y at the external section of the bottom
is increased in the zone lying near thie shield, a pressure rise is observed,
while in the same bottom section, but now in & zone located far from the
shield, ut the opposite of the installation, the pressure drops. When this
takes place the intensity of the pressure change in these bottom zones,
ans a function of the angle of inclination, will be the more intense, the
shorter the distance between the noz.le and the shield, that ie, the larger
the parameter b/h. Figs. 77-80 present -=- for several values of parameter
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Fig. 76.

& == nozui.
b == nozzic in heeling

Flg. 77. Pressur

external section of bottor
depresded nowurzle vide asn ¢ !

) of angle of hecl and param ter ¢
(¢ = 300, o/n61 - 0.0V

-arhli ! I,-ﬂ'!.; : .

Stresming of two-pass annulir jet over shield
in horizentnl powition
position
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Fig. 79. Pressure coefficient for Fig. 80. Pressure cocfficient
external section of oottom at for external section of bottom
depreescd nozzle side as a function at elevated nozule side as a
of angle of heel and parameter b/h function of angle of heel and
(¢ = 45%; b/Dg , = 0.,02) parameter o/h (¢ = 459;

b/DS, - 0.02)
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Fig. 8'. Pressur- distribution over shield in the
streaming of & Ly -pass annular Jet () = 0;

¢, -92-45 3 by /gy = by by -002)

KEYs A =— Lkxtemrnal noz:le
B -- Points 63 and 129
C == Internul novzle
D == Points 1 and 64 ]
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Fig. 82. Pressure Jistribution over shield in
the streaming 8[ 4 two-pass annular jet ( )" 20;
¢‘| -¢2 » 457 b1/D81 = b2/D01 - 0-02)
KEY:s A == Point 63
B == External noczule
C == Intermual nozzle
D == Point *

-
b/h == the functions p, = { () ) for the near-shield zone, and the function
- i ®
Py = fz()') for the zone thut is distunt from the shield. These functions

were obtained from test results shown in Fige. 67-74. Thus, Pigs. 77 and
78 show that when b/h = 0.5 and when the ungle is varied irom O to 49,

the pressare coefficient p$ rises frox 0.67 to 0.91, that is, by abzut
-t
56 percent, and the pressure coefficient p, decrcases from 0.67 to 0.54,

that is, by about '9 percent; but when b/k < 0.', tie rise in ;: and the
- 4%
decrease in p, are virtually nonexistent as the angle of inclination
y is increased.
Therefore, 88 the distance between the shiela and tne_nozzle is
increased (with dicrease in b/h), the pressure a.fference py =— ps*

decreuses, and this meuns that the rishting moment acting on the nozzle
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Fig. 83, Pressure .strioution over shield in

the atreaming ol o (wo=phss anpular Jet () = 40;
(¢ )

Q’)'I -(f"‘ - d ; e, . ffl‘ 1)01 - 0.02}

KiEY:s A == cxterna, i)
B -~ Point -
C == Intern.,
D — Puir

i8 also reduced. For (1.0 4. 1 tn o= between the nozzle and the shield,
thio pressure distance 1. noar—.. v

Preasure distribution aione tne ohael..  "he results of measuring
pressure dastribution along a shic o twe cod (dal unnular jets streawminy
over it, exiting frow & noucle noinilation wiln nosele inclination angle
¢ - 450 are predented in Figp. &'-0°.  Ju.t us in the precedin,; experi-
ments, variation in the puramcter b/h wis schilesead by varying distance h
between the shield and the no.zle nstailation.

Test results uare presented ia toe torm of the function B a f (x/D@,),

where x is the distance from v, drainaa point tested on the shield at
wnich the pressure Pg W8S @e.aure: . L ux1s of the nozzle installation




(shield axin), and Dg 4

lation determined with respect "o the interior edge of the externnl noczle.
The pressure distribution wae mewsured along two outually perpendicular
shield dismeters.

is the diameter of the vottom of the nozzle inatal-

The escape of air jets at the inciinaticn angle y = O of the nnzzle
instailation with respect to the shield ia shown in Fig. 81. A4s we can
see, for values of the parameter b/h = 1=0.1 a considerable excees pressurc
is observed at the surface of the shield surrounded by annular jets. The
pressure at the surface bounded by the inner jet is markedly higher than
the pressure at the surface enclosed between the external and the internal
Jets. In this range of values of parameter b/h, the prezoure distribution
a,o>ng the shield remains syametric relative to its axie.

For the critical distance between the nozzle installation and the
shield, that is, when b/h = 0.04-0.1, the symmetry of pressure distribution
along the shield is disturbed. Just as in the case of pressure distribu-
tion along the bottom of the rozzle installation, the pressure distribution
along the shield at this critical distunce becomes especislly nonuniform
(the curve for b/h = 0.09). With further increase in the distance between
the nozzle instaslation and the shirld, the pattern of pressure distribu-
tion along the shield becomes the pattern that would obtain if not an
annular, but a ecingle, continuous crose-section jet of air impinged at the
shield (the curve for b/h = 0.2Y). Inclining the nozzle installation
leads to asymwetry of the pressure distribution along the shield. Increased
pressure is observed at the side of the shield adjoining the bottom of the
nozzle installation compared to the pressure at the side that is distant
from the bottom. The nonuniformity of pressure distribution becomes
greater as the angle of inclination ) is increased.

Especially significant nonuniformity of pressure distributic. .Jong
the nhield occure for critical distunces between the nozzle insts!-.cion
ana the shield. For example, when b/h = 0.09 the pressure sharply drops
off nearly to zero at the side of tnhe shield that is distant from the
wnzzle installation (cf. Figs. 82 and 83). For distances between shield
ana nozzle instullation thut Are grester than the critical value, for
example when b/h = 0.02Y, the pressure distribution along the shield
becomes similar to the dievribution of pressure when s single continuous
cross-section air jet flows alnng tne shield.

Pressure coefficicent and discharge coefficient of two-puss annular
rovzle. Results of determining the pressure coefficients p, and Py

respectively, at the external and internal sections of the bottom of the
nozzle installation, and the discharge coefficient X of the nozzle
installation as a whole, a8 a function o. parameter b/h, are presented
in Figs. 84 and 85 for the angle of in lination y « 0. These functions

vwere determined with constant value of the novzle exit widths b1 = b2 <

8 m» and with the distance to the shield varied from 8 to 850 mm, and

15
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As the parameter b/h was reduced from 2 to 0.079 (cf. Figs. 84 and
89), that is, as the distance between the aoczle inutallation and the
shield wau increased, a zonotonic reduction in the pressure coefficients
P, 8nd p, was observed. When b/h < 0.079, the chunge in the function

pe=f (b/h) was severely dinrupted: the pressure at the externsi and

the internal sections of the bottom of the novzle installation dropped

off sharply. At these crit! -«l distences between the nozzle installation
and the shiela, at first the external annular jet, not reaching the shield,
merges with the internal erilar jet, and then the common annular jet

: merges into a continuous jet flowing over the srield.

Tests showed that the pressurc st the internal section of the bottom
iv considerably higher “han the preasure of the external section. Thus,
the ratio p?/p1 = 1,07 for w noszle initullation in which the inclinatien

of the novcle generatrix (/e 4" for b/h = 1, und the ratio 52/61 - 2.05

== when b/h @ 0.1, As the distance between the nozzle installet.ion and

the shicla was made greater, that is, ay the parameter b/h was reduced,

‘ the pressure at the interior section of the bottom dropped more rapidly

| than in the exterior. For free discnarge of annular jets, that is, in

the case of flow without & shield (b/h = O) the pressure coefficiente

9, = =0.135 and P, = 0.21 for u nov.le installation with angle of gereratrix

inclination @ = 500. and 5

1
tion in vhich the angle of generavrix inclination ¢ = 450.

= =-0.' una 52 = (.28 == for a nozzle inutalla-

The discharge coefficient of the novezle 1nstullation for free air
discharge = 0.94-0.97. The presence of u shielid along tne {low path
of the jets reduces coefficient . Tnis is accounted for by the fact
that the presence of the shield neusr the novzle installation boosts the
pressure a8t the interior side of the snnular jets, inteneifies the
nonuniformity of 8 velocity distribution at the nozsle exits, and
appreciably lowers the¢ discharge of air for the same total pressure in
the flow of air flow!ny inte the no. v ins..ilation. When b/h e 0,15=2
and fer the same b/h values for no . .c 1nateilations inwwhich the angle
of nozzle generatrix in:lination ¢a 50 and 45°, the discharge coeffi- 3
cients ( are practically identica..

Experimental studice showed that the discharge coefficient o of the
nozzle installation as a whole is pru ti1cally independent c¢f the angle of
inclination y of the ahig]u with respect to the nozzle ainstallation in
the range of y values O o“ for & given d.starce betweern shicld and center
of the bottom, defined by param=ter b/h. Therefore, as tue parsmeter b/h
and the angle of inclination ) are varied, the discharge coefficient
oc must take on the corresponding value of parameter b/h and ]':5 0.




- Lot i o T T T

CHAPTER THREE
THEORETICAL STUDIES OF NOZZLE INSTALLATIONS
IN AIKk CUSHION VEHICLES

8. Characteristics of Peripheral Jets

One of the principal charucteristics in the theory of air cushion
vehicles is the dependence of excese pressure in the air cushion on the
geometrical parameters of a nozzle installation, its position relative
to the support surface, and the total preasure of the air flow fed to
this installation. This function is adventageously expressed in the form
of a dimensionleas pressure coefficient characterizing the ratio of the
excess pressure in the cushion to the toial pressure of the stream of
air fed to the noz:.le installation. All other principal air dynamic
characterist’ '8, as for example, th» discharge coefficient, drag coeffi-
cient, lift coefficient, torque cocfficient, and coefficient of static
stability are to some extent derivatives of this fundamental reletionship.

There are several studies presenting a8 theoretical treatment of the
air cushion and estublishing a relautionship between aerodynamic charac=
teristics and geometrical parameters of the nozzle installation. Let us
exsnine the results of the principal work donce in this field end compare
them with 2xperimental data.

*. The first and simplest theor; of the jet method of air cushion
formation was proposed in '9% by Joehler [67, 68], examining the case of
discharge in which the jet of air exiting from a horizontally positioned
two~* .mensional peripheral [annularj novzle is directed normal to the
ground surface (Fig. 86 a). Bochler assumed air to be an inviscid and
incompresaible fluid. regarded the distribution of velocity v, and pres-
sure p,, in the plane of nozzle cut-off to be uniform and invariant along
the length of the jet and, by applying the momentum equation to this flow,
derived a relationship between the jet width b and height h of the nozzle
with respect .0 the ground surfaces

pub = (p, —p.) h,

76

BRIl | I m—




&)

Fig. 86. Determining the air cushion pressure
coefficient

where Py is the pressure in the air cushioun.

4 The pressure coefficient of the air cushion is

Boehler [67] observed that this same formula for the pressure coeffi-
cient of air cushion was derived independently of him by Chaplin [69] in
1957 and was then expanded for use in the case a jet flowing from a noz:le
at the angle @ to the ground surface. With reference to the angle @,

formula (7) becomes

p- 2, (1 ~smq)

(8)

Beehler and Chaplin extended Ega. (7) and (8) to the case of
3 thrce=dimensional (annular) noz.le when the ratio of the exit width b

to the diameter D, of the annular nozzle is extremely small.

In these studies [67, 69] it was assumed that the velocity in the
plane of the nozzle cut-off is uniformly distributed and equal to the
velocity v, of the exterior bounding jetlet. Therefore, the discharg:
coefficient of the novzle in this case X « 1. This assumption means
that the effect of ground proximity on the pattern of flow of an air jet

from a novzzle was neglected.

The function p = f(b/h) plotted by Eq. (8) is given in Pig. 87,

curve 1. Here also was plotted the external function p = ff
for an annular jet having parameters b/D6 = 0.02 and ¢ = 45

11

h) we obtained
(curve 12).
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Fig. 87. PFunctions of air cusnion pressure coefficients
obtained by various theories:
i == according to Boehler-Chaplin (v = v, ; p = p,, )
-- accordiny to Stanton Jones (horizontal cut=off;
Rwk, )
4 == according to Alexander
4 == according tu Pinnes (horizonwa) cut=off)
according to Stanton Jones (p = (p, + py )/2) and
for dp/dv = const
v ==~ according to Cohen
7 == according to Pinnes uanuo sccording to Grewe and
kgegington
8 ==~ according to Stepanov
9 ~= according to Strand and Hechou
10 =- according to Stanton Jones (horizontal cut=off,
R=Rg )
11 =~ according to kh-ich
12 == experimental curve for annular nozzle with horizontal
cut-off (b/De = 0.0V and @ = 45")
' == based on calculstions with v m v, und p = p,
KEY: A == Normal ut=off
B == Horizontul cusv=off

re

A8 we can see, kq. (8) sstisfactoriiy reflects the trend of the experi=
mental curve only for very swmail vsluer of b/h, that is, only for very
high clearunce heights h of the no-ule ubove the support surface, this
means thst Eq. (8) is suitable tor very "thin" jets. Por the case

§ = 4%, the coefficient P = 0 already when b/h = 0.295. At large: b/h
values, thie theory becomes wmeaningless, since the pressure under the
nozzle bottom can never exceed the total pressure of the jet. 4As applied
to tranaport air cushion vehicles, the range of variation in clearance
height from h = 0 to h = (3-4)b is of interest. Therefore the practical
appiicat.ona of Eq. () are very restricted.




/2. We can consider another case, which we offe. 48 an extr.me case,
if we adopt the velocity and pressure in the jet in the plane 0. nozzle
mit=off to be uniformly distributed and equal to the velocity vy and
sressure pg 8t the inner boundary of the jet (cf. Fig. 86 b). If we
sosume thut the velocity vg and the rejuted volume flow of air Q = v,b

remain conatunt along the length of the jet, the momentum eqvation for
this curve will becowme

(b smgppet = (p,  pa) k.

According to the Bernoulli equation, the total pregssure brought to
the jetv 1o

e IR Pu == Py - p., {::'Q ,
" -

where Py 18 the t0tal preasure in the receiver at the novzle entrance.
solving these equations jointly, we get

Pe D, 0/ (1« sny) 9
P= "5 F 2000 3 gy )

In this case the diucharpe coefficient of the nozzle is

1

Uning the Bernoulii equation, we wijl write

a r, ‘ 1 .‘I'n(I -A\ml”-
P26 bt - sy

e Qb - (IO)

.
STNH

D g el s s

e




An we can see, when h_= O the pressure coefficient of the air cushion

; @ 1, und when h o» « p ° O, that 1o, Bq. (9) gives valdd limiting
vaiuey of the cocefficient p.

Curve 15 plotted by Eq. (9) for the case | = 45° is shown in Pig. 87.
This formula_gives appreciably snsiler veluen of the sir cushion pressure
coefficient p compared with the vslues obtained experimentally.

The zone of posaible valucy of the alr cushion pressure coefficient
13 bounded by these two limiting cases, characterized by curves 1 and 13
plotted by Egn. (8) and (9). Actua!ly, the sir velocity in the plane
of no:zle cut-off decreages from v, LG Vi in the direction from the
outer edge to the inner, while the static pressure rises from the atmo=~
spheric value p,, to 'nhe pressure pa  in tie air cushion.

All other theorcti 4l atudles in tnis ficla simed at finding regula-
rities of the pressure .nd the velocity agiutribution in the plane of the

nozzle cut=off ang t ibgequent determinstion of the air cushion pressure
coefficient employing or less crude sggunptions.

5. In '9%9 Swuntos cea L0, Y'] made » revielon of the "thin" jet
theory proposed by Boeller, aasumirs the pressure in the jet to ve the
arithmetic mean of the pre it the boungaries of the jJet, that is,

p e (pg ¢ pu)/2. Accordire., ! wentum cquation becomes

(l DR NTE e Pl

and the Bernoulli equution aa

L e T (1

where v o1y the averaged veloo oty in o

After the goint soluti o Ut equation,

the air cushion pressure
coefficient was obtained:

’ Ju o Y)
/ | | b (12)

pu,

"

where D) i3 the totbl prosoaie Lrowsht Lo the air Jet,

The diacharge coefficient of the no.iie can be represented in the
form vb v . From kq. (1), we have
v,b v,




By replucing the air cushion pressure coefficient with its value
taken from kq, (12), we get

L

|
l 1 o/l sing) (13)

Curve 4 (cf. Fig. 87) wag plotted by Eq. (12) for the case ¢ = 45°.
A8 we cun gsee, the refinement of the pressure coefficient p proposed by
stanton Jones lesds to a4 somewhat better asgreement with experimental
urve 10, However, the pressure coefficient obtained_by the oStanton
Jones method, even when b/h = 0,586, gives_the value p = 1, At larger
b/h, Eq. (12) becomes mesningless, since p > 1,

4. As already stated, the pressure rises from p, to py 1in the
croas=section of the jet, in the direction toward the air cushion. To
getermine, to the first approximation, the aerodynamic characteristicas
of air cushion it is natural to assumc thut the pressure in the plane of
the novele cut=off is linearly distributed [49]. Assuming the static
pressure gradient to be congtuant, we get

" P P
Y T A (14)

where b is the di: tanie from the outer edge of the nozzle to the point
in queailon; and Py is the pressure at the point x unser study.

The total pregsure at each point of the cross=section of 8 jet is
onstunt, therefore, by usinyg the Bernoullil equation, we will write

e, _ 1, ) T }
4 e o o ) "/)n C‘)ll\l- 4
where vy 18 the velo 1ty at thlg point, S f
From this equaiity it foilows that :
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By using these functions, we can represent kq. (14) in the form

Bl
(4

' )l'
Hence the velocity field in the nozzle cut—=off plane is

Ve l/l l;’. ! (:’.. )iJ- l/l——bbi;—)'. (15)

U (

Let us express tne preseure coefficient B of the air cushion in
terms of the geometricul parameters of the nouzle instasllation and the
clearance height h of the craft above the ground surface. By employing
the momentum equétion to the contour c¢nclosing the air jet, we will write

h

j(l Fstng) cosypuidby — h(p, —pa)-

U

Then, by using Eq. (°v), we final y get

Wikl sy
kel | bh(l « smg)

with reference to kq. (1%), the discharge coefficient is

: ,, -
R Ve )/t -5 pdb.
v

L
"

After .ntegrating, we vet
AT (17)

The function p = £(b/h), plotted vy kq. (16) for the angle ¥= 45°,
is shown in Fig. 87 (curve 5). Note that kq. ('6) for the pressure
coefficient we obtained in 1960 independen.s, of the studies of Stanton




Jonex [70, 71] agree with Bq.  ('2) he proposed carlicr. The only differ=
cnce liea in tne expressions of the discharge coefficient. Stantor, Jones
determined the dischurge baseas on the mean escape velocity of the Jet

from the noczle, while we use the approach of integruting the velocity
f'icld.

“. A paper by Pinnes {7;] puvlished in 1999 presents the deteruina-
tion of the air cushion pres ure coefficient with reference to the varia-
tion in the velocity fiela 1n the nozzle cut-off plane caused by the
pressure drop du the et boundury. By examining the conditions of
cquilibrium of the centrifupal forcea and the force of pressure acting
on an e.ementary purticle in a Jet exerted by the air cushion, and
assuming that on cexiting from the nozzle the Jetlels == gtreaming over
the ground surfuace == wiil move along the srcs of u circle, and that the
total presaure 4t eacn point in the Jet crosg=section remalns constant,
Pinnes concluded that the veiccity an the cross=-gsections of a jet is
ajstributea Just a9 in & {ree vortex:

were v {9 the velocity an the no. ole cut=off pluane with coordinate

x‘ K it thne radiun of the are of & circle, vwhere the velocity is Vx;
)

g 18 the radius of Lhe arc ol @ c1lrose tangent Lo the exit edge of the
inner oide of the no..le and tne pround surfs ¢; Ky, 18 the radius of
the arc of 8 circle tangent "o the outer cdge of the outer wall of the
no. 2le; k = K, = b, where b {y the novale cxit width (Fig. 68 a).

"

¢ v !
{ f,, i ’ |I | #n 2y
Veap N e Lo -
¢ (qjﬁ ﬁ‘. . 0 7 L% |
bl Yﬁ; : i . \ s
, - S W S T
L 2 71' LTI
a) I c)

Fig. 88. For determining the air cushion pressure coefficient

Here the cledrance neight of the nozole installation above the
ground gurface, with reference to the angle of inclination of the nozzle
Le)erstrix, is

h R iy i




taploying the symbols adopted and transforwing the equations derived
by Pinnes, we can represent them as followa.

The relative velocity at the novele exit is

[ R, ) l - 7| hih

ve Ry by bk
M hh(l~s|nq) | 1 b‘

where b is the distaice from the wter edge of the nozzle exit tn the

point x*of interest in the norz'e cut=off plane, where the veloclty is

b L]
X
The relative excess st~.ic pressure in the nozzle cut-off plane is

p,_ 1 "nq» [ l‘l.‘ 2 I ) |
P [ =
] i b - bh

‘ []
(! s q-)J

ihere p, 18 the static pressure 4t this point in the nozzle cut=-off
with coordinate b . The pres ure cefficient of the air cushion (curve 7,

cf. Fig. 87) 18

! — a1
= N

e ‘" l‘,..‘ ]
P '(H.)'-'--(--',.“'-'~)'- (18)

The discharge coefficient «f the noscle installation 9

(19)

W h ht! NITRT]

In tnese formulas toe height ho18 the distance between the exit
edge of the outer nozvle wall and the support gurface.

If we sssume that the nocuzle cut=cf{ lies in the plane of the
vehicle bottom and thut the clearsnce hajght is equal to the distance
betweern the bott~m and the support surface (cf. Fig. 88 1), that is,

h R, sty ) (R, b (1 siny),

then the formulue for the air cushion pressure cocfficient (curve 4,
ef. Fig. 687) and for *ne novzle discharge coeffic.ent will becomes
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p-t [y gl (20)

| b} gy
a () MY i |

-— - G
boh(l 4t Lokl sy (21)

If we expand Bq. (20) and neglect the term [b/h (1 + sian)]a,
since it is small, we get Eq  (8), proposed bv chaplin [69].

L. Grewe and Eg angton proposed in a paper [75] published in 1960
tnat 8t the nozzle exit the Jet iu in the form o7 an arc of a circle in
the vertical plune wi‘h constant width b, wni:h is couwparable to the mean
rigius of curvature of & jet equsl to K, + b/, where R, is the radius
of the outer boundary of the jet.

rxamining the forces acting on the clementary air particle, Grewe
und cggington assumed that the pressure gradient along the width of the
Jet i8 equalized by the centrifugnl forces induced in the turning of the
Jet,

Jp fé pvd i
db, R R, b, " (22)

Hy the Bernoulli equation, we have

where p and v are verisbles; and H 19 the tota]l pressure required for
Jet forms ion.

With reserence to the Bernoul:l - ation, kEq. (¢2) can be represented

in the form

Integrating wi thin the limite frow p, (the preasure at the outer
boundary of the jet) to py (pressurce a. the inner boundary of the jet,
¢qual to the pressure in the air cushion), and from bx « 0 o bx = b,

we get the air cushion pressure coefficient

n, bR b 9
r 1" (R ) (&)



i From the adopted jeometrical form of the ; t it folluws that
heb+R(+8in¢), vhence we have the paraceter

R, e
: oo RN
i
The rov e dischurge coefficient ia
1
'r..lll
7 A . (21)
where Vo is tne veiocity at the i1nstantsaneous point in the noszle cut-off
1 plenc; Q. 18 the volume flow of air under conditions of ground proximity;
i and up ig the volume flow of wir wren the jet e .capes freeiy (no shield

is present),

Thee Bernoulli cquation in oifferentisl form is ap = - v dv. Inserting
this expression into kq.  (27), we et

db,
R, o,

Integruting tae leivt=hand side of tnig equation within the limits
Ve the velocity of ‘he outer boundary of the get to v.©© the velocity

ut the polnt in guestion with coordinate bx’ we get un expression for the

veso ity fleld in tne et

20)

Replucing velocity v.on nq. (74) Ly 1t8 ecxpresnjon from Eq. (2Y),
we @t

7 b log b ). (20)

kEqs. (2%) ana (<v) propoves vy Grewe md » winetor, 1f they are
expressci as 8 function of b/h, sgree with tqs. ('8) and (19) of Pirues
(curve 7, Fig., 87). On inope.ting tg. (29), we can see that the
velocities in the cross=gections of the Jet adorted by Grewe and Eggington
are distributed tne same a8 in a frec vortex.
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i« In hia work [71] in eddition to revising the Boehler-Chaplin
"thin" jet theory [68, 69], Stunton Jones proposed an exponential func-
tion for a wide range of values for the jet thickness-craft elevation
ratio, that is, for a "thick" Jet. Stanton Jones assumed that on exiting
from & nozzle the jet is curvea at the shie’d along the arc of s circle,
without modifying its thickness, while the pressure in the air cushion
is reduced bty centrifugal forces caused by the movement of the Jet along
a curved trajectory. In this case the simplified equation of the equi-
librium of forces actirzy on an elemertary jet mses io

In

i T

or, when the Pernoulli formulu ) \ is used,

diply
Lopi T

stanton Jones . in contrast Lo Grewe and hLggington [75] considers
the radius R 48 a constant and, after antegration, ottaine

e ),
/ |

} .
/ y ,

Assuming that radius K appearin; in this formula ie equal to the
rudius of the streawline bounding the air cuohion and bearing in mind
the adopted jet scheme (Fiyg., 88 b), Stanton Jones founa K = kg =
« h/(* + 8in g ), und then

m ' 127)

Asguming thst radius 1t 1 equul 9 the radius of the streamline
boundiny the umbiunt atmospn. re (Fio. 8t c¢), Jtanton Jones obtains
HeH,= (h=0b)/() +8in ¢), und thus,

poobe h (28)

These formuilus were derived for a no . le with hori.ontel cut=off
in which the exit edges lie in the same plane with the bottom of the
nozvzle invtallation.
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C.wpsrison showed thut curve '0 (cf. Fig. 87) derived by kq. (27)
agrees bevter with experimental dats then curve 2 determined by Eq. (28).
tq. (77) hue been uscd by numerous authors [4?. 74-78].

8. In his work [79] published  1n 196t, Alexander examines the
functions p = 7x/(1 ¢+ x) and p = ° = "X wnere x = b/h (1 + 8in ¢ )
and states that none of these expressions can be accep*ed as satisfactory
when b/h ~1, since underlying the derivation of these equations with

the condition of conatunt momentuw along the jet length on the assumption
that the et wiath b over the entire pntn of 18 truve. remains invariant.
Unde'* theie assumptlicns, as Alexsnacr waintaing, the condition of conti-
nuity i1 violateu.

Alexkpder Buggested taal the woikentum eaustion be applied to this
cage of flow as follows:

TR SN TIPS V R L 1N (29)

where v the @ean jel veso Jty nl Lhe hos e cxity v, 18 the nocezle

of the Jet exiting towssrd one dlae ¢f the alr cusnlon, where the preasure
In tne Jet crogg=seclic. 1.4 cijut., %o the atmospheric; and b, 1is the

Jut wiatn at atmospherlc preggure,

Asnutang the zean progsure in the nosode cut=off p.ane
/- \ . .
p = (p‘._ ¢ Pn)/¢ and using the Bernouwlil equation, we cén write

N O TR O ’
AR S (30)
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witn reference to tr. rtinul ', matlon
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and tqa. (50) ana (o7 ,, . v ~runo of the departing gtresam is

peab, g o 7 R B 7 B VI

- Y . {I's ( q©
Hb , | e

Negrlecting e term [\p‘. = ;;”) “.H]‘ Le cautge of 1ts smallness, we
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After these transformations, kq. (29) can be represented as

(e — p)h=-32H - (p, mWWwMgHH~m~mn

Then the air cushion pressure cocfficient 1is
_ Per P £ : T A
P=""y ’l b ] [ ! i (
Yo ' R 2l )luu)J

Using the aspuamp ions presented and referring to the absence of
siequate experimentus] dats, Alexander assumed that the actual pressure
in an air cushion must be higher than the vualues cxpressed by formulas
pe2x/(1 + x)and p a1 = e"¢%, However, experimental data  refuted
tn1s conclusion of Alexander's. Fig. 87 presents the function (curve 3)
p = £(b/h) plotted by Eq. (%2) for ¢ = 45°.

y. Considering tne escape of dn alr Jet from a flut novszle against
a4 ghieid, using the velocity hodograph methoa, and introducing simplifying
agsumptions, Ltepanov [41] obtained the following spproximaste relation=

ship: v, = (v?v%)~, wccording to which the mean velocity vy in the

nozzle exit 18 equal to the geowmeoric mesan of the velocities at the
exterior v, and the interior Vi, limite of the jet.

Applying the momentum theorenm to o control contour enclosing a
urved section of . Jet nnd uging the continuity coestion and the
Bernoulll equation, Ltepanov derived an equatlon relating the geometric
and scrodyramic parameters of a et

‘ P g s ey oty

14 g [

or

where




PO, e (35)

Here p., 18 the pressure st tne outer boundary of the jet; pj is

the pressure at the inner boundary ol the jet {air cushion pmsaure);
p* is the total preasure 1n the jet (pressure of stagnant strecam); and
o 1u the angle of in lination of tre nowzic generstrix to the horizontal.

Converting t¢ our symboss, og.  (99) can be represented a8

h 4 - ' (36)
2 (v et ) i n
Jinee
p . . D f’: ’,”
i b [

Let ua {ina th*ulu(rhux‘m coel'f1orent of & lat nocale, using the
fun. tiorn Ug 5 (v/v‘,)‘. The discharge of u fiat nozele is
)

from whence

3
. [k
R
!
3

Using the vquuiitly = Coane rag: (9¢) ana (55), we

- - 4

Ket = (‘. - 1/)()" or, 1n our oaymbe rn, o (v s Voo p)‘.
With referene to rg. (o, ctee oocharnae coefficient of 8 flat

novzle can be determined 'rou the osmula

(37

The function 5 = f(u/h), proteen vy bge S6) for ¢ = 4‘)0' ia
siven in Pig. 87 (curve u).
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0. In 195y, Strend [UU Ul] exumined the gtresming along & shield
of u {lav peripheral unnular1 Jut exiting from # nozzle with normal exit

; ut=-off. Desirin, to find the charscteristice of an air cushion over

1 vide range of variation in the relative jet width to craft hovering height,
including also for the so=-called "thick" jets charocterized by high values

of this ratio (b/h > 0.%),5trand vwployed the methou of functions of a

complex variable for his study, using the Schwarvz=Chrictoffel trensformations,
L #na obtained solutions ecxpressible in terms of first-order elliptical

{ integrala,

The results of numerical calculations were represented as plots expres<-
] sing the dependence of the pressure coefficient p of an air cushion on
parameter b/h for vulues of the angle of novzle inclinstion to the ground

_ surface 4 = 0, 50, and 60Y,  Fig. 87 (curve 9) presents the function

] p = f(b/h) for the case . = 45", obtained by ¢rauphical interpolation of

] aurves calculatod by Ltrand.

i o

'y. F. Ehrich [8?] exAminea two chsaracteristic cases of the flow of
# peripheral jet from a4 nozzle onto s shielu. 'n the first case, streaming
' along the shield, the jet aplity, oue purt of the stream moves toward the
| increasec =pr asure region, while the other departs to the outside away
1 from the air cushion. In the secong :ase the entire jet moves to the
exterior. F. Bhrich studied flow frow a8 nozzle with an arbjtrary exit
cut=of! angle. In solvin, the problem, used conforual mappings, the velo-
:ity hodogrsaph. and the 5 -hware=Christoffe¢l transformations. The resulting
equations proved to be extremely complex, and thedir scolution was possible
only by the method of numerical integration.

Caiculetions showed that incrensing the anpgle of 1nclination of nozcle
feneratrix in the region | e 0=4" lewds to & rise 1n the pressure coeffi-
lent p of the air cushion both for the split get ss well as for the jet
completely deficcted to the vutyilie. Here the coefficient p takee ca
larger values for the et deflectet Lo the vutsiae.

The airscharge coeffrcaen 0 0 L s Increades 88 the angle | 18
increaaca for a split ety put 1t aecroases for the Jet completely deflected
to the ousside., For lientical cearances of the poezle sbove the shield
(in the range h/b = 0-1), thne cocfficient 1y greater for the split jet
than for the jet deflected to the ovutside,

Reduving the height of the exit co,o o the 1maer wall of tue nezzle
while the clevation height of the noczie above the shield is kept consiant,
which correepords to varying t ¢ exit cut=off sngle of the nozzle, Srings
about & drop in the air cushion pressure coefficient for the aplit jet,
but increasen the pressure coefficient p for the jet deflected to the
outdide, In other words, the nowzle with horicontsel wall cut=off is more
advantageous compured to the novcle variant with o normsl cut=off.

Fig. 87 (cur!u 11, prenenty the dependence ol the wir cushion pregasure
coe'ficient p cn parameter b/h, taken from the work of whrich, for a j
no~zle with normal cut-off and angle of generatrix inclination q - 450. 1
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‘2. In his work [85]. published in 1966, Cohen examined, using the
hodogruph method, the flow of & peripheral two-dimensional jet near the
support surface and obtuined in closed form the characteristics of the jet
over some runge of variation of three masin design parameters == jet
thickneass b, angle ¥ of nouuzle generatrix inclinstion, and clearance
height h of the nozule over the support surface. The effect of the angle
of nozzle exit cut-off on air cushion characteristics was determined.

The trend of the solution to the problem led to first-order elliptical
integruls. By introducing simplifications and approximating several
expressions appearing in the ellipticul integral, Cohen obtained the
following approximate functions associsting nozzle geometry with jet para-
meters.

The form of the internal free streamline of tue jet (on the air cushion
side) is well approximated by the arc of a circle having the radius

R 1 (38)

and with its center lying along a normsl t the nozzle wall.

The slope of the nozule cut-off taper (angle between a line connecting
the exit edges of the nozzle and the normal to the nozzle wella) is

In >
ey = ——t, (39)

where

o ' 21n :'— ‘
C=sinf | o :. (40)

Here v, is the mesn air velocity within the nozzle (velocity at large
distances from the exit cross=section); v, is the velocity at the free

streamline at the outer boundary of the jet; and v, is the velocity at

2
the free streamline at the irner boundary of the jet.

Cohen determined the 1ift of an air cushion vehicle and analyzed the
change in the reatio of 1ift near the ground surface to the thrust at
large distances frow the ground. In his paper, Cohen does not present
functions expressing the pressure change in the air cushion. Let us find
this function, by replacing in Eqs. (38) and (39) the relative velocity
v1/vo and the coefficient { with the corresponding pressure ratio.




The radius of curvature of the internal free streumline of the jet,
in accordance with the assumed yvometrical parameters of the nozzle and
the jet dischargin, from it is

] ) h_- bisinyg o cosqag ¥)

1 5 I sy o (41)
where h is the clearance height of the nozzle (exit edge of the outer
nozzle wall) above the support surface.

The total pressurc in the plane of the nozzle cut-off is kept constant,
anag therefore,
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Further, using Eqs. (36)=(41'), let us reprecent the air cushion ‘
pressure coefficient in the form ]

-——l

oo . (4..))

B [) - l 1 ]
Here 3
b hl « siny) ) - 4
C= T bnisnyg Pongury 1
and
1 S RN
a==y U 3
where ;
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For a nozzle installation with normal noz:le cut=off (y = G}, we have

P P A
q

pm—
Vol

-l

;_)=l—e

and in the case ¢ = O and y'= 0, we have

"./'.'_ 3
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Fig. 87 (cucve 6) presents the function ; = f(b/h), plotied by
bq. (42) for ¢ = 44°.

5. 1ln his work [84] preasented st the International Congress on
Applied Mecnanics in 1064 and published in 1966, Kechou examined the

plane problem of the discharge of o peripheral tannulur] jet onto e shield,

employing functions of 8 complex varisble for his study. The nozzle had
@ normal ¢xit cut=off. Using Fourier veries, being limited to the first
terms of the expansion and making scveral assumptions, Hechou arrived at
the following approximate expressiony relating nozzie geometry to jet
serodynsmic parameters:

a i ] ey 4 a(l s C"Iﬂ) Lcos g
AL L =1 betho =S5 & JEp ) (39

where £ 18 the jet thickness at a distance tending to infinity.

In this cagse the air cushion pressure coefficient is

= . iy [’l. e ' 44
pre bl oy (44)

where

It wmust be noted thut u quuntity that 1u the reciprocal of b/£ is
the discharge coefficient of the nozuvle, the ratio of the actual volume

flow w of air to the volume flow . where there is uniform velocity
»

distribution at the nozzle cut-off, that ig,

J t
“° ' - “ '
(. B

A function plotted according tc kq. (44) coincides with high

sccuracy with curve p = f(b/h) calculated by Strand (cf. curve 9 in Pig. d7).

These theoretical studies on the determination of aerodynamic charac-
teristics of peripheral jets can be conventionally divided into two groups.

The first includes the works of Boehler, Chaplin, Stanton Jones, Pinnes,

and 8o on, in which simplified models of the physical phenomenon associated

with the discharge of air jets onto a shield serve as a basis of
theoretical generalizations. This enables the authors to derive for the
air cushion pressure coefficient simple functions expressed in explicit
form, 8nd agreeing quite satisfactorily with experimental results only in
8 narrow range of geowmetrical parameters.
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The other group encompusses the works of strand, Ehrich, Cohen, and
Kechou. The authors of these works cexsmined the discharge of peripheral
jets from nozzles onto 8 shield more rigorously, employing methods of the
theory of functions of & complex varinbje. However, the solutions
obtainced in thene investigations require complex snd laborious calcula-
tions or elase are given in the f rm of implicit functions, which markedly
complicates their use for practical purposes, particularly in
subsequent analysis of serodynnmic 8nd energy characteristics of air
cushion vehicles.

In all these studies the air jet streaming along the shield is
considered an a flow devoid of viscosity. Such an ideal flow naturally
differs from the motion of an actual ai., jet and the analytical functicns
obtained reflect only to some degree of 8pproximation the actual pattern
of the streaming of an air jet over the shield. Allowing for viscosity
even further complicates the final formulas used in calculating serodynamic

cheracteristics.

Therefore, it appears to 48 desi-‘able to derive functiaons in which
-- with allowance for the principul teutures of the physical phenomenon
of the discharge of a jet onto a shield — relate in explicit form
serodynamic characteristics of an air cushion with the geometrical para-
meters of the nozvle installation and its position relutive to the
support surface in the entire range of variation of the craft hovering
regime. It is also desirable that these functions be convenient for
practical use in calculating both sin,;le-pass as well as sectionalized
nozzle installations.

9, Nozzle Installation With Normal Nozzle Cut=off

Let us find functions 1rclating the geometric parameters of a
nozzle installation, its clearance height above the support surface, and
the aserodynamic parameters of thc air stream brought to this installation.
let us determine the air cushion pressure coefficient , discharge coeffi-
cient, and drag coefficient of the nouvie installation, and set up rela-

tionships between them.

' The theory proposed was acvelopea by the author in 1961 for single=
pass nozzles with horizontal cut-off and was employed in calculutions of
an air cushion vehicle designed and built in 1961-1962. In 1963 this theory
wag extended to single~pasa nozzles with normal and oblique cut=-offs, and
in 1964 =- to sectionalized (two-pass) nozzle installations with arbitrary
placement of external and internal nozzles. Further consideration yielded,
in 1966, analytic expressions of. churacteristics for sectionalized nozzle
installations inclined with respect to the support surface.
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Let us examine the discharge of air from the nozzle installaticn onto
the shield (cf. Figa. 37 and 89). Under the effect of the excess pressure
Py ~ Py maintained conatant in thec receiver, the air is brought into the

nossle and exits from it in the form of gets dirccted downward. On encoun=
tering the shield along their path, the jets becowe curved and stream

along it to either side. With increasing sepuration from the axis of the
noz.:le instullation, the jet thickness is reduced, as is the jet curvature.
At some distance from the norzle the compression of the jets ends and they
travel along the shield surface. Owing to the viscosity and the consequently
induced ejection effect, a boundary layer is formed ut the jet boundaries.
Alr sucked from the exterior space is entrained by & jet in the direction
of its motion. The air cjected from the inner space, on approusching the
shield, is sepurated from the jot and c¢xita to the side opposite the
airection of the main mass of tne jet. A circuluation flow is induced in
the inner space.

In the region bounded by the bottom of the no.zle, shield, and jets,
vxceas pressure == an air cushion == is induced as the result cf the
reaction effect of the jets. as this takes pliace, in the plane of the
no:zle cut-off, the pressurc drops from atmospheric p,y to the sir cushion
pressure pg in a direction from the outer trailing edge of the nozzle to
the inner, and therefore, there is s transverse pressure gradient in the
Jet in the plane of nov:le cut=off. The nonuniformity of velocity distribu-
tion in the nowzle cut=off plane corresponds to this nonuniformity in
pressure distribution: the greatest vclocity is near the externel exit
cdge of the novzle; while the least, determined by the counter pressure
[u.ck prnunuro] produced by the air cushion == is near the inner edge.

The excess pressure in the air cushion causes pressure forces to
vecome evident, acting on the shield, noc.le bottom, and the jet, and
anintainin,; the letter on a curved trajectory. It can be noted that with
tne no.zle position kept unchanged relative to the shield, the air cushion
pressure varies in proportion to the momentum of the jets (Ap-ﬂ-gvz),
while with the momentum kept constant the pressure in the air cushion is
inversely proportional to tihc distance vetween the nozzle and the shield
(Ap ~ 1/h). With these factors taken into account, the pressure in the
nozzle cut=off plane cun be expressed as follows for the particular noz:zle
ingtallation with normal cut-off:

dp R s g)
dy h-xsing ' (45)

that is, we will agsumc that at the no:cle cut-off there is a static pres-
sure gradient that is dependent on the angle of jet inclination with
respect to the shield and that varics in direct proportionsl tu the momentum
of the clementary jetlet in the planc of nozzle cut=-off and inversely
proportional to the distance from the exit location of this jetlet issuing
from the n-zzle to the shield.
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Fi;. 89, PFor caloulating the
acrodynamic characterigties ol air
cushion produced by u Jet escaping
from a no..le with normu] cut~off

If we neglect the friction ol a1r against the nouzle wall and assume
the air to be an ideal fluio, th-n we can assume thut the total pressure
#t each point in th2 jet in the nowcle cut=off plune remains constant,
equal to the excess pressure 1n tne receiver ahead of the noszle installa-
tion, that is p 1.!@1 ~ p, — p. - const,where p and v are the static pressure

g

and air velocity,

resvectively, at thne point in question. Therefore for

:
the no.:le cut-off, by Bernoulli's ejuation, we have _
dp —pv du. (16)
Inserting this expression into og. (49), we get
do . lf_“ ooy E
duv 7 h4+xsimy (47) 3
Thus, in the plane ol no..l. cnt=~"f in the direction to its inner 3
edge there i8 a velocity grudient deperacnt on the angle of jet inclination k

~ith respect to the shield ana varying in direct proportion
at the given point ana in invers
to the shield.

to the velocity
proportion to the distance from this point

Velocity field in noz.le¢ cut=off plane. To obtain the velocity

digtribution in the nozule cut=off planc, let us solve differential equation ]
(47). After separation of variables, we get

L t'. E

dv dx ;

= (]l & — s 4

J v (14 smtp)j h +xsing {

j Uy Y 3
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and, therefore,

| _ (1 + sin ¢) by b
q In gt = — (1 + 3 Fung). (48)

Converting from the logarithm to the exponential function, this result
can be represented ag

1 [
P U O R

>lo

lin')

h

0" r, O
- (r. it .\llll[‘) ". (49)

Assigming the instantancous coordinate bx/b various values within the

limits from O to 1 and using this formulua, without difficulty we can

conatruct the velocity ficld us + function of parameter b/h and the
slope of the generatrix to the axis of the nowzle installation. When
bx = b, we get the formula

e
o= (1 + i) hams),

enabling us to calculate the velocity \/ of the jetlet travelling from

the inner edge of the noz.le at the boundary with the air cushion.

when the slope @ = 0, kq. (49) becomes mesningless, since the functicn
Vx/vﬂ = f(@) expressed by this formula is analogous to the function

y =(1 + x)2, defining the Napier number ¢, has an apparent diecontinuity
for @ = 0. Actually, this formulu, as @—> 0, tends to its limit and is
continuous also at the point @ = O.

let us find the expression for the velocity field of the nozzle
cut-off when the generatrix siope ¢ = O. As applied to this case,
£q. (45) becomes simplified and takes on the form

pvdx = hdp.

Replacing the pressure drop dp with its expression by Eq. (46), we get
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Integrating this cxpreasion witnin the same limits as for the case
¢f 0, we find

rlo

U =€ = L" * (50)

kq. (%0) determines in dimensionlens form the velocity field in the
cut=off plane of a noz:le having the peneratrix slope @ = 0. Fige 90
presentn in dimensionli gu forw theoretical velocity fields in a jet as
it exits frot nowzles with generatrix slope @ = 30, 49, 60, und 90°, and
for Zur;oun values of parumeter b/h., The velocity fields were plotted by
tg. (49).

Therefore, the greuatest nonuniformity in pressure districution in the
no .xle cut-off plane obtains for large values of param ter b/h. Here the
velocity field profile faces the no.zle cut-off with its concavity. With
decrease in parameter b/h, which can be nbtained either by reducing the
noz.le ¢xit width b or by increasing height h of its elevation above the
ground surface, the velocity field is rapidly equalized, approaching the
linear distrioution. Moreover, with increase in the slope @ of the noz:zle
seneratrix for identicasl values of purameter b/h, the nonuniformity of
velocity distribution in the nozzle cut-off plune increases somewhat.

Preasure field in no..le cut-off plane, If we use the Bernoulli
equation us dpplied to the noucle cut=off in each point of which the total
pressure remains constant, then

PU: v,
e f“2"— Pu v '-'2!'.
"
Then
i -.p__::l _(&)‘ (5"
e, L ' i

keplacing in Eq. (»1) the ratio vx/vH with the corresponding value
from Eq. (49), we get

! SN §
_c—-'.‘tl- ‘—-"T‘)In“li--:---h unq)

(52)

or
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Fig. 90. Theoreticul velocity fieids in the
exit cross=gection of u no.zle with normal
cut=off for various values of angle @ :

4 == @P= 500
b == @ = 45°
c -~ @an 60°
d -- @ = 90

For the case @ = 0, witn reference to Bg. (Y0), the pressure field
in the noczle cut=off plane iy

), - —"h—‘
Ia” & =
(R

]

5

}l?
.

(53)

£qs8. (92) and (%3) enable us, by specifying values from O to ! to
the instantaneous coordinate bx/b, to corstruct in the dimensionless form

the pressure field in the air jet a5 it exits from the no:vle as a function

of the parameter b/h and the slope ¢ of the generatrix with respect to
the noz:le axis,

i g e e i i
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In dimensionless form the theoretical pressure fields in the air jet
as it exits from & novzlc with normul cut=-off and when the generetrix
slope @ = 30, 49, 60, und 90° for different parsmcter b/h values are shown
in Pig. 9'. Eq. (92) was used in plotting these ficlds. As we can see,
wvhen the exit width v of the nozsle is close to the values of the distance
h betveen the nozzle and the ground surface, the excess pressure in the je:
increases rapidly in the direction from the outer edge nf the nozzle to
the inner, while the pressure gradient is gradually decrcasing. The profile
of the pressure field in accordance with the nature of the variation in
the pressure gradient faces the ground surface with its convexity. With
increase in distance h, that is, with decrease in parameter b/h, the excess
pressure in the nczzle cut~off plane decresses, while the pattern of the
distribution of this pressure in the nozcle cut=off plane approaches the

linear.

Air cushion pressure coefficients. Setting in Eqs. (52) and (53) the
instantanc¢cas coordinace bx = b, we get

- 1 ®
o= s _ | —e--z‘lf-m)ll(l«f;{lln'). (54)
o .
2
For the case when P« 0
Pe— P 27 '
e Pu __ — N i
o | —e . (55)
7

Eqs. (54) and (55) determine the excess pressure pg - p, &t the
boundary of the jetlet travelling from the inner edge of the nozzle exit. 1
This excess pressure propagates in the space bounded from above by the
bottom of the nozzle installation, from below by the ground surface, and
from the sides by the air jets escaping from the nozzles. The dynamic
pressure evf/2 of the boundary air Jjetlet travelling from the exit edge
of the outer nozzle wall is equal to the pressure (po - py) of the air jet

fed to the nozzle installation. Therefore Eqs. (54) and (55), represented
as

R

a1y ——) S
—bu _ l_“—.(lf.m')ln(lf-hmno). ?

. )
p=1— (l + %sln «p)_.(H""') (-

and in the case @= 0O {
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Fig. 9. Theoretical fielas of static pressures
in exit cross=section of & nov.le with normal

cut=off for various valuet of the angle @: %
a =~ @a 30°
b == @~ 45°
c ~-@ = 60°
d -~ @a= 90°
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express the dimensionless air cushion pressure coeff{icient.

P ——

These coefficients determine the {raction of transformation of the
total prcssure of the air current in front of the nozzle installation into
the static pressure in the air cushini, c¢xpressed in terms of the geometric
parameters of the nozzles width b of the nozzle exit, slope @ of the

generatrix, and height h of the position of the nozzle installation relative :
to tae support surface. ;

The air -~.shion pressure can be determined also in another way if we :
know the veiocity field in the no:zle cut-off plane. Let us enclos: the '
Jet forming the air cushion in the contour shown in Fig. 89 with a dashed ]
line. Let us extend the upper section of the contour in direct proximity
to the bottom of the nozzle installation, and in the section intexsecting
the jet == in the nczzle cut-off plane we will locate the outer saction
of the contour parallel to the ground surface at the level of the noz»le
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Fig. 92. Presasure coefficient of air cushion of
no..«le with normal cut=off 18 a function of the
paramecter b/h for variouc values pof generatrix

slope

exit edge. Lot us draw the lower section of the contour in direct proximity

to the ¢rouna surfuce, We position the vertical boundaries far froa the
nozzle cut~off, where the perturbing action of the jets csn be neglected
and where we can assumc thc pressurc at these contour sections to be
constant and equal to pg and p,

let us project onto the axis parallil tu tne ground surface the forces
acting on the isolated centour. The equation of momentum for this contour

18

b

[
— (I -« sin (p)J pvidb, - p,(h -bsing) — slncpj p,db, —ph =0, (57)
¢ 0
With reference to Eq. (5 ) relating velocity v, with pressure Py
we can represent kq. (97) in the rorm
b

- . v
T Cy P L DAUPY

U
1]

2 (58)

where vx/v” is tre velocity ratio at the noz.le cut-off, determined by

kEq. (49).

The integral appeuring in kq. (98) is

e e




2y an= [ (1% ey s, -
[ = (1 Pang) (1 + 2sing) ).

Inserting the value of this integral in'« Eq. (58) and transforming it,
we get

This equation corresponds to the earlier derived Eq. (56) expressing
the air cushion pressure (2efficient for a nozzle with normal cut-off.

The air cushion pressure coefficient p us functionus of variation in
feometrical parameters of a nozzle installation is shown in Pig. 92. The
functions simultancously express the pressure ficld at the noxzle cut-off
in generali‘ed form. kach point lying on these curves specifies the evcess
pressure at the exit edge of the inner nozzle wall or, which amoints to
the same thing, the excess pressure in the air cushkion. The ser.tion of
the curve lying in the region from O to the sel.cted b/h value characterizes
the pressure field in the cut-off planc for sll no::les wich the selected
values of parameters b/n and @&. As wc can see, An increase in the angle
@ leads to a marked rise ir the air cushion pressure coefficient.

Discharge coefficient of no:zle installation. For the case of
discharge from 4 large volume when pressure py at the outer side of the
Jet is equal to the pressure pg at its inner side, and the friction of
the fiow against the nozzle wal! is ghsent, the discharge of air through
A nozzle with a smooth entry section is

Q=Fe=F | 2p—p,).

The difference Pp ~ Pu is the drop in total preasures between the re-

ceiver into which the nozzle is built, and the surrounding atmosphere.

The velocity v in this case is uniformly distributed cver the nozzle
cross-section and is the mean velocity vep of the jet at its exit.
Approximately the same discharge conditions are observed for the nozzle
installetion in the case of free -- not confined with a shield -~ exit

of jet from its nozzles which have a small width compared to the overall
width of the noz:le installation. The "thin" jets exiting from this kind
of installation during their travel, on being unable to merge into a single
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common jet, trail off to the surrounding space. Because of this, the
pressure in the volume enclosed by the jets and in the atmosphere is
approximately the same (p‘ =p, )

The presence of a shield along the jet travel path causes the appearance
of the pressure difference pg = py between the inner space enclosed by the
Jets and the external atmosphere surrounding the jets. This difference is
responsible for the uneven distribution of velocity at the nozzle exits.

The mean velocity Vep of discharge differs from the velocity vy by a
greater amount, the greater the difference in the pressures p, = yy . In
this case the minimum discharge velocity occurring near the inner wall of

4 nozzle is
/2
Uy = V'F'(po_pc)-

and the maximum discharge velocity == ne.r the outer wall is:

w=V%m-m.

An increase in the excess pressure in the air cushion reduces the
volume flow of air exiting from the nozzle installation.

The volume flow of air when there is a uniform velocity field at the
nozzle cut-off is

Qp=FU~=FV%(p0"Pu)~ (59)

Let us denote the ratio of the mean velocity to the meximum velocity
by vop /vs = O 8nd let us represent the volume flow of air when there is
uneven velocity distribution at the nozzle cut-off in the form

Qu= Fep=aFe,=af )/ Lo —p). (60

Dividing the left anc¢ right sides of Eq. (60) by the corresponding
sides of Eq. (59), we gev .r expression for determining the discharge
coefficient of the novuzle in the conditions when a shield has an effect,
[illegible].

The discharge coefficient for a nozzle in the case of uneven velocity
distribution in the cut=-off plane caused by the presence of a shield along
the jet travel path is
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Integrating this expressicn, we fina

1
a =. «Z— [l — (l - _:: Si"(p) \.an .

or
),[ ol )
- . sing T{'° 4 lne
a ” ] ¢ J_ (61)
For the case ¢= O, the dischurge coefficient of s nozzle with normal
cut=off 1is

b

a=-:—(l —e“?). (62)

The sclume flow of air passing through the no.zle is

/
Q:afl/ f,_(po—pn)'

wherc F = bL is the no::zle exit are...

The variation in the discharge coefficienvy X for a plane nozzle as
thcoretical functions of parameter o/h for different slopes ¢, based on
Eqs. (6') and (62), are shown in Fi,;. /. As we can see, an increase in
the angle leads to a marked reducticn in the discharge coefficient,
while the degree of decrease becomes the greauter, the shorter the distance
h betseen the nozzle and the groun: surface, that is, the greater the
parameter b/h.

Drag coefficient of nozzle installation. By the aerodynamic drag of
a nozzle installation we will mean the total pressure losses associated
with the entrance of air from the receiver into the nozzle, flow in the
‘ flow=through section, and exiting into the surrounding atuosphere. These ]
' losses can be characterived by the local drag coefficient (’, which is 4
the ratio of the total pressure experded in producing the jet streaming 1
over the shield .to the dynamic pressure of thc jet determined from the
mean velocity v?p of the air in the nozzle exit, that is,
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- Po— Pu
»= P
W{p 1
2 1
In the case of an ideal flow when local pressure losses at the 3

entrance intc the nozzle and losses due to friction of the air stream
against the nozzle walls are absent, we have

Po— Pu

;=_p_(a,.)2' i
2
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Fig. 95. For calculating derodynamic

characteristics of air cushion produced

by Jet exiting from & nozzle with oblique
cut=-off

In accordance with Eq. (60), tne volume flow of air passing through
s2le /2
the nozzleq - qqQ, f~abLl P(po.._p.).t.herofore

= (63)

As the function of the ,vometrical paramecters of a novzle installation,
we have

(h h_): S — (64)
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The function § = £(b/n, @) or a plane nozzle based on Eq. (64) is
shown in Fig. 94.

0. Nozzle Installation Wiath Oblique No.szle Cut-off

Let us examine air flow in a no.:.ie installation ¢itn oblique nozzle
cut-of f when the nozzle exit edges lyiny in a plane &. the angle Y/ to the
normal no.zle cross-section (Fis. o). For this case the pressure gradient
in the jet in the noz:ule cut=off{ planc 13

_d_p_ ) »,-&icus\{(l BESTINY)
deg 7 Aoy sin(@—¥§)

or, since dp = = pvdv,

-f!L- o veos gl sln_q)
day hoooxysin g — )
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After separation of variables, we get

1y o

. d‘ I 4
— (I + sing)cos ) . [ dv
( ) w!hﬂ' [0

sin (@ — ¥)

After integrating and the required transformations with reference to
Xg = b/cos V. ve get

_(4sin @) con p
ﬂ=[l + 5 b sng—w]  re-w (65)
- x, A cosy :

The function (65) characterizing the velocity distribution in the
exit plane of a nozzle with oblique cut-off can be represented also as

(l+singicos ® In l+1 LILICER )]
s e- sin (§— W x, N cos

Using the above-presented definitions and methods, the aerodynamic
characteristics of a nozzle installation with oblique nozzle cut-off can
be expressed by the following formulas.

The pressure field in the no:zzle exit is

IO D T
"{'i pv_”q -
a-
r {l4s.ng§) m‘_'
1 L _I_:_ s (g — §) sin tg- ¢
= L (I T,k cos § ) (66)
or
z”""""""l ' b sinig-¢
T 1,
Po — Py
The air cushion pressure coefficient, given thce condition L and
XV - Xa 18
=P¢—Pn_=l_("o)2=
p Po— Pn Un
b \ ¢) -2 {1+ sing) cos
=1— 9= sinte—wil sinfo-¥)
=1—(1 + 4 2 ) (67)
or




el IS, (68)

(l sl l_{)_co§i & | 4 b __sm v— ¥

k‘“_—alll'(.q. ¥) = h cos g

The discharge coefficient of a nouwzle in terms of its exit area is

o'}

1 cos § i vy dxyp

U

| a= rgcon gl
tiesing) cos §
| fl b s - %)) Taing ¥y +1
] ok QTR i L
= on sy ) (e smgrcsy
cosy smog - ) 3
or
! gt b (69)
\ a : — - :
b h \
y e Wy e 1)
s §

The nou.le drag coefficient (.is associated with the discharge
coefficient ar by Eq. (v3).

For Y= 0, when the nouzie cut=off planc ccoincides with the plane
that is normal to the generatrix, Eas. (6°), (66), (67) and (69) are
transformed into expressions deternining the corresponding aerodynamic
characteristics of a no.zle installation with normal no:uule cut=-off.

As thc angle §/ is increased, the inclination of the nozzle cut-offs
with respect to the plane of the votiom of the nowwle installation
decreases, and when y = ¢, the noz. .. 11.tallation with oblique nozzle
cut-off is converted intc a no.zle installation with horizontal nozzle
cut=off in which th. exiis iie 1in tne plane of the bottom. However,
when ¥ =@, the quantity sin (@ -¢7) = O and Eas. (65), (66), (67), and
gsg)p?ecome meeninglesn, since the functions v /v, = f1(yd, elv, = [, (),
5 fa)p it

v, ’
2
Actually, these functions, a8 Y > ¢, tend to their limit and are continuous
functions alsc at the point san (qp-yr) = 0. This factor must be borne
in mind when determining the aerodynamic characteristics of a nozzle
installation with hori:zontal nozule cut-off.

ana &= (y) have an apparent discontinuity.
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The effect of the nozz.e cut-off angle Y on the profile of the
velocity 1iesd asd the profile of the static pressure field in the
exit is shown in Figs. 96 and 97, respectively. These fields were plotted,
respectively, by Eqas. (65) and (66) for a constant angle of nozzle
generatrix inclination @= 45°. In Pig. 96 we see that the angle ¥ strongly
affects the profile of the velocity field for small elevations of the
nozzle installation above the support surface (for large values of the
parameter b/h). As the clevation h is increased, this effect is weakened,
and when b/h /& 0.2, that is, when the nozzle is at an elevation that is
equal to five times its exit width, the effect of the nozzle cut-off angle
]Vpractically disappears. The angle ¥/ of nozzle cut-off also similarly
affects the profile of the static pressure field in the nozzle exit

(Fig. 97).
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The results of determining the effect of the angle V’on the air
cushion pressure coefficient, discharge coefficient, and drag coefficient
of a nozzle installation with obliquc nozzle cut-off are shown in
Figs. 98-100, respectively. These functions were plotted according to
Eqs. (68), (69), and (63), respectively. As we can see, an increase in
the angle Y leads to a marked increase in the pressure coefficient p, a
reduction in the discharge coefficient X, and an increase in the drag
coefficient (’.

R}
i

. Nozzle Installation With Horizontal Noz:le Cut=off

Let us find the aerodynamic characteristics of a nozzle installation
with horizontal nozzle cut-off. The pattern of air discharge from this
installation and the symbols adopted are shown in Fig. 101. If we examine
this noz:le installation as a plane device, the pressure gradient is

dp pedcosq(l - osing)
de, — h '

Using; the Bernoulli equation dp = = @vdv expressing in differential
form the constancy of the total pressure at each jetlet in the nozzle

cut=off plane, we get

RO EnIILEE By
dx, '

.
3
1
1
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Let us determine the velocity tielas i1n the novile exit, by solving
this differential equation. We can write

i )
g | X
' v = (l i .\Hlt‘)('()\q B I dxv .
and, therefore
- .a 1, -
] = = sy casy (70

since the nooste exat width an the plane of notile cut-off x4 = b/cos P
eq. (70) can be represented us

N o I o "

t » 9 (e sangionsg
| " Lop e ) 5 . ih
’, =

A381,ming 1o the 1nstuntancou, coorilnute <gp aifferent values within
the limity from Xg = 0 to rg = rg ant usin,g tnis forrula, it is not
difficuit to plot the veiocity fie.0 Lr e noo le cut-off plane as a i
fun-tion of param.ter ©hoant the an, .o @ (1 gweneratrix inclination to
the no.uvle Aaxio. ‘wnen Xp= Xgo B0 3

n tls1ng)
- e (72)
Uy : ]
3
£3. (77) 8llows us to caloulate *ne veloos iy vg of & jetlet travelling E
from the inner eage cf tne no.z.¢ ot e cwundary with tne air cushion. 3
The pressure fiela ir the noszle  Lu=off plane 1. i
..
PPy e i (v 2 | ; — - {1+ sng i
P n e = S . (13) .
The a1r cvshion presaure T A Y E T A
I~ b a
TRy t uin gl .

p-o n‘:) |- e : (74) 4

The discharge coefficient of the plane nouvle given in terms of its
¢Xit area ig




Lcosy | vedxg d/cosy 29 (14singrcose
— e == fﬂ e A dx' =
blu, b
. %ﬂu+unw
| ¢ _ (75)

b/h(l + s ¢

The discharge coefficient of the annular noczle is

.~

A T il H+sing 3
" le A dr ]
j 2ary, cos § dr 2nu, cos @ | re :
B Q" _ o "¢ 3
R Y T T A (r =) v con® -1
(76) ’
Since 5
W o i
. nle N i ﬂdr = _____._("'_")l i 3
J . g (! sin §) . 3
’ T N 4
7 3
—_ = (1 % sing) 3
(ra — 1o l—e * i
t ’a(rn""o)—_b J
= (I - sing) h ==l + singq)

3
b . D,. 1

r,— '_-cés——q""r"- g

BEq. (76), after uncomplicated transformations, will become

2 {eg . cosq--z‘-b~ ;
a —— D. s ) _.__D"_ —_ i
= - IO I b
(I - sm 's)(cosq— - Cos f — D:
)
2_._ ——h-(l"!an)
D, l— ¢
- h b
(s smg(cosg—p=) [ (1 sm@)
L]

Introducing the notation b/D, = b and b/Dy = l.x, we obtain a formula
for determining the discharge coefficient of an annular nozzle with
reference to axial symmetry:
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Fig. 0.. Tneoret: ao o0 14, ieous 1n air

Jet at nooLo 1S= 0t a0 Clun O parameter
a =@
) == @ = ('
=i ¢/ = /1”
aq == ¢ = 0Ol)
Ny 2h
. ~
H “ h
’
) ) ' A . s ngi -
- (77
' { s oY)

Eq. (7)) can be rcoresento: witn roterorn oot ag. (7,), in the form
of the function
p B 2h LN 0] '.’h-_

: T a’ll
N A IR Sy 5 (b sy (cos g — b)




relating the discharge coefficicrt of the annular nozzle with the discharge
coefficient of a planc novzle.

The volume flow of uair in an annular no.:sle with angle of generatrix
inclination @ and with exit cdges lying in the same plane with the nozzle

Lottom is P .
(J — a‘l-' V "' (pa .-p~ ),
where:
F. cos g a(rl —rl)cosy, F.is the nouzle exit area in the cut-off plane.

The drag coefficient of a plane nozzle installation is

b hl sy
C=[Tj”$hu:m;

P h D, ;____.— . Ll
¢

The theoretical velocity fieids in an air jet as it exits from nozzles
»1th hori.ontal cut-off and with angle of generatrix inclination @ = 0, 30,
44, and 60° for different values of the parameter b/h are shown in
aimensionlivss form in Fig. 10Z. These velocity fields were plotted by
bEq. (71). Ry comparing the curves in Fig. 102 with those shown in Fig. 90,
we can sec that the general pattern of variation in the velocity profile
as a function of paramcter b/h and @ for a nozzle with horizontal cut=off
remains tne same as for a no.zle with normal cut-off. The only difference
is that for the same b/h aund @ values, the nozules with horizontal cut-off
have a lesser nonuniformity of velocity distribution in the nozzle exit.

Using Eq. (72), we can r.adily find the effect of the angle of
inclination @ on the velocity distribution in the air jet at the nozzle
cut=off. Pig. 05 shows thc dependence of vp/v, on the parameter b/h
for nozzles with angle of generatrix inclination @ = 0, 30, 45, 60, and 900.
As we can see, for a no:zle with contant relative exit width b/h, the
relative velocity v‘/yﬂ 8t 4 point with coordinate Xp = bx/cos¢9 decreases

with increase in the angsle of inclination ¢, and the nonuniformity of
velocities distribution at the no.zle cut-off correspondingly rises. It
must be noted that @-= 909, 5q. (7<) vecomes meaningless, since in this
case the nozzleexit width Xg = OA

The thecretical velocity field in the air jet in the no:szle cut=off
plane plotted by iq. (7¢) uas tue dependence of the relative velocity
ve/Ve on the gencralizing parameter b/h (1 + sing) is shown in Fig. 104.
By meanc of the generaliuing parameter, it appears possible to characterize
the entirc diversity of the velocity fields in the jet at the nozzle cut-
off determined by its cxit width b, height h of nozzle position relative
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The theoretical presasurce fields in the sir jet as it exits from a
nozzle with an angle of generatrix inclination @ = 0, 30, 45, and 60°
for different values of paramcter b/h are shown in dimensionless form in
Fig. 105. These ficlds were plotted by Eq. (73). Por a nozzle with
horizontal cut-off, just as for a no.zle with normal cut-off, the profile
of the pressure field faces the ground surface with its convexity. As
the distance h is decrcased (by a reduction in the parameter b/h), the
excess pressure in the nozzle cut-off plane becomes less.

The variation in the relative excess prescure (pg =~ PAJ/(PQ ~py) =
(py ~ py)/(pvg /2) in the nozzle cut-off plane, as a function of the

ratio b/h for different angles @, is shown in Fig. 106. These curves -
plotted by Eq. (74) consist of the dependences of the air cushion pressure
coefficient p on the geometric parameters of the nozzle installation and
simultaneously expressed in generalized form the pressure field at the
nozzle cut-off. FEach peint lying on these curves determines the excess
pressure at the exit edge of the inner wall of the nozzle or, which anmcunts
to the same thing, the excess pressure in the air cushion. The reflection
of the curve lying in the range from O to the reflected b/h value charac-
terizes the pressure field in the cut=-off plane for all nozzles with
selected values of the parameters b/h and @ .

As we can see, an increase in the angle p leads to a marked increase
in the pressure and the no:zzle cu%-off plane. Here, even when = 909,
Bq. (74) becomes meaningless, since at this angle the nozzle exit width

= oo

Theoretical pressure ficlds in a jet as it exits from a8 nozzle, on
analogy with pressure lields, can be cxpressed in terms of the generalizing
parameter b/h(1 + sin@). The dependence of the distribution cof relative
pressurc in the jet in the nozzle cut=-off plane on this parameter, piotted
by Eq. (74), is shown in Fig. 107, frow which it is not difficult to
determine the excess pressure at any point lying in the plane of nozzle
cut-off. For example, for a nozzle with b = 0.1 m, @= 30%, and h = 0.25 m
the excess pressure at the exit edge of the inner wall pg = p, = 0.7(ev2/25,
since the generalizing parameter b/h(1 + sin @) takes on the value 0.6.

The pressure field in this case is characterized by the section of the
curve within the limits b/h(1 + sing) = 0-0.6.

Changes in the pressure coefficient p of the air cushion as functions
of the relative elevation h/Dy of the nozzle installation above the
sround surface for different relative nozzle exit widths and for the
reneratrix angles of inclination @= 0 and 45° are presented in Pigs. 108
and 109, respectively. These functions were plotted by the equation
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where D, is the diameter (width) of th rovzic installation, determined
w.th respect to the exit edges of tre cuter wall of the nouiles.

As we can see, with increasce in tne olevation of the nozele installa-
tion above the ground surface, the pressure coofficient p decreases, and
does so the more rapidly, the smsller “he relative width b/D, of the
n.zzle exit., By comparing annlogous - .rves in Figs. 108 and 109, we see
that an increase in the angle of 1lnclinustion »{ the noz:le generatrix
leads, for the same elevitior values, to ;Teater values of the air cushion
pressure coefficient.

|
1
Changes in the discharge coeff1 i‘rm<X" fer o plane nocszle as theoretical
functions of the parameter b/n, plotteu iy ‘by. o/ ) for different values
of inclination angle @, are presentec 1 Fige 770, Ay we can see, an
increase in angle @ leuds U a mare ¢ ool o6 tnhe discharge coefficient,
where the degree of reduction ve cros tie o oater, wne smaller the distance ;
n between the nozzle and the grounc seota v, that 15, the greater the 1
parameter b/h., The effect of varia-s 1M the Annuiar noswle exit width ]
in the range b/Dy = 0-0." on the ais nar v ficient CfK for the angles i
;

7 =0 and 4%0 is shown 1n Fig. °= °. Muico Junt1ons were piotted by ]
25. (77), the effect of the paramt r v o, o5 e value foTK also for
other angles of generatrix inclinatic: ¢ o5 eioally limated,

Variations in the discnarge oo U6y oy 1y { an annular nozzle as :

functions of the elevation n, Dy $0r titteront cx1t widths b/Dy , plotted

vy Eq. (/7), are ahown in Fiy. ', winere 4. anslopous functions determined k
by Eq. (7)) for the plane nov.ic arc civen witn aasnea lines., By comparing |
the corresponding curves, we see tnat allowine o7 the axisymmetricity of |
the flow weakly affects tne discharg - of0i 1o, Trnere is some difference

in the values of the coefficients & ari A e o Uw > 0.02. Wwhen

b/D, < 0.02, the coefficients CXI e O are pra t1cally the same. For - ;
alr cushion vehicl<s, the utili . vy ovelue . of wthe nozzle exit f
width b/D, = 0=0.09, while tne run~ ° tne parameter b/h = 0,2-1,0, §
therefore the simpler formula | ok . wd 1 practical calculations.

The function € = flo/u,®) £.r .1 are » 2zl plotted by Eq. (78) is ‘
shown in Fig. ‘1 . The depondern o . 171 1ent § on the relative 3
elevation h/D, of the nos.le instailat: 1 e vo th. ground surface is
shown in Fig. 1i4 for differ i ro.ativ o o oy1t widths b/D,, . . ]

‘2. Two=Pass Noucle Installation witi lorioornta. Mou.le Cut=off

karlier we found functions tnat cnabic us, for a known geometry,
to determine the derodynamic crnaracteristl s f a single-pass nozzle —--
the velocity field ana the pressure 11 1irn tne noszle cut=off plare
snd the air cushion pressurce coefficicnt, discharge coefficient, end
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Fig. 110. Discharge coefficient of flat nozzle
as a function of parameter b/h for various angles
@ of generatrix slope
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Fig. 11. Discharge cocfficient of annular jet
as a function of parameter b/h for various relative
widths b/D, of nozzle exit

o r YT I.T ey = y g L‘
/820,009 = F
0"; Lx 4 1 -— [
y, 0,01 a, 1
0.6 /I T—o—”.ﬂz - %

24 10,05 n =T
» II % 2 - =% -T 1
e/ 4 />, —aal BEERERE - i

4 4 20,1043

sBEENREANNE :

0 o001 002 003 004 005 0,06 0,07 008 009 L
Fig. 12. Discharye coefficients of annular and i
flat no-.zles a3 a function of relative noz:le 1

clearances above shielas for various relative
nouzle exit widths and gencratrix slope @ = 45°




ST T I T
—t— ——
0 |ttt 1
SEEEEESS
i 8 1 S
BEERaN|
Jamu :
¢ B -
+ —t +
2] T 11
L—[:i:lir L‘J:ll_._al
0 02 0% 065 08 10 (2 f% L6 /.5-,‘;-

Fig. ''3. Drag coefficient of flat nouzle as a
function of parameter b/h for various sngles @ of
generatrix slope

ok & e o

" b/D. 0,005

el

a a02 04 a0.08 a.08 7.

Fig. 4. Drag coefficient of flat nczzle as a ]
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drag ccoefficient as functiong of tno <. vation of the noxzle above this
support surface. Thus, for a singlc-pass nozzle with horizontel cut=-off i
of the exit edges, for known u, @, and h, the relative air velouity at a i
point in guestion in the nozzle cut=cif planc is

ie » x 3
5, - .;(I'lzncl :f (Lising)cosg .
-— = ‘ [ ] (79) -
Uu
while the relative excess pressure is
] b I 1
[ — (1 «sing) = :_ (1+- sing) cos @
— — 4
p=pl !p~=l__‘, . l__e
vy
2
(80)

4
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Fig. 115. Arrangement of nov:les in two~pass
nozzle installation

Fig. 1'6. Scheme of two-pass Fig. 117. Streaming of two=
jet form from a single-jet - pass jet over shield

For the case when the coordinate of the point in question coincides
with the coordinate of the inner edge of the nozzle exit (xgp = xg4), the
excess pressure 8t this point is the excess pressure in the boundary
jetlet travelling from the inner edge of the nozzle. This excuss pressure
propagates in the space bounded from above by the bottom of the nozzle
installation, from bene. th by the ground surface, and from the sides by
the air jets, ard constitutes the excees pressure in the air cushion.

In this case the drag coefficient is determined by Eq. (78), the air
cushion pressure coefficient is

-2—£—(l¢sin9)
p=&,:7£’=‘—" - - (81)
"’I

«,

<

while the discharge coefficient is

[
| ~ (1 e sng)
¢

hih (| NI T (82)




If we know the total pressure HC in the air stream ahead of the

noz:le installation, equal to the dynsaic pressure ¢ v2/2, then by using
kEqs. (6%), (81), and (82) we can determine the excess pressure in the
asir cushion pg = p, 4and the volume flow of air & in the jet exiting
from the nozzle,

let us determine the aerodynamic characteristics of a two=-pass nozzle

installation with horizontal nozzle cut=off (Fig. 115). Let us mentally
araw in the jet of the single=-pass novzle installation a surface along

the streamline through point ° (Fig. 116) ana let us divide the jet and
the exit section of the nozule with this gurface into two parts. let us
shift the left part of the Jet and the nozzle section relating to it to
one gide in the horizontal dircctior. ana thus let us form two jets with
their own no.:zles and bottom section line between these nozzles, that is,
let us form u two-pass nou:le installation (Fig. 117).

we will assume, as incthe case of the single-pass nozile, that an
inviscea and incoumpressible fluia is vrought to the no.zles and, therefore,
we can neglect the effect of circulation currents in the space between
these jets. Given this assumption, the excess pressure both at points i
and 1', as well as over the entire section of the bottom between tre given
points, will be identical anc equal to the excess pressure produced by
the external air jet, while the excess pressure in the section of the
pottom bounded by the internal no. .l will be determined by the overall
reaction effect of two jets -=~ oxterna] and internal. This action of
two jets can be repldaced by the reaction effect of a single jet exiting
from & no.:le and with a width equal to the toial width of the external
and interna. no:zzles.

Calculating & no.:le installation when @ = ¢, = P, and Ah = 0. The

coefficicnts of drag, pressurc, and discharge of 4 plune two-pass nouzzle
installation with identical angles of peneratrix inclination of the
external and internal no.:les @ = @. = pz can be aetermined, respectively,

by Egs. (b>), (&61), and (82) with reference to the new geometry of the
nozvle installation. The ccefficione ol air cushion pressure for the
section of the bottom b Lween the cuter ana inner nowozles is

»

. Lesing)
| h {
pl ~ [ . . l ¢ h

and for the section of the bottom bounaed by the internal nozzles, it is

b, b
ALY I g
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Fig. 1'8., Scheme for reducing the
air cushion pressure for different
angles of generatrix inclination of
the external and internal nozzles

The total discharge coefficient of a two-pass nozzle installation,
given with respect to the overall exit areas of the external and internal

nozzleg, is
_.b'_‘b_'(H»‘lno)
1 T (83)
ﬁ%#hu+smw

aQa =

The discharge coefficient of the external nozzle, with respect to
its exit area, is
- ey

| —e 84
% bkl smg) 84)

The discharge coefficient of the internal noz.le, given with respect
to its exit area, is

(85)

a,=a +(a—a,)—:;—.

rga. (83) = (8Y) are real for a plane nozzle installation in which
both the generatrix slopes of the external and internal nozzles as well
as the length of their noucle slits are identical.
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The totsl drag coefficicent of 4 two=-pas: no..le ingtallation w .th
rvgpect to the overtll exit are. of the external and internsl no. .les

£

(-

Calculating & no..l. instullation when @ . 4 ¢.‘ and h = 0. let us

examine the case of the more complex geometry of a nozsle installation
when both the novcle generatrix slopes and the length of the nozzle slits
are different, and the nozzle cut-off lie in the sume plane (Ah = 0).
Let us denote thne generatrix slope of the external noz.le by ¢1 and that

of the internal nouzle by ¢,), and the corresponding length of the exjits

of these nozules by 11 and l‘.

Obviovusly, the pregsurc coefiicient p, for the external nouzle does

not aiffer in any way fron the cocffacient E) for the 3ingle-pass nozzle
snd by =Zg. (8') is

I 1 -¢ . (86)

The determination of the coefficiens B, directly by kEq. (81) does not

yiele the correct result, =since 1n the tranusition from the external nozzle
to the internal, owirng: to the change 1n the anple @ oy ¢2 for the same

values of b, and b, tne function (£7) gives aifferent values of p for the

points 1 and !', tnhat is, vifferent pressures in the air cushion formed
by the external and internal jets, which is physically impossible.

For a unique solution t¢ the prouvlem, let us reduce the pressure in
the air cushion forwed by the internal noz.ls to the pressure formeu by
the external nozzle, by introau:ing the fictitious exit width ¢, of the
internal noz:le. For tho adopted values of b., h, and @, the pressure

soefficient p. at point * can be acternirea by zZq. (86). The same

pressure coefficient p can e cvianires alao for & noxcle with a generatrix

“

slope¢. if we make tne noozle exit widin equal te b¢. In this case
<

t)
¢ (h e vin gy}

poo e : (87) .

By cquating the right sides of Eqs. (86) and (87), we get
b1(1 + sin(f‘.i) =b (7 + sin ¢?). Then s 1

by = by (88) :




-

Thus, for an identical elevation h of the nozzles above the shield,
the noz:.le with the generatrix slope ¢2 and the fictitious exit width

b? also gives the same initial pressure coefficient ;1 as does the
nozzle with the generatrix slope 901 and exit width b1. The method of

reducing the pressure in the air cushion formed by the internal noz:zle
of a two-pass nozzle installation to the pressure prod:ced by the external
nozzle is graphically clurified in Fig. 118.

A curve plotted along points p,, Py and pé characterizes the

variation in pressure in the cut-off plane of the external and internal
noz:zles with identical angles @, of generatrix inclination and identical

exit widths b? and b2.

The curve plotted along points p,, p{, and ps characterize the

pressure¢ variation in the cut-off plane of the external and internal
nozzles that have identical angles @, of generatrix inclination and

identical exit widths b, and b2.

The curve plotted aiing points p,, Pys and P, characterizes pressure
variation in the cut-off -lane of noz:les with angle of inclination P,
for the external nozzle and qu fur the internal nozzle.

Thus, the pressure coefficient for the section of the bottom bounded
by the internal nouzle of & two-pass nozzle installation is

by+b
[ B}
- - -2 {1 +sing,)
p M
p‘=_.‘_2p_=|_.e L .
p".
2
and with reference to tq. (688)
1+s3ing, + b,
_2 _%‘___ (1 4 riney

py=1—¢

or

]
= -2 —7"— A +sing 4 —h'— (1 +sing,)

p; = | --e . (89)

ey




Let us determine the discharge cocfficients of a two-pass nozzle
witti different peneratrix slopes and different nocile slit length. The
total volume flow of air passing through the two-pass nozzle installation
is equal to the volume flows of air in the external and internal nozzices,
tnat is, W = Q} + uz. The volume flow of air in the external nozzle is

Gy —=lay s ]/ 2"'" . {90)

The discharge coetficient &, of the external nozcle determined on

analogy with the coeffici-nt of 4 sinple-pass no.zle installation by
Eq. (8() is

'
(e son g
ler "

e by byl : (90

TR

This rcoefficient is relatea ¢t the exit area of tne external nozile

!, TSN BTN It

where x, i1s the exit width of tn. external noz.le in the cut-off plane.
The volume flow of alr 1in trne internal nozisle is

g al. ) M (92)

. p

wheref',  xul, cos o, b, .18 tue erit width of the internal nouzle in

the cut~off plane.

By =q. (92) sand with refvren-e to tne uneven uistribution of velocity
in the nouzle cut=off plane, tnc aiscnarge coefficient of the internal
no.cle s

vidscos g, dreg

%

L 21 Vlpteosyy (93)

when determining the dischargve coefficient for an internal noz:le
with a generatrix slope differing from tnat of tne external nozzle, it
is necessary, as in tne case when we were determining the coefficient
Py to teke into account the digparity in pressures in the air cushion

for different generatrix slopes anda for identical values of b1 and h,
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thut is, to introduce the fictitious width b¢; into the velocity equation.

As applied to this particular cuse, Eq. (79) for an internal nozzle will
be come

Usy
vﬂ

= te :"'-'(l + SN Q) COS Py = L‘—:—ﬁ-’- (1 +sing). (94

= _",,L(l + sing,)cos @, =

Inserting this expression for the velocity into Eq. (93), integrating
within the limits from Xpy = 0 to x,, = bz/cos £, 8nd carrying out the

nccessary transformations, we get t'.: discharge coefficient of the internal
angle with respect to its area:

S

P

b, .
b — =L (11 sim
— T' (1 r singy) | —e A o

Sa:=s'e by/h (13- 510 @)

(35)

The total discharge coefficient of the two-pass nozzle installation
with respect to the overall exit areas of the external and internal
ncs.les 1is

F, +u .
Fpt ()
The total voluze flow of air passing through the two-pass nozzle

installation is
where f .. Fy+ Fy = b0, + b,

General case of the calculation of a nozzle installation when 3
. {¢2 and h, # h,. Let us consider the general case of nozzles ]

located in a two—=pass nozzle installation when the internal nozzle
differs from the external not only by the angle of generatrix "nclination
@, exit width b and length 1, but also by the height h relative to the
principal plane of the nozzle installetion coinciding with the cut-off
plane of the external nozzle (cf. Fig. 11Y).

Determining the pressure coefficient 51 for an external nozzle in i

this case does not differ at all from its determination for a single-pass l
nozzle installation. The coefficient is

- -1
-

p=1—e

b,
7, U isingp {




Let us find the expres.ion for the coofficient P, In order to
maintain the condition of constancy of pressure p, bounded by jets and

the section of tie now.sle installation_bottom cnclosed between them, and
to derive the formula for covfficient p  tnnt ig utructurally similar to

the formula for the ceefficient 5, iet ug find the fictitious exit width
L

b?, of the internsal noo.le. WwWe can write

b
~ v;‘-f' (1 - sy -2 -h—d; (b= singy)
p=1—e ™ =]—e ™ 5
whence
hy 1 - sing '
b, b 2. iX
’ ! oo s, (98)

Accorairngly, the air cushion pressure cocfficient for the section of the
bottoa tounded by tre 1nterna, noo . of a4 LwWwo=passe no.zle installation
io

— b~ g,

"1“ Ay i ovng,

. ) “whn ‘I- l - -

pr=l g ™ ne S ke 1 ingy)

with reference to h = n. 2 An, e co-tficlent is
£
h by P4 unyg, |
- (S I Y ‘l- 2 . - 5 —-,

] ! b, e mng, 1 AhA,

P = ] [ 0 (99)

where Ah is the distance al -y wre vt 3l betwe.n the cot-offs of the
internal and external noso e,

From q. (99) it 15 nut 01lfi-u.t 1o obtain an cxpression for the
coefficient p corresponcing to e particular casce when the profile of

the internal noo. le differs from tie cxternas only by the exit width b
and height © of tne nozole cut=-olr lative Lo tne principal plane of
the no:.le installation. Thus, wnen @ = @. = @ , kq. (99) will become

_ 8 2 IR ;' l ! ‘
) ' RL B T
Pe = ke : (100)
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For = case b, § by @, /¢2, and Ah = 0, Eq. (99) transforms
into the earlier-derived Eq. (89), and then in the case of b, = 0 == into

the formu'. ‘or the single-pass nozzle installation.

The discharge coefficient of the external nozile in the ge eral case
of the placement of internal nozzles in the nozzle installation ve are
considering, that is, when b, £ b e, FP,, and h, # h,, is determined

in the same way as for a single-puss noz:zle based on Eq. (91). Let us
determine the discharge coefficient oG, of the internal nozzle in this

installation just as we did for the derivation of Eq. (95). Uaing Eq. (93)

and Eq. (94) for the velocity in the cut-off plane of the internal nozzle,
we get
i) . — L a
az:e-h—l(l«f sin @,) | —% A, (1 + sin @y)

by/hy {1 4 sin @)

then, with reference to Eq. (98) determining the fictitious exit width
b¢ of the internal nozzle, we finally find

b,
' ——:—:4 (14 sing,) 1 _"-T._u+““'" 101
S =6 by/hg (1 - singy) (101

The coefficient 0:2 is related to the exit area of the internal
nozzle F2 = b212. The total discharge coefficient of the nozzle installa-

tion with respect to the overall exit of the external and internal no:zles
is determined by Eq. (96).

5. Double-Pass Nozzle Installation With Oblique Nozzle Cut-off

Let us determine the aerrodynamic characteristiics of a two-pass
nozzle installation with oblique nozzle cut-off (Fig. 119), by using the
same method of calculation that was adopted for the nozzle installation
with horizontal nozzle cut-off (cf. Fig. 115). For a single-pass nozzle
installation with oblique nozzle cut-off, the instantaneous relative air
velocity in the nozzle cut-off plane is

(1+sineg) gos'

% | b sin (g 2y ) :l.n e—w
Un ( + T ) cos ¢

=

4 stng) cory
sin (¢ - ¢

li + :h?-sm (p — ¢)]_ '
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the instantaneouy relative oxcess pressure in iis same plane is

b sinqr ey

L R 0 s N SR T
‘wz h cos ¢ -
2

LA TR
I '] N e Mn(“‘ ‘”l vy - %)
h ’

whero xy/is the instantaneous ~u rdinute 1in the no.zle cut-off plane.

These formulas can be used in daetermining characteristics of the
external norzle as well as the internal 11 we allow {or the geometry of
these no..les. To derive tne characteristics of tne internal nouezle,
we muSt also introduce into these formulas tie values of the fictitious
widtn ana fictitious helgnt of the internas no.cle in the nozzle installa-
tion.

Two~pass noc.le inctailaticn witn norwal oo ie out=cff. Let us
sxbrine tne simplest sonone of a4 twospass no. Jle inscalidtion when the

anglces of no.sle peneratrix inclination ¢ = @ =¢. the cut=off
no. . i1ea uare y,/ = 1{/ = U, and the «s%ernal vuge s 0of tne internal nocszles

and the internal edpes of the externa. no.. fe¢d are at the sace distance
Ah = v sin@ from tne principal plane of tne no.wle installation,

that is, let us congicer the characteristics of one ¢f the special cases
of a two=pass no. ..le installation with normal no. cle cut=off. The oethod
of forming this no.zle 1nstallaticn an: the symbols adopted are shown

in Fig. '20.

The air cushion pressure coefficisnt for tne oxternal no.zle is

1 «un L
5 : sng
P, D, Iy P - , SUET 1
(L
2
since when b [0 the pressure oo = po,
). = ' g } 4 Py 1S
The air cushion pressurc ofi1o1ent for tue internal nowxle is
[ Ly
b . b, sn g
p,_—:vf’ i S (l - ¥ '-'smtp)
Py, hy '
5.2
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Fig. 119. Arrangement of nozzles in two-pass
nozzle installation with oblique nozzle cut-offs

s
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Fig. 120. Formation of two-pass nouzle installation
with normal nozzle cut=off:

& == initial variant

b == final variant
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Fig. 121, Design scheme of twc-pass
nozzle installation with oblique
nozzle cut-off:
! = principal plane of nozz.ie installation
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since when bx = b1 + bz, the pressure py,n P,-

The discharge coefficient of the external nowzie given with resp-ct
to it3 exit area is

by
j:¥hdm

a ! — —
v bl[lvn '

w,iere v\/V“ is the relative air velocity in the noszle cut-of{ plane;

1+sng
—_—
sin @

_t=sing
Ity i \ sing
%, ! --(l r 5 sin (p) .

The discharge coefficient of tne internal nov.le given with respect
to it3 exit area is

Integrating this expression, we get

: 1
o %l; [(l + ’1:1.4 sin (‘) ot kl g ’,',):' “n (p) nn']'

The total air discharge coefficient related to total exit area of
the nozzle installation is

b, + b,
J z.v'll db‘ koo by _ l4sing
sing

a-—_-"_._. o - -I-,- \ [ 'b"bin(> d
T RV R'S by - by (- h, P . ‘




Finally,

1
_ h b, ¢+ b Lix

The drag coefficients of the noczles are ussociated with the
discharge coefficients by the relationship (’- 1Ax2.

Two-pass no.zle installation with oblique novzzle cui-off. Let us
examine the general case of the placement of internal no:zles in the
nozzle installation with nblique nozzle cut-off (Fig. 121). The pressure
coefficient of the air cushion formed by jets of air exiting from the
external no:vles is determined as in the case of the single-pass nozzle
installation:

21 tsing) tos ey,

N tain su co
p,=1_(|+%.£'(<:;__€_m_)) W =% oD
or
pr=l—e iR, (103)
where
ey = ! Q.ﬁ'\:f;’.“'lr’“ k=14 .f s :gs._a 1)

Let us find the analytic expression for the pressure coefficient
of the internal no..zle, which for arbitrarily specified values of b2'

h2, ¢72, and ¥f2 of the internal nov:..le satisfies the condition of
vquality of pressures p. at the interi 11 and external edges of the

external and internal no.zles, respectively. Ry maintaining the function
P, = f(by, hyo @0 }VQ) structurally singular to the function for the

coefficient of the external nouzle, and bearing in mind the conditions
gpecified above, we can express the pressure coefficient for the internal
nozzle in the form

EPYLRAULE 7TR2 /)
by = 1 — (1 . Botby snlh;— %) g
pa=| (l T Ry €05 ¥y ) - (104)

The fictitious exit width b0 of the internal -0:..le and the

fictitious height he of the placement of this nowzle relative to the

support surface appearing in this expression are unknown. The fictitious
clevation expressed in terms of the distance between the outer edge of
the internal nozzle and the support surface is

157
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. ALUNC PRI )
hp==h,— xgsintp, —§:) — h,—by w:\r,' £, (105)
Lot us determine the expression for the fictitious width bp . By
setting the width b, = 0 in =2q. ( 04) and equating the right sides of

the resuiting equation and of <q. ( Oc), we will have

(1« 31nq,) cosN,

| — ) o b s wJ BRI
— 3 L AU — =
L he oSy,
) H_;nnkq’.i '('_0‘ t_,
R EYR A TN TRt 1) B
o T h sy

By replacing h¢ in this expres.ion with its value from Eq. { 09),

and by carrying out the necessary trensformations, we get

-

_ ot ¥ L Fe
by e it (106)

wherc

Jome sin V) cos
Ay=HhEsa =y
A, s ¥, J

Inscrting into Eq. ( 04) the values of hp 4nd bgp determined

vasea on kgs. ('09) ana (106), and currying out the transformations, 4

we get E
LAl singy) cov ¥y i
ST NN g, ¥

;’:= l — i,“*(l - by 30 Uig "W:\)] ?

h, Gy,

or o

s ung ooy,

! hy Cos ¥y ! 0

where vg /vy 13 the relative velocity of the jetlet travelling from the 4
internal edge of the ¢xternal no..le or from the external edge of the 3
internal no.zle,

.56
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With reference to the equality p, =1 — (%}) , the pressure coeffi-

cient of the air cushion produced by the external nozule is

- - b —g {1 +3ingy) cot @y
P:=l—(l——p,)[l+-g:..."_"ﬂn.:'_!).] n =

<08 ¥
or, since hy = h, + Ah,

_.‘,(l + sin @) eu!.
- - b/h sin (L3 — W) sin (@ -¢))
p:= l —(l —pl) [l + ' | ,.:'l ) c(,;¢1¢, ]

o

i

or in the form

Cye it (107)

wvhere

b= (1 i-sing)cosyy, &nd k, =14 bglhAh .‘m:ov;;")'.
3= TN (9 — $a) V5" '

- Eqs. (105) and ( '04) are uscd to determine tune pressure coefficients
p, and 52 of the air cushion p.oduced by the external and internal

nozzles for their arbitrarily specified position in the two-pass nozzle
inatallation.

The air discharge coefficient of the external novzle of the two-pass
rozzle installation with oblique nozzle cut-off given with respect to
its exit area is
ey 5,
] vy cos Wi, dxy 1" oy

= i coshlit  Iw : G V"
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where

(1 3ing,) cos ¥,
vy - e

T [l + :’T s (g, — ‘h)} BRI T

b
Xy = —2

NG

is the exit width of the nozzle in tne cut=-off{ plane.
After substitution and intesration, we get

(Il -« s.nyg,lcor ¥,
S S

P ERTINE LU N Bl 110 B LR TP Y

. SUUIS SURpL L L [ S
ok Sty s N s o,y
Sy ' S — ¥y) [

or, whicn amounts to the same thing,

Rl (108)

where

/\'1— (L« s ‘{,)_u.s'{',

(e Sy an (g, -— v,_)_
T s (g — ) ) '

] bl_
=il o cos ¥,

(109)

The discharge coefficient ¢ tne internal no:ile given with respect
to its exit area is

" b .
3
J Uy €O §. . dxy 1" Tar v,
X | J’ Uy d
PR =3 dx,, 110
Q: 1‘1(05 “\’l‘p“ ]" (" 3 ( )
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where

- (1 43in @) Cos 9y

5 X . sin (g9 — ¢)
%0 = 1+ 45 sin(es — )]

is the relative velocity in the cut-off plane of the internal nozzle and

X, = by is the exit width in the cut-off plare.

Here,
X=1xy+ ""”"*' o
X T Xe: = sy T cosvy ¢
i )
hy=h, —xgsin(@, — ) =h,—b Sn::‘:“%.

Replucing the fictitious width by with its value {-om Eq. (106)
and using the notations in (109), after transformations we derive an
expression for the instantaneous relative velocity in the cut-off plane
of the internal noz:le of a two-pass nozzle installation:

_ {14 3inq) cos 't.
=kt 1+ Sin(e,— )] N ()

Inserting function (111) intv Eq. (110) and carrying out the inte- ]
gration, we get

(4 llno.bcosv,+l
*—.u [l—(l -..2"_".'_(!!;—_*_’)) sing, — 9 ]

= Ay 2 hy cos P,
T p, sin (q,-—v,l[(l+sm¢,\cos$,] —1
Cos ¥, s (g — )
"
or, v
.-—l ll k-“ -l)l
% e N
¢ ! w Y,
where
(1 an §
k= — |,)u»s t! sn (g ;)
- sn (4, — ) h—l+7f cé“t‘
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Moreover, since h2 = h1 + Ah,

Ah
! Ch e — b . (112)
xX,; = by/h, sin (93— $a) (ky—1)
Cos ¥,

Bqs. (108) and (!12) are used to determine the discharge coefficient
of the external and internal nozzles for their arbitrarily specified
position in a two-pass nozivle installation.




CHAPTEK FOUK
DETERMINING THe LIFT OF AN AIR CUSHION VEHICLE

To produce an air cushion under & vehicle in the free hovering
state a, some elevation above the support surface, one must continually
feed a‘r by means of fans. External air is sucked through receiver
openings usually located in the upper section of the vehicle and is fed
to the no:zle installation placed in its lower section == in the bottom.
(wing to the reaction of air jets escaping from the nozzle installation
and streaming over t!'» ground surface to either side of the craft in
directions radial frow it, under the bottom is produced a pressure that
is greater cowmparei with the atmospheric, that is, the air cushion effect
is achieved. Tr th: upper section of the craft at the outer surface of
the air intakes and the adjoining sectiocns of the craft roof rarefaction
is produced due to the effect of the suction action of the fan.

The 1ift sustaining the craft in the air is composed of wvertical
component forces of excess pressure and rarefaction acting on its hull,
and the vertical composite reaction forces of the entering and exiting
air streams.

The forces of excess pressure acting on the bottom can be determined
quite accurately if we know the air dynamic characteristics of the nozzle
insulation used on the craft and the air cushion it produces. Direct
determination of the rarefaction forces induced due to the effect of
air being sucked into the craft and acting on its hull encounters major
difficulties, since we must know the regularities of the distribution
of rarefaction over the entire surface of the craft roof and especially
nesr the suction opening of the fan. Usually large areas and the small
value of the rarefaction do not permit these forces to be determined
experimentally with accuracy sufficient for practical use. Let us
find in general form the 1ift produced by the air flowing through the
craft.

To find what effect the suction of air has on the 1ift, let us

~xamine 7¢ flow in a v:hicle tha: is in the hovering regime at a
congider 1ble distance from the support surface, that is, at a distance
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for which the surface has no aerodynamic effect on the discharge air
jets from the vehicle and does not bring about an air cushion under the
craft bottom.

For simplicity, we will ¢lso assume that the vehi.le has a single
suction opening and a sin, l¢ exit opening. This vehicle (Fig. 122)
‘ongists of 4 vertical duct I1I, intake header I, and exit nozzie IV.

In the duct is mounted a fan 1I with a drive sucking air through the
header and discharging it through the nozzle in the form of a cocntinuous
jet aimed vertically downward. The header and the noszle are profiled
along smonth curves, and the entrance edge of the hcader is separated
from the duct axis by a distance that is much greater than the duct
diameter.

To determine the 1ift of the craft, let us enclose it in the
contour 1=2-3-4-° and let uu apply the momentum equation. Let us project
onto the vertical axis y of craft symmetry forces acting on the craft
and on tne surface of the isolated contour. If the contour dimensions
are taken so that over all sections the pressure is equal to the atmo-
spheric py, and the air velocity through the contour v = O (with the
exception of the section wnere the jet exit velocity is v), we get

’ o f
W o= pY k.

Thua, the 1ift acting on the vehicle i1s numerically equal to the
momentum of the jet exiting from the craft to the exterior, is determined
only by the velocity v of jet discharge, its density ¢, snd the exit
arca ¥, aund does not depend either on the rarefaction induced at the
surface of thce craft under the effect of suction, along the configuration
of the craft, where the shape of its air intake section and the adjoining
structural members. This familiar determination of the thrust from a
jet reaction was given as early us 1882 by N. Ye. Zhukovskiy [22, 23, 24].

et us examine at which craft structural members and to what extent
this 1lift is realived, and let uc al.c aetermine the power outlays to
produce this 1ift force.

14. Craft wWith Inlet Header and Exit Nocsole

Let us assume that the hcader provides a continuous nonseparation
entry of air into the duct. +e will assume the air to be an ideal fluid
~= inviscid and incompressible. sAccordingly, we will assume that fric-
tion of air against the wall of the header, duct, and noz:zle is absent,
and also that there are no local pressure losses throughout the flow-
through seciion., Let us assume that the fan has an infinite number of
blades and is a kind of disk in which thrusc¢ and velocity are distributed
evenly over its entirc arca, including the hub, and that twisting of the
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Pig. 122. Control contour for determining
the 1ift of s flight craft with header and
nozzle

stream is absent. Let us also assume that the velocity v, in the duct
cross~section behind the header, vo ~T in the section of the duct behind
the fan, and v == in the novzle exit are distributed uniformly.

Since the diameter of the lieader inlet is cuch larger than the duct
parametcr, we can assume that the velocity v of the air at the edges of
this inlet is negligibly small compared with the velocity v, at the entr.nce
into the duct, and that the pressure p, near these edges is equal to the
pressure p, far from the duct inlet, thut is, the atmospheric pressure.
The velocity Ve of the air jetlet increases in the direction to the duct
inlet, and the pressure p, at the inner surface of the header is reduced.
Atmospheric pressure acts on the outer surface of the header. The pressure
difference p, =~ P, produces a lift that is applied at the header.

let us enclose this craft in the control contour 5=6=7-8=9=10=11=12=5
and to determine the 1ift l¢t us use the equation of momentum. We will
draw the contour in direct proximity to the external and internal surfaces
of the duct and the header, and over the horizontal sections of the contour,
within the duct in front of the fan and behind it == in the sections where
the velocities v, and Vo are uniformly distributed.
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Let us project onto the vertical uxis y of cruft symmetry the forces
ncting on the craft and on the surface of the udopted contour. By the
vquation of momentum, we will have

Y = muy —mu, + poFy -~ p,F, |- R.— R, +
+pu(Fo— F)— R, (113)
where mv, is the momentum of the air stream in the section 11=12 behind

0
the fan; mv, is the momentum of the air stream behind the fan in the

wection Y-B: pOFO are the pressure forces in the duct section behind the
fan; p.lF1 are the pressure forces in thc duct section ahead of the fan;

R, 1is the vertical component of the pressure forces acting on the lower
surface of the header; Ra is the vertical component of the pressure farces
acting on the upper surface of the header; pJFO ~ F) is the vertical compo-

nent of the pressure forces acting on the outer surface of the nozzle; and
Hc is the vertical component of the pressure forces acting on the inner

surface of the nou.zle.

With reference to F, = F, ard v, = v,, Ig. (11%) becomes
Yo (pe—p) - R.,— R, i putFy —F)—R,.

In this equation the unknowns are pressure Py in the duct section
behind the fan, pressure 51 bohind the curved section of the header in
front of the fan, and the vertical components R,, R,, and Rc.

The projection on the vertical of the pressure forces acting on the
header is

Ry-= R, = | (p, — p)dF.

!

Hers the pressure drop p, - Py depends on the coordinates of the

clementary area dF. However this force diffurence can be determined also
without knowing the law of pressure distribution over the surface of the
header we use the contour 2-3-9-8-7-6-¢ and apply the momentum equation
to it. For this contour, since in its section 6-2-3-9 the pressure

p = const and v « O, we have

mv. '1' pl”‘l -p,.”‘. '*‘ R. B R,‘ = 0.




|

Then the 1ift acting on the header is
Yl = Ru—Rc':l'viFl‘(Pn—Pl)Fl-
since m = (;v1P,.

We can write for the stream of air between the header, in accordance
with Bernoulli's equation

o]

pn_pl"_'-r’ (ll‘)

Then
L4

D ]'U." - "
Ye=R, — I = poyFy — —2—'1:1 sy F, -2-;:- ‘.‘n'l-'.
[}

since from the continuity equation vl/v - P/F1.

The vertical component of the pressure forces acting on the héader,
expressed in the fraction of the total craft lift, is

b

Let us determine the pressurc¢ forces acting on the nozzle. To do this,
let us usc the contour 5=12-1:~10-5 and apply the equation of momentum to
it. Since in the section 11-:2 behind the fan the velocity field is
uniform, we will write

L - . ..' "0' r".

Using Bernoulli's equation for the air stream passing between the
sections 11-12 and 5-10,
pv'.'
pot 5 = pu+ 8-, (115)

it is not difficult to derive &n expression for the vertical component of
the pressure forces acting on the nozzle,

Ve pulFo—F) —Re= (1 — 53 — 35 ) 0*F.
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FPig. 123. Craft lift and its compcnents as
functions of nozzle relative exit width

The component YC when F/Fb < ' is always negmtive, that is, it is

directed downward and reduces the craft lift. kelating this projection
of pressurc forces to the total craft lift, we get

The vertical component of the pressure forces acting on the fan is
Yo (po—pi)Fo

Heplacing the pressurc Po beching the fan with its value based on
tq. (1°9), and the pressure p. in the section in front of the fan by its

value from £q. ( 14), and consiucring that v, = Vor we get

Vos 5,

or, in fractions of totul lift,

-~
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The force Y‘ acting on the fun i3 realized ultimately in the fora

f of the preasure forces acting on its blades and hub. Thus, the cruft 1lift
is .

; , '. F.
| Vet Vet Yom [ b 1] O

The nature of the chunge in the 1ift and its components as a function
] of the relative area F/Fo of the no zle exit is shown in Fig. 123, from

whence ve can see that a change in this area strongly affects the 1ift
components. When the area F/Fb is reduced, the forces acting on the header

become less, while the forces acting on the fan rise. Also increasing in
absolute value is the vertical component of the pressure forces on the
noszle wall, but it is directed downward. The algebraic sum of these
compenents always remain unchanged and equal to the reaction of the exiting
air Jjet.

‘5. Crgft With ldeal Header
In the particular case when the nocule exit area equals the area of
the duct cross-section (F = FO), that is, the craft consists of duct,

header, and fan with drive, the vertical component of the pressure forces
on the heuader is

F \
Yl =3 TF.— [)U’F = T‘)U’F!

the vertical component of the pressure forces on the fan is

The 1ift of the craft for this case is

Y=Y.+Y.=-%—pv’F+-%—-pu’F = pt*F,




E =8 e b e b R T .

that is, it is numerically equal to the momentum of the jet as it exits
from the craft (jet reaction). lHere half of the 1ift cowponent is induced
by the action of the pressure forces on the heuder walls, while the other
hulf of thc component coues from the action of pressure forces on the fan.
T™ough that the total drag of the flow-through section of the craft is
~qual to the dynamic preasure of the air stream us it exits from the craft,
that is, Ul = pve/2.

1b. Craft With Acute Inlet hkdge

Let us examine another characteristic case when the header and the
exit nozale are abaent, and the duct has an acute inlet edge (Fig. 124).
If we use the contour 1-2-3-4-1 and apply to it the equation of momentum,
we will have

Yo ome - pUiF (116)

let us determine in this case the point at which the lift is applied.
To do this, let us use the contour 5=-6-7-8-9-10-11-12=5, The projection
on the y axis of the pressure forces acting normelly to the duct walls
are equal to zero, therefore the equation of momentum is

! CoT P‘ v ! r.’

With reference to Vo = Vqr ve get

Y ap. - pa k. (117)

The lift Y ultirately is realizea in the form of pressure forces acting
on the fan blades and hub,

From the joint solution of e£q:. ('iu) and (117), we have
ro—p opot

The velocities in the sections 7-8 and 11-12 are identical, therefore
the dynamic gressurea are also equal and, therefore, the pressure difference
Pp = Py =@V is the total pressure huilt up by the fan in the network.

This total preasure is expended in overcoming the network drag. The loases
of the dynamic pressure of the flow as it exite from the craft ( pvé/2)

are smaller than the total pressure built up by the fan ( evz), therefore
the flow in this craft can exist only in the case when local pressure
losses ure present in the flcw=through section., These losses exist and
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result from the separation of the flow as it enters a duct with an acute
cdge, as the result of compression of the jet formed here, and as the
result of its subsequent expansion. Let us express the pressure losses
in the network in terms of the drag coefficients.

e

o

Fig. 124. Contour loop for determining
the lift of 2 flight craft with acute
entrance edge

The pressure losses in the delivery network (if we assume that the
flow is ideal and that there is no friction of air against the duct walls)

consists of the losses of the dynamic pressure of the stream during its
exit, that is,

The atmospheric pressure occurs not only in the duct exit plane but ;
also witnin it over the section from the duct cut-off to the fan, therefore |
in the section 11=12 the pressure =P [illegible]. ?

]

To determine pressurc losses in the suction network, let us apply
the Bernoulli equation to the air stream entering the ducts

149 - 1




p'." - pl':
Fe=p+ ",.;l t »«—2—'-

Since the velocity Vo = Vs the coefficient is

79 determine the pressure difference p, = P, let us use the momentum
equation. Por che contour 1=2-3=-4-10-9-8-7-6-9=1, we can write mv, + p1F

- p,F = 0. Whence

my wF
Pa P I.‘”=_LF——="U,
and
- P P| - _._pp? . L8
e "V‘_ l - —W’ﬁ l — l
2 2

As we know, the pressure losses at the entrance into a duct with
acute edge are characterized by the coefficient <:c'

The total drag of the network is
3
HeHo b Hy=Gor 5 o= (4 )55 oo,

Here we note that for the same 1ift the drag of the flow-through ‘
section of a craft with a duct that has an acute entry edge is twice as l
great as the drag of the flow=through section of the craft provided with
an ideal collector in its duct, since in this case the drag coefficient ]

of the network as a whole 15 { =« &+ &, =1 +1 = 2,
7. Craft With Header Having a Small Radius of Curvature
When a small header is installed in a duct (Fig. 125), introducing

additional drag into the flow-through section, the vertical components
of the pressure forces acting on the collector is

Y. /(,, = R‘ - M, — (’),. —,).) r = 'nvfl" — (p.'.__ p‘)[-'.
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Fig, 125. Contour loop for determining
the 1if't of a flight craft provided with

a hecaaer
Fig. 126. Dependence of drag Fig. 177. Relative lift_Y of
coefficient of entrance to header craft and its compornt Yk and
on relative radius of curvature YB as functions of the relative
of entrance edge

header radius of curvature

Expressing the pressure losses in the header in terms of the local
drag coefficient C‘, for the air stream entering the duct we can write,
in accordance with Bernoulli's equation,

"Then




or, in terms of fraction of craft lift,

The vertical component of the lift induced by the pressure forces
at the fen is

1 Vo= (o —p) F = (p, —p) F = 5L piiF
or

] Y — Yl |+C

i e=po=—3

Thus, even for this case

If in the craft duct we instell & header profiled along the arc »f
4 curve and use the experimental dependence of the local drag coefficient
¢ on the relative rudius of _curvature r/D (Fig. 126), the relative 1ift
Y and its components Y and Y, can be represented as the curves shown in

Mg, 127. As we can see, reducing the header radius of curvature reduces
the component Yk and increases the component Yo by the same amount. When

r/D = O, that is, when we are dealing with an acute inlet edge of the
duct to which { = 1 corresponds, the craft_liiv is determined only by the
component acting on the fan (Y = ¥, , and Y = 0). But now when r/D = 0.2,

S —

the component of the header 1lift is

—
=
w,l
i
L]
I
o
L3
Qo
T TP TR is W

pra———
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Increasing the heuder diameter by a factor of ? (when r/D = 0.4)
increases the component Yk by only ~~ 1.9 percent,

18. Aerodynamic and Energy Characteristics of Craft

The 1ift of a craft is
Fo \?
Y pU?F:vaF (_7___> . (l|8)
The volume flow of air is

Q ~uvF = v, F,. (llg)

The drag of the suction network, equal to the pressure losses as the
air enters the header, is

M = ;-‘h:l: (120)

The drag of the delivery necwork, equal to the losses of the dynamic
pressure of the air flow ag ¢ exits from the craft, is .

-

0" ) 5 (12n

The tutal drag of the {low=through section of the craft is

F
[+ (B4 (S o

The rcquired power is

M= =t o ()] 5 = e ()] 5
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From Eq. (118), ¢, = /r——l%r—. inserting this expression into
‘/ PF.—FL
Eq. (123) and considering that the density of air is
A
P= Py =pB= (124)

where @, is the density of air at normal aitmospheric conditions

(P = 0.125 kg * seclm), we get the power N expressed in terms of the
1ift

vi 2o (F) e,
N = - ]T:Y. (125)

BYAL /(N

bg. (12%), represented in the form

——

s V)
/Yy VA b UF 6
BV = o (126)

' ()

Ty

expreases the power ratio of the craft.

For a compsrison of the power ratio of craft under consideration, E
two curves plotted by Eq. (126) are given in Pig. 128. Curve 1 charac-
terizes the power ratio of a craft consisting of a fan, ideal header
(('- 0), duct, and exit nozzle, and curve 2 characterizes the energy
ratio of the same craft, but now without a header -- and with a duct
that has un acute inlet edge ((= 1).

For u craft consistins of a fan and an ideal header, when P a Pb,

the power ratio reaches its maximum:

7 i)
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Pig. 128. Power ratio of craft

as functions of relative nozzle 4

exit area and inlet header drag
coefficient

1 == for{ =0

2—f0r(-1

as ‘the relative nozzle exit area F/FO is reduced, the power ratio

drops off (cf. curve 1). Plotted on this same curve is point A charac-
terizing the familiar power ratio K, = 37.5 of an ideal isolated air
propeller. For this propeller, the relative area of the compressed
section of the jet ia FVFb = &, and the drag coefficient of the "flow-

through" section related to the velocity directly behind the propeller
e

For a craft consisting of a fan and a duct with an acute inlet
[entryi edge, when F = FO with no exit nozzle), the power ratio is i
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Examining Eq. (126) and Fig. 128, we can see that when F = !b, the

power ratio of a craft consisting of a fan and a smoothly contoured
header is twice as great as for the same craft, but lacking a header,
and is 1.41 times greater than for a craft with an isolated air propeller.

0 - P __Iv__‘l_= _Ka__ 26.5 - l
For the same 1ift (Yu Yb), the power ratio " K= =

that is, the required power for a craft with a smooth header is half that
for a craft with an acute inlet edge.
Ve

For the identical power consumption (Nu - No), the 1ift ratio ,“ =

.y S 5 2
= ( “-) -( i ) b o 50, that is, installing & smooth header in a duct

A, 265
with an acute inlet edge increases the 1ift by ~ 59 percent.

This is dictated by the fact that the installation of a smcoth header
in the craft reduces the drag of the flow=through section by a factor of
2, reducing to nought local pressure losses caused by the contraction of
the jet, that is, by the contraction of the jet at its entrance into the
duct with an acute edge and [illegible] by its expansion in the duct.

Iniets made in the form of a smooth header and an acute edge produce
the following (extreme) cuses ol streaming of air to the craft fans in
one nonimpact air ontrance is ensured, while in the other == the greatest
local pressure losses caused by compression of the jet. The zone enclosed
between curves 1 and ¢ (cf. Fig. 128) to determine tne power ratio of a
craft provided with a collector with relatively small radius of curvature.

For a craft with a header in which the curvature of the inlet edges
relatively small, Lhi maximum power ratio occurs for relative exit nozzle
width F/FO = 1/(35¢ ) and can be cxpressed, when A= 1, in the form

o LVE)? a2

K o o el e Vs
o = " 513
VelT VR T

The maximum power ratio occurs when { > 1/3.

For a craft that nas a duct with an acute gnlct edge (¢ = 1), the
optimal relative nozzle exit width F/FO = 1/(5)2 = 0.597 and the maximum

ratio of K = 50./.

Using Eqs. (118) = (129), for these craft we can derive the following
relationships between pressure, volume flow, power, and 1lift.




The prersure is

Fo 2
, ()
o\’ A Q_. )=—_——"—Y=
o= e+ (5)] % (7)) = 2
: Ty \”?
=(75V3 ' V”F(T)_ N) , (127)
4 0 :
The volume flow of air is
—_— " 2516 i N
F H_ .9 — TR\
Q=_:’7.*—‘/c+\~?-" ‘/ £ ()
::-——“/—A"' o ’-‘“
The power required is Fo \?
— V2 C*‘(,"‘_ _K_.V:'—u
4 Fo VW =—0% TF.y VF
N=_7—-17§— V-;—— —};_ i 15V A ‘/(!f')
. b () ¢ (e
, A

The 1ift force is

2F Fo A Q’ F
“F — . oL 130
___._.—";;—Tfl—-a- Fe F ( )

Let us compare the characteristics of two craft: one with an inlet
header and an exit nozzle, and the other equipped only with a header.
Let us assume that the fan diameters of thesc craft are identical and
their collectors are cxecuted along smooth curves ({ ] 1). let us
denote with the subscript "K" the characteristice of the craft provided

only with a header (without a nozzle). Let us unc Fqs. (127) = (130) to
determine the characteristics.
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for constant power consumption

as functions of relative nozzle
exit arca

For 1nontieal asr volurk lowy i the flow=through section of the
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The effect of installing u nozzle on the aerodynaumic characteristics
of a craft with identical air volume flow in the flow=through section is
shown in Fig. 129, from whenee we can nee that reducing the rutio of
areas F/F. for the nozile exit lead: to an dncgease in the 1ift Y, un
appreciable increase in the required pressure H, required power N, and
required load over the area Y/F and to 4 reduction of the load for the
power Y/N.

The effect of installing a nozzle on the aerodynamic characteristics
of a craft is shown in Fig. 130, for identical power outlays. In this
case reducing the ratio of areas E/F leads to an increase in the preoaurw

H snd the losd over the area Y/F and reduces the air volume flow Q. lift
Y, ans the load for power Y/N.

Let us compare the characterictics of & craft with a small header
with the characteristics for the same craft, but now provided with a header
that does not produce pressure losses (= 0). Here we will use the
experimental dependence of the drag coefficients ¢ of the header on the
radius of curvature r/D. Let us denote with the index K the characteris-
tics of the craft with 4 smooth header and, with reference to Eqs. (127) =

(150), we pet:

for identical air volume flow in the craft (b = g_ .|)
, . ; Y ) R
H=N=1+4) (,;)—'; (w)' (I

E

_’

4

3

q q Y " 3

for iaentical total pressure (If~= f-;4|) ﬁ

6::102—( ti . -,' . ) = (i'l J—r.

l(" 3

O=~--TL- Y (t = f
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Fi,.. "21. naerodynamic and power
mracteristics of craft as functions
{ rejative header cadius of curvature
(with respect to the characteristics
ol o ceaft provided with an ideal
neage o)

For tue cage of 1aent i oL axrr suppl, 0 l)

\ () ul

anoa ralt Wt hende:r nd/in o smals redius ol curvature compared with
the cruft &1th an adea. heaaes, 1t 1a necessaryf Fig. 151), for the seme
cate (Y ") and for wnonanged losd over ares (Y/F = 1) to use the fan

LC 8ugisin an 1nCreated pregsure (H ~»1) and to expand additional poxar
(N >1). dere, the snaller tie header rudijus of curvature, the lower
will be the apecif1: loes on tne power (Y/N) < o,

I the fan andepenuently of e bewter ragius of curvature builds up
the pame towal preasure (7 o 1) 1 tne flowsthrough section of the craft,
then ma tias radius ic oo, the air volune {low, power, and specific
foad on power pecome ooos.oan this takes pluce, tne 1ift is reduced even
aore sharply, and g0 it the jobd ove:r the arewu.

For ftentical powe: owtlay (5« ), as the header radius of curvature
19 redu cd, the totud prenour rites, ang the air volume {low correspond=
ingly is peduced,  gdere, tneo 1ttt 15 lacnticasly redvced to the sume
extent, as 16 the doat rvor the area and the load on the power,




Thus, analysis of craft characteristics shows that the use of an
inlet header is advantageous not only in that it causes the formation of
additional lift in response to the reactive force produced by the air
Jets exiting from the craft, but also in that by ensuring a smooth intake
of air into the craft, the header appreciably reduces the drag of the
flow=through section and thereby improves the power ratio of the craft
as a whole,

In actual conditions, the presence of local pressure losses in craft
structures, especially behind the fan in the delivery network, and the
friction of air against the walls of the flow=-throui;h section channels
reduces the positive effect achijeved with the header, and does so the more
strongly, the greater the overall drag of the flow=through section. The
1ift of this kind of craft, independently of the pressure losses in the
flow=through section, is equal to the reaction of the air jet exiting
from the craft.
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CHAPTEN FIVEe
LIFT OF AN AlRk CUSHION VEHICLL
IN TiHE HOMIZONTAL HOVERING REGIML

19, Crat't with Normal No.ole Qut=off

The ittt of wir cuntion vehicleg 19 one of the most important
chars “‘teriatics determining not only the principal air dynamic qualities
of suct, ratt, but also their power features. This is caused by the fact
that to o tuin a craf't 4t gome elevation over the ground surface both
in e hovering regiowe an well as during flight require s continuous
poWer outiay, since alr st be continually supplied under the craft
botton b, means of jets Yo form the wir cushion. The hovering regime is
one of  the teslem regimen, tnerefore let us continue for this case the
streamin, of Jetn over the grouna surface and estublish a relationship
between tio 11t produced by the air cushion, the geometry of the nozzle
instullation, and the acrodynsamic parameters of the air stream fed to
the nowele,

Let uy acteprmine the 11t of the aar cushion vehicle [illegible] a
flat nov.oie with necrmal nozole cut=ofr,  Por this purpose, let us isolate
4 gection with lengrth L from this craft by using two parallel cross=-
anctions normasl tc tue . raft's longitudinal axis (Mg. 132), enclosed
in the control contour, und apply to tris contour the equation of momentum.
we will position the upper and si1de voundariles of the contour at a distance
from the cruftv at which the velocity v of air streaming can be regarded
a4 zero, and Lie pressure along these bounddaries as cons 'ant, equal to
the atmospneric pregssure py, .  ae will position the lower boundary of
the contour in girect proximity to the bottom of the craft, parallel to
the ¢ground surfnce, and at the nozcle sections == in their cut-off plane.

lev ug progect onto the y axls the forces acting on the craft and
o the surface of the isolated contour. The forces acting on the lateral
surfaces of w loop are normal to tne surfaces ana their pre jections on

tne y ux1s are equal to cerc., Therefore the momentum equation for this
contour 14




Pig, 132. Control contour for determining the 1ift of an
air cushion vehicle with a plane nozzle provided with
normal cui~off

b

| Y = 2pl. cos cpJ vidb, +

3 [3

+ 2L cos«pé\ (P, — nYdb, + BiL (py— pu). (131)

wherce L is the length of the nozzle slit; and B1 is the width of the nozzle

installation s«ith respect to th? inner edges of the external nozzles.

The first term of the right sade of Eq. (131)

[

v, plcosq | v, db, (132)
v

in the projection on the y axis of the momentum of the plane air Jjets,
with reference to the nonuniformity of distribution of velocity A at the

nozzle exit, that is, tne component of the lift due to the reaction of
the air jets. The second term of the right side of Eq. (131)

b

Y, = 2lvosy j (p.— pdb, (133)

v

is the progection of the pressurc forces acting in the nozzle exit plane,
with reference to the nonuniformity of pressure P, distribution, that is,

the component of the 1ift arising from the forces of excess pressure in
the nozzle exit. The last term of the right half of kq. (131)




Y,, = BlL (pn“- pl)

a0 the projection of the forces of excess preoourc ucting at the craft
bottom, that is, the component of the 1lift due to the air cushion.

let us express these forces as a function of the geometrical quan-
tities of the nozzle installation and the aerodynamic parameters of the
air jet producing the air cushion. Let us use the equation determining
the regularity of velocity distribution in the noz:zle exit,

. (134)

where Ui, ia the aar velocity at the point lying in the nozzle cut=-off
plane; v, 15 the discharge velocity of the bounding jetlet at the outer
edge of the nozzlex [sic] exit: bx is the instantaneous coordinate of
the point at which the velocity is equal to Vs and @ 1is the angle of
veneratrix inclination of the plane nowzle with respect to the vertical
axias of the craft,

tepln:ine the instantancous velocity vy in Eq. (132) with its expres=
sion from Iq. (154), we get

[
A -3 (l T L
Yo — 2pualcosy [ (l + l;"- s (p) ) "”)dbi.

iy

The intepral appearing in this equution is

b -1 (e =) A
g b._ ' P e
l (1 ¥ e >lnw) M db, = 2 +sing 7

v

e T (R 2D Mk Y

and the covfficient




is the air cushion pressure coefficient, therefore the component of the
1ift due to the reaction of the air jet exiting from the nozzle is

Y, = 4hL cos o [(l.{H-:-slmp)ﬁ—-,—b,—slnqw]ﬂ:—':'-. (137)

2 smy

let us cxpress the l1ift produced by the forces of excess pressure in
the nozule cut=-off plane also in terms of the geometrical dimensions of
the nozzle and the aerodynamic parameter of the air jet. The total
pressure 4t each point lying in the nozzle cut-off plane is identical,
und by Bernoulli's equation,

Therefore, Eq. (153) can be represented as

b
Lo
)"=2LCOS({:‘ (‘(P: —'-‘2—)(1.’)‘:

V]
o, = : b JEFT
- 2Lb ~§1 cosy — 2L —5'-' CoS 4 ‘ (l + 'n" sin w) ¥ db,.

U

Replacin,; the integral appearing in this equation with its value
from the solution (13Y) and using Eq. (136), we get the component of the
1ift due to the excess pressure in the nozzle cut=off plane

Y,=l?chos«;--2hL,‘,—’c_(lss—:"“—('J [(l 1 % |nq>)5-—

__,:_:_qu,]}f%; (138)

The component of the lift due to excess pressure in the air cushion
is
3 2
Yo=B8,L(p,—p.) = Bl ’L:—Tp—'% = Bleﬂgl' (139)
",

e iy

i

g




The total 1ift of an air cushion vehicle with plane novzle
Y: ¥, 1 Yei Y, and, by kqs. (137), (158), and (139),

Y--{?chosw FonL =Y :°‘“'f" (n + -:-slntp)i—

- —:-slncp] +B,L}‘ ";: .

Denoting the overall area of the nozzle exits by F = 2bL, and the
area of the bottom of the nozzle insulation bounded by the inner edges
of the novzles as 5y = B1L, and carrying out uncomplicated transf{ormations,

we gret

A Y i h
o [ (G ran))

The 1ift of an air cushion vehicle can be represented as

Y (,SH‘, (l“"

where cy is tne lift oefficient; 5 is the characteristic area of the
craft no..le inatallation; and H, is the characteristic pressure in the
alr strean producing, the air cushion,

Adopting a6 the characteristic ares the area of the nozzle installa-
tion boundaed by the external exit edge of the nozzles, S = BL, adopting

as the characteristic pxenquru the total pressure in the air stream
required to produce the jets, H = pv‘/z and using the definition (140),

we derive a formula for the coofficicnt of an air cushion vehicle with
a single=pass nozzle

=1, Mx:r- w2t ( b T s"”") J S, (141)
wiere
/"=’:?—; Sl_——’i‘J‘. ’ ‘

The firot term of the right side of this equation

Ly PRl . ( b;g + sintp) ;’] 4

=4 24 unw[

v
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is the component of the 1ift detcrmined by the momentum of the air jet
exiting from the nozzle and by the Ereaaure forces acting at its croes-
section, and the second term cyn - 15 is the component of the 1lift

acting in the air cushion over the section of the craft bottom bounded
by the internal edges of the norcles,

For an air cushion vehicle with a single-pass annular nozzle,
Eq. (141) becomes

= oy [, hiDy p | — F,cosg)p, (142
c,:.-.F,2“‘ﬁ[2+(wunkslnw)ﬂl+( cosg) p, (142)

F, U AR
where F. 4 (] I

D] cosw)iﬂ the relative cut~off area of the annular

L]

nozzle, found ao the lateral surface of a truncated cone, whose base
perimeters are circles formed by the external and internal edges of the
nozzle,

The air cushion preasure coefficient appearing in Eq. (142) is

- b, 3('-0-—'— 3

pod—(1 b gprang) VT
The dependence of a lift coefficient cy of the plane nozzle installa-

tion with normal nozzle cut-off on the relative elevation hb for different

relative nozzle exit width bB and constant angle cf inclination of its

Leneratrices (¢7- 450) is given in Fig. 135, When the nozzle installation
rests on the support surface (h/B = 0),the lift coefficient cy = 1, The

discharge of air from the nozzle is abgsent in this case and the excess
pressure in the air cushion is equal to the total pressure in (1ont of
the inlet into the nowvzle installation.

#hen the craft rises above the support surface, the nature of the
saristion in the coefficient c, it predetermined by the relative nozzle
exit width b/B. For small b/B values, the coefficient ¢y decreases

rapidly with increase in clevation h/B. For a relatively large exit
wiath b/, we have maximum values of the function c, = f(bh, bB), vhere

with an increase in the parumeter b/B the maximum c, values are displaced

toward the larger h/B valucs.
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Fig. V3%, Lift coefficient S of plane Pig. 154. Lift coefficient cy

nozzle installation with norml of plane and annular nozzles as
nozzle cut-off as functions of rela-= functions of the angle ¢ of
tive cievation h/H for different inclination of nozzle generatrix
relative nozzle exit widtn b/B (dashed curves correspond to a

plane nozzle, and continuous
curves =~ to an annular nozzle)

The 1ift coefficient Cy for u plane and &n annular nozzle, with

identical cxit width (b/D = b/Dy = 0.01) as functions of the angle @ of
rozzle generatrix are determined by Eqs. {141) and (142) and they are
shown in Fiy. 1)4. Ay we can seec, the effect of tie angle ¢ on the
coefficient cy is appreciable for small angle values (@Pa= 0-45°). 1In the

range ¢ = 45=90° , the coefficient Cy changes only alightly. Wwhen
¢ = 60-80”, there i3 & mildly pronounced maximum of Cy values. Calcula-

tions show that for identical exit width, the annular nozzle has a
vonmewhat larger cy value than the plane nozile,

N

20, Craft With Oblique Nozzle Qui=off

let us examin: the general case when the cut=-offs are made 2t some
angzle Y to the normal nozzle cross=section (Fig. 135), assuming as earlier
that the problem is a plane one. let us isolate from this air cushioa
vehicle a section with lenpth L by means of two parallel cross—sections
normal to the long.tudinal axis of the craft, let us enclose this section
in the control contour, snd to this contour let us apply the momentum
equation, wWe will arrange tne upper and side bounds of the contour at a
distance from the craft for which the air streaming velocity v can be
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Fig. 135. Control contour for determining the 1lift of an
air cushion vehicle with a plane contour with oblique
cut~off

assumed to be zero, and the pressure along the boundaries can be assuwmed
to be constant and equal to the atmospheric pressure py . Let us drav
the lower boundary of the contour in such a way that its first section
pagses in direct proximity to the craft bottom, parallel to the ground
surfuce, the second lies in the nozule cut-off plane, and the third,
external, passes parallel to t}+ ground surface across the lower nouzzle

edges.

let us project on the y axis the forces acting on the craft and the
surface of the isolated contour. The forces acting on the vertical
surfaces of the isolated contour are normal to the surfaces and their
projections on the y axis arc equal to zero, The forces acting on the
gection of the lower surface of the contour projecting beyond the outer
edse of the novzle are equalized by the forces acting on the upper surface
of the contour correaponding to it. Therefore the momentum equation for
thin contour, in accordance with the notation given in Fig. 135, is

]
b == 2L cosep | pri cos b deg +
v

[
Cdaer )] (o pady LB P (149)

PR '_n‘..un-L




where v i8 the air velocity at a point lying in the nozzle cut=off planec;
Py is tiv static pressure at thiu point; pg 18 the air cunhion pressurc;
Py in the atwmospheric pressure; 1 is the length of the no::le installa=-
tion; 81 is the width of the noz:lc instullation bottom boundied by the
inner ed;vs o!f the noczles; @ is the angle of inclination of the nozzle

fenerutrices to the craft axis; and ¥ is the angle between the cut=off
and the normal novzle crons=section.

The lift of the craft is

v
Y = ,SH. = ¢S5,

whe re cy is the ]ift coefficient; S is the overall urea of the nozzle

installation; and H_is the total pressure in the air stream in front of

the novzle installation, ﬂ
k4. (143), with reference for the expression for Y, will become ;
1 ‘t .
20l §u g 2L = ]
(= ke oy o] v dsy | 2200 J (Px — Pa)dxy + ‘
Sy Sy :
TN 144 ;
S pui ) ( ) 3
-

Using: the cquatior.

_ (el ) cos

Gaye | ' @ st (Q—V) 4
L]k ,f-mn(w w” ‘

U S

determiving the dictritution of velocity in the nozzle cut=off plane, and

'ongidering that the pressure distribution in the nnzzle cut-off plane is
cxpressed oy e function

o

we can represent the 1ift component appearing in the kEq. (144) by the
{ollowinys expressions,




The 1ift component due to the reaction of uir jets exiting from the
nozzles ia

= o
cos ¥
¢)p Y' & 2chos'p‘cosv vf,dx. =
s I s Don
EN 2
_oF F _cosqcosy 1 — &, () —p)
=T ne—y) 2, —1 '

=2kq In kS

are the coeffi-

where 5 is the air cushion pressure cocfficient; t=1-¢e

F e 2bLs is the relative nozzle exit area; and k1 and k2

cient of proportionality;

(L smg)cosy, _ b nig—9) 7
- Samn s A= T Ty U9

The component ¢f the 1lift coefficient arising froo forces of excess
pressure at nozzle cut-offs is

»
o ot e
= 2cos (v~ W) j (P = P dxy =
[y f‘.’_ 0
2
_ Foae—%) _F cos(p—¥) _ 1—k(l—p
cos P b/A sin (@ — ) % —1 ’

The component of the 1ift arising from pressure forces of the air
cushion acting at the bottom of the nozzle installation is

o cos (p—¥)
i T cosy

Ya B\L JPe—Pu _. S, B [l P

PSS, TS e S

The 1ift coefficient of an air cushion vehicle with a plane noz:le
instullation that has obligue no:zle cut=-off is

(9—W)
C —C“+ '+c"—l:[_—co‘(0$-v +

cos (P + V) 1 — & (l-—-p) cos (9 — V) . 146
+ =) @ — 15/ [ ~F oy ]p (146)
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The first term of the right side of this equation i3

c _F.ggw—vr4-wuv+v),L—nu—ﬁ
v = cos ¢ sin (@ —) (24, — 1) /A

which is the component of the 1ift due to the reaction of air jets_and to
excess preysure forces at the nozzle cut-offs. In these formulas F is the
overall relative nozzle flow=through area. The total nozzle cut-off{ area
is

F, o=t (147)

cosy

As npplied to an air cushion vehicle with a singlc-paass annular
nozzle, oq. (146) becomes

; coatg gy =40l :,—:.)
Yo ”L‘”“”““‘ L M ey a2
T UL A (148)

where Fo1o the cut=off area of the annular nozzle;
C

g h | b oy )|
| QU - | — 210 .
: b, oy D, oy :

The 11ft coefficient of 4 single-pass annular nozzle as functions of
t'.c cut=off angle Y for different relntive elevations h/Dy is ehown
in Fis. 136, These functions, — f(hD,, b0, 4. ) were calculated by

£q. (148) for -onstant angle of nouzle generatrix inciination (@= 450)
ant for a relative nozcle exit vidth b/Dw = 0.,005-0.02. The nozzle
installation with normal nozzle cut=off (Y= O) has the smallest lift
coefficient, Ag the angle y/is increased, the coefficient cy increases

nozsle installation with horizontul nozzle cut=off., The appreciable

and takes on the largest value when Y = 450, which corresponds tc¢ a 5
effect of the angle Y on the coefficient o becomes evident at relatively E

smiall elevations of the nozele installation above the support aurface
(h/b, & 0=0.0%), that i3, elevations that are typical of transport air 1
cushion venicles, ' :
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Fig. 13v. Lift cocefficient cy of a

single=-paos annular nozzle as functions
of elevation for different nozzle exit
widtha and different cut-off angles

Fig. 137. Control cor’ .r for determining the lift of an
air cushion vehicle wi .. a planc contour prcvided with
horizontal cut=oflf
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2V, Craft With Horizontal Nozzle Cut=off

To determine the lift of an air cushion vehicle with 8 nozzle installa-
tion having exit edges lying in the plane of the craft bottom, let us
isolate a section of length L from this craft by means of two parallel
croas-acctions normal to the craft's longitudinal axie. Let us enclose
gection L in a control contour (Pig. 137). We will arrange the upper und
aide bounduries of the contour at a distance from the craft for which
the air streaming velocity can be taken as zero, and the pressure along
the bounduries as constant uand cqual to the atmospheric pressure Py
We will position the lower boundary of the contour in direct proximity to
the cruft bottom, parallel to the ground surfacsa,

let us project onto the y axis the forces acting on the craft and
the surface of the isolated contour. The forces acting on the lateral
surfaces of a contour are normal to the surfaces and their projections
onto the y-y axis are equal to zero, Therefore the equuation of momentum
for this contour, in sccordance with the notations given in Fig. 137, will
be ¢ ome:

A 3

k4 k4

2ol Lus-'tp)' vidx, t 2L j s — Pa)dxg + L (Ps — Pu).

v

Let us expre: ©1ifY and its components as & function of the
ometrioal unntitg [ the novele installation and the aerodynamic
prrameters of the al t produ-any the air cuthion. For thie nozezle
mntallntion the vl f1e]ld in the nozvle cut=off plane is

g d
v, -,:‘-(I Posingr oy

-t
(.8 0

anc the pressure field is

L]
4 -
N D v, .- oll 0 (1§ sing) cosgy

m

Mgy cushilon pressure coefficient is
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For each nozzle the exit width x, = xg = b/cosv/, the total flow=
through arca F « ?2bL, and the relative total flow-through area
P N7

) TN

The component of the 1ift due to the reaction of the air Jet is

A, W = o
" 3 v cosy .
2pl cos =
Co=""1 J uidxy =
PLac
2
I} -—-° ]
2pv} cos”P Y 0 henercore
= - j (4 Xy
pu;l [V] M
S -
2

Inteprating this equation and making the uppropriate substitutions,
we et

F 059 =

o = 3h T T smngP

The component of the lift due to thce forces of excess pressure
acting at the noz:le cut-offs is

x > *
9 cory

el BN OBV AL

) b

ap " " cos g

== ) =) e

l¢ = 1

) L_ J [l C»'.‘ :‘(H-nnﬂ cotQ]dx"

After aolution and uncomplicated transformations, we get

] 7 | P
Coc = Ty | U0 smy)y Qb/-h.J )




The component of the 1ift due to the reaction of air jets and excess
: pressure forces acting at the nozzle cut-offs is

o (14 2l e
o = Ot 0k = 505 t T 3me 2 )

The component of the 1ift arising from forces of excess air cushion
presoure uacting at the bottom scction of the noz:zle installation is

4,1 S, - -
o B p=Sw.

The L't coefficient 2f 4 nozvle installation with horizontal norzle
cut=off i

} ANRYIC ey | ;‘ =
i (V5T ) + 58 (149)

¢ ‘,p '.‘vf r '.H" -

Anen the angle of novzle generatrix inclination P 450. Eq. (149)
b Ot

C, =- Fl 2+ S'p_

For an air cushiorn vehicle with a single-pass anhular nozzle,
Fq. (149) becomes

’ 2comviy - p e
Y /.(l T D, ) G —F)p,  (150)
ho,

wnere FC is the relative cut=off area of the annular nozzle,

[ L (I b
¢ D, cosy D, co—;‘T) '

The air cushion pressure coefficient appearing in Eq. (150) is

toh

g 5

S U roergr—"
el g :

i L
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when Fqa, (149) and (150) ure used, it must be remembered that they
are real when con @ > b/b,. If con @« 2b/D,, the internal walls of

the nozzle apparently converge to a single point lying in the center of
the no:zzle bottom, and the area of the bottom &, of the nozzle installa-

tion becomen equal to zero. When cos @< ?b/D, , Eqs. (149) and (150)

becom: meaningless, since the conditione stipulated in the derivation of
the 1ift equations are violated,

The 1ift coefficients cy of u single-pass annular nozzle as functions
of relative elevation h/D, of a support surface for various relative

nozzle flow=through widths b/D, and for the nozzle generatrix inclination
sngles P= 0, 30, 4, and 60° arc giver in Figs. 1568-141, respectively.
Fig. 142 compares the functions c.y « £(h/D,) for different angles of

inclination for a nozzle with relative widths b/D, - 0,01 and 0.1,

If the nozzle instullation reats on the support surface (h/D~- 0),
lift coefficient B O 1, With increcase in the relative elevation h/D” ’

the coefficient cy begins to depend on the angle f’of nozzle generatrix

inclination. For small angles of inclination (p <145°), we have optimal
valrLes of the relative elevation h/D" of the nozzle installation at
which the 11ft coefficient takes on maximum values, where C e > 1,
The °, nax values are the yreater, the larger the relative width b/D, of

the nozzle flow=through scction, For appreciuble angles of generatrix
inclination (@ >45°), the lift coefficient decreases with increase in
elevation and does so more rapidly, the smaller the flow=through width
of the nouzzle. Here, "y <1,

The coefficient ¢ of a ainglce=puss annular nowczle for small values
of b/Du and for the same elevation h/D, incresses with increase in the
ungle @, and for large b/D‘J values it decreases (cf. Fig. 142). This

is duc to the variation in the ratio of the 1ift components, datermined
by the reuction of a jet and by the excess pressure in the air cushion.

To verify the proposca method of calculating the 1ift of an air
wughion vehicle in the hovering regime, an experimental atudy was made
of 1ift by meunuring it directly with s graphometric technique. The
experiments were conducted with three annular nozzles with angle of
@eneratrix inclination @= 4%° and with flow=through widtheb = 8, 20, and
40 mm, with the identicel inside diameter of the nozzle bottom Do = 400 mm
(Fig. 14%). To these paramcters corresponded the b/D, values of 0.0189,
0.04%8, and 0.0760., The nozrlus were nachined on a lathe, and the
surface of the walls of the flow=through section was polished,
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Fig. '44,. Theorety .ul and experimental
dependences of tr 1ift coefficient of
annular single-pann novzles on parawmeter

h/D“

AP0 mm dlaneter mets! disk served as the shield over which the
annular vt of ailr atreamed,  The side of the disk facing the jet was
made srooth, and the otner side wan provided with astiffness ribs and
apecia) hinges for wnnular atrain ywuies,  This disk served two functions:
1t modeled the support gsurfuace and simultaneously served as a three-
romponent strain gauye instrument o= measuring the nozzle 1ift, equal
to the pressure forces of the annulsr jet and the air cushion at the
ahield,

. . . ,

On an experimental ntund  tne nocele inatallation and the shield
were posttioned couxislly, and the verticul surface ot the shield was
positioncd in parallel to tne plane ol the nozele bo.tom. The shield
cearin, the annular strin mupes can be snif'ted nlong ite axis on two
cylondrical juides and secured at varlous distances Urom the plane of
tre bottom of the annular nozele teated, which corresponds to different
clevati o of e craft wbove the prrouna surface, The pressure force of
Lter Bonular pel at ‘he o snielu, equal to the 1ift acting at the nozzle
installation, wis detornane s by the doetormation of the annular strain
(UG Mo Wit apecgal Instrutent == an electronic strain meter,
Investipantionn of the it were  onducted at a modert te discharge velocity
I air {anuing from the annuiar noveles Vep = HO= m/sec.

1 e

M stang layout ang e degeription are given in Section 6.
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Fig. 145%. Control contour for determining
the 1ift of an air cushion vehicle with
horizontal nozzle cut=-off

The results of theoretical calculations of the 1ift of an air cushion
vehicle in the hovering regime were compured with experimental values
(Fig. '44). The theoretical curves were calculated based on Eq. (150),
while the experimental curves were obtained by measuring the 1ift with
4 gravimetric technique.

pxperiments ahowed that the proposed method of calculating the 1ift
ugreen clogely enough with experiment, At small elevations (h/D,‘- 0.02~
0.,04), the difference between the data of calculation and experiment does
exceed H=7 percent of the culculated value of the 1ift, while for large
clevations (h/Dy = 0,06=0.08), it in cven reduced to 2<% percent of the
calculated Cy value,

¢, Craft With anaular Nouoole

Lt uas find the functions determining the lift of an air cushion
vehicle provided with an annular ne .zle and let us estimate the effect
of axial symmetry of the jet on the lift of u nouvle installation with
horjizontal nozsle cut=off,

ouppose y uaxis ia the axis of symmetry of thin kindg of craft
(Fig. 14*). Let us isolate some large enough cylindrical region encom=
pasaing the craft, whose bounduries are beyond the limits of the perturbed
section of the air strcams entering and leaving the craft, The latercl
and upper surfaces of the cylindrical contour will be positioned at a
distance from the craft for which the velocity of air streaming toward
the craft can be regarded as zero, and the pressure car be taken as
vqual to the atmospheric value, We will position the lower surface of
the contour at the cut=off level of the annular no.ule in parallel to




the ground surface. By projecting onto the y axis the forces acting
on the craft and at the surface of the isolated contour, let us write

., ’,
.

) Sy Jarde 24 jp.rdr —alr. r)p, sar(p,— ),

B

whe e Yp is the lift due to the reaction of the annular jet;

Y, =2np cos’e J,ufrdr; (151)

L

YY is the lift produced by the pressure forces in the nozzle cut-off
plane

Y.= 2n Jﬁp,rdr—n(ri—l]‘) P (152)

and Y“ 10 the dart due te the excess pressure in the air cushion acting
HL the nesle bottong

Y, = ari(Pe — Pa). (153)

Leet us uxpress these forces as a function of the genmetrical quan-
tities of the novvle inutallation and the aerodynamic psrameters of the
a1r Jgots proaucing the uir cushion, The velocity field in a jet at the
nozele cut=off as applicd to this nozzle installation can be expressed
in the form

l. ’
— tlrinylicusy

1 0 (154)

- =@ ’

whese v 15 the air veloclty at o point lying in the nozzle cut=off plane
(with ccordinate r); v, is the aischarge velocity of the boundary jetlet

Bt Lhe auter edpee of e nossle exitvy rois the coordinate of a point

lyings 1n tne nodzle cnt=o0f plute at which the velocity is va T, is the
radiun ol the nozzle anstallation determinesd with regpect to the external
cdee of the nozele exity Lo the distance between the nozzle cut=off
ang Lhe yrouny surface; and ‘f' i tne angle of nozzle generatrix inclina-
tion to the craft aciy,

184,




Replacing velocity v in k. (191) with ¥ty value from Eq. (154),

we can write

. o ':L'T.—’ (14sing)cosy
Y, = 2npul cos’ ¢ J re dr.
4

solving the integral appearing in this equation, we get

9 —15-'-1(H-un9)cou h
U] f = ——
fm 2(! -+ sin @) cos @
L
—272 18 (14 eing) con® i
h ) f—e ° . 4
x ’!—’l+("— 2(1 4+ sing)cosy 3
1
Considering that S 1
b _ -l),, U.\'ll 1
'1-‘"—.\;;;1" r,= <

und the air cushion pressure coefficient is

o b

. 2 ungrouny .‘T(I ».ny)
P by B e " | —¢ , (156)
v,
.
we fing
't "Q'L,"—’“'nnq)cou\ --3 -D:
Jrc dr= - .
7\ 1001 sinq)costy
» 2bD . . 2 , _ h,‘l),’
‘ w (LOS(P bD, — T )pJ (157)

Then 1ift due to the reaction of tne annular Jet is

.’lDi h " . h‘D'4 P .g:é
Yoo Ty DL {2""D~ r (“’“‘””’D"‘l v q’)p] 7
(158)
I
:
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Let us express the lift produced by the pressure forces in the

nozzle cut=-off plane and also as a function of the geometrical quan-
tities of the nozzle installation and the aerodynamic parametera of the
air jets. The total pressure at each point lying in the nozzle cut-off
plane is constant and by Bernoulli's equation

¥

'] v 0
pot St =p + 5 (159)

Therefore Eq. (194) determining the 1ift becomes

.

O ? ?
1 - Py Py, V) ] —
F )"=2:tk{p,+-2———--—2—)rdr-—u(r;—-r.)p,._
1 b
pv" .

N
2

1yt
- r—r (Lising) corg

dr.

—=a(ri—ri)

— npua | re

‘

Heplacing the integral appearing in this expression with its solution
(157) and carrying out the required transformations, we finally get

\ ﬂﬂh“,“ WD, P a0 D, ]
’ ) [ERTEN ISR '.'- - ..'l.l-—;l.;l !H\'"\":; b
, > w b r, L
. 0, l\n\t. D y o .' ‘..;)l‘l I ‘l(“)

The ift due to the action of excess air cusiion pressure at the
nozsle bottom, with reference to kqs., (153), (15%), and (156), ia

Then vy Eqa. (198), (160), and (161), the 1ift of an air cushion
vehicle with gingle=pass annular nozzle is
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Y = {F.+ 4 :7;'—“.—3: kS + [(cosw — 261D, —
0, | 162)
— Ml ) 20DS + S, s (

where F_ io the nozzle exit (cut=ofr) area,

nDo/D, ( b/D, )
s cos P

F.=

81 is the area of the bottom bounded by the internal nozzle edge,

<

5 ig the area of the nouxzle 1nstallation with respect to the nutex
nozzle edges,

S=—"=;

k is the coefficient of proportionality,

‘2(0_51‘{_—| _
k= (s sing)cos* §

Let us establish yet another relatjonship., We will determine the
total energy of a jet as it exits from a4 rozzle, with respect to the
volume {low in one second, that is, we will find the totdl pressure

required to produce n jet with specified noruniform velocity and pressure

distribution in the nozzle cut=off{ plane, If we nazglect the forces of
friction of the jet agninst the nozzle wall, the total preasure of the
Jet at the nozzle cut-off, equal to the total pressure in the receiver
in front of the nozzle, is

Y “
‘ ﬁ}'wa .s(n,—-p.)dQ

He=p,- py= =~ "= ' e LD

16
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The kinetic energy of a jet in the nozzle cut-off plane is

4
L

. ¥ Y 3
- S % dm - sff pu,2nr cos @ dr = np cosQ Sl virdr.

v " "

Replacing the velocity v_ with its corresponding value from Eq. (154)
and integrating, we get

g _;_.."— (14sing) cos @
t. = NPV} coswf re -
0}
| aDl/Dy,
=F U tsnecos®
Pa |y b b __2WD,
x"z‘[""{f*‘(‘“"""b ( +mv))x
-3— (sin @)
x \1— » )] . (164)

The work done by the pressure fcrces in the section from the nozzle
cut-off to the jet exiting into the atmosphere is

= ~I(p, —p.)dQ = j (P, — p.) 2nrv, cos@dr,

Using Eqs. (159) and (154) and integrating, we find

‘n/o

X (l —C_% ““Inﬂ)] -—lsﬂil,‘::ﬂ:/’o).t:'
x B [0 g b (cong —2 e — )
y (I _;a% u+mw)]' (165)
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The volume flow of uir in onec second is

¥ ’,
Q= I v dl = I v, 2nrcospdr =

\I'.\ Il.v.

Wb 7 » /D,
m (EX TYILY [.’ ": " ((05'—21,‘.'- i o,sln') X
» .
. " o i n-un-.,J. (166)

After replacing the valuee of ¢, &, and Q found by Eqs. (164),
(165), and (166), in Eq. (163) we get

L (167)

Thus, the theoretical total pressure required to produce the annular
Jet forming the air cushion, when excese pressure is present at the inner
side of a jet, is equal to the dynamic pressure of the stream determined
from the velocity v of the bounding jetlet at the external side of the

jet with atmospheric pressure. Eq. (167) allows us to write the follow-
ing formula for determining the 1ift as a function of the geometrical
pasrameters of & nozzle installation and the total air stream pressure:

Y==f‘+47j’?.-l;'7ks+

+ [(cose—2 p- — a5 )2 - AS + 5,] B) He. (168)

Bearing in mind that Y = cySHc’ vwe get the 1ift coefficient of s
craft with a single-pass annular nozzle

¢,=F + 4'7-;’: [;‘ k+
b D, A -
+ [(cose—2 5 ~ 5y ) 2 k4 8] Bre - 089)

where l-"c is the relative nozzle exit (cut-off) area

— b I:--I." ’
O R N )

S ard oy

189




W r — A o e G i G
F.i l

1

\ S, is the relative area of the bottom of the nozzle installation
' bounde& by the inner edge of the annular nozzle,

5 - a1 - 2Ey,
d ard s e

The component of the 1ift coefficient due to the jet reaction is

4D, b b h'D, = ;

The component of the 1lift coefficient produced by the pressure forces 3
in the noz:zle cut=off plane is 4

4 UDu (1 _ &Ds
c"_43w(l cow)—

28D, b b A/D, = ;
T (T sing) oty [2 D, t (°°s""2 D, "1 +'s'ln"v_) P] - (7) i

4 The component of the lift coefficient due to the forces of the air 1
&— cusnion pressure against the bottom of the nozzle installation is 1

B WD, \? -
1 (""“(l_ cow) p- (172) i
! A
1 %
l Results of theoretical calculations of the 1ift coefficients and its '

; components based on Eqs. (169) and (170) = (171) for a single-pass annular
] nozzle with angle of generatrix inclination @ = 45° are presented in
Figs. 146=149, respectively. These results are given in the form of the

coefficients cy' cyp, cyc' ard Cyn as functions of relative elevation i

h/Dy of the craft of the ground surface for different relative nozzle
exit width b/D,. As we can see, for small elevation the pressure foroes

R

acting at the craft bottom are the principal forces lifting the oraft
into the air. The vertical component of the reactive force of the jet
in this case is small. With increase in elevation, the pressure forces ) ]
acting at the craft bottom become less, while the reuctive force increases. 1
An incre.se in the relative flow=through width of the nozzle installation :
for the same elevation leands to & very marked increase in the component

of 1ift due to the reaction of the annular jet. )
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Fig. 146. Lift coefficient °y

as functions of relative
elevation h/Dy of craft for
different relative flow=through
widths o/Dy of annular nozzle
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Fig. 147. Component c__ (due to

reaction of annular Jeig of 1ift as
functions of the parameters h/D, and

b/Dy ( @p= 45°)

A comparison of results frcm calculating the 1ift coefficiente of
a single-pass annular nozzle based on Eq. (169), derived with reference
to the axial symmetry of the annular jet and based on the formula

- 2 1 — | o ' .=
G=F(1+ Im? flnv . 2 ‘:;Dn )+(|_r‘i'°. (173)
h/D,
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Fig. 148. Component c (due to Fig. 149. Component Cyn (due to

pressure in the nozzle cut=off pressure forces at craft bottom)
plane) of 1ift coefficient as of 1ift coefficient as functions
funciions of parameters h/D, and of parameters h/D, and b/D,

%/ Uy (= 45°) (p= 45°)

obteined for a4 plane rnozzle and extended to the case of an annular
nozzle, uffords the conclusion that both formulas yield nearly identical
numerical values. Thus, in the ranges of variation of parameters

b/D,= 0.001=0,1, h/X)“ = 0=0.1, and @ = 0-4b° observed in practice, the

values of the coefficient cy differed by not more than 0.1 percent.

Conaidering the simplicity of the solution and the quite satisfactory
convergence of calculaticn results with experimental data, we can recom=
mend Eq. (173) for practical use in determining the 1ift of plane and
contour-closed nozzle installations with horizontal nozzle cut=off.

23, Craft With Double-Pass Nozzle Installation Provided with Horizontal
Nozzle Cut=0ff

Lift of & plane nozzle installation. Let us determine the 1ift of
an air cushion vehicle with plune double-pass nozzle installation
consisting of an annular external no.zle and internal nozzles — stability
nozzles. Let ua examine the general case when the internal nozzles differ
from the external both in the flow=through width und by the angle of

generatrix inclination, as well as by their height relative to the plane
of the bottom of the nozzle installation (Pig. 150).
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Pig. 150. Air cushion vehicle with twec-
pass nozzle inatallation with horizontul
nozzle cut-off

let us determine the 1ift for this nozzle installation as the sum
of components acting on its individual structural members:

)‘ = Yﬂl + Y‘| +‘ Y~| + Y.: + Y‘x+ Y.’
or in terms of the 1lift coefficients:

Y = ¢SH, = Com + Cra +Cm + Cpy + Cpey + cmi)SHc-

Let us express the 1ift coefficient and its components in terms of
the geometrical parameters of the nozzle installation, the elevation
above the support surface, und the aerodynamic parameters of the air
stream supplied. In the derivation, let us take account of the non-
unifornity of velocity and pressure distribution in the cut=off plaues
of the external and internal nozzles,

Let us employ the following equations determining the distributiomn
of velocity and pressure in the nozzle cut-off plane.

For the external nozzles, we have

-z
L, T )
R, I 1 .4 NPT
v "._'" h. ising,)
—l'n =
and
F )
. LI [ .
I'a Py ] 3 1=ry M (14singn
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For the internal]l novzzlea, we have

3 ] hai h
to v e s (1 sin §4)

l‘_ e “.”'ﬂ ]
U
- byt
and c _;'_‘__'_!!.._‘h-—! (14+3in @)
Pi=Pu _|_¢ "¢'m !
s TR L '
(o

where

hy 1 i sing
b, = =3, = = e
¢=b hy 1 osingy "

The air cushion pressure coefficient for the section of the bottom
between the external and the internal nozzles is

b,

—L (148in @)
oy Pe; —Pn h
pl'_-.'—--—,-:—-——'—'e ’

and for the section between the internal nozzles, it is

bo—b
L | (0 slngy)

D0 T, A ¢
Poaa— Px_ __ = '
pp=-"2—"r=1—c¢

PV

The component of the 1ift due to the reaction of the air jets exiting
from the external nnucles is

x
L]
k)

2pL cos'"vlvz dxﬂ

P _):m_ _a
vl SM. SH,
L] ' r .- T “(I _f__
- pu, L cos” ¢, dalt e, Iu: (+sined d
— i | X

Yot
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Considering that the coordinate

X, =x,—-—bl— (174)

cos g, *

the genersl flow-through area of the external nozzles is
F, 2b,L; " (175)

the relative flow=through ares of the external nozzles is

r, ’;l (176

and the dynamic pressure of the bounding jet issuing from the external
nozzle is equal to the total pressurc of the air stream flowing into the
nozzle installation, that is,

[
H¢= 2 ] (l71)
the component cyp 1 can be represented as
LT X I
Com = F0h T ain gy PV

The component of the 1ift coefficient due to the forces of excess
pressure acting at the external nozzle cut-offs is

‘ 2L (px — pu) dxy,
Cov = Ya_ = Jn -
L SH, SH,

i
’w. l~ R
i ) R L
= — l—e ™~ ™
SH, . 1
] —

Using Eqs. (174) = (177), we find

F( | 20

= AV — g .
Cwl - Cos o, l | '*' sin LN ”./h.,.
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The overall component of the 1ift coefficient due to the forces of
} pregaure agpinat the cut=offa of the cxtornal noczlen und the reaction
forcen of the jetu fu

By g et b)),
Coet = (o T 601 = (g, ( V1 sing,  20/R,

The component of the 1ift due to the pressure forces of the air
cushion over the sections of the bottom bounded by the external and
internal noz:les is

"'v. g g — “n_:, L U'-_I :'_‘f_n_) —- 78
Cyny = YA 2 """—-S”‘ = S$,p,. ) (178)
1 where 5. is the relutive area of the sections of the bottom of the nozzle

1
installation lying between the e¢xtcernal and internal nozzles,

S, Fe et (179)

The component of the 1ift due to the reaction of the air jets flowing
trom the internal noc:cles is9

'n:
Yo ! ‘L, 2 3
‘. Cpp: = Tﬁ:- = ?I—i‘_ .‘ ZPL COS ¢: VU, dxvg =
2
(]

'nl

Xy x bytd
=35 —J ¢ g

Uince the overall flow=thro.gh area of the internal nozzlesis
Fy 2b,l, (180)

the relutive flow=through area of the internal nozzles is

© F
F,= ._sL , (181)
and the coordinates are
by by + 0y
X.,:x‘_m; and Xey = Ko — 03 ¥y ’ ]
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we can represent the component c

yp ¢

F, CosYy éq:;'l
‘= oy TT om € bk

The component of the 1ift due to the forces of excess pressure acting
at the internal nozzle cut=-offs is

o

L . AL

] s

[ ]
2
e x 2a=1, botd
U—5 ™ ..z._‘_._!!..._r-l‘ 4sin g,
=—5 | —e "¢7'n : dxy..
¢

&
[ ]

i

Using Eqs. (179) - (161), we get

i ! Py —1P )
L () — N i
1 Cwr = cosy, ( It sing, 2b/h,

The overall components of tie 1ift coefficient due to pressure
forces acting at the internal noz:le cut-offs and the reaction forces
of the jets flowing froom these nozzles is

F, ( 2eniq, -1 py - p,
Cwrr = Copr + Cer = My, b+ Comy, A,

The components of the lift coeflicicnt due to the pressure forces 1
of the air cushion over the section of the bottom bounded by the internal 1
J0zzles is

= dn _oUim— g Libg—p) _o = 3
Com = '_ﬂ';:' =2 _~.|__'|3_'7‘_9_~_ =38,p,, ]

vhere §2 is the relative arca at the section of the nozzle installation 3
bottom line betwecen the internal nozzles
4
_ 2x,l ,

=== (182)
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Thus, the lift coeffizient of an air cushion vehicle with a plane
two=contour nozzle installation provided with angles of generatrix
inclination of the externulqp1 and internal ¢§ nozzles, the flow=through

width b, and bz. respeciively, and different placements of noszles with
respect to the height of the nozzle installation, is

2cos? gy, — 1 p - -
T O+'ﬁu$“ %M,)+QM+S@u (183)

3 where
] b, .
- -'.'T(lninv.)
pp=1t—c ™ ; (184)
{ , by Ky 1}sng,
b ;.,‘"“""’(” h.'n,'—'——l,u:w. ) (185)
The parameters P’, Pz. 01, and o appearing in kq. (183) are

determined in saccordance with the 8doptod nozzle installation geometry
based on iqs. (176), (181), (179), and (182),

When @, = @, = 45°, Eq. (183) becomes A
€= II ] 2—+ T:' 2 +Sl5l +$J’:- (186) ’

and when pl - ¢E " 500, we have

..l
e .(l{":l."b/h,,l

¥ |
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hxperimental data are compared in Fig. 151 with the results of !
theoretical caliculations of the lif't coefficient for a two-plaa annular : 1
nozzle with angle of generatrix inclination ¢H ¢5 = 45 and flow-

through width b1 = b, =86 an. The lift in this experiment was determined

by direct measurement on & gravimetric instrument. As we can see, the
proposcd methoa of calculation agrees quite satisfactorily with experiment.

The difference between the calculation and experimental data does not
exceed ~ 6 percent.
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Fig. 151. Lif: coefficient of
tvo-pass annulat nuzzle as
theoretical and experimeuntal
functions of parameter h/D, for
b,/D, = b,/Dy = 0.02 and

P9 " 45°

The 1ift of a plane and ar annular nozzle inste’lation. let us
examine the effect of the elevation of a plane two=-coatour nozzle
installation above a solid support surface and the placement of the
stability nozzles in this imtallation on the 1ift characteristics. Ve
will assume that the exit edges of the external and internal nozzles
lie in the same plane, and that the angles of inclination of their
generatrices and the flow=through widths are identical. We will assume
@ = ¢ = 45° and b, /B e b,/B = 0.01. We vill vary the parameter b,/B

within the limits bz/B » 0,972=0.2. We note that the value bz/B m» 0,972

corresponds to the case when the stability nozzles merge with the external

nozzle into a single general nozzle, forming a single-pass nozzle installa-
tion, since

We will vary the elevation of the craft within the range h/B = 0~0.1,
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Fig. 152, Coefficient cy of

liftv as functions of elevation
of air cushion vehicle with
plan¢ two-pass nozzle installa-
tion (b,/B = b,/B = 0.01) for

different placement of stability
nozzles

For the particular nozzle installation, the relative cut-ofs area
of the external and internal nozzles is

) - b
Fo=2__%__ and Fo=2 Bco:'r, ' (187§

and the relative area of the section of the bottom bounded by these
nozzles is :

= —_8’____' I'l r K _B.‘_ [ la“
wElogt —ry s and 5=~ lamy - U8

Specifying various values for the parameter b2/B, let us determine
based on igs. (187) and (188) rclative areas F . Fc2’ §1, and 52, and
by Eqs. (184) and (165), when h/B = const == the air cushion pressure co-

efficients p, and P,. Then by Eq. (186) let us find the corresponding
values of the coefficient cy o7 the lift. We will perform the calcula-

tions fcr various values of the elevation h/B of the nozzle installation
over the support surface.
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The results of the calculations are given in Fig. 152, from which
we can see that the sin-le-pass no.:lr installation (the curve for
B2/B e 0,972) nas the top load=be..ring capacity. Building a two-pass
nozzle installation with the same overall areus and v+ith the same flow-
through arca and the same angles of nozzle generatrir inclination, as
well as employing any other method of sectionalizing for the specified
conditiais leads to a reduction in the lift coefficient. Degradation of
the load-bearing qualities of a nozzle installation due to sectionalizing
is the more marked, the higher the e¢levation of the crafti above the
support surface.

Let us determine the effect that placement of the rozzle installa- i
tions has on the 1ift characteristics of a planform round two-pass
nozzle installation for different elevations above the support surface. 5
A3 in the case of a plane nozzle installations, we will assume
@ = ¢, = 45° and b/D, = b,/D, = 0.01.

We will characterize the position of an internal nozzle in the
nozzle installation with the diameter D“2’ and the overali dimensions

of the nozzle installation -- by the diameter D, . We will vary the
diameter D,,/D within the limits D,,/Dy = 0.972=0.2, and the elevation
of the craft =— within the limits h/D, = 0=0.1. Let us determine the

1ift coefficient for this novzle installation by Eq. (186). The relative
cut-of{ nreas of the external and internal nozzles appearing in this
formula are

el s e it

. b b
Fa=1 D, cosy (' - ﬁ._c-]'s_i-') (189)
—ed
i D.. b . 4D
Feo= 4 550y (V=059 ) Lo

and the relative areas of the external and internal sections of the
bottom of the nczzle installation are

N ck,)r 4 b (l Ik'ﬁ\] ) (a

ll..u\ 9

urnd

! 8= () =4 32 vyt (1~ i) 0o

{

'i
| 1,
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Fig. 155, Coefficient Cy of 1ift Fig.o 1954, Coefficient ¢ of lift
a8 functions of eclevation of air a9 fun-tions of placement of
cushion venicle with annular two-= gwatility nozsles in two-pass
pas3 nozzle installation (b1/DH = norzle irstallation for different
. elevations avove support surface
bu/D“ = (0,01) for different place= o - upp :
p (s0lin curves == for annular
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The air cushion pressure coefficienty pertainang to this case are
4s follows, in accordance with Eqs. (184) and (189):

P, l
ey Y LIS
po_ 1 e NP, (193)
and
— 4 ="l G) 0
pool—e M : (194)

The results of determining the e¢ffe - of elevation of a craft with
an annular two=pass no:zle installation on the 1ift coefficient for
different placement of stability noziles are given in Fig., 1535, By
comparing’ Fig. 155 and Fig. 152, we gec that the overall pattern of
variation of the function co= r(h/u“, D~2/DN), for an annular two-pass

nozzle installation, remains the same as for a plane two-pass nozzle

installation. There is only a numerical difference in the 1ift coeffi-
cients,
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The 1ift coefficient as functionu of where the stability nozzles
are pluced in a two=pass nozzle installation, for different elevations
of the nozwle installation above the support surfuce, is shown in
Fig. 154. As we can see, increasing the separation between the internal
and externt] noz:les very appreciably reduces the 1lift coefficient cy,

especially ior relatively large elcvations h/B = h/D, . and the coeffi-

cient cy decreases more rapidly for an annular noz:le installation than

for a p ane one.

For larye values of the paramcter B2/B = I%?/LL. the annular nozzle

installation has a greater load=bcaring capacity cowmpared with u plane
installation, but for small values of 82/8 . Dbz/nh' in contrast, the

S il iy

plane two=-pass nozzle installation achieves a greater lift than the
annular.

24. Craft With Two=Pass Nozzle Installation Provided With Oblique Nozzle :
Cut=0iys k

Tiie 1if't of an air cushion vehicle with a two—-pass nozzle installa-
tion having external and internal nozzles with oblique cut=off is

2
. p:}.
)' = CVSH‘ ((WI + (y(l + (y'll + (ypx + (,(; +‘ (W:)S-;z— .

when determining the components of the 1i°t coefficients, let us 3
use the following equations that determine the distribution of velocity
and preasure in the nozzle cut-off plane,

For the external noz:lea, tne velocity field is

_ Ussine) tos ¥,
Xy b a4, —¢y) ) 8in (91— %)

and the pressure field is 4

- (14-8ing,) cos ¥,
el R B [1 + 0 .ﬂ.gmm—m] SN (6. —90)
Po— Pu Xy h, cos y,

For the internal nozzles, the velocity field is

(14sin@,) cos ¥,

Y _ Ve L S byl sin (3 —¥g) ] 90 6, —wp)
Uy Vs [l x|l Ah'h|. cos §, ' (|95)
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where
g sing,) covy,
.K'” ; e c". S (Y, N sin g, ¥
Ly | h, Cos iy i '

ana the nreasure faeld g

Me=-n r v
- - N b, h
I I ! { ! M) I, - . | ,\hl /1;.

hevng tenay
Mg ¥l ) s, ¥

whiere

|l-|~nq,l_'n\.
- fs ST LU SN (G - $ )
R B R N

The components of tne J1ft cu t1 aent due to

tne reaction of air
g ts "yp . and the prescure forces at
1

tne cuv=otffs of the external
nozzles

< 1 of 4 two=puss nossie installation can be actermined from
Y

the forculas for a single=pass nowsie 1nstallation, aamelys

i'l COS sy A] I‘.l ‘Vl )

Com == 2 b; hyoosmty, U AT I
ana
p T O aoow ! kﬂl»;bQJ
U BORT S g Ry ) byhy
where
S l ¢ N EY N
is the air cushion pressure coefticient
F, == by, (196)
S
is the relative total flow=tnrough area of the external nozzles,
and

I o smgy)cos gy
1 sin (g, — y,)

Oy 2L 1% — i)
n, os ¥,

and kK, =1+
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are the coefficients of proportionality.

The overall component of the lift due to the reaction of jets ands
pressure forces at the external novzle cut=off is

fums(y, V) cos iy, vy P - k:“ o 5') J
. o L o L ) | . . ECLg X
(u\'l - (‘,nl : (‘yll = I 1 { vos S, — ) ‘-.l‘.‘ - l,bl’hl

The component of the Lift due to the pressure forces ol the air
cushion over the sections of the bottom bounded by the external and
internal nozzles is

Si = = s, — W) 1%
cwl"—'_;"l’l: [l —F, “—“wls-——'“ : ]Pl-

The coefficient of the reactive forces of jets acting at the cut-offs
of the internal nozzles ic

‘l" l,

Fplycs¥y G [ o dage,

st

L)
-

Cyp2 =

Replacing in this equation velocity v‘/2 in the nozzle cut=off plane

with its value from kq. (195) and integrating the resulting expression,
we find

Fy  cosyycosy, (1 —p)— kol —py)

‘oo = byhy 30 (4, — ¥y) 2k, — | '

where

Fo= B (197)

is the relative total flow=through area of the internal nozzles,

() sin g ) cos ¥,
hy = ——2 &

AT s (g, — V‘:)—_
_ byhy s (44— ¥y)
ky =1+ | Y cos ¥,
Ty
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are the coefficients of proportinnality.

The ceefficient of the external pressure forces acting at the
in.crnal nozzle cut=offs is

l" l'
s = e N0 p) g, (198)
s l‘)n_ ¢y -0 .
Keferring to the equality
™ tyr !
poo po= =y () <v:x)x'

and ~q. (799), we represent the solution to Eg. (198) in tne form

R TTE 7) sy g (- ) - kot - p:)
A & . ! =

o 5 s NN ) (26, — by hy

The overall coefficient of rcactive forces and the excess pressure
forces acting at the internal nozule cut-offs is

PGV N

N L T ey
oseg, N b ) kb py
st (44 - Y3) 2k, - 1yo,oa |

The coefficient of air cushion pressure forces over tne section ¥

the nouzle installation bottomn encjloses between the internal nozzles 8

Ay .- oLl OS Y - ) .
o= m= S, [ E c115¢;—“—] ps
or
=[1— EoOSUL N g sl V)
C'u— [l Sl — i cos f: (OSV: - | p!'

The 1ift coefficient of a two-pass nozzle installation with oblique
nozzle cut=-off is




e oo

Tl TR, JER—

= Ll

= F [ coly b LRt
7 ! cos gy S (g — ¥, (2R - 1) by/n, ] 1

T I R By T F T
L Cos ¥, Lo (4, — W) (2ky — 1) byhy, J -

i+ Sli’l ’*‘S:B:- (IQQ)

In thesc formulas the f'low-through areas of the external Fl and the

internal Fz nozzles can be determined by qs. (196) and (197).

207

e e T



CHAPTER  OIX 2
ABRODYNAMIC CHAHACTERISTICS OF ﬁ
HEELING Alk CUGHION VEHICLE i

A we know, air cushion vehicles with a single=pass nozezle installa= 4
tion do not exhibit desired static stability. roxperience shows that
trese craft [7] have a very suall neutral hovering height (2«2.% percent
of noz 1l installation width), and risings above this heipht causes total
loss of static stability. Since the craft must be in a quite stable
hovering regime, the clevation to which it can rice in practice above
a support surface, determined by some reserve of astatic stability, is
taken to be much less than the neutral hovering height. The low stability
of these craft is dictated by the fact that even a slivht heeling of the
craft causes marked qualitative changes in the flow pu .tern of the main
ard circulation air cirrents under its bottom. This causes the pressure
to ve redistriouted over the bottom and even at low «levations causes a
tipping moment, 8cting on t'e craft in the direction .i the lowered side.

The static stability of a craft with a single=-pass nozzle installa-
tion can be augmented by introducing asuxiiiary nozzles == stability
nozzles, By compartmentalizing the cruft bottom with additional nozzle ]
into individual sections, it 1is possitle to markedly booat the neutral :
hovering height, within whose limits increased pressure can be achieved
over the sections of the bottom on the lowered side even when the craft
has large angles of heeling, and thus produce the requisite restoring
moment returning the craft to the horizontal position after the elimina-
tion of the perturbing force.

However, introducing auxiliary nozzles into a single=-pass nozzle
installation diminishes the 1ift per unit power input, that is, degrades
the power characteristics of the nozzle installation. The point is that
this single-pass nozzle installation has the highest load-bearing
capacity compared with sectionalizec nozzle jinstallations with the same
flow=through nozzle area and the same overall installation areas for
the identical volume flow of air and the identical total pressure
expended. This is caused by the fact that in a single-puss nozule
installation the entire air stream participates in producing the excess

R o

i
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pressure under the entire area of the noszle installatic . bottom, while
in A sectionalized inast.llation air joets flowing from the suxiliary
noszles anpment the pressare only over some acctions of the bottom, i

ne of the secticonddized nosode anotallations paininge acceptunce
it an inatallation ‘hat conaist: of 4 rectangular or planform oval single=
paas novicle with two ltongitudinal noszlen,  In development of this
installation, the goal was, by usins longitudinal nozzles, to supgment
the transverse stability and to build a noz:le installation with approxi-
mately identical degree of stability both in the longitudinal and
transverse directions. Lxperiments showed that this nozile installation
has & neutral hovering height that is rougchly 4-% times greater than a
single=-paas nouzzle.

Since the 1ift and the deeree of static stubility depena heavily on
the dimensions and position of the auxiliary nouzles in the sectionalized
nozzle installution, functions relatin; these parameters are of practical ,
interest, 49 wel. as ar. evaluation of the effect that heeiing has on the i
efficiency of thege installations, ;

Y. Desiyn Model of a Nowzle Installation ;

in «xaminiry; the experimental characterintics of the pressure
distribution over the bottom of two=nuss annular noz:ile installations,
we can s that for small heeling aryles (y = 0-2°) and for small relative
elonsaticn of the nor:zle installation over the support surface (h/b = 0.2),
the pressure over the surface of the norzuzle installation bottom section
bounded by the internal noz:le is distributed virtually uniforzly (the
iTeatest deviation does not exceed 3 J.5 percent of %he mean pressure).
The mean pressure is virtually equal to the pressure whenY = O, while
the pressure over the bottom sections bounded by the external and internal
nozzles depends strongly on ihe hLeeling angle Y. For example, for a
nozzle inatallation with anjles @, =@ - 30°, when b/h = G.% and when

the angle I’is varied within tre limits 0-20, the pressure coefficient
P, at thc Jowered -raft side rises from 0.67 to 0.86, that is, by

28 percent, while on the opposite side it decreases from C.67 to 0.62,
that is, by 8 percent.

These regularities suggest a method for  epproximate calculation
of forces and morents actiny on a heeiing sectionalized nozzle installa=-
tion from the air cushion, by adopting the follcwing assumptions:

il

the pressure over the gsection of the nozzle installation bottom
bounded by the internmal nozzles, for small angles of heeling Y and for
limited related elevation h/v, does rot depend on the angle of heeling
and remains equal to the pressure for y = O and for the same mean eleva-
tion h of tne nozzle installation over the support surface; and
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the pressure over the bottom sections between the ncazles is
unifornly distributed areawine.,

Thic method of calculntion can be usea Lo determine the effect that
beeling: hna on the paramount acrodynamic churacteristicas of a nozzle
inntallation: the air cushion pressure coefficient, discharie coefficient,
and drag; coefficient of indiviaual noseles as well as the nozale installa-
tion us a whole; the lif't coefficient and the siace coefficient; the
coefficicnts of air cusnion moments; and the coctfficients of transverse
static stability, If we know these charascteristics, it appears possible
to find the optimum layout of interre]l nozwles (stabili.y nozzles) in a
sectionalized norzle installatiorn, ascsuming the condition of a large
enough restoring moment witnout appreciable loss of 1ift, and also it
appears possible to find the balancinge angles as functions of the moment
of external ferces acting on the nov:le installation.

26, Lift and Side Force of Heeiing Novale Installation

[art ug exacine functions determining; the 11ft and side force of a
plane sectionalized nozzle ingtallaticn consisting of e¢xternal nozzles
and internal noz:les arranged parallel to them (Fiy. 15%). The resultant
furce acting from the air cushion ajminst the craft with this sectionaliz-=
ing scheme is determined ry the sum of the components acting on individual
inatallation membars (ot the ut=offs of the cxternal novuzles and the
ataeility nozzles, and also over the battom scetions enclosed between
theae now-.les).

wWh.n the craft is in the horicontal position, the resultant forces
directed normally to the bottom surtuce and teads to ruise the craft
nbove the support surface. In the heelcda craft position, the reuction
furces of air jets leavin,” the nov:lecs are directed at an angle to the
.0zzle i.stallation bottom ana aiffer in magnitude for different angles.
Therefore the direction of the results . orce in this cuse does not
coincide with the normal to the tottorn, tHowaver, in practice since the
fraction of the reaction forces in tne resultant is very small compared
with the forces of excess air cushior pressure, even for a heeling craft
we can assume the resultant force t¢ be directed normally to the nozzle
installation bottom. The resultunt rorce tends to lift the craft above
the support surface and to shif{t it towaru the depressed side.

The 1ift determined in terms »f tne resultant H is
Y My FAY / ERTIS SN (2)

where 4 iy the coefficient of the resultant force; Cy is the 1ift

coefficient; S is the area of the nozzle installation bounded by the
external edse of tne external nowzle; and HC is the total pressure of

the air stream fed to the nozisle installation to produce the jets forming
the air cushion.
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Fig. 155. Calculation scheme of sectionalized
nozzle installation at small heeliny angles

At srall heeling angles varied within the limits y = 0=2° 30',
cos Y lies within the limits 1-0.9990, therefore we can assume Y=C R and,
accordingly, cyz R with practical accuracy.

The side force produced by craft heeling is

Z = cSH, = Rsmy=cpSH siny.

For the indicated heeling angles, sin lies within the limits
0=0.0436. Therefore in actual calculations we can assume

Z=Rsiny~Yigy~Yy (201)

and, thus (, - cpsiny &~ ¢, gy~ .y, since at small angles siny= 1gy = Y.

The effect of air cushion craft heeling on its aerodynamic charac=
teristics is dictated by the fact that as the heeling angle y is varied,
both the clevation h of the indiviaual nozzles as well as the angles

of air jet outflow relative to the support surface change. As the
result of craft heeling, the escape velocity of air jets, the pressure
at nozzle cut=off, air volume flows, and air cushion pressure change.
Ultimately, all this causes the forces acting at the craft bottom to be
redistributed and a moment to be induced in the air cushion.
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We must remember that when the nozzle installation heels by the
angle v, for a moderate elevation h atove the support surface, the exit

evdges of the external nocale walls are displuced ard will be at different
cleovationss

for the external noucslce of the depresgsed gide

B sy, (202)

hi=h —-,

for the internal noz:le of the depressed side

kY= hy - ’,‘;-'- smy=h + M — "f_,’-- siny, (203)

for the externsl nozzle of the clevated side

B =k sy (204)

for the internal noz:ele of the elevated gide

B b sy < b AR .‘-—l.l,' smy. (205)

Here and in the following:, the symbol (#) will denote quantities
pertaining to the depressed [1ow(-r_ side of the nozzle instullation,
while the symbol (*#) will refer quantities pertaining the elevated side.

The limiting value of e argle Y'm for which one of the nozzle

installation sides touches the support surface is
.ok IUUU :
Yrp = aICSiN -2—,"'—'. (206)

Heeling of the craft ircreases the angle of generatrix inclination
@ of thc nozzles at the lowered side with respect to the support surface
by the angle Y and reduces the angle @ of generatrix inclination of the
nozzles on the elevated side by the same angle Y
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Atr Mchion Pressure Coeflicients of a Heelinge Nowzle Inatallation

shen 1 sectionnlized nocele ingtallation 19 horivontul, the air
cuthion presanre coefficients npes

e e

for the cexternal nozzle

p' = —0-2.' In h.; (207)
for the internal noz:zle

where p.=1—(l —I_’l)t‘_n' Inte, (208)
_ U +smngjcosy, | 209
i k= sin (@, —¥y) (209)

{ _ b, sin (4, — ¥,
k., =1 +-ﬁ'—m‘—'—- (210)

(I smgcosy,
] ks = =i Ge— ¥ @
\ by b st (4§ - ‘t!!

ky = g ”_;{h— ' “——co: ' : (212)

o

Heplacin, in kEqs. (210) and (212) the elevation h. = h of nozzles

over the support surface with its value from Egs. (202) and (203) for

the lowered side, and by Eqs. (204) and (2CY) for the elevated side, and
the angle of nozzle pereratrix inclination == with the angle @+ y of the
Jet exit for the depressed side, and with the angle @<=y of the jet exit
for the elevated side, we arrive at the following formulas for deteruining
the air cushion pressure coefficient of a heeling nozzle installa‘ion.

For the external nozzle of the lowered side we have

L] .
~32h In k.

pi=1—e (213)

for the internal nozzle of the lowered side

-en; Ink

pe=1—(1=p)e ‘, (214)
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where

T

e et il ) PET TRy PRy W P! asbiids Zalat R Gdiaidaddintadchi s

s IVt osindyy : vcosy 5
ky = sin (@ ry=—¢) (215)
k=142 @V (216)
2-— —siny
B
k.= ll - s (“‘3 £ \'”COS". .

SIN (G 5 ¥ — Vy) ) (@17)

. 2,/8 SIn (g +-Y—"%y)
kc—l'f'?_;._(' = A B, . :05'0:_ SLES)

B 'TT)-TT”"Y

For the external nozzle of the elevated side, we have

=t (219)

for the internal nozzle of the elevateu side, we have

Pr=1—(1—p)e ™", (220)
where o I« '
ko I s — ypcosy,

1 A ST L (221)

k;o = l + 2b| '8 . sin ((P, -yY— 'l’ L 0
2— tiny o5 ¥ ' -

= Il - sin (g N ¥)) cos ¢, q
. S0 (G — y — ) ! (123)

“_ 2,8 —y—
B ) ey '

28. Air Volume Flow in a ieeling Nozzle lInstallation

The air volume flow in a8 nozzle installation or in some of its
nozzles is

Q=af |/ h,

where (C is the discharye coefficient of the nozzle installation (nozzle)

given with reapect to its flow=through arca, F is the flow* 'rough arcva
of the nozzle installation (nozzle); B, is the total pressurc of the

air current flowing into the nozzle installation; and P i3 the “cnsitvy
of the air.
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For a sectionalized nozzle installation that is horizontal relative
1 to the support surface, the discharge coefficients of the individual

noz:les are as follows:

for the external nozzle

h Lk s b
1 — .. 5 =
al b, s 5, ¥ ' (22")
—_— e (k- 1)
‘ oy,
for the internul nozzle
A
TR T Cl il (226)
BT T e N
>h| COS 2

where k1, k

o k5, and k, are the coefficients determined by zZqs. (209) =
(212).

4

Using Eqs. (22Y) ana (226) for the case of a heeling nozzle installa-
tion and considering the variation in the elevation of individual nozzles
relative to the support surface and the jet exit angle, we derive the
following formulas for the discharge coefficients:

for the external nozzle ol the aepressed side '
h ,-(r 1) a

2.0 uny 1 E
o8y e 2 T (227) ,'

! %, 8 UKUEI e TLRY PO
s ¥y ! 3
for the internal nozzle of tne depressed side iﬁ
VI - ()
o D : 0 . ] U 3
o s B B —.\_m-\ __\k.'_ l———k.— (228
8= 20, B st (Y, - ¥y — ¥y (A‘. _ l) ’
cos ¥, 3

for the external nozzle of the elevated side F

3

h . (=) !
2-- ~uny - 3

By Mtk (229) 1

YT s JEUTK TR Sl (LY PO I ;

cus ¥, 4

é
1 E
. 3
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for the internal nozzle of the elevated side

i 1
3y Qo ; 8. v o - (CON)
o n I B 7“ e & 4 SR N (230)
Gy = 26,8 ISR Pt el /LSO
NI 58

The coefficients &y, ks, ky , and kz for the depressed side and the

coefficients kr.k?.k:, and k?' for the elevated side are determined,
reapectively, by £qs. (215) = (218) and by (201) = (224). The discharge
coefficients o o ' , and d-; cach rclate to the flow=through area of
a particular nozrle,

The total discharge coefficient of the nozzle installation is

Fy 231)

G e R TR
f;‘ F:-"‘Fl Fa

a =

wiHe T FL FL FT. and F;’ are the flow=~through arecas of the external and

internul nouzles of the depressed and elevated sides.

for a plane sectionalized nozvzle installaticn in which the length
of the external ana internal nozzles is the same, we have

(0} @)t (u; - a)b,
R T (232)

since for this nozzle installationf; Fi bl and F. F b.l.

Anitlysis shows that the position of the internal nozzles in the
plane sectionalized nozzle installation having approximately the same
flow=through width of the external and internal nozzles (b1£:,b2) and

identical angles of inclination of their generatrices (¢1z ¢2). when

Ah = 0, affc~ts the total discharse coefficient only very slightly.
Therefore in practical calculations it is useful to neglect the effect
of the position of the stability no:zles and to determine the total
discharpge coefficient of the sectionalized nozzle iistallation as for

a single~pass nozzle installation, regarding the flow=through width of
the nozzle to be equal to the overall width of the external and internal
nozzles.

Approximate working formulas i1 this case will becomc




ey

2b ’Bb' (1 singg -y

k® = S
h ’
2 -~ SNy

2"#’%“ L sin (¢ — v}

88 .
A= 2—"— . sin
i Y

The discharge coefficient OCcalculated by these formulas corresponds
to the case Hz/B = 0.972, where the stability nozzles merge with the

external nozzles into a single general nowvzle,

29. Lift Coefficients of a Heeling Nozzle Installation

Wnen determining the lift coefficients of a hecling noxzle installa=-
tion, let us use results from theoretical studics made of the aerodynamic
characteristics of a sectionalized nozzle installation for the case when
the craft is horizontal relative to the support surface (cf. Chapters
Three ana Five). In this case the lift coefficient of the air cushion
vehicle is

Cy = Cm T Cr + Cpmt 1 Cyps + Cpey + €y (233)

The component of the 1ift coefficient arising from the reaction
forces of the air jets flowing from the external nozzles is

o T cosqcosy - ‘.'L‘L:jn A (234)

ﬂm"*bl Ay cos (4 — ¥ 2y — 1

The component of the 1ift coefficient arising from the forces of
excess pressure at the external nouzzle cut=offs is

o8 (4, — ¥,) __cos (¥, —¥%) =k (l—p) (235
("'-l'[ cos|¢, sin (4§, — ¥§y) (2k,-—l)b,/h ( )

The overall component of the lift coefficient arising from tue
reaction forces of jets and the pressure forces at the external roz:le
cut=offa is

217




3 cos (Y4 )
.‘ ‘lwl = I'l “‘ i= ‘.L !

Copr = Comt TSN, . ) 1
contty - ¥ Lo k) | (236)
ARSI N ST S I Y N2 N

The component of tne lift coefficient arising from the reaction
forces of air Jets flowing from the internal nozrles is

o Foooowmyg,oonys (- py— ktl — py)
o D : * . Al Sy A 37
Cop: byh, s Gy ) Qhey -1 (2 )

The component of the 1ift coefficient arisinge from the forces of
excens prengure at the internal nors.lo cut-=offs iy

= F [eost, = %) s (4 — W) ..‘_'_:l’;l_—ﬁ"—_;'] 238
Grui=1ks i iy (2},-—|)b,%?_l_ . (238)

The overall component of the lift coefficient arising from the jet
reaction forces and the pressure f{orces at the internal no.:zle cut-offs

is

[ @y —¥s) o84y N) (1 —p) — ki (1 — py)
Comer = F [ €05 ¥, CSIn (P — y) (2k; — 1) by/hy - (239)

The overall component of the lift coefficient arising from the
nir cushion pressure forces at the external and internal sections of
the no.s:le installation bottom is

Con =t - Gz = Sapy b S (240)

Tre Jift coeffiient of an a.r cucnlon veticle with a nectionalized
nozzle installation provided wit! onlique nouzle cut=off is

T, q-,) " cos (1, .-YI) ,

\ o= £ Lounyy sy —¥) 7 o
b k(- p) 0 g [501‘}&: —¥
@k, — ) byny T .
oty o) L=zl - E"—] 5,5, +S.p. (241
+ sin (q-' —.Wt) ’ (2&] = l)b."l, T slpl + .p. ( )
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wherc F, is the total flow-throurh area of the external noz:zles,

-
=

F, = b1’71/s; 52 is the total flow=thriugh area of the internal nozzles,

5? = b\r7n/d; S1 is the total areca of the external bottom sections

bound«¢ by the cxit edpea of the external and internal noczzles, 51 = 31/5;

O, is the area of the internal scction of the bottom bounded by the exit

<

edge of the internal noz:les, o, = 5?/3.
[ ¢

The air cushion pressure coefficient P, and P, appearing in

2qs. (/34) = (?41) are determinea by tgs. {207) and (208). In the sr:cial
case for u sectionalived nozrzle installation with horizontal nozzle cut=
orf (¢1 - V‘. and (P,{, = y/,‘,), the 1ift coefficients are determined by

tne following formulae,

The overall components of the lift force arising frem the jet reac=
tion forces and the pressure forces of the external nozzle cut—-offs is

i-l - gCn,\bz 1“ —-__l. . _Bl_) .
Cupr = sy, (l T sy 2k

The overall compeonent of the lift coefficient arisin, from the jet
rcaction forces an: tne pressure forces at the internal nozzie cut-offs
ia

i () o Ao e )
c'ﬂ:::;o,q:( r | .S "3 2bg/h3

The overall component of the lif't coefficient arising from air
wushion pressure forces at the crternal and internal c2ctions of the
nozzle installaticn bottom is

Lyn = Cpay F (== Sin +S.p.. (242

The lift coefficient cf arn air cushion vehicle with horizontal
nozzle cut=off is

hy Lo2esti =l ) ..
C,—c'(m‘l(l T sy, 200h )

F, 14 2(0&’({:’—1.;7_:-—;")_'_
1 sy, 20,0y '

-3+ 85 (243)




where

[
(g -

P LT ; (244)

oon q v by Loy, i
o o
W, It M ( o besing, 0 .\‘14)

p.=1 ¢ WS (245)

—

o. and 5 are the relative areas of the nozzle installation bottom
Ls

]

f bounded by the exit ed;vs of the nousles,

when the discharye of air ,cts from the noszle installation can be
. viewed as a plane aischarge,

- 26l 0 I s 2['"' — h,/B;
Fom gl =B =g :

S i, i S B, b8 .
Sy=l = "y, v U B o5y,

For tne hecling nozzie installaticn, tne 1ift coefficient is

€y =—Cym 1 €, b Cymi ¢ Cyp2 - C,.: -+- Cyn: i

1€yt 1€yt - Cus T Cypz T Cyer T Cyare (246)

T T —

keferring to these functions getermining the variation in the
elevation of nozzles and the jet exit angle during the heeling of a
nozzle inatallation, the co~-{ficicntc appearing in the right side of ,
kq. (246) can be represeated by tne following expressions. :

The coefficient of the reaction farce of a jet exiting from the
external nozzle of the lowereda side is

* g (0s{y,; ))ms\"‘,_'Zh;’l}— SN Y l_k:(l —;’;) 247
cr = 2F ey = v 2,/8 2Up—1 ot

The coefficient of the exceuss pressure forces acting at the cut-off
of the external noz:zle of the lowered side is E
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rcos(tr. Ly —W)

Cyﬂ--l‘ l.

ruUs
costy YW 2B sy V= k ("”l)] (248)
sy, y—w) 0,8 2% — 1

Tre coefficient of the reusction force of a jet and the excess

pressure forces acting at the cut=off of the external novzle at the
lower side is

LCTIE e R

Cuoat = Cypt + €y = 1y [

s P
Lcont iy ¥ B any 1k (- i’?)] 249
* 0 +y— ) 2b,/8 2k, — 1 | EL)

The coefficient of the air cushion pressure foices at the section
of the norzle installation bottom bounded Uy *he external and internal

nozzles of the lowered side is

. Sl —~e
Cm = -9 P1 =

[l —2 o (F+F) “"————-—“""’”] % (250)

cos ¥y,

The coefficient of the reac*ion force of a j»t ¢xiting from the
internai nozzle of the lowered side is

9 ’.'.(| i M)_B’-sm\
. .« cosly, . Yeosy, "B Lo 8
Cyp2 = 2F, (5, Y — ¥ 26,88
=) w-r) 251)
2k, — 1

The coefficient of the excess pressure forces acting at the cut=off

of the interna) nozzle of the lowered side is

*  _F 08§ Y= ¥ o8 (Fs £ ¥ — Ny
= — 20 YNy
we=Fa cos ¥, SIN(Fy -+ ¥ — )
h Ah\ B, e . .
N G e L (SO
2,8 ' w1 (

s et i
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The coefficient of the jet reiaction force and the exces3 pressure
forees acting at the cut=off of the internal nozzle of the lower side ic

L) L) ] . s ‘I‘: ‘ -— q‘) ;
Cypcr =Cyp2 + €. = Fo| — -~ =2

cos oy,
by M\ 8
cos(t,-&-\'é&._)_.?—i’—( ff) Bsme
T rv— v 2y/8B
x(" p) =k (1= m) _ (253)

2k‘,—-|

Tre coefficient of the air cushion pressure forces at the section
of the nozzle installation bottom enclosed between the internal nozzles
is

. [ S’ -
Cpn: = €2+ Cpma = g P

'L -.® —_ e d
= (B - (R4 F) 2l ¥, (254)

The coefficient of the rcaction fcorce of a jet exiting from the
exterral noscle of the elevated aide is

h
2oh s -
o con (4, — Y)cosy, T B S Y

Cyrr == 2F, S 4y Y—W¥1) 2b,/8 ~

- & (1=p)

2%, ~ |

(255)

The coefficient of the external pressure forces actin,: at the cut-
off of the external novzle of the elevated side is

i." sy -y — %) cos (g, —y— Vi) :
! cos §, SIn(§y—y—¥) :

C;:l—
h ) . , Py -9
2 4 siny -k (1 —p))

. S
2b,/B Qk;' -1 (236)
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The coefficient of the jet reaction force and the excess pressure
forces uacting at the cut-off of the cxternal nozvle of tne clevated
side 1is

(USE“ - \'_:—'_\"L)

Cypit = Cypt 7 (i1 = Fy cos §,

h
2 Loany e s
wosth, Y. W) B MY —4, (l _u . (257)
sS4y — ¥ —¥y) 208 2%, —1

i

The coefficient of the air cushion pressure forces at the section
of the nozzle installation bottom bounded by the extcrnal and internal
nozzlces of the clevated side is

== [1 - BE(F 4 ) 08 B o)

cosv

“he coefficient of the reaction force of a jet exiting from the
internal novcle of the elevated side is

h ( )
CL o ! —~ n
=o¢ €S (§4— y)cos ¥, _2 8 i simy

e =2F1 - @ —y— ¥ W" X
(1—7) — & (1=77)
X T ; (259)

The coefficient of the excess pressure forces acting at the cut—off
of the internal nozzle of the elevated side is

> = E By =N CoRlf, — y )
1‘2 2 cos ti cos (.“_‘._v’) a8

h Ah . l’: 0] oo (1]
4 Gl R A (T VR
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The coefficient of the jet reaction force and the cxcess pressure
forceg acting at the cut=off of the internal noxzle of the clevated
side 1o

5 . e e leostys v N el YN
Cypes = Cyp: =02 | T sy, s (4, — ¥ — ¥a)

X 26,/8 2y — 1

2 g (1 &) 4 sy (1 —p) - (L__’_)_] (261)

- - -8 -t
The pressure coefficients Pyr Py Py oo ARG D, ama tne coefficirnts
‘ (.

ki, ke ki ke kLT ki, and k;' appearing in these formulas are deter-
ained vy mqs. (212) = (224). 'The pressure coefficient 52 in Eq. (2%4),

accorain,s to the assumption adopted, docs not depernd on the heeling

angle Y. For a two=puss noutle inatallation with oblique nozzle cut=-off,
this coefficient is determined by =q. (208), and for a two-pass nozzle
incstallation with horizontal noz:le cut=off == by Bq. (245); Fi=F =F,/2

and }:_:}i.==§q/2.

Knowing the geometrical parameters of A& sectionalized nozzle instal-
lation, that is, the f{low=throu;h wiuth b1 of the external nozzle and
0, of the internal nosule, angles qP1 and QV“ of their peneratrix
<

inclinstions, cut=off angles 1[1:uul V¥ ,, noazle installation width b,
and th d1stance b, between stability noszles, us well a5 tne elevation
[

ot the norzle installation above the support surface and its heeling
anple Y, let us determine by Lqs. (249), (2%0), (2%:), (24), (247),
(258), ane (261) the components of tne 1lift coefficients. Then by

iq. (246) we find the 1lift coefficient ny of the heeliny nouszle instal-
lation, For a known total pressure &t of the air stream fee to the

noszle installation, let us calcuvlate by Bq. (200) the lift, and then
the side force == by 2Zq. (<01).

30, Morents Induced in tre air Cusnion of a Heeling Nozzle Installation

Let us look at functions determining the heeling moment of a plane
sectionalized nozzle installation consisting of external nozzles and
atability nozzles (cf. Fir. 19%9). Suppose that when acted on by moments
induced by external forces and the air cushion, this nozzle installation
heels and is balanced at a heelinys angle Yo at elevation h from the
suppert surface. Let us find relutionships between the restoring moment,
the geometrical parameters of the nozzle installation, its heeling angle,
and its elevation,
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e el = . B

T bee linge moment el Lo tne o width i of the nowsle installation
M,  mBSH, (262)

whe't'e % 15 the dimencionless: coefticient of the neeling monent.
M

Let us set up an cquation of moments induced by the air cushion
relativee to the lonpituainal axis v of the norzzle installation:

.e £l
. oy L Y 2 Ym 2 —
My — Zm)'p\ & Yo+ Zp.') 2= F LR an) m +2n2¥n

Z.;Y:_- —_ anY:tl - 2"-')’:‘:' (263)

- erl)'r\ = zcl).(\ - Z:ﬂ’ p-

where : represents the distugces {roo tne x axis to the points at which
the vertical components of forces Y arc applied to the corresponding
atructural members of the orzle installation,

The positive Lerms appearirg in the right side of £q. (263) are the
moments of the jet reaction forces, the pressure forces at the external
and irternal novzle cut=off's, and the air cushion pressure forces over
the 7ectiona of the nozzle installation bottom of the ¢levated side,
while tne negautive terms correspond to tne moments of forces acting at
the cerrvaponding: structural members of the nozzle irstallation on the
depresned side,

In expanding Eq. (263%), we will bear in mind that trie bottom section
bounced vy the internal nozzles and the x axis are identical in area and
equidistant from this axis, ana tre pressure over their surface areas,
accordines to the calculation screme auopted, is uniformly distributed.
Thercfore the moments of for-ec acting at these sections become equalized

e gy pops € 5 .
and, trerelore, 2a¥ =20V, =0,

Note that owing to tne nonuniformity of velecity and pressure dis-
tribution in the nozzle cut=off planc, the points at which the resultant
reaction forces and the pressure forces are applied are somewhat shifted
toward either side of the noz:le midline. For tne preasure forces, the
point at which the resultant is applict is shifted toward the inner wall
of the rozzle, and for the reaction forces of the jet == toward the
outer wisll of the nozzle, Jince these forces are displaced {rom the
nozzle mi'line tc the different sites, but the displacement itself is
very small compared with the distance from the midline to the x axis of 4
the nozzle installation, we can assume == with precision agequate for 7
practical calculations =- that the peint at which the resultaat of the
reaction forces and the pressure forces is applied lies along the midline
of the no::le cut=off. Accordingly,

e

bk b
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e s,

2oy =2y and 2= Iar

iteferring to the foregoiny and denoting

Y4+ VYo=Y Vied+Vi=VYns Vi +Vi=VYun

)'p.' " Y:':' = )’;i:'.‘l

we can represent Eq. (263) as

Ml = zpcl (Y;:l A y:nl) + 29:2 (.yp:.’ - Y;

Irn this equation the distance from the x ax to the middle of the
exterrnal nozzle cut-off, expressed in terms of tI. eometrical parameters
of 4 nozzle installation, is

=l byocos(g—y
zkl— 2 (l - BL.T“ . (265)

the distance from the x axis to the middle of the in al nozzle cut-off
is

_ B (B, b cos(4y—-¥y) )\ .
T =73 (’B’"“ B costs ")' (266)

and the distance {rom the x axis to the middle of the bottom section
boundea by the external and internal nozzles is

— B (1 B _gb cos(di—¥)
R

=xpressing the forces Y appearing in Eq. (263) by the corresponding
1lift coefficients Cy' the nozzle installation area S, and the total

pressure HC related by the equality

Y == (",SH(Q

i o

and using kq. (264), we get the heeling moment of the nozzle installation

Mx = [f%.- ( ypel = C;Pfl) + 3’51 (C;:.(: — C;p('l) *

-+ i-"B'— (C;,:n -_— C;nl)] fSH‘

i i it e e
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seferring to eq. (V00), we et the cocfficient of the neeling moment
P4 (1) . " . . . 2 oo - - .
m,= _‘;L (cw-(l S ‘”y;xl) +‘ "; (Cym.' - C;;\'I) -+t ’%“ (cl"‘ C,nl)

hepresenting the heelin;: moment coefficient in tnc form of its
cComponennG

‘
IR m 4+ Mgres ¥ Minns (268)

. nl
wie gt the coefficient of the heclings moment due to the jet reaction
and the pressure forces acting at the external nozile cut=offs,

Mgy = 5 (crper — Epper); (269)

the co fliciens of tie Lecling noment inuucea by the jet reaction and
the preussure forces actime: at thoe internal nouzle cut—offs is

nea

Mipr = —f (Cw-n = c;p(.‘)' (270)

and the coctficient of the heeiins moment 1naucea by he a1 cushion
presaure Serces acting a4t the bottom secilons enclosed between the
external and internal noviles i

@)

m,.; — :;; (“;/:H - Cy'll)‘

Tne relative distances » /N,

%

?/B, and z_ ,/3 appearing in

/
Pe ‘
pas. (/v9) = (271) are calculated vased on kgs. (265) = (267), respectively;
the 1ify coefficients C;mh anid % ; for the depressed side == based

Cype? yn
2qs. (< Y); + > 1if ici * S
on bgs. (249), (293), and (240); and the lift coefficients Cfae 10 Cymc 2!
and c;;; , for the elevated side == based on kgs. (257), (<61), and (258).
Anaulysis of Eq. (268) shows that the components of the moment coeffi=
cient m . and m , are very small == one~three orders of magnitude
xpc xpc <
smaller thun the component Mo 1 For transport air cushion vehicles,

the relative flow=through width of external nozzles as well as stability
nozzles usually does not exceed 1=1.5 percent of the nozzle installation
with B, while the noz:le inclinstion anglcu¢= 50=60°, when the stability
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noz:le situated at a distance 0.1B from the external nozzles (82/8 = 0.8),

+ mxpc ) is equal to 3=4 percent of the

the sum of the components m‘pp |
moment coeffscient L For value:: of parameter bz/B <:O.8. which usually .

+m ., in the moment
xpc 1 xpce ¢

:oefficient m decreases rapidly. Therefore, without introducing a large

occurs in practice, the fraction of the total m

error into the deterai.ation of the coefficient m , in Eq. (#68) we can

negtlect the componerts mrpu 3 and mxpv ’ and adopt

2 *. .
m‘ = ml'll = 'Z‘l' (C,,u - C,,").

since

the coefficient of tic¢ transverse moment induced in the air cushion can
be expresced as

mo~ g3 B P (272)

here the arca of the section of the nozzle installation bottom enclosed
between the externnl and internal no:zles on the depressed (el:vated) side
i

.S _ by cos(y,—w)  By| °
O I o = ST

keplacing in iq. (272) the relative area (%) (5,/S) and the relative
distance zn1/3 by their functions (273) and (267), we gevx

1 bocos@ =W\ _ (B \*] (5" — o
m.=T[(|—2-§L"——6"—V‘—') —(B) ](Pl pl)' (274)
where 5: and E;'hre the air cuchicr. pressure coefficients, dependent or , ]

the hecling angle T‘Of the nozzle installation relative to thco support d ;
surface.,
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S1e Coveffrozents of Transverse otatic otability

Irn exawining the statility of air cushion vehicle, it is convenient
== in addition to the aimensionles:; roment coefficient mo= f(y) == {0 uge
the coefficient of the static stability of the nozzie installation, which

iz the derivative of the moment ceefficient with respect to the heeling
angle

e M

dy m.,

taken at the balance point of the eraft (2 ¥ o= 0).

Is#t us find an analytic cxpression for the coefficient mI of the ]
transverse static stability of & plane seotlionalizea nowile_installation. l
By insortine into hge (0740 the values of the coefficicras p¥ and p:' by 3
cqe. (215) and (219), taking the derivative with respect to angle y, and 1
making the necesgsary trarsformations, we derive an expressicn for the ]
orffizient of transverse static stability 4

Y __ ¢ o o) d } ]
mt=241(1- p) fll“k.'—f.'?‘) i ;
- kK g
.*. (l — P )(C_;ln k; — Cy -kl:)] , (275) 1
i 3
E
whe e 3
=3
: 1
Py ot enen s NV (1&. BE 4
1= (12 ) - ()] |
TS FRCSTU S B) 3 1O
G =he Tty vy W) ' :
P 20,8 [ (V) .“.’.h/BC_OS£‘{! & \'-1‘.)_!. 1
Co= =777 " ml - sy )Eeosyy '
’ S sy cosimy — ¥ — Wlcos ¥y |
LI NIRRT Y VY 7
S Bl g /B cos (4, — - lh’.l_ ;
T T T (i sy aosyy :
The cofficients b;, ﬁr, ki, k. kf, ann k;' arc determined by kqs. (213),
(219), (v1%), (216), (221), and (220), respectively, ]
;
22y ;




tq. (27%) is a gencral expression enabling us to determine the coeffi-
cient of tranaverse static stability of a noz:le installation with an
arbitrarily selected nouvle cnt=off,

Thiz forrula is real when¥ 1 ¥ =¥, 0 4nd (/’1 = Y-VI £ O,

In two particular cases when ¢, _y, y and ¢1 -‘V1 = =Y, vhen the

rut=off of one of the nozzles is assiymed the horizental position (parallel
to the support surface), £q. (?79) becomes meaningless since for the values
nf the sum of anples ¢, —y—V¢, Oandy,i y—1¢, -0, the value of the

coefficicent E* or Bf' becomes indeterminate,
This indeterminacy is expanded by the familiar L'Hopital's rule,

Settin,: the anglo\yi = 0, we can find the function m} = f(]) for a
nozzle installation with normal nozrle cut—-off, and udopting% -%, we
cap deternine mI = f(Y) for a nozzle installation with horizontal nozzle

cubt=nff,

For n novwle installation with normal nozzle cut=off (1“ = 0), the
formulas for mI, 5;, and Ef' remain the same [(279), (215), and (219)],

bt the cortfficients appearing in then are repluced with the following
expressionss

| o b I s By \?) .
s (0= a) ()] e
....- .__._l__._“' .o . —_—__l——_
ki=1+ sy, ) =l sin (4, —y)
| TR SO VI L S SR S UL Ml LI

- U TR/ RSTH Vi 8 2B ny !

SCIETYA L 9 _bl . sing, _':"l By, Vo

LENTE YT Vv ==y ('.'h:l.l-—-.ruri)"
R L L I TR L DI D PR
3 \'I.:q"‘ ! ‘ s - f/] te N \ Y ‘

For a novzle installation with horizontal nozzle cut=off @, =v,),
the lormulas for MI, Sf, and S?’ also remain unchanged [(275), (213), and

(?¥9)]. The coefficients appearing in them are determined by the following
expressions:
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€ =Cy= T . (279)
b N . 4_‘."_.1'_

'EEY o B s )

6= A 7 v Gy = h 1 .
(2 B sin y) s Y, (2 '3 tosmn \‘) cus i,y

The coefficient a ever in tne case of horicontul nozzle cut=off is
agetermined by Eq. (276).

If an air cushion vehicle with a4 noz:le installation provided with
horizontal nozzle cut~off (Y, = @,) is balanced horizontally (YS = 0)

relative to the support surface, bq. (27-) also loses meaning, since for
these angle values it becomes indeterminate, Let us find the expression
for the coefficient mI of" transverse static stability for this case.

Inserting into eq. (275) the values of the coefficients A,k ki, ke
K.y Ca €3 , and ¢ by kqs. (276) and (277) - (260), expanding

the resulti..- indeterminacies of the form 0/0 and 00 =00, and carrying out

the requisite transformutions, we et

m! = —2cA(l —p1), (281)
whe re 5,8 I h 1 sin g, b.] )
P 0 AN — — e e vl IS
€ = i) {l+slnqv, + 2 5 oSy T, )
—'.’;-',L'?(Hlmﬂ‘n):

;’1:1—‘-'

4 i3 u coefficient deteramined by ra. (276).

Forrula (281) expresscs the coefficient of transverse static stability
of air cushion vehicle (with nozzle installation provided with horizontal
nozzle cut-off) balanced horizontally relative to the support surface,
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Analysis of formula (”81) shows that there is an optimal elevation
h/B of the craft above the support surface at which the static stability
becomes the greatest. Equating the first derivative of function (281)
taken with respect to the independent variable h/B = 0, solving the resulting
equation for h/B, we get

(4 o L [2 o+ 28814
o O N Crrae N

dctermining the optimal eievation (h/B) of the craft for which the

0-"\
coefficient MI of the tranaverse static atability takes on the smallest

value,

In the radicand of kq. (”82), the second term is very smill compared
with tne first. Thus, in transport air cushion vehicles the flow=through
width b1 of the external nozzle usually does not exceed 2 percent of the

width B of the sectionalized nozzle installation, and the angles at which
these nozzles are placed @, = 30=-60", Therefore the ratio

(‘lb./B_cns-[,)‘ __ !2-0,02«'03 30°)3 ]

2
H

(l_ b8 \¢ (l__ 002 % 1000
msq,) ;;30’)

Therefore, without making an error that is noticcable in practice,
we can assume '

(27;ﬂnq0:;0.

and the optimal elevation of a craft, expressed by bky. (282), can be
represented as

( 2 )““" (1 & sing,) 2-. (283)

[onm = optimul]

Then the minimum coefficient of transverse static stability for which
there is the greatest degrece of stability is
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since when 4% 4%, the difference  9.¢psq, — i 0, and when

4% = 30=00°, this difference is only hundredths of the term 1/(b1/B) (when
|

b1/B £0.02, it is not more than 2 percent), we can assumie .., Y

\'-\“‘

then the minimum value of the coefficient of transverse static stabili g
when the craft is horivontal is

0274 = 256)
v P e |27 b (
(m‘)min - (I b osm ‘rl) bl/B (-’;L)qnm

where A is g corfficient determined by Eq. (276).

From &g, (282) it follows that the optimal clevation (h/B),,, at
which therc i3 the greatest static stability for a craft in the horizontal
position is exprecssed only in terms of tne flow=through width b1/B of the
external nozzles and the angle ¢1 of their inclination and is independent

of the stability nozzle placement in the nozzle installation, determined
by the parameter BZ/B'

These coefficients of transverse ctatic stability are given with
respect to the angle Yy, expressed in radians. The coefficient m{ has

-1
the dimension rad . In practical calculations it is convenient also to
use the cocfficient of tranaverse static stability m! related to the

hecling angle of 1%, These coefficients are related with each other by
the equality . m! and has the dimension deg .
My = Ep
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Tne absolute value of the coefficlent mxT characterizes the static

stability (or instability) of an air cushion vehicle., The conditions of
static stability on air cushion vehicle arc expressed by the inequality
mI &0, the condition of static instability == by the function mI >0,

and the vondition of ncutrality == by the equality m¥ = 0.

5d. Ml ing Angtles
ancy acted on by cxternal moments, an air cushion vehicle heels, If
in a heelyn: craft the required restoring moment is induced in the air

ushion, tne craft balances at some angle Y relative to the support
surface. Let us determine the balancing angle, one of the moat important
clements in the acrodynanic calculation of this craft.

For equilibrium of a craft relative to the heeling angle, it is neces=
sury that

m, -m, 0O (287)

[ Y

vince the coefficient of the sum of external moments is

Al

o '  yhere Gy
BSH, Moz 5

m, =

and the toment coefficient m o is determined by i, (¢12), ©q. (287) can be

represented an

P S ¥ | z S <. —
Y LAm —_— . 288
m, = - H(i: 9 B N ("l P ) ( )

Ir this equation p;, i (v). p° f: (V) ¢ww f[r1(y). The sum of the

external moments 2145 in the ;vneral cause is also u function of the heeling
angle. To find the dependence of the balancing angle on the moments acting
on the craft, in explicit form, coec not appear possible owing to the
complexity of their determining equations. Bq. (288) can be solved for

the angle 'Tby the method of successive approximations,

For cases when the mement of external forces is independent of the
heeling angle or depends so weakly that this function can be neglected,
the balancing angle can be estimated in explicit form., For an approximate
nolution, let us simplify Eq. (288) with respect to this angle.




» : Analysis of  Eqs. (215) and (219) shows that as the angle y is
i increased, the air cushion pressure coctficient p? for the lowered side

increases, while the coefficient B:' for the elevated side becomes smaller.

- Thege increments are approximately identical in magnitude, but different
t in sign. If we assume p; —p, -z p,  pi° , where p, is the air cushion

d : pressure coefficient when %= 0, then

g =2 ). (289)

B

let us introduce yet another usimplification dealing with the air
cushion presaure coefficient pf.  The variation in this coefficient when

acted on by heeling of the no.zle installution is dictated by the change

in the oleviation of the nozzle as well as in the air jet exit angle relative
to the support surface. Let us estimate the extent of the effect these
factors have on the pressure coefficient 5{. The contribution introduced

by varying only the jet exit noczle into the gencral increment of coefli-
cient Bf. caused by varying the heeling angle, can be expressed by the

relationship

(x . '.‘l;luk:,! (0 _c-‘.‘klhlnk_,h)

f’; - _p;h ¥ ’ —————, (290)

£l mo O b s
m=n A LT Tt ',)

B wec abdiamme

where ;f is the air cushion pressure coefficient of the external nozzle of

the heelin;: nozzle installation, with reference to the variation in the

nozzle elevation and in the jet exit angle; B:h is the air cushion pressure

coefficient of the external novzle of a heeling nozzle installation, with |
reference only to variation in the novzie elevation; §1 is the air cushion

pressure coefficient of the external nozzle when the nozzle installation
is in the horizontal position (T' 0):

1« s cosyy .

|
kin = N

.« 2b,/8 sin (4, — %)
k=14 2h/B = sin y cos§, °

ky» k,y k¥, and k¥ are coefficients determined by kgs. (209), (210), (21y),
E and (216), respectively.

i
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Calculations show that the main factor determining the c¢ffect of heeling
on the cocfficient p* is the nozzle elevation., The effect of the jet exit

s noszzle in manifested relative!y weakly, For (.-xamp_l(., for a nozzle installa-
tion with parameters p /B 00i, ¢, 45, ¢, Oh'B 0.05 ana T- 2%, the S

proportion of the increment caused by varying only the jet exit nouzle when

the inatallation is heeling, p; —p,, wnile the proportion of the
ST 0,01,

[ P

increment produced by varying only the nozile elevation height is

- L]
[
g PP 099,
PPy
i o - . X . £ th
Thus, we can assume the following dapproximate expressions of the
pressure coefficient for nozvle installations:

with oblique nozzle cut=offs (% £0)

o (L sn i) cos ¥,

e 20,/8 sin (4~ ¥) TTan e = %) i
e R e R 5 ()

with norizontal noucle cut=offs (@ -= ]%)

' L -;\'

p; S ST Ty ‘ (292)

let us make one more assumption. analysis of Eq. (246) ana its
component terms shows that in the actually observeu ranges of variation
in the flow.~-through width of external and internal rn. les (b1/B - b2/B 3

0.005 = 0.,02), their angles of incliination (@, = ¢, - 50-60°), the
stability nozzle placement (BZ/B = 0.2=0.8), and the craft eievation

(r/B = 0=0.03), a variation in the hecliny angle has a relatively weak
effect on the 1lift coefficient CW nf" tne nozzle installation: deviations

do not exceed ¢ 5 percent of the lift coefficient Cy of the horizontally

arrangrd nozzle installation. Therefore, we can assume that the coeffi-
cient cb’Y does not depend on the heeling angle. Then for the case of -

oblique nozzle cut=off

AN e
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f’smn4 Sap:
and in the case of horicsontal no:ile cut=off

- 2¢08%qy — | V£L_) o
Cy=ld(l = "|IQA .sllr'?.- 2b,/h,

- L2008, - | pi-pm
+Fall +5 T, 2 hy

4+ Sip + Sipee

Heplacing . zq. (#BH) tne differcnce in coefficients p* - py* with
their approximately values by a. (<89), with reference to ¢y ¢, and
using kEgo. (£97) and (292), we set:

for u nozzle installation with oblique nozzle cut=off

o (1+13in ®,) cos ¥,

S CRDRE 70 SRR TR 11}
P = "[ TomB~smy  cosg

p (293)

for 1 nozzle installation with horisontal no=zzle cut-off

2%%([&““9)
2 iH cany 2 my (294)
. R
p=1—c¢ Sy
B

solving Eqs. (295) and (294) for the angley, we get the following
for a noz:le installation with cblique nozzle cut-off

<00
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b| . _s_'m (q\l - *l)

9 2N
: B cos ¥y
yo=—aresin |2+ I e | (295)
1 ( | m— ,—7_,.) Tl +sing,)cos V-)
where
o= (296)
‘ 5
‘8BS
dlid

(- rngdees®
Tante, — €

Iy . beB e eni
Pn-l";l T T hwm (R TR

for a noz.le installation witn horisontal novele cut=off

inl2 ho, A, BL‘_" sin ‘h)-l
Vo = arcsin|2 - =

(297)

where

(]
-2 ~ (1l ¢ sinyy)
P {Lr siny,

blzl-t' f

let s determine mg by nq. (-96).

The ~oefficient of tne momert of erternal forces appearing in Eq. (296)

Vg, ru}: M,

—_ —— -,
L AN 8G,

By baae (29%9) wnd (Y7) we can determine, in approximite terms, the
balancin,: angtle of an air cushion venicle with sectionalived nouvzle
installation if the overall moment of external forcesiamc is assumed
to be independent of heelin,. angle I-
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“e avecctynanis Characteristios of Heelin, Cectionalived Roscle Installa-

‘ron

let v deterrine the offect that the heeling: ancle hag on acrodyniamic
characteriotics of 4 plane sectionalized nocole installation consisting
of o sy le=contour annular noosle with two internal longritudinal stability
noccdes (Fig. 19 ), fer different stavility nozele placeoent and different
vaevation of tue craft andove the support surface,

The 1low=throueh widths of tie xternal anc internal noccles, the
anples of thedr peneratrix inclinations, an th ir cut=off angles will be
acoumed to be identical:b,/B - b./B = 0,01, ¢, ¢,  45’and Yy oo s o= 45%

we will vary the placement of the internal nouzles within the limits from
f‘,‘/‘d =~ 0,7 to n.n | - _2"1'" 097y that i, to the position at which

‘ B sy, DEASE

the intero 1l nocvles are in contact with the (ryternal, forming- a single=
contour nos,le instel owtion,  We will vary tee hesling angle within the
iirits y = U= 300, sad the clevatiop of thee craft abave the suppozt

surface == within ¢ limite #/8 = 0=0.0%,

wpecifying the angle y te take or different vaiues for discrete
viluos of parameters B /5 and h/I, let ws calenlate the uir cushion pres=

cupe coeftficient and the oischarge coctficient of a nozzle installation,
and thern let aa find the it coefficicents, the restoring moment, and the
transverce static stability,

Alr -ushior pregsgsure coefficients, In une case when the nezzle
installaticn is horizontal rolntive to the support surface (y= 0), the
air cusnt n opressure coefficient bLotl for tne external iis well as the
interral nowzles are independent of the stability novzle placement and
are dotoriined by the flow=throu,-h width of the nozzle, the angle of
inclinatior of ite peneratrix, ana tne elevation of the nozvle installation
above e support surface,

Heeiing of the noovie instaiiation lescs tro i rise in the air cushion
pressure coefficient p* of the external nozzle of the lowered side and

they drop in the pressure cos fficient p#* of the coxternal nozzle of the

elevatea side (Fig. 197). Tiis is caused by variation toth in the eleva= J
tion of the nozzle cut=offs »n welil a5 in the air jet exit angle relative 3

to the support surface. The position of the stability nozzles, defined
by the param-ter BZ/B here has nc eoffcct on the pressure coefficients pf

.

and pr* of the exiernal noicles.

The pregsare coefficients p* anc p;" for tne internal nouz.les
' &

(atabilits wozzles) as functions of the heeling angle, when they are in
different »l :cement arran ements in tne nozzle installution and for
different elevations of tac supnort surfzce, are shown in Mig. 158,

T E——

<39




Fig. 150, Calculation scheme of section-
alized nozzle installation with horiczontal
nozzie cut-off for small heeling angles

shen tne rozzle installation is heeling, tne pressure coefficient p5

increase:. und at the moment when a siue of the nozsie installation touches
the support surface, determined by tne limiting value of the heeling angle
Vap © arcsinh B,has the maximum valuc: 5; = 1. The coefficient pg' expressing

the pressure at the elevated side necreases with increase in angle

Shifting the internal nowslen toward the side of the longitudinal
axis of tne nozwle installation, that is, roducing tne values of the
parameter BQ/B for the same angle Y leads to some decre :se in the coeffi-
cient p* and an increase in the coefficient pg'. This is becauge as the

'e
parameter B./B is reduced, the .t=off of the internal nozzle on the

lowered siae is at greater distances {ros the support surface, the effect
of ground proximity on jet iischarye is an<tenuated, and the coefficient p5

becomes smaller, The cut=off of ine internal ncouale on the elevated side,
ronversely, approaches the gupport surface a3 the value 32/3 is reduced,

whicr. then leads to a rise in the coefficient p;’. The effect of the
parameter 3 /B on the coefficirnts »* and p4* is tne more marked, the
s ‘.

higher the elevation h/B of the no..le installation of the support surface.
This offect shows up to greater extent in the pressure coefficient pg*

of the olevated side,

Discnarge coefficients, when the novulie installation is horizontal,
the discharge cuefficients of the external and internal nozzles, as well
as the air cushion presgsurc coefficients, are independent of the stability
nozzle placement in the nozzle instullation. As the angle of heeling 7y is
increased, the discharge coefficient CX{ of the external nozzle at the
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Fige 'H7.  Alr cushion presaure Fige. 198, Air cushicn pressure
coefficient of external no:zles coefficients of internal nozzles
as fanctions of heceling angle of as functicns of heeling angle of
plane se-tionalived norvule instal- plane sectionalized nozzle instal=
lation for different clevations lation for different elevations
abuve support surface: above support surface and differ-
a and b == for lowcred and elcevateqg «nt nozele placements in the
rozzles, respectively nozvzle installation:

a and b == for lowered and elevatea
nozzles, respectively

lowerec side becores snaller ant that tne moment e nonzle installation
touches tne suppert surface with its uide, determined by the limiting
value of the heeling argle v . arcsin 2k/B, becomes equal to zero (Fig. 199).

The diacharpe coefficienti!f’ of tne (riernal nozzle at the elevated side,

with increase in the angle Y, riges, and does so more rapidly, the smaller
the elevation h/B of the nouzle installation abvove the support surface.

The viriatior in itne total dischargv coefficient aq of cxternal

novzles as functions of the heeling: angle Y for different e¢levations h/B
of the nozzle installation, are also shown in Fig. 19Y9. This coefficie::t
pertains to the overall flow=through arca of the external nozzles. As
applied to this particular ncszzle installation, by ©g. (252) we have
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: Figre 159,  Discharge ceeffiraaents of externsl nowcles
. ar functions of heelin: anrle of plane sectionalived
{ roscle installation for aifferent clevations above
s support surface (@, = 4% 0,/B = 0,01)

Fige 160. Dincnar, e co 1 1ents of internal
nozzles as functions of redc ling angle of plane
sectionalived nozule irsiallation for aifferent
elevatiors above support turiace (¢7 = 47);

a == wnen 82/B = C.6
b == when BZ/B = var
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Hedlitgr of g plane no.sle arstal bation, with its elevatior from the
cupport. n cface kept constant (b2 onst), leadas Lo oo reduction in the
totn] ditcnariy coeUi ient Of, of tie o ternal nowslea, Fip 160 show:
]

Rl aan oy o

tne of vt that the heelans angle , b on Lae alachngge -'m_'fﬁ":iontsa;
and X ** g oon the total ajucharse oot Uisientoe of the internal noziles
for the specified position in the nrv..e¢ nctallation (B,//b = 0.6) and

for different elevation n/l above tne suppoert suria <, The coefficient
O, in piven with regpect to the overall flow=throupn area of the internal

nowzlen ang is detercinceg by the ormusa

e e it e e e et g

1
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et Y rent e X ane X0t et ey ey e coe ciensy, “2' i
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1 gent XS0 o e dinteral one o e o wn b rten G 1o ey as the ?
angtle ot b Jing 10 made e e, e renilarity an varsistion of the
4 evorall oo fieient & o f o Jatere gl o oooanon function of angle
rd:f!l e trom the pattern of varitadt: o Dot coeflicient A, of the
] evtorenl noseless with Inereaciry oo T She el icnt & decreuses i
- [4
;
4 only f-r relutively lourye o tevanyone Ty widle 1L osmall variations %
' (/B 0D, tne con £ ne X 1 oane. o0 L angle T is rade larger.
i paattorn of variatioe ano L pocnneys wificdents 0(1 nr.dO(? |
aln A Surctaan of e oyt arcle Y N0t varedie intlience of tne :
upport caelace ol corpress ore “aoeviting from ot external i
iy intereal nesties, oo . . viatton heels by sowme angrle
F, Lhe procsing v o U tne soope s surthee on the air jet escapirng
ron fne o et rnal o oo e W e oW up tooa creater extent
than on v et exitang Dot oy Creoon tne sane side, sirnce
. the 1irear displacements ot *re ot o0t L novzles are ayfferents
the external rozule ir closer ' apport surfaze ttan tne internul, ,‘
Jo the coefficiernt OCF of the 0. novaie on the dowered side
gecrearer sepe abruptly with vartation in o tne argle Y coepared witn the
coeffi-ient X* of the tnterna! necole o on osne sace sice (ef, PMios. 159 and
[
1H( ) W' Lhe same ity o fte ol cate ! i wne externa ard internal 1
rozzles ure ut relatively greater dictunce from tne support eurface, the
compreasing wetion of the surtiace cr tae air jetr shows up lest strongly,
and the drncrements in tue o 50 jens, OV o ox 5' vary little with
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Fig. 167, Towal discharee

coefficient of plane sectioralized

novcle instaullution as functions

of heeling angle for different

elevations above suppert surface

and different stability nouzle
placement

change in angley. Fig. 160 alse shows the «ffect of stability nozzle
position, determined by parameter bz/b‘. on the overall discnarge coefficient

., of tne internal nozvles.
<«

The total discharge coefficient € ol the nozzle instullation as func=
tions of nceling angle for different clevatioreand for different stability
nozvle nlucements is shown in Fig., 161,  As applied to tris installation,

2w (al ol Faltol)

AS we can gee, necling of a plare sectionalived noczle ingtallation
reduces the total discharye croofficaent. rFor the same flow=through width
of the e¢xternal and internal nociles (b, = b,) and identical angles of

inclination ol their pgeneratirices (cp.t - ‘Pz)’ A4 variation in the placement

of the internal nozzlea in thc norssle installation, that is, in the para-
me ter B,,/B, weakly affects the aischarpre ccefficient &, Lven in the case

when the nozzle installation heels by trc maximum angle T"/’ fnp- maximum]

at which one of the edyes of the nouile installation tcuches the support
surface, the difference ir the discharjc coefficients Oc when the stability
nozzles are displaed in the range from 132/13 s 0,977 to Bz/B = 0,2 does not

oxceed ~ 6 percent £ r all the elevations h/B considered,
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Figse o0 Compornents of 1ife

coefficient of air cushion

acting at the external botton

sections au functions of the

heeling angle o!f the planc

gectionalized no:zle installution
(142/3 = 0.6)s

a == for loweree nozole
b == for elevated nozzle

Lift coefficients. The heelin, ancle of 4 plane sectiocnalized
no:zle installation affects the components of the lift coefficient due
to reaction forces of air jets c¢xitin: r'rom the external nozzles. Annlysis
shows that a rise in tuc ﬂnﬁlv‘T I dues the components c;p ; and increases

the component c;s 3 of the lift in all tre clevations h/B of interest.

This is bccause with increasc in the hecling of the nozzle installation
the support surface exerts s varying compressive action on the air Jets
exiting from the lowered and clevated oaxternul nozzles. As the result,
the volume flow of air in the no:wies or the lowered side becomes less,
while it increases in the nozzles on the elevated gide, rcflected in a

chanme in the momentum of the jets and tne reaction forces they produce.

For 4 nozzle on the lowered side, a rise in the angle Y increases the
componcnta c;c y» ¥hile it reduces the component c;: 4 == for a nozzle on

the elevated side., This pattern of variation in thege coefficients results
from the aerodynamic effect that sround proximity excrtis, evidenced in a
rise in the excess preasure forces in the nozole cut=off pliane as the
distance between the nozade ang the aapport sneface Qo pedaeed,
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Lith incrense in the amle 7} coefficjent c* , for the external
I ype
1 no.7le on the lowered side initially is reduced, and then reaches its

minimum, and further increases, while the coefficient c;;c 1 for the

external norzle on the elevited side increases throughout the entire rang:

of angles T . This pattern of variation in the coefficients C;pc 1 and
| Gl is duc to the different values of the increments in the pressure
ype
[ forces art in the jet reaction forces wnen they are lirnesar and apgular

=

displacements of the external now:les under the effect of variation in
f the angile -

Heo lang: of the nozole installation has practically no effect on the

coelficient ”'p. o The coefficient v:;w .. 1ncre sses suvnewhat as the
y\l Lo e

angle of heelingr becows s greater,

Fun-tions of the quoffj'ionu,-;l nm ~;; . of the lifrY reduced by
tne excess alr cushbion pregssure over oo botiom sectiong lying botween
the ey ternal and interna! no..les are chown an Figee 162, These functions
were calculated by Bqo. (090) and (b)) for one of tre stability nozzle

i, positions (5,/B = 0.0), The 1ift oo ¢fic1ents (‘;'n , and c\'f:l , are mainly pre-=
1 «

teternin ¢ by the air cushicr pressure coeffizicnts pg and 5{', therefore

Y

cven the pattern of variation in tre it coefficients as o function of
angle y and elevation h/8 remains approxamnately the same as for the air
cushion pressure cocfficientsc: witn increase in the uangle y’, the coeffi-

~ient J;n . riges, wiile the cocfficient o;; y decreages h/B for all the

elevations ~onsiderec,

The jressure coefficients p o appearinge in tq. (¢9%4), under tne aaopted
* assumprion tnat the air cushion pressuwe is independent of the heeling
anple for vottom sections bounaeo by tre internal nosvtles, was calculated

bascd on L averape elevation 4yt e e fore the coefficient cyn ., also
<

is independent of the neelings anybe and 35 deteruined only by this eleva-
] tion. i snown by calculations, tanico account of the variation in the

¢
preasur« coefficients 55 and p;' a5 a function of the angle Y introduces

practicaliy no chanpes in the ond resits of determining the total conffi- 5
cients “yn ,% the difference ir tie - «fficients dees not exceed A~ 2 percent

of Cyn ., desermined with reference to variation in the angtle T
4
The 1ift components acting at the nouele cut=offs und over the external
ana internal sections of the nozzle installiation bottorm as functions of
the heeling angle for a specified stability nosile position (B?/B = 0.6)

and different elevations h/B of the nozzle inatallation above the support
surface arc shown in Fig. 164, These coefficients were determined by the

formulaus 0 I . v . .
f,,,‘- 1= Cy‘“( ! *- C””‘ b c’f“ = c,l’" 2 *_ CHN '.': CU'II — cyu ! + c;n 1e

4l
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Fig. 163, Lift coefficient compo=
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Fig. 164. Lift coefficient of

hecling ungle of plane sectionalized

nozzle installation for different

clevations asbove the support surface

nna for different stability nozzle
nlacement:

¢ == B,/B = 0.2

b == B,/B = 0.4
g == B2/B = 0.6
4 == B /8= 0.8
¢ == B,/B = 0.972
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In #ige 163 we can sce that heclirg of the nozcale installation
increases the lift coeffi-ients ¢ ,ound ¢ acting at the cut-offs

yp. ype «

of both the external and the internal noocles.  The sonllest value of

these coet'ficients oceurs when the nos e installiation 1n horjzontal

(r = 0) for all ita elevationa above the jround surface in the range covered,
Thiz is duce to the face that as the angle is increased, the resultant of
the pressure forces and the jet reactions acting at one of the nozzle
croas=gections always makes up for the decrease in the resultant force
wcting at the nozzle cut-off on the opposite side.

In this same graph we can sce tre coffect thut tne heeling angle has
on the 11, coefficients “yn 1 acting over the bottom sections lying

between the external ang internml no-wles,  For small elevations h/B heeling
of the no::le installation leads o o aecresse in the coefficient c§n 1

For an elevation h/B = 0,0, a variation in the angle Y relatively weakly

affocts te coefficients “yn Lo bor relatively large eolevations (h/B:; 0.3),

teeling of the neczle inatallation leads to an inerease in the lift, This
patiern of variation in the function 1" f(y, h/8) is poverned by the

RAL

pattern of variation in the coeftficients o and B?' ~1" the air cushion
i

e 42

proaquced by the external novvies: with increase in the heecling angle‘r for
small elev .tiona, the ccefficient fre aecreases faster for the elevated

side than the coefficient 5; or. the lowered side decreases, while for
iarge elevations, conversely, the cocfficient ﬁf* decreases more gslowly ]

than the coefficient ﬁ? increases.,

Henults of determining the dependence of the total liftv coefficient ;
vy of u plane sectionalized norzvle installation on the heeling angle Y’for i

/1

different stability nozule placem nts ¥ /B3 and different elevations h/B

«

above the support! surface are snowr i, 164,

AS we can gee, when tre novcie installation is horizontal (7’- 0),
we have extremal values »f the 1ift cocfficient, For small clevations
and for the horizontal position of the nosvzle installation, a lift maximum
in observed, Heeling of the rozcle iratallation st these elevations .
leads to a marked drop in the 1ift., .. relatuively large clevations h/B,
converscly, the smallcct value of the -oefficient Py occurs when the angle

Y~ 0. In this case hecling of the rozzle installation is accompanied .
by an increase in the coefficient ry’ that is, by an irncre .se in the 1ift. ]

, caused by

the pressure forces at the cut-offs of the external nozzlcs and the air %
jet reactions as functions of heeling angle for a noz:le installation ]
ureshown in Fig. 165, These functions were calculated by Eq. (269).

Cocfficients of moments. The moment coefficient mxp
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Figy. 16%. Components of moment

coefficiernt as functions of the

heeling; angle of the plane

sectionalived noszle instullution
(BZ/B - 0.6)

From the graph we gsee that heeling of tie nozzle installation caused a
tipping moment and onc that is the larger, thc greater the elevation h/B,
though of itself the value of this moment is very slight. The appearance
of the tipping (positive) moment is caused by the fact that as the angle
Y is increascd the 1ift of the external nozzle on the lowered side becomes
less, while the lift of the cxternal no.ile on the elevated side becomes
greater. This effect results from tne uction of the air jet reaction,
which i3 the greater, the farther tnc nounle is from the support surface.

Fir. 164 presents in graphical form also the results of calculations
based on £q. (270) of the moment coeffirient m. . » 88 functions of heeling

pe <
angrle y . As we can sce, heeliny of the rouzle installation cau.es v
tipping moment to be induced for all tne stability nozzle placements
B.,/B and ull clevations h/B of the no.le installation above the support

surface considered, Shifting the stability nozzles in the direction
toward the external nozzles, that is, increasings the parameter B?/B, leads

to a rise in the coefficient of tipping moment n The lurgest value

xpc 2°
of the cocfficient mxpc 2 is reached when BZ/B = 0,972, when the stability

nozzles directly abut the exiernal noz:les. The value of the coefficient
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My i6be o Scefiacient o transverse
SHLY o Stablaaly, of 4 planc gectionalised
F- novzle 1nstallation o funcstions of
L eeviclion atove e #apport surface
for aiffersnt iatailly nosste placencnt

(l)1’ }’ = k‘“/'}‘. 23 ). ) g (;‘ [ 4" = /:‘ 5

; A 20 TR Y& = 0)

i very swall:s 1t 17 apprexitat @ ocone oster of magnituge smaller

— .
than the -cefficient m cYor tne veerrgl o pevelesd,
Yoo
The moment ecoefficient o . oas Cunotions of tne angle T calculated
v

by sa. (7)), 18 also pfiven dn Fee o, foom woence we can sce that
heelings of the nozzle instailation nese s a restoring (negative) moment,

tngu ced by the excess alr ~unnion o ireoaver tne bottom sections ;
vounded by the external oo tes e o ‘abality ne vleg, 4t the distance

vetween tne scability roovien ar o “ornal nosodcs isoincreased, that 3

is, with tecrease in fre i , e coefficient of the restoring i

momenRt rises,
" ]

The coofficient ot *n e 9 oo 1 e Nt @ o= M i

X xpe 1 i

" mY.P ok "’n ce Ny cooparing coe ERTE Y Lo my, . ) , 1

D . « v TR e . g W )
Plhmt [y (1), s WO AN foe tuat AR e 1 ans nxpu . taken 4

together are tweo=three orders sma'ler than e values of the moment -

coefficicnt mxn 1 for the «rtire range of varistion in the heeliny ungles

"t .
(Wr' N=?"30' ) and stability wosnl slacements (& /b e G.7=C.8), For
. : ¢ L ,
example, for the cane b o 00 v, Y voand e 0.8, the ratio of ]

thege coetfficients is

s R e i e
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that is, the sunm of the mamentg incucced by the ontflow
extornal and internal noozles docs ret exceed A~ perc o o e e fi-

cient of the moment induced by the action of the air w0 over the
hottom uections encloted between the se noivles,  wrte ac o e 10 both
the unfﬂ(-‘y 48 well as paraoeter H?/B, this ration o o vnt cocffa-

cients deorennes the faster,

Thercfore, we can neglect the moments inducea by e pronsure forees

at the cut=offa of the external and interna: novzles, ur sl inducen
X by the reactions »f air pets outflewing from trnese toHheo 0 0 Lia we can
assuric ‘rat the moment acting at tne no:vle installatyroo . whele is
cqual to the moment inaguced by the acticn of the air noverr the
pottam sections eneloged between the oxternal and internoi ooosvles, that
A L‘] m = [N .
3 'y a1
_ Coefficients »f transverse swntic Jtability. ©i. presents the
‘ coefficirnt m, of the static stabilit. of a plane sectrona10d nozzle

installation as a function of its clevation h/B above the _uppert surface,
for different stability noswle placements b,B in the nou. ¢ .nstallution
(e

for tne case when the craft in horivzonta. (Y‘ = N). These Cincticns were

deternincd by kBq. (/81) and are given with cespeos 000

Theretore, at the momert the «xatt 1ifte from v coope ot surface
and at very slight elevations tne raft is practica.ly noutra . This is
tecause that very smull elevasi ne (175 0.,03), heeliu ol the ~raft by
g0me anglec A( yields practicially ro Lrerement ir e acoent coefficient
jlm,' sinee for tnese elevations tne air ~ushion preacsure coof{ficient for

tne external nozzle on the lovwer o oo e (pr} as well ac for the external

nozzle on the elevated side (P¥#*) aetermining: the memerns coeficyent i

"

T

are practically identical (PFor prfa ') and lreir differen o i close

to zero (ef, Fig. 157).

Al

Beginning at the clevaticns h/B X 0,002=0.00%, s5titi “tanility
increases rapidly with increase in h/B and at some eleviting rcaches its
maximum, and then gradually decreases as clevation h/E s inorceased.  We
note that the optimal clevation (h/B) ,mof the craft at weioh the coeffis=
cient m takes on the smullest value is independent of the stability

nozzle placement in the noszlce installation determined 5y uhe purameter

M T
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B T Gl A6 gin e L T diie for o oo e kg 3




o g e b T - - T
R
L
"I
.
1
;
(%8) g . Y
i 0} L
a.0? ;
’ ¥
b
— e - e " H:‘-“
UJ +
)
1 Lo
]
o o g © R dael o
! 0 2009 001 2015 0./8 intl,.
Fieo 'ole Optimal (baecee on the Fie. Tos. Minimun coefficient ‘
3 O L, Ol LRe eTeseat S latlo 1 transverse static stability
atabilivy) elevation of povzle as functions of stabilivy §
inatallacion as functions of flow= novvle placement for different ]
throucth wiatt of externis) novsles flow=throuph wicth of external

tor dafterest anglog of noscle noszle (4)l 5 @,/ = /j'.o; V" = V’c‘ = ;
i ! dtinn Ye = L) »
it Janation (Yb ) """'(‘:Yf-())

e

. FE—

k.
Figso 109, Coe 7 jent of transverse static cwavilivy o f ]
planc sectionali-vo nazcle 1nstallation as functione of
clovation above suppory surtace tor different sual vy
nozele placement Vb, /8 - L/ B w501 - d” = 4,0
\y- - \U ” 4;‘.0 ) ‘ 1
4 == wnen e 20! {1 |
b == when 7‘- ' 3
(").' j




B,/B and is a function only of the flow=through width of the cxternal

novzles and their angle of inc]ination@'.

For this position of the craft reclative to the support surface
(¥4 = 0), this optima) clevation can be found by 3. (28%), and the
minimum cocfficient of transverse static stability corresponding to this
clevation can be found by kq. (286),

The optimal elevation (h/B)Olu of u craft whern it 1. norizontal,
with respect to the support surface ir calculated as a funo tion of tne
relative flow=throu;h width hl/B of u noszle for aifferen angles of

eneratriy inclination ¢1 by kq. (/n5) and i8  prescrntes in Fig. 1o/,
The pattern of variation in ainirum values of the coefficient of tranaverse

static stability (m}o)min, ug a function of the stavility noucle place=
ment BB/B for different flow=through width (b1/B),,n ol nur.les and for

. . ) o .
u constant angle of inclination @= 4% is clear from an inspection of
the curves in Fig. 108, plotted by nq. (296).

The placement of the stability nozoles (cf. Figs., 100 une 168) strongly
affects the static stability of u craft, aAs the paramcter v /b is varied

- < 0
from O,H to 0.6, the coefficient m! increases neunrly L, 1 tucior of two.

The clouser the gtability nozules lic to the eiametral piane ol the craflt,
the ¢reater astability an air cushion vehicle exhibits,  However, 4 decrease
in the parameter BP/B leads to u reduction in the craft Tife.

. . . NP >
Pijse 169 w and b pregent the functions of the cocfticient mI‘ of the

transverse static sLuRility of 1 nozzle installation (baisncei at heeliny
anples Vs 0" ane 1), caleulated by bBgs, (275), (276), ana (277) = (260).

In the same figure a dashed linc shows the raximum elevation h/B =(ain YS)/Z
for which the nov:ile instaliation toucher thne support surface with an edge of
an external nozzle for n specificy talancing anple,

A3 we can see, ag the balancing angle ig increasea, the static stabi=
Jity craft hecomes less, and the optimal relative elevation (h/BL,"iuL
which tho sntatic stability is the preatest in this case risce somewhat,

In the zone of ejevations (h/!) utove the support surtace of practical
interest, the static stabilily of the sectionalizea nozvle installadion
increnes with decrease in the flow=through width (b,/b) of wne contour

rozzle for unchanged elevation (h/B). ‘The pattern of the ~nange in this
function is graphically shown in Fi;. 170 for a no.ule inctallation
bularced in the herizontal position (yy = 0), where the family of curves
m?  F(m/B, h'B, ¢,) i5 plotted by Lq. (¢81) for the casc Q. = 459,

h3

p———"

Ty
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Figo 770, Coetfficient of trunsverse
#tatic stability as functions of
clevation of 4 piane sectionalized
noz.cle installation for different
flow=througth widths of external
noz:le ((p1 = 459 82/!1 = 0.6;

the envelope is indicatee with
dachea line)

BZ/B = 0,6 and dif{erent flow=thr u,t wicdths of the contoured nozzle
(b,/B = 0,005 = 0,025),
#ith unchanged relative ojevation of the ro-v .- installation abgve

the support surface (h/B = 0.00), & acorcase in tue flow=through width of
the nowecle from b1/B = 0.02 to b./1 = 0,71, that iu, by a factor of two,

reduces the coefficient of trarncverse -sitatie stavility from m}o = =0,0064
to m'{o = =0,0198, that ic, bty wore tnan o faetor of three, This pattern
of variation in the coefficient m!h 17 4 ai:e oy conasecquence of determining

the coefficient of transverve stuatyl  otabilaty, which is lim Amy

Y »0 ‘.A\'— L

piven for a heeling argle of 17,
Let us explain this situation, Heeling: of noczle installation differ-
in;s only in the flow=through width o 4 contour noxzzle (by and by ) for
()
identical clevation (h = const) by some angle AT’ for example, by 1°,

yields identical vertical displacements h* and h*® of the exit edge of
the nozzles relative to the support surface {Fig. 171). For this
cyample, we have
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Fiyo V1. PFor determinirg the coefficients of
transverae stutic stability i nozrele inctallations
with small and lurse {low=through widtha of contour
no.cle:
a == range of variation in parameter b/h when the
angle of heeling 1© applies to a small nouzle
h == a3 above, for a lar;e nozzlc

he h wi? 001746
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H i i 002 — == = 0,01127
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t llere the parameterc b/h* and o/0.%¢ will have cnaller values for a
now:zle installation with small flow=through nozzle width than for a nozzle
installation with large width, Thus, for a noszle installation with small
flow=through width




by 00r
T hYyB T 002878 T B, 448,

by
Re

For oo nossle inatallation with larpge flow=throush wiath, we have

b 1B 00

Wk ome b
by bl 02 o=
ne o ohl o 00b12T LiTH
and
/ 0,02 .
116 — IMI“ o ) ’_.0.‘)96

hee TRl 0.025.’3

Tre air cushion preasure ana the oefficient 5 are determined by
the parareter b/h, Therefore, for a nozzle installation with 8:4ll nozu
flow=throash width, the difference in the pressure coefficients p¥ - p#
for the lowered and clevated sides will be greater than for a nozule
inotallation with largme flow=throu b width, The coefficient of the
moment acting in the nir cushion is feund by kq. (27¢) as a direct funce
tion of tne difference p* = F#r therefore the cocfficient of transverse
static stubility for a rovule installation with small flow=throuyh width
will alro be greater,

Actunlly, for a poszle installation with suall novile flow=through
width (bM/P = 0.01), the coefficient is

A, i) 0.073-0.257
e T L) SOROBT 018,

e Amy
& =

m) =

whe re

! by 12 B, \)
Azs'(' 'meq)‘(ﬁ)J:

_ _| i (\l 200,12 (\'(‘-"J - 0.073.

o 45 ) '

Foroa nozzle installation with large (b6/B = 0,02) nozzle flow=

threugh wiath, the coefficicnt iy
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o v M- el) 0.0064 0,01
P —— e .

Ay foamie N et — ,10603,

whe re

f‘:—;r!(l g b1 )?7 (n,)ﬁ.

H (ovy K/
I 4 2002 ) x
' (1 cs 45 ) 0,65 00061,

O ot iereny

o1 the product of une
creloasea retween the

aren ol tne totton gection
contour 1oz Lo oard she gtability novole, by the are

wnter of thils bottom dection Lo
nnscle tnawllation.

st 15 0 qual to the distance fron the
the Cornritdinal axis of the

It «ther words, when the nosvle inatallation heels frowm the horivontal
(-n = 0) b some cxteracly asmall angle (Ar-r 0), the puttern of air

~wtfiow trem the contour noscle onto the shield varies digsimilarly for
noeeles with different flow=throush wictng,  also cnangeging: to differing
tejrees are the forces actin ipn the a.r cushion on tne novsle installa=
tion, gince aifferent values of the purameter h/,n, determinang the air
cuahion preasure and ultimately the coetfficient -0 trangverse static

stability, correspona to the same argular cnunpes AY’

correapondinge to cach elevation a/B in it opltiril contour nos
flow=throu:sh width (b/l*);,,. for which !

sele
coefficient of transverse static

Vit

gtability reaches a minimun, #itn decrease in the

~idth o/b, the relu=
tively optimal o coefficpent of

stas i o atability increager praqually, that
19, the ctelac stabitiity deteriorsinen,
ot s Tind the onvelope o ve ¥ 0 A 8
1] /”. l [’ ) [’ 0 .l.!!.' (‘I .
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Taking the derivative of this function with reapect to the variable
nUrALe o h1/l§ and here assuming that all the remainin: quantities are

conatant, woe et

1 ) o o B, \?
=7 ,_3(1 posing, =2 wstr,) ll - ( "’) J X
‘(-3)
b,/
' n o b . . '_. 777’- (' 4 sing,)
g — 2 g rsing) e =5
from whence
( by ) - kB . (298)
) onm '-’(l M “|)

The optimal flow=throurh wigth of the contour nozzle in 4 sectionalined
noecie anatallation at which the ~cefficient of transverse static stability
caken on the amalleat value far tne apecificed clevation h/’.i ang angle
4)1 of nosle yeneratrix inclination is determined by this approximate

vprension,
peplasinge in ng. '81) the relntive Clow=through width *'1/3 of the

ontour nes b with it optimal value ossed om b, (C9B), we get the
fellowing for the unknown cnvelope:

ey A — "'{.r - 0,0924,.¢,, (299)
whe e
B0
/‘.;":(\l— ! -‘m‘HtUS“) -(”)'
1oy I ,

Coi= TN wnyroms /B

o When the anple of inclination of the contour noz. le pencratrix is
497, kg, (299) becomes

v 0092 | Y 8,15
M= = BT (“'"”7 i ) ?(I_“'m W) ("h‘)

498
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Lranaverte static ctatality of o trangve rae tatie stability of a
pline o tionsliced nozzle answlon- plane cectiona e nossle ingtal-
tion s e functaon of arnternal ration v P Cane B /b = 0.6
noczle placenint (@, o= 0 ) , _ .
' A == retlon J1UL Increaning
A == theoretical reprion of ntatie stianility
Gteryrity o= oregicr 0! e preaaing dtability

Ho=s boundary Lo region of posst g
stutic stability

The cnvelope plotted from thiz cquation for # nozzle installation
with u piarameter @n 459 ant B./B = 0,6 ag shown an Fig. 170 with a dashed

iane.  The region bounded by the o ralnate axes 4and the envelope calculated
by ts. (V9%) is the vzone of theorctr al.y pogsible static stability of u
planc ge tronalivzed nosoe nntatlation, To each pornt lying within this
sotw thero corresponds the valies 0 .Y ana h/B, which can ve attained

by selecting g no 2le jrnotacaa 1 w0 n o oec1t e flow=throueh width
b,/B of tne contour nos ol

An the parameter Bo/B 16 requoen, tna' 1, sy the stability nozzles

are broupght zlogser to the longeitadanal asis o F the nowzle inastsllation,
any with the corregapontings in reasc o0 00 area of e bottom gections
enclosed vetween the contour noccoe o1 Wese noszles, the static stabi-
lity zope is enlargea (Fig. 172). «&nen tne stavility noscics are broupsht
cloger, forming a single peneral nocele with wiastn ..'b“, q 5 @, and the

Jetg exiting from this merging Lo 4 single contral jet, the gtatic
atability zone becomes greatest.  The boundury of this cone 15 conven=
tionally indicated with 4 aaghed curve B, calculoted on the assuzption

that }12/54 - ;’b?/B x coa@ 0.

N




Lt o ipspect e atatic atiabilhity cone of a sectional jeed nozzle
inntallution from another point of view., fet un plot in the coordinutes
h/HW und m" the envelope caleulatea by kg, (299), and also the curve of

minimum values of the trangverse suntic stability coefficient of a nozzle
inatallation, each point of which characterizes the greatest ntatic
stability for the correaponding no:zle flow=through width b /B (Fig. 175).

Thin curve plotted by kq. (86) will aivide the static atability
wone. Iln one section adjoining the coordinate axes, the gtatic stability
of 4 novcie inawwllation with a cpecifac 01/h increages with increase in

elovation 4/B and becomes the preatest at the pointy lying on the curve.
In the other section cnclosed between the envelope and the curve of
minimum m{ values, the static atability falla off for 8 piven b1/B.

Since an air cushbyorn venicle moat rave a specific regerve of static
atability, the gection ot the one bounded by the conrdinate axes and
the curve of minimum nI‘ values 1n wni h, ac notea ecarlier, the static

stability increasen with increase o elevatiorn is of interest.

Actually, the statie agtability cone of a gectionalilzed nogele instal-
lation will be even furtner restr.cted conparcd with the theoretical value
shown 1n ¥iee 17450 Thas redu tior an the stabili v vone will depend on
the desicr of the nozzle inatallation, tne uethoa of supplying air to it,
the deyree of uniformity of air supply totn alon, the perimeter of the
contour nouzle, a8 well ac the stabiiity nowzles, ana many other aerodynamic
and desiym conditions, The dimensions or the practical stability zone can
bc revised us the regult of experinental studies,

4. bExperimental Determinatiorn ot Charscteriavtics of SHtatic Stability
of a Gectionalised Novele Installation

To verify the swoan repulur: o cvpreasing the statie stability of
a gectionalized novzle initniintio o, o schematlc operatinrg ulr cushion
vehicle model was teated, The characteriatics were recorded on a special
stand equipped with tix-componunt aerotynamic balances ana a movable
shield. These balancen were ugsea o meassure tne forces and moments
induced by the air cughion. Variaticr in the hovering elevation of the
model above the shield and its heeliln - angle in the required ranges was
provided with the movable ashiela, -, - noaels the gupport surface and
is 5000 x 6000 mm in asive.

An operating modce! (Figs. 174 and 17° ), 2200 mm 1n lengsth, 1600 mm
wide, and 740 mm high, consisted of a platform ', 4 housing mounted on it
5, forminy in conjunction with the platforn a receiver 2, axial fan Y
with a rectifying device o, higr=frequency electric motor 7, inlet header
4, and raaial=annular aiffusor 8.
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. Five V4, Modeol ol an aar o aiiies wenon e win 4
S el ) et e e i ba sty j
The pantform Wit oo 0 2y vl e ettt e it in the ]
I form of o contour aos o T W Pt L odat Gaciy o 1wl perimeter
1 and two internal ne.vicg == stat.ity noasdea 9, Yaooodintance between
the oxit edpes of the externial waria 0 toe stabio o, noosles was 840 ma,
‘ that ig, 60 percent of tie wiatt 0 e nossle Lnstallation neasured with
respect to the externial oo HI T feols oo The olde gections
of the contour no.cie e - g > SO mm, whille e bow
1
] and stern secvlons Lo s L oow=rheo e ownaty b= o mm. . The flow=through
width of the stabllity no “ies wda. O o 0 ma, (1 ncooles had an inclina=- I
N .
tion ancle @= 4% . 4
E
A node]l UK=SM axial fan from cne "wail | dentrad Acro=Hydrodynamic
lnstitutu] way mounted on the modes,  Cne o dumpeller nag oa o dinneter of
61 mm, with a 276 mw hub, fittea witn cphe protfiles v wcn. The fan
fan gested on the shaft of o J=kw clectric motor.  ime nnyular gpeed of

the fan was variea snoothiy withan the cimits fror ) to n = 2800 rpm. |
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Fieo Y/, cchetmntic alr oushrer velriole wrtt sectionslived
noL cle anetallution:

== pi 'SR TS Uo== olectry o motor
. == e elver o=~ aiffuser
Comm N OUG iyt == usabit)ily nonzle
V== reader == teadmig™y openines
== {an o= aternal nousvile

too== rectifyin,: device

The header providea smootn dnie of the nar ot tne fan and gimul=
tancouwly aerved 49 a4 gevice for ooasuringe v volune fiow of air passing
through the model,  The daffus o recoveres part of the kinetic energy of
the air stream exrting from the ar g, LVertingg 1t anto static pressure
and feeairn,s wir in reaial gire tions,

To faing the vntters 0 2 g “robution over tne undersurface
of the nlatlform i tre o, ik . . toed with 0 omm diameter
recCeiIver openinget, arriaag e jton ot tiina gl ant two Lrangverse sections
(Figo Y10 ), were moontea b 4o . .t total opreassure in the

stroam of air entering the recciver wan seternined with total pressure
tuben inotalled 1n the exis of o ragias=annular ci1ffusor.  Four tubes
with ' mm diameter heads conre . comnon hose were installed for
vhe mes:urements,  In swadition, tne prooosare on the inner surface of the
receiver wan measured.

The volume flow of arr was twcasurea vasea on the pressure in the
hewder meanured at four arnaname onenings of ita connecting piece, The
discharee coefficient of thig header wan deterwined by calibration with
the fan operating.
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Fig. 176, Layout of arainav openings at mode] under
surface;

i = 5% =~ drainage openingn;

1 == left side;

Il = bow;

[1l == ripht aige

The housing of the model was maae of auralumir, and tne nozzle
installation was made of foam plastic ~onted with veneer., The £low=
through section of the nozzles win msde of wood and was polished.

Kesulte of measuring the pressure distribution alonpg tne bottom of
the nowu:le installation for the -ase when the noszie wags horizontal with
respect to the support surface (y = ). for different relative elevations
h/B, arc ahown in Fi:0 "0, where the pressure o fficients p are plotted
along the Y axis, that 15, the ratio of the excess pressure 4t a parti-
cular point in the surface of tie botton to the total pressure of the
uir atream in the receiver, and alony the X axis is plotted tie relative
distance x/L for the lonitudinai section, and the relative distance z/B
for the transverse section (x unu . are the coordinates of the particular
point; L and B are the length and width of the no:zle installation,
respectively).

For the elevation of the nozzle above the shield measured within
the limits h/B = 0-0.0286, the pressure was aistrjbuted virtually
uniformly both over the internal as well 88 the external sections of
the nozzle inatallation bottom and reached a maximum (p = 0.99), when the
model reated on the shield (h/B = 0), At relatively greater elevations,
the uniformity of presusure distribution deteriorates, and does so espe=
cially noticesbly over the external bottom sections adjoining the corners
of the model,
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Fig, 1768, Pressure distribution
alony the bottom of the noxzle
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The effect of model heeling on the pressure distribution cver the
bottom in the transverse section, with the elevation kept nw ~*uanged h/B =
0.0286, can be seen in Fig, '78. Measurements show that increasing the
heeling angle from yw 0 to Y- 2" has practically no effect on the pres~-
sure in the middle of the bottom bounded by the stability nozzles. At
the sam- time, the pressure risea over the external bottom sections, on
the lowered side, while it becomes less on the elevated side. This causes
& restoring moment to appear, acting on the model from the air cushion.

Measurement of the transverse moment induced in the air cushion when
ti.e model heels was made with the clevation above the shield varied from
h = 10 mm to h = 220 mm, that is, in the range h/B = 0.0071% = 0.157. The
transverse moment coefficient was calculated hy the formulu

M,
mg — “S”‘ ’

264




Figo 179, lMoment ~oefficicent as
furctions of the heeling angle
for different pelative elevation
of craft Wit cectionail.ed noolc
instailation

11 the transverse moment measured on aerodynamic balances;y B is

the width of the mode!l noxzle inctallation measur~d with regpect to the
exit eqpes of the contour nozzle outer walls; o is the area of the nozzle
installation measured with reapect to the exit edpes of the contour

noxsle cuter wallg; and Hr is the total pressure of the air stream arriving

ut the receiver.,

s an example, Fig. '79 presents the results of an experimental 1
determination of the dependence of the heeling moment coefficient m_ on

the angle Y for four characterintic clevations of the mo:el above the
shields h/B s 0,007 ia the unstavle toael pogition; h/H = (0.0214 is the
model in the neutral positiony n/B = 0,099] is tne highest static stability; g
and b/% & 0,143 in weak stutic stability.

For amall and moderate clevations (n/ B = 0,.06), the reudings on the ﬁ
serodynamic baldances meusuring the tranaversce moment for stable width - ]
Tnig guve 8 well=defineu repulurivy of the variation in the moment
M, a0 a function of elevation h/B and hecling anple Y . Witk further

increase in the elevation, noticeable fluctuations were obscrved in the
reasurcd moment from the mean, and the scatter of the experimental pointa
correspondinply became pgreater. At relatively large elevations (h/B 2 0.1),
these fluctuationa became appreciable, and the balanca  gave readings ‘
varisnble in sign, corresponding to transitions from a negative moment to ]
positive moment and back again, that is, from the stable model state to

the unstatle, The hovering regime of the moael at these elevations must

be regarded a8 in practice unstable, since in thig case an air cushion !
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atatic stability of model ol air

cushion ve:icle as functions of

relative elevation above support
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A == repion of unastable operation

B == repion of stuble operation
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vehicle in the free hovering repine woula touch the support surface with
ite side, A similar pattern of variatic. in the readings with increasing
elevation cccurred alaso for alcohol micromanometers used to measure the
air cushion pressure.

These effects are accounted f{or by the fuct that at relatively high
elevations of the model above the shield the air jets exiting from the
contour nowzle and the stability no-.vle¢ ".cated on the elevated side,
without yet reaching the shield, merging o a single, jet. The pressure
over the bottom section enclosed between these jets becores nonuniform
and pulsating, while the outflow of jets as a whele from the nozzle
inntallation is unatable with tame,

Hased on experimental functions m = f(]) for different elevations, ]
nimiic: Lo those presentea in Fig. 179, the coefficients m!’ of transverse ]

1tatin atsbility for a model balanced in the horizontal position (y7 = 0)
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were founa, Fig. 180 presents the theoretical and experimental curves
characterizing the vapiation in the coefficient mr“ of ntatic atability

as a function of relative elevation of the model above the nupport
surface.

At the momen: of liftoff from the support surface and at lower
e levationn (h/B e 0=0.02), a vehicle with sectionalized nozzle installa=-
tion is unst.ble. With increase in elevation h/B, the degree of static
stability rises rapidly, and when h/B = 0.05) = 0.04 it resches its
maximum, but with further increase in elevation it ;ruduclly decreases.

A similar pattern of variation in the coefficic:t of stutic stability
as a fun-tion of elevation was found by Frost [85] in testing 4 round
model of air cushion vehicle with central stability nozvle plucement.

For this kina of nowzle installation, the coefficient of static stability
also rises with increase in elevation, and as some value of h/D reaches
its maximum, while further increase in elevation h/D becomes less.

The theoretical deperdence of the coefficient of transverse static
atability m!° on the relative elevation h/B, shown in Fi. 180, for a

plane se tionalized nosvle inctallation was calculated by tq. (281) ag
applicet to the weometrieal paramcters of the testea model, and gpecifi-
ally for the case b /R b /R 20,0014, ¢ = A", and B/R w 0.6, The

theorett il function confirms both the principal trend of the varistion
in thc coefficient m}' as a function of elevation h/B, as well as the

ordes of maymitude of m{‘. founqg a4 the result of experiments,

when the theoretical and experimental curves ure compared, it must
be remerberea that kq. {(28') was aerivea for a piane sectionalized
noz+le installation, while the moael has  end rnovelen in jts bow and
stern, In addition, 1n the derivastion of kg, (281) the uniform distribu-
tion of the total pressure in {ront of e inlets of the nozzles was
assumed, which predetermines the urafor. supply of air along the peri-
m ter of the nowzles, while the node. nas a central air supply in the
recelver and owing v the daifferent prescure losaeg in the air jetlets
alonyr the paths from the aiffuser to indiviaual cections of the nozzles,
the model has nonunifornity of towul pressure distribution along the
perimeter of the noszles anag ' rreapordlne nonunifornity of air
supply.

In the range of clevations n/b = 0=0,01, Lq. (287) yielda values of
tne coefficient ml' thut are close to voro, that is, it characterizes

the vehicle a8 & neutral craft,  nxperience shows a more abrupt dependence
of the coefficient m;‘ on the clevation: in this ranige ot elevations the

craft is unntable. The theoretical vaiuc of the ~ptima) elevation for
which the static astability becomes the greatest aprees quite well with
experiment.  Thua, for this novvle installation the theoretical optimal
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elevation (n/B) = 0.0562, while the experimentally obtained value of
(h/B) sy = 0.035 = 0,04. 1In the work arranmement of elevations, k. (281)
sntisfactorily reflecta the varistion in the function me“ = f(h/b) and to

v
the Tirat approximution ¢zives values of mr that are of practical utility.
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Moo - bee e, (301)

The eyt GF MLe o nos pe rnsvpiat oo, e teo the totu) pressure in
Vo opagnins adr streamn, s

) ""m . /Q & n
where G 1o the arag coefficiert of the nozole instullation with reapect
‘o the nos e Slows=throuet, arean; o 10 tne wedar, alr velocity aa it lewves

})
the noscde anotallation; o 1r the i vorvme oy ro1s the nosvle flow=
thron 0 are sy ang 0 19 the density of aar,




The drag of the chinrels of the flow=throuvh section of the craft
over the extent from the external air inlet into tne craft to the inlet
into the openingm of the nozzle inatallation ia

. ‘il';.' . @\
Hn = wa -.)L = a *3— (’[:') ’ (303)
where Ck in the total drupy coefficient of the chunnels with respect to

the flow=tnrough arcas F of the noszle inotallation,

The total pressure requirea to overcome the arug of the nozile instal-
iation HP and the sir ducta Hy, that is, the drag of the flow=through

section of the craft dau a whole equal to the total pressure built up by
the fan in the network, is

w"'
H=Hot M= i) ot =6 Rt (F). G0

The aar volume flow passinge th-oupgh the flow=through section, equal
to the fan capacity, is

¢= :"' > |/ X (305)

or expreared in terma of the total presgsure of the air flow in front of
the noviete Installation,

) “'_') F —2 s .
cal Vo-n = = 306
Qb |/ e “]/" ‘ (306)
whoere
Y- (307)
Y
The fan chaft power io

N B S N R _-]/f{| B (308)
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or, as function o the total pressure 1n the air flow ahead of the nozule
installatvion,
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where 7 iv the fun efficicency,
Denoting W ! and expreaging: the density of air in tiese condi-
-
. . - o .
tiona by the density @, of air at normsl atnospheric conditions (¢ =1y C

and p, = 700 mme Herecm),

Ca )
P = A= (309)
wnere A is the correcticn coeffieient, we ot
] | s
A e LY VL
TN Ve
1 The fan ashaft vower expressed in terns of the craft went is
o y v/ G
IR N S ) VB (310)
PETI T Y TR e >
v
E“' .
“he 11t of the Uy expressee in terms of tne fan sraft power is
r ; ) v
TR B I TR )
g QL L I . Y SO 311
) e s V) (311)

e LifL coefficients "y and C'uf the nozzle installation aepend on
the yeometrical pursmeters of tne noscle anatallation, elevation h, and
arysle of craft inclination relative to the gupport surface, The coeffi=

ient ¢ allows for the lossen in the dynamic pressure of the strean as it
exita into the atmoaphere,

The cofficient C}’.n W terieel by tne greometrical shajpe and

dimension., of the flow=tnrowgh chanrels and ia comprigsed of the coeffi=
“fentg of local dray ang tne reaucea coctCycrenta of frictiorn for the
indvidual nembers of the flow=tnroush section: diffusor behind tue fan,
wurns, projecting parts, and other constrictions and dilations cauvsing
local preans.ire loagses,

The efficiency of the fan M depenos on the perfectiorn of the fan

i

and ita operating regime in the flow=through section of tue -rafe,

e Power Hatio of A4 Craft

kq. (910) can be represe tea us
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Thias expression is structurally similar to the familisr expression
for the power ratio of a helicopter and can be called the power ratio of
an air cushion vehicle.

kEq. ($17) allows for the effect of ypreund proximity and reflects the
value of K for which the craft can hover above the support surface. The
larger the value of K, th. more advantugeous is the craft in terms of
power: for a specific craft weight lesner power outlays are required,
while for a specific power of the craft can carry a greater payload.

Thia formula also reflects the effect on the power rutio K of the
load=beariny propertico of the nozv.le installation (cy), the aras of the

nozzle 1nstallation (§), the relative arca of the flcv=throapn openings
(F/5), the drag of the flow=throush section channels (), und the effi=
b 19

ciency of the fan installea on the craft ().

Coefficients Cy umjé'depend on the elevation h of the craft above

ito support surface. The power ratio K of a craft with a noz.le installa-
tior. expressed ag the explicit depencence on elevation is inconvenient
owing to the complexity of the expressions c,, = f(h) and ¢ = f(h). There-

fore the cffect cf elevation h on K is more conveniently shown graphically.

For a craft with specified geomctrical parameters and unchanged fan
speed, reducing elevation h increosses the coefficients Py und ¢ und reduces

the fan c¢fficiency 7. Therefore for each craft K is variea within wide
limits and is determined by how utrongly the coefficients :  and f’aepcnd
on elevation h. J

The coefficient € ia oremnical.y relatea to the effect of ajr cushion
formation., Wwhen h =0, { = i, An in:rcase in the coefficicent é with
decrease in clevation results from the compressive action of the excess
preasure in the air cushion or the air jets eacapiig from the nozzles.
T™in increase in € shows that the a1r volume flow required to prioduce

the air cusnion has been redu c¢, ‘herclore the drag characterizad by

the coefficiuntg'nmsn not be repurdeda aug a detrimental draygr. The drag

of the channels in the flow=through section of the craft is a detrimental
serodynamic drag.  The smaller the coefficient Ck' the higner the power

ratio of the craft,
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An cxtremely important fuctor influencing the power ratio of & craft
in the relative flow=throurh area F/S of the nozzle instullution, Also
epaentinlly devermined by this purameter is the ¢uin in using air cushion
vohicles compared with craft suntained in uir by the reaction forces of
air jets expelled from beneath, for example, from helicopters. The smaller
the puramcter F/S, the higher the power ratio of a craft, lHowever, corres=
pondin/s to very small values of thin parameter will be cxtremely amall
relative cievations of the craft sbove the support surface. 'Thus, for a
planform round nozzle installution, the parameter 1o

) b
! '1“ - = “ i} *
Y Az

where b 318 the (low=through width of tnhe nowvle and D is the dismeter of
the no-ele inatallation,

Fror. the condition of minimuu power outlay, the ratio b/h = (b/D)/(h/D)
remains nearly unchanged, therefore sanll values of h/D will also correspond
te amall vilues of F/5 = 4bv/D,

den the craft touches the sunport surface, the outflow of air from
the nozele inastallation is halted. At this instant the drag cocfficient
I the novzzele installation ('=ao(thv_uiadunvm coefficient o = O). the
relative coefficient of channel drag ¢ = 0, the 1ift coefficient cy- 1,

the fun ¢fficiency § = O, and ta. (512) becomes mcaningless, since ite
right hant gection becomes indeterminate,

let us find the power ratio for the cuse when the weight of the entire
raft is transmitted to the ground via the air cushion, while the outflow
of air fror the noz:le inastallation does not take place, To do this, let
wl uge the dimensionless aerodynamic charaucteristica of the fan. The
power requireda by the fan in the regime « = 0 is

(T w,”i'“:—. (313)
D
whore N 14 the fan power coefficient; K, i the ures swept by the fan

wieels ang u i the fan tip speed.

e sl i

The: tosal pressure built up by tne fan in the network ig

o Hpd, (314)

where i the fan preasure coefficient,

The wir cushion pressure cqual to the pressure at the inlet into the ]
nozzle inustallation and thus equal to the fan preasurc, completely aero= '
aynamically relicving the craft and transmitting all its weipht via the
air cushinn onto the pround, is
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H=-. (315)

Jointly agolving kgo. (314) and (31Y), we get
=1/ ? . .‘.
‘ l Hp -

Replacing the density of air @ with its value from formula 509 and
inserting the resulting expression for the fan tip speed into kq. (51%),
we fina

CC N R S P A (R
A oy s]/ AT

Then tne power ratio of an air custiion vehicle touching the support
surface in the total wserodynamic unloading regime is

G G )

The power ratio of the craft in this case is predetermin d by the
evxceptionally aerodynamic properties of the fan used on the craft, that
ig, by the ability of the fan to build up high pressure for small power
outlay and small overall dimensions. The vower ratio of the craft when
the elevation h = O is one of the vital characteristics, since the numerical
value of Ky is a criterion affording an evaluation of the possibility of

the craft [1fting off from the support surface una entering the hovering
regime. The trunaition of the craft into the hovering repime is poasible
only when

A
R (317)

where K 1u the power ratio o! t:o raft in hoverin s regime at some eleva=
tion h above the support surfuce,

When a centrifupul fan is inctailec ona craft, condition (517) is
usually maintained, since the preosurc H built up vy the fan, with decrease
in elevation and the corresponding drop in air volume flow ) increases,
and the power coefficient N is reduced by several times.

As applied to axiasl fans, satisfying condition (5'7) depends on the
blade angle & on the impeller. For small angles 0, the fun;tion M = £(Q)
rises steadily with decresse in Q. Por large angley 0, ag . i8 reduced
discontinuities are observed in the characteristic H = (%) alony with
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an abrupt drop in the pressure built up by the fan, The power coefficient
ﬁ, when § = 0, remains approximately the name as in the calculated regimes
Q of fan operation in a network. Because of thig, an abrupt drop in the

power ratio of a craft is pousible, Jending to the inequality (K/Kh—O)<1'

Cagen are possible when o craft anstalled with an axial fun with large
Llnde amrles on the impeller, on reaching the deaiym fan annular velocity
(correspondime: to a specific elevation above the support surfuce) is not
able to 1ift off from the gsupport surface ara enter the denigned hovering

! repime. Wit if an additional 1ift is applied to this craft with fan
operating (for «xsmple, the craft 1a raised with jucka to the designed
4 elevation), ant then thg foree i removed, the craft will remain in the

novering regime over the aupport surface,

Formula (517) can be used not oniy in estimating the efficiency of
the craft as i whole, bu' also irn estimavin the officiency of 1ts nozole
intallation.  Replacainge in thia formiia the weapht of the craft by the
Jife T ang setting ( -0y that o, cancelling out the arayr of the flow=
thr upen acction channeis, ang also douundny = Y,owe et

-~

' S V :, o '
| K )y s bsbg by (318)

.
“

D armuln e prensen the pewe to it b of She ot be anstallation
regtedte t cennpate . v, Here the poac e e hydreant e power fodg Lo the air
flow str vy into the nossde anewad bation,  wy unre s foremla, we
an comnare the efffrcrency of vwarvec oo e anstal laty ns,

e cependgence of e power ratico boot a single=naass annular novele

it lation with horaonta. ne e ocut=oft on eoevation /] y and angle

f wernceratrie Inclination For carotans Tlow=throuen wiath /b, = 0,00
] ' ]

v rven o Figs Ty The a0 sl aogtent by mg ("Ha) with

A b, s pu, e aur e e @ o cene Conh, Al We oan gee, 8

Geepeiase 0 the vf ovatr ool the Lo Lo dnstaliation o the support

aurface Jeatn o o rapir rioe dn th o poaer ecefficient, and an h/i)“ - 0,

K =2, For the clevation L7/, oM=L UG, thay s, clegse to the
fiow=thr b posile wiath, e o ower rado of oin, le=pang novale installa=
tion 1o tora of tires preater o e power ratic of an ideal lif'e air
propeller located bLeyong the acroyra 10 irfluence o0 proune provicity.,
Incpeasine: the anpele of novile pereracirys dncliration @ uarsedly raises
the power ratic of 4 nos e inctailation,

a nozele for constant generatrix inclination angle (@ = 4%') are chown
in Fi;e. 12, U rolatively larme clevations, the power ratio of
single=pasa annular nozile in the nipher, the sraller the flow=through
width, while for relatively largme elevations == i+ i3 tne sraller, the

Troee tenendern es 0 the power i dooor the Slow=throuet widen b/D o of

o
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smrller the nozele flow=throuer width, e, 1839 shows the power ratio of
a two=pars annular novcle anstallution with paraneters 01/1)” = bQ/D"'
0,01 ana Q‘ = @, ~ 50w Muncv. g of stability novsle plucement,  The

pattern of variation in the power rutto an a function of the purameter

i) 5

N,

P biostr o nely affectea by tee clevation of the nozele installation
above L support surface.  As the dianeter of the ntability nouvle is
roduced for some high elevation b/, the power ratio drops off, while

at a relatively loo elevation == U nereasesn,

Sl twerncraliced Parameters {or Ietersn:s oy Craty Test hesults

I, srterpreting tre resurts ! testing alr ushiorn venicles and their
ALV icuad erponents or the resulto o of testing tnelir rodcely in laboratory
ot nc, we mist often express < datt an functions of aimensionlesa
noramcters 8 arr volune flow, prennare, and expended power,  Using these
parare Lers, we ocdan take o desare pvreragications ana represent test results
i sreple form convenient Yor further uae,  To ceternine these para=
meters, et oug use BEqs. (300) = (40n). After necessary transforustions,
we et e Tollowiny dos ngtonaens ot ficientss

Lot preasun forobne entaine et

v

oMo s Ly “' (319)

A presaune Perotne nos Je cestnllation

’ L 320
II G N (m * ( ¢ )
"
ate o velhre Uow
% v ¥ B (321)
/ l/ & l ] bo by, ) (y
P N
poser for the crnft with refercn o o farn effiegerncy
. o aofr )
Nao: == - ; o ‘:‘—"; (322)
¥ < ( G\ wpo ) ! n) c-:
7h l " l ) .\‘) g
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hydrauwl e power for the entire cpaft

hydrauile presaure for the nozeie installation

v, St (324)

SVARTIEN TR

‘..'v

The coefficients O, (, (‘y' ant fan efficien.y 7( arc dimensionless

quantiti g ana ultimitely depend only on the confipuration and geometrical
pasrameters ot the flow=through section of the craft ung the fun installed
on it, alun the pogition of the craft relative to the support surface and
the terrain ot the support surface itscelf. Thercfore the right sides of
cqs. (419) = (474) are also dimensionl s parameters characterizing the
nerotynami.c properties of an air cuchion vehicle in a generalized form,

The airengionleas coetficients expressed by rgs. (519) = ($24) can

serve ag generalicing pusrameters interpretinge the results of testing operating

atr cushion vehicles, ag well ag testing their individudl components.,

“H,  affect of Groune Proximity on the Craft Lift

Lif't of a cpaft touching tne yrrounyg aurfuce with the exit edges of the
nozvle inctallation,  Corresponoing to tnis case ic tne raft elevation
hos O, or which amounts to the same tnings, the ratio b/h =« go. Here the
wir cushion preassure cocfficien o

(1 balng)cory

= PP | - (l AN ¥ ) T ang-w )
- ) I sy

th .t 18, v excess presasure (p‘ = by ) in the air cushion is equal to

the total pressure (pn = n ) in the receiver,

y )
e L1 ccefficient when b/h s oo 14

e
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where

h sl — )
by 4o P

Uning L'Hopital's rule for expanding the indeterminacy 0/0, we get

: I -~k (l — . Il — kel -y
g ——3 2 = i 220 2
S0 b/h :-I A st (bih)
_ 9 i LK U L
= 2(1 +siny) ——
Thus, the lift coefficient is
Soe 2K cos g, (325)

where F = h[7/b is the total relative arca of nozzle {low=through openings;
and 7 it the total length of the nouzle slit,

The right aide of the uy. (529) expresses the projection of the reac=
tion force of an air jet leaviny the nozzie instullation along the vertical.

The maximum vulue of coeffirient "“yoo occurs when @ = 0. This corresponds

vo the case when the air jet is directed vertically downward by the nouule
ingtallation,

The effect of ground proximity on the 1ift., The effect of ground
proximity on the 1ift of an air cushion vehicle is conveniently evaluated
by the ratin of the 1ift coefficient of a craft near the support asurface
ta the maximum value of this coefficient for the same craft, bul now elevatced
to 8 height where the acrodynamic effect of the surfuce on the craft cecases
to be exerted, 'With this in mind and usin- Egs. (146) and (32%), let us
write

- oy ) | [(05(“—‘“

¢, S

2 cos Y !

Cycomar

. R [ e SN [wl.__fzz(.'v.:-w_]_i_
* Sy - y) (k= hb ok F Cos § 9 (326)

For & novzle installation with normal noz:le cut=off (y/n 0), we have

oo | cost { hB8 = |- Feosy p
Cy B ; ? 1- (b" ?‘Si“(“v)pJ ¢ — f;——’ .

Ty |
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N h/i cos y l
ST E TNy [ ey [
hil cos s (4 — )
f

The discharge corfficient of the noczle installation of a craft beyond
the effe-t of ground proximity,@&,= 1, since the air cushion in this cane

lg abaent and the air velocity determined by the pressure H_, is uniformly

t
distributea in the nozule exit., Therefore the pressure coefficient is
SR UELILE TRl J
[ BB sy g sinly W
| — f) el e E ]
N N S 7 PO R e
Hoaconsy — B = _b!l!. .»‘m”W" y) [ (! + sin@)cosy —-l] ¢
h 8 Cos sin (¢ — §)
and for u no:wle installation with normal nozzle cut=off (V(- 0), we have
|
=]
= hiB b/A LY
NII - const = ’b'/'[,‘ [l - (l + WB qu’) 5 (328)
For a cruft with nozzle installation provided with horizontal nouzle
: ct=off (@ -‘/), £q. (228) becomes
;,
E Lo
- l-c-h/-bru-il.nu;
Nijaont =@ = ——mp o (329)
; -P_“i(l Fosim g
’I(IB
| : . . ’ - = |
: The variation in coefficients ~ ana N as functi ns of elevation
, y H-const

h/B nf a craft above the support suriece, with ccnatani pressur? (H = P, - P,”

= cons.) in the craft receiver in front of the noz:le installation, is
shuwn in Fig., 184. These function:i arc calculated by Eqs. (527) and (329)
for a nozzle .nstallation with generatrix angle of inclination Q= O,
nozzle cut=off angle y/- 0, and various rc¢lative nozzle flow=through areus
F = 2b/B.
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In Fi . 184 we see that as the relative norzle flow=through width b/B {
is reaucea, the relative 1ift coefficient Cy increases, and does so the
faster, tne omailer the relative clevati n n/B of the craft above the
support surface. osven for o noole flow=through width b = 0,098 and
clovation 1 = 0,038, the 1lift is approxinately five times greater than 4
life foer the same craft locatea far fron the support surface. For smaller
flow=throuen width, the 1ift an:=caaea 1o several tens of times. With {

decreage in elevation, this increass 10 socompanica by 4n appreciable
reduction ir the power reguicres o Lustain the craft in the air,

However, relatively targe {low=trrou 0 nowzle width (b/B:>().25), the
lift does not increase with ae :reage in clevation, as occurs for small
values of b/B, but decreascs. In the speciul case when b/B = 0.5, when ’
both jets merge into a single continucus jt, the 1ift at the instant when
the craft touches the ground surfiace becomes half the 1ift of the same
craft elevated to & considerable height abcve the support surface (when_ .
h/B = 0, the coefficient = 1/(4b/B); when h/B = 50, the coefficient Gt 1),

J

he effert of ground proxinity manifested in increase in the lift for
appreciabtle reduction in the required power for a nouzle with small flow-
through width, even dictates the suitability of employing air cushion
vehicles for the most diverse applications.
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let W compare the power required to sustain a craft near the ground
' surfuce with the power expended in sustaining a craft having the same

! weiht and overall dimensions at a considrrable elevation beyond the

] acrodynaric influence of the ground.

From the condition of conatuncy of weirht G = Y = Yao, let us write
¢ O = ¢ ol From this we hiave the ratio of the required total pres-
y Joo P -
sures H/H_, 2 ¢ ¢ = /¢ o The ratio of the required air volume flow

/i, yoo! Oy /y 1

in

= -
af V -

Q _a
— —— - —_ = ==
Q. ar ) " Ve
: o
Ir thia case, the power coefficient is
; AY QN T | a
[v =% - “ - . - = -— " e
M U.H ) ) . R '// ‘;

where of ana :y are coefficients determined by rqs. (3529) ana (527).

The variation in relative power, total pressure, and volume flow as
function: o! relative clevation n/B of 4 craft with a nozzle installation
provided with normal no::le cut=off (W= 0), when the angle of generatrix
inclination @ = 0 and for different relative flow=through no:zle widths
b/B, is shown in Fig. 18Y, from which we can see that for unchanged craft
weight (constant 1ift), the rcquired power drops off sharply with decrease
in elevation of the craft for all values of the possible flow=through
width, Here the rconired air volume flow also becomes smaller.

The puttern of variatior. ir tne (.quired totasl pressure and the receiver

in front of the nozzle installation in this case depends on the nozzle
flow=throuph widths for small width b/R characteristic of air cushion
vehicles, the required pressure H/H,,alsn decreases with reduction in
rlevation L/B, but for relatively lari nozzle flow=through width
(b/B>0.2"), the required pressure rises,

Let us evaluate the effecet of (rounu proximity on the 1ift of an air
- cushion vehicle at constan: power expended in producing the jets forming
the air cushion. Under this condition (N = N,,), we can write

QH = Q.H.. (330)
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Figse 184, iffect of pround Fig. 186, bBffect of round proximity §
proximity on required relative on lift of an air cushion vehicle, 3
power, total pressure, and air total pressure aheud of th. nozzle
volume flow to sustain an air installation, and air volume flow at
mushion venicle of specified constant expended power
weifht in the hovering regime
Since the required air volume Jlewo are
77 |
Q:aﬁl e 1
P ]
i
and Q AT ’ :
a=a.l L ﬂ
V i 1

while the total pressurcs in the air volume flow in front of the nozzle
installation is

H= —¢s ana H. o
s (U'us '
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equality (530) can be expanded in the form

or

Hence, bearing in mind that &, = 1, we get

\7 Y c/tm I'
Yoo o o 331
Yo Vo Vo (331)

Using these functions, it 18 not difficult to derive exprcssions for
the relative air volume flow

3
= Ve (332)
and the relutive total pressure
i |
o oy 333
I, S5t 29

where
b/l
h 3 I
a:-'—-b“.[;\l"‘— )'
The functions _FYZ, =f, (bih, b"B)’TQ,— = [+ (b/h, b(B), :—m = fy(b/h,

b/B), celculated by Eqs. (331), (332), and (333), for a cralt with nozzle
installation having generatrix angle of inclination @ = O ana nozzle cut-off
angie \ = O, are shown in Pig. 186. The curves (Y/Y,,) = £(n/B, b/B)

show by how many times the 1ift of a craft can increase for the same power
expenditure if the craft is in the zone of influence of ground proximity.
Here, with decrease in the elevation h/B, the air volume flow drops off
rapidly, while the pressure correspondingly rises.
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In all the cases considered of the effect that ground proximity has on
1ift and power, the craft nozzle had an angle of generatrix inclination
« 0., When @>0, which is usually observed in practice, the load=bearing
qualities of the nozzle installation arc improved and the positive effect
of the influence of ground proximity becomes augmented.

The advuntages of flight air cushion vehicles compared with other means
of transportation whose lift is produced by using the reaction of air masses
expelled from the craft downward, for example, by the lift propeller of a
helicopter, are essentially then predetermined by the functions

<k - [, (WB, bIB) | ang -V”_ = [y (hB, b/B) , By using the effect

i

of ground proximity, it appears possible for the same power expenditure to
produce a greater additional lift, making air cushion vehicles practical.

O
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CHAPTEK  nIGHT
AEKODYNAMIC AND POWER CHAWACTERISTICS OF
AIR CUSHION VBHICLES IN THL HOVERING REGIME

let us examine in general form the effect that the geometrical parameters
of & novzle installation have on the aerodynamic and power characteristics of
air cushion vehicles., To aimplify the calculations, in our analysis the craft
is aassuned to be planform round and to have a single=-pass nozzle installation.
Here, the restrictions imposed on the characteristics of the craft by the
requirements of static stability will not be taken into account.

In the calcudations let us use tne following theoretical prerequisites
sna functions. The 1ift ¢f a roz:le installation determined by Eq. (300)
15 equal o the weight of the air cushion vehicle. In Eq. (190) for the

1ift coefficient, the relutive nozale cut=off arca F. ;_gg -
Mﬁ__m(l — U_n-). , while the relative area of the
D cosy Dycosy 2

bottom of the no.:wle installation determines with respect to the internal
e of the nossle 15 © S :
| ’ vl Sl N -S" - l b l‘.

In the gpecial case when ¢ =4, e 1ift coefficient c, = Foe 515
v

The air cushion pressurc coefficient and the discharge coefficient of the
nozzle installation will be founa, respectively, by kqs. (74) and (75).
The air volume flow in the nouzle installation will be calculated by

rq. (306) where the nozzle flow=through srea

F = F cos 4 = -"Unb(l - ~D—:C005“‘ )

and thus its relative areu is

Fef (1= ptse) (334)

D, cong
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The intensity of the air flow atroaming into the necdle installation is

Nom e -rafl/--lﬁr-—-a;—- e ERTEN 2 S

(335)

59, affect of kElevstion on Characteristicg of a Craft for Lpecified Craft
wcipht ang Geometrical Parameters of the Novzole Instaullation

£t v examine the characteristics of a craft weighing G = 10,000 k¢
with a no: /lo installation ha'.iug the diameter Dy = 10 m, nozzle flow=through
width b « 0,1 m, and angle of gencratrix inclination @ = ab Assigning to
the elevation of the craft above the ground surface various values, let us
aetermire by Eqs. (74), (79), and {(190) the pressure coefficient p, discharge

sefficient N, and lift coefficient cy. Then by the formulas Hc - /Cy'

0~ o=t 4 v 0] . Iy

W .o(/“l :y' aria N(_ = “/'V vj. let us fina the genoralizeo dimensionless
parameters characterising, respectively, pressure HL. air volume flow v,
and power N to sustain the air cushion vehicle with the assuted geometrical

pirsmeters and weight at a specified elevation,
“~ tt 4 ’
The fun-tions H = f{h/D“). Qs fz(h/u ), and N, = fﬁ\h/D“) determined

in thi. ranmer are shown in Pig. 187, which also gives the scales of Hc. W,y

and N as applied to this craft, The dimensional quarntities of pressure,
volume flow, and power were calculuted based on the  fo.lowing formulas,

regpectivelys

H H z*: 6 < QF l/ = l/’a ang

ke 2V (5,

where ¢ is the density of airy and P is the nosrle flow=thr ugh area:

] b
F =."lD,.b(l —--D-:?o?",f)-
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Fig. 187. Aerodynamic charucteristics
as functions of elevation of craft
for specified weight and geometrical
parameters of nozzle installation
(G = 10,000 kg; Du = 10 m; b = 0.1 m;
@= 45°)

KEY:s A -~ Nc' hp

B == md/sec

¢ == kg/m?

The power Nc to produce jets forming thc air cushion increases roughly

directly proportional to the increase in craft elevation h for specified
overall craft parameters and weight. Here it is required that with increase
in elevation h both the air volume flow Q and the to:tal pressure Hc to sus=-

tain the required discharge velocity of the annular jet from the nozzle
increase.

40. Effect of Nozzle Flow-Through Width on the Characteristics of a Craft
for Specified Overall Dimensions and Weight

Let us examine the aerodynamic characteristics of an air cushion vehicle
weighing G = 10,000 kg, with nozzle installation diameter Dy » 10 m, and

angle of nozzle generatrix inclination @= 450. Specifying to the nozale
relative flow=-through width various values of b/D, for discrete values of

h/D“ of the relative elevation of the nozzle installation above the support
surface, and for constant value of the nozzle generatrix angle of inclina-
tion @, let us determine by Eqs. (74), (75), and (150) the pressure coeffi-
cient p, discharge coefficient ¢, and lift coefficient cye Then by the

following formulas
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let us find the required pressure, volume flow, and power required to
sustain the air cushion vehicle at a specified elevation, for the assumed
geometrical craft parameters and weight (G/S = 127.2% kg/me).

The resulte of determining the coefficients B,c!, and cy and the
required HC, «, and Nc for a single=pass anpular noccle for the values

h/Dy = 0.01, 0.02, 0.05, 0.04, and 0.0 are presented in Figs. 188 and 189,
from which we can see that a reduction in the nozule flow=through width b
increases the pressure Hv in front of the nozzlc installation and reduces

the air volume flow 4. Here there are optimal widths b for which the nower
NC becomes minjmum., To each elevation there corresponds its optimal nozzle

flow=throussh width b. A3 the elevation h is reduced, the optimal values
bypm Shifted toward the side of small b values. If we plot on Fig. 189

lines of egual values of parumeter b/h, then we can see that corresponding
to the minimuo power values is an approximately constant parameter b/h.
For a cruft with the particular geometrical paramcters and weight we are
considering, the value t%n./h % 0.56 (cf. dashed line).

41. =nifect of Angle of No:ule Grn rutrix Inclination on Craft Characteristics
Let ur consider two typi..l cuses:

let us determine the effect of the anyle of genceratrix inclination ¢of
a single=pass anmular noz:ile on the 1ift Y, air volume {low «, and power
Nc for different elevations h, specified dimensions of the novzle inutalla-

tion (D, = const and b = const), and constunt total pressure (HP = const)
of the air streum fed to the nozzlc installation;

and let us find the effect that the angle of inclination of nozzle
peneratrix @ has on the volume flow &, pressure Hc, and power Nc for
specificd no:zle installation dimensions (D“ = const and b = const), its

elevation (h = const), and ronstant weight (G = Y = const).
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Fig. 188. Pressure cocfficient, discharge
nwefficient, and 1ift coefficient as functions

o) flow=through width of u single=pass annular
nozzle for vifferent hovering heightis (¢- 459;

P == indicated with solid lines, and ¢y indicated

with dashed lines) {

1. let us determine the effect of the angle of no.zle generatrix
inclination @on 1ift Y, volume flow «, and po.er N by Egs. (300), (306),

and (35%), respectively, by first caleculating in advance the aerodynamic
coefficicnts p, &, and :y appearing in them for constant values of Dy, b,

and H , suna for different values of @ and h. The resulting coefficients

;-:,o(, and cy as functions of the angle @ are given in Fig., 190. Fig. 191
presents the functions Y = £ (@, h/D,), - = f,‘;(g. h/D,), and N, = fj(¢, h/D, )
for a4 nor~le installstion having a dianeter Dy = 10 m and nozzle flow=through

width b = 0.1 m, for constant preassurc ahead of the nozzle installation,
H, = 150 ke/me.

b As we can sce, there a:c¢ cptimul angles of nozzle generatrix inclina-
tion @,,, for which the 1lift takes on the greatest values. The optimal

i . value of thce angle @,, depends on the clevation h of the nozzle above the
support surface. With incrcuse in elevati-n h, the angle B, rises. For
this particulur novzvle installation, the angle @, = “0=63° in the range

4 of relative clevaticns h/Dy = 0,01-0.05.
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Fig. 189, Aerodynamic characteristics

as functiocns of flow=through width of
single-pass annular nozzle (G = 10,000 k¢
Dy = 10 m; @=45% G/5 =« 127.5 kg/uw?)
KEY: A == kg/m2

B =— a//sec

= hp

2. Lnt us deteraine the effect that the nozzle generatrix angle of
inclination @ has on the aercdynaric characteristics HC, &, and Nc of a

noz:le inastaullation for reonatart craft weipnt G ane for discrete values of
elevation h, by using Bqs. (500), (306), and (53%9), respectively, and the

earlicr-calculated valuce of b, X, anc ¥ (cf. Fig. 190) for a craft «cighing
¢ = 10,000 ki with a nozzle instullation havine the diameter Dy = 10 w and

nozzle flow=through width b = 0,1 n, Figa. 191, 192, ana 193 present the
results of determining pressure ilc, veiure flow «, and power Nc for different

angles of inclination @ for the relative elevations h/D = 0,01, 0.02,
0.03, 0.04, and 0.05.
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Fis. 190, Pressure coefficient,
' discharge cocfficient, 1ift

- ' coefficient, and nouzle cut=off
r 4 arca as functions of angle of
cencratrix inclination of a

| single=-pass annular now:.le for

{ different elevations of nozzle
above support surface

Snlilhade o gl

P B

With increare in angle @ for constunt rnov.zle flow=through width b, the
air volume flow decreases throughout this entive runge of angles @, while
the pressurc and power initially alsc decreuse with rise in the angle @, ,
but then, on reaching minimur valuecs, beg-in to climb. Corresponding to 1
different clevations h of the craft above the support surface are various

values of Ponm *

i

wWhen the elevation of the novzle installetion with the specified
dinensions is varied within tne limits h/Dy = 0.01=0.05 for the pressure H,, |

the optimal angles of inclination Qe = “8-62¢, while the angle @, = 68°
for the pcwer. With decrcase in the elevation h/.")“ ; the range of extremal

et

values of N_ and Hc becomes less well=defined. |
|
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Fig. 191, Effect of angle of generatrix inclination of
~inFle=pass annular nozzle for different nozzle elevations,
on the following quantities:

a == 1ift and air volumc flow (D, = 10 m; b = 0.1 m;
o= 150 kg/m?)

b == required total pressure (D, = 0 m; b = 0.1;
¢ = 10,000 k¢)

KZY: A == kg
B -- mg/sec

C == hp 2
D — kg/m

42, hffect of Overall Craft Dimensions on Its Characteristics for Specified
Elevation and for Differcnt lLaws of Variation of Craft Weight

Let us examine the effect that overall craft dimensions has its
characteristics as the diameter of the nouszle installation is varied from
Dy=5mto Dy =20 m. We will assume the flow=through width of the nozzle

installation and the craf: elevation to bc constants. Let us take b = 0,16 m,
h = 0.4 m, and the angle of ;vreratrix inclination @= 45°, The relative
flow=thr ugh width of the nou.ie in this case lies within the limits

b/Dy = 0.032-0.008. The coefficients P and ¢ defined by the parameter

b/h and thc angle of generatrix inclination ¢ are constant for our calcula-
tions, and by kEqs. (74) and (75), p = 0.74Y and o a 0.726.

Let us examine craft c'..racteristics for the following laws of varia~
tion in craft weight as a function of its overal) dimensions:

the craft weight is constant (G = 10,000 kg) and is independent of
overall dimensions;
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Figz. 192, hequired air volume {low Fig. 193. Hequired power as function
as a function of angle of ge.eratrix of angle of generatrix inclination of
inclination of single=pass annular single=puss annular nozzle for
noz:le for -onatant craft weight and constant craft weight and for differ-
different elevations (G = 10,000 kg ent elevasions (G = 10,000 kg; D, =

Duw= 10 m; b= 0.1 o) 0 m; b=0.1m)

KEY: o == n%/sec KiYs A == hp

the craf* weipht varies linearly with variation in diamcter D”, and

let ug take 6 = 10,000 ky when Oy = 10 . Therefore

D, = '_9_‘?1‘;0% = 1000D,;

the craft weight varies linearly with variation in nozzle installution
area, where G = 10,000 kg when S = (Alr)/4 = (5.14°102)/4 = 78.5 wl.
snerefore

N 2
G by 10000 3D, 8.
G=hS=—rr — = 3yiaer — 4~ 00D
U, S

the craft weight varies acceording to a  cutic function cof tne craft
linear dimension, where G = 10,000 kg when D, = "0 m. Therefore

,  loooon; ,
G=kDP i Di —j 1D
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Fig. 194. Acrodynamic characteristics
as a function of overall craft weight
for specified elevation and for different
loss of weight variation (b = 0.16 m;
@ = 45°; h = 0.4 m)
KEYs A == hp P
B == kg/m
C == m}/sec

Assigning different valucs of Dy = =20 m to the craft diameter and

assuming the law of variation in craft weight as a function of its diameter,
let us determine by Eqs. (150), (300), (306), and (335) the following craft
characteristicss 1ift coefficient cy' pressure Hc. air volume flow (, and

power Nc.

The calculation results are given in #ig. 194 in the form of craft
characteristics as a fun_tion of its diameter for different laws of weight
varjation. As we can sce, the lift coefficicnt T for constant parameter

b/h 0.4 decreases somewhst with increase in the craft diameter. This is
because with an in~rease in the overall dimensions of the nozzle installa-
tion, the proportion of the lift produced by the reaction of the annular
jet in the overall 1ift, comprised of thc reactions of annular jets and
the pressure forces at the craft hottom, becomvs smaller.

Increasing the craft diameter under any of the indicated laws of
weight variation incrcases the air volume flow requircd to produce the air
cushion. The greatest rise in air volume flow occurs when the craft weight
is varied according to the cubic dependence on its linear dimension.
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The pressurc required to produce the jets forming the air cushion
decrcuses as the craft diameter is incrensced, under the lawa of weight
variation G « conat and ¢ = k1DH. When the craft weight rises proportional

to the now:le inustallation arca, that is, when G = k Di,, there is a very

2
slight increase in pressure as the diameter is made greater. With variation
in the craft weight under the law G = kj 4+ the pressure rises roughly

directly proportional to the craft diameter.

The powe: required to produce the air cushion depends essentially on
the law of craft weight variatior as its overall dimensions are varied.
when the weight is not dependent on the craft overall dimensions (G = const),
the power dccrcases rapidly as the craft linear dimension is increased. The
power decreases when craft diameter is increased, also if its weight variee
prcportiona]l to the diameter. When the craft weight varies directly in
proportion tc its area (G = kqu ), the pouwer incre.ses roughly linearly

with increase in diameter. The required power rises sharply as a function
of craflt dismeter when its weight variation is proportional to the cube of
the craft linear dimension (G = kjna ).

43, ffect of datio of Nozzle Flow=Through width and ilevation on Craft
Power for Specified Overall Dimensions and weight

Let us find the effect thut the parameter b/h has on the power N_ when
the craft is lifted to some elevution h for specified D, angle of gencratrix

inclination @@= const, and weight G = const. To do this, let us use the
fun:tion

IR 2 V2 Vo @)

B

relating the geometrical puaraueters of tne novzle installation to craft
weight and to the intensity of tne_air streanm fed to the nozzle installation.
Here o= f(b/h), c, = f(b/h), und F = £(b/D,). Let us present the calcula-

tion results in the form of the fun:ticn N /G = f(b/h) for constant loading
G/S on the craft bottom and for different relative nozzle flow=through width
b/D"'

Assigning different values to the parameter b/h when ¢ = const, let us
determine by Eqs. (74) and (75) the pressure coefficient p and the discharge
coefficientoc. Then specifying values for the parameter b/Dh, lJet us

calculate by kq. (334) the relative nozzle flow=thrcugh area ?, and by
Eq. (150) == the lift coefficient cy. Assuming that the louding at the

craft bottom G/S = 200 k(‘,/m? is constant, let us find N /G by Eq. (336).
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The pressurce coefficient p, discharge coefficient &, and lift coeffi-
cient c¢_ as functions of the paramcter b/h for a singie-pass annular nozzle
with un*le of peneratrix inclination @= 4%° are prosented in Fig. 19Y.
Fig. 196 shows the functions N“/G « f(b/h) for different values of the

novzle flow=through relative width b/), and also presents the curves when
h/Dy = const, characterizins the relative elevation of the nozzle installa-
tion above the support surface. OUn inspcecting these functions, we can make
the followiny conclusions:

us thc purameter b/h is reduced, achieved by increasing the hovering
clevation h/Dy for constunt nozzle flow=through width b/D,, the required

power rises rapidly;

for cach specified vlevation h/D, of the craft above the support
surface there is an optimal no:zle flow=through width b/D, for which the

power outlay per unit craft weilght is at a minimumn;

for a shallow elevation h/Dy of the craft ubove the suppor: surlace,

it is advantagrvous ~= from the sthandpoint of reducing power outlays == to
use a no-zle installation with small flow~through width; and

the optimsl values of the paramcter b/h at which the power outlays are
at a minimum are b/h = (.25=0.Y, which corresponds to a jet length equal
to two=four times its width (h/b = 2=4) == for actually obscrved elevations
h/D, and nozzle flow=through width b/l,.

when designing air cushion vehicles, plotting this kind of function
makes it possible in graphical form to estimate, for specified overall
cruft dimensions and weight, the aavantageous nozzle flow=through width
required to ensure the necessary cruft elevation, with the aim of minimum
power outlays.

44. Effect of Craft Weipht on Ius Zlevation for Specified svailable Power

let us asgume that the power I fed to the air stream arriving at

the no.zlc installation is constant, any let us determine the dependence
of the variation in elevation h ana in tne aerodynamic characteristics of
the craft Hc and « on its weight G for specified geometrical parameters

of the norvzle installation. We will assume that the nozzle installation
has I}, « 10 m, b = 0.6 m, and @ = 49°. We will carry out the calculations

for power values Nc = 200, 500, 4C0, and %00 hp. We will find the function

h = f(G) by carrying out the following calculations based on the formula
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197. &©levation of craft, air

volume flow, and pressure as functions
of cruft weipht for specified geometrical
parameters of no=zle instullation and
available power (Dy = 10 m; b =« 0.16 n;

= 49°):

for N = 200 hp
for Nc = 300 hp
for Nc = 400 hp

for N = 500 hp
)

A == m

B = :§ sec

C == k¢

———e,

o=es V5 (%) el

Setting various values for the elevation h of the craft, let us determine

the corresponding values of b/h and then by Eqs. (74), (75), and (150), let
us find the coefficients p,&, and cy'

of the nozzle installation, let us determine
F and the area S of the nozzle installation.
the v..Jues of G corresponding to the adopted

known geometrical parameters

the nozzle flow=through area
By Eq. (337), let us find

values of h and Nc. We calcu-

late the pressure by the formula H_ = (1/cy) « (G/S) for the resulting values
of weight G, and then we determine the volume flow & by Eq. (306).
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The results of the calculations for the particular nozile installation
are showrn graphically in Fig. 197, where we can see that increasing the
weight of a craft with specified peometrical parameters for the same power
outlay sharply lowers the possible elcvation of the craft above the support
surface, When this is done, the air volume flow required to sustain tle
craft in the hovering regime falls off rapidly, while the pressurc correspond=-
ingly rises.

45. Effect of Loadinyg at Craft Bottom for Different Relative ilevations
on Weight per Unit Power

Let us find the function G/NC = £(G/S) for a craft with specified

trometrical parameters of the nozile installation, for different relative
clevations h/Dy of the craft above the support surface. Here NC is the

power expended in forming the jet producing tre air cushion, and G is the
weight of the craft, equal to the 1ift Y produced by the air cushion.

let us consider, as above, a craft provided with & sin.le-pass annular
nosczle. We will assume the external nouzle diameter I, = 10 m and the
angle of grneratrix inclination @ = 45°. We will make the calculations
for a no.ie with a flow=through width b = 0.1 m. Corresponding to these
jeometrical noszle parameters is the relative flow=through width b/DH = 0.07.

we will determine the function G/Nv = f(C/S) by the formula

G I o V"Z‘

Ve ' G
)

by specifyin,  different values for G/u. Here coefficients & und cy and

tre geometrical parameter B/ aepend only on the relative nouzle flow=
through width b/Dy, rclutive oiovation h/ly of th. craft, und angle of

nozzle generatrix inclination @, 8y specifying different values for the
parameter h/Dy and assuming the valucs of b/D, and @, let us determine

tne coefficientsof and ¢ by =qs. (7%) and (°90).

The variation in the power losding G,NC a5 a function of area loading

G/S for different relative clevations n/Dy of the craft is in Fig. 198,
from which we can see that an increcase in the loading on the craft bottom
markedly reduces the power loading. With decrcuse in the clevation, the
parameter (;/;‘!C rises sharply, which makes the ajplicaticn of air cushion

vehicles advantageous.
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Fig. 198. Craft weight per unit

power as a function of weight

lodd on nou: le installation for

different elcevations (D = 10 m;
b = 0.1 f.".;P- dbo)

46. Effect of Ambient Air Temperature on Craft Characteristics for Specified
veometrical Purameters ana wWeight

The characteristics of an air cushion vehicle depend on the temperature
of the ambient [e:ternal] air sucked into the creft. As the air temperature
is changed, the density of air jets outflowing rrom the nozzle installation
changes. This is reflected in the air cushion pressure and thus in the 1ift
of the craft. To sustain a craft with unchanged geometrical parameters
(D, = const, b = const, and ¢ = const) and con. iant weight (G = const)
at s specificd elevation h above the grovnd surface, the pressure Hc for

forming the air cushion, as follows from 3. (300), must be constant, deter—
mined by the assumed peometrical parameters of the craft and its weight.

The air volume flow and power determined by kqs. (306) and (335) can
bc expressed as the follewing ratics, as a function of ambient air tempera-
ture:

(7R V w1/ T
Q Ny "o -T: '

since for constant atmospheric pressure the air denscity varies inversely
proportional to its absolute temperature (the subscript "O" denotes the
parameter for a known temperature, and the subscript "i" denctes the para=-
meter for an unknown tempcrature). Thus, when the ambicnt air temperature
is raised from =20 to 30° C and for constant atmospheric pressure, the air
volume flow and the required powcr to sustain the air cushion vehicle at a
specified clevation must be increased by the following number of timess
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that is, the air volume flow and power must be raiseu by 9.5 percent.

%t us detesisine the effect that the ambient zir temperature has on
the elevation of ¢'e craft above the ground surface for specified geometrical
parameters of weigh. and con:tant air volume flow fed beneath the craft.
Let us examine the craft characteristics with weight G = 10,000 kg for
Dy =10m beO.,1 m and @= 45°. Lupponse the fan feeds air into the

flow=through aectign of the craft independently of its elevation, in the
quantity @ = 15 m’/sec. It is not possible to represent the deperndence
of elevation h on thesc parameters in oxplicit form. Llet us solve this
problew graphically. The craft weight G = cySHc, while the ratio of the

air densities as a function of absolute air temperatures for constant
pressure li___JLL.. where @y is the air density for normal atmospheric
' T conditione (for example, when T =1268° K and py =
760 @m i cm, p, = 0.125 kgesec/od). The volume flow

o of Y LV H - g FY LY

PRS Vs e VX

equation

can be reapresented as

]

. — - (338)
o VIV

O

The left side of trnis eguution is a function of the relative elevation
h/D, of the craft, while the right side depends only on thc ratio of abso=

lutc air temperatures Tt/T;. Both sidcs of £q. (338) represent the gene-
ralized dimensionless air volume flow (. By calculating the areas Fc, F,
81, and 5, and specifying various values for the parameters h/D,,and Tt/T >

let us determine the coefficients & , B, and cy and let us find the func-
tions
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Fig. 199. Graphical determination Pig. 200. Elevation of craft above
nf effect of air temperature on support surfuace and required pressure
elevation of craft above support and power as functions of air temper-

surface ature for constant air volume flow
(G = 10,000 kg; Dy = 10 m; b= 0.1 m
- 45% = 150 w/sec)
KEY: A = kg/m?
B == hp

Let u: plot these functions in the coordinates & and h/D,. The points

at which the curves characterizing these functions intersect will be the
solutions to £q. (338). Taking the values of h/D, for different air temper-
atures from this graph, we get data characterizing the elevation of a craft
above the ground surface for specified ¢vometrical parameters, weight, and
air volumc flow as functions of the temperature of air streaming through

the norvzle installation,

The graphical determination of tne air temperature dependence of the
craft e’evation above the support surfaces shown in Fig. 199. Fig. 200
shows the desired function h = f(t) and also the function of pressure
H, = f(t) end power N, = f(t) that must be imparted to the air stream in

front of the nozzle ingtallation to ensure the supply of air in the quantity

W= '5 mj/eec. In this casc the pressure and power were calculated by the
formulas

' QM | Q
. —. and (LT, -
He = GFag, N 75wy

The discharge coefficient o was determined by £q. (75) for values of

the elevation h/D“ assumed from Fig., 200 for the corresponding air tempera=
ture t. liere the air density is
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A5 we can see, the air temperature very markedly affects both the
elevation of the craft above the support surface, as well as the required
pressure and power to produce the air cushion. Thus, in feeding the same
volume of air and in increasing its temperature from =20 to 30° C, the
elevation h of the craft with the specified parameters is reduced by ,
approximately 17 percent. When this is done, the pressure and power are
reducrd by A~ 30 percent.

47. Effect of Planform Shape of Nozzle Installation on Craft Lift

Jr. designing air cushion vehicles, the problems of selecting the
layout and geometrical parameters of the nozzle installation are primary,
since this installation is the principal working component producing the
air cushion and since its characteristics determine the aerodynaaic and
power characteristics of the craft as a whole. In addition to the geometrical
parameters of the nozzle installation, and specifically the profile of the
flow=through section, nozzle flow=through width, angle of nozzle generatrix
inclination, and the method of sectionalizing the bottom, the load-bearing
qualities of the craft are affected by the planform shape of the nozzle
installation. As the shape of the nozzle installation is varied, the
length of the nozzle bounded by the perimeter of the craft bottom changes,
and depending on circular conditions imposed on the law of variation of the
nozzle exit ureas, so do the aerodynamic and energy characteristics of the
nozzle installations,

Knowing the regularities in the variation of t¢re load-bearing qualities
of nozzle installations as a function of chan<es in their planform shape
allows us to impart an advantageous contour to the nozzle installation of
a craft being designed and to improve the craft efficiency. It is of
practical interest to evaluate various nozzle installation arrangements
from this point of view. Below are examined the load-~bearing qualities of
planform round, square, rectangular, and oval nozzlc installations, and
they are evaluated from the standpoint of achieving the required 1ift for
a specified hovering elevatior above the support surface with minimum i
power outlay fed to tiie air stream producing the air cushion. g

The evaluation of various nozzle installation layouts is based on 1
theoretical functions determining the lift of these installations as .
dependent on their geometrical parameters. FPor simplicity of analysis, 1
in the examination we assumal single~pass nozzle installations with angle 3
of nozzle gene~atrix inclination @= 0. In analyzing the characteristics,
the problems of the effect that the shape of nozzle installations has on
craft stability were omitted.
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Fig. 201, Nozzle installation arrangements

These n’ zzle installation layouts are shown in Fig. 20i. The oval
nozzle instullation consists of a middle section with paiallel external
walls, anc also bow and stern sections rounded to & radius that is equal
to half of :ne nozzle installation width., The relative length of the
nozzle instnllations was varied within the range L/B = 1=4. For the case
L/8 = 1, th oval nouzle intergrades into a round, and the rectangular ==
intc 4 aquare contour.

Characteristics of noszle installations. 1n exanmining the aerodynamic
and power characteristics of nozzle installations, the followin;; functions
were used. ‘The 1ift of a nozzle installation equal to the weisht G of the
air cushion vehicle was determined by Eq. (300). The air volurc flow in
the nozzle inatullation was found by Lq. (306). The discharg: coefficient
of the no:zle installation is

] - [
l—e ¥ K 1—c MO . (339)
a=-—pp = B b'B

The air cushion pressure coefficient, which is the ratic cf the excess
pressure p, ~ p, in the air cushion to the total pressurc Hr of the air

cstream fed tc the nozzle inatallaticn ie

[ Wil
p=l—e¢ 'V =l—¢ M (340)

The 1lift coefficient for u single-pass plane no:zle with ungle of
veneratrix inclination p= 0 as

c=F o (1=F i 5 )n, (341)
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where F = F/S is the relative noz.le exit area.

In thesie and subsequent formulas we used: b == nouzle exit width;
h == elevation of craft above the support surface; B == width of nouui-le
installation meusured with respect to the outer edge of the no::le; L ==
length of no~zlce installation measured with respect to the outer edge of
the nozzle; F -~ nouzle exit dsrea; S == arca of nozzle installation bounded
by external cdge of noz:ile; and @ == air density.

The discharge cocfficient & of tne nozzle installation ard the air
cushion pressure p are shown in Fig. 202 as functions of parameter b/h.
Fig. 205 presents the dependence of the 1ift coefficients cy as a function

of parameter b/h, plotted by Eq. (341), for different relative nozzle exit
areas F, and Fig. 204 presents the function c, = £(v/D,; F/D,) for an

annular no:zle with diameter D, measured with respect to the outer edge of
the exit. In this case the coefficient c, was determined by iq. (341), and
the relative nozzle eoxit ares was determined by the formula
i b b
F=4D., (l—w—

u:). The intensity of the air stream fed to the noz:le
inatallation was calculated by Eq. (335%).

The dependence of the weight (1ift) per unit power on the weight
loading per unit nozzle installation area is

LY
!.‘f..‘l..L‘ - (342)

The relative exit area, cxpressed in terms of novzle perim:ter and

) l'“‘, b6
exit width, is F —S' .%.. L 2-!1'. , where /7, and /Z are the

perimeters of the nozzle installation determined with respect to the vxternal
and interna. noz:zle edges, respectively. with reference to this expression,
the nozzlc exit area for a planform oval nozzle installation with recti-
linear middle and with bow and stern sections rounded to a racius equal

to half the nrovzle installation width, we have

L 4

) o( L)Y 4a(1 =L
F -5 (BL/B)i--'lHS-‘ B)' (343)
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Fig. 202. Discharge coefficient
oc and air cushion pressure coeffi~
cient p as functions of parameter
v/h for angle of nozzle generatrix
inclination @ = O

Fig. 204. Lif* coefficient of
planform round nozzle installation
as functions of relative elevation
0 and for diffrent relative

nozzle exit wiiths

Fig. 203. Lift coefficient of
noz:le jnstallation as functions
of parameter b/h, when the angle
of nozzle gencratrix inclination for ¢ =
¢- 0, and for different relative

nowule exit areas

a function of parameters b, o, and L/B,

2(—2.-1)4-.1(1—-—"—S—V%--»-l}—l)

or, 48
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For a planform rectangular instullation, we have

Y P

or, 88 a function of the parameters b, S, and L/B,

F=2-2_ .

L _g b /L) 346
Vs Vua('+a 27V ) Siu

In the apecial case for planform round and square nozzle installations,
F = 4(b/B) (1 - b/B), where B is the side of the square no:le installation
and th.. diameter of the round no::le installation. The area of the oval

nozzle installation measured witn respect to the exit edge of the external
nozzle wall is

S;=8(515-1). (347) ;

and the arca of the rectangular noz:le installation snp = LB.

Eq. (541) for the 1ift coefficient c, can be extended -~ with adequate

practical accuracy == to no:zle installations of various planform shapes
== round, oval, rectangular, and so on, given the condition that the para-
meter P appearing in this formula is replaced with the appropriate value
of the rclative area of the particular installation.

ks s,

sl

Effcct of shape of no:zle installation on 1.t for identical nozzle
installation area, measured with respect to the exit edge of ‘he external
nozzle wall. For all the craft under consideration, we will u:gsume --
independently of their relative elongution*L/B = the overall area of the 4
nozzle installations to be 5 = 100 m“, and the elevation of t!« craft 1
above the ground surface h « 0.3 m. We will compare the ncz.l. installa- ]
tions in terms of the lift (weight) of the craft, per unit recuired power
for two characteristic ceses: for identical width b/h, and for identical
relative area P of nozzle exit. [*also referred to as "aspect ratio®

The casce of identical exit width of particular nozzle installations.
Let us assume the nozzle exit width b = 0,12 m. To this ther: corresponds
4 constant value of the paramecter b/h = 0.12/0.3 = 0.4. Knowiyz b/h and
finding == by Eqs. (344) and (346) for each nozzle installutic:n differing
by the relative clongation L/B =~ its value of F, let us detornine by
Eqs. (539), (340), and (341) the values of the coeff:cient(x p, and Cy e

Further, assigning different values to G/5, by 3q. (542) lct us calculate
the value of G/Nc. For these samc values of the parameter G/., let us

find the pr.sosure H - i |
) ‘¢ S
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Fig. 205. Weight per unit power, Fig. 206. Required volume flow of

] and requirea pressure as functions air fed to nozzle installation as

] of weight load at craft bottom and functions of weight load at craft

' relative elongatign of nozzle instal= bottom (S = 100 m2; b = 0.12 m;

. lation (5 = 100 m“; b = 0.12 m; h « 0.5 m):

: h = 0.2): ! == for round nozzle when L/B = 1

b 1 == for round no:zie when L/B = 1 2 == for square nozzle when L/B = 1
2 == for syuare nozzle when L/B =1 3 == for oval nozzle wlen L/B - 4
3 «= for oval noz.le when L/B = 4 4 — for rectangular nozzlc vhen

4 == for reciangular noz:le when L/B = 4
L/B=4 KEV: A — o’/sec
KEY: A — kg/o

which muct v sustained in the air strcan in front of the no .. i.: installa-

tion, and thn == by igs. (306) and (53%) =~ air volume flow ' =nd power Nc,
respectively.

For *nose newrle installations with identical area loacdin. ana craft i
levation, ‘i paramcter G/Hv has its maximum value for a plantorm round

nn=ile (curve °, Fip. 209). hAs the length of the oval nozzle installation
it increasca for the same overall area, the value of the parascter G/Nc

becomes less (curve 3). A similar effect also occurs for planform square
and planfor: rectanpular nozzles (curves 2 and 4, respectively). Here Hc L

varies onl, slightly with change in the relative length®L/B of both oval
and rectanguler nozzle installations, A marked rise in the air velume flow

‘. and an increase _n the power N are observed (Figs. 206 and 207). .
[' also referred to as "aspect ratio" ] ?
1
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Pig. 207. Kequired power as functions Fig. 208. Power required to raise

of weight load at craft bottom (S = craft to specified clevation as

100 m2; b= 0.12 m3 h = 0.3 m): functions of relative elongation

! == for round nozzle when L/B = 1 of nozzle installation for different

2 == for square nozzlc when L/B = ! weight loads (S = 100 m¢; h = 0.3 m;

3 == for oval nozzle when L/B = 4 b=0.12 m):

4 == for rectangular nozzle when 4 and b =~ for oval and r..ctangular
L/B = 4 nozzle installations,

regspectively

KEY: g :: 22425

let e r~xamine two cases of variation in the nozzle installation
characterintics for the above-indicated geometrical parameterc of the
installations: for identical craft weight (G/S = conct), let uc find the
variation in the power (NC/G = var) as a function of the nozzle installation

contcur; for identical power outlay Nc, let us find the dependence of the
varjation in the 1ift coefficient cy (weight) on the contour [shape] of the

nozzle installation.

The dependences of power, per unit weight, on the relative elongation
of oval and rectangular nozzle installations for different bottum loading
are shown in Fig. 208, which also gives the depcndence oi the relative
area F of nc:zle installations on their clongation L/B. To deic:mine the
relative power, we used Eq. (342), and to determine the relativc area =-
tns. (344) and (346). As we can sce, for identical craft weight, identical
elevation above the support surface, and identical nozzle flow=through
width, there is a gain in power with increase in the relative elongation
of the noz.le installation.
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Fig. 209. Lift of air

cushion vehicle for

identical power outlay

as functions of planform

shape of nowuzle installa-

tion (S = 100 m%; h = 0.3 m;

b =0.12 m; N = 900 hp):s

! and 2 == fof oval and
rectangular nozzle instal-
lations, respectively

The rise in pcwer with increase in relative length L/B is less intense
compared with the rise in the nozzle exit area F, or, which amounts to the
sume thing:, with increase in the nozzle exit perimeter, since b and S are
identical for all nozzle installations. Thus, for oval noz:les when L/B
is increased from 1 to 4, the relative area P rises by a factor 1.33, while
the power pcr unit weight increases by only a factor 1.28. Here the
increase in HC/G is nearly independent of the loading of the bottom of

the nozzle in:tallation. This is accounted for by the fact that the lift
coefficient ?y depends nonlincarly on relative ares F. Similar rcgularities

also hold for rcectangular nonzle installation.

Let us examine the case of identical power outlay. Suppose Nc = 900 hp.

We will assume 5 = 100 m2, b=0.12m, and h = 0.5 m. Let us determine

the dependence of craft weight (1ift) per unit power on the relative clonga-
tion [aspect ratio] of the nozzle installation. PFrom the known value of

the paramcter b/h, let us determined and p. Using the values of these
parameters and knowing the function F = f(L/3, bA/S), defined by Eqs. (344)
and (346), let us calculate the lift coefficient cy for the corresponding

values of L/B. Then by the formla

——— -—l—

=SV () &8

readily derived from Eq. (342), let us determine the value of Y/Nc.
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Fig. 270. Wweight per unit volume Fig. 211, Required power as
a3 functions of "Sigﬁt load at craft functions of wveight load at craft
bottom (S = 100 o“; P = 0.04; h = bottom and relative elongation of
0.3 m)s oval gozzle installation (S =

1 == for round nozzle when L/B = 1 100 u; P = 0.04; h = 0.3 n)s
2 == for squarc nozzle when L/B = 1 1 == for round nozzle when L/B = 1
5 == for oval nozzle when L/B = 4 2 = for equare nozzle when L/B = 1
4 == for rectangular nozzle when 3 == for oval nozzle when L/B = 4

L/B = 4 4 — for rectangular nozzle when

L/B = 4
KEY:s A - kg/m?

The function Y/Nc = f(L/B) for planform oval and rectansjular nozzle

installations is shown in Fig. 209, where we can see that for the same
expended power, the 1ift diminishes with increase in relative length of

the nozzle installation. Here planform oval installations exhibit the
Freater 1ift, while among these is the round nozzle, producing roughly

7 p==cent more 1ift than a square nozzle. As the elongation of the oval

nc cie installation is increased to L/B = 2, the 1ift is reduscd by appro=
ximately 4.7 percent. The elongation of planform oval nozzles up to L/B =3
reduces the 1ift by about 10.5 percent compared with the round nozzle. For
rectangular noz.les, an increase in elongation to L/B = 2 and L/B = 3 means
a reduction in lift of 3.4 and 8 percent compared with the square nozzle,
respectively.

Case of identical exit area of particular nozzle installations. Por
all nouzle installations considered, we will assume that their overall area
S = 100 m¢ and the elevation of the craft above the ground surface h = 0.3 m
is the samc, We will assume the noz:le exit area also to be identical and
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Fig. 212. Volume flow of air fed to Fig. 213. Hequired pover as

nozzle installation as functions of functions of load on craft bottom

load at craft bottom (S = 100 m?; (S = 100 22; P = 0.04; h = 0.3 m)s

F =0.04; h = 0.3 m): 1 == for round nozzle when L/B = 1

1 == for rourd nozzle when L/B = 1 2 == for square nozzle when L/B = 1

2 =~ for square nozzle when L/B = 1 3 = for oval nozzle when L/B = 4

3 == for oval nozzle when L/B = 4 4 — for rectanguler no.zle when

4 — for rcctangular no:zle when L/B = 4 f
L/B = 4 KEY: A = hp

KEY: A — n)/sec i

equal to 4 percent of the nozzle installation areus, that is, F = 4§ mz.

Knowing the planform shape of the nozzle installation and the relative exit
area F, let us determine the nozzle flow-through widths

for an oval nozzle installation 1

b v/ w_ E 39 f
7'3"—kl .‘/ki n » ( ) |
wvhere
L n
- 7*+t7 ! 4
3

il il

for a rectangular nozzle installation

|
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Since the elevation h is specified, let us find its value b/h for each
nozzle installation differing in relative elongation L/B. Then let us
determine by Eqs. (339), (340), and (341) the coefficients &, P, and Cys

respcctively, Further, specifying various values for the parameter G/S,
let us calculate the values of G/Hc by Eq. (342). For the same G/S values,

let us firnd the total pressure Hc thut must be sustained in the air stream

where

in front of the nozzle installation, and then the air volume flows Q and
pover N - vy Egs. (306) and (335).

By comparing the resulting curves (Figs. 210-213) for the corresponding
functions derived earlier (cf. Figs. 205-207), we can see that the pattern
of variation in the parameters G/Nc, Q H, and Nc as a function of loading

G/5 remains approximately the same as in the case of constant exit width of
nozzle instuilations. The only difference is that when F = const, the
pressure HC rises markedly with increase in relative elongation 1/8, vhen

there is a small rise in volume f{low @, and in the case when b= const,
conversely, the pressure varies weakly with increase in l/B, vhile the

volume flcw rises appreciably. With increase in L/B there is a gain in
power NP, ir e¢ither case,

let us alao determine dependence of power (N&/G) on nor:le installa~

tion shape for constant craft weight (G/S = const) and 1lift (weight) on
the nozzie installation shape for identical power outlay (NC = const).

To solve the problem, let us use equation (342). Starting from the
condition that P = 0.04 for all the nozzles considered is a constant, let
us determine by kEqs. (349) and (350) the nozzle exit width b for various_
L/B values. Further, calculating b/h, let us find the coefficients &, p,
and Cys and then by using Eq. (342), let us determine the unknown value of

NC/G for the corresponding value of L/B.

The dependence of power per unit weight on the relative elongation of
a nozzle installation for identical bottom loading is shown in Pig. 214,
where the dependence of relative nozzle exit width b/ on its relative
elongation L/B is also plotted. As we can see, for identical nozzle
installation weight, identical elevation above support surface, and
identical nozzle flow=through width, 4s the elongation of the nozzle
installation is increased the power rises, and it does so more intensely
than when the nozzle installation width remains constant,
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Fig. 214. Hequired power as functions Fig. 215. Power loading as functions

of relative clongation of nozile of planform shape of nozzle instal-
installation for different weight lation for identical nozzle instal-
loads (S = 100 m2; h = 0.3 m; F = lation area (S = 100 m2; F = 4 m2;
0.4 nl): N, = 900 hp; h = 0.3 m)s
a == for oval nozzle installation
b =~ for rectangular nozzle instal- WKndjel savdsr ol ard irecianguler
Iathon nozzles, respectively
KEY: A -- kg/m% ;
B == kg/m é

To find the dependence of the 1ift {(weight) on nozzle installation 1
shape for icentical power outlay, which we assume to be Nc = 900 hp, let ]

us use bq. (348). ELmploying the values of of and c, determined in the J

preceding case for F = 0.04 as a function of L/B, and also Lg. (348), we
get the function G/NC = f(L/B) shown in Pig. 215 for oval and rectangular

nozzle installations. As we can sve, for the same expended pover, as the

relative lerncth of the nouzle installation is increased,_the weight power . _
loading becomes less, where in this case, that is, when F = const, the ]
decrease in G/NC (1ift per unit power) proceeds more intensely with increase :

in L/B thun when b = const (cf. Figs. 209 and 215).

i
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Pig. 216. For grapnical determina-
tion of parameter b/h for oval and
rectangular nozzle installations
with different relative elongations
(S =100 m; b=0.12m GC= 15,000
kg; Nc = 900 hp; the solid curves

correspond to oval nowzles, and the
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Fig. 217. Effect of planform shape

of nozzle installation on craft

elevation above support surface

(S=100m%; b=0.12m; G = 15,000
kgi N_ = 900 hp):

1 and 2 — for oval and rectangular
nozzles, respectively

dashed curves =- to rectangular
nozzles)

Effect of nozzle installation shape on cruft elevation atove ground

surface. lct us find the dependence of craft elevation above support surfa--

on the relative length of oval and rectangular nozzle installations. For
all the particular nozzle installations we will assume the followings:
S=100 @, b = 0.12m; G = 15,000 kg; and N, = 900 hp. Since it is not

possible to «xpress the dependence of clevation h explicitly on these para=-
me ters, let us solve this problem graphically. kq. (342) can bc written as

Va 1+ 6 4/TYT
_* "’75"~7V7 V<. (351)

The rigcht side of tne equation is constant. The coefficients ¢ and

& appearing in the left side of the equation depend on the relitive eleva=~
tion of the ~raft, that is, on the purameter b/h. Knowing b and S, and
assigning different values to L/B for oval and rectangular noz:le installa=
tions, let us determine by Eqs. (344) and (346) the relative exit area F.
Using thesc values of P for each elongation L/B and specifying different
values to h/h, let us determine by £qs. (339), (540), and (341) the values

of o, 5, and cy’ und then let us plot the relationship k l/ d
as a function of b/h. af
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The point of intersection of the curve & 7.~ [(bh)  @nd the
i G Y e .
straight line R |/‘\ [ (bh)
gives the unknown value of the parameter b/h for the particular r~elative
elongation of the nozzle. Fig. 216 shows the graphical solution «of Eq. (351),

and Fig. 217 shows the dependence of the relative elevation h/b of the
nozzle installation above the support surface on the relative elongation

1/B.

For identical nozzle installation area, identical nozzle exit width,
identical craft power, and identical power expended in forming the air
cushion, planform oval nozzles provide the greater elevation. For the
conditions specified above, the elevation of a planform round nozzle ‘s
proportionally 10 percent higher than that of a square nozzle. With
increase in relative elongation of a nozzle, the elevation differen-e
becomes graidually smuller, however even for the elongation L/B = 2=5, it
still is quite appreciable.

Effect of nozzle installation shape on lift for identical length and
width of nn:.le installation. Let us determine the optimal planform shape
of a nos..!c installation for specified overall craft dimensions (length L
and width 3), that is, let us find the form for which the 1ift Y will be
the greatest, and the power Nc supplied to the air streaming oproducing the

air cushion and the elevation h of the craft above the surface will remain
identical.

We will asgume the area L-B = 100 m2, the elevation of the nozzle
installation h = 0.5 n, and the power of the air strcam in front of the
nozzle N = 900 hp. Let us examine two planform dissimilar no:.zle instal-

lations =- rectanpgular and oval over the range of variation in relative
clongation L/B from ! to 4. We will perform the analysis for ‘wo cases:
Jor identicul relative noz:le exit width b/h; and for identical relative
nozzle exit area F.

The case of identical no:zle exit width. Let us assume the nozzle
exit width b = 0.12 m. To this value there corresponds the parameter b/h =
0.12/0.5 = 0.4. Upecifying different values for the parameter L/B and
using the condition LB = 100 m“, let us find the corresponding values of
B and_L. Then by kqs. (345) and (3495) let us determine the relative exit
area F of oval and rectangular nozzle installations. Further, by 2q93. (339),
(340), and (541) let us calculate the coefficients o, p, and c e Using

the valucs found for these coefficients for the various values of the
relative craft elengation L/B, let us determine G/Nc by Ea. (348). The

air volume flow ¢ and the total pressure HC required to produce the air

cushion can be found by ©qs. (3506) and (301).
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The resulting functions are shown in Fig. 218, from which it is clear
that for small relative elongations, the rectangular nozcle installations
have greater power loading, that is, greater 1ift compared with the oval.
Thus, the 1ift of a square nozzle installation is about 8.5 percent greater
than for a4 round, in spite of the fact that the areas of these installations
differ by 27 percent for identical overall dimensions. This difference is
duc to the fact that a higher total pressure with somewhat less air volume
flow must be mauintained in front of the round nozzle installation.

With increase in relative elongation L/B of a craft, the efficiency
of the oval nozzle installations rises, and then begins to decrease, approach=
ing the efficiency of rectangular nozzle installations. For the relative
elongation L/B = 3, the power loading becomes identical, in spite of the
fact that the bottom area of oval nozzle installations is less than the
bottom area of rectangular nozzle installations. Even in this case sowmewhat
greater total pressure Hc is required for oval nozzle installations.

Casc of identical relative nozzle exit area. We will assume the nozzle
exit arca F to be cqual to 4 percent of the area S of the nozzle installa-
tion bottom. FYor each rectangular nozzle installation, the area F == accord-
ing to the adopted conditions == is 4 m2, and for an oval installation =
F = 0.04 S, where we determine S, by Eq. (347) as a functiin of the rela-

tive clongation L/B of the nozzle installation. Knowing F and S, let us
calculate by iqs. (549) and (350) the values of the parameter b/~S and lct
us determine the nozzl¢ e¢xit width b. Further, by determining the parameter
b/h for the corresponding L/B, let us find the coefficients of, p, and c_,

und then by kEq. (348) == the power loading. Using Eqs. (200) and (306),
it io not difficult to determine for each calculated L/B value the air
volume flow 4 and the total pressure Hc required to produce an air cushion,

The resulting functions are shown in Fig. 219,

Calculations showed that for the same relative nozzle exit area (f -
const), there is the same pattern of variation in the functions H, = f1(L/B)

and Q = fz(L/B) as in the case of identical nozzle exit width (b = const),

in spite of the fact that the coefficients oCand S differ for the particular
nozzle installations. Just as in the preceding case, the increase in the
relative elongation L/B of the oval nozzle installation initially leads to

a rise in 1lift, and then to a reduction. The efficiency of the rectangular
and the oval nozzle installations becomes identical when L/B %2.6.

The calculations afford the following principal conclusionss:
planform oval novzzle installations compared with rectangular instal=~
lations, for identical overall bottom areas and relative elongations, and

also for identical elevation above the support surface and power expended
in air cushion formation produce thc greater 1ift.
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Fij-. 218, Characteristics of

air cushion vehicle as a function
of planform shape of nozzle
installation and its relative
elongation (LeB = 100 m; b=
0.12 m; h = 0.3 my Nc = 900 hp)s

' and 2 == for oval and rectangular
novvles, respectively

An incr--i1sc ir the relative elonyution of a nozzle installation for
the game overall botteom arca leads to a reduction in 1ift both for oval
as well as rectangular noz:le installations. Curving of the edges of a
planform rectangular nozzle and its conversion into an oval nozzle, with
the overall bottom arca retained, improves its load-bearing qualities.
Under these conditions, oval noz:le installations provide greater hovering
height above a support surface than do rectangular,

For specified overall dimensions (length and width) of an air cushion
vehicle, the advantage of employing a particular nozzle installation plan-
form shape depends on i*s rclative elongation. For smal) relative elonga-
tions (clos to unity), rectangular nozle installations provide greater
1ift compar«d with ovai. with increasing relative clongation, the efficiency
of oval nozzle installation rises, and when L/B >2, oval and rectangular
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Fir. 219, Characteristics of air cushion vehicie as a
functior of planform shape of noz:lc installation and
its relative elongation (L.B = 100 m2; Fa 0.04;

h = 0.3 m; Nc = 900 hp)s

 and 2 == for oval and rectangular nozzles, respectively

noz=le installations produce approximately the same 1ift, in spite of the
fact that in these cases the area of the oval nozzle installations is less
than that of the rectangular.

48, iuffect of Stability Nozzle Placement on the Lift of a Two-Pass Nozzle
Installation for Constant Power Outlay

Variation in the lift of a plane sectionalized nozzle installation is
wholly determined by the pattern of variation in its 1ift coefficient cy.

The power fed to this nozzle installation is indepcndent of the stability
nozzle plucement Ez/B, since the flow-through area of the external nozzles

F, and of the stability noz:les F2 and their discharge coefficients OQ and

a% remain constant with variation in the parameter Bz/B. We can cvaluate
the pattern of the function Y = f(Bz/B) from the curve c, = £(3,/B, K /B)

shown in Fi:. 152. The 1ift of this installation is always smaller than
the 1lift of a plane single=pass nozzle constructed with the same overall
dimensions, with the same total flow-through area, and with the same
angle of peneratrix inclination, as well as identical power outlay.




Fig. 220. Loau-bearing capacity of two-pass
annular noz:le installation as functions of
pilacement of internal nozzle for constant
power outlay (Dy = 10 m; b,/Dy = b2/D,, = 0.01;

¢, = @, = 45°% N_= 300 hp)
KbYs A == kg

Let us determine the pattern of variation in the 1lift of a double-pass
annular nozzle as a function of stability nozzle placement D,./D, for the

same power outlay expended in producing the air cushion, and with unchanged
hovering height above the support surface. In this kind of nozzle installa-
tion, as the parameter DNZ/D“ is reduced, the stability nuzzle flow=through

area becomes less, the air volume flow is smaller, and the power required

to s.8tain the craft at a given elevation h above the support surface changes.
For a doublc¢=pass annular noznle the nature of variation in the 1ift coeffi-
cient c:y does not directly express the pattern of variation in the 1ift Y

for constant power outlay.

let us examine the characteristics of a double=pass annular nozzle
with horizontal nozzle cut=off having the following parameterss D, = 10 m,
b,' = b, =0.1mn, ¢P1_ = ¢2 = 45°. We will assume the air density

p=0.12% kr-secz/md, and the expended power is taken as constant and
equal to :ic = 300 hp. oSpecifying various values for elevation h, let us
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Fig. 221. Air pressure and air volume
flow of double-pass annular nozzle
installation as functions of placement
of internal nozzle for constant power
cutlay (Dy = 10 m; b,/D, = b,/D, = 0.01;

@, = @, = 45°% N_= 300 hp)

find the corresponding values of the parameter b/h, aund then_oy kgqs. (86),
(69), (91), and (95), let us determine the coefficients p,, Py oy and

. Further, specifying different values to the parameter .D,2/D‘, and using

the familiar jcometrical parameters of the noz:ile, let us calculute by

kgs. (189), (190), (191), and (192) the arcas Pc1 and FCZ of the nozzle

cut=offs, arcas of the sections §1 and 82 of the nozzle installation bottom,

and the arcu of the entire bottom 5. Then let us determine the corresponding
values of « and o by kqs. (186) and (96), and further, by the following
formulas
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Fi¢. 227. Discharge coefficient of twe~=
pass annular no:xzle installation as func-
tions of internal nozzle placement (D, =

10 m; by/Dy=b,/Dy =0.01; ¢, = @, =
45°; ¥_ = 300 hp)

let us fin¢ the corresponding 1ift, pressure, and air volume f{low.

As the diameter of the internal nozzle is reduced (Fig. 220), that is,
with decrcare in the paraweter D"Z/D“' the 1ift rises for small elcvations
h/Dy and decreascs gsomewhat for greater elevations, in spite of the fact
that the 1ift coefficient Cy decreases with decrease in the parameter
D“2/D“ for all tne eclevations considered. llere, as we can see in Figs. 221
and 222, the pressure H: rises with decrease in the paramecter D"2/D“, while
the air volume flow == in spite of the increase in the total discharge
coefficirns X == becomes smaller,

Thuz, the conversiorn of the single-pass annular nozzle installation

Dg _ oo 3
(_DJ_ - 0,9.2) into a two=pass installation (Duz/q, < 0.972) with the

same overall flow=through width (b = b, + b2) and the same ansle of

generctrix inclination (¢ = @, = @,) makes it possible, for the same
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power outlay, to produce a greater lift at low elevations. Here it must
be remembered that & higheor-pressure air flow must be brought to the
double=pass nozzle installation. .This pattern of variation in the aero-
dynamic characteristics of a double-pass annular nozzle_is due to the
appreciable reduction ir the overall flow=through area F as the diameter
nhz of the internal noz:lec is made smaller.

4ith incrcase in the noz:le installation clongation, that is, with
the transformation of the round nozzle installation into an oval installa=
tion, the difference in the pattern of variation of 1ift Y and lift coeffi-
:jent Cy as a Tunction of pararcter B2/B becomes smoothed over, the lcad-

rearin,;; capacity of oval two-=puss noz:zle installations deteriorates, and
cinrle-pass no-zle installations become more efficient for the same power
outlay in sustaining the craft at a specified elevation.




CHAPTLR NINo
AERCDYNAMIC DRAG OF FLOw=THROUGH
CECTION OF a4k AIR CUSHION VZHICLE

29, serotynanic Jharacteristics of Flow=Through Uection

The flow=ihrough section of flight air cushion vehicles comprises a
cyster of air ducts for suckimn- in ambient air, channelins it through ‘he
raft, dand discharming it through the nouzile installation to the exterior
cowari tho grounu surface in the form of jets producing thc air cushion.

The flow=thr uyn scetion is a vitul component of these craft: its configuru=
tion and dimensions cfien predeterminc the craft arrungem-nt as a whole,

and or the aeradynamic qualities of the {low=through section depend rot

nly c<he officiency of the ro zle¢ installation but als~ the power charace-
teristizs of *ie crafs.

The principal requiremcnts on the flow=through scction are the follow:.
tne mest unifors possible supply of air as it is {od tc the nozzle installa-
*ior, small nydseuli: prescire losses, and small overall duct dimensions,
Trese requirements are contradictory, since satisfying onc of them most
A 1ly erntails deerading other parameters. Therefore, building a rational
2y ster of the flow=throush scction is possible only given 2 coapromicse
solution,

Tne flow=tnr ugh scction of an air ~uchion vehicle differs acrodynamically
{rom wne ordirary metwork in which a {an operates. Its distinction is that
3t szall pressures producetd Ly a f{an this network is 2 closed volume adrittirg
barely any air, T=2is correspondc te the case when an air cushion vehicle
rects on the support aurface amd 145 nouzle exits proved to be quite
tigntly scale® by the soil if the craft is on the ground, or by the wuter
il 1t iz alloat, Ir this condition the creft remuins urntil the critical
voment when the forces cf cxcess prescure hercath the craft, increasing
vith the pressire rise ir the nctwork, becone cqual to the craft weight.
a 8light cxness ol the critical pressure leads tc the 1ift of <he craft
fro= the support surface and the apparently avtomatic opening of tre valves
ané tho ciscnarece of air from them, At this instant the craft enters the
free hovering regice.
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With further prcssure rise in the network and a corresponding increase
in the air volume flow, the elevation rises and so does the distance between
the nozzle cut=off and the support surface, while the compressing action of
the support surface on the air jets escaping from the nozzles weakens. The
drag coefficient of a nozzle installation becomes smaller with increase in
the elevation,

Thus, the flow=through section of an air cushion vehicle is a network
with variable-area exit openings, whose beginning and degree of opening
depend on the pressure built up by the fan, These properties of the flow=
through scction predetermine the pattern of variation in its drag as a
functicn of the amount of air passed, which introduces the points of dis-
tinction into the combined operation of the craft's flow=through section
and its fan installation,

50. Irag of the Flow=Through Section

The acrodynamic drag of the flow=through section in an air cushion
vehicle iy

H = He + H, + He

where Hg. is the drag of the suction network ducts; H, is thc drag of the
delivery nctwork ducts; and Hc are the losses in the dynamic pr .asure of

the air jets outflowing from the nozzle installstion,

The dynamic pressure of an air jet outflowing from the nozzle installa-
tion is dirvctly associated with the effect of air cushion formation
beneath the craft. Losses in dynamic pressure are determined by the total
pressure expended in producing the jete for required air volume flow in
the conditions of air cushion formation. The size of the losses depends
strongly on the nozzle installation geometry and the eclevation of the
nozzle installation above the support surface. This function is manifested
in the variation of velocity fields in the nozzle cut-off planc.

The drag of the suction network and the delivery network is associated
with the necessity of feeding external air into the nozzle installation
and has no direct effect on the excess pressure in the air cushion. Aero-
dynamically, this drag is detrimental. To overcome the drag in the suction
and delivery network, an additional power outlay is required, which degrades
the power characteristics of the air cushion vehicle.

Pressure losses in the suction network are especially small, since
the extent of the ducts forming this network is limited and its shaped
gections do not produce large local drag values. Often the suction network
consists only of an air-receiving connecting piece, which is at once the
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inlet header of the fan. In this case the pressure losses in the suction
network arc assumed to be zero, since the air-receiving connecting piece=-
header is regarded as a component of the fan and the pressurc losses it
produced are accounted for in the fan characteristic.

Pressure losses in the delivery network can reach large values. They
usually consist of pressure losses in the diffusor mounted behind the fan,
in the annular and radial turns by which the fan diffusor is conjuguted
with the air-distributor ducts, in the receiver and its turns guiding the
air into thec nozzle installation, and also in the narrow constrictions and
dilations produced by the presence in the flow-through section of different
kinds of projecting parts and installations.

The total drar of the flow=through section in an ai: cushion vehicle is

Hep L;, e, +Z“ L sy

where { it the coefficient of dynamic pressure losses in the stream as it
exits from the novuzle installation; (& is the coefficient of local drag in

the shaped component of a duct; v, is the mean air velocity in the flow=
through openingm of the noszle inostallation; vy is the mean air velocity
in 8 typical nection of i1 particular duct component; li i& the length of
the partioular duct aection; di is the equivalent diameter of the flow=

through crosa=gsection of a particular duct section; @ is the air density;
and li is the coefficient of air friction aguinst the walls of the particular

duct section,

The firni term at the right side of £q. (392) characterizes the pressure
losses in the novzle installation, snd the two others == the pressure losses
in the flow=through section ducts from the point at which the ambient air

s sucked into the craft until it cnters the nozzle installation. The
coefficients §, (}, and li depend in the general case on the Reynolds

number, vclocity field profile in the air stream flowing into the duct
element, the roughness of the duct walls, and the stream turbulence,

In pructical ~alculutions of the flow=through section in an air cushion
vehicle, theae cocfficients can be determined from the appropriate theore=-
tical or ecxperimental functions for the specified geometry of the duct
~lement und the assumed aerodynamic parameters of the air stream, with
allowance for the effcct of the Re number and other factors, but upon
further exarination of the various operating regimes of the flow=through
section, these coefficients can be assumed to be constant and independent
of thege far~cors if during the variation of the regime these factor do not
undergo lar, e changes,
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The coefficient of drag § in the nozzle installation and the coeffi=
cients Sri and ’li of drag in the ducts, appearing in Eq. (352), are

different in physical meaning, their values are determined by different
factors, and they affect the characteristics of an air cushion vehicle
in different ways. Let us determine what effect they have on a craft in
the hovering regime.

51. IDrag of Nozzle Installation

The pressure losses in a nozzle installation are

H = f;— =tL(F)" 9

where ¢ and F are the air volume flow and flow=through areua of the nozzle
installation, respectively.

The dray coefficient ;’ of a nozzle installation reflects the losses
and kinetic energy suffered by the air jets producing the air cushion and
comprises an outlay of total pressure required to produce these jets,
expressed in fractions of the dynamic stream pressure determined from the
mcan discharie velocity. The size of this coefficient is prcdetermined by
the nozzle inastallation geometry and by the position of this installation
relative to the support surface, that is, on the one hand by shape of the
nozzle installation, dimensions of the flow=through openings of its
constituent nouzles, angle of penecratrix inclination, and by the conditions
under which the air flows into the nozzle installation, and on the other
hand =— by the elevation of the nozzle installation above th. support
surface, the relief of the surface, and the angle at which the nozzle
installation heels with respect to it.

The drag coefficient § is associated with the disghargc coefficient
of the nou:zle installation by the relatiorship ¢ = 1/p¢. We can determine
this coefficicnt in several cases theoretically with accursacy that suffices
for practical purposes, or else experimentally by full=-scale or model tests
of nozzlec inctallations in their required ranges of elevation above this
support surface and angles of inclination to it.

For a sin, le=-puass nczzle installation with a nozzle flow=through width
b and angle of generatrix inclination @, and which is horizontal relative
to a smooth solid support surface at elevation h, the druy coefficient
is calculiatea by Eq. (78), or this coefficient is related to the flow=
through areca of the nozzle installation.




SETT]
A
a9
"'".""l .
r’l—.— 4
, e
. |
' i
-1
usi
-
")
. s P B
! L ;Wf.Jn;i
1 | 1
E 0 50 100 @ m¥ces 3

Fic. 225. Drag cnaracteristics
of novzle installation of air
cushion vehicle with single-
pass annular nozzle as function
of air volume flow (D, = 10 m;

b=0.12m @=45% § =0)

KEY: A =— kg, m2
B == m/sec

The functions clarifying the manner in which the drag H(. of a nozzle
installation depends on air volune flow § for different elevations h/Dy above

the support surface are defined by Eqs. (353) and (78) for a planform round
single-pasa nozzle with diameter Dy = 10 m, flow=through width b = 0.12 m,
and angle of rneratrix inclination @= 45°, and are shown in PFig. 223. as
we can see, un increase in the elevation of the craft above th. support
surface reduces the drag of the nozzle installation, and when the craft is
beyond the aerodynamic influence of ground proximity (h =oo), the drag of
the nozzl installation reaches its minimum ({ = 1). when h = 0, where the
craft rests on the ground with its nozzle installation, the drag coefficient

¢ =oo. In this case, the characteristics of the nozzle installation drag
coincide with tiie Y axis. c

The drag coefficient ( for double=pass and sectionalized nozzle |
installations depends more complexly on the geometrical parameters of the .
nozzle inntallation and its porition relative to the support surface, above
the pattern of variation HC = f(y) even in thcse cases remains similar to

§ that shown in Fig. 223.
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52. Drag of Flow=Through Section Ducts

Pressure losses in the flow=through section ducts over the arca from
the ambient air inlet into the air cushion vehicle to the point where air
enters the nozzle installation are

Ho= YIu+ Yong o

this equation can conveniently be represented as the following, after
de terminins the coefficicnts appearing in it:

H, Z(w-tu)f;"—.

where 4:41 = ‘li(li/di) = const is the reduced coefficient of friction.

Upon ¢xamining the problems associated with the comoined operation of
a fun and network, the network comprises of suction and delivery ducts is
conveniently characterized by a single overall drag coefficient related to
the represcentative cross=section of the flow=through area:

Hy
o= - b (5 ).

€

—_—

2

where v, is the mean air velocity in the noizie installation exit adopted

as the characteristic network cross=section.

The air volume flow in each scction of the network ducts is the same,
t.at is, . = v,F, = v F = const, therefore vi/v - F/F and thus the drag

coefficient of the suut1on and delivery sections of network are represented

by
— F \?
= :Z:(C:*—de’(77) 0
where F and Fi are the cross=gection areas of the exit of the nozzle instal=-

lation and the particular duct section, respectively.

Thus, the pressure losses in the flow=through section ducts are

po;
He=t =
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The dray; coefficient ;k appearing in this formla characterizes the

pressurr losses associatced with the phenomenon of stream separation from
the walls of the flow=through section ducts, with the constrictions of

the stream and its subscquent expansiona, and also with the friction of
the streum against the walls of the flow=through section ducts. This
coefficirnt is determined by the duct geometry and the aerodynamic proper=-
ties of the stream and is independent of the placement of the nozzle
installation relative to the support surface.

53. Charucteristics of Network Drug

Total pressure loases in the flow=through section of an air cushion
vehicle, inciuding the losses in dynamic pressure of the stream exits from
the nozzlc installation are

pv'.'
H=@{+%W 5
or, with relerence to v, = /F,

Q

H=@+w 5 (F)- (354)

In soveral caser it appears useful to characterize the total drag in
the nctwerk

by a4 sinrle cverall drag coefficient k = ((/2)-((+{y)/1-‘2. which has the
dimension [kg.sccz/me].
oonetines it in worthwhile expressing the drag of the :raft flow=

through section in terus of the drag coefficlients giver with respect to
the exi® nra Ky of the fan housing or with respect to the area Pom swept

by tke fan irpeller., In these cases the drag coefficients are

*-

Foyt L Ea
7 C"( F ) and  {, - C.(-;:‘") '
and the preesure losges in the flow=through section are

— 'ﬁv_:. and _ e P
where v, i the mean air velocity at the fan discharpe; Vor iz thc nmean

air velo~ity in the imaginary openins, whose usrea is equal to the area
swept by the fan impeller.
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Fig. 224. Drag characteristics 1

of network of air cushion 1

vehicle with single-pass annular ;

nozzle as function cf air volume 3

& flow (Duw= 10 m; b = 0,12 m;
@ = 45°): ;

1 — when h/Dy = 0.01 and § = 5.53 i;

1 2 == when h/Dy = 0.05 and § = 1.49

2
KEY: A == kg/m
B =~ m/scc

For a single-pass nozzle installation above the solid support surface
by the height h, the pressure losses in the craft flow-through section are

bha(l --sing) )
H=‘[|_t-bh(l49lﬂ!‘l] +

+ C‘]' 4 (-2*)’ . (355) J

This cquation is the nctwork characteristic expressed as the function
H = f(¢) relating the jcometrical parameters of the craft flow=through
section w.th its elevation above the support surface.

As an example, in Fig. 224 are given the drag characteristics of the

flow=through section in an air cushion vehicle with a single-pass nozzle,
witk D” =10 m, b ~ 0.12 m, and @= 45°. These characteristics were plotted
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by Eq. (355) for two craft clevations above the support surface (h/D, =
0.01 and 0.05) for dif'fcrent values of the drag coefficient (k of the

flow=throush acction ducta., The drag of the ducts is astrongly reflected
in the overall drag of the network ut relatively high elevations of the
craft above the support surface. At shallow elevations, the contribution
of the dre;; introduced by the ducts into the overall drag of the network
becomes less, in spite of the fact that the duct drag coefficients are of
the same value. This is accounted for by the increase in the fraction of
the drag introduced by the nozzle installation. The curves for § =0

correspond to the case when the network drag is determined only by the drag
of the nozzle inataliation.

The network characteristics of craft with sectionalized nozzle installa-
tion can be determined in similar fashion. To do this, we need to replace
the coefficicnt ¢ appearing in Eq. (354) with an expression for it as the
function of seometrical parameters of the nozzle installation and its
elevation above the support surface, and when more complicated cases are
congidered == also as a function of the heeling and pitching angles.

54. Craft Drag Characteristics

let us find the relationship between craft weight, the load=bearing
propertics of its nouzle installation, and the drag of the flow=through
section, In the free hovering regime the craft weight can be expressed in
terms of thc total pressure Hc in the air stream in front of the nozzle

installation, 1lift coefficient °y' and area S of the nozzle installation,

that is,

The pressure uo is expended in forming the jets producing the air

cushion, and with respect to the craft flow-through section is completely
lost, that is, it consists of the drag in the nozzle installations

e Smi g (8

Accordingly, the total drag of the flow=through section of air cushion
vehicle is

H=@+t g = o + L5 °
G 2
H=s+tt () (356)




o

e =

Replacing the 1lift coefficient °y by its dependence on the geometrical

parameters of the nozzle installation, elevation h, and heeling and pitching
angles, we will have the characteristic of the craft drag, represented in
the form H « {(Q), relating the craft weight, geometrical parameters of the
flow=through section including the nozzle installation, and the altitude
[position] of the craft relative to the support surface.

Thus, for a single-puss planform round nozzle installation with flow-
through width b and angle of generatrix inclination ¢ = 45° vhen Y= X= 0,
the 1ift coefficient is - .

"-y=Ft +‘spo (357

where ?c is the relative cut-off area,

oy (V= b )

-
4

5 is the relative arca of the noz:le installation bottom mecasured with
respect to the inner cdi¢e of the nouzle exit,

« N =
S —-\_' =|—l-‘;

5 is the air cushion pressure coefficient determined by Eq. (74).

In the similar way we can cxpress the lift coefficient of a craft
with a sectionalized noxzle installation and determine itc drag characteris-
tics.

Fig. 225 presents the drag characteris .ics of an air cushion vehicle
at different elevations h/Dy above the support surface. This craft has a

single-pass annular noz:le with parameters D, = 10 @, b = 0.12 m, and

@= 45°, and flow=through sc.:ion ducts for supplying external air into
the nozzle. The duct resistance is defined by the coefficient (k = 0.9

related to the nozzle flow=through area. These craft characteristics are
plotted by Eq. (356), with the use of Eq. (357).

On examining kFig. 225, we can conclude that in a craft resting on a
support surface %h/n, = 0), the discharge of air from the no.zle installa-

tion is impossible until the pressure beneath it H <G/S. As the pressure
beneath the craft is increased, that is, as H >>G/S, the craft rises to
some rlevation h/D,. To sustain the craft weighing G in the hovering
regime at this clevation we rust expand a total pressure equal to the sum
of the pressure H_ = G/(cys) to produce the necessary lift and the pressure
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Fig. 2?25, Drag characteristics

of air cushion vehicle as function
of air volume flow for conatant
craft elevation (G = 8000 kg;

Dy =10 m; b=0.12 mjy @= 45%

;k = 0.9; llc - G/cyS; Hk -(k x
(p/2)-((F)?)
A == kg/me

KEY:

B -= m5/scc

to overcome the drag in the ducts exerted on the air passing throuch them.
For this particular noz:le installaticn, as the elevation h is increuased,
the 1ift coefficient cy becomes continually less, tnerefore the required

pressurc i omst correspondingly rise.

()

The drag characteristics of the craft taken separately (356), as well
a8 the nctwork characteristics (354) do not uniquely determine the required
pressures and air volume flows to raisc a craft of a given weight to the
specificd el-vation, since the drag characteristics of the craft do not
allow for the pattcrn of variation in the nozzle installation drag, while
the network characteristics do not allow for the weight of the craft and
the load=bcaring properties of its nozzle installation.




55. Characteristics o»f Hequired Pressures and Volume Flows

let us find the characteristics of the required pressures and volume
flows of air needed to raise a craft with a given weight to a specified
elevation. For known craft weight, geometrical parameters of the flow=
through section, and elevation above the support surface, by Egs. (354)
and (356) the air volume flow is

= VIV - ViV e (3)

After uncomplicated transformations, we have

o= VEVE. s

Knowing the required air volume flow, it is not difficult to detercine
the required totul pressure needed to overcome the flow=through section
drag:

from whence

H=_Cic'_§..7%, (359)

Eqs. (5%8) and (399) allow us to determine the required air volume
flow and totsl pressure that must be provided by the fan installation to
overcome the drag in the flow=through section and to raise the air cushion
vehicle to the specified elevation h, for known craft weight G and flow-
through nectjn geometry. Thus, by plotting on the graph H = f(Q) the points
correspondin;; to the values of W and H calculated by Eqs. (358) and (359),
we get 8 curve that is the characteristic of the required pressures and
volume flows with reference to the craft weight and variation in its eleva-
tion above the support surface.

i N

This same characteristic can also be defined as the geometrical locus
of the poirts av which the craft characteristic (396) intersect with the
drag characteristics of its network (354), for the appropriate elevations
h of the craft above the support surface.
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Fig. 226, Graphical determination Fi3. 227. Graphical determination
of required pressure H1 and volume of required pressures and air volume
flows for an ajr cushion vehicle when

flow §, to sustain an air cushion . O
. . k
vehicle with specified geometrical 1 == craft chirmctéristics

parametcrs and weight at an assumed 2 — characteristics of required
clevation h,:

Hc and

.

¥ 1 == craft characteristics )

- ,w > ‘ﬂ
| 2 == neiwctk characteristics 5 S Clesistics ;
b 3 = function , ;& (&) |

T

The determination of the point characterizing the required pressure
H, and the air volume flow Y, for the specified elevation h,y, by super=

imposing the craft characteristic on its network characteristic, is clarified
in Pig. 226, Fip. 227 presente the construction of the characteristic of

the required pressure and air volume flows for a craft having a specified
weight and snccified peometry of the no:uzle installation in the particular
cagse when the drag of the flow=through section ducts is equal to zero i
((k = 0). Fig. 228 gives the construction of the analogous characteristic

for the gcneral case when {k>0. To each point of these characteristics

there corresponds 8 opecific elevation h of the craft above the support
surface. :
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Fig. 228, Graphical determination Pig. 229, Characteristics of
of required pressures and air volume required pressure and air volume
- flows for air cushion vchicle when flows of an air cushion vehicle
3 §k >0: with single-pass annular nozzle
- = . = e,
1 1 == craft characteristicn ( 10 m;{b N g ;§ m; P = 45%
- 2 == characteristics of required k *
i and KEY:s A == kg/m
3 == network characteristics
B == kg
C -= mb/sec

The craft weight strongly affects the characteristics of the required
pressures and air volume flows. As an example, Fig. 229 presents the
characteristics of the required pressure and volume flows for an air
cushion vehicle of different weights, with the same single-pass annular
nozzle having the parametess Dy = 10 m, b = 0.12 m, and @P= 45°. The

drag cocfficient of the flow=through section ducts over the arca from the
fan to the inlet into the novzle in:stallation, given with respect to the
nozzle flow=throuch arca, {k = 0.9,

To pet these characteristics, by assigning various values to the craft
. elevation h, we determine the coefficient of the nozzle installation drag
¢, the confficient p of air cushion pressure, and the 1ift coefficient cy

by Eqs. (78), (74), and (357), respectively. Then, by using these values,

bLL




we calculate by Eqs. (398) and (359) the recquired air volume flows Q and

the total pressurcs H to nustain a craft with given weight at the elevations
h assumed in the calculation. In addition to the functions H = £(Q) thus
derived, Fis. 229 also preacnte the network drag characteristios calculated
by Eq. (5%%) for varioun craft clevations above the support surface.

Let us examine the characteristic H = f(Q) for a constant-weight

craft. As the pressure in the flow=through section is varied from O :»>
H = G/S, the craft remains immobile on the support surface (h = 0). When
H = G/S, n critical state sets in == the craft touckes down. In this casc
all of the craft weight io transmitted to the support surface via the air
wsohion, since the elevation still remains equal to ero, the discharge of
air from beneath the craft is absent (Q = 0). When H > G/S, the craft
1ifts from the support surface and enters the free hovering regime, rising
to some elevation h, To increase the elevation, it is required to increase
not only the total pressure H, but also the air volume flow Q regardless
of the fact that the load per unit noz:le installation areu remains cons-
tant. Thin is because as the elevation h is increased, the 1ift coefficient
c. ia reduccd, that is, the load=bearing ability of the nozzle installation

comes smaller. The rise in the craft weight leads to u rise both in the
required pressure as well as in the required air volume flow to sustain
the craft at a specified eclevation h.

In actual conditions when an air cushion vehicle is on uneven soil,
the exit cdres of its no::le installation do not lie tightly against the
support surface, The different kinds of depressions and projections on
this support surface, a3 well As the deflections of the exit nozzle edges
from the bottom plane caused by the imperfection of craft manufacture,
and some elastic deformution of its housing and the noz:ile installation
under its own weipht produce gaps between the exit edges of the nouzile
installation and the support surfacc through which air supplied to produce
the air cushion can ¢xit outward even when the craft rests on the ground.

In these conditions, the dischurge of air from bencath the craft
begins simultarcously with the rise in pressure in the flow=through section
and occurs for oper:.ting regimes of the fan installation, that is, not
only when the craft is hovering freely above the support surface, but even 1
vhen the craft rests on the ground. ]

1f we cvaluate the reigcht of the gaps by some arbitrary value and |
assume that the pressure losses therein vary in proportion to the square ]
of the dincharge velocity, in this case the network drag 1/ (5.4 §)-!- ("f)‘")‘

2 3
or when applied to a craft with a single=-pass annular noz:le, ) g
U bl siny) , ¢ [ Q\? 2
H_| I —e 8h m-mw] RN c":ﬁf(.f.) D (360) » [
|
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wvhere <ix’ia the drag coefficient of the nonzle installation on a support
surfuce riven the presence of a gap with height ho.

The characteriastic of required pressures anu air volume flows in
the coordinates H and § in this case is defined by the broken line shown
in Fig. 230. The section 0=1 of the curve calculated by Eq. (360) charac=
terizes the required H and Q for the case when the craft rests on the
ground. The scction 1=2 of the curve calculated by Eqs. (3%8) and (359)
corresponds to the craft hovering regime over a support surface. The
point 1 of intersection of the curves characterizes th. transitional
regime in which the craft 1ifts off on the support surfucc and enters the free
hovering regine.

The similar pattern of variation in thc required pressures and volume
flows, but more strongly pronounced, occurs for air cushion vehicles in
which the exit edpges nf individual sections of the novzle installation are
above its sections that simultaneously fulfill the functions of support
devices, such as for example, in craft with elevated bow and stern nozzles.

Characteristics of required preccsures and volume flows make it possible
tc graphically represent the rclationship between craft weight, geometrical
parameters of nozzle installation and flow=through section, and also the
acrodynamic parameters of the air stream producing the air cushion and the
elevation of the craft above the support surface.

345




Fis. 250. Characteristics of
required pressures and air volume
flows for an air cushion vehicle
with single-pass annular nozzle,
when the clearance between the
nozzle cdges and the support surface
ishO(G-BOOOKm D“-10m;

be0.12m @=45% &, = 0.5
ho = 0,025 m)
KiYs A == kc/m2
B - mj/scc
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CHAPTER TEN
EFFECT OF OPERATING REGIME OF FAN INSTALLATION
ON AIR CUSHION CHARACTERISTICS

Let us cxamine the cffect that the operating regime of a fan installa-
tion has on the serodynamic and power characteristics of an air cushion
vehicle when the craft is freely hovering above the support surface. This
influence cun be shown in convenient and graphic form by using the charac-
teristica of the requived pressures and air volume flows for an air cushion
vehicle for specificd geometrical parameters and weight and specified aero-
dynamic churacteristics of the fan. By superimposing the characteristics of
craft pressuressand uir volume flows [H - f(Q)] over the fan characteristics,
we can select the optimal fan installation, evaluate the possible fan
operatin,” re¢imes in the craft, and selcct the rational method of regulation.
Then we an follow the variation in the attitude [poaition] of the craft
above the support surfaces by varying the method of fan operation or the
parameters of the craft flow=through section.

9%. affect of Fan rpm on Craft Characteristics

Wwe will assume the geometrical paramcters of a craft, that is, the
shape and sive of its nozuzle installation and its flow=through section to
be specified, and *he type, dimcnsions, and characteristics of the fan
installed on the craft to be known. Suppose a craft with weight G = 8000 kg
has a noz:le insgtallation made in the form of a single-pass annular nozzle,
with diameter D, = 10 m, flow=through width b = 0.12 m, and angle of nozzle

generatrix inclination @ = 45°. The drag coefficient of thce flow=through
section ducts §k = 0.5 A model K=06 TsAGI axial fan is installed on the

craft, with a wheel having the diameter Dﬂ = 3.0 m, with nunber of blades
~ w 12, and with blade angle ek = 20°,
Les us use igs. (399) and (398) and determine the characteristic of

required air pressurcs and volume flows for this craft (Fig. 251). Speci-
fying vsrious values for the craft elevation h, by kqs. (78), (74), and
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Fig. 251, bffect of fan annular
velocity on air cushion vehicle

characteristics (G = 80CO kg

D =10 m; be0,12 m; @=45%

(k-o.s; D =5 m u=12
[ ]
8, = 20°)

KEYs A == kg/o?
B == rpm

C == m’/acc

:FA—u

(357) we detirnine the coefficienta <. p, and cye Then by cqs. (359) and

respectively, the required air pressures H and volume

(358) we calculate,
craft having a given weight at the clevatiors h assumed

flows « tc svatain a
in all calculuations,

Further, let us use the dimensionless sercdynamic characteristic of
the fan I = £(Q) shown in the form of the curve coinciding with the dimen=
sional characterictic when n = 450 rpa, and the expressions for the pressure

coefficient and the capacity coefficient:
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where u is the tip velocity of the outer radius of the fan wheel, u =
(nDkn/GO); F, i3 the fan vheel area, F, = 'RDE/4; D, is the diameter of

the fan wheel; and n is the wheel rpm.

Then, let us determine the dimensional characteristics of the fan for
different rpm values n of its wheel and let us plot these characteristics
on the characteristic of the required craft pressures and air volume flows.
let us also plot the characteristics of network resistance for different
elevations h/D, of the craft above the support surface calculated by

Eq. (354).

The points at which the fan characteristics intersect with the charac-
teristic of the required pressures and air volume flows will also be the
working points determining the fan operation in the craft with specified
paraneters and weight for the corresponding elevation h/D“ of the cruft

above the support surface.

Fig. 251 shows that for small fun rpm when the total pressure builds
up by the fan and transmitted via the flow=through section underneath the
craft is atill inadequate to produce the required lift, thut is, when
H< G/S, thc craft rests on the support surface (h « 0). With increase in
fan rpm, the preasure beneath the craft rises, and for some critical value
of fan rpm (nkp = 579 rpm [kp - critical]) the nmoment is renched when the

ontire craft weight is trunsmitted to the soil via the air cushion. To
this corresponds the total pressure value H = G/S5., With further rise in
the fan rpm, the craf't 1ifts from the support surface and riscs to some
elevation h determined by the amount of air fed into the flow=through
section and by the corresponding pressure buildup by the fan in the flow=
thr ugh section. We must remember that up to the moment of craft liftoff
from the ground C 1, hut ufter 1liftoff o 1.

In addition, it is quite clear that with increase in fun rpm in the
range fronn =« 0 ton = nkp, the working point shifta from the extreme

left poirt of the fan characteristic, and then with further rise in the
rpm it shifts along the fan characteristic downward, passing ull of its
points lying in the range from ¢ = 0 to Qn == the air volume flow corres-

ponding to the particular fan rpm.

Variation in craft rpm and craft aerodynamic parameters as typical
functions of fan rpm, with constant craft weight, are shown in Fig. 232.

These functions were plotted from data determined by the working points of
the curves shown in Fig. 231,
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Fig. 232. Elevation of air cushion
vehicle and its aserodymamic characteristics
as functions of fan angular velocity:

A == craft on ground
B == craft in free hovering regiwme

KEY: A == kg/m?
B -- m’/nec

C == rpm

The scction of the total pressure curve H lying between the points 0
and 1 corresponds to the case when the craft rests on the bottom, and the
edges of its nozzle installation fit tightly againat the support surface.
The total pressurc over the section is

HeHy(ms)

.Il—. »
where Hkp is the total pressure generated by the fan at fan wheel rpa
n,_ = 375 rpo.
kp 375 rp

The section of the curve H = £(n) lying to the right of point 1 and
corresponiins to the values n > 375 rpm c..aracterizes the rcgime of craft
free hovering above the support surface. The pattern of variation in the
air volume flow &, elevation h/ly, and drag coefficient ¢ of the nozzle
installation as functions of fan rpm n is determined by “the corresponding
curves shown in this same figure.
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Fig. 233. Required and expended
power as functions of air supplied
to flow=through section of craft,
determined by fan angular veloci‘y
KEYs A == hp

B — m3/scc
C == rpno

In actual conditions when an air cushion vehicle is on uneven ground,
clearances of various heights are formed. In this situation, the discharge
of air from heneath the craft begins simultaneously with the pressure rise
in the craft flow=through section and bencath the craft caused by the
operating fan. These clearances can be cstimated roughly by the elevation
ho, and the drag coefficient can be expressed as

e bihg(l . smg) P
o= ] —¢ Mholtsing)

If we assume that hO/DN = 0.002%, the dependence of tctal pressure H

and air voiume flow « on fan rpm h vhen the cvaft is on the ;round will
have the form of curves 0=2 (cof. Pigs. 251 and 232). The critical value

of the fan wheel rpm in this case is n&p = 440 rpm. Over the range of fan

wheel rpm values fromn = 0 to n = nﬁp = 440 rpm, the air volume flow is
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where Qkp is the air volume flow when nkp 440 rpm
Let us trace the power outlays as a function of changes in fan operating

regime in the flow=through section of the craft defined by the working points

lying at the intersections of fun characteristics with the characteristic

of required pressures and air volume flows. In Fig._235 we_plotted the

dimensionlens characteristicn of the expended power N« f.(Q), and also

the fan «fficicency 7, required power Nn’ cxpenided power Nc, und the ratio
N,/Nn as functions of air volume flow. These power values are defined by

the following expresaions:

N . %N, arnd N.='!!p0;"

put .l-
where N, is the expended power corresponding to the power measured on the

balancing stand vhen the fan characteristic was recorded; u is the tip
velocity 4t the outer radius of the fan wheel; H is the total pressure
built up by the fan in the craft flow=through section; and « is the fan
capacity.

As tue fun angular velocity n i3 reduced, that is, in the transition
from the calculated regimes (corresponding to the maximum ~fficiency or
near=maximun eofficiency) to the regimes with low craft hovering height
above the support surface, the expcnded power with respect to the required
power rincc markedly. This is accountcd for by the specific characteristic
of required pressurcs and air volume flows intrinsic to air cushion vehicles,
which recult == as the fan rpm i8 reduced == to the shifting of the working
point upward along the fan churacteristic in the region of low efficiencies.

Therefore, the method of varying the craft elevation above the support
surface that is basecd on regulating the fun operating regime by varying its
wheel rpm cver a wide range is cnergetically nonoptimaal. By this method
of regulation, prolonged operation of the fan in the nondesigned regimes
at low elevations is inexpedient from the standpoint of fuel ¢conomy.

Another important factor that must be remembered when sclecting the
axial fan for an air cushion vehicle relates to the shifting of the working
point along; the fan characteristic over the entire section from Q = 0 to
the desism value « ay the rpm is varied. To reduce fan size, axial fans
with large blade placement angles are used. With these blade angles, the
characteristics of axial fans have a trough or even discontinuities in the
low=capacity section. Wwhcn & craft enters the free hovering regime, the
working point always passes through the zone of this trough and extremely
undesirable unstable fan operating regiuwec in the network are possible.
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Fig. 234. Graphical determination
of the effect of an angular velocity
on stability of fan operation in an
air cushion vehicle:
! == fan churacteristics
2 == characteristic of requircd

H and
KtY: A == rpr

B - mj/aec
¢ - kg/mz

Typicai characteristics cf an axial fan with large blade placement
an e fer dirferent wheel rprs are shown in Fig.23%4, where the character=-
istic of th¢ required precsures and air volume flows of an air cushion
vehizle iz plotted. aAs we can see, for both small as wcll us large fan
rprds the working points lie on the steeply=dropping branches of the fan
characteriastic, to which corresponds the completely stable fan performance
in the flow=through section of the craft. At moderate angular velocity
lying in the range no~ 600-690 rpm, the characteristic of required pressures
and air volume flows of the craft and the fan characteristics intersect in
the trough section, where there is an abrupt variation in the fan
operating regime: the air supplied into the flow=through section of the
craft and the craft elevation above the support surface changes in Jjumps.
Here the critical angular velocity at which an abrupt variation in the fan
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Fig. 759, ©ffect of chunges in fan angular

velocivy in an air cushion vehicle on the

transitiorn of the working point through the
zone of instatle performances

a and b == with increasc and decrease in

angular velocity,
KiY: A4 == k(:/m?‘

respectively

operating rogime 8ets in depends on the method by which the working point
is approacncd toward the rone of unstable fan operation.

Two reprecentative cascs of the transition of the working points through

the zone of unstable fan operation

are showr in Fig. 235, a and b, In the

first casc, ~haracterized by a jrudual rise in the angular velocity, the

critical velozity sets in when nkp

angular velocity compared with the
shifting diccontinuously alony the
characteristic to point 2, the air
32 to 66 m}/aez, and the clevation

= (92 rpm. Even the slight rise in the

critical results in the working point 1
right cteeply=dropping branch of the fan
volume flow rising discontinuously from
of the craft above the support surface

rising similarly from 0.04% to 0.)J0Y m. With further increase in the angular

velocity, the working point shifts
characteristic as the fan operateg

downward along the right brarch of the
guite agtably,
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In the second case characterized by a gradual decrcase in the angular
fan wheel velocity, the critical velocity sets in when nkp = 595 rpm., A

slight drop in the angular velocity comparcd with the critical value also
causes a discontinuous transition of the working point to the other steeply-
falling branch of the fan charucteristic. In this case the alr volume flow
decreases discontinuously from 44 to 16 m3/sec, while the craft descends
from the elevations 0,064 to 0,022 m,

These transitions of the working points through the zone of unstable
fan operation as the fun wheel angular velocity is varied can lcad to large
aerodynamic loads on the fan wheel and cven to its breakdown. Impacts of
the craft ugainst the ground are possible, for example, when the fan angular
velocity is reduced and in the transition from the working point 2 to the
working point 1, when the craft passes through the elcvation h = 0,022 m
and drops to h = O under the effect of the inertial forces induced as the
craft drop: from the elevation h = 0,064 m,

Bmplnying special antisurge devices in the fan, the trough in the fan
characte  (atic can be reduced or even completely climinated and the fun
operatior. can be mude stable cven when using the method of regulation based
on varyin;. the angular velocity of the fan wheel.

Y7. Variation in Fan Charucteristics by Throttling the Air Stream in the
Flow=Throu,h Section

Onc of the simplesot, designwisc, methods of varying the characteristics
of an air ~ushion vehicle by varying the operating r-, .me of its fan instal-
lation is the technique of throttling the air stream in the craft flow=
through scetion, With this technique, a8 throttling unit comprised of
awivel danpers, buffles, d.aphragms, and so on is installed in the duct of
the flow=thsourh section, 18 put  in its narrow cross=gection, By varying
smoothly t“e duct {low=through cross=scction and thus produzing additional
drag, the a-nunt of air passings through the craft flow=throush section can
be regulated, Here an effort i3 mude to install the throttle unit at a
sufficient distan:e from the noz:.le installation ir order that the perture
bations in the air stream ~aused by the throttling unit can be damped along
the path to the noutle inotallation and not have a detrimental aerodynamic
¢ffect on the latter (degradin: the uniformity of air distribution as the
nozzle installatior ic approached),

The arrodynaric drajg; produced by the throttle unit is
v Q¢
et -u g ()
Fosop (0N e QY
c*’( r;) 2 ( f’) by ( ¥ ) '
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vhemf ia the drag coefficient of th> throttle unit related to the repre-
sentative duct cross=section; {3' in th' drag coefficient of the throttle

unit related to the flow=through arca of the no:zle installationg Y ias the
g air veiocity in the representative duct croass=scction; §> is the arca of
the repreacntative duct cross=-section; und F is the exit area of the noizle
installation. -
The value of the coefficient q: appearing in this expreasion is

determined by the degree of throttle opening and for convenience in analysis
can be reprusented as the function ) = £(§), vhere § is the angle by

which the throttle damper is rotated or elsc the value of the scale division
characterizing the displacement of the damper. In this case the total drag
in the [low~through scction io

T T TS ———

Gt s e

. ]

He k85 (F) (363)
and thce craft characteristic ia '
He -t et )5 () (361) i
v $
; Solving jointly ras, (365) and (364), we derive the formulas for the J

' required air volume {low

N VAL VAL 365
r o= ViV s (365) |
and for the required pressure ]

sibeils 6

=TT S ‘

In these formulan the 1ift¢ ~oefficient cy and the drag coefficient ¢ of

the nozzle installation depend on the geometrical purameters of the nozzle
installation and ite clevation h above the support surface. The drag coeffi-
cient {k of the flow=throuph section ducts for specified geometrical para-

meters in a constant, while the drag coefficient g of the throttle unit

ie a variuble, depenuent on the cpening of the throttle damper and is

characterized, for exanple, by its angular displacement 4 . The drag

produced by the throttle unit, by increasing the drag of the flow=through .
nscction, docsz not vary the drag of the novzle installation.,

The characteristic of the rcequired pressures and volume flows corres=
ponding to the different angles of throttle damper opening (Fig. 236) was
determired by mqs. (564) and (26%) in the following order. Assigning
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Fig., 756, uwffect of tirottling Fig. 257. HKequired and e¢xpended
of air ustream in flow=through power as functions of air supplied
gection or uir cushion vehicle to the flow=through section of
charscteristics (G = 0000 kys craft, determined by the closure
Dy=10m3 b = 0,12 m; P= 445°; of throttle
5% n 0,53 Dy = 5m) KeYs A == hp
KEY: A == ki/e B—mj/uuc
B == rpm

C == mj/aec

varicus values to the craft clevation h, the coefficients ;'and ¢y were

deterninced, Then, by using the values found, the required air volume flow
.. and tota) pressure I were found for diffcrent values of the coefficient
4; of the throttle unit determined by the angle & of its operning.

Fig. 256 ulaso presents the churacteristic of the TsAGI K=06 axial fan
ecquipped with a wheel having the diameter Ug = 5.0 m, with number of blades
* w 12, und ungle of blade placement 9k.' 20°, for constunt wheel angular

velocity n = %0 rpm,

#hen the throttle domper was completely open J() = 0, to which

correaspon.in ﬁ;' = O, the fan supplies into the netwerk air in the amount

0 at to.n) preasurce Ib. To thin casc there corrcsponds the maximum craft
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elevaticn hO uwbove the support surface for a specified fan rpm. With
increasing closing of the damper, that is, in the transition from 65 to

other valiuc of § , the drag in the flow=through section riscoc and the fan
fceds a smaller amount of air at & greater total pressure. Thus, when the
throttle damper ia in the position d,, the fan supplies into the network

air in the amount 4, at total pressure H;. Corresponding to thies damper
position iz the craft elevation hy. Murther closing of the damper leads

to a graduel drop in the craft clevation. Here the working point is defined
by the intcrsection of the fan characteristic with the characteristic of
the requirvd pressures and volume flows, uniquely related to the nctwork
characteriitic,

The required Nn and expended N, power as functions of air volume

flow «, for a different openins of the throttle damper characterized by
the dray coefficient Q; of the throttle unit, are shown in PFig. 237. Here

also are plotted the functions N_,/Nn = £,(¢), and efficiency %= f2(Q).
and craft clevation above the support surface h a f5(Q). The power was

determin~d via the formilan

19 gnd o Al
'\n o A’ 75 '
where Il and .. were taken from the curves (in Fig. 256), and N =- from the

curve (in i, 23%) for the corresponding values of the discharge coeffi-
cient v« related to the air volume flow i by Eq. (362).

with inereaaing cloning of the throttle damper leadinss to a radual
drop in the craft hovering height b (ef. Fiig. 2357) above the support surface,
the expended power Ny at first decresses somewhat, but thern with further
inerenae in tro hovering hefipht rises rapidly and becomes preater than
the power cinended that the mavicum hovering height correaponding to total
openin; - the tnrottle damper when the required pressure is at its maxioum,

By omparing the functions N - f,(4) and Ky = f2(u), we can conclude

thut the method of varyin; craft characteristics by throttling the air

strear in tre f{low=through gsection is energetically extremely disadvantageous,
since i¢ invelves g lurge nonproductive outlay of power in overcoming the
additior ! “rapg preduced by the throttle unit,

8. Varyine the Craft Characteristics by Kepulating the Fun Stator
One - f the possiole methogs of extensively varying the fan aerodynamic

turacteriati o is the technigue based on varying the vane angle placcment
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Fig. 258, Variation in air cushion
vehiclic characteristica caused by
regulating fan guide unit (G = 8000 kg

D w10 m; b = 0,12 m; P= 45% (k w 0.5

D, = 5 m n = 322 rpmi u = 50.6 m/sec)
KEY: A& == kg/m°
B == mj/aoc

of the atator by rotating the vanes, With this repulation, the turning
rate of the atream au it enters the impeller i varied, which for a given
apacity changes the theorctical preasure of the fun and the pressure
logses in it, In a properly desimned faun with stator, it ia posaitle to
achieve n very broad zorne of pressure and fulling flow regulation for
extremely hipgh fan efficiencies, This method of regulation is quite simple
tn exccute in design.

't us exumine the possibilities of using the vane stator as a device
for regnlnting the hovering regime of an air cushion vehicle above a
support surface., t us ausume thut u craft with weight G =« 8000 kg has
a single=pacs novzle installation with diameter Dy » 10 m, nozzle flow-

tkrough widtl, b = 0,7 m, and anrle of generatriy inclination @« 45°. The
drag coeffi-ient of the flow=through scction ductes extending from the fan
outlet to the irlet into the nozzle inustullation will be taken as (k = 0.5.

let us determine ane plot in the coordinates H and « the characteristic of
required totu] prensures and air volume flows for this craft (Fig. 238).
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Let us assume that the TeAGI K=70 meridional fan with stator [9]
permitting the vane placement angle this stator to be varied within the
range AOHA = =60 = 30° is installed in the craft. We take as the design

elevation of the craft above the support surface in the free hovering
regime to be h = 0,2 m, To this elevation there corresponds the pressure
H = 139 kg/n< and the air volume flow Q = 100 w)/sec.

Using the dimensionless aerodynamic characteristics of the fan, let
us determine from these design data the fan dimensions and its rpm, assuning
that the fan in an air cushion vehicle must operate at the maximum possible
efficiency (for the K-70 fan, 7%, = 0.875 when B = 0.44 and Q = 0.28),

The assumed conditionns are satisfied Ly a fan with diameter Dk = 5 m, with

angular velocity n = 322 rpm, and arbitrary vane placement angle in the
stator Aol{A - =110,

Using the familiar conversion formulas, let us determine for this case
the dimenaionn]l characteristics of the fan and plot among the characteristic
of pressurer and volume flows of an air cushion vohicle. Here also we plot
the network characteristics correasponding to the representative elevations h
of the cruft above a support surface,

For the adopted design condition (selection of fan based on maximum 1
efficiency), the use of the possible stability of the fan stator with '
respect to reducing the air supply into the flow=through section and with
respect to the corresponding drop in the craft elevation above the support
surface is reatricted. Thus, when the vanes of the stator are mounted at
the angle;AO“A = =30°, the working point passes beyond the section of the

separation zone of the characteristic and a further slight reduction in
the nnnlo‘AOHA caunes u jumplike drop in the fan capacity and so intense a

drop in the pressure built up by the fan that owing to the air deficiency
the nozzle installation is now incapable of producing the required lift to
sustain the craft in the air, and the craft makes a hard landing from the
elevation determined by the extreme working point on the right branch of
the fan characteristic.

—— R

Ak

The takeoff and climb of a craft to the design elevation is also ]
complicated. For a craft to be able to 1lift >ff from the support surface, |
it is necessary to have H 2 G/S when ¢ = 0. For the transition to the :
desiim elevation it is nccessary that the left branch of the fan charac- 1
teristic passes above the characterintic of the required pressures and '
volume flows of the craft. For the craft to enter the design elevation, :
it 18 nccesnary to install the stutor vanes at the angle AOHA = +20°,

wvhere in thin casc also the transition of the working point through the
separatior vone will be accompanied by the surging regime of fan operation
with all of its consequences. {
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Pig. 259. Variation in air
cushion vehicle charatteristics
by regulating fan guide unit
(G = 8000 kg Dy = 10 m; b e

0,17 m; Pm 445°%; Dk w 2.45 mg
no= 399 rpmy u = 90.6 m/sec)
KbY: A — kg/m°

B == mj/ncc

The fan stator produces a zone of advantageous changes in H and §
lying along the characterintic of the network drag H = sz. where k is a
constant independent of pressure H, Therefore, for ordinary commercial
fans in which the characteristic of the network drag is simul taneously
the characteristic of the required pressurcs and volume flows, method of
regulation by using the stator is very advantageous, since it permits
extensive regulation with respect to pressure H and volume flow Q for
fairly large fan efficiencies.

In an air cushion vehicle the fan operating regime is determined by
the characteristic of the required pressures and volume flows, differing
widely from the ordinary network characteristic. The zone of advantageous
changes in H and  produced by the fan stator intersects the characteristic
of the required pressures and volume flows of an air cushion vehicle and
only partially coincides with it, At small volume flows and pressures, the
characteristic of the required H and | values of a craft departs rapidly
to the left from the deaign values of H and Q, approaching the constant
value H « C/S, when ( = O,
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The extent of regulation by a fan stator cai: be somewhat enhanced if
we depart from the particular design condition we have been considering ==
selecting & fan by its maximum efficiency. Thus, moving on to larger design
values of the dimensionless volume flow Q for the same total pressure H and
the correspondingly smaller fan efficiencies, we can ulso shift, in the
coordinates H and Q, the working branches of the fan characteristic to the
left and thus expand the zone of stable regulation, and narrow the zone of
surge regimes,

In one of these canes (Fig. 239), the design parameters for fan selec-
tion were taken an the following: R = 0.44, Q = 0.43, and 7 = 0.8, and for
the air cushion vehicle H = 139 kg/m, 4 = 100 w'/sec, und h = 0.2 m. To
these conditions there corresponds a fan with Dk » 2,43 m, n =395 rpm, and

arbitrary vane placement angle in the stutordom = +10°,
By comparing the corresponding curves (Figs. 238 and 259), we can see

that in this case the extent of regilation by means of the stator vanes
becomes reater and becomes possible in the range Abm = +10 to =39°,

while in the pre-eding case ‘AOHA = =10 to =30°, The critical elevation

of an air cuehion veli:le nbove a support surface at which the surge fan
regine seta iy was reduced from b= 0.14 m to h = 0,07 m, that is, by a

factor of two, However, even in thin case the transition of the working
points throupsh the aurpge zone of the fan is not precluded,
Note thnt the better the flow-through section of an air cushion

vehicle ia from the aerodynamic standpoint, that is, the smaller the
detrimental aerodynamic dray of the ducts over the area from the fan to

the nozzle installation (receiver and its components), the less advantageous
becomes the umethod of repulating using the stator, since the steepness of
the rise¢ in the characteristic of the required pressures and air volume
flows of the craft becomes less and thus the range of regulation is also
correspondingly narrowved,

These factora strongly limit the effective usc of a fun stator as a
device for extensive regulation of the takeoff and landing regimes of an
air cushion vehicle, The possibility of providing design parameters H and
§ for small fun dimensions is & marked advantage of selecting a fan based
on largc . values,

When employing the combined repulation by varying both the stator vane
placement an;-le of a fan us well as the angular velocity of the fan impeller
simultancousnly in a craft, the air cushion vehicle takeoff and landing
procesn cun be oxecuted at relatively low fan wheel rpm values and in a
narrow rangme of elevations in which the surge regime of fan operation is
found, which makcs the craft takeoff and landing less hazardous. To
execute these maneuvers, it is advantageous to mount these stator vanes
at the maximum angle A\BHA, and then gradually increase the angular velocity
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of the impeller in the case of takeoff, and to reduce it — in the case
of landing. Here the anjular velocity of the impeller for entering the
design regime will be at a minimum,

A marked improvement in regulating air cushion vehicle characteristics
can be attained by employing antisurge devices on the fan, However, for
large vane plecenent angles on the fan impeller, these devices do not
completely eliminate the trough in the fan characteristic and do not afford
the desired solution to the problem.

59. Effect of Fan Blade Placement Angle on Craft Characteristics

One of the effective methods of varying the air cushion vehicle
characteristico can be a method based on varying the blade placement angle
of the fan impeller at constant rpm. This method permits the following:

to use axial fans of relatively small size on a craft, since the design
regimes of the craft for large impeller blade placement angles can be achieved
without employing antisurge devices;

avoidins the hazards of surge fan operating regimes in all possible
craft operating conditions; and

affordiny, within wide limits, regulation uof fan operation, that is,
varying the amount of air fed to the flow=through section, and providing
the corresponding reduction in the elevation of the craft above the support
surface while retaining quite high fan efficiencies,

In some cases of craft layout, these advantages becom: decisive and
predetermined method of selecting the method of varying craft characteristics.
Disadvantages of this method include the marked complexity in fan wheel
design, since it must be fitted with a device permitting the blades to be
svivcled during operation.

Let us examinc this method more closely., Suppose a craft with weight
G = 8000 ki has a single=pass annular nozzle with diametec Dy = 10 m, exit
width b = 0.12 m, and angle of nozzle generatrix inclimitr a @ = 45°, The
drag coefficicnt of the flow-through section ducts ¢, ' .9 An axial

TsAGI K=06 fan with impeller diamecter Dk

z » 12 i3 mounted on the craft. The fan is equipped with a device that
makes it possible to vary the impeller blade placement anglc within the
range 9k =« 10 = 40°, The motor driving the fan provides a constant

angular velocity n = 742 rpm,

= 2,2 m and number of blades

The characteristic of required total pressures and air volume flows
of this craft is shown in Fig., 240 in the coordinates H and «. On this
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placenent ang e on
(Go= UOOO k7,

;\k w Q.53 .Ik = 0

through gection

Fig. 241.

Required and expended

power as functiont of air supplied

de termined
of fan
KEYs A& --
B -

character:ati - arc plotted the lines determining the elevation of the craft
above a support aurfa-e and the drag coefficient ;0 of the craft flow=

orresponding to this elevation,

and constant angular velocity n = 742 rpm,

and totui w144 pe/md corregpond,

1nto than

acsume that tne working peint on the characteristic for e fan
with blade placement angle 0k = 40° determines the design operating

regime o which the celevatvien h = 0.¢ m, air volume flow = 100 m’/lcc,
then the craft can be brought

wavantapeously as follows,

S02

to flow=through section of craft,
by varying the angle
blade placement

Alaso given in these same
coordinates are the dimensional characteristics of the axial K=06 fan for
different urylev of blade placement on an impeller with diameter D, = 2.2 m




First, the fan blades are positioned by the angle ok = 0 and the

impellers driven to n = 742 rpm. Then, by increasing the angle 0k' the

craft is brought into the regime correspondini; to the workin;; point 1 at
wvhich the instant of craft liftoff from the support surface is reached.
With further increase in tie anile Ok. the craft 1lifts off from the support

surface and cnters the frec hovering regime. To attain the design hovering
elevation, it is sufficient to bring the angle of fan blade placement to
ﬁ‘ = 40°, The varjation in the fan operating regime is determined by the

section 0=1=2 of the characteristic of the required pressures and volume
flows, By this method of bringing the craft to the design hovering height,
the presence in the fan characteristic of troughs and discontinuities
ordinarily occurring for axial fans for large blade placement angles has
no detrimental effect on fan operation.

Knowing the characteristic of the required pressures and volume f{lows
of a craft as well as the characteristics of a fan with discontinuities for
large angles Ok. anda varying the impeller diameter and its angular velocity,

we can select a fan with impeller diameter and angular velocity for which
bringiry: the craft to the design regime by varying the angle of blade
placement cuan be carried out, bypaussing the zone of unstable fan operation
and thus not resortin to mouting antisurge devices on the fan,

Dinensionleso characteristics of the power N = f(a) required by the
fan, ana the dependence of the expended Ny und required Nn power and their

ratio N,/.‘JY on the air volume flow & corresponding to varying the fan
operuting ryime while the blade placement angle 9k on the fan wheel is

chang~d, are shown in Fig. 241, As we can see, as the blade placement
angle is renuced, leading to a corresponding drop in the craft elevation
above thc support surface, the ratio of cxpended power to required power
riscs, However, compared with the methods of regulation involving verying
the fan arymular velocity or throttling the stream in the craft flow+—through
sectior, *he technique based on varying the blade placement angle is
energetically most advantageous. This is because the fan operating regime
varies approximately in the zone of H and Q values in which the maximum

fas efficiencies lie for different blade placement angles (cf. Fig. 240).

60, Effect of Varying Craft Weight on Its (haracteristics With Fan Operating

Yy uniny the characteristics of requirvd pressures and volume flows of
a craft and the werodynamic characteristics of the fan installed on it,
we can conveniently trace the variation in the craft aerodynamic parsmeters
and zraft elevation above a support ou-/ace when acted on by variation in
craft weipght (with additional cargo stowed or with a reduction in total
craft weight as fuel is consumed).
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Chara teristies of required pressures uand volume Jlows for a craft
with specaliied geonetrical paraneters of the nozzle inntallationeand flow=
throurh e tion, Sor different craft weights, are given in Fig. 242, which
1lso srows tihe sections of the network drag characteristic determining
the cruy cievation atove w ourport surface, These charncteristics were
plotted vy tas, (3959), (458), and (494). lere also arc given the charac-
teristic of the ¥=97 axial Can for constant angular velocity of its
impeller,

The fan operatir - repaime in the flow=through section of a craft is
determined by the polnt at which 1ts characteristic intersects the charac=
teristic of the required nresaures and volume flows reflecting the charac-
terigtics nf the netwerk ag well as the craft, therefore it is obvious
that varying tne acrodynamic parsneers of the craft under the effect of
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variation in craft weight will be defined by the section (shown with a
bold line in Pig. 242) of the fan characteristic bounded by the correspond=-
ing characteristics of the required pressures and volume flows.

As we can see, as the craft weight is reduced, with constant fan rpm,
the amount of air supplied into the flow=through section bt-ocomes greater,
the total presaure built up by the fan in the network is reduced, and the
craft hovering height above the support surface iuv correspondingly increased.

Thus, for a craft with weight G = 12,000 kg with a single-pass annular
nozzle (diameter Dy = 10 m), with cxit width b = 0,12 m, and angle of
generairix inclination @ = 4%°, at the craft elevation h = 0.085 m above
a support surface, the fan supplies air into the flow=tkrough section in
the amount G = 68 m}/scc at the total pressure H = 165 kg/o¢, As the craft
weight is reduced down to G = 8000 kg, the fan will feed air into the
network =— at the same rpm == in the amount Q = 92 m3/sec ai a total pressure
He 131 kg/m2. The elevation of the craft here will gon up to h = 0,175 m.

On inspectins the functions determining the effect that techniques of
varying fan operating regime have on the aerodynamic and energy character-
istics of air cushion vehicles, we can draw the following principal conclu=
sions,

By varying the fan rpm, over a wide range we can modify the acrodynamic
characteristics of an air cushion vehicle. When the fan characteristic
shows a trourh and discontinuities, bringing the craft in‘o the free hovering
~gime always involves operating the fan in the surge regimes. As a result,
impucta of the craft apainst the ground and unstable fan operution are
posoible along with pulsating aerodynamic loada on the fan impeller.
knergetically, this method of rejpulation ao applied to air cushion vehicles
in uneconomical, but in several cascs it can be markedly improved by using
antionurge units with the fan,

The method of modifying air cushion vehicle charactevistics by throt-
tling the air stream in the craft flow=through seciion is marked by the
simplicity of its design execution. However, it als-. has the same dis-
»‘7antages as the method based on varying the fan rpm., Energetically,
¢ is also disadvantajpeous since it involves the nonproductive outlay of
power in overcoming the additional drag introduced by the throttle unit
into the craft flow=through section.

Varying the fan operating regime by rotating its stator vanes docs
not provide extensive rcgqulation of the aerodynamic parameters of air
cushion vehicle., This ic predetermined by ihe specific feature cf the
characteristic of required pressures and volume flows for an air cushion
vehicle, The takeoff and landing; of a craft waen this method of regulation
is used involves operating the fui in tle surge rwocimes with all the
resultin; consequences., One advantage of this method is iis marked
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simplicity. Regulation characteristics can be improved by using two
methods -= awiveling the fan stator vanes and varying the fan impeller rpm.

The method of varying the aerodynamic characteristics of an eir
cushion vehicle that relies on varying the blade placement angle on the
fan impeller is moat advantugeoua both aerodynamically and energetically.
™is method provides extensive regulation of the aerodynamic parameters
in craft takeoff and landing and avoids the zones of unstable fan operation
and the corresponding instaullation of antisurge units in the fan, Here the
variation in the fan operating regime occurs in the region of high fan
efficiencics. A marked drawback of this method of regulatinr is the
complexity of the fan inpeller design, since it muat be provided with a
sevice capable of rotating the impeller blades as the fan is operating.

iny ive: methoa of varyinge fan operating regimes for modifying the
acrodynar . naracteri: ti s of an airr cushion vehicle must be chosen based
on speci o mquirvnerts duposed on the craft under construction, Just as
in any oot cringt solution, the method selected is a technical compromise,
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