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The hook presents the physical fundamentals of the 
aerodynamics of air cushion vehicles, results of 
experimental studies on nozzle installations forming 
the air cushion, and an approximate theory for detei- 
mining the aerodynamic characteristics of a vehicle 
from specified 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- 
istics 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 workine on diff^r^t kinds of air cushion 
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Ai'TMU.-'o     Ait.ThACT 

K»i»in..»innknv, V. I. .V.rodinaii.i^. niii.ar..tov na VuzdushriO/ Püdushkü (Acro- 
■ i^tiHmii-j; p!' Air (hir.fiion Vohic Ipfij, r'nr. ow, "MrKihinnr. troyeniye" Prcsr., 1'/^, 
Y.'h pj). 

it;  tin    hook arc  prowntril   Ihr  ;iliy i.-.i!   fun'iirwMtti»! r. n!   t^«»- aerodynaciicn 
i*l'   lir    u/hion v<tii 'Ir;   mjinli.:;  D)' IXIKTJ w.'ni.il   ;:tw'*i<::  on  noy.zlc  in«talla- 
Ijorif;   forminr  Im   air- ( u:-.hinr. nn   . <t.  lorLh;  and an approximate  theory is 
riven       '*"''       '■'"' 'Ictfmination ■ 1" a« rodynan.i'-   ^hurantcristics  of a 
vrhicii    fron npn'iliei!  p-oinctri«-  pararictorr  of   ilr.  flow-through section. 

hmctiniifi aro derivi-d   t>ia'.   uMr- u«   tranriviTne static stability of a 
vi-hiclc wir.Ji a ncctionaliiud nozzJi-  inr.tallation.    The effect of the principal 
(Tnmetri":  pararaeten on the acrodyiiamic: md cnvriy chiaracteriiitics of a 
/••hi::lr  in i'xanin«'i:.    i.clatior.r.hipr arc :ii>t up between  the drag of tne  flow- 
thron^h nc   t.ion,  th(    lift proporti«*:! of  th«-  vehicle,  and   the acrodynanii<- 
:hara<'t< ri:; tic!; of  fan».     The  principal  methodi: »f varying the hovering 
rf,in»     T  »(•■ vohiclr-  ever- rt .Tiiid  nupport aurface ur«.'  inveati/rated.     A 
'•onplr-r  of  parameter!',  in outlined       f'".-     th"      aorodynamic calculation of a 
yrohiol«'  ir   the  hoverlrif,  rc^ino. 

?:.<■  hook i3 intendc'J for ■ r^ ir;    r ; ar. i dosi<rncro desiring different 
kinds of air cunhicn vehi'lpi;.     •;     i ll'irttrations;  B1-   biblic/Taphic entries. 

i v 
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ir.niuj'.icTiüN 

Appn ■. imatfly   '.0 y^tr"   ir" jiilot:)  nol.o,   lurin/- tents ol'  the  fir:;l 
•ill  opli rr-,   that   in dirr-t  prfxlnjt.v   I     the (T"<iri<1   Jurin/' landing an addi- 
tion 11   liP   uctirv  on the hvliroptrr  i:;  prolu->•■!.     /i kind   -f ciiBhion  13 
fnrnied  r>» twt-r.  the heli'optrr nnd   th'   ground   ■urfacr,   .•oftoninfc thp   landing. 
Thi ;  phonnrcnon   is  a i oni^'qvu n c  nf  tlir  ar-'-o'lynami1'  i.rft*<;t  of /n'ound  proximity 

-■n   the  jot  i.f air rxpfllr.i  I .v   the   lift  propfllor.    Thurs   tne   tr-rtii "air cushion" 
app'-ar'd   fur  th<'  fir:-,t   tiTi«, 

Thf  ifinnipl,   of   nr- '■•;;;> if,i    travo1    it   thi   p.'-<tictn   '.ino   is  finding 
in   ••i'>t:inr appli'atior.   in  varir'l   I'K i in  <<''   tfi-hrnlo/'j'. 

A."  ti;--  roault  of  tli- m ti»!  ani  rxpiriri iital   stwii^a of ,iir cuohinn 
vrhi'l«'.-.  ar:;   ti^stn  nf differont iiodrOr.,  rirviru* var-ious  fnn'.'tiona,  oonductod 
in  thr   ..rvi"t  L'niun and  atiroa;!,   fiel *:;  nf appli'-ation  HJT   beir^'  found  in 
whi'-h   the  air  cur.hion   ifi  an extremely  ••I'fective and   nnir.etimos   the  only n(t»ann 
l"1")!   imparting  to a ^iven  vehi;]«'  or  tofhnolo/;i al  prot-oSB n»'w qualitieo, 
properti'1:;,   »r.d  Bpccificationn. 

.'.ttoTipt:-.   to utili-:«-   the air  nur.hiori  in nakinf new  K.inde  of means  of 
;onveyan':e  are   quite  natural.     Air   •ashion  vehicle;',  have  the  following 

advanta/Ter   •onpared to   ■ ther kinds  of   tranuport: 

the  poüsibility  of obtaining by  near.u  of air jets a lift  force many 
times ex -ecdinf the  reaction  foroc  of  these jets at  some distance from  the 
support surface.    Tr.i;   advantageously differentiates air cushion flight 
vehicles frm. other kinds of aircraft; 

the  absence of direct  con-act   ,f  t;.1    iir  cushion vehicle with  the 
support surface,  which  severely   lowers   the  dra^; and  pf-rn.its  a   transport 
conveyance with high translational  velocity  to be built; 

the possibility of usinr an -i support  the underlylnf surface with anj' 
de^Tee of viacosity.     This makes  it possible  to produce all-terruin  trans- 
port  conveyances capable of moving' over solid ground,   bog<;y swamp,  snow, 
sand,   shallow water,  and deep water;  and 

^_-_ ^.^ 
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hij-i. :'.oik-ut'iidrbinr propiTiie:i nf  'hf uir nuahion  •.tir(*j<:^ which  th«1 

wr-i.-ht  of   Mi«-  vrhirjc  I.;  vei7 cviMi'y  trannwittod   to  Hit«  support  ourfaüc, 
..r ill  rour'tfiuyrnTi "f t,ht   support nurl'u« <   lu-rr have pra^ti'ially no effect, on 
Mi.   :inii>othri":;n of itidvcwril r)r  t^u   7<lii< !'•  t">tli    at    low and hi^h apocdu. 

A nodern air naohion transport  viliicl"  iu a complicated rt/ichine, 
cmliiniiif:  •.ra* nchiovements of «üiny  fi^ldu    Ä   tcchnolo^«    Kana and  comprvw 

!ini;i an' ur-.c d  to producf  thr« air «"ushioii,   ^hil«'  the   Umiflt <:ivinK ^,t-' 
vrJiicle  it«   tranalational   movement  ic  pi-fKiuned  by air or wator propellere, 
water-Jet,  "r air-jet en<:Jneo.    Pinton ami jet engines are ui;f>d as  the 
drive  for  thr  fanu and propuleor;i,     MigJi r«'luiroments are  imposed on trans- 
miunions converting torque.    The vehiclr   hull is given advantageous aero- 
(iynanic and hydrodynamic contours.     Its flow-through section often is a 

i nplicatrd syatcr; of Channels and  no'/./lca  supplying air  to  the  bottom 
section of the vehicle  to produce  the air cushion.    The vehicle is provided 
with inctallationc onsuriry: the requisite stability and controllability 
during takeoff,  flight, and landing.    Designing and constructing these 
vrhicleo would  be  iDpocnible withou    scientific xvsearch studies  in aero- 
hydrodynarnica. 

bxperier.cr shows   that air cunhlon vehicles ';an  find wide application 
as  vessels   for  travc 11 i:.,- over water surface andcspecially over shallow 
water,    Th<   jiossibillty of hovering and  flight over water surface,  floating, 
and pasuirv' over rand  bars ana uhoalo,  energing on a sloping bank, and 
travailing over land  imp^i.-ts r.ew qualities  to these vcssela.    'i^iese veasola 
can  travel over impnasable swamps, marches, and driftwood, where neither 
water-displacement vessels nor wheeled and  tracked machines can traverse, 
Ileithcr piers or wharves aro required  Tor air cuahion vehicles.    Exiting 
onto a solid bank,   they oan receive passengers and cargo.    The achieved 
speed  of  1^0-170 km/hr is not   the rv«>imum for these  vessels.     Tt is not 
precluded   '.hat year—around operation of these vessels on rivers  is possible, 
since  they    an travel  over sand and  icn.    All  this advantageously distin- 
guishes air cushion vehicles from water-displacement vessels and hydrofoil 
oraft. 

Building prototypes oi   overland air cushion vehicles travelling at 
u   -hallow height above ground,   in vi"w of their considerable disadvantages, 
thus far ounnct compete with existin/- means  of land  transportation.    Severe 
dust formation and poor controllability hamper the  operation of theae 
machines. 

Lar^ forces for acceleration and  braKing of a vehicle and restraining 
it from aide slip are required for executing maneuvera,  overcoming even 
ihallow elevationa and deacents,  and for travelling obliquely.    'Riese forces 

can be produced at the penalty of a large power outl^r   of engines and the 
employment of complicated control devicea. 

_- mmm  ^ 



Ilaint-tinirv   -nntact   i.l   »tn   tir . u.-.!iiori  vfhicl<j wj *.h  t,he /^roumJ Gurfane 
i'.',   n.'an;'   of  wlir#?ln  oj-  tr-.. .<::  :.\n.:<:;  it.  ponalbif   t"  '.,uil<t   lund   transport 
>. • ■ i.'lr;-  with n<'w propertl":«.     IT jcru   nf  th'   wci, ht  uf thn vehicle  lo 
11 uinl'frn'ii   In  ihr .-'•outv'   in 'i   'inprriM :  immnor  hy tm/inr. of air nuohion, 
i.h-ti  tin'   ti ivcraalji lily  nt' wh-< I. t .um   t r .  k« ,;  v. hicl':;    a.i \>c appro  iabl;, 
in'Toaniil  .m<l  ma^hinrn can  he  hnil», '■■ii.i.  ni/'fi   lo/id  capacity that lo  l)ryon() 
krMwn   kiful:'   "f    ;otivcy:inc< .:. 

Tli«-  pi'■tilrm  DI' a«Tuitynan,lc     ■!; tri 1   ii i:"ip;)<-uv   for air  cuitnion vuhicle:: 
in  which   u,.    mipport unit.:;  (whclM,   track; }  arc  purtiully unlnaded,  and   it 
N i DH' :    porihlc   t(   operate   theia     iHchim'.'.  on  ronfin and   in  itojiuluted  placcu. 

Kr pl'ij uu' partial  unloariii,     »l" t.'.'   nupport. units riak> a  it possible   tu 
hui Id  -i      in;»-hinc  with rmrr advunta,"fOun  power   :h iract«'risticri,  since  it 
tHTom«:;  ponrtible   Ir  appp-^iably   ••"■!u •<    tlie  required .*ir  flow and   to simplify 
Vu- dcvicor  formin,;  the air cunhion.    I'roMems   tü^ociated with aerodynamic 
»ciiii vernent   of .itability  of  truv« 1   fade   »way.     Vhi.;,   in  turn,   leads   to   the 
nonsibl lity   -if uoinr fan;;  at   lew pr^nnure,  whi>-. appr-ciably  lowers  the 
^••rcKlynaniic noia«*.    Uusi and  :;]>! ch  fonriation   .i-c also reduced,  since  the 
r^ctpc  vel"ity  nf  the air  .;<'t:    ;   r   i  vehicle   wit:,  partial  unloading of 
the supper'  units  is  ler.r   tnar   i:, a veni ,1" witti  tot.tl  separation from the 
('rnund,  .'ivi'n  the  »ane iwerali  dilii'.'nftiotin. 

Hri,-.''-   vintar unfold  for tne air cuuhinn ;ir)r.  apl«   applied to  the  build" 
iri^- uf hi/-n-:;pecd   transport conveyHn>e.'.   travelling  over specially prepared 
nvid;'..     My  '•iHintainin,-   »   rail    :ar ':; a'i 'lii1  .aishion  over a  rail  bed  or  over 
a  r-ti». i,.    n.i.    jn   the   furm 'I' .'lujip  ; I.  Mil:.,     hanru^ 1-'r-ou/^.,   or  tunnel,  and 
l.v   pi-ii'li.c i"     Ucurl  wit*    n   air  pr^i" I I. .-,   .)■ I  '•nfiin-,   'ir ujtei ial  electri' 
i-ifi'.iir',   i (.  i.i--'.ivn  pn.i:ii)li    !.<•  J>I(MJI,.,I     4  •    '.vin-. I      trar.aport  conveyance witu 
i velocity   c'V'-ral   timer« »rreati'r   O'ni,   ',...   i;pood of   1   railway  train. 

t t.'i» present iitnv ir^»th«-r i-ipnrtarit field of us" for the air cushion 
\ü\r, beon noted ~ itr» enployment in the metal lurgioal industry for the heat 
'.reatment, of roll  end sh'<>t  '■•■♦.il, enjiecially  li,:ht   allny :::eta]. 

Vhc  unf  of the   or   'uani-r.   -.a-.'.j   it  possible   to introduce r'idical 
.iiar.^n   int-.   the  der.ifn cf  fun.» es   4r.ci   to appreciably  improve  tr.e  tec:hn( 
lo/tica]   proeean of heal  '. ■••■at"« r. 1..     It  tio'.-omeü possible  to assifjn  to  the 
air .'u.viinn   '.wn functions  simultanenusly:   ri^atin*"   (cooling) of the r.heet 
.'ind  it;'   tranrportinr. 

tiapia and imiforn heating fc.:   ^olii./- of sneet und  roll strip witn jets 
producing '»r air  cushion yield:1 a hoDiO^Tneous  tr.etal structure with small 
pxaln,  -tri   tly  re^ilate-i  cooled workmr,  and  a narrow ran^e of mechanical 
proportion  both  in  the  longitudinal  and   the   trannvers»   :;h«.'*  directions. 
The  nh«et   i;  BUpportod   in  the   furnac«-  with   tie  same  jet-;   in   t.'ie  suspended 

•fatcf  wni-.': pormite  retaining itr hi, h .lurfacc propcrtien,  since  the sheet 
bar. r.o illnct conto't wit)i  furnace part:;  over  t.'n   entire  route of its  travel 
during heat   tn-attw-nt.    The hi/rti  rat"  of sheet neatinp and  cooling combined 
with  the   transporting cp'ration rnaken  it possible  to build a high-capacity 
furnace  with small overall dimension:',   ind  with a high efficiency. 

-- ■   ■■■ -   -   m»M 
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Mt'thoda of air cushion production aro being steadily improved, and 
t,h«< Hcopc of its application for the moat diveroo technical purpoaos is 
broadcniry:.  Aircraft with air cushion landing: gear are bcin^ tested for 
ukroffn from a landing on unprepared /rround. The first succesaful experi- 
wntn in tranuporting drilling rigo in petroleum fields on air cuohiona are 
a matter of record. Transport platforms on air cushions are being employed 
in moving freight and equipment within rooms during installation work. Tte 
air cuuhion is used in mctalworkinf: machines and manipulators for supplying 
machining ."'tockj support towers are put into place more easily with the aid 
of air cuahiona. Asbocement slabs, motion picture film during manufacture, 
and food products at warohouaca are being conveyed on air cushions. Electric 
caro in intrashop transportation operate' on ai.r cushions; severely sick 
patients are conveyed on air cushions in clinics. 

The first conceptn of the possibility of increasing ship speed by 
supplying air under its bnttom sec tion were advanced as far back as the 
19th century.  In 187'> the British scientist Proude raised to the prospect 
of reducing the resistance of water to ship motion by introducing a thin 
air interlayer between its hull and the water.  In '.882 the Swedish inventor 
liival patented it, a.v  then  built on modela and in a prototype craft the 
so-called "water lubricant." At th- same time attempts to achieve this 
effect were unsuccessful. Heaearch 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 19^7 by K. K. Taiolkovakiy lt>8j, who was the first to 
express tho idea that by supplying compressed air under the bottom of a 
means of conveyance it can be rained by some heißht into the air above the 
ground surface and maintained in thic position, and by imparting the 
necessary thrust it can be /:iven extremely rapid fipeeds of translational 
notion at relatively omall power outlay. 

K. t. Toiolkcvkiy established that the friction of a train is nearly 
entirely eliminated by excess air pressure between the flow of rail car 
and the railroad bed adjoining it, and the pumped air raises the train 
by several millimeters and ic expelled along the edges of the base of the 
car. Several proposals to implement   thib principle advanced by K. £« 
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 tested by V. f. Levitov in 1934« This two-seater with 
a water displacement of 1.8!> tons had two HO hp M-11 engines, driving 
propeller-fans, and could travel over water, sand, plowland, and pnow at 
speeds up to 60 km/hr,    V. I. i^evkov had begun his work on building it 
air cushion vehiclea as early as 1927 in the aerodynamic laboratory of 
the Novocherkassk Aviation Institute. There he conducted extensive 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 
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Ki/'.   1.     h~'> Mr «ushion   THI'I   (dpaiKni-d  by  V.   I. 
Lrvkov,   i',».7'. 

i r.if t won1 built.,  cHpnbli' of  t.r:iv« Jl iii/- (Vf r   Icop water,  iJhallowe,  crossing 
:iHn<i bam .•ind shouln, anii on cocrfiri/; or-.to a  bank,  of  travelling o\er dry 
land.     One  of  thou«'  craft  (Fi,:.   l) witn   i wat»r displacciD'.'nt of 0.6 tons 
and oquippoH with two brjC hp '^■■"., en/Tinea,  buiJt  in 105'^, displayed a speed 
over water  that was unprecedented  for  that  ti::.c-  —  l''; krn/hr. 

Lnto in the   1930's an atten.pt w;;r; wide  in   the Joviet Union to employ 
an air i-uchion device  on an aircraft   in  place  of  landing t^ar for takeoffs 
and landing on unprepaj-fd sioil.    ?hi" dtvice was built under the supervision 
of A.  D.  Nadirndxe on the \]1y~',' aircraft   ir.  1Q41   -md wan  teated by test pilot 
I.   I. ÜheloRt,    The  approval  of  this  installation pointed  to the  thecretical 
possibility of pivinf: aircraft new takeoff and landing capabilities. 

In  19c,3 G.  i».  Türkin propor.e'i  the  desipn for an all-terrain    nonwheel 
tranrport vehicle with a  nazT.h   yyntftr. of nir r-ushion formation.    During 
the   two subnequ^nt year" he bui]t, ncveral nodeln  of air cushion vehicles., 
ano  then a  li/:ht oxpeiinKntal machine c'iuipped wit.*:  two motorcycle engines 
driving axial  bands  to cupply air t^   the no?.;.Jen.     In this vehicle the 
nozzles wrre arranged along thr perimeter of its  bottom.    Tests were made 
of  this vehicle  in 19!)5.     In  lQy   th^   fir.-.-t t;in^le-place all  terrain air 
cushion vehicle wa^ also  te:;t<'fi,   buil:. under  the  nuporvirion of V.  H. 
Koxhokhin. 

In thr   I9ij0,3  interest  in air    •,:i.i' r. vehicles rose sharply both in 
the Soviet Union as well as abnv.ii.     rVo.-.  I9t)3~19l?4 -^ir cushion vehicles 
began to be  investigated in Great.  Britain   md  the United states,  and In 
recent year-, especially after the  '-onstraction  in  ^9'^,  on the proposal 
of British designer C.  C.  Cockerell,  of  the cxpf rirjental  Hovercraft air 
cushion vehicle,   tht   Sh.   Jf-1,  also ir. many other countries. 

In recent yeprn 3everal experinental air cushion transport vessels 
have been built  in the Soviet Union. 

 ■     ^    ..■  -   
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Th<   ytrtr  1%2 HUW ihc  completion of  tht- bulldin/' of the expericiental 
I^'va dir nuflhlon pasaen^er vcom-J   (Kir.  2).    Th«* piatforn of this vucatl, 
"iinipprtl with two  riout»T-ni'l<' hodii'fi .'irirl with how and ui.»rn flaps inntnlled 
brtwifon  them,  formn  th^  chumbor f• r *.( <• nlr cunhinn.    T\\v following are 
nituati'H   in  the auperntrurtur«' «T»  the platformi   thr  wheelhouue — in  the 
how uection,   compartmontB  for  th«-   fan and   for fan cn^'inoB ~  in  the centiul 
amiilnhipn, and  two 5^ p»BBcncor~plHci'   loun/^ea — alorv: the  aidoB.    The air 
(•nnhion  in  produce.l  with  two ?-in dia-netor axle  fana,  and   the   thrust  for the 
tranolati  rial  motion  ir. provided with a ^.ym diataeter air propeller,     H 

.'.'^ h|i pin ton aircraft engine driven uaoh fan, and  the air propeller is 
driven wit;1 a ?fl'   hp piaton on/rlno,     The ahlp iu controlled with rudders 
inataHed  behind  the air propeller,  ai«!  with  rotary plenua cnambor flaps. 
The r.hip  lon^th  is   1?.'  "■!   ita width  in *..'. m,   its  ri«i^ii   fron the  base 
line   in  .'.'> m,  arid   J tn  water displacmont   is  Ö,^   tona. 

hill-i5-ale   tenta  r.-vi-al^d adäquat*-  ntability anl  controllability of 
the veascl  when trHvellin^ on  ita  air cua'iicn.    The ship ohowed a npeed 
of ubrut '') k^i/hr over quift wat'-ra.     It    freely omernea  onto sloping 
lianka and   fi'avcraea aandbara.     o'ind-driven wave« up  to aoout O.S m in height 
do not  impede  ita nntior at any heading witr. r« aj>ev. t   ,o the wave direction. 

In  1"''l  workorn  at   the Kraar.oy«' ;,onnovo Plant and  th»   TaAGI [Central 
inatitnte  of Acrohydrod^ianii-n  ineni  N.   Ye,   -hukovekiy] developed an aero- 
tiydrodynninif   layout, and   in  1%'.'  buil'.  the Uoviet  Union's  first air cushion 
river «raft,   the  i<adu/7i   {Fie,   ^)»   vlt'h '"»zsle  configuration. 'Wie craft 
la  a plar.f(.nn ova]   platform nn which  ir. situated a  rlreamlined auperatruc- 
ture.    Thr nozzle  aection ia built into the platform,  consiatinf; of a 
.nn,"le-pana nor.-.'.le,   two  longitudinal  and   two transverae stability nozzles. 
To imprrv   the aeaworthy qualitieu,   ttn^ bow formations  of  tho craft were 
pri'filed  .fcordirv  to smooth curvea. 

Thr   following ore situated   in  ttr   nuperatructurei   the  deckhouse with 
place:;  for the pilot and  four pacamp rn,  anc   1800-nn. diau^ter   ule fan, 
md a ?i') hp aircraft pinton engine  drivinf f.tie fan.    The thrust for 
Movement i". provide)  with a reversible  two-blude  24bO~c\'-. diameter air 
propeller with a shuft-mountcd  '.''n 'ip   .Tigine,    The water diaplacement of 
the  craft, when empty   in   '/. '    toin.     It  ia Oii'J mr  ir. len/;Lh, 4120 mm in 
vidth,  and  ^420 in hci/hr.   i^nliui:;/   the air propeller).     Craft control 
ir.  pr^vid^d with   two air  rudiern  r.oux.ted  aft of  the  air propeller. 

Trial   launches wore held  in  tr.c autumn of  ^t,u>21  nna stand,  mooring, 
and   rur  teats ~ in  Ij'i.    The  /r-at'^s*   ;pecn  ever quiet water was about 
I'"1 km/h:,  and about 60 kz/hr for  travel  over  icy snowrovered aurface. 
Tho craft  rose tf) 120 cr over hard /-round,  and up  to 1^0-170 mm when 
travelling over water aurfar.c at  speeds upwardo of 80 k-./hr.    The craft 
ensrger  onto sloping: banks,   traveln  ovr aandbara and,   vithout slowing 
town,  .noven  fror   th.-1  b^ach  t^  thr.   water.     Ir.  196^ an elastic enclosure 
wan  installed at thr  nozzle acction of the nraft,  permitting greater craft 
trfversubiiiti'.     Th" craft freely par.::ij  over driftwood  in  the river. 

- 
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Fig.   ?.,    Neva air cushion passenger vessel  (1962) 

Pig.  5.     Haduga air cjunhir-r en ft  (1965) 

In 1965 designfrs of tne Kracr.oy*   oorcovo Plant,  jointly with scien- 
tific personnel of the TsAGI dovelopt-c: plans and in 196^ launched the 
Joraovich air cushion passen, or vps-.fl,  built by the Krasnoye Sormovo 
Plant  {Fi( . /j).    It consists of   1 lift, platform .-.nd a zigzag-snaped super- 
structur»» mounted  thcrtor..    Tht- deckhouse  is in the bow section of the 
superstructure,  a  ^O-oasaon^r-r  lounn-   is amidships,  and a machine complex 
consistin.'r of a turboprop onrin»',  nxinl   fan, and  two four-blade air 
propellers in rings is  in the stern. 

The platform is equipped  with  fl^at  oodicf? giving the ship its 
required water displacement.    The ai:   cushion is produced with jets of 
air exitinr from the  nozzle secticr; bailt into  the platform and  the float 
bodies.    This ar.-angeuent consists of a contoured no^'^le and two longitudinal 
stability nozzles.    .1 fan and  air propellers with rotating blades are 
employed en the ship,  which Ciakes  it possible  to redistribute the power 
supplied  from the notor to the  fan and  to the   -ir propellers, depending 
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Pip. 4,    Sormovlch air cushion passenger vessel (1967) 

nv the 3hip travel node.    The ship is controlled with air rudders mounted 
aft of the air propellers and with bow and stern rotary nozzles.    The 
water dispiaoement of the vessel  i;; ^9 tons.    Its  length is 29 m, width 
10 m, and height 6 n.    A l,A~a diameter fan is installed on the ship. 

In .stillwater tests,  the ship dumonstrated a speed of 120 km/hr.    It 
is lifted above  the ground surface  to a height of 2^0-200 mm.    The ship 
easily overcomes shallow water,  exits onto sloping banks, and stops thereon. 

During the past decade,  in the iioviet Union and abroad,  interest in 
air cu-^nion vehicles has risen sharply and  the number of scientific research 
and design-project studies in this area has corresponding risen. 

in reoent years     Joviet scientists     (G. Yu.  Stepanov,   Yu.  Yu.  Benua, 
K.  P.  Vaahkevich,  I, P.   Lyubomirov,  A. P.  Biryulin,   I.  T.  Yegorov, G.  II. 
Sirotina,   /.  I.  Andryutin,  V.  K.   D'yachenko,  B.  N. Kolyzayev,  V. A.  Litvi- 
nenko,   I.  V.  Or.imov, and Ü.  A.  ^nirnov),  and  the designers  (A.  A.  Zhivotov- 
skiy,  V.  ii. Shenberg,  A.  A. ijmolin,  and V. K.  -oroestrov) investigated 
a number of problems in aerohyirodyrianicn,  stability,  and controllability 
of air cushion vehicle:; and have buil*, experimental  transport craft serving 
variour functions. 

-—. ^^„.^ 
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CILVPTKH    ÜNi. 
PRINCIPAL MrlTllODti OK All«  CUJHIUN PORJIATIOH 

At the prcnent  tine lir cuchinn vehicles of  the most varied forms and 
lioni/^in arc  boirw: doßi/TX'd and  built.     Various methods of air cushion 
formation aro also employed.     However,   with all  their diversity,  general 
fpatures ran still   h^ examinod.     For '-xamjilc,  known craft can be divided 
into  r<nir main kindr. ir:  ttrnn of  the mrthrxl of air cushion fonnationi 
iil'nuri nl unbor,  channel   flow,   T ■ . .J« ,  ami vacuum chamber soheinc« 

1.    iM'-nur. [.'h/imber ochono 

.Traft   built atcorrtinr  t-.   the  plenum chan;bcr scheme have a don. -shaped 
form  in  th'ür lower st'-tio''   (Fir»   ^    ')•     Into the plenum chamber formed 
by  the domf   of the  -raft  inr.   the ,-rouni;  surface  a fan pumps air,  which 
.'^jctains excess prer.rure conpfired  to  tne atmospheric pressure.    This pres- 
sure ir   transmitted  to  the bettotr. of the crafr anrt as a result a lift is 
produced,    «Tien the lift  become- equal  to tho weight of  the craft as  the 
[•rossure  is raised,   the  margin'-  of  thr     raft    fri.se exerting a pressure or. 
the support surface and  the entire wci.'iit, of  the craft  is  transmitted to 
the frour.'i via  the r-iir «ushion. 

A further, extremely 8lit-ht  ra:«c   ;ii   'xces;:  prensure causes a lift-off 
from the support surface and  ii.i   transition of the  craft into the free 
lioverinf: r^Time.     Between tne  lewer   lar^in of the craft dome and *he ground 
rrurfaee  in  formed an annular slit ar rt   the o;icap«' of air from the  chamber 
outward  comm« nees.     Hero   th'   value  ff  «.ho ex-t:;;: pressure in  the air cushion 
at  the morw-nt of craft  lift-off froi.,   the  .'Touna  surface and   in  the hovering 
reniiiK>  i.   determined  by   the  wei/nt  of  the craft and  does  not dopend  on  the 
h.-ir*U of the lift.    The lift height  is only a function of the flew of air 
supplied under the craft. 

A k«»y advantage rf craft wit*!  this configuration of air cushion forma- 
tion ifl  the relative sicplicity    f  their execution.    The dome-shaped 
'•hambor  i:: usually formed b,,   ti.e craft  load-bearing platform and side 
walls  prnjectinu brlov.    Air enters  the chamlor directly from the fan 
without   •>e use of air-distributin,: ductn and  nozr.leü. 

1 I 
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Pip,   t)«    ochwrncs  for air cushion formation 
a — plenum chamber with vertical sidewalls 
b — plenum chamber with inward-inclined »idewalls 
c — plenum chamber with floaters 
(i — plenum chamber with labyrinth seal 
e — plenum chamber with shield at fan exit 
f — plenum chamber with vertical partition 
g — oiulti-pl( num chamber with  fans 
h — multi-plenum chamber with ejectors 
I — multi-plenum chamber with enclosing sidewalls 

.. drawback of thuce crftft in  the  necessity of installing relatively 
lii(^i-capacity fans  of relatively  lar^e overall  sir.c with the correspondingly 
higher power outlay, since air ficw for air cushion formation rises rapidly 
ae  the craft clearance height incnases.    "Die use of craft built in this 
confifÄiration beconies desirable only for very low clearance heights. 

nn ideal schecic of this kind of craft car. be one in which air enters 
the chamber in a dirpejaod manner, and   the escape of air through the annular 
slit occur.} ac if from a reservoir of very large volume when the air velo- 
city in it is clore to  Atro.    Ir.    actual craft designs this  does not appear 
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of cxocntinn.    Usually air intern  thr rhap.ber from tho fan in the fern, of 
H Jot witli  relatively amall diuin.-t' r.    Tins jot otrcams ovc-r the support 
ijiirfajc1   iii>'  in «lircnteil  toward   th»   annular alit,    J\O the renult,  tho kineti'j 
rnorj^y of  the jet   to a lur/jo exti'nl   ir.  loot wit/iin   tiu* chamber,   the uni- 
formity of prnnnurr dir-tribution ovrr  Lh«-  .:hata^r a •rfauo di't^rioratos,  and 
the  flow < ooffirit-nt  of   the annulnr :;Jit  riaer under tho offset of the 
iTjcapin^.; .;^t,.    Thi::  leads  tu a drop  in lift,  lii^ht-r required air pressure 
and  volumo  flow, and a correspond iiif ris«- in the required powpr. 

Ther-    iro aevrral  vodificatirn^  (f  craft built according  to the plenum 
chunbi^r ar.heme of air   -usion formatioi:.    To reduce air volun« flow,   the 
Hide wall;   of the craft aro civen an inclination  toward  the  interior of 
the chamlxr (Fie*  V h).    Tliank.T  to this  inclination,  it. becomes possible 
to  intensify  the compreasior of the  .jet escaping frcr. beneath the side walls 
for  the sam*> value  of thr clearance   between  the   lower margin of  these walls 
and  the  support surface,  and   thur.   to roduoe   the  volume  flow coefficient. 

*',)••  the i:u;H' wlH.n  thr   -raft  i.; desiiTied a.s   i  transport vessel for over- 
water  travl,  its :iide walls art*  .,1 ten ;:Kide in  the form of Luoyancy  tanka 
[floaters]  (fig»  "J C),    Thene  floaters rive   tht   craft its required water 
liinplacerient,   impart    stability  in  tJ.o floating: state, promote    higher 
flnatinj; .i'.abilit,,  when  the  craft  ir   travelling,  and also serve    as an 
••n>'lo3ure of the  lir cushion.    The   lower si-ctior   of  the floaters ai-: given 
a conf i,'nir i tion  that p'-nnit::   ir.ttn:: iiyin(;  the  compression of the air jet 
b^nr ith t.'u   floater:; and   thus  reducing  the air volun»-  flow required  to 
fort»!  the air  cushion. 

Jervin," the came  purpose,   the  nide walls  of  thr   craft in their lower 
section are  fitted  with a series  of projections with acute edges,  which 
in conbination with  tie  support surface  for", a  labyrinth seal  (Pig.   5 d). 
In  this seal  the air jet cnccxuiters a seriec  of suc-ossive compressions 
and  expansions,  due  to which  the  resistance   to the exiting of air from 
beneath  the   floaters  tc   the exterior boconos greater and  the required 
exc.e: ••• pressure,  for a small air volume  flow,  is produced beneath the 
crafi. 

i\')oli.>T methol capable  of .-•. 'j   •;:,•  tne  air  volume  flow  in the  craft 
is   the   technique of imparting as a :var ta,^?ous direction to air current 
within  the  cliamber itself.     Thus,   oy   installing a shield  close  to  the fan 
exit,   it beconen possible  to direct  the air stream leaving the fan toward 
the  side walls  in  the  form of jets   (Fir.   '; e).    These jets,  on flowing 
off the outlet ed^es of the  sido walls  ^wriward at an acute angle  to  the 
reference rurface intensify the effect  of compressing the stream as it 
exitB  from  the annular slit  toward   the exterior and  thus  reduce  the volume 
of air flow for the sane craft clearanc»» above the support surface. 

Air cushion craft in the pienun chamber "onfiguration have a substan- 
tial  disadvantage:  as  the clearance hf.i.^ht is  increased,  static stability 
is  very  rapidly lost.    To enhance stability,   the  subdooo aectior. of the 
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rnift  i:-. divi(l«'(l with u vertical   partition into separate cjompartments 
I Fir.   ') ij.    When   thi« «raft hoc lü,   the  prcHnun-  in  the dome '-.oi.partinHnt 
lor-itf«!  on  th«' deprcas"«! uide ri':n::,  wiiilc  the prcniiun' in  the compart- 

■■:> nt "a  ttn   'h-vatiil Bide drop;».     Thin oauyra a  ri<;hLinr moment in the 
,ii r  .iKihi   'i, 

A :;tiJl ^n'ttt^r effect of enhanced static stability can achieved by 
inn tailing under  the craft baue   t /Toup of chanbero with independent air 
mipply to each of tl>em,  for exampie,  wild fan»  (Fin»  '> (') or ^y ejectors 
drivi^n from the «ame comprcEror  (Fir.   '; h).    A disadvantage of craft built 
in  thene   -onfi^urationa is the relatively  low load-bearin/: capacity,  since 
much of the  bane area outside  *;he  nharbcrr.  ia unuer a pressure  that is 
ne-T-atmoapheric and participates virtually not at all in lift production. 

This drawback can be elininatod to a lar^ extent 1 y installing a 
common chanber witl; aide walle arran^d alone the perin   ter of the craft 
base and onvelopini: a jroup of 3mall chambers  (Fi^,  l; i   .     i'vir passing 
through the  interior chambers in this   craft reaches  the common chamber, 
ana  then via  the wp between th" side walls of the comrr m chamber and the 
support surface exits externally.    Two 7,one3 with different pressures are 
furned  beneath  the craft:   one--within the smal]   chncberc,  ana  the others 
— outside  these chambers, enclosed by the side walls of the  common 
'•harnber. 

<i crift built, in triia corJ" i.'^ration has  relative h i(^h lift and is 
mnrked  by   i  fairly h.irii  longitudinal an«!   transverse st? tic stability, 
»/hen hoth  the common chamber and  th'   snail chanber;: art   made of an elastic 
-jiterial,   the  ."raft <-ar   be /;iven eniianc«* 1   travercabil i.y. 

Channel-Flow ocher.»' 

n characteristic structural  eloT.ei.t of ciaf   uiilt in the channel- 
flo« schere ia a lonKitjiir.al   "lar.r.cl  for~ed by  the craft bottom and  the 
support .'.urfacc  for renova1.  of nir from the fan ai.d its discharge 
predominantly  toward  the stern  i Fi, .  •.   i].    The stream of air exitir,,-; 
throu^h  '..'.IT channel  can oinultar.ecusly aloo for*, the air cushion,  oupport- 

n<: the cr-tft at some height above  th«   cupp'-rt surface, as well as producing 
the  thru::;  that ^ives  ii f craft  trar.slational movement.    The excess pressure 
within  th(   channel fornin^; tiie   lift is  produced by  further compression of 
the chnruW  opening witn adjustable  flaps,  while  the  thrust is induced 
froi.i the  rtaction of the exiti!.»   jet stream. 

The novenent of thij kind nf craft  is COJ,trolled with stem flaps, 
and also witn a rudder mounted  in the jet of air aft of the discharge 
op%nin/T -f the channel   (in Fi^.  6 a  th*   rudders are not shown).     If the 
jd/uatabio flaps are opened wia'--,   the stream of air leaving the fan ejects 
air f^orr. the bow section of the  channel and entrains it toward the stern. 
If  the  fJaps are opened only slightly,   some  of  the air supplied by the 
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r'i,'.  *'•    ^Jcheoen  of air mishion 
f|-^ma, jdn: 

H  —  rriarir;«'!   flow 
\   —  f  anru'l   flow  wit.',  aead-cnj 

Dr.wl   format,ion 
,•  —   :hanr.ol   flnv;  with   rotary 

bow  fl.»t< 

f:f.  ntr'Ni;:,::   toward   t:.f   how   dp.r.i.v  • :'  V •.'   "har r.' 1  and  '.'rits externally, 
«lion   th<      raft   ir.   'ravdlirw andcT   -.<<•  • ff^f:tü  of  froe-streair. flow,   «.. 
t neap«   of   iir   Lhrouri.  t:!«'  u".   ir-'i.iiv'   i^  v.-ak-ncil,  a-id  bogiiinin^r at socr.e 
velocity  tnc  free-ntroHn. air  flow at,  r.;.c   :ruft paaaor.  oencatn it. 

vr. advantarc of a    "if', built   in  tnii'  ^■•.-.enc  ir-   tne possibility of 
providing with  the sax»- propul     :   i f-tr. /  bi tl: craft  lift and craft propu.l- 
".i<.n.     Tluc  ria^os  it  pojniblc   t'   :*• :,.•'    *.■■   IJn-'   "ininum  th«5 nonentun drag 
;-r.   the  craft  aasociau-'i  with  ov-r-o:-in,    '" r-»T,   of   :>-ni:; tance  of  the  still 
oxtemal '«ir suckrd  into t;..     rr.ift .     Ir    ic liiion,   in craft built accordir.f 
to  tht    ncitT,»    it.  bo^oincr  po;r:i: li    '.      i hi  v<    tr."  accelerated  Dovement  of 
the flow alor.»; the path fror,  trie   fu;    :    tnt- exit of  the  channel  by profiling 
of  the  channel  and   jr.  thin  way ir».. ciy  lower the pressure  losses occur- 
rinr in  t,l;e expannion cf the  11 .-..,   "-nat, a-v  inevitable  iti nearly all   other 
r.chones of air cushion format ion. 

Jraf*.  built   in thi:: rch.r*   .-re'ü.it   mere «sed traverr.ability,  since  it 
becomes  possible   to inke an   'penii^:  m  '.\w  bow  section cf  the  craft hull 
for i.urno.mting relatively'  lar^e surface  irre, •ularitics,  including waves, 
wi-en  the  craft,  ir.   travilir^' ov«-:' space  water. 

A d Ki.uvantar'-   'f th .TK      raft  i.-   the displaceDont of the point, of 
application of the re.-.ul •■c:•   <■''.   ^res.'Uirc  forcer   to their bottoD section 
jr.  relation  to  the  position cl'  the  udj us table   flap in  tne discharge 

1.', 

^■MilMMHHMMt — -■■"■■■ ^^^ mtmmmmmm 



nponi'w n, the rhanm»! and in relation to Uu- clian/^r in the fan operating 
'>7:imr mid, a;; a n-aull, diffictilt^ in «'nnurinf» stability of craft propul- 
■ion and  i t.:i contr^llnhilit.v. 

r\ncUnT <raft variant  built,   in  '.h<' flow-chaniif 1 ocheme of air cunhion 
fonnatior   ir  rhown   in Kir.  f> >'.     l»i t)ii:3 fraft  the  inlet, openinr of  tho 
flow t-hnmifl  ii- covriTd with the how :;<"-tion,   r-oducin/' the encape of air 
toward  Ui<" side of craft potion, .';ni! flapn are installed in tho exit 
openin'   "I' the rhanr.ej  just a;'  ir  UK« nchome nhown in Piß. t) a,  peroittinc 
.uljuotment   of the  thrust  in the hori: nnlal  direction, and rudders servinr 
in induce a nKHnent  relative  to the  vertical axis,   turning the craft  toward 
the de.-.ir-d side,  are al;io installed at tho exit opening of the channel. 
In  this case  the pressure distribution at  the craft bottom depends to a 
larre ex lent on the ponitiors of the adjustable  flapr and the fan operating 
r^fime, 

'.'he  installation ir  the 'OW 

(Ki,',  6  c) pemitc mor»» flexihlc rrnft control. 
ncetion r.f the  channel of a rotary flap 

; .     IlO'/.v. le Cc.hene 

The ilistinrul^hin,* feature of a "raft  built  in  the no/zle scheme  of 
iir cushion fomaticin   ii  that  itr.  bottom section is provided with a 
[wriphera 1 ly arran^-n  :«]it-like no. .-.le  for dinchar/^inr the air jet  toward 
ti'o fTounH surface  (Pi--, 7 a),     ."»i r fren the  fan is  brought  to  the nozzle 
iv •ncann  of a  receiver or profiled  -hanii'-l:;   located  in  the  f:raft hull. 
/>,:( :i;i pp-tuture  in  the air ■•u:;bio''   in  thi.'i ci;;e  is  produ<;ofl  by  the n-actiion 
force  of  the  jet < xitin,- fror,  '.he  no-./.l*-   and utr^aränr over  the ^Tound 
.■uirfar<    in radial directions frori »he    raft.    To ••nhance the air cushion 
prenruro,   the air 3tr"an.  in direct.«-! beneath  the   ;raft at some acute an^le 
tf)  th" /-round nurfuce.    In those  craft, when  in tho hoverinr regime,   the 
cxcecc pressure  in  tho air cushion  ir,   ilways lesn   thari the total pressure 
expanded  in produoin.T the jet. 

The lift  force sustaininr th'- enft at oo'ne hei^.t above  the ground 
surface  is  comp.ited of the  pressure   forces actinr at the craft bottom or. 
•he air oshion nide a.-ri  the vortioal  conponert of the reaction force 
produced by  the aij   jet exiti".   dow?:var'l.     .-.t a'-.nll   .-learancc values,   the 
pressure  forces actin.0- on the    raft   b tt^ci are  the  fundamental  forces 
raiainr  '!"■* craft  into the air.    The vertical  component of the reaction 
force  of  the  jet  is nnall  in this  instance,     /is  the craft clearance is 
increased,  the role of these force:; changec»  the pressure forces of the 
air cushion decrease  while  the  rea-tior forc^ becomet» ^.Teater.    'Wius, 
the  lift  fori:e is reduced for craft with r.ozr.los navin/r a small flow- 
channel width with increase in clearance height. 

M:e   if the nov./lo confi,"uration njn'r»::  it possil 1'   t<- build air cushion 
craft v.i'.;.  relatively  ^rfr* fli(iit height  for nniflll  power outlay.     Tlie 
advantage  of usin^r t.hi:   cchemc is due  te  the fact that by employing a 
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Ki^:.  7«    Jche^ea  of ai; 
single-p.ir:.  no::;lc 
novz/.lo witj,  built-in f;iri 
noz/.le arru:;^ia*tnt, wit.'i 
rrcirculation fron 
outer noz/.lo   to inner 
no','.^lo arran^tntnt with 
recirculation from 
inner no?7.le  to outer 
noz/.le .irranpr-aK-nt, wit;, 
recirculation   through 
built-in b^lt  fan 

•u.nhion  formation 
— no/./.le arran^rement with 

partial  recirculation 
through additional deli- 
very  nnzzlo 

— noy./.le arran^enent with 
partial recirnulation 
through  fan 

— nozzle arrangement with 
partial ejector recircu- 
lation 

— two-pass  nozrle arrangement 
— two-pass nozzle arrangement 

with ejector 

no/.zle v-th a nnrrov channel  oponir;. ard dir-    tinr the air Jet  toward  the 
nir cushion ride,   the i-p-juir^r!    learii.cc hei^it  -an be provided for a 
craft of specified weight and   v.-   -r. n dir.encionr;,  for ssall air volutao 
flow?. 
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To produce tho uir cushion lor a «raft built in this configuration, 
n  flow «f nir at relatively greater pressure and small volume expenditure 
is requiivd, along with relatively hif.h-hend fans of low capacity. This 
permits employing fan« of relatively nmall si;;p on tho craft. 

At the present time these craft have gained the greatest acceptance. 
Depending on the purpose of the craft and the requirements imposed on it, 
the most diverse craft variants and modifications are employed. Let us 
look at several of the most typical. 

in craft built in the nozzle configuration, air from the fan is 
brought to the noszle installation through channels laid in its hull. 
I^c 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. 

A craft with a nozzle installation not employing air ducting is known. 
Pig. 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 servet» as the 
actual base tf the craft. External air is sucked into the nozzle directly 
from the ambient atoiosphero and exits from the nozzle in the form of an 
annular jot directed under the craft bottom. 

Thir installation permits not only bypassing the use of air ducting 
and associated detrimental resi:itancea, 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 eaploying 
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 completely lost. When this craft is travelling, addi- 
tional drag is produced, caused by the forces of inertia of the still 
external air sucked in, referred to as momentum drag. The  value of this 
drag is directly proportional to 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 
(Pig. 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. 
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Variantü of nnv.v.lv cimfi/^iration:) with nir ncirculation are differ- 
li.lt«-il,  ilifft rinj.: h^   Uv  un\.\\i*\   i»l'   irrin^in/'  tli" delivery  swid  auction 
MI.   I.M   in   tht- ic.-ilt.  harte,     h\  I'I«-  T i r-. L vMi'iaei. n delivery noz'/le nervös 
.i!    the iKt.i-rMnl   im.-./.l«-   Idül."«!   in   UM    \»\:U-  \H\ \\>\VIJ t  /»jrl  .1 uuclion 
'10.■...)<• .'irrveu   ct  tin    in'.ernal  ii"  ..!••,     1».   lh<   iK."'ond  vtrianl. u ouclion 
m'.v.-.h'  i:-.   the extenwil   t;(.■■.•,]<!,  .HI<I n ilolive'V  HOä^'O ia  the intej-naJ. 
Acr.ordiiw.lyt   in <■^,-',  f^rot vurjant jets are directed from the periphery 
toward the center of the base, and  in the second -- froß the base center 
towani  it:i periphery.    In craft whuae achenes are shown in Fig. 7 c and d, 
n'circulation air in Doved by an axial fan located in the craft hull. 

um- design solution of there craft is the use of a belt fan built 
• üroctly  into  the noz/.lc installation  (?ig.  7 e).    The blades of this fan 
are secured  to special belts moving: o:. /^iides alon<; the nozzle.    Dependir.G 
on  th«.' position of t'ie  blade;; on  t1"»* brltn, a fiven variant of flow 
ilrection of recircuj ution air in  the prr/,;:le  installation can be attained. 

Kxi» rien'.«- ahow:    t.hat no/., h-   installations wit;,  nir rtcirculation are 
1« j.; > Tf jcient cnnr.-'-l   to ordinary   ruri'lc—pacr. nozvieo with air discharcod 
'»xtfrnally,  since a strialler oxcetsn jtr-^.-jur«.   ir.  the .iir cushion and a wcik 
lift   ip    ;'hi«veu.     T>H   nec<rrity nf   inntalliiig a suction nozzle and 
auxiliary ducting in a craft in rnl-r to achievr n-circulation produces 
;tdditinn.il  dni,:, exceeding! ti«   dynamic proanun   nf the air jet exiting 
fr« ■:; the  delivery  nfi'.le and  Irin,,in/'  t,«' nau-tit   t.k.c apparent possibility 
of   T.plo; inr the r.inotii- "rerf^   of the jet. 

I'I •> .. 1»   installation whn;^«   ;; ncre ir :-f own in P\c» 7 d,  for very 
:.nall  il< irance hii(:h',u,  1 an a property of Mdherinf  to the surface,  that 

ne/7\five  lift.    When at  tlie f-round  surface a craft fitted with hai IT. 

this kin.i of nozzle inatu1 lation cannot rise indeper.dently when the fan 
is operating. 

There   ire no/zle  installationr  with partial  recirculation in which 
the air jot splits into two parts on oxitin^ from the delivery nozzle» 
ono pari :;treans out,  and  the  othei   is diverted  beneath  the craft and 
then via additional ducting a/^»in mtors  tJio air cushion. 

lio.'.zle  installations whose schemes are shown in Fi, 
:an so rv    as exanples. 

7 f, g, and h 

In the installation built a^^rrding to the scheme of Fig, 7 f» air 
is bled directly from the air cushion and via auxiliary  ducting built 
in th<   craft hull is dis^harg« J  *.;•.» i the grcwmJ surface via auxiliary 
delivery nozzles.    Air leakag*» from the air cushion is replenished by 
jets splitting; off froti the main air jets.    Flow in the auxiliary ducting 
is maintained by the excess pressure in the air cushion. 

The installation built a^c^rding tc the scheme in Fig. 7 h differs 
in that liome of the air splitting awny from the soain jet toward the air 
cushion is sucked in by  the far. through additional ducting, and is  then 
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brought  to th»' d^liverj- no-/.:-.!»-  nd   t'other  with th" cxtcrnHlly 
'-•oaplrv 'iir i:; tlir.'har-Y'il   Lnwani   thf nupporl surface. 

In  l.hi"  tio.-.-.l«    in::t tl In'i. n  (r'i,.   /  '.)  partial   n c i nail a lion  of 
nir  \-: :ihi('V«M( iUffM-tl^   in   t.t     il«-liv<   -y  ri"   .)'•.     It  i;; uunumrd   that  th«- 
•'rt'.piiiro   rian in   thi- air "uahioii  ni'.i.H.n  fron Uw iJiffunor effect au 
air  flow::   towanl   the  'iir i.uuhinn   in  the ^.p  formed  by   the  profiled 
liortion "f  the  nor/.lc  bntton   and  thf »uppcrt surface.    The recirculation 
flow in thin  inatallation i'- prr'durcd  by  the ejecting action of the 
stream of air fod by   the   fan  in'.o   thf upper section of  the delivery 
no7.7.1e, 

Nor/le inatallationn witl; partial   recirculation,  shown in Figs. 7 f 
find /', a)-^ ►»erod^'namically alno lee;; advantafteouj   than ordinary singlo- 
paan noz/.lcs,  ninco  thoir ruction ducts produce high additional drag. 
Local pressure  losses  in the  bendin/: of the recirculation air stream and 
also pronmire  losses  in the ejector »rhen the active stream merges with 
thr» recirculation stream render the nozule installation shown in Fig, 7 h 
inoffi'-icnt. 

:«n--.-.!*>  inntallatifin:; wi^.h -  »mjil't«' an well  as partial  recirculation 
r». -fvnpl' y  in «h-ai/Ti,   tak«- up n   Inrw  fntction of trie area of the  craft 

i-»:w,  nnd   ^•<^llir1'• «rpendei  hull   ."inn»    tn nousc   the  nM/erao ducting, 
'llirin-  in."t. illut ionn havi   thus  far 'u,i  f^ained practical  acceptance,    Nr/.zle 
ins tn Hat ions ••mployin,-:   »ir r    ir<u]atiori  that   ire   idvanti^.'ous from the 
aerudynani«- piünt  of view aii'l   thai   '»re  feasible us   to desi.^j. have  thus 
(fir no'   i.'-en  found,    Uozzlc  in: taI lations with a recirculation syatem are 
^•nerally unsuitable  for ap;)l i>'-it, ior; on transport craft,  .;ince  they suck 
in dust,   .enow,  and  splarhinr wate;   thexj/'h  the    hurnol   flow of the craft, 
whi^h  rapiily  renders   thei» inoperative. 

Experience shown  that craft with sin^lo-paoS ncr.zles exhibit 
very    low stability,     iiaising  this land  of 'raft by a height of 1.5~2 per- 
cent of the nozzle width already causes heeling,    increasing     hovering 
height  leads  to tntai  los^ of stability  and the craft rests on the lower 
edge of cne side against  the ground.    This  is caused by  the fact that the 
nor.r.ler. or.  the  depressed and  elevate i sides,  during heeling,  are at 
iiffercnt hoiKhts above   the  support surface and  the .jets exiting from 
the siHes produce  reaction  forces directed  toward   the air cushion differ- 
ing in nignitude,  and   tluis dissimilar excess pressures, 

.ill   this  results  in  the  air Jet on  the depressed side close to the 
•urface .iplitting into  two and  some nf it moving toward  the elevated 
side.     As  this  takes place,  at   the depressed side  the reaction force of 
the jet  directed   towarl   the ai;   cushion weakens and   tie ejecting action 
caused by  recirculation of air  in the cushion rises,     as  the  result, 
the pressure  in this cushion /on" fa^lo off,  arvu  thus  the pressure- over 
the  section of  the bottom ne.ir  the elevated side  is also somewhat reduced. 
i     t,ippirvi    r.onert  ic.inr on   tr.e craft  is  thus  induced. 
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To   iu<7inMt atHbtlity,  Vw :>i.rvJc.—pans nozzxc instulls(.iun is 
•.'•'■tionul i/.cd Into individual  :-..'i-i,ionr with additional  noi.'.lcv. — stabi- 
lity no-.-.. I«1:*,    Fir. 7 i ahow.'i   > iwcpapn ruf.'/..](' tirran/renten'   il an air 
runhinn vehicle,    ^en thin  kind of c:raft yields under the  ci'ftct of 
the pxtornal raoment,  the preuourc rin^c over the section of the bottom 
between  the  outer and  the inner iu>7/.-.lea near  the depressed side, while 
the  prennure in reduced over the symnetrical  section of the bottom at 
M.i   "levated ride.    Ar> a reoult,  a righting noment is  induced in the air 
TuttJiion,  rentorin/: the craft  to the horizontal position after elimination 
<.f the external  moment appliei or.  the craft.     ,kir is usually fed from the 
fan  to  thi:; kind  of nozv.le installation by moans of a receiver. 

In niveraJ   canes,  when for r.ome  vaLriu it is desired  to appreciably 
pertuei    the rapacity of  the  fan  installed  on JI oraft,  nozzle  installations 
with built-in ejector are used  [Sir..  '( .i).    iijectior air is supplied in 
no'/.r.le   •.rran^mentr. oT this i:onfifairntion at hi<:h pressure via slitlikc 
noz'/.lea no'intcd directly  in the re /.. 1<   installation.     The externally 
• ,;• ctrii air arriv»'i vi;.- a :;litlik<   header   located  between the ejecting 

<i/./.le:'..    Üinohar.T'  ol'   ur  in  tin-  fort:, of jets  take.-, place  throuch 
.i".-:-.lr:-.   located  in tl<-  craft  i.nt?'■:;. 

^xcr:!;,  prosnur«-  ir   the  air cusior'  is produced by   the reaction  ')f the 
• jectinr and ejected air escaping ixternally,     ?hiri factor appreciably 
raise:;   '.';.• e.ficiency  of the ejector,   however  tre efficiency of the craft's 
power pli-t when this device is use : drops off,  overall.    The nozzle 
installs  ion e-apioyin/: an ejectcr requires the u'-e of a hit^i-head fan or 
comproon r» 

Ther«   arc scvera!  var^ar.'.L- ef   italility nozzle placement in the craft 
bottom.     ITiey   ^«n b<:'   '   catrd   ir.  t,ho  Icr.ritudinal  and   transverse directions, 
in  the diu.netrcl plar-.  ?i" the  craft,  near the sides,  and in crosswise 
Cashion.    The 'jetemdjun/: conditions  include  uci.ievi:./: the desired craft 
stability and satinfyiiiu confi^ucHtinn roquirifinentt; — the possibility of 
;. continrent arrjin/iTi^'nt of iiu-tii,- iv«'.iir^ air fror,  the far. to the 
stability nor.zlcs,  for nnnll   hydr;i  "i    r« cistance  values  of  the stability 
UjS/.les. 

ir:   ''•nif^iinr air cushi -i   ve!.i-le. ,  one ~uct  ccar in mind that the 
sinf.lc-j .»r^s novzle instTllaticr. has   the  greatest  load-bearing capacity. 
Any ?e "tioralizinc of tie no::, le  in&tallation,  v.ith the same total area 
of  t)ie pacsu^e openin/r.  of K •.'■   '.I0 maintained arn'  vith unchanged para- 
•ncterr of the air stream  r(d   t.   th   nozzle,  reduces ♦he lift.    In othrr 
words,   inlroducin,; aixiliary nczr.lt"  into  the .;cr.:zle installation to 
augment stability soroewhat degrades    its loai-bearinr properties. 
In spite of this drawback,  two-paa^ find other methods of sectionalizing 
nozzles have caine-i  the erratest acceptance and are used for craft of 
the noct dissimilar function. 
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Vi,<   :.i>:::.lv  iiu; tallatitm  iv  "fil'i  with  tho  nc:'./lr  üaf.i.'rnp  of nir 
■urhiivt  Connation ;irui ride  will:    in  <ni (. with th<   plenum < hnmbor urul 
liicii'l-l'l'iw .('r.J'mirutitiri;!,   liuiP    ir,   tin    J'nrn  of   rj/'.i«!   dicta]   otrv.:turci 

■■iv.-   i   .;iit . L.mtj.il   itj:-'! !v eil..., .    ~   t.t'j    Id i.ot  jMT-iiiit  IDDIUCI  with u 
■ iljil  :;..|>|.«n'l :iuria'T 'liirln,: jir>i'il:; i" i.     Ln ■ liani <■  in'-urr-icnii on unrfai 

iir'/-u I M i i i«:;   iiid   yv'\\i-'-ii' i,r  nv    v-l'ti   «,iv. •;  .;l.rlK'    Uuriii^, j»ropuliiior. 
.vcr wit« '•,   theii«- dcvi':<:'  II'TUCM    'iif'nc-'l  'in.l  japi-tlj  'a»»irLiri<: tion. 

in  i-.portant step in ii.ru-nvin^ tranapcrt air  oushion vehicleu wae 
the list« nf clan tic air cushion rrn-loHureo.    i(y makinf: nozzles and aide 
wallii   ir.  the I'orr; of flexible  "kirtn  of  thir   clastic material   (vulcanized 
rubber,   rubberized  fabric,  nylon,  und  other 3ynthetic r-aterials),   the 
!:.o:;t important ability  of air cuahior: vehiclen --  their traversability — 
<HII be trarkedly enhanced,     Flexible enclosures become kneaded    upon 
:;Ti/-.inr obstacles and  then u^uin acquire  their initial shape,    iihort- 
t.ena char.fo in the  aliapo  of  tht   elastic enclosure has a neglible effect 
en  the aerodynamic qualities nf  the   ;raft, 

Elastic encloo>ares  r<c'.i.e  the  r»'4uirt'r':n^s  itrposed on air cushion 
vecicley with rcspoc*   to fli^it ;iei,r.'.t.     Tne possibility   if reducing the 

lear'«nc<-  l>etwecri   the  .raft and   th<   support cu^'ui c  without detractinf 
fron it;   traversability  improves  the power ca{)abil ities of the craft and 
p* 'Tiitn '•iployinr far.;  of snfiller si/e .'.nd powr   to achieve  the same  lift. 

iK-r-f-lynanic  requireBKntu  imposed  on no/.zie:; ar;d side walls made of 
•»lastic  lunterial  rewiir  O"-  .jarc   a:,  for  their ri^id design.     By inipartin,-; 
the shape of nozzles   to  tn«   exiting areas of elastic  enclosures,  aero- 
dynamical iy advanta^eods air cushion formal ior. conf if.i.irations are achieved, 
H.e main "e^larltien of air e icape fror: '.hese devices Hc;.i"ved wirh x-ecpect 
to  rifid  structures can be considerably extended  al:.o   to fbxiblo tnclo- 
nurer  serving the   jar.»- purpose and  of ^iniiar cor.tours. 

/*.     /acuun Chamber ochi"'»o 

A method of produrir.,:  lilt  oasec  "n inducii'^ rarefaction between the 
loaH-b<'arin<: system rf  the   .raft ar.ci   the suppcrt surface  is possible, 
iicre,   to produce  the  lift sustaining   i craft of given weight  in the 
regime of r'"ering and pr pulsion,   the  load-bearing system of the craft 
is   located beneath  the support surface.     Thia methoJ has substantial 
advanta/:en over method:; baueu  on sustaining excess pressure under the 
craft  bnttooi and can be used   in   •.akin,; transport conveyances   travelling 
over sjM-cially prepared  roads,   f'r example, vehicles  intended for monorail 
travel  [(o-6f)J. 

A schematic of air cushion formation using a vacuum chamber is shown 
in Fig.  c* a.    The ciiarnber of this schene  is foioed  by an upper load- 
bearing plate, vertical sid" while, and  (beneath) outward projecting, 
horizontally arranged rtrips  rigidly connected  to the walls.    The opening 
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Fig,  8.    Schemea of air cushion formation employing 
vacuum cnar.bers: 

a — with fan built-in to      d — with fan and  linear 
support electric motor 

b — with internal support    c — with labyrinth seal, 
strips fans, and linear 

'   — with exterr.il support electric moton 
strips 1  — stator 

2 — rotor 
j — roof of car 

between the support strips is  coverp.i with a plate  to which freight can 
be ruspendcd.    The chamber is  ^quipp^d with a fan. 

Thr working f^n produots within the cha-.bf-r :» rarefaction, xtending 
to its entire internal surface, includinr tk:c upper surface of tne plate. 
TVio drop between the  atmospheric  (pxternal) pressure pM  [H - external] 

and  rarefaction within the chamber pe    [ft- inter .al] produces a force 

tending to lift  the plat^.    When th^rc  Rrp weak rarefactions within the 
chamber,   the plate rests  on  the support ."trips.     An   the  rarefaction is 
intensified,   this  force increases and  the moment arrives when it becomes 
equal  to the wei^t of the plate and tho 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 ri.T  in rarefaction brings about the 
liftoff of the plate fror.  V\f support strips and it  rises,    üxt«»mal air 
rushes into the gaps formed by  the plate p"d strips.    In this &*.   flow, 
two positions of the p.l :tc  in the chamber are possible: 
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when wil.h rising of the plat,e and  the corresponding increase of the 
jot betwoen its edges and  the support strips  the  rarefaction drops off, 
bu',. ntill  renains high enough so th-'«t  the forces produced by the rare- 
faction exceeds  the weight of  the plate,   the piate  tends  to move upward 
and  then is sucked against  th«- upper wall of  the chamber — the load- 
bearing nlate;  and 

when with inrrear.e  in  the i^ip  the  rarefaction in  the chamber drops 
off and   Ute  moment of equilibrium arisca between  the  forces  of rarefaction 
and   the plate wei^it,   the plato  rinoj within   the chamber only  to a specific 
f)f hei^it about  tho  ounport strips and   remains in the state of free honor- 
ing,  without rricchanica]   crmtact wil.li   itsi walln. 

TJif  recond position in of practical  interest in designing transport 
vehicle;:.    The vacuum air cushion arrangement is built in the form of 
box-section beems secured  to support mists,  ennsti-uting a distinctive 
rail spur,  and  the   load-bearing system is in the  forr. of a carriage 
travelling alon^ this spur bearing a appended rail car. 

The load-bearing system built  in the scheme  shown in Fi».  8a has 
a key disadvanUge:  the fan is connected directly with the housing.    To 
maintain the required rarefaction as  the carriage is  in translational 
motion,  the housing must have fans arranged  in series of its entire extent, 
switched on and off depending on the position of the carriage in the 
housing.    The loud-bearing systei:. built according to the scheme in 
Kig.  fl b is free of this drawback.    The  fp,n is  located directly on the 
travelling plate, and  to reduce  the air volume flow and  to maintain the 
required vacuum vertical walls are formed along the plate periphery, 
forming a clearance  with  the hnuring supported by  the plate. 

Th«- nystem built according to  the scheme shown in Fig. 0 c differs 
in  that  the nuppor'. strips are extended outward,  while the side walls 
of the vacuum chamlier in the upper section are equipped with inward- 
projecting horizontal  flanges, which restrain the chamber on the support 
strips.    The ducts Tor passage of atmospheric air within the chamber have 
a large number of  ttms and,   therefore,  produce great resistance to air 
passage.    This permits producirv i" 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 achieved 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 
(Pig. 8 d), one can increase the resistance of tho flow-through section 
to ppssage of external air within the chamber and make the load-bearing 
aystt -. more economical. 
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A linear electric motor (Fir*  fl ^ and e) can be used an a power 
plant imparting tranolational motion to the load-bearing system.    The 
prlnciplo  af its operation is baaed on the use of the effect of a running 
rlectromH^ptir  field.    Thin motor <onrist8 of stator 1,  which is a system 
of windin,0:??  located on s ma^notir con<lu<tor,  and rotor ? made of steel or 
aluminum bir arran/^nd along  Ihr :ipur In  tho interval  between the working 
.'lurfaco of the ntntor,  with smaJ 1   air t'^V3'    r^xc stator is mechanically 
connected   to the load-bearing nyntcm of the rail car,  and  the rotor is 
rigidly connected to  the structural elciaents of the spur — the support 
housing.    Power is supplied  to the motor from ground-based electric 
traction substations via a contact netwark using current receivers. 

The  load-bearing system omployinc a vacuum chamber must not only 
produce  the requisite   lift,  but also exhibit adequate stability with 
respect  to angular displacements and  nide  slip.    An advantage of the 
method  of producing an air cushion with a vacuum chamber is  the fact  that 
the center of gravity of the entire system  (carriage and rail car) is 
appreciably below  the point at which   tho lift is applied.     In the event 
of external  moments causing heeling,   this system,   on the effect of the 
moment formed by  the force of gravity  tends to occupy the initial vertical 
losition. 

Load-bearing systftna shown in Fig. 8 a, b, and c are unstable with 
respect to transve-ae shifts caused by the action of external side forces, 
for example, when the carriage is moving along rail line cu.'vos, and so 
on. By imparting to the channols formed by the aide wall ol a carriage 
and the support wall of the housing the shape shown in Pig. 8 e, a side 
force can be produced that tends to restore the carriage to the center 
of the support housing. 

With  respect  to aerodynamics and power considerations,   the air 
cushion produced wit . a vacuum rhanber is advantageous  in that it permits 
introducing substantial hydraulic resistances along the route of external 
air to  travel  toward   the  vacuum chamber;   these  resistances produce  the 
requisite  lift  for relatively small  air volune flows.     This not only 
reducec power outlays  in sustaining the equipment in the air above  the 
support  surface,   but  also  pr-rir-its  using snail  fans. 
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CllAPTKH    VWO 
BXPEHDffiHTAL CHAKACTHHISTCS OF 

AB CUSHION VEHICLE NO'.^liS 

S.        N07,7,lC3 

Nor.rlea are the most important component {the  principal working part) 
of an air cushion flirht vehicle, whose lift qualities are produced by 
neana of .iets of air discharf^d mainly beneath the craft. The  nozzle 
insUllütior form.- these jets. As th»» result of air Jets interacting 
with the support surface beneath thf craft, a preaaure is produced that 
is in excess compared to the atmcapheric pressure, and this excess pres- 
.^ire by acting on the  craft bottom produces the required lift sustainii-r 
the craft over the support surface by some height both in the hoverinc 
regime an well as in flight. 

By riving  the nozzle installation different planform contours, 
arran,Tin(: the no/zle slits ir. it i' a definite fashion, and giving these 
no?.zlr slits different sizes and profiles, one can substantially affect 
thr aerodynamic characteristi'S of the nozzle installation and thus, the 
characteristics of the craft with respect to its lift properties as well 
as its stability. By varying the ,'T-oroetrical parameters of nozzle slits 
during hovering and flight, to so;iie extent one can assign the functions 
of craft control de/ices t,c the no'.v.'.lc installation. 

The necessity of a continuous supply of air beneath the craft through 
the nozzles to produce the air cushicn involves a constant power outlay. 
This power is expended directly in producing the air jets as well as in 
overcoming detrimental resistances ir. the nor.zles and the ducts supplying 
air to them. These power outlays nf'.en exceed the power outlays in 
overcoming, craft ''.rag and are the principal factors determining the energy 
characteristics of an air cushion vehicle.  Therefore setting up a rela- 
tionship between geometrical parameters of nozzles and the aerodynamic 
parameters of the air cushion, as well as selecting rational nozzle 
configurations exhibiting high lift qualities while satisfying the 
requirements of craft stability iu of paramount importance. 
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6.    iJinflo-Pasa Annular No7.:',lor With  I'rofiled GoncratriceB 

A n irif:]f—pnn:i Mumlar no'/./Ar  in   ih^ nimplctit nov.-.'.le arran^^omonl. and 
at   ttM"  fiiim«   tiino   the  tn.üit (i'lvMril/i/:» our   an  to p<iw«,r,  ainnc   it rxhlbitn 
tho fTro«t«»nt lift 'aparity  for annU.nfl  paramctorn of tho air otrean fed 
to It, 

Ry  i'upartintT advantacpoua diiwrunons aiid profilo  to the entrance of 
a no'/./.lr  (rounded entrance <;d/Ti"n) and   to the guide section (visually 
ntraight walls),   the  total presaur«.' of the stivam of air fed  to the nozzle 
can be transformed into dynamic prrnnure  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. 
Owin^r to the profiled nozzle,   it is possible  to produce a stream of air 
of required width with stable flow direction. 

A single-pasc no.i;'.le installation can serve as a kind of reference 
standard in evaluating the lift capabilities of nozzle arrangements of 
other nyntems. 

Annular nozzles.     In an experimental determination of the aerodynamic 
characteristics of the air cushion produced with annular jets,  three 
caries of single-pass annular nozzles were built, differing in the width 
of the passage opening (b ■ fl,  20, and 40 mi*) and in the angle of inclina- 
tion of the nozzle ge^ratrix  to its axis  (4,■ 0,  50°, and 45°)i with an 
identical  inside bottom diameter Dj  [fr - inside] - 400 mm (Pig. 9)»  for 

all nine nozzles  ttfted.    One of these nozzles had a passage opening with 
width b - 2^ mm and  the generatrix angle of inclination (J> « 50o«    Each 
nozzle arrangement  (Pig.  10) consisted of an internal section — bottom 2, 
and external —  tapered rim 5 encompassing this bottom.    The bottom and 
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.    "ttje exit 
edges of this nozzle lay in the same plane. 

The bottom of each of the  tested nozzles,  in turn,  consisted of two 
sections: an upper section 4 profiling the annular nozzle, and    a    lower 
8ectionv wnich consisted of a circular disk 5 with drainage openings  to 
measure pressure distribution.    Twenty five drainage openings  1  mm in 
diameter and spaced at 1^ mm intervals were made in this disk along its 
diameter.    Three more additional openinv^» of the same form were drilled 
near the edges of the disk at a distance of 15 mm from the principal 
series.    The pressure  from each orifice was  transmitted via a connecting 
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 
arrangements  tested.    The edges of the entry openings of the annular 
nozzles with width b ■ 6 mm were rounded to a radius of 3 ^m;   the edges 
of the entry openings  for annular nozzles having width b * 20 mm and 
2^ mm were rounded to a radius of 12.^ mm; and to a radius of 25 mm — 

26 

— - 



  
m i rp 

+~4 t'J 
V.» 

1—hr 

♦aL!        I    *£££:   I        L—^—I L *JLL 

H<'.  9^     Confif^iration of annular nozzles  tested 
H,   b,  c  — for  <? ■ 0 
d, o, f — for 4 * 30° 
C, h,  i ~ fcr  f - 4'^° 

for an . ir nozzles having width b =» <'.n mni. The nozzles were made of 
duralumin. Cast nozzle blanks wore machined, and the surfaces of the 
nozzle walln  facing the air ctrean. W-TC ground. 

The rhield over which t.1 •? annnln 
diameter r.ircular diek (Fir« 11)' T*1 

was made nmooth, and the other sido w 
shield had a hinged Ruspension. By u 
adjustable holts, the shield could be 
respect to the nozzle installRtion. 
drainage openings 1 or. in diameter we 
dicular diameters, with a spacin, of 
the drainage openings  temiiMted ir 

r air jet streamed was a flat 950 mm 
e side of the disk facing the stream 
is made with stiffness ribs.    The 
cirv: a set cf rigid push roue and 
given the required position with 

On the flat side of the shield 12^ 
re made along two nutually perpen- 
15 mm.     On other side of the shield, 
onnertinr pipes. 

rocperinontal stand,     i^roi  ir.,   > f  the annular jet on the shield was 
investi/'ated on a stam-   (FIT.   ')  i-onsisting of u stabilizing cliamoer 2, 
replaceable measuring header : ,  convergent duct 6,   teat nozzlt- arrangement 
10,  and  nlidinc flat shield   1'   at which  the annular jet of air escaping 
fror,  the  nozzle collided.     The flow of air ir. the stand was produced with 
u special duct  connected   to i- >■ entrance opening of the stabilizing 
chamber.     In this chamber  the  air w^ uniformly distributed over the 
^ross-nection by  moans of neta]  screens  1.    b'Toens 7 were  installed in 
the  outlet section of the  convr.rjent d-.iot for  this same purpce. 

The nozzle arrangement,   10 was secured  to   the  flange ol   tha convergent 
duct 6 with bolts.    The pressure at  the bottom of the nozzle arrangement., 
taken up by  tne drainage  openings,  was diverted by means of rubber hoses 
through a common header  to thn  outride,  to alcohol micromanorDeter 0. 
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Fir.   10.     Annular    nosrles   tented at  fc/Dß   - 0.02: 
a — for <; - 0 
h — for <p - 30° 
c — for (f - 45° 
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Fig.   11.     /irrMnger.ent  cf drain openings 
on shield 
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KiK«   '''•    fc^rKTitru-ntal  nt*«ri(l  for  tenting strcumini; of 
annular jrt  on  nhleLl : 

1 und 7 ~~ nif»ta]   .screenn 
2 — stabilizing chanbcr 
5» A,  8, 9t and  12 — micüVünunoiLetera 

moasurir^: header 
(■ — convergent duct 
V) — test no:',:-,U   arrarvTotr.ont 
11   ~ shield 

The- r.hield  11   w^r.  secured  on a npccial   tx-avellint device in such a 
w<ty  that  the centers of »ho  LottuD of the annular jet and of the shield 
lay aloi;- the  longitudinal axis of the expcrimentul  stind,  and  their 
irain.i(*r openings  (on''  of  two shield  acrieo) were arranged  in  the same 
plane.     The  travvlli'"j: shield  of  the  device  conaisted  of a base  12 
(Fig,   1') witli   two cylindrical f^iidca  7 90 mr. in diameter,  at a distance 
of 1000 Tin from each other,  and a carriage  11   travelling along these 
.guides  by  toeana of won:,   necaaniain  12  driven  b^  steering wheel  10.     The 
ternilna]   section of  the convergent duo t containing  the  test nozzle and 
the bare  of the   travelling device were  rigidly secured  to each other by 
r.eann of a common frame  16. 

During the experimer.tri,   the sidelri  was positioned at several distances 
h fror, the cut-off of tne nozzle by ^.eana of the   travelling" ('evice.    The 
dintance h was measured  on  the scale  of a coordinate spacer,  whoae push 
rod  14 was connected  to the  slidin*, sr.ield,  and scalel3 was connected to 
the  fixed base  of the   travelling device.     The pressure distribution at 
the  shield wac determined wiU, an alcohol nicromanoneUr 9« 

The volume for air fed  to  the nozzle was measured by a replaceable 
Measuring header profiled alcri<: the arc of a  lemniscate,   installed i2i the 
stabilizing chamber.     A header provided with a connecting pipe 159 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, 
wao used for nozzles in which  the flow-through opening b was 20 and 40 mm. 
Micronanometer 4   (cf.   Pi/:.   1?) was need   tc determine   the pressure differ- 
ence between the stabilizing chamber and   the header connecting pipe,  from 
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Pig.   1^.    Lxpericental stand for  testing 
streaning of ajuiular jet on ahield 
1  — test nozzle 10 — steering 

urrangoment 11 — carriage 
2 — converc r.t du t i"? — base 
j — rubber hoses IjJ — scale 
4 — common header of ••: — push "od 

lubber hoses i^ — worm mec 
5,  fi, and 9 — micro- 16 — frame 

manometers 
7 — cylindrical  guide 
8 — shield 

which  the vclurie of air flow was calculated.    The readings of micromano- 
meter 3 were used to enter corrections  in nalculating the volume of air 
flow. 

The excess pressure  in fr nt  of tho nozzle causing the escape of 
the air jet from the  nozzle wan  :..casurrd with microoanometer 9 using a 
connecting pipe installed at the  terminal section of the convergent duct. 

Tests of nozzle arrangements were  conducted  by varying the mean 
escape velocity of air from nozzles in the range  '-55 m/sec,  which corres- 
ponded to a change in iieynolds number,  ^iven in terms of the doubled 
width of the  flow-through opening cf  the nozzle,   in the range 
10,000-280,000. 

A general view of the exparimental  stand  for nozzle  testing is shown 
in Fig.  14. 
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Fig.   M.    General  vi«w of experioK-ntal  stand  for testing 
annular nozzles 

1 — movable shield 
2 — no..zle arTant>'n>ent 
^ — coordinate spacer witn  pneumometric  tube 
4 — stabilizing chamber 

interpretation of  teat results.    Trjo results of aeasuring the pressure 
distribution alon^ the  bottom of the  nor-.zle arrange merit and  the shield 
over which  the annular air jet streamed were represented as the dimension- 
less  coefficient of the air cushion pressure', 
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P = J 

Po- Pm    ' (') 

wherf p    is  the prepsuro at   the  ten«, point c^n the bottom of the nozzle or 

the shield;  pn  is  the prosnur»-  in  th«   receiver [header]  (terminal section 

of the convergent duct) ahead of thi? nov.zle;     pH    [M - external] is  the 

atmospheric pressure (in the external  »pace surrounding the annular jet). 

The discharge coefficient of  the  annular jet is 

0 a = 
FY~(P.-PH) 

(2) 

where W is the volum*» flow of air (netsured with the header of the experi- 
trrntal stand;  F is  the area of the flcw-throuph opening of the annular 
nozzle;  and *  is  the air density. 

Note some arbitrariness  in  the determination of the area F of the 
now-thrruigh opening of  xhr annular nozzle for angles of inclination of 
the generatrix 4 > 0,    This arbitrariness  lies  in the fact that  the 
product of the area of the exit opening (cut-off) of the nozzle by the 
coDinc of  the angle of inclination of a generatrix was adopted as  the 
area of the flew-through npering,   that  is, 

when- Li»»      is  the  diameter of  the a'^-ular nozzle measured at  the external 
exit edge; and  Dg      is the diameter of the annular nozzle measured at the 
in*ernal  exit edge  (diameter of the  bottom).     The geotaetric characteristics 
of the  nozzle arrangemente   tested are as follows: 



<f > ". ". b.D. >//» F s- • /;«<> • mm • -« ■ mm • • J»' 4 

A B R ft c .*• c 

0 8 400 416.0 0,0200 0.0192 0.UI025 0.13592 
M 8 400 418.5 0.0200 0.0I9I 0.01028 0,13756 
45 8 400 422.6 0.0200 0.0189 0.01033 0.14026 
0 20 400 ^40.0 0.0500 0.0454 0.02638 0.15205 
30 25 400 457.7 0.0625 0.0546 0.03367 0.1 MM 
45 20 400 45fc,6 0.0500 0.0438 0.02630 0.16374 
0 40 400 480.0 0.1000 0.0833 0.05526 0.18096 
30 40 400 490.9 0.1000 0.0815 0.05604 0.18927 
45 40 400 513.1 0.1000 .0,0780 

I 

0.05734 0.20577 

KhY:      \ —-  ir.  dpfror'p 

P — in mi;; 
«." —  in m* 

Thr i^ynoldK nur.^ r WT,    rptvrr,.,.,.   • ,   the equivalent diameter of 
the  annular nozv.li   in 

Ke- (4) 

KLT; 
iv 

n -_  ., 
..q 

wherr v,, xa the ^ea,, (wi'h rr.;;po- t, vnlu:.. flnv) escape velocity of 
.ho air from the annular no •.:•,]. ; ^ ig the equivalent diameter of the 
annular nnr.r.le; and ^    is the kinenati- coefficient of air viscosity. 

The equivalent diameter, wji-  is .-ual v   four hydraulic radii of 
the exit aperture ,,f the anr.n1-^ -.  : , ir. 

wherr »I is  he wcttc i   nerice •,< .■■ 

ä.~<i. 

A'.o exit aperture > 

(5) 

(6) 

■.•■ 
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.1   WIVIBW   1 mm   i i 

lore 
By  imuTtiug Kqa.   (3) and  (6)  in Kq.   ("?),  we get d3 - 2 b, and  there- 

K, 2M- 

The Heynolds numbers used in flotting the aerodynamic characteristics 
of annultir nozzles were determined by this formula. 

Kffert of Reynolds number or pressure ana discharge coefficients, 
üxperiments conducted with annul»r nozzles show that the nature of pressure 
distribution along the noz/.le bcttom a^d along the shield, as well is th"1 

value of the coefficients of pressure p and discharge C, for a specified 
arrangeotnt of the nozzle inctallation with respect to the shield, have 
practically no dependence on the escape velocity of air from the nozzle in 
the testea velocity range.  In Figs. T) and 16, by way of example results 
are presenti-d from a determination of the effect, that the He number has 
on the coefficients of pressure p avu  discharge öC for one of the nozzle 
arrangecitnts tested, namely for a nozzle with an angle of inclination of 
the generatrix ^ ■ 4^) , relative winth of flew-through aperture b/D ■ 0.01), 
for an angle of shield inclination to the nozzle y ■ 0, and for various 
values of the parameter b/h.  In these Usts the variation in the Re number 
was attained by varying the escape velocity of air from the nozzle, and 
tne variation in the parameter b/h was achieved by placement of a shield 
at several distances h from the nozzle cut-off. The pressure coefficient 
p waa determined for the central point of the nozzle bottom. 

The pressure coefficient p and the discharge coefficient Of remain 
constant in the range of velocity change v 5~55 m/sec, which corresponds 
to change of Re numbers 15,000 to 90,000. Th.-ae  and similar experiments 
afforded grounds for assuming th.-t the flow pattern of the annular jet on 
the flat shield over a wide range of Ke numbers remains practically 
automodeling, and aerodynamic; characteristics of annular nozzles do not 
depend, within wide limits, on the linear dimension of the nozzle. 

Pressure distributior; along the bottom of annular nozzles. Results of 
measuring pressure distriouMon along the bottom of annular nozzles with a 
relative passage opening width b/bß   = 0.02 for angles of generatrix (^-0, 
30, and 4!)0, are presented in Pigs. '7 and lö, 19 and 20, 21 and 22, 
Respectively.  These results are presented in the form of the function 
p - f (x/Dj ) for various values of tne parameter b/h and angles of 
nozzle inclination with respect to the shield ( ^ - 0 and 4°).  The central 

point of the nozzle bottom was adopted as the origin of coordinates. Tne 
distance from the center of the bottom to the drainage point at which the 
pressure pq   was measured corresponded to the x values. Similar functions 
are presented in Pigs. 25-)0 for nozzle arrangements with relative width 
of passage aperture b/D6  - 0.0t) and 0.062^, and for b/DÄ  - 0.1 — in 
Pigs. 51-34. 
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Fife.   16. Discharge ooefficienl  of annular nozzle as a 
function of Keynolrln  number for different values 
of the parameter  b/r,   ( y - 0} <f - 4^°;   l/l) ^ - 0.0'^) 
KLT:   A — v,  a/ace 

■', 

 f^Miir-  — i  ■ i^^a 
          ■ '■ --- ^   ■    •' ■'- ---»' inüMi— 



^[:^a^ 
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Fig,  17.    Pressure distribution 
alonf nozzle bottom ( f« 0, 
(fm 0,  and  b/Dfl - 0.02) 
KEY:    A — (without shield) 

•::' * 
. 4 4-l-f- 

b/h'0.50\ , 

■0.5 0,* 0,S0,2  0,t  0   0,l  0,2 0J  ^-L 

Pig. 10. Presnurc distribution 
along nozzle bottom ( y - 4 » 
$  » 0,  and b/Dg - 0.02) 
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Fi^. 19. Pr^nsur« diatribution 
alonK x\o:::.\v  bottom ( )f - 0, 
^ - 50°. and b/D^ = 0.02) 
KEY:  A — (without shield) 

MW'A 

^^fJl^r-irfffi ±1 
Fip. 20,    Pressure distribution 
along nozzle bottom ( j" ■ 4U, 
(P  « 50°, and b/D^, •= 0.02) 
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Wf^.  21,    Pressure distribution along    Pig. 2?.    Pressure distribution along 
nozzle bottom (v - 0,0* fö , and nozzle bottom (y' « 4°, (? - 45 , and 

b/D^ - 0.02) b/D. - 0.02) 
KEY:    A — 0.025 and 0  (without 

shield) 

tmtr 
»■ T, " 

Pig. 23.    Pressure distribution aloi<g   Pig. 2/).    Pressure distribution along 
nozzle bottom ( r - 0,  0-0, and nozzle bottom (/■ - 4°, </- 0. and 

b/D* - 0.Cr .05) 
KEYi A — (without shield) 

b/i^ - 0.05) 

38 

. , _._. — —.—^. MWHaiiiliiiHBMiaüMMBi M(>MaaaaMlalallik •«Ml 



"» ■    .1 i i 

0.0S25 

■ \--0,i*-0,i C.2-0,l 0 

Hr. ?b. Pressure distribution alorv KiR. ^^. Pressure distribution along 

(Y - 0, ^ - 5 
b/flj- O.OOL'S) 

nozzle Hot torn (y - 0,^- 30°, and     nov.zle bottom ( jf« 4 ,^ - 50°, and 
b/üd  - 0.0625) 

KEY:     A —  (without shield) 

-wr'-ojojio -0,1 

tete#f; r±n 
Fie. 27. Pressure distribution alon<: Pi^:. i^ü. Pressure distribution along 
nozzle bottom ( jf - 0,^- 4t)0, and nozzle bottot. ( jr - 2°, ^- 45°, and 

b/D^ - O.O'j) b/D5 - O.Qb) 
KEY:  A — (without shield) 
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Fig,  ?9.     iYeasure diatnwttion alon* 
nozzle bottom (y ■ 4   ,^« 4t>  ,  and 

b/D^ - 0.0^)) 

J. '.-a:»».   (i."j 

r ■♦—- 
;. •'». 

Fig.  J1.    Pressure distribution 'ilonr 
nozzle bottom ( y- 0,  (^ ■ 0,   and 

b/D^ - 0.1) 

Fig.  30.    Pressure distribution along 
nozzle bottom ty - 6°, <?- 45 , «nd 

b/D5 - 0.0^) 
- <f — 

Wg.  ;; .    Pressure distribution along 
nozzle bottom  { f« 0,^«- 45 »  «nd 

b/i)? - 0.1) 
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Fir. 33. I'recaure diatribution ulonfr Fig. ;4. Pressure distribiition al-ig 
bottom of annular jet for y = 0, ^ = bottom of annular nozzle for f- 4°, 
50°, and b/D3 » 0.1 for various ^= 10°, and D/D/J - 0.1 for various 
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), 
or. exiting from the nozzle the annular jet gradually becoaes 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. 55 and 56). Due 
to the ejecting action of the jet in the internal space bounded on the aide 
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 
jetlets of this vor<.ex will move in the direction of the nozzle bottom, ka 
the result of the ejection effect in this internal space, in the shape of 
a cone, rarefaction is induced. The presencf 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 the 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 nozzle bottom.  Itois depends on the angle of jet exit 
with respect to the angle of the no/.ie determined by the angle of inclina- 
tion (p  of the nozzle generatrix.  Wher. «^«0, rarefaction (cf. Figs. 1?, 
25, and 51) ia observed over the entire surface of the bottom of the nozzles 
tested. Thus, for a nozzle with a relative exit width b/Dg - 0.2, the 
pressure coefficient p - -0.06, and for a nozzle width b/Dg - 0.03 and 
0.1, these values are, respectively, p - -0.1 and p - -0.17. 
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Fig.  ^.    Pattern of 
jet flow from nozzle 

(f - 0) 

Fig. 56. Spectrum of jet flow from nozzle (^- 45°) 

Increasing the angle of inclination f of the nozzle generatrix reduces 
the size of the zone exhibiting circulation currents and markedly increases 
the pressure in the central area of the bottom, and a reduction of this 
pressure — at its periphery. For exampio, for a nozzle with angle of 
inclination Q - 45° and having the puramoters b/Dfl ■ 0.2, 0.05» sad 0.1, 
the pressure coefficients for the central point of the bottom are, 
respectively, 2 " 0.23, 0.2^, and 0.22, and over the peripheral area, 
respectively, p - -0.1, -O.U, and C.09 (cf. Figs. 21, 27, and 52). This 
regularity of pressure distribution at the nozzle bottom is caused by the 
circulation flow of air in the space bounded by the nozzle bottom and 
the annular 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. Figs. 57 and 56 
present photographa : revealing the flow over a croea-section of the annular 
jet for this instance. The jet is deflected by the shield toward the sides 
and atreuBs over it in radial directions. The jet remains annular over the 
section between the nozzle and the ahield, but atreaming over the ahield it 
becooes radial. In the interior region bounded fron above by the bottom of 
the annular nozzl», 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 distributiai 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 ( f - 0), and 
for extremely small distances between the nozzle and the shield, the pressure 
is distributed evenly over the bottom and in magnitude is close to the total 
pressure in the air stream ahead of the nozzle.  As h -*- 0, the pressure 
coefficient p -*- 1. 

As the distance between the nozzle and the shield is increased, the 
excess pressure at the nozzle bottom 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 -^ O.k, for nozzles with 
relative jet exit width b/Dj - 0.02, and beginning with values of b/h^ Oo 
for nozzles having width b/Dg * 0.0^ 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 the 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- 
tion .rises, 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 the nczzle generatrix <f>   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- 
pass nozzles. £ven at a relatively low clearance height a tipping 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. 

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 aluminum powder. 
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Fig. 37. Spectrum of jet ctreamin« on ohield (^ - 0 ) 

^■M^-*muff«MMaa 

Pig. 58'  Spectrum of jet streaming on shield (tf>- 45 ) 

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. 59 an; 40 in the form of pressure fields 
recorded in a plane passing through the center of the nozzle botto». These 
pressure fields were obtained for the outflow of jets from nozzles with 
relative exit width b/D^ - 0.02 and angles of inclination of nozzle 
generatrix <^ - 0 and 45°. The nozzle bottom in these experiments was 
positioned parallel to the shield ( y * 0). The variation in the parameter 
b/h was obtained by varying the distance h for constant b. 
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Pig. 39. Prpsaure distribution along shield 
when annular jet streams over it (y - O,0>- 0, 

b/Dfl - 0.02) 

Thus, the annular jet streaming alnng the shield produces over its 
surface a planform circular /one of increased pressure. At saall distances 
h and correspondingly large values of the parameter b/h, the diameter of 
this zone is approximately equal to tho diameter of the nozzle bottom, while 
the excess pressure in it is evenly distributed and is equal in magnitude 
to the excess pressure at the nozzle bottom for corresponding values of the 
parameter b/Dg . 

With increase in the distance h, the dimensions of the planform circular 
/.one of increased pressure decrease and, beginning with the value b/h'»5 0.3, 
the pressure in the zone is unevenly distributed. For large distances hf 
the annular jet, without even reaching the shield, can mer^ into a single 
common jet, causing the corresponding pressure distribution over the shield 
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Fig. 40. Pressure distribution along shield 
when annular jet streams over it (y - 0,^- 45C 

b/D5 - 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/Di - 0.4-0.6. With increase in the dlsutnce 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/Dfl ■ 0.6-1. 

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. }8). A critical annular line conwaponding 
to the streamline dividing the main mass of the annular jet from the attached 
msss is induced on the shield .  Total stagnation of the splitting elementary 
jetlet occurs along this line. 
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Fig.  41.    Pressure distribution along    Fig.  42.    Pressure distribution along 
shield when annular jet streams ever      shield when annular jet streams over 
it  (y - 0, g>~ JO0,  b/D^  - 0.1) it ( ^ - 2°, p - 30°,  b/D^  - 0.1, 

The effect of the angle of inclination gamma of the nozzle on the 
pressure distribution is shown in Figs. 4-44.  where  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  1-6), and the other — the drainage points 64-12^ (cf. Wg.   11). 
Inclining the nozzle results in the annular zone of increased proa»*res 
at the shield breaking up.     The pressure rises in the area of the critical 
annular zone lying near the nozzle cut-off, while it drops off rapidly over 
the section 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 pat:crn of pressure distribution at the shield 
is caused jy the variation in the direction of travel  of the  circulation 
air currents within the volume bounded by the annular jet. 

I 

When the no: zle is inclined,  some  of the maas of the annular jet 
streans into the interior space in the direction from the narrow clearance 
between the nost.t ari  the shied tn the broad      clearance,  sweeps off the 
annular vortices, a.id exits  to the exterior from beneath vhe elevated edge 
of the nozüle  (Fif,. 4^).    A circulation flow is induced  in the interior 
space, which is characterized t/ the fact that  .he flow separating from 
the annular jei till travel al jig the shield surfacer  while  the attached 
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Fig. 4).    Pressure distribution along Pig. 44.    Pressure distribution along 
shield when annular jet streams over shield when annular jet streams over 
it ( * - 20,<p - 50°,  b/D*   - 0.1, it ( / - 2°, (p - 30°,  b/B^   - 0.1, 

'                  b/h - 0.^) ' b/h - 0.2) 

masses caused by the ejecting action of the active jets rre directed along 
the nozzle bottom in the opposite direction.    The local pressure rise at 
the shield side close  to the nozzle 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 is  caused by the fact that the active flow 
passing over the shield is partially deflected upward as it approaches the 
jet and is sucked into the jet,   tending to separate from the shield. 

It oust be noted  that zones of increased pressure at the shield 
surface lie in tne region of zones of abrupt pressure drop at the bottom 
of  the anrul.ir jet. 

Pressure coefficient and discharge coefficient of annular nozzles. 
The pressure coefficients p at  the bottom of the annular nozzle (the pres- 
sure coefficients of the air cushion) ard the discharge coefficients c* , 
as functions of the psrameter b/h for nozzles with relative exit width 
b/Di    - 0.02, are presented in Figs. 46-48,  in Figs. 49-51 — for nozzles 
with b/Dfl   . 0.0^ and 0.0625, and in Figs.  52-54 — for nozzles with 

I 
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Fig.  43> Flow pattern of inclined annular jet along 
shield: a and b — for smull and large distances 

between nozzle and shield, respectively 

b/i)0 - 0.1. Changes in the p;trameter b/h in the experiments were achieved 
by varying the distance h between the no;.zle and the shield. For the case 
b/h - 0, the points of the curve were obtained by testing nozzles without 
using a shield. The  pressure coefficient p was determined from measurements 
at the point lying in the center of the bottom of the annular nozzle. 

49 

■MüHiaiülMi ■ - —   _^j^M 



-^  ■   —^^mma 

WWr$\\ü\w\\$\fö^ 
PiK.     4<»«     Cot'ffi( if-nt of ,iir cushion preaaurr and 
flow coefflcionl of «nnulur no/-,-.]»' far flm 0 and 
Wtop   - 0.02 as  throrntioal find expeiimpntal 
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Fig. 47.     Coefficient of air cushion pressure and 
flow coefficient of annular nozzle for   (p - 50° 
and b/D^    - 0.02 as  theoretical and experimental 

functions of the parameter b/h 
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Pig. 48.  Coefficient of air cushion pressure snd 
flow coefficient of annular nozzle for ^> ■ 4^ 
and b/Dfl  - 0.02 as theoretical and experimental 

functions of the parameter b/h 

fig' A9'    Coefficient of air cushion pressure and 
flow coefficient of annular nozzle for ^ - 0 
and b/D-  ■ O.O'j  as theoretical and experimental 

functions of the parameter b/h 
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Fig.  t)0.     Coefficient of air cushion pressure and 
flow coefficient of annular noü/.le for (P-50° and 
b/D« - 0.06i"j  as  theoretical and experimental 

functions of  the parameter b/h 
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rig.  !?1. Coefficient of air cushion pressure and 
flov coefficient of annular nozzle for <7 ■ 4t) 
and b/D- - O.O'j aa theoretical and experimental 

function:; of the parameter b/h 
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liitllnliidiinnihtff 
Fig. l}2.    Coefficient of air cushion pressure and 
flow coefficient of annular no/.^le for ^ • 0 and 
b/D^  »0.1 aa theoretical and experimental 

.unctions of the parameter b/h 

Wg. 55.  Coefficient of air cushion pressure and 
flow coefficient of annular nozzle for (P*•  30° 
and b/D^  - 0.1 aa theoretical and experimental 

functions of the parameter b/h 

In the investigation, the range of variation in b/h covered three 
characteristic regimes of annular jet streaniing along the shield. One 
corresponded to the case of small distunces 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 space 
bounded by the bottom of the nozzle, Jhield, and by the annular Jet — 
along the sides, that is, an air cushion is formed (Pig. 55 a). With 
increase in the distance between the nozzle and tht 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.  34•    Coefficient of air cushion pressure and 
flow coefficient of annular noz/.le for ^ > 43 
and b/D^    - 0.' as theoretical and experimental 

functions of the parameter b/h 

Fig.  33•    Typical cat«     of annular jet streaming 
over shieldt a — flow    tlh -ij   cushion formation; 
b — tranaient flow regle;  c — outflow without 
the effect of ground proxiuiity 

Beginning at s»e distance h, a transient flow regime aets in.    This 
second case is characterized by the fact that the annular Jet in direct 
proximity to the shield  tends  to merge into a single common stream, and 
the shield itself oeasts to serve as the surface bounding the air cushion 
(Pig.  33 b).    In this otse the cushion is enclosed between the nozzle 
bottom and the tapered converging annular jet. 

The third case of flow occurs at lerge distances h at which the 
annular jet is able along its path to the shield of merging into a single 
general circular stream, while  the shield itself has no aerodynamic effect 
on the escape of the jet from the nozzle and the distribvdon of pressure 
along the nozzle bottom (Fig.  33 c).    In this case the pressure and its 
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Fig. %. üffect of slope (p  of annular nozzle 
generatrix on pressure and flow coefficients for 
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Pig.  !;7.     Effect of slope   i/;   of annular noz.lu 
generatrix on preasur»' and  flow coefficients for 

^   - 0 and  b/D^    - 0.0!) 
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Fig.  !?e.    Effect of slope ^   of annular nozzle 
generatrix on pressure and flow  coefficients for 

Y   - 0 and  b/Dg   = 0.1 
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Pig.  t>9'    Effect of relative width b/Dß   of flow- 
passage opening of annular nozzle on pressure c.id 

flow coefficients for ^- 0 and ^ - 0 
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Fig. 60.    Effect of relative width b/D0   of flow- 
passage opening of annular noi.zle on pressure and 

flow coefficients for  ^- 0 and 0 - 30° 
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Fig. 61. Effect of relative width b/Dö of flow- 
passage opening of annular nozzle on pressure and 

flow cor fficients for | ■ 0 and (p - 45° 
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Hg. 62.    Two-paaa nozzle inatallationa« 
1 — disk 

2 — cylindrical connecting piece 
3 — tapere-l jonnecting piece 
4 — annula. insert 
t) — circulai Insert 
6 — p\n 
7 ~~ set screw 
8 — push rod 
9 *~ 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 annular jet. 

For nozzles with relative exit width b/Dö - 0.02, the first case of 
flow occurs in the region of values of parameter b/h >0.1, the second 
case — in the 0.02t)-0.l b/h ran^e, and the bird case — in the 0-0.025 b/h 
range. For nozzles with large relative exit width, the limits of these 
ranges correspond to somew'^at greater values of the parameter b/h. Fig». 56- 
56 show curve» characterizing the effect of the angle of incliiÄtion ^ of 
tha nozzle generatrix on the pressure coefficeint p and discharge coeffi- 
cient or as a function of change in parameter d/h for nozzles with relative 
exit width b/D^ . 0.02, 0.05, and 0.1. 

Tests reveal that increasing the angle of inclination C? appreciably 
raises the pressure coefficient of the air cushion for all nozzles tested. 
An especially large rise in the pressure coefficient p occurs in the 
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fig* 63.     Arrangement of drainage 
openings on two-pass nozzle insu- 

lation 
KEYi    1  ~ 18 divisions of 15 [mm] 

each 
2 -    /iew A 

range b/h - 0.25~1.0, which is the working range for air cushion vehicles. 
The discharge coefficient & ,   in contrast, decreases with increase in the 
angle (ß. 

The effect of the relativ exit width of annular nozzle on the coeffi- 
cients p and a   for identical angles of inclination </ of the nozzle 
generatrices is clear fron an examination of Pigs.  ')9-ti.    The parameter 
b/D 1  , varying during the .Ygeriaents in the range 0.02-0.1, relatively 
weakly affects the values of p and or  . 

7.    Two-pass Annular Nozzles 

Air cushion fight vehicles with single-pass nozzle installations, 
as shown by full-s ;aie and nodel  tests, do not exhibit the required static 
stability.    Bven '* slight heeling of this kind of craft at a relatively 
snail clearance    eada to a qualitative change in the notion of the principal 
and the circulation air currents in the space bounded by the annular Jet. 
An abrupt pr.^.&ara drop is observed at the bottom of the craft, on the 
heeled lide,  resulting in a tipping moment. 
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Th« static stability of nozzle t/pe craft can be appreciably augmentea 
by sectionalizing the bottom with additional nozzles, fty  articulating the 
craft bottom with nozzles into separate sections, the discharge of air jets 
formin« the air cushion can be organized in such a way that even for large 
ruft heelings higher  pressure is induced at the bottom section aijoining 

the heeling side, and a righting üonent will appear, 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 dividing the bottom into two sections with concen- 
trically arranged nozzles. Thla method has practical application fcr 
air cushion flight craft, and thus finding its aerodynamic qualities in 
a systematized form is of definite interest. 

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

Two-pass annular nozzles.  A study of the streaming of two coaxial 
annular no. zles over a flat shieM was carried out on nozzle installations 
differing by the angle of inclination of the nozzle generatrices: in one 
case, tne angles f - ^ - 30° (Fig. 62 a), and in thfi other,   ^ - fL - 

.l'i(' (Fig. 62 b). Each arrangement had two nozzlesi external nozzle witv. 
diarvter o   . ]  -  400 mm, and internal nozzle with diameter ^  n ■> m  263 mm 

(the dimensions were measured along the inner edges of the nozzles). The 
width of the exit opening of the external b. and internal b? nozzles were 

identical and were equal to ^ 6 mm. 'nie entrance edges of the nozzles 
were rounded to a radius of b  mm. 

The nozzle installation consisted of a disk 1, cylindrical connecting 
piece 2, tapered connecting piece 3, annular insert 4 (external section of 
bottom), and circular insert t) (inner section of bottom). These parts were 
oajt of aluminum, turned on a lathe, and ground within the limits of the 
nozzle working surfaces. Parts 2 and ; were joined togeth^i with bolts. 
Parts 4 and 3 were independently connected to disk 1 by means of three 
pins 6 and three push rods 6. Screws 7 and washers 9 provided the coaxlality 
of parti. 1-3 and the possibility of installing them in such a way that the 
exit edges of the nozzles would be in the same plane. In an adjusted 
nozzle installation prepared for tests, the width of the annular slits, 
as shown, differed by not more than +. 0.0S mm in their meaauremer.ts. 
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Pig. 64. experimental stand for investigating stfeaning 
c£  coaxial annular jets over shields 
1 — stabilizing chamber 
2 — measuring header 
5 — converging duct 
4 — metal screen 
5 ~ cylindrical guide 
6 — test nozzle installation 
7 ~ flat screen 
8 — steering wheel 
9 — carriage 
10 ~ Aase of travelling device 
11 — scale 
12 — push rod 
13 "• worm mechanism 
14 ~~ support frame 
1^-19 -- micromanometers 

Twenty five drainage openings  1  mm in diameter at a spacing of 1^ am 
were made along a diametral  line in the bottom of the nozzle installation 
(Fig. 65).    From each drairage opening the pressure was transmitted along 
a rubber hoae to an alcohol micromanomete:  through a connecting piece 
secured to the inner side of the bottom. 

Two-pass nozzle installations were tested on the same experimental 
stand used to test single-pass nozzles (cf. Fig.  12).    Part of the stand 
on which the two-pass nozzle was mounted is shown in Fig. 64, while Fig. 65 
clarifies the installation jf tie nozzle and the shield. 
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Pig.  6';.     Assembly of experimental  stand 
1 — two-f>ass nozzle installation 
2 — sliding shield 
}  ~  Mora mechanism 

Interpretation of test results.    Results of testing two-pass nozzle 
installations were represented    as  the        dim'-nsionless pressure coefficient 
p and discharge coefficient  a ,   calculated  by formulas  (1) and (2).     In the 
determination of the discharge coefficient   or   for a two-pass nozzle,   the 
areas of the passage openings of the external and internal nozzles were 
as follows: 

t -n/;.&(i 
1>,><*H 

where DH      is  the diameter determined from the external edge of the exit 
aperture of the nozzle in question. 

Therefore,  when using the   above-aorj- -d aerodynamic characteristics 
of  two-pass nozzle  installatlonu,  we mum.   rem« mber  that  the discharge 
coefficient & determines the  throughput capacity of the nozzle installation 
ar a whole,   that  is,  both  the external and   the  internal  nozzles. 

The areas  (in m ) of 
are as follows. 

the components of the nozzle installations  tested 

hi 
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hxit opening of external nozzle 
fclxit opening of internal nozzle 
Total area of nozzle exit openings 
External  section of bottom 
Internal section of bottom 
Total area of bottom (excluding 

area of nozzle exit openings) 
Area of bottom along outer margin 

of external nozzle 

*. *)0 *  -45° 
0.01028 0.01053 
0.00734 0.00759 
0.01762 0.01772 
0.0!>429 0.05229 
0.06287 0.06287 

0.11716 0.11516 

0.15749 0.14019 

The Re namter used in plotting the aerodynamic characteristics of 
two-pass nozzle arrangements was calculated by Kq. (4).    The equivalent 
diameter,  equal  to four times the ratio of the area of the nozzle exit 
openings to the wetted perimeter,   is 

.i. = 4^ = V|| 
2*. 

where H ia the wetted parameter of the nozzle exit, calculated by £q.  (6). 

Effect of Reynolds number on ^rosaure and discharge coefficients. 
Results of experiments to de termite the effect of the Re number on the 
pressure coefficient at the external and internal sections of the bottom 
of one of the tested variants 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 by varying the escape velocity 
''<., of air from the nozzles, and the variation in the parameter b/h was 
achieved by installing a shield at various distance^ h from the bottom of 
the nozzle installation. The pressure coefficient p. was determined by 
the central drain opening of the external section of Ui- bottom (points 2 
and 24, cf. Fig. 65)« while the pressure coefficient p. was determined from 

the central drain opening of the internal section of the bottom (point 15). 

Test reveals that for nozzles with angles ^ ■ 50 and 45 and for all 
the variants gf shield placement relative to the nozzle, the pressure 
coefficients p. and p. and the discharge coefficient or are practically 

independent of velocity vcp, which was varied in the range 4-30 m/sec, 
which corresponds to a variation in the He number [illegible] to the equi- 
valent diameter of the exit openings of a two-pass nozzle, from ~-4000 to 
52,000. This suggests thst streaming of two coaxia.' annular Jets over 
the fist shield even at Re numoers > 52)000 remains practically automcdeling, 
and the flow characteristics sre independent within wide limits )f Xm 
geometrical dimensions of the nozzle installation. 
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Fig.  66.    Prwssun.-  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 — external 
b — internal  ( y - 0, f 1 -   ^2 - ^0  ;  b^Dg 1  - b^D 61  - 

0.02) 
KEYi    A — vttvf  m/sec 
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Pi.'^.  67.     Pressure aiatribution äion« 
bottom of  iwo-paflB annulur  jet  for 
^ - 0 and Beveral  values of  the 
parameter  b/h  (^    - ^   -  }0o; 

^-^ay m yD«i -0-01) 

KfY: A — Ücternal no.zle 
B — Internal nozzle 
0 —  (without  shield) 
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Pig. 66.    Pressure distribution 
along bottom of two-pass annular 
jet for    )   - 2° and several values 
of  the parameter b/h  ( y',   m <?   m 

iOü
;   t^/D   51   -  b2/D   (f1   - 0.02) 

KKYJ    A — fcixtemal nozzle 
B —  Internal nozzle 

Pressure distribution over the bot.ion, of  the no/.iie  installation. 
Pigs.  67-70 give  the  resultti  of n.cHBureiaents of pressure diatribution over 
the  bottom of a no. zle  iruittillation witn nozzle angle  inclination  (fm }00 

in the form of  the fund ion p - f  U/Df ),   for various values of parameter 

b/h for nozzles of shield  inclination relative   to the nozzle installation 
y- 0,  2°, 4°,  and 6  ;  and Piga-  7 "-74 give  the analogous functions for 
nozzles with generatrix slope y ■ /,S0.    The central point of the bottom 
of the nozzle  installation (point   15 — of.  Pig.  63) was  taken as  thf 
origin of coordinates.    The die turne  from the  central  point of toe bottom 
to the drainage point at which pressure p    was measured corresponded to 
the  x values. 
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Fig.  69-    Pressure oistribulion along 
bottom rf two-pass annular jet for 
^ - 4° and several values of the 
parametwr b/h ( ^  -   ?„ ' W0'* 
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^\ iiiiiii^r 
Pig. 70. Pressure distribution 
along bottom of two-pass annular 

o ■ t for / b    and several values 
^„ - ' 2 

b/Dg ,  - b^/D ^ ,  - 0.02) 50°, b^D 

KEYi    A — External nozzle KtiY» A - 
B — Internal noz/.le B - 

of  th«   parameter b/h  {f^ 

tfl  - b2/D^1  -0.02) 

— external  nozzle 
B — Internal  nozzle 

Observations showed   that jets of air un exiting from a nozzle in free 
escape,  not confined by a shield  (b/h ■ 0),  gradually  became narrow dna 
at some distance from the nozzle cut-off merging to a single common sU^am 
flowing in the direction of the nczle uxia (Pig.  7',).    Rarefaction is 
observed  in the external section of the  oottom of the nozzle installation. 
For a nozzle installation with nozzle inclination angle ^ - 30° and 45 1 
this rarefaction is  10-14 percent and '1-^2 percent of total pressure in 
the stream ahead of the nozzle installtition,  respectively,  which oan be 
seen by inspecting the function p • f (x/Dj.)  for b/h • 0 in the section 
*/Dtf1 - ± (0.58-0.b) shown in Pigs. 67 and 71. 
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Fig. 71.    Presaure dlutribution 
along bottoio of two-pasa annular 
Jet for  y •■ J and aeveral values 
of the parameter b/h  (^1  - f^ • 

4^°;  b^/Dfi , - b^D^ 1 - 0.02) 

KEYi  A — eixternal nozzle 
B — Internal nozzle 
C — b/h - 0 and 0.02^ 
D — 0 and 0.02^ 

Flg. 72. Preaaure distribution 
along bottom of two-paar annular 
jet for ym 2° und  aeveral valuea 
of the parameter b/h (^ ■ f ■ 

4'/; b/D^ - b^D^ - 0.02) 

ICt'Yi    A ~ Lxtemal nozzle 
B — Internal nozzle 

In the internal section of the bottom rarefaction it is observed only 
over aome annular aection of the_bottom, where the pressure coefficient 
takea on    values     extending to p - -0.16 for a nozzle installation with 
angle <fi > 50°, and up to p - -0.06 for a nozzle inatallation with angle 
./ - Ab0'    ttxcess pressure io  induced in the central section of this area 
of Jhe bottom and along the periphery.    Hare the preasure coefficient rlaea 
to p - 0.18 and p - 0.2?. 
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WK. 75.    ProBsure distribution 
ttlong bottnio of two-paes annular 
Jet  for   j - 4° and several  vaiueu 
of the parameter b/h  ( y1   m y    m 

4b0;  b./l) ^B b,7D 0.02) 

KtTi A — External noz/.lc 
B — Internal nozzle 

vv 
•■>e^^ 
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ktiflfCfiitj. ^ riffl 
Pi«.  74.    Pressure distribution 
along bottoo of  two-pass annular 
jet for  ,  - 6° and several values 
of the parameter b/h  ( y'.  m <f „ m 

4b05  b^Dj,  -  b^D^,  - 0.02) 

ICtYi     A — iixternal  noazle 
B — Internal nozale 

wy 

Pig.  7t).     Pree escape  from 
rur.-. !•    of  two coaxial  annular 

Jets 
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Thib nonuniformity  in preeaure diatribution over the bottoa of « 
nozzle installation is a conaequenc« of the intense circulation air currents 
induced in the inner~annular space,   caused by the ejecting action of the 
annular  )ets. 

lite flat shield  in thn path of Jet flow leuds to a qualitative varia- 
tion in flow pattern.    For lur^e distances between shield and nozzle 
(b/h  <  0.021)), a single connon strean flows along the shield,  resulting 
from the merger of annular Jets,    in these caaes  the aerodynanic effect 
of the shield on the inner-annular space is weak, and the pattern of pres- 
sure distribution over thu  bottom of the nozzle remains nearly the aaae 
as for the  case of flow without a shield. 

As  the shield  is brought closer to  the nozzle,   the effect of the shield 
on flow in the  inner-ar«mlar space becoaes more intense, and  the moment is 
reached when the flow of annular Jets changes abruptlyi  the inner-annular 
space is enclosed or. the shield and  the annular Jets streaming ovsr the 
shield are converted into radial.    At  this critical distsnee the prsssurs 
distribution over the bottom of the nozzle installation becomes particularly 
nonunifurm.    This critical distance  b/h - o.04"O.1  for two-pass nozzles 
tested. 

With further approach of the s^iold  to the noz..l<-,  the uniformity of 
pressure distribution over the  bottom Is substantially improved and the 
excess pressure over the bottom surface rises.    A system of annular vortices 
is  induced in the inner-annular space.    The pressure at the surface of the 
external  section of the bottom remsina always much weaker than the pressure 
in its  internal section,    fig. 7b shows photographs  taken during experiments 
with a flat model of a nozzle in a flow  channel.    Ihey clarify the streaming 
of coaxial annular Jets  over the  shield when the bottom of the nozzle 
installation 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   Inklination   y   on the pressure 
distribution over the external ami internal sections  of  the bottom of  the 
nozzle installation can be determined by  comparing the functions 
p - f (x/D4,) for the correspoj-ding values of parameter b/h (cf.  Figs.  67" 
74). * 

As  the nozzle of inclination   )   at  the external  section of the bottom 
is  increased in the  zone  lying neai   the shield, a pressure rise is observed, 
while in the same bottom section,   out now in a zone located far    from the 
shield, at   the opposite of the  installation,   the pressure drops.    When this 
takes place the  intensity of the pressure change in these bottom zones, 
as a function of the angle of inclination, will be the more intenas,   the 
shorter the distance between the noz/.le and the shield,   that is,   the larger 
the parameter b/h,    Figs.  77"80 present — for  leveral values of parameter 
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Pi^.  76-    Str«?M^inK of  tw<i-pnB8  annul/ r Jet  over shield 
a  — nozili   in horizontu]   position 
b — nozzle  in heeling    ponition 

a J.iJtt- 

Al     I     I    O.. I—      '    u    >     I lU 

Pi«.   77.      Fri'BBim    .orll i    ;■ •.;    f,.r 
cxterrwl ncction of boito". ;i- 

depressed nozzle aide as i   lu; i i 
of an^le of heel and parairn UT r, f 
(^- 30°, b/Dg 1 - O.o/) 

Fir 7H.  Prsesure coefficient 
. xlcrnal «ection of bottom 

at .-i.-vaU'd nozzle aide a* a 
fun lien of angle of heel and 
.rao.-u-r b/'h (y- >00; b/D« 

0.02) 
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Fig.  79.     Pivssure  corfffi- i«'nt  for 
external  section of oottom at 
depreascd nozzle side as a  function 
of angle of heal and parameter b/h 
{(f. 43;   b/D5 , - 0.02) 

.VA*/». 

PiK- HO. Pressure corfficient 
for external section of bottom 
at elevated nozzle side as a 
function of angle of heel and 
parameter o/h (<" ■ 45°» 

b/Dj, - 0.02) 
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PreasuT"  diTtribuiion OVUJ   shield  in  the 
streaming of a  twc-paan annular jet  ( j • Oj 

<P,  -f2 - 4^°;   b^'D^   -  b^D^ 1   - 0.02) 

KKYt    A — Kxtemal  nozzle 
H ~ Points  M  an'l   12'; 
C — Internal  nov./.!«« 
D — Points   1  and 64 

;0 

 ~-^--i |^ i i     „ iMiiM.aaM Bamttmtmmm .   aa^mmmmmm 



— 

Pig.  82.    Preaaure distribution over shield in 
the streaming of a  two-pase annular jet  ( »■ 2°; 

(f2 - 4';°;  b^D 
KEYi    A — Point 65 

fl 1 VD (?1 0.02) 

B — Kxtornal noüle 
C — Internal nozzle 
D — Point  4 

-* 
b/h — the functions p1   - f  ( )  )  for  the  near-shield zone, and the function 

Pi    ■ ^?( )  ) 'or the itone  thttt i8 distant from the shield.    These functions 

were obtained  from test results  shown in F1)^.  67-74.    Thus,   Pigs.  77 end 
76 show that when b/h - o/) and when th*- angle is varied iron 0 to 4°» 
the pressjre  coefficient p» rises froa 0.67  to 0.91,   that is,  by about 

-*• .56 percent,  and  the pressure  coefficient  p.     decreases fron 0.67 to 0.^4. 

that  is,  by about   ^ percent;   but when  b/h «CO.1,   the rise in p    «nd  the 

decrease in p1    are virtuilJy nonexistent as the angle of inclination 

y is  increased. 

Therefore,  as  the distance  between the  shield and tne_nozzle is 
increased  (with decrease in b/h),   the pressure cufference pf — pt« 

decreases,  and  this means that  the  noting moment acting on the nozzle 
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KIK-   0^.     Pribuuf   liölriouuon over shield  in 
the BtreatLinK ul" a   iwo-pHsa annulur jet   (i ■ 4°; 
(f y  -^^ -4'/';  b./;)^..      h,/D(?1  -0.02; 

KKYi     A — clxterriHi   !.■     \< 
B ~ Fuir.t,  • • 
C — lnl'"Ti ■.   ■. 
D — Foir 

ie «ist.  reduced.     For .n,:   .«.    ii.-.uu. >■•.<  between  the nozzle and  the fchield, 
this  prt-daure distance   it;   m/ir-..' n 

'''he results of measuring 
'oatial  annular jets streaninf 

Pressure distribution slon^ in«    Mhn-l; 
pressure distribution alon^ a shir        i;,   iw( 
over ii,  exiting froui a no;,.'.]»   in«iHiiniion wit'i nozzle inclination angle 
(fl - 4'j0 are presented   in Kigs.  tr-o'.     Ju..i  ub   in  the preceding experi- 
inents,   variation in  the  pnramciwr  b/h wnu achie/ea  by varying distance h 
between  the shield and   the no. zlf-    nHtui lation. 

Teat  results are preavnted   ii   to.    form of  the function p - f  (x/Do.), 

where x is  the distance frwin u.    druimi^   point   tested on the shield at 
which  the  pressure  p.    wau ncdurej ihi   uxia  of   the nozzle  installation 

■ - Mai MM. 
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(ahielü axis), and   D      is  the diaiwter of  the bottom of the nozzle  inatal- 

lation d«tt^rolned ulth reapect     > tht-  interior edge of the external nozzle. 
Tin- pressure distributiun was oifssured along two mutually perpendicular 
shield diameters. 

The escape of air Jets at the inclination angle   y m 0 of the nizzle 
installation with respect to the shield is shown in ?ig. H".    As we can 
see,  for values of the parameter b/h - 1-0.1 a considerable excess preasuro 
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 pmrus« distribution 
al^ng the shield remains symmetriu relative to its axis • 

For the  critical distance between the nozzle  installation and the 
shield,   that is, when b/h ■ O.O4-O.1,   the symmetry of pressure distribution 
along the shield is disturbed.    Just us  in the case of pressure distribu- 
tion along the  bottom of the nozzle installatiun,   the pressure distribution 
along the shield at  this  critic«! ClBtunce becomes especially nonuniform 
(the  curve for b/h - O.O'J).    With further increase in  the distance between 
the nozzle  installation and  the shield,   the pattern of pressure distribu- 
tion along the shield  becomes  the pattern that would obtain if not an 
annular,  but a tingle,   continuous cross-section Jet of air impinged at  the 
shield  (the  curve for b/h - O.i?1;).     Inclining the nozzle installation 
leads to aaymitetry of the pressure distribution along the shield.    Increased 
pressure  is  ooaerved at  the side of the  shield adjoining the bottom of the 
nozzle inatallation 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 distribution tOong 
the shield occurs for critical  distances  between the nozzle inat*''«•-tion 
sna  the shield.    For example,  wh.-n  b/h ■ ').()';  the pressure sharplv  drops 
off nearly  to zero at  the side of the tihield that is distant from the 
'fizzle installation (of.   Figs.  M.   ami U5).     For distances between shield 

ana  nozzle  installHtion that are ^renter than the  critical value,  for 
example when b/h - 0.0^!;,   the pressur«- distribution along the shield 
becomes similar to the distribution of pressure when a single continuous 
cross-section air Jet  flows along tue shield. 

Pressure  coefficient and discharge  coefficient of  two^pass annular 
noizle.    Hesults of determining the pressure  coefficients p.  and p„, 

respectively,  at  the external and internal  sections of  the bottom of the 
nozzle installation,  and the discharge  coefficient   or   of the nozzle 
installation as a whole, as a function or parameter b/h, are presented 
in Figs. 64 and Q1) for the angl*- of in lination y - u.    These functions 
were determined with  constant value of the nozzle exit widths  b    -  L» . .. 

8 mp and with  the distance to the shield varied from 6 to 6t>0 mm, and 
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•ino  in  tenting   the  no.'.zif   jna la^ lai, ^ ot,  without  pimjement  of a shield 
(b/h - 0).     The preaaur-       < (f;   H r.u,   [,.    in.   p,  wf-r«'  found  from the 

resulU) of ine'iBunn^; prcuaur«'   >'   tnt- i.r,»inaKf pointu  </ and ^4 and at 
drainage point  1^ reapt-ctivi-iy,       !".   i-'w-:.  biij «n^i      concerned      the 
'ase of air eacapinK fro"1 'i  nc     .••   jnütail/ition wnich  the ratio of the 
exit width  to th«- diatut'ti-r   nl   .; ••  unite, detennined with reapect  to the 
ir^er edge  of the  externai   i.       n-,   ii, u  ,   -  H/4(,XJ - 0.0«?. 

— 



  

AH  the  parMmoter  b/h van reduced  from i?  to 0.07!)  (cf.  Figs.  84 and 
»■>),   that  is,  au the diatanrf  between the   lozzie installation and  the 
uhieid wan increased, a Monotonie reduction in  the pressure  cosfficients 
p1  and p,, was observed.    Whin b/h < 0.071;,   the change  in the function 

p ■ f (b/h) was severely ai:iruptedi   the preeuure at  the external and 
the internal  sections of the  bottoc. of  the nozzle installation dropped 
off sharply.    At  these  criti"".!  didtanes  between the nozzle installation 
and  the shiela,  at first  the external  annular Jet,  not reaching the shield, 
merges with the  internaJ enr-iar jet, and  then  the  common annular jet 
merges  into a  continuous  jet  flowing over  the shield. 

Tests  showed  that   the  pressurt  at   the  internal  section cf the bottom 
is  considerably  higher   '.han  the pressure  of  the external  section.     Tims, 
the ratio pVp,   -   ' .07  for a no-/.I«   irvi tallation in which  the  inclination 

of  the  nozzle generatrix  <^>- 4'     for b/h -   1,  arnJ  the  ratio PVP*   ■ 2.0!) 

— when b/h «0.1.    As   the diatunce  between the nozzle in8tall&i.i.on and 
the shield was made greater,   that  in, a:]  the parameter b/h was reduced, 
the pressure at  the  interior section of  the  bottom dropped more rapidly 
than in the exterior.     For  free discnar^e  of annular jets,   that is,  in 
the case of flow without a shield   (b/h - 0)  the pressure  coefficisnts 
p.   - -O.15 and p0 • 0.21   for a nozzle installation with angle of generatrix 

inclination ^ - 50  , and  0.   - -0.1  ana p„ • Ü.26 — for a nozzle installa- 

tion in which  the angle of gonermrix  inclination  ^ - 4!)  • 

The discharge  coefficient of the nozzle inataliation for free air 
discharge or- 0.94-0.97•    The presence of a shieid along the flow path 
of the jets reduces coefficient    | .     Tnis  is accounted for by the fact 
that  the presence of the shield near the nozzle  installation boosts the 
pressure at the  interior side of the annular jtts,   intensifies the 
nonuniformity of a velocity distribution at  the nozzle exits, and 
appreciably lowers  the  discharge of air for  the same  total pressure in 
the flow of air flowing inU   the no.   '.<■   ins dilation.    When b/h • 0.1t>-2 
and fcr the same b/h values for no. . ic   instuilations  inwwhlch the angle 
of nozzle generatrix inclination (p- $0 and A')0,   the discharge coeffi- 
cients   cx  are practically identicsi. 

Experimental studies showed that the discharge coefficient Of of the 
nozzle installation as a whole ia pra tically independent cf the angle of 
inclination y of the shield witn reaped tc the nozzle installation in 
the range of y values 0 oc for a given distance between shield and center 
of the bottom, defined b;r parameter b/h. Therefore, as tne parameter b/h 
and the angle of inclination | are varied, the discharge coefficient 
ex  oust   take on the corresponding value  of parameter b/h and   v ■-» 0. 

/'■ 

 i>   miri    1     r ■iniumTli rnillllllll     I .     .-  --.....-. ._^,^-— _,1—„ 



  
I' ■'    ■   '  "  "    »  ' 

CHAPTk* THRÜE 
THEORETICAL STUDIES OP NOZZLE INSTALLATIONS 

IN AIK CUSHION VEHICLES 

8. Characteristics of Peripheral Jets 

One of the principal characteristics in the theoiy of air cushion 
vehicles is the dependence of excess pressure in the air cushion on the 
geometrical parameters of a no/zle installation, its position relative 
to the support surface, and the total pressure of the air flow fed to 
this installation.  lYus function is advantageously expressed in the form 
of a dimensionlesfc pressure coefficient characterizing the ratio of the 
excess pressure in the cushion to the toial pressure of the stream of 
air fed to the no/.v.le installation. All other principal air dynamic 
characterise ^s, as for example, th'- discharge coefficient, drag coeffi- 
cient, lift coefficient, torqu»' coefficient, and coefficient of static 
stability are to some extent derivatives of this fundamental relationship. 

There are several studies presenting a theoretical treatment ol the 
air cushion and establishing a relationship between aerodynamic charac- 
teristics and geometrical parameters of the nozzle installation. Let us 
examine the results of the principal work dont' in this field and compare 
them with experimental data. 

i. The  first ano simplest theor; of the jet method of air cushion 
formation was proposed in ^'^ by ^oehler [67, 68], examining the case of 
discharge in which the jet of air exiting from a horizontally positioned 
two-dimensional peripheral [annular] nozzle is directed normal to the 
ground surface (Pig. 86 a).  Boehler ausumed air to be an inviscid and 
incompressible fluid, regarded the distribution of velocity vM and pres- 
sure pH in the plane of nozzle  out-off to be uniform and invariant alorg 
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 '.o the ground surfaces 

pvlbz-.ip.—pjh, 
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Pig. 86.  Determining the air cushion pressure 
coefficient 

where p.  is the preuaure in the air cushion. 

The pressure coefficient of the air cushion is 

P- 
v.    i'. (') 

Boehler [67]  observed  that   thia same formula for the pressure coeffi- 
cient of air cushion was derived  independently of him by Chaplin [69]  in 
19^7 and was then expanded for use in the case a jet flowing from • nozzle 
at  the an^le   (p to the ground surface.    With reference to the angle   f>, 
formula  (7) becomes 

2   ' (I  -MMT). (8) 

Boehler and Chaplin extended feiqs.     (7) and (6) to the case of » 
three-dimensional   (annular) nozv:le when the ratio of the exit width b 
to the diameter DM of the annular nozzle is extremely small. 

In these studies  [67.  69]  it wan asaumed  that the velocity in the 
plane of the nozzle  cut-off is uniformly distributed and equal  to the 
velocity vM      of the exterior bounding jetlet.    Therefore,   the discharge 
coefficient of the nov-zle 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 no/zle was neglected. 

The function p - f(b/h) plotted by Kq.     (8) is given in Fig. 87, 
curve  1.    Here also was plotted  the external  function p - f'b/h) we obtained 
for an annular Jet having parameters b/D^    - 0.02 and <f> * 4^° (curve  12). 
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0     0,1 0,1 O.l OM r,s C,b 0,1 .> P,i i.O ,','   <.l   l.i   I.* O  i.i   '.'   i.t  i,f — 

Fig. Ü7.     Funi-nonu  of air cuufiitin pri-aBuinj  coefficienta 
Dbiuint'd by  vurious  theories i 

i  — according  to Boehler-Chaplm  (v - vM  ;  p - pM ) 
2 — according to iStanton Jonoa  (hori/.ontal  cut-off; 

R - HH ) 
}  — according  to  Alexandur 
4 — acüording   to Pinn^a     (»■ori/.ontai  cut-off) 
'   -- according to ütanton Jonen   (p -  (p« ♦ P^  )/2) and 

for dp/dv - coiujt 
b — according to Cohen 
7 — according to Pinnea    anu according to Grewe and 

Eggington 
ö — according to Su-panov 
9 — according1: to Strand and Hechou 
10 — according to Stanton Jones  (horizontal  cut-off, 

H - R. ) 
11 — according to Eh.-ich 
1^ — experimental   curve  for annular nozzle with horizontal 

cut-off (b/1),, - 0.0^ ami (f - A'/') 
1)  — based  on calculations with v - v^    and  p ■ pfl 

KKY«    A — Normal   cut-off 
B — Horizontal   loit-off 

As we  can see,  fciq.     (b)  satisfactorily  reflects   the  trend of the experi- 
mental  curvv« only for very umaxi  valuer of b/h,   that ie>,   only for very 
high clearance heights  h of  the  no/zle above  tne  support surface,   this 
means  that Eq.     (8)  is  suitable  for very   "thin" jeta.    Per the case 
{, • 4^)°,   the  coefficient  p - 0 already when b/h - 0.^95.    At largei  b/h 

values,   this  theory  beconu-a oeaninglesa,   since  the  pressure under the 
nozzle bottom can never exceed  the  total  pressure  of the  jet.    Aa applied 
to  transport air cushion vehicles,   the range  of variation in clearance 
height  from h - 0   to h   ^   (}-4)b is of interest.     Therefore  the practical 
applications of Eq.     (8) are very restricted. 

/" 
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2,    WH can oonsld^r anothur    mu-,  which we ofl'ev aa an extrvoe case, 
if we adopt  the velocity and proasur«'  in the jet  in the plane o;  nozzie 
ciit-uff to be uniforniy distributed and equal   to the  velocity vj    and 
in-ssur»' p4    at  the inner boundary of thi- jet  (cf.  Pig.  86  b).     If we 

aasuint> that  the velocity vf    and  thn related volume flow of air ^ - v# b 
remain constant along the length of  the  jot,   the oomentun eqcution for 
this curve will becont- 

(I  • MIL(-)(.t'..V- (j),     p.,)h. 

According to the Bernoulli equation, the total pressure brought to 
the jet ia 

// »% P'    r*~p.    P. h~. 

where  p(.  IB   the   ;otal  prtfasurt'   in  the receiver at  the nov.ile entrance. 

Solving  these  equations jointly,  we get 

■2b/h (I  •- » n 4) 
p-J'LjrL 

I   i 'Jb/h 0   r ^n q)  " (9) 

In  this   case   the  di.irharge   coefficient  of  the nozzle   is 

'•> 

Uning  th»-   Bsmoulli  equatior.,  w»   will  write 

/'.    p.. 

J 

V ' -P. 

l'„ I ' .'''I  I I     •    Mil <( ) 

I   r 21' 'i i i   -   >in <() 

I   •  2b/h (I   •   sin >i) 
(10) 
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AH W«' can see,  wlu-n h_«i U  the  pressure  coefficient of the sir cushion 
JJ •  1, «ml whfn h   »   *      , p    ♦ 0,   t*iMi   iu,   fc/j.     (9) Klves valid linitinK 
vaiut'U of   thf  cwfflclont p. 

Curve   1J  plotted  by  Vq.     ('*)  for   the  CSHU   ,  - 4t)    is shown in Wg.  8'/. 
This foriDUls^givea appix'ciubjy  saiailcr valuen of the sir cushion pressure 
coefficient p coapared  with   the  values  obtained experimt-maily. 

"Hie   /.one  of possihle  vuiueu  of  the air  cushion pressur«   coefficient 
m  boundei  by  these  two  limiting canes,   characterized by curves   1 and 1) 
plotted  by  Eqs.     (b)    ana  (9).     Actually,   the air velocity  in the plane 
of no ./.It'  cut-off decrtrtaes from v„      to Vf,    in the direction fron the 
outer edgt-  to  the  inner,   whii.   the  aMtic pressure  rises from the atmo- 
aphenc  value  pM    tu   tfie  pressure  pfl     in  the air  cushion. 

All  other  theoreii a]  atudieu  in  Uut,  field aimed at finding regula- 
ritiee  of  the  pressur.    uid   the  velocity  diutnbution  in  the  plane  of  the 
nozzle  cut-off and   U.     :.ubuequoni iJelirmination of  the air cushion pressure 
coefficient employing: r-  Jena     rU'U-  dasumpliona. 

t>.     in  i9V> Ütanton .,   i    i   [/(),   f]  mane a  reTision of the  "thin" Jet 
theory proposed   b.v   boehler.    ■s.iuirur.^   thi   preaauiv   in  the   jet   to  be  the 
ärithrac?tic mean of  the preutii.:•'•:!  .,'.   thf   buuncariea   of  the jet,   that  is, 
P "  (Pa    ♦  Pfci)/^-     Accordir^i.v.   '-'<'      > i'.entum equation  becomeu 

(1        -■Mi,) |..   '        {;>,       pj h, 

and   the   rternoulli  equation  is 

', /'., (ID 

where v  is   the  averageii   veiu.ity   in   •;..    .•■'-. 

After   the   joint   fji.iuti'-i.  '..1'   t:ji-;..    e'juution:i,   the  air  cushion pressure 
coefficient waa obtain«'«]: 

where // 
I''.. 

I       ;• 1 ()        sin if) ' 

i;i   th'    Luta;   pr^ ;f..u;e   t;-, .,-M   to   the  air  jet. 

(12) 

The discharge  coefficient  ol   tne  no,/.ie  can  be  represented  in the 
form vb 

a 
M        f., 

v    .     Vrorsi Kq.      I1"),   we  have 

I'. I'H 

2 

HU 
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By replacing the dir cuahion prtfaaure  coefficient with its value 
tttkun from Eq.     (l^),  we  «et 

I h/ll l I     |    MM <)) 
(13) 

Curve  ';  (cf.   Via.  8/) was piotted  by fcq.     (li?)  for the  caae ^ « 4t>  • 
Aa we    an aee,   the  rnl'ineinent of  the preaaure  coefficient  p propoaed by 
otuntun Junes  leada  to a aooewhat  better agreeicent with experioantal 
Mrw   II?.     Hov;i>ver,   the preaaure  coefficient obtained^by  the otanton 
JoneB  method,  even when  b/h - O.'jbfc,   «ivea^the  value p • 1.    At larger 
b/h,   tq.     (1^)   becoaien  mehninKleey,   ain:e  p   > 1. 

4.    Aa already stated,   the pressure naea from pM   to p,,    in the 
crosa-sedion of  the jet,   in  the direction toward  the air cuahion.    To 
aetermine,   to the  fir.'U approximation,   the aerodynamic characteriatica 
of air  cushion it  iu  natural   to asaume  that  the preaaure in the plane  of 
the no/zle  cut-off  is   iineariy dititribuled  [49].     Anauming the static 
preaaure gradient  to  be conatant,   we get 

r. 
ft 

(14) 

where  b    is   the di: tan> e  from  the  outer edge of  the nozzle  to the point 
in queationt  and p    ia  the pn-aaun   at  the point  x unier study. 

Thf   total  preaaure at each point  of   the  crojb-section of a jet is 
onatant,   therefore,   by  uaing  the  Hernoulli  equation,   -e will  write 

,   • i>.     .,   ■ r.     ., 

where   v     ia   the   veio   i t y   al   itnu   point, 
x 

Kroir:   this  equality   it,   foilowa   thd I 

"■„'■-' C;)' 

Cdllvl , 

and 
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By using  thee« functions, we can represent kJq.  (14) in the form 

M 
(•::-)' 

Hence the velocity field in the nuzzle cut-off plane is 

1: V^-'Yl^Wl V^fi (15) 

Let uu express  tue pressure  coefficient p of the air cushion in 
terms of  the geometrical parameters of  in«   nozzle  inutullation and the 
clearance height h of the  craft above  the ground surface.    By employing 
the momentum equation  to the contour enclosing the air jet,  we will write 

j (1 f sir.tfK-oswvidfcj - /i {p,   -P*) 

Then,   by using fcq.     (   j),  we final y get 

26/71 (I   t   till S) 
I '   h'HU   . »in <f)' 

(16) 

With  reference  to tq.     (I1;),   the discharge  coefficient  is 

,)••■" , u,Y~r">- 
I'ft      I'.iu 

After integrating, we gel 

I  I (1  /')' (17) 

The functiji; p - f(b/h), plv.tted Dy h*\.     (16) fur the angle V- 45  , 
is shown in Fig. 07 (curve L;).  Note that tq.  (16) for the pressure 
coefficient we obtained in 196Ü independenii, of the studies of Stanton 
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Jone» [70,  71] a^rw with tq.     (V) hc  propoi.eü e.irlitr.    The only differ- 
ence  lira  in trie exprvusiona of  the Uibchartjc coefficient,    ütanto'« Jones 
aeterminnd the dischurffu bauen un th«' mean escape velocity  of the jet 
from trie nozzle,  whiif we use  the approach of inteKrutinK the velocity 
field. 

';.    A paper by Pinnea ['1,'] publiehud in  ^•/j preaenta  the deternina- 
non of  the air cushion prea ure coefficient with rt'fereuce  to the varia- 
tion  in the velocity fiflu  in th»-  nozzle cut-off plane  cauaed  by  the 
pressure  Urop aü   the  ,|«-t  Oounaary.     By examining; the  conditiona of 
equilibrium of  the  centrifugal  foicea ami  the   force of prvaaure acting 
on an e.eoientary particle  in a jet exerted  by  the air cushion,  and 
auauming that on exiting from  the  nozzle  the  jetiuts — streaming over 
the  ground surface — will  move along the area of a  circle,  and  that  the 
total pressure at eacn point in the jet croaa-aection remaina constant, 
Pinnes concluded  that  th-   velocity  in  the  crous-sections of a jet is 
uistributeü  just aa  in a  free  vortex« 

■ ■.A', 1.IS ■ list, 

wnert v  ia the velocity m the no..zle ..ut-off pltme with coordinate 
x 

h   i   H     i;    tne  radius  nf   trie  HP-  of a  circle,   v.here   the  velocity ia v   ; 

l\ H    is   the   rudiua   of   Uu   ar^   id'  a  circle   tangent   to   the  exit  edge  of   the 
inner aiJe of the no„. le and   tni   ground aurfa e;   Hi,    ia  the radiua of 
the arc  of a  circle   lanKe"t-   "u   the  outer edge  of  the   outer wall of the 
no. vie;   h(.     - H„  -   b,   where   b   lu   the   nozzle  exit   width   (Kig.   88 a). 

f*t> \\* r     i 

0) M c) 

Fig.  88.    For determining the air    uahion presuure  coefficient 

Here  the  clearance  neight of  tne  nozzle   inatallation above  th' 
gr(un(l aurface,  with reference to the angle of  inclination of the nozzle 
geieratrix,   ia 

h A'   (I   ■   -in (i)       /• 

M- 



hmpioyinx the symbols udoptod and  tranafonnln« ihv equatlons derived 
by Pinrn'B, we c«n represent th«'m as fi.llowB. 

The relative veloi ity at the nuzzle «-xit it 

v,       R, I 1     ft/* 

i I ^ A /IP 

where  b    ia  the niata tee  from the   luter edge of the  nozzle exit  to the 
point xxof iniereat in the no/z'e cut-off plane,  where  the  velocity ia 
b  . 

x 

The relative exceas BiP'.{n  preaBuit' in the nozzle cut-off plane ia 

A_ C-L _ ! ... ^ i4 _ i _ '     

*"■•> I ■  .*-• : -T- I • Mil«*) 
-y i   (' 1 - ö;/!       J 

•*here  px     xa  the  static preaaure «l   thia point  in   Ihr  nozzle cut-off 
with coorainate b  .    The prea are    oefficient ^f the air cushion (curve 7» 

cf.  Kl*. H7) ia 

(18) 

The diacnarwe  coefficient  of  Uu- noz.'.le inaiailation   ts 

■ ,, . T,   v•",, 

,  /,,!     "SUM, I   ln          \~'b7h—- (19) 

in Ineae fortnulat*  tne height h  is   the diatance  between the  exit 
edge of  the  outer nozzle wall and   the support surface. 

If we aasume  that  the  nozzle  cut-off liea   in the  plane of the 
vehicle bottom and  that  the  cJearanoe  ^'n^ht is equal   tu the dietano» 
between  the  bott?"> and  the  auppori surface   (cf.   Pi^.   88 b), that is, 

then  the formulas   for the  air ruahion iireaaure   coefficient  (curve 4, 
cf.  Vig.  8?) and  for  fne nozzle diacharKe  coefficient will  become! 
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P- I      fl       * (I I-M.HP)]1 . (20) 

h/hU   ■    ,( I      M(l      Mii-t) • ^U 

If we expand hk\.     (20) and neglect  the  term [b/h (1   •♦■ 8in<ip)]   , 
Bine»   it  1B aoall,  we pe'. Kq      (ü),  propoued bv  Jhaplin  [69]. 

0.    Grew« and ilfr .intfton propoaeü  in a papt-r  [l$] published in 196O 
inat at  the nozzle exit  the  jt-t  iu  in the form .>■' an arc of a circle in 
lUo vertical plane with const.mt wiuth b,  wfii ,h  is cou.parable to the mean 
j-auius of ourvatur«- of a jet equal   to h„ ♦ b/•,   where H,, is  the radius 
of  the  outer boundary of th«' jet. 

Kxaminin^ the forces ading on the elementary air partible,   Grewe 
and e^ginpton assumed  that   the pressure gradient along the width of the 
jet  is equalized by   the  centrifugal   forces  induced  in the   turning of  the 
jet, 

By the Bernoulli equation, w«- nave 

P  f- %  ~ //. 

wrien   p •ind v ar»» vtriablra;  uni H i.'i  the  total   p'-essure required for 
jet forma  ion. 

With  reierence   to  th''   Bernoulli   •■ .  at,ion,   iiq.     (22)   can b*» represented 
in  tfio  fnrni 

/(/'///1        ,, /(i     ■,_ /,. , 

1     ,. //       -    1  . ,,t,i^   ■ 

Integrating within the  limita  fron. ph    (the pressure at the outer 
boundary of the  jet)  to pg    (preasurv u >,  the  imv r boundary of the jet, 
equal   to the pressure  in the air cushion),  and from b    ■ 0  to b    - b, 

we get   the air  cushion pressure  coefficient 

(23) i>.    v..        1 ■ W*J 
11 .1     RJt')1 

o- 



■—" 

h - 

J^roin the adopted ^eonw-tricai  form of the  j  t  it followa  that 
b ♦ HM(1   ♦ ain ^'),  whi-nct» we huve   tho paraci-ter 

(.»1(1     -"I 'I • 

Th.- r..-.-.M' diarHürm? uoefficient  ia 

, <■. •"'. 

(2J) 

wher»1 v     is   tue  veiociiy at  Iht-  insiantaneoua point  in  the no/zle cut-off 
x 

plttni-i   HH   ia  the volum»-  flow of air undor conditions  of ground proximity; 
ana  V    in   the  volume  flow  of air wlen   the jet e .oapea  fr«ely  (no shield 

ia  present). 

Tin-  Bernoulli  «.'quatiun   in u if f"rtiitial  form ia dp ■ - v dv.     Inserting 
iviis  fxprt'asion  into tq.     (^«')»   w,■ K*-'1 

.lb. 

inifKTiilinK  Uw  lei t-htrnd  :iiu»' of  itua equation within the  limits 
vM    the  velocity  of  '.he  outer  boundary  of  th<    jet       to v   --    the velocity 

at  the  point in question with  coordinate  b ,  we ^ti an expression for  the 

ve.i.-, aty  field   in  the  jet 

(2.r)) 

Heplacin^ velocity  v    in ^q.     (/4)  by  ita  expreaajon from Eq.     (2t))i 
we   K» t 

■> "' 

(26) 

tqs.     (l-'ij anü   (^o)  pr jpot)v.'ii   üy  (Jrewe ui d  ^ r^lr.^to',   if  they are 
expressci aa a fun-tion of b/h,  agrcs with t*\B.     (18) and   (19)  of Pirti.es 
(curve  71   FlK«  fl7).    On  inupe .ting tq.     (1";),  we  can aee   that  the 
velocitiea   in the   croaa-aectiona  of  the  jet adopted by Grewe and Eggington 
«re  distributed   trie  ;iame  aa   in a  free  vortex. 

Ml, 
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,'.     In hi» work [yi ] 
"thin" j.'t  theory  [68,  69 
tlon for a wide ran^e of 
ratio,   thut is,  for a  "tli 
froo a nozzle   the jet  is 
without modifying its  UD 

is reduced by  centrifugal 
a curved  trajectoiy.     In 
librium of forcea actir ^ 

.   in addition  to reviain»; the Boehler-Chaplin 
J,  otunton Jones proposed an exponential func- 
values for  the  jet  thickneaa-craft elevation 
ick" jet.    Litanton Jones assumed  that on exiting 
curvtu at  ihf shied alonK the arc of a circle, 
ckntss, while  the pressure in the air cushion 
forces caused  by  the movement  of the  jat along 

thin  case  the simplified equation of the equi- 
on an elementary jet muss  is 

or,  when  the  Bernoulli  formula 

.//. r- 

.//. /.' 

ila /' P    ■ 2 

Ji/' lit ■1 

P'll A'   ' 

is used, 

•itanlon Jont";,   in loiuruut  to Grewc- and KgKington [7^]  considers 
the radius h aa a  constant and, after integration,   ootainp 

''.    p., 
it 

Aasumin;: thwi radiun H appearmr in this formula is equal to the 
radius of the streamline bounding the air uujhion and bearing in mind 
the adopted jet scheme  (Fig.  ÖB b),   otanion Jones  found  H ■  h« ■ 
- h/ ( '   * sin >, ),  and   Un<n 

. 1 1 %.II Y) 

ai) 

Asnuming  thai   raaiuu  h   it   iqual   • >  the  radius  of  the  streamline 
bounding the ambient atmoaprvn-   {Vir.  öl   c),  otanton Jones obtains 
h - H„ -   (h - b)/(l   ♦ sin (f),  and   thu-i, 

/' '1 (28) 

These formulas were derived for a no  . le with horizontal  cut-off 
in which  the exit edges  lie  in  the same plant- with  the  bottom of  the 
nozzle  installation. 

Ö7 
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C\ upttriaon showed  that, run»«   K) (cf.  FIK-  HV) derived by kiq.     (<?7) 
agrees  belter with experinental dtitu   thnn curve ? determined by Eq .    (28). 
t'q.     (?7) haa  been uard  by numerown Miithora  [4^,  74"78]. 

8.     in his work  [Vf]  pubUHhfd     in  1M6«,,   Aiexunuer examines  the 
funrtionH p - 2x/(1   ♦ x) and  p -      - i'l'x,  wnerc  x - b/h (''  + sin ^ ) 
and states  that nom? of these expressions  can be accep*ed as satiafnctory 
when  b/h ^1  ,   since underlying the derivation of  these equations with 

the  rondition of  constant  moiiienluui alunK  the  jet length on  the assumption 
'.tiat   the   ,et  width  h over  the  eniiri    pain  of   HH trave-   remains   invariant. 
Hndfe'-  the je «SHumpUcnH,   au  Alexaruit r maintains, the  condition of conti- 
nuitj   A i  violated. 

Alexander 8UKK,*!*t-i^i   inut   the  BK^ccentuoi equhtion be applied   to  this 
rase   of  flow as  foliuw»): 

\'>- i'-'-y'{' ■  r- .'       (P,     !'..)h. (29) 

where  v   i-i   the  mean  jei   ven,   1 ly   nl   luv  nu. .K-   exit;   v(t     is   the  nozzle 
of  the  jet exiting  toward  un^- HIU«-  (jf   the air    ^ahion,  where  the pressure 
in tru-  ,iet  cross-sect UM  1.1  equai   ti,   the  atmosphericj  and  brt    is  the 
jet  width  at atrooaphoi1.    preasure. 

AiiHuminK  the  aean  pr-H!iur<-   m   t,h<'  no. .,ie   tul-off p.ane 
p -   (p(,   ♦  p „ )/^ ar.d uuinf  the  Bernoulli  equation,   we  can write 

// («'       /',    P* , 
(30) 

With   referenre   lo   t h.        TMirnu'.,.       »ndltiuti 

(31) 

and  bq.'j.     (50;  ana   ()/,   11-    tor. :.tvi",  of   thi   departing atream  ia 

- 2Hb ) 

'HI   -'//      (/..      ,,j 

Neglecting   tie   lern,   [(pr -  p,<)/4H!'   be.;auue  of  its  amallneas,   we 
^■t 

(•:■:./'. it// ^P'      /Ml 

bb 
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AfU-r  theee   trönaformatJonH,   tq.      (i'9)  our be n.-preaenU'd as 

(/'.- P,)'f - 12//     (/>.     /'Jt/'vn.r ;   !| |4// -(/). -pj|. 

Thtn  tfru' air cuahion preaaurt'  coc-fficient iu 

P- 
2» (X'l 

l  i  . 
Hi I V(l    ;    kill ><) 

UhiriK t'i»' aaauaip  iono  priBenl«'<i and  referrinf? to l^e absence of 
adequate  experimental   data,   Alexander aauunted  that   the actual  pressure 
in an air  cushion inuat  be  hi^r.'-r than   th»   valueH expreatied  by formulae 

L'x/O   ♦  x) and p   *  1   - e Vx However,   experim« ntal  data      refuted 
tniB   conclusion of Alexander's.     Pi«:.   87  preaenta   the  function  (curve >) 
p - f(b/h) plotted by Kq.     (52) for y - 4'?0. 

♦.   considering tne  escape of an air jet  from a  fiat  nozzle against 
a shield,  using the velocity hodo^raph iretnou,  and  introducing simplifying 
assumptions,   Litepanov  [.',l]  obtained   the  following approximate relaticjn- 
ship:   v    -  (v v   )-,  accordinK  to which   the  mean velocity v,   in the 

t   5 ' 
nozzle exit  is equal   to  the geoocv.ric  mean of  the velocities at  the 
"•xterior  v    and  the  interior v,   limita  of   the  jet. 

Applying  the momentum  theoretii  to <>  control   contour enclosing a 
lurvod  section of », jet and uairif  the   1 "ntinuity er.i^tion and   the 

Bernoulli  equation,   otepanov derived  an equation  relating  the  geometric 
and aerodynamic param<'terB  of a jet : 

or 

- |l   vu      ID   •   v      i   u^y  . 2 I Jt j   v(v  - I).        (33) 

where 

r     r. 
r,    r, (34) 

and 

H9 
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1 _ 
Pi    p. 

(35) 

Her»1  D,,  ia the  pressure ai   tnt- outer boundary of  the jet;  p,   is 

the  prtBüure at the   inner bountlwry  oi   ihe  jet   (aii   cushion pressure); 
p*  in  the  total preaaun-  in  the  .jet  (pressure of ata^nant stream);  and 
c*   iü  the an^U- of  inclination of '•■••  noüzif ««""»-'ratrix  to the horizontal. 

ConvertinK  to uur symboiu,   r,q.     {:>'.)  can b.-  represented as 

.linen 

j ,' I     ,,     (|   :     ,, . i .  -,) sm 'i 

(36) 

i.     r.. PiZj'i 
]>' - p, 

Let  un  fina   the-.diacharge   ooef f icn-nl  of  a fjai  no/.zle,   using the 
fun^ tior,   v     ■   (v  v,)*-.     The  diachartft*  of  a  fiat   nozzle   ib 

frum whence 

',      ;,'■     'ih |    * (/''     /') 

' r 
/',     /'..i 

UsinK  the  equuiily uric   r,qü        {jü)  anü   (5*5).   we 

Ket-<»   C1   -   Vx)4  or'   lri  ,,ur  ;iyu'k" i:'>     <-r -   I'   "  p)   • 

With  roferenct   lo r..).     v'  ', iri'-   :...:i."r/i-  cuefficient of a flat 
noyy.le   t^n  be detemnrif«!   Iren,   t hi formula 

.. i     ■. i • i ■     i. • i ■  i 'i 

(A7) 

■?h>-  function p  -  i'{ij/h),   plciwi-'i   by   h<i .     (^6)   for  v - 4*?   .   is 
given  in Kig.  87  (curve u). 

—       — ^^^^^^^^^^-^^^^^--^ J—»*A.  
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tO.     In  I9y>,  litrand  [bO.  üi] exumined  th« utrt«'«mlnK «long « shield 
of a flat peripheral   [annular] jet t-xitiriK from a nozzle with normal  exit 
ut-off.     Duairln,-: to find  the  characteriatlca of an air cushion ovar 
wide ranK*- of variation in thf relativ«? jet width  f.o craft hovering height, 
including aiuo for th<» öo-calied  "thicK" ,]ftB  ohart'Cierizad by high values 
of  this  ratio  (b/h "> 0.5),tJtrand »-mploycu  the  m«-tho(. of func tions of a 
<:omplex variable  for hin study,  uiiin^  the .'chwar.-■-h.-iMof fei   transforaation«, 
ana obtained solutions  ixpresaihl«'   in  terras  of first-order elliptical 
integrals. 

The  results of numerical   calculationu were represented aa plots expres- 
sing the ik'pendence of  the pressure  coefficient p of an air cushion on 
parameter b/h for values of  the an^le  of no^/le   inclination  to the ground 
surface ,v  - 0,   >0,  and 60°,     FIK.  fl7   (curve '))  presents   the function 
p -  f(b/h)  for   the  cane    / - 4M  i   obtained  by ^«phical   interpolation of 
turves caicuiatod  by Jtrand. 

M,     F.   fclhrich  [fl^j  examined   two characteristic cases  of  the  flow of 
a peripheral   Jet  from a  no/.zle onto a  shield.     'n  the first  case,   streaming 
along the  «jhield,   the  jet  iiplita,   ous part  of the stream moves   toward  the 
increaser-pr Söure  region,   while  thf other departs  to the outside away 
from the air  ouahion.     In the seconu    aae   the entire jet moves  to the 
exterior.     F.   fclhrich studied  flow  from a nozzle with an arbitrary exit 
cut-ofl   ariKie.     In solving the problem,  uueu  conforual  mappin^B,   the velo- 
city  hodograph.  and   the  LJ hwar.-.-Christof fei   transforinationa.     The resulting 
equation«   proved   to  be  extremely  complex,  and   their solution was  possible 
only   by   the  raethod  of  numerical   integration. 

Calculations  showed   that   increasinK the an^l»;   uf inclination of nozzle 
^.•neratrix   in  the  region   /  - ü-4'/J   leads   to a   riue   in  trie  pressure  coeffi- 
ient  p of  th-   air cushion  both for  the  split  jet as well  as  for the jet 

completely deflected   to  the outside.     Here   the   coefficient p  takes rn 
larger values   f^r   the   jet  deflectei   UJ   t*ie   outside. 

Th<- aiacliargi-  coefficit-ri' :   u «,.,.   te  increrjaeo as  the angle  ^ is 
increased   for a spin  jet,   i.ui   it decn ases   for  the  jet completely deflected 
to  the outbide.     For   i'ientical   cie.»ranees  of  the  nozzle above the shield 
(in  tht   ran^e h/b - CM),   the  c>«ffici.nl    • is  greater  for   the split jet 
than  for   the   jet   deflected   to   the   outside. 

Heduiing  the  height  of   the exit. cc,.   of  the   iniK'r wail  of  the nozzle 
whiK-  the elevation height  of  the  no/.zie above   the  ahield   is kept constant, 
whi'h iMirreeporids   to varying  l  e exit  tut-off angl^   of   the  nozzle,   brings 
about a drop  in  tht  air cushion pressuie  coefficient  for  the split jet, 
but   increasen   the  pressure   coefficient   p  for  the1  jet deflected   to  the 
outdide.     In other words,   ihe nozzle with horizontal  wall  cut-off is more 
advantageous   compared   to  the  nozzle  variant with a  normal   cut-off. 
Fi^.  07   (curve   11;  presents   the  dependent  of   the air  cushion pressure 
coefficient  p on  parameter  b/h,   taken  from   the   work  of  rlhHch,   for a 
nozzle with normal   cut-off »ind angle  of Kt'neratrix   inclination  (/ • 4*)  . 

—  .  



'?. In hia work [&!>],  publishud in ^966, Cuhen examined, using the 
hodograph method, the flow of a peripheral two-dimensional Jet near the 
support surface and obtained in closed i'orm the characteristics of the jet 
over some range of variation of throe main design parameters — Jet 
thickness b, angle <f of nov./.le generatrix inclination, and clearance 
height h of the no.„■.if 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 ltd 10 first-order elliptical 
integrals.  3y introducing simplifications and approximating several 
expressions appearing in the elliptical integral, Cohen obtained the 
followinK approximate functions associating nozzle geometry with Jet para- 
meters . 

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

/?- (38) 

and with  its center lying along    a    normal   V    the  nozzle wall. 

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

Ifil 

where 

(39) 

C - sin 
21..^ 

(40) 

Here v0 is  the mean 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 jetj  and v„  is  the velocity at 

the free streamline at  the  inner boundary of  the jet. 

Cohen determined the  lift of an air cushion vehicle and analyzed the 
change in the ratio of lift near the ground surface to the  thrust at 
large distances from 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 liqs.     (>8) and 09)  the relative velocity 
v.j/v^ and the coefficient   £  with the corresponding pressure ratio. 

9^ 
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The radius of curvature of the internal free streamline of the jet, 
in accordance with the assumed ^'ometrl««! parameters of the nozzle and 

the Jet diochar^in«: from it is 

p       hj HsiiKf     cn% ißt) 
I    ;Tu. <f _ ' ^'1 

where h  is  the clearance height of the nozzle  (exit edge of the outer 
nozzle wall) above  the support surface. 

The   total pressure  in the piano  of the nozzle cut-off is kept constant, 
and therefore, 

a 

Further, using Eqs.     (^8)-(41).   it;t u8 represent  the air cushion 
pressure coefficient  in  the form 

Here 

(421 

b lt{\   •   Mil «0  
c — T"-  b 'MMiVs "Pi'.%4 tut» 

ana 

'7^ 4   :    "ZT 

where 

i _ .mi* 

For a nozzle installation with normal nozzle cut-off (y ■ 0), we have 

p — \ — e 

and  in the  case  ^ - 0 and  y- 0,  we have 

A,—^ 
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Fi«.  H7  (cu^ve b) preaenla   th«' function p - f(b/h),  plotted by 
Kq.     (A/)  for f - 4b0. 

1^.     In his work [04] presented HI  UU-  International  Congresa on 
Applied Mecnanica  in  I"b4 anii publiahi.-d in 1966,  hechou examined the 
plane problem of  the diarlvirtfe of a peripheral   [annular] jet onto a shield, 
employing functionn of a complex variable for his study.    The nozzle had 
u normal »-xit cut-off.    UsinK P'ourier ueries,  bein^ limited to the first 
terms nf  the expansion ami making several aasumptions,   Hechou arrived at 
the  fullowing approximate cxpreaaiunu  relating nozzle geometry  to jet 
aerodynamic parameterst 

;     -^ 1   f- ctn a   ■ 
r u r. u l>  ~ c" - 1 

.   (43) 

where  £  is   the  jet   thi'kness at a distance  tending to  infinity. 

In  thin  case   the  a^r  cushion presuun*  coefficient  is 

r p,    r, 
Pa P, 

(44) 

where 

11 — In 

It  tnust  be noted  that a  quantity  thai  IU   the  reciprocal  of  b/f       is 
the discharge  coefficient  of  the nozzle,   the  ratio of  the actual volume 
flow  W of air  to  the  volume  flow «-    where  there is uniform velocity 

riiatribution at  the nozzle  cut-off,   that   ic. 

7^r 

A function plotted according  tc Eq,     (44)  coincides with high 
accuracy with  curve p - f(b/h)  calculated  by Strand  (cf.   curve 9 in Fig. d7), 

These theoretical studies on th*   de termination of aerodynamic charac- 
teristics of peripheral  jets  can be  conventionally divided  into two groups. 
Th.- first includes  the works of boehler,  Chaplin,  Stanton Jones,  Pinnes, 
and so 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,  and agreeing quite satisfactorily with experimental  results only in 
a narrow range of geometrical  parameters. 
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Th'' other ^roup fncumpuutieB the «< rka of otrand, klhrich, Cohen, «nd 
Hfuhou. The authors of theflo worko fxamln^d thr dlschar«»' of peripheral 
Jeta from no/.zleu unto a shield morr riHornuBiy,  employing mcthoda of the 
theory of functlonH of a coDplex variabip.  However, th«« solutiona 
obtained in theoe InveotiKatiDnn require conplf-x and laborioua calcula- 
tions or elae are given in the f rm of implicit functions, which markedly 
complicates  their   use   for practical purposes, particularly in 
subsequent analysis of aerodyn'tmic and energy characteriotics of air 
cushion vehicles. 

In all these studies the air jet streaming along the shield is 
oonsidcred an a flow devoid of viscosity. Such an ideal flow naturally 
differs from the motion of an actual air jet and the analytical functions 
obtained reflect only to some degree of approximation 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 aerodynamic 
characteristics. 

Therefore, it appears to as desl' able to derive functions in which 
— with allowance for the principal features of the physical phenomenon 
of the discharge of a jet onto a shield — relate   in explicit form 
aerodynamic characteriutics of an air cushion with the geometrical para- 
meters of the noz/.le imitallution ana its position relative 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.  Noz/.le Installation With Normal Nozzle Cut-off 

Let us find functions  relating    the geometric parameters of a 
nozzle installation, its clearance height above the support surface, and 
the aerodynamic parameters of the air stream brought to this installation. 
Let us determine the air cushion presHure coefficiait , discharge coeffi- 
cient, and drag coefficier.t of the nozzle installation, and set up rela- 
tionships between them. 

1 The theory proposed was developed by the author in 1961 for single- 
pass noz/.les with horizontal cut-off and was employed in calculations of 
an air cushion vehicle designed and built in 1961-1962.  In 196i this theory 
was extended to single-pass nozzles with normal and oblique cut-offs, and 
in 1964 ~ to sectionalized (two-paas) nozzle installations with arbitrary 
placement of external and internal nozzles. Further consideration yielded, 
in 1966, analytic expressions of. characteristics for sectionalized nozzle 
installations Inclined with respect to the support surface. 

9'; 



  

Let UH examine  the diochurge of air from the noxzle inatailaticn onto 
the shield    (cf.  PiKa.  57 and 89).    Under the effect of the exceaa pressure 
Pn " Pu       maintained constant in the receiver,  the air is brought into the 

no/./.le und ♦•xita from it in the form of jets directed downward.    On encoun- 
torintf the shield alon« their path,   the jetc become curved and stream 
aloiip it  to either side.    With increusin^ septtration from the axia of the 
no/...le  inotullation,   the Jet  thickness  is reduced, as is  the jet curvature. 
At some distance from the no-.'.zlr   the  compression of the jets ends and they 
travel along the shield nurfnee.    Owin*; to the viscosity and  the consequently 
Induced ejection effect, u boundary layer is formed at the jet boundaries. 
Air sucked  from the exterior space is entrained by a jet in the direction 
of  its motion.    The air ejected from the  inner space,  on approaching the 
shield,   in separated from the jit and exits  to the slue opposite  the 
direction of the main masü of the  jet.    A circulation flow is  induced in 
the  inner npaco. 

In  th«'  region  bounded  by  the  bottom of  the nozzle,  shield,  and jets, 
excess pressure — an air cushion — in   induced an the result cf the 
reaction effect of the jets,    us this  takes place,   in the plane of the 
nozzle cut-off,   the pressure drops from atmospheric p*    to the air cushion 
pressure pg    in a direction froir the outer trailing edge of the nozzle  to 
the inner,  and  therefore,   there i:? a  trannverse pressure gradient in  the 
jet in the  plane of no/.: le cut-off.     Th«- nonuniformity of velocity distribu- 
tion in the no/.zle cut-off plane corrcoponUa to this nonuniformity in 
pressure  dir.tributiont   the Kreatest velocity  is near the extern*.! exit 
i'dtfc of the nozzle;  while thr least,  determined by the counter pressure 
[back preunure] produced  by  the air cushion — is near the inner edge. 

The excess pressure  in the air cuuhion cause:» pressure  forces  to 
become evident,  acting on the shield,  noii.-lo  bottom, ana  the jet, and 
"kiinuiinin,    the latter on a curved  trajectory.    It can be noted  that with 
ttic no..'.le position kept unchanged relative  to the shield,   the air cushion 
pressure varies in proportion to the momentum of the jets  (Ap''*-(»v^), 
while with  the momentum kept cor.stant the pressure in the air cushion is 
inversely proportional  to the distance  between the nozzle and the shield 
(AP /N'  Vh).    With  these  factors  taken into account,   the pressure  in  the 
nozzle cut-off plane  can be expressed as follows for the particular nozzle 
installation with normal   cut-off: 

tip       (»^(1  ; sin <j) 
Jx "      li t- « sin <f 

(45) 

that is, we will assume  that at  the  nozzle 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 varies  in direct proportional  to the mooentui 
of the elementary jetiet in  the plane of nozzle cut-off and inversely 
proportional   to the distance  from the exit location of this jetlet    issuinc 
from  the nozzle  to   the shield. 
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Tmr- -  r   - T ^ •• • • ~ ^^^-^— 

Pi^. t3".    For cali:uJatin<i the 
aertxlynHmic  charaitcri.'Uica  ol   uir 
cuFhion prodUit'O  by  a jet eacapin/: 
from a  no/.. 1»   with  normal   cut-off 

If we ntplect  the friction ol   air against   the no;;zle wall and assume 
the air  to  bo an ideal  fluid,   th-n we   jun assume  that  the  total  pressure 
at each point in th;? jet  in  the  no;...le  cut-off plane remains  onstant, 
equal   to the excess pressure  in  the receiver ahead of the nozzle  installa- 
tion,   that   is p v fr.   .. pt - pm~. con 

and air velocity,   respectively,  at the point  in question, 
the no/.le cut-off,  by Bernoulli'i; equation, wc hav«? 

sj(where p and v an-  thi   static pressure 

Therefore for 

dn - (>:• dv m 
Inserting this e^presnion into riq.   KA')),  we «et 

du c(l   ■   sin i|) 
h 1- X Mtl If (47) 

Thus,   in the  plane oi' no. .].   cut-off  in the direction to its inner 
ed^e there  is a velocity ^raiiient   dependent in  the an^le of jet inclination 
-ith respect   to   the shield and  varying in direct proportion      to the velocity 
at the /^ivcn point and  in inverse proportion to the distance from this point 
to the shield. 

Velocity field  in noz/le  cut-off j)lane.    To obtain the velocity 
distribution in the no/./.lc cut-off plan«. ,   let us solve differential equation 
(47).    After separation of variables, wc ^'et 

j-^-d+sin,))] dx 

H ^ * sin <f 

'/I 
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Hmi,   t)ii.>r<Turct 

In (I  t tln^) 
f« »m FM'+K«»»)-      <«> 

Converting from Hi.   logarithm tu the exponential function,   this result 
can be  represented as 

L=e-(,+TTk)"'(,4TH 

cr 

'■       M   .    '•.    '' 
.: " • ^•:>""f)' ^        (49) 

A..:; i/iiin,- the ins tantancoun cooroinatc b /b various values within the 

limits from 0 to 1 and usin^c this formula, without difficulty we can 
construct the velocity field as ■>    function of parameter b/h and the 
slope of tue generatrix to the axiu of the no/.7.1e installation. When 
b ■ b. we get the formula 
x 

^.(H-•„„,)• ('+^). 

enabling uy to calculate the velocity v. of the jetlet travelling from 

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

When the slope ^3 - 0, Eq. (49) becomes meaningless, since the function 
v /v^ - l'[<p)  expressed by this formula is analogous to the function 

y «(1 + xj;', defining the Napier number e, has an apparent diecontinuity 
for y> m 0.    Actually, this formula, as ip-*- 0t  tends to its limit and is 
continuous also at the point p - 0. 

Let  us find the expression for the velocity field of the nozzle 
,. t,-olT when the generatrix £iopc ^ > 0. As applied to this case, 
f,q. (4^) becomes simplified and takeä on the form 

po1 dx = h dp. 

Replacing the pressure drop dp with its expression by Eq.  (46), we get 

9Ö 
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Ini.vm tiu,- this cxprension within tho sann limitB as for the case 
{ *  0,  we Tind 

— e = e 
J.  * 
» Ä 

(50) 

ivq.   ('()) dcterminca  in diD)enalr>nletia  form  the velocity field in the 
cut-off plane of a noz/.le having the /^.-neratrix slope f> - 0.    Pig.  90 
preaentu  in dimonsionL nu fom1  tht-oretical  velocity fioldb  in a jet aa 
il exit«  froo   no/./.lca with K»>neratrix slope ^ • JO,  4*5»  60,  und 90°,  and 
for varioun  values of parameter b/h.    The velocity fields were plotted by 
Üq.   (49). 

Thon-'fore,   the greutest nonuniformity in pressure distribution in Uta 
no vie cut-off plane obtains for large values of paraan ter b/h.    Here the 
velocity field profile faces  the no../.le cut-off with its concavity.    With 
decrease  in parameter b/h, which can be obtained either by reducing the 
no  . le exit width b or by increasing height h of its elevation above the 
ground surface,   the velocity field ia rapidly equalized, approaching the 
linear difttribution.    Moreover,  with increase in the slope   ^ of the nozzle 
^neratrix for identical  values of parameter b/h,   the nonuniformity of 
velocity diatribution in the nozzle cut-off plane  increases somewhat. 

Prennurt-  field  in no.:: le  cut-off plane.     If we use   the Bernoulli 
••qu ition as applied  to the noz/.le  cut-off in each point of which  the  total 
pressure  remains  constant,   then 

P. r 
pf; IK 

PH r-o 

Tlien 

'2 
m (511 

heplacing in Ivq. (si) tho ratio v /v  with the corresponding value 

from £q. (49)» we get 

•i 

(52) 

or 

2" 

(,+^.»>,„T)-('+^) 
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Fig.  90.    Theoretical  velocity fieida  in the 
exit crosu-aection of a no.'.üle with normal 
cut-off for various values of angle ^ : 
a — f> -  ^0° 
b — ^ » 4^)° 
c — Jp - 60° 
d — ^ .. 90° 

For  the  caae ^»0,  witfi  reference  to Eq.   ('X)),   the pressure field 
in the nozzle cut-off plane  iu 

l-( t H (53) 

fiqs.   (!J2) and (t)5) enable us,   by specifying values from 0 to 1  to 
the instantaneous  coordinate b /b,   to cor.struct in the dimensionless form 

the pressure field in the air jet as  it exits from the no^le as a function 
of the parameter b/h and  the slope f>  of the generatrix with respect  to 
the noz.:le axis. 
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I 1 
In diinensionlt>88 form the theoretical preaoure flclda In the air Jet 

aa It exltu from a no/./.lu with normal  cut-off and when the generatrix 
alope <p m 50,  4''i 60, and 90° for different parameter b/h valuea are shown 
In Flg.  T .    Kq.   ('-.•) waa uaed In plotting these flelda.    As we can see, 
when the exit width v of the no-.-.U- la close to the valuea of the distance 
h between the nozzle and the ground surface,  the excess pressure In the jet 
Increases rapidly In the direction from the outer edge of the nozzle to 
the Inner, while the pressure gradient is gradually decroasing.    The profile 
or the pressure field in accordance with the nature of the variation in 
the preaaure gradient facea the ground surface with ita convexity.    With 
Increaae in distance h,  that la, with decrease in parameter b/h, the excess 
pressure in the nozzle cut-off plane decreases, while the pattern of the 
distribution of this pressure in the nozzle cut-off plane approaches the 
linear. 

Air cushion preaaure coefficlenta.    Setting in fcSqa.  (^2) and (^5) the 
inatantanecaa coordinate b   ■ b, we get 

P«- Pa _ j __e   \   »ii«»/   \    *       ) p« - P. 

2 

(54) 

For the caae when ^- 0 

2^=.«I -e 
P«' 

(55) 

Eqa. (^4) and ('/j) determine the excess pressure p^ - p# at the 
boundary of the jetlet travelling from the inner edge of the nozzle exit. 
This excess pressure propsgates in the space bounded from above by the 
bottom of the nozzle installation, from below by the ground surface, and 
from the aides by the air jets eacaping from the nozzlea. The dynamic 
preasure pv2/2 of the boundary air jetlet travelling from the exit edge 
of the outer nozzle wall la equal to the pressure (p0 - p^) of the air Jet 

fed to the nozzle installation. Therefore Eqs. (54) and (33)i represented 
aa 

_ P«-P> _ j 
Po-P., 

^('^H'+r'^) 

and in the  caae <p~ 0 

p=l-(l4-Asln.p)-
2(, + ^) 

D ^       P- I .t 
p.. - r, r 
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a) t>) 

PrP*. ,   ,  ,   ,  hi""^ i  ,i£h h\h1fi. 

0      0.2  O.i*  OS 0.8 -£■   0     0,2   0,¥  0,6 OJI -f- 
c) </) 

Fig.  9".     Theoretical  lielaa of static pressures 
in exit cross-section of a no/...le with normal 
cut-off for various valuet of the angle  <pi 
a — f»- ^0° 
b — ^ - 4b0 

c — <p m 60° 
d — f - 90° 

express the dimensionloss air cushion pressure coefficient. 

These coefficients determine  the fraction of transformation of the 
total pressure of the air current  in front of the nozzle  installation into 
the static pressure in the air cushion,  expressed in terms of the geometric 
parameters of the nozzle: width b of the nozzle exit,   slope   <p of the 
generatrix, and height h of  the position of the nozzle  installation relative 
to tie support surface. 

The air >-t.shion pressure can be determined also in another way if we 
know the velocity field in the nozzle cut-off plane. Let us enclose the 
jet forming the air cushion in the contour shown in Fig. 69 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 inteiaecting 
the jet — in the nczzle cut-off plane we will locate the outer auction 
of the contour parallel  to the ground surface at the level of the wzsle 
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Fifr.  9?.    Pr<.'arjure coefficient of «ir cushion of 
nc./le with normal  cut-off as a function of the 
parameter b/h for  various   values  27of generatrix 

slope 

exit edge.    Lot us draw  the  lower section of the  contour in direct proximity 
to  the tfrounü surface.    We position the vertical  boundaries far from the 
nozzle cut-off, where  the perturbing action of the Jets can be neglected 
and where we   can aaaumc   the presauru  ut  these  contour sections  to be 
constant and equal   to pg   and p^ 

Let ua project onto the axis paralkl  to  the ground surface the forces 
acting on the isolated contour.    The equation of momentum for this contour 
is 

f     • * 

With reference to Eq.   (S ) relating velocity v    with pressure p , 

we can represent bq.   {;?)  in the f orm 

2 (58) 

where v^/v^ ir. tr.e velocity ratio at the no/.^le cut-off, determined by 

Kq. (49). 

The integral appearing in tq. (^b)  is 

)> 



U V 

"2     kin n 

Inserting the  value of this integral  in o ekj.   (^8) and tranafortning it, 
we get 

£^f1=|-('-v»'"»)":('+^. 

This equation corresponds  to the earlier derived Eq.  (^6) expressing 
the air cushion pressure  i. oefficient for a nozzle with normal cut-off. 

The air cushion pressure coefficient p as  functionti of variation in 
geooetricai parameters  of a nozzle installation    is   shown in Pig.  92.    The 
functions simultaneously expres:.  the pressure  field   at     the no/.zle cut-off 
in generali/.ed form.    Each point lying on these  curves specifies the erc^as 
pressure at  the exit edge of the  inner nozzle wall  or,  which amounts to 
the same  thing,   the excess pressure in the air cushion.    The sertion of 
the curve  lying in the  region from 0 to the selected b/h valu«; characterizes 
the pressure field  in the cut-off piano for all nozzles wjth the selected 
values of parameters b/n and   <P.    As we can see,  an increase in the angle 
pleads to a marked rise  in the air cushion pressure coefficient. 

Discharge coefficient of nozzle inetallation.    For  the case of 
disoharRe  from a  large  volume when pressure p/v    at   th<' outer side of the 
jet is equal  to the pressure p^   at  its  inner side,   and  the friction of 
the flow against  the nozzle wal5   is absent,   the discharge of air through 
a nozzle with a smooth entry section is 

Q=:Fv~F y ±(p.~pH). 

The difference p_  - p^    is  the drop in total pressures between the re- 

ceiver   into which the nozzle is built,  and the  surrounding atmosphere. 
T^e velocity v in this  case is uniformly distributed over the nozzle 
cross-section and  is the mean velocity vcp     of the jet at its exit. 
Approximately the same discharge conditions are observed for the nozzle 
installation  'n 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 nozzle 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 apace.  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 p4 - p^ between the inner apace enclosed by the 
Jeta and the external atmoaphere surrounding the jets. Thin  difference is 
responsible for the uneven distribution of velocity at the nozzle exits. 
The mean velocity vc„    of discharge differs from the velocity v^ by a 
greater amount, the greater the difference in the pressures p^ ~ p* • In 
this case the ninloum discharge velocity occurring near the inner wall of 
a nozzle is 

v*=Yj(P.-P,). 

and  the cuximuc discharge velocity — ne..r the outer wall iai 

l'-=K|-{p.-pJ. 

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 

Q^Fv^FY^iP.-P^- (59) 

Let us denote the ratio of the mean velocity to the meximum velocity 
by ^cphit ■ Or and let ua repreaent the volume flow of air when there is 
uneven velocity distribution at the nozzle cut-off in the form 

(^a-^af^af |/|(P. PJ- (60) 

Dividing the left and right aides of £q.   (60) by the corresponding 
sides of Kq.   (39),  we get,   „(, expression for determining the discharge 
coefficient of the no./.ie  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 cxpressicn,  we fina 

I     (l -hAsinv)   - 
i 

or 

a — I _j<,^
ln ('•*•"")] 

(61) 

Kor  the  case  <?* 0,   the  di.scharse  coefficient of a nozzle with normal 
cut-off is 

^(i-^) (62) 

The   'dume flow of air passing ttirough  the nozzle  is 

Q ^af j/y(p,-pj. 

where   P =  bL is  the no-r.le exit are... 

Tht- variation in  the discharge coefficient  CK  for a plane nozzle as 
theoretical functions  of paramet,or  o/h  for different slopes  &>,   based on 
Bqs.   (61) 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 greater,   the shorter the distance 
h between the nozzle and  the groun-i aurfaco,   that is,   the greater the 
parameter b/h. 

Drag coefficient  of nozzle  injtallation.     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 atmosphere.    These 
losses can be  characterized by  the local drag coefficient f , which  is 
the ratio of the  total pressure expended in producing the jet streaming 
over the shield to the dynamic pressure of the  jet determined from the 
mean velocity vr-    of the air in the nozzle exit,  that is. 
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Pi^*  3i *    Discharge coefficient of nozzle with 
normsi  cut-off as a function of paratoeter b/h for 
various values    a>  of generatrix slope 

Pig.  94'    Brag coefficient of no....le with normal 
cut-off as a function of parameter b/h for various 

angles  cp of generatrix slope 

PU — PH 

In the case of an ideal flow when local pressure losses at the 
entrance into the nozzle and losses due to friction of the air stream 
against the nozzle walls are absent, we have 

r _     Po — P< 

2\ Lb) 
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F±f,.  9t).     For cttlculatirv' aorodynamiu 
characteristics of air cushion produced 
by jet fcxiting from a  nozzle with oblique 

cut-off 

In accordance with Eq.   (6o),   tn»   volume flow  of air passing through 
the nozzle^ = a(?p , abLy 2 (Po _ pJ therefore 

As  the function of  the  f^ometricil  parameters of a no/zle installation, 
we  have 

('"I,J (fu\ 

I I       I , h   .... -,\     ""< 
(.. >,)■■- 

The  function s   - f(b/h, ^>) or a plane nozzle baaed on Eq.   (64) is 
shown in Fig. 94. 

^0.     Nozzle  Installation  With  Oblique   No/zle   Cut-off 

Let us examine air  flow in a no....ie   installation   vitn oblique nozzle 
cut-off when the nozzle exit edges  lyiiv; in * plane £.  the angle jfrto the 
normal no:.zle cross-section (Fig.  ')■:■).    For this  case the pressure gradient 
in the jet  in the nozzle  cut-off plan,   u 

or,  since dp ■ - pvav, 

dp (■t^costf (1   •   sin m 
dl. H  ; Xf stn (9 — f) 

dv . -s v, M  t sin HI 

h . xt sin (H — t|i) 
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After separation of variables, we get 

- (\ -hsin<p)cos\b\ ? f* T J * t- *t »m (» - ^ " J  v • 

x^ ■ 
After integrating and the required transformations with reference to 
b/cos jr, we get 

(l+itn »> coo » 

"-       I «. " A '      cot«     J 
(65) 

The function (6^) characterizing the velocity distribution in the 
exit plane of a nozzle with oblique cut-off can be represented also as 

Usinc the above-presented definitions and methods,  the aerodynamic 
cnaracteristics of a nozzle installation with oblique  nozzle cut-off can 
be expressed by the following fonnulas. 

The pressure field  in the nozzle exit is 

2 

= '-('+-?-T 

t'l — P, 

P*~ PH 

-"I (1 - S) 

(I-» t.mn c« It 
»•« H- tl 

(66) 

or 

P« - />« 

•Hie air cushion pressure coefficient, given the condition p - p# and 

X-^. ■ JL.  is 

p. - p«       \ ^ / 

, (M-llBjM col» 

-H'+T-^LST11)"  -...        (67) 

or 
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p=i-r:»',n\ (68) 

whtTe 
(I     ^i'iüi10^*      k       I 4- A. '•'" (f — 4) 

The diacharRc  coefficient of a nozzle  in  terms  of its exit area is 

i cos v|   j y, J<,f 

A,CO«.\f/l, 

11 • »in <|l cu» V    .  | 

f 6        <ttl W   -  t| >   ' ».n I«    ,. 
I h in» V        i 

or 

1 1      *, '*'    " 
a -  • -   . (69) 

Tfie  no;:.:ie drag coefficient v   is ussociateü with  the discharge 
coefficient CX by  &q.   (o;). 

For ^« Ü,  when the  no.-zie cut-off plant   cc.incides with  tne plane 
that  is normal  to  the  generatrix,   ttqs.   (6'),   (bb),   (6?) and   (69) are 
transformed  into expressions detercdninr the  corresponding aerodynamic 
characterintics of a no.;zle  installation with normal  nozzle  cut-off. 

As  the angle y is  increased,   the  inclination of the nozzle  cut-offs 
with respect  to the plane of  the   bottom of the  noz;.le installation 
decreases,  and when yf = <p,   the  noz.   •    :r: tallation with oblique noz/.le 
Cit-off is  converted  inU   a no/.zle   in:, ta Hat ion with horizontal nozzle 
cut-off in which  thu exi^s  lie  in   tne  plant- of  the   bottom.     However, 
when f^<p,   tne quantity  sin  {<p-lf) -  0 and Eqs.   (6t)),   (66),   (6?),  and 
(69)  become  meeningiesfs   since   the  functions  v /v^    -  f  (v),    vjv   _  i   /^j 

^ '1 *'' ^      '»'Hi  f  anao(=  •; {y) have an apparent discontinuity. 

Actually,   these functions,  as \/'*'<?/,   tend  to  tfu ir limit and are  continuous 
functions also at  the point sin  i^'Y) = 0.     This  factor must be borne 
in mind when determining the aerodynamic characteristics of a nozzle 
installation with horizontal no/.zle cut-off. 
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Fig. 96. Lffect of nozzle 
cut-off angle y on velocity 
field profile in exit {^- Ab0) 

P.-Pn 

Fig. 97.    Effect of nozzle 
cut-off angle "j^ on profile of 
static pressure field in exit 

(^- 45°) 

The effect of  the nozzle cut-off angle y^on the profile of the 
velocity libid %tA  the profile of    the    static pressure field In the 
exit is .?hown in Figs. 9^ and 97i  respectively.    These fields were plotted, 
respectively,  by Eqs.   (b^) and  (66) for a constant angle of nozzle 
generatrix inclination  <p= 430>    In Fig. 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 elevation 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 
^practically disappears.    The angle 1^of nozzle cut-off also similarly 
affects the profile of the static pressure field in the nozzle exit 
(Pig. 97). 
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Fig.   101.    For calculating 
aerodynamic characteristics of 
air cushion produced by jet 
exiting from no~i;le with 

horizontal cut-off 

The results of detennining the effect of the angle j^ on the air 
cushion pressure  coefficient,  discharge coefficient,  and drag coefficient 
of a nozzle installation with oblique nozzle cut-off are shown in 
Figs. 9B-100, respectively.    These functions were plotted according to 
Eqs.  (6ö),   (69), and (63),  respectively.    As we can see,  an increase in 
the angle pleads  to a marked increase in the pressure coefficient p,  a 
reduction in the discharge coefficient <3C, and an increase in the drag 
coefficient f. 

11.    Nozzle Installation With Horizontal Nozzle 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 nozzle installation as a plane device,   the pressure gradient is 

dp (it'1co4<f(l   I  sin <n 

Usirv; 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 

ih vcmfO  •  sin n) 
dxt ~h " 

■; 
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L^t ua determini'   the  velocity  fii-iils  in  thr-  nnv.zie  exit,   by solvinj; 
this differential equation.     We  can write 

(I    '    Mill!) TON.,      '     |   dx, 

und,   therefore 

l'1-j,' -)''   (I   •   Sll:«|')COS«|v (70) 

Jin.-e   thi   no..ie exit  width,   in  the  plane  ol   noi:/.le  cut-off x^ ■  b/coa CP, 
cJq.   (70)  can  be   represented  aa 

il   •   %  ■: >; 1 

t'      • 
(I   ■  t.n i| i (iti% 

in« 

Aaai/Tiing to  the   instantantoL..,   coordinate  x ^  different values within 
tne  lirai*.:!   from x ^  «= Ö   to  x^ =   x^    am  usin,;  this formula,   it is  not 
difficult   to plot  the velocity  fie.c   ir.   th" no... 1»   cut-off plane as a 
fun.-tion  of param- ter  b/n an i   tn>    ii\ .■   <p < i   fTvneratrix  inclination to 
the no../.I" «xin.    When x_ r.   y. ,   v..   ,-.•». 

 (I  •  « n ^) 

-- —e (72) 

rjq.   {'!.') allows us   it)   laitmlal«'   tne   >- locity  v^ of a jetlet  travelling 
from  the   inner cage  cf  the  no..zU'  al   tr.'    t^unüary with   tne  air  cushion. 

The   pressure  ficia   ir,   tne  no.••/.],■    :..t-off  plane   i. 

P"      PH 

P.      P. 

I' .. 
- e     ''   " .   (73) 

The  air  u'jhion  prt-sju •f! i.  n .'it   i;' 

/' - p„ < ::i 
(i  t  liny) 

1      e (74) 

The  discharge  coefficient ol'  the  plane  no;:;'.le given  m  terms  of  its 
exit area  ia 

M 

— 
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bLvm 

»/rot«       -^ (l + »tn») cot» 

1' 
l-f 

-(l + tln») 

b/h{\ • sm <r» 
(76) 

T^je discharge coefficient of the annular no^x.le is 

'inn, cos qdr        2;tt„ >.«s H 

(l-f tin«) 
a^ 

*«     Qp "M'i-O«'^0»» «(';-'!)«'««»»♦ 
(76) 

Since 

re 
• 

•■■-.•" t,. C«-'.)' 
-J-(l          »IMS» 

i, 

M'«- r J          <r" ~ 'J 
I-*       " 

- r''        t, b 
— <l   -;    MO l() --(1   -sins) 

b                    Dn 

"       •       co»<i         "        2   ' 

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

o. = 
(I   ,- »in-ONCOST- g-^ 

r-r- f- 
cos q     ^ <>. 

COSf D« 

2     : 
0, 

(I+»lnf)(coH»—-g-j — (I  r smf) 

l-f 
 r- (1 •» »in«! 

Introducing the notation b/D^ » b and b/D#*  h, we obtain a formula 
for determining wie discharge coefficient of an annular nozzle with 
reference to axial symmetry: 

'"? 
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FlK-     u. n. .     Thi-on 
jet  at  no. ....     'u' 

i '■   it.,   1 iciua   in air 
.1   : .;    ■ i>.r.  ol   parameter 

a — ^ = i 

t. — <p = -,0° 
• — f - 41.'' 

a — <p ^ tj')1. 

,"S'| 

.(    h 

.n S) 
(77) 

tq.   ("'")  can  be  r( »r^-aer.'' 
of  the   function 

it:.   r.'J'.-r. n    •   !,■    :-:q.   (7^),   in  the   f 

(I MI!  ', I I    ■  •>', 

orm 

|       .A4 .". Ih 

'(      * (I   •   sin S) (cos<f — 6) 
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relating the discharße  coefficient ol   the annular nozzle with the dischargr 
coefficient of a plane no/.zl«'. 

The volume flow of uir in an annular no./.le with an^le of generatrix 
inclination f and with exit edgen lyimc in the aatne plane with the nozzle 
bottom io /    —   —  

where: 

f - ff cos «j      n (r^ — r2) cos «p;   /fis  the nozzle exit area in the  cut-off plane. 

The drag coefficiom of a plane nozzle  installation is 

H- b Ml 
/> ', ii 

Mil S) 
fl If I 

6,0, 
"AD. 

(I   ■   sin si 

(I     »oifl 

(>' 

The   theoretical velocity fields  in an air jet as  it exits from nozzles 
• ith horizontal cut-off and with angle of generatrix inclination jp ■ 0,   50, 
4'^,  and 60°    for    different valuta  of  the parameter b/h are shown in 
(timenaionit-CL;  form in Fig.   10«?.    These velocity fields were plotted by 
i^q.   (71).     By oomparinf; tht   curves  in Fig.   102 with those shown in Pig.  90, 
we can set-  that  the general  pattern of variation in the velocity profile 
as a function of parameter b/h ana   <p lor a nozzle with horizontal cut-off 
remains  the same as for a no/.zle witn normal  cut-off.    The only difference 
is  that for the same b/h and   ^p values,   the nozzles with horizontal cut-off 
have a lesser nonuniformity of velocity distribution in the nozzle exit. 

Using Eq.   (72),  we  can Tidily find  the effect of the angle of 
inclination  <p on  the velocity distribution in the air jet at the nozzle 
cut-off.     Fig.«   '0^ shows  thu dependence of vg/v*    on the parameter b/h 
for nozzles with angle of generatrix inclination jP = 0,  50, 45.  60, and 90°. 
As we can see,  for a nozzle with contant relative exit width b/h,  the 
relative velocity v^/v^  at a point with coordinate x^, ■ b /cos^? decreases 

with increase  in  the- anfile  of inclination JP, ana  the nonuniformity of 
velocities distribution at  the no-.zlc cut-off correspondingly rises.     It 
must  be noted   that  ^P» 90  ,   Kq.   (7^)  becomes meaningless,  since  in this 
case   th'.'  nozzleexit  width  x f O» 

The-  theoretical  velocity  field  in  tne air jet  in the nozzle cut-off 
plane  plotted  by iiq.   (72) as  tne  dependence of  the relative velocity 
wi/y0    on  th<-  generalizing parameter b/h  (l   + sin^?) is shown in Fig.   104. 
^y mean?   of  the generalizing parameter,   it appears possible  to characterize 
the entire diversity of the velocity fields  in the jjt at the nozzle cut- 
off determined by its exit width b,    height h of no/.zle position relative 

•7 
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Tho  velocity field  it;  tn<    r.u...:ii     •ut-off plan-,   in  taiG  case  is 
characteri'/^d  by  the section  of   tn-     urviri 1 ir.'   within  the  limits 
b/h(l  + sinf) = 0-0.6.     For a:l   otfi. :   v.I .in  of   b, &,  and h,  a combination 
of which  makes   the  par.^mot^r   i/r.{'   t  JU. vv)  ■-  ^:.6,   tne  velocity field  wiJl 
be  similar to  that  foun'i   ir   this  examnlc. 
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The  theoretical  preanurc  fields  in the air jet as it exits from a 
nozzle with an an^le of ^neratrix inclination^ » 0,  30, 4i),  and 60° 
for different values of paramrtor b/h are shown in dimensionless foim in 
Pig.   lO4).    Tliese fields were plotted by Eq.   (73).    For a nozzle with 
horizontal   cut-off,  just as for a no/.zie with normal cut-off,   the profile 
of tJie pressure field faces  the ground surface with its convexity.    As 
the distance h is decreased (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 pressure  (p^ - p^)/(p0 ~ P/y) " 

(P4 ~ P/z^Afv* /2) ir. the nozzle cut-off plane, as a function of the 

ratio b/h for different angles f,  is shown in Pig.   ^06.    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 
nimultaneously expressed in generalized form the pressure field at the 
nozzle  rut-off.    Each point lying on these curves determines the excess 
pressure at  the exit edge of the  inner wall of the nozzle or, which amounts 
to the name  thing,   the excess pressure in the air cushion.    The reflection 
of the curve lying in the range from 0 to the reflected b/h value charac- 
terizes  the pressure field in the cut-off plant for all nozzles with 
selected  value»  of  the parameters  b/h and  f> . 

As we  can see, an increase  in the angle f> leads to a marked increase 
in  the  pressure  and  the nozzle cu';-off plane.     Here,  even when f>m 90°, 
Eq.   (74) becomes meaningless,  since at this angle the nozzle exit width 

Theoretical pressure fields  in a Jet as it exits from a nozzle,  on 
analogy with pressure  fields,  can be expressed in terms of the generalizing 
parameter b/h( 1  + ainf>).    The dependence of the distribution of relative 
pressure  in the jet in the nozzle cut-off plane on this parameter, plotted 
by Eq.   (74),   is shown in Pig.   107,  from which it is not difficult to 
determine  the excess pressure at any point lying in the plane of nozzle 
cut-off.    Por example,   for a nov"/.le with b « 0.1  m, (0= 30°, and h ■ 0.25 m. 
the excess pressure at the exit edge of the inner wall p^ - p^ ■ 0.7(fv2/2), 
since  the generalizing parameter b/h(l  + sin ^O  takes on the value 0.6. 
The pressure field in this case  is characterized by the section of the 
r^urve within the limits b/h(l   ♦ sinf) ■ 0-O.6. 

Changes in the pressure coefficient p of the air cushion as functions 
of the  relative elevation h/D*    of the nozzle installation above the 
ground surface for different relative nozzle exit widths and for the 
^ioneratrix angles of inclination ^> = 0 and 4^° are presented in Figs.   108 
and   109,  respectively.    These functions were plotted by the equation 
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Pi^.    07.     TTieorotical  static pressure fields  in 
air jet at r^o^le cut-off as a function of 

generali/.inK parameter b/h (•  ♦ sin^) 
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Fig.    08.     Pressure  coefficient of air cushion of 
annular Jet as a function of clearance above shield 
for different noz/.la exit widths and generatrix slope 
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whore  d„ is  the diameter  (width)  of th<   nozzle  installation,  determined 
w.th  respect  to  the exit ed^es  of  the  outer wail   of  the  no/.v.lea. 

As wt<  can see,  with increase  jn  Uu-  elevation of the mizzle  installa- 
tion above  the ground surface,   the  pr»'8;;ure  cruffitient p decreases,  and 
does  so  the  more  rapidly,   th(j  smaller  tht-   relative  width  b/D^    of the 
n./zzle  exit.     By comparing analo^outi     .rvcü  in Fi^j.   108 and  109,  we see 
that an increase in the angle  ol   inclination      of  the noz.:le generatrix 
leads,   for  the same el»?v itii>r. values,   lo fTe.iWr values  of the air cushion 
pressure coefficient. 

Changs  in the discharge coefficient^    for a plane nozzle as  theoretical 
functions of the parameter b/n,   piotteu   :.y   'KH.   i ,' 
uf inclination angle <p,   are preat.ntec  m  F'l^.     'J. 

increase  in angle <p leads   tc a  marr. c   .-•■  -.u. : i <;.   :n 
where   the  degree  of  reduction  beccmiS   •.,;..    t:v niw, 

)  for different values 
ns we  can see,  an 

'„fa   discharge  coefficient, 
the jmaller the distance 

h between the nozzle and the ^ouna surl'a-i 
parameter b/h. The effect of vana-.i :. in 
in  the  range  b/D/# = 0-0. '   or.  the  flic  iifir.i 

pm 0 and -V;    is shown  in Fi^.       '.     'rri>-:.t 
£q.   (77),   the  effect  of   the  param«-;,  r  u   .yk 

other angles of generatrix  inclinatioi. ^    i 

iha*.   is,   the greater the 
,:IL   a.-^iuiar no..zie exit width 

■ •firient   cc    for the angles 

j ar.  t-iT-.s  were  plotted  by 
'.:».' value 

.illv   limited 

df CT    also for 

Variations  in  the  discharge    .o« :Ti •!• r.t,   c<.,  of an  annular no/.zle as 

functions  of the elevation n; D*     '.'<:■ an fc.-.-M ••...jt  width:;  h/DH ,   plotted 
bj   Eq.   (77),  are shown  in  Fig.   n.',   vio-n-  '.:.■   ar^logous  functions determinei 
by  Eq.   (7')  for the  plan''  no/.ir ar<   riven with danhea   lines.     3y comparing 
the  corresponding curves,  we see  that allowing  lor  the axisymmetricity of 
the flow weakly affects  tne discharge 
in the  values of the  coefficien 

b/DN <1 0.0^,   the  coefficients   ex     an-;   o    a;--'  practically  the same.     For 

air cushion vehicles, the utili • .: rir.i- ol' \-alu« .. of the nozzle exit 
width b/D, - 0-0.01;, while tne ranr- '" ' -h- parameter b/h = 0.2-1.0, 
therefore  the  simpler formula   (.. .:.    •   u. ea  :   r  practical  calculations. 

&     arii 
I. 

effi -.i'-u: .     There  is  some  difference 
a     ■.ii.n  D/DH^>  0.02.    When 

P   ire The  function^ =  f(b/ji,^)   f .r 
shown in Wg.     1   .     The dependenL.. 
elevation h/D„    of  the  noz.le   instailat;   r.  aü  v 
shown  in Fig.   1)4 for differen*   reiatr/e  r.r,. vie 

-.zf    plotted   by Eq.   (78)  ih 
ficient ^" on  the  relative 

th-   ground surface  is 
exit widths  b/D« • 

2.     Two-Pass  Nozzle  Instaildtion *iti.  .aori.^fi'a.   Nozzle  Cut-off 

Earlier we found  function;;   tnat ..■nable us,   for a known geometry, 
to determine  the aerodynatnii   charactensiics  of a ßingle-paas nozzle • 
the velocity field and   the  pressure   li   1 ;   i:.  th«   no/.zle  cut-off plav.e 
ind  the air cushion pressure  coefficient,   discharge  coefficient,  and 
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Pig. i'0.  Discharge coefficient of flat nozzle 
as a function of parameter b/h for various angles 

q>  of generatrix slope 
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Fig.  11.  Discharge coefficient of annular jet 
as a function of parameter b/h for various relative 

widths b/D^  of nozzle exit 
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Fi^.   ' .5.    Drag coefficient  of flat no/.zlc as a 
function of parameter b/h for various angles ^ of 

generatrix slop«- 

Pig.     .4.     Drag coefficient of flat nozzle as a 
function of relative  clearance above shield for 
several relative nozzle exit widths and generatrix 

slope ^ « 4!?° 

drag coefficient as functions of  tn.   - i« vation of tne no'/.zle above this 
r.upport surface.    Thus,   for a ainglr-pass nozzle with horizontal  cut-off 
of  the  exit edges,   for known b, <p,  ana h,   tht-  relative air velocity at a 
point in question in the nozzle cut-off plane  is 

(79) 
v. 

— ~ ■    — ll -» iin <|l 

while the relative excess pressure is 

P =  

. .' —3— -— (1 . »in <■! 

Pi- P, _ 1 _ ^   '.  * 
, 't (1 4 im •, 1 cot %• 
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Fig.  113.    Arran^eiDent of no/.zles in two-pass 
nozv.le instulluti.iiri 

Fig.   v6.    Scheme of two-pass 
jet form from a single-jet 
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Fig.  117.    Streaming of two- 
paeo 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 (x— - x^),  the 
excess pressure at this point  is  the excess pressure in the boundary 
jetlet  travelling from the  inner edge of the nozzle.    This exc^as pressure 
propagates in the space bounded from above by the bottom of the nozzle 
installation,  from bene th by the ground surface, and from xhe sides by 
the air jets,  and  constitutes    the excess pressure in the air cushion. 
In this case  the drag coefficient is determined by Eq.  (78),  the air 
jushion pressure  coefficient is 

p =  p*   /'  =l-e     * 

2 

while the discharge coefficient io 

I  <• 
(1 • >.n»( 

b/H (I  sm ip 

•^ 

(81) 

(82) 
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If we know the total pressure H in the air stream ahead of the 
c 2 

nozzle  installation, equal to the dynajiic pressure p v /2, then by using 
Eqs. (b^), (81), and (82) we can determine the excess pressure in the 
air cushion p^ - p„  and the volume flow of air W in the jet exiting 
from th«; nov./.le. 

Let us determine  the aerodynamic  characteristics of a two-pass nozzle 
installation with horizontal  no/.zle cut-off (Fi^.   1'^).    Let us mentally 
araw in  the jet of  the single-pass nozzle installation a surface along 
the streamline   through point   '   (Fi^.   116) anu   let us divide  the jet and 
the exit section of  the  nozzle with  this surface  into  two parts.     Let us 
jhift   the   left part  of the jet and  tht   nozzle section relating to it to 
one siüe  in  the horizontal  direction and  thus  let us  form two jets with 
their own no.zles and  bottom section line between these nozzles,   that is, 
let us  forma   two-pass no/.zle  installation  (Fig.   11?). 

We will assume,  as  incthe  case  of  the single-pass nozzle,   that an 
inviscea and  incotupresaible  fluid   iü   cirou^ht   to  the  no./zles and,   therefore, 
we  can neglect  the effect of circulation currents  in  the space  between 
these jots.     Given this assumption,   the exces;;  pressure   both at points   1 
and   1',   as well as  over the entire  section of  the  bottom between tne given 
points,  will be  identical anu equal   to the excess pressure produced by 
the external  air jet,  while   the  excess pressure  in the section of the 
oottom bounded by  the internal  nozzle will  be determined by the overall 
reaction effect of  two jots — oxtemai  and   internal.     This action of 
two jets  can be  replaced  by  the  reaction effect of a single jet exiting 
from a no.zle and with a width equal   to  the  total  width of the external 
and  internal  nozzles. 

Calculating a nozzle installation when Q - f.   - f. and ^h = 0.     The 

coefficients  of drag,   pressure,   and discharge  of a plane  two-pass nozzle 
installation with   identical angles  of generatrix      inclination of the 
external  and  internal  nozzles f = f.   = f,  can be determined,  respectively, 

by fciqs.   (to),   (bl),  and   (82) with  n-fen'nee  to  the new geometry of the 
nozzle  installation.     The  ciefficii nt  of air cushion pressure for the 
action  of  the  bottom  between  tne   outer anu  inner nozzles  is 

Pi = — f 
(•■■:. 

h 
(I   -  Sin VI 

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

^ = .£11^ = 1 

2 

• ^  (' t »m «) 
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Pig.   118.    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 
nozzles,   is 

(83) 1-*         h 

a —■ - 
h-^L (1 + „« v) 

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

►i 

I -t 
tl ♦ «InV) 

6,/* (I  t s'n<0 
(84) 

"ftic discharge coefficient of the internal nozzle,  given with respect 
to its exit area,  is 

a,-a f (a-a,)-^ (85) 

iOqs. (85) - (ö'j) 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 nozzle slits are  identical. 

■2'1 
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Thr total dra^ jocffi :ient of a two-pas:: no ..le inatallatlon v .th 
ivspect to the over« 11 <'xit are.i of the external and internal no< lea 

(- -/a''. 

CaJ<ulatin^ a no . 1»   installation wh'-n   ^p.   0   fP    and h » 0.     Let us 

exauiin«'   the  case  of  the mort'   complex  fneometry  of a nov^le  installation 
when both  the no/.zle generatrix slopes and  the length of the nozzle slits 
are different,  and   the nozzle  cut-nff lie  in the same plane  (Ah ■ 0). 
Let ua denote   the generatrix slope of  the external noz-le by   4>.  and  that 

of  the   internal  nozzle  by   ^nt  and  the  corresponding length of the exits 

of these nozzles by 11  and 1„. 

Obviously,   the  pressure  coefficient p,   lor  the external  nozzle does 

not differ in any way fror,  the  coefficient p for the single-pass nozzle 
and   by  oq.   (8')  is 

: 
;l ■   -in ij ,) 

(86) 

Th-- iletermination of  the  coefficient  p.   directly by Eq.   (öl) does not 

yiehi   the   correct  result,   :;ince   in  th»    transition  fror,  the  external nozzle 
to the   internal,   owirv:  to the  chang<   in  the angle     ^>1   oy   ^7    for the same 

vuluey  of b    and  h,   the function  (t1') gives  different values of p for the 

points   1  and   1',   tnat  ia,  cifferent  pressures in the air cushion fortned 
by  the external and  internal   jets,  which is  physically impossible. 

For a unique  solution  to   the  prooiem,   let us   reduce   the  pressure  in 
the air  cushion formed Ly  the   internal  noz.:l'   to  the  pressure formed by 
the external  noz/.le,   by  introducing the  fictitious exit width   ^j   of the 
internal  nozzle.    For  the adopted values  of b,,  h,  and   (p.   the pressure 

:oefficient p.   at point   '   can bo determired   by r.q.   (86).     The same 

pressure  coefficient p    can  r,.   nbtair.<-a  also for a  nozzle with a generatrix 

sloped'    if we  maKe   tne  no:.zle  exit  widtn equal   to   b^ .     In  this  case 

,): - 1     ,■      " (87) 

By equaling the right sides of Lqs.   (86) and  (87), we get 
b,(l   ♦ .sin^^) - b    (1   ■»■ sin ^J.    Then 

b* - hx ; MM <(, 
(88) 

Vb 
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Thus,  for an identical elevation h of the nozzles above the shield, 
the no;: .le with the generatrix slope   ^„ and the fictitious exit width 

00   also ^ivea  the same initial pressure coefficient p1  as does the 

nozzle with the generatrix slope   ^  and exit width b.,.    The method of 

reducing the pressure in the air cushion formed by the internal nozzle 
of a  two-pass nozzle installation to the pressure produced by the external 
nozzle is graphically clarified in Pig.  116. 

A curve plotted along points p^,  p.,  and p'   characterizes the 

variation in pressure in the cut-off plane of the external and internal 
nozzles with identical angles   <p,  of generatrix inclination and identical 

exit widths b and b . 

The curve plotted along points pM,  p.', and p" cii&r«cterize thp 

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

Identical exit widths b.  and b . 

The  curve plotted aling points pM, p., and p„ characterizes pressure 

variation  in the cut-off    lane of nozzles with angle of inclination   p. 

for the external nozzle .»nd   <^„ for the  internal nozzle. 

T^ius,   the pressure coefficient for the section of the bottom bounded 
by the internal nozzle of a  two-pass nozzle installation is 

Pt = -*—?•- =l-e        * 
pi 

2 

and with reference  to kkj.   (88) 

I -t-«lny,      . 
1 ->-»ln»,    , + %in9t) 

- i * 

or 

-: fi'- (I  f >ln«,M  -^- (I +»li>»,»l 
pt=l-e    l* '. (89) 

ity 
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Let us determine   the diacharce coefficients of a  two-pass no/./.le 
wim different ^neratrix olopoa and aiffer^nt nozv.ie slit length.    'Hie 
tutal  volume flow of air passing thnxiRh the  two-pass nozzle installation 
is equal   to the volume  flown of air in  tfie external  and  internal nozzles, 
tfiat  is,   ^i • ^,   + 0,..     The voluuu-  flow of air in the external nozzle is 

r    1 /  2//f (90) 

The «lischarge  coelficieni ff.   of  the external  no/.^le determined on 

analogy with  the  coeffici-nt  of a sinKlt—pass  no.zle  installation by 
Eq.   iS?)   is 

i - f 

I; h ( Mil  I) ,) (91) 

This   rroefficient   is  relat-'d   l     tne  exit  area  of  tne external  nozzle 

/ ,       i ./, i"- 'i i       '•.•'. 

where  x     is   the exit width of  in-   external   noz.le  in  the  cut-off plane. 

The  volume   flow of air in  tne   internal  noz/.le   is 

Q.-aJ, \     *   H. . (92) 

where/^      xtltcos(f.      h*l     \ ^R  t'IK' '"'i^ width  of  the  internal  no^le in 

the  cut-off plane. 

Hy  r.q.   (92) and with  reference   to  uie  uneven uistribution  of velocity 
in the nov.-le cut-off plane,   tne  uiHcnax-ge  coefficient of the internal 
no..zle   ^.i 

ci. 

'      p 

SI       *      J 

:-,,/:cos<(jdx,(' 

'f.   '* 
(93) 

When determining the discharge  coefficient  for an internal  nozzle 
with a generatrix slope differing from tnat of the  external  nozzle,   it 
is necessary,  as  in the case when we were  determining the  coefficient 
p„,   to ttke into account  the disparity  in pressures  in the air cushion 

for different generatrix siopen ana  for identical  values  of b.  and h, 
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that is, to introduce the fictitious width h^   into the velocity equation. 

As appliod to this particulur case, Bq. (79) for an internal nozzle will 
become 

^a. = -5-(l+s!nVi)cos«p,= 

m ii^iyj(i + smVl)cosV, = i^a (I + smVt).  (94) 

Inserting this expression for the velocity into Kq.   (93)i  integrating 
vithin the limits from x^2 - 0 to x^ - b^cos ^»p» and carrying out the 

necessary transformations, we get t.v.J discharge coefficient of the Internal 
angle with respect to its areai 

b,   ,  ~- (I + »in»,) 

a, = e 
_ _^. (1  r »infi,) | _ f 

1 

* VMI  r smf,) 
(35) 

The total  discharge coefficient of the  two-pass nozzle installation 
with respect  to  the overall exit areas of the external and internal 
nck-/;lt'S is 

The  total voluce flow of air passing through the  two-pass nozzle 
installation in 

Q - of j/-*- H. . V'' 

where    p ^ Fi + Ft  .. 6|/|  j   ,,j: 

General case of th-   calculation of a nozzle installation when 
a. f- (p    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 
<p,  exit width b and length 1,   but also by  the height h relative to the 
principal plane of the nozzle installstion coinciding with  the cut-off 
plane of the external nozzle   (cf.  Pig.  H^). 

Determining the pressure coefficient p.   for an external nozzle in 

this case does not differ at all from its determination fox* a single-pass 
nozzle installation.    TJie coefficient is , », 

/»,   =   I   — e *• 

b' 

« = -'   —.M-. /<M;I 
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Let üB  find   the expres.ion Tor  Un-  t-o« fficient p   .     In order  to 

maintain  Ihe  condition of constancy  of prcaaur»1  p,   bounded by jets and 

the  flection of   tin*  no/., le  instai lHli(in_bottüiii tnciooed  between  them,   and 
to deriv.    the   formula  for  ';oi fficient  p     tnat   io  structurally similar  to 

the formula for  th--  coefficient p,     let ua  find   the  fictitious exit width 

b-?   of   1^'   internal   noz.-le.     We  can writ»' 

\\ ■ »in <j,i 

p, = I - e ". 
(I • nn»,) 

whenc»' 

h. - 
Mil <(, 

(98) 

Accordingly,   the air cur.hion prcisuri    coefficient for  the section of the 
bottom  founded   by   t/.e   internal   no.    ••■  of a   iwo-pttoP  no .ale installation 
i.. 

ii • in, o 

or 

Pi = 
. . -^.A 

»i      A,      1 »irn;, j 

*ith reference  to h    = n.   ^.^h,   ttic  cc-i fii.ient  it> 

h. ■':"i>>   ( ' •    ,,,  ' i  .  iin«",     ' i- A».*i 
(99) 

where 4h  ia   the  diatance  alnr  tnc 
internal  and  external   no.-..i<'. . 

>jl   bi-twf.n  th«    Cwt-offs  of   the 

From ^q_.   (yy)  it  ir.  no- i)iffi.-u.t   LO obtain an expression for the 
coefficient p    corre.sponoinr to   tn»   p»rticular cajc when the profile of 

the  internal  no.. It- differs  from  ti xternal   only  by  the exit width b 
and height, h of  tne  nozzle  cut-off   dilative   to  t;.e principal plane of 
the no. .le  installation.     Thus,   wrier, (p = <p,   = <p ,   fcq.   (99) will  become 

P,~\ 
■•■j) 11 

A.       I   ■   \h:tt. 

(100) 
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For      3 case b1 / b«; <p^ t<p2, and ^h - 0, Eq.  (99) transforms 

into the earlier-derived £q.  (89)» «nd then in the case of bp - 0 — into 

the formu        or the single-pass no/.zIe installation. 

The discharge coefficient of the external nozzle in the ge «ral case 
of the placement of internal no/.zles in the nozzle installation we are 
considoring,  that  is, when b   /    h-, f   ^<p}, and h    ^ h^  is determined 

in the same way as for a aingle-pass nozzle based on £q.  (91)-    I^t us 
determine the discharge coefficient  oc, of the internal nozzle in this 

installation Just ait we did for the derivation of £q.  (9!?).    Using £q.  (95) 
and £q.  (94) for the velocity in the cut-off plane of the internal nozzle, 
we get 

a. = e    *• If !  

then, with reference to Kq. (96) determining the fictitious exit width 
b^ of the internal nozzle, we finally find 

a. 
— -j— <• 1  Unf,)    |   -      n, 

VMI   I   »'"Ti) 
(101) 

The coefficient O'   is related to the exit area of the internal 

nozzle F   - b^l^.    The total discharge coefficient of the nozzle installa- 

tion with respect to the overall exit of the external and internal nozzles 
is determined by £q.   (96). 

i}.    Double-Pass Nozzle Installation With Oblique Nozzle Cut-off 

Let us determine  the aerodynamic characteristics of a two-pass 
nozzle installation with oblique nozzle cut-off (Fig.   119), by using the 
same method of calculation that was adopced for the nozzle installation 
with horizontal nozzle cut-off (cf. Fig.  11^).    For a single-pass nozzle 
installation with oblique nozzle cut-off,  the instantaneous relative air 
velocity in the nozzle cut-off plane is 

+ COilJ) ) 

(1 -r tiny) tot* 
»In (v - ♦> 

-[l -H-^-suUf-*)] 
(I -f tiny) co*t 

• in (« - t) 

133 



— immm .II-I^.W..P , 

.in'   thf   instuntam-outj   relativ.-  excess  pressure  in   tliis  same plane   is 

,     tl  *   «III f I en« t 

Mil  (l(^-    <{!)   ^ MO  (f        <•! 

P«', 

T 

1   f- - * sln(ip     «J-) 

II   -*   *lri 4 ( c*i^ V 
t n I«   - tl 

where  x^, is   the   instantaneous   co.irdinate    in   the  no.zle cut-off plane. 

The.si*  fonnulas   can  be uüeü   in Qe ternininx  cnaracteriatics  of  the 
.-xternal   novzle as well  an   th<'   internal   ii   we  ailow  for  the  geometry of 
these  no..les.     To derive  tru   characteristics  of  tne   internal nozzle, 
we must also introduce  into  tin :;<•  furmulas   tl-o  values  of  the fictitious 
widtn and  fictitious  hei^iit ol   the   intt.'rnai   no../.le   in  the nozzle  installa- 
tion. 

Twd-paas  noz/le   inntailation with  normal   ,io,-...le   cut^cff.     Let us 
".xanine   •„•.»•  simpi'-st   :> ;h  r.e  of a   two-pajs  no.  .1<-   ins*al r.ation when  the 
.«n^ic;!  ol   no..:1c  generatrix   inclination   iß.   ^ $    "(p,   the  cut-off 

no:   ien aiv   f'    =  V     = ''«  •■inrt   ^n'' ext"rnai   eugi.,'  of  tn«   internal nozzles 

an<J   the   internal  edges  of the  ^xternai   no... iej are at   trie   üane distance 
/\h  ■   D    sin p    from   tne  principal  plan»'  u£   trie  no.-zle  installation, 

that   iu,   let us  conaiüer  the  characteristics  of one cf the special  cases 
of a  two-paa;; no. . le  installation with normal   nozzle  cut-off.    The method 
of forming this  no.'.zl«   installation ana   tnt aymbols adopted are shown 
in Pig.     20. 

The air cushion pressure  coefficient for   in<   external  nozzle is 

Pi ,\ S!1,0 

1   •- «in %■ 

.;inc'.'  wh«n  b    =   o  ,   the  preüsur».-  p,.   -  p   . x ' '-y/     f 

The air cushion pressure   io.-f l iii.-nt  for   tne   internal  nozzle  is 

P. =   : ' 
PT      P. 

P«; 
2 

- ..i (, i 
h, . b. 

si "f) 

I   •   «in n 
.r,  ; 

■ -      - — 
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Fig.   119.    Arrangement of nozzles in two-pass 
nozzle installation with oblique nozzle cut-offs 

Fig.   120.    Foraation of two-pass nozzle installation 
with normal nozzle cut-off1 

a — initial variant 
b — final variant 

Pig.  121.    Design scheme of two-pass 
nozzle installation with oblique 

nozzle cut-off: 
1 — principal plane of nozzle installation 
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since when b    - b    + b,,   the presaune  p    = p  . 

Itic discharge coefficient of  the external  no/./.ie given with respect 
to its exit area is 

w.iere vvy''vH     is  the  n-lative air velocity  in the no/.zle cut-off plane; 

^-(' + ^^)   ' 
»in « 

"t 

After int^grution,  we get 

a' T: l-(l   ^^mV) 
tin >, 

The  discharge coefficient of  the  internal  no/..lo given with respect 
to its exit area is 

\       .ms. 
.  n . 

a. \ II ■lll'l 

Integrating this expression,  we get 

''i 
a'=  b (1   f-^-Mn,) -(I   f-^SlnV) 

im v 

Th«' total air discharge coefficient related to total exit area of 
the nozzle installation is 

*. ^N 

o = - i 
v .^ h, ■ i, 

(6, i *,)/,»,   b I-TTI i^-::—o 
1 ^ »Iny 
lln ■( 

■3b I 



Finally, 

a = —-J- '-(1+-*4>"») 
tin 9 

The drag coefficients of the no^^les are associated with the 
discharge coefficients by  the relationship £ ■   '^x  • 

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

'. = '-('^t---^)' 
, O + tin y,> to>», 

or 

where 

P, = I — e - *, In », 

(102) 

(103) 

*.= 
(I     -    Mil ■I.U'All-, 

>'n (f,  - i,) 
.      ,     b,   MM («r, - ♦,) 

■  Ki — ' -r -;. ''. ,"s "li 

Let us find  the analytic expression for the pressure coefficient 
of the internal no~zle, which for arbitrarily specified values of b?, 

h_,   f   ,  and y^0 of the internal no/.-,.le satisfies  the condition of 

equality of pressures p.  at the  inter, il and external edges of the 

external and internal nozzles,  respectively.    % maintaining the function 
p    - f(b , h^,, p ,   y ) structurally singular to tne function for the 

coefficient of the external nov.zle,  and  bearing in mind the conditions 
apecified above, we can express  the pressure coefficient for the internal 
nozzle in the form 

p. = I - ( I 
-: (I f »lny,l cot j, 

tin I«, —1,| 
(104) 

The fictitious exit width b^ of the internal '»oz. le and the 

fictitious height h^ of the placement of this nozzle relative to the 

support surface appearing in this expression are unknown. The fictitious 
elevation expressed in terms of the distance between the outer edge of 
the internal nozzle and the support surface is 
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/.^ - lit - x^m (,,     K) - K - ^ S,M ^*. (105) 

U-t us dfU-rmine   the «-xprcsnion  lor the  lictitioua width b« .     Ity 

^♦•ttirv:  the widtn  b.. ■ 0 in rx?.   ( 04) and equating  the ri^it sides of 

the  r^sui tin>j equation and  of ^q.   (  ()<;),  we will  have 

f I       t*-. *- <,<J  ^«'l I-[l. 

= 1-1 

(I  •  »in fj) co*», 
"~»i'n'i<(,      tt» 

il -• «m f .I fo» if, 
»m (»,   - f,l 

By   replacing' h-    in  thi;   expression with its value  from Eq.   ( 0t)), 

•md  by  carrying out  the necessary   irunuformations,   we get 

(106) 

where 

^ = 1 -f- 

.'_*"-,J_n *'       *"' '»I      »»>       CO« »I 

ft,    sin («f, — fill ' ^ ""''    ,in'*'-*•»    lo»t» 
*, ■*.    "J 

Inutrting into tiq.   ( 04)   the  values  of h«   and  b«  determined 

based on tiqs.   ('0^)) ana  (i06),  and carrying out  the  transformations, 
we get 

(I  t »in «i^ co\ »! 
• in (»,     t,l 

or 

V   '•.   /      I ft, CO* If, J 

,il  •   «jn »,i n» «f, 
ft.     MM (i;. — ifc.i i «HI is.      «,» 

where v^/v*    is  the relative velocity  of the  jetlet  travelling from the 
internal  edge    of the external no...;le  or from the external edge of the 
internal  no..zle, 
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With rpfercnce  to the equality Pi = I — ( —)     t  the pressure coeffi- 

cient of the air cushion produced by the external nozzle is 

or,  sinct' />. = 

,(1 -Min»,) co»», 

A, + A/t. 

p4=l_(|_p|) 

or in the form 

p^l-O-p,)«? -5», In *, (107) 

where 

'•-       sin (?.-♦.) 1+-^- ^ 

Kq. .  ('05) and (04) arc used to determine t:.e pressure coefficients 
p. and p    of the air cushion pioduced by the external and internal 

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

The air diacharße coefficient of the external nozzle of the two-pass 
nozzle  installation with oblique nozzle cut-off given with respect to 
its exit area i» 

o, = T- COS tj),/, «<*♦ 

»~       *»i co$ ♦,/,(;,, 
I 

'♦l" cot», 

1  ***■ 
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i + -*- MM («r, - tr,)] 
0 t- »m <>,) co» ^l 

X     -     6' 

is  the exit width of  the nozzle  in ttw  cut-off plane. 

After suostitution und  into/yration,  we get 

(i - tin Vi' tu*jt 
i_ r,    /',  sin IT, - ji) j'  "%^i'i%7 t.t ' ^ 

-in !•(,      xf,) ;  (I + MM 'l|l_c^fi_       j 
in <, Mil    ('j, -    <{,) 

or,  whicxi amounts  to the sann.-   thirv', 

•i. 
.«,     it 

(1(18) 

where 

■ (I   ■  sin <fxn<istt .     _ j   ,   _£j bx      MIM««,-^,) 

cost, 
(101») 

The discharfje  coefficient c:'  tne  internal  no;-.i,le given with respect 
to its exit area is 

t, 

I 

xT,cosS,,'J^,« *ti 

ft        en» ^,# 

J        Adxt.      (110) 

MO 

I 
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(I f ilnv.l coi^. 

^L-[l+JL5in(Vl-^]"   •'"'••-♦•, 

it;  the relative velocity in  the cut-off plane of the internal nozzle and 
-   _    ^i      is;  the exit width in the cut-off plane. 

Here, 

* = *♦ + *., = J*- + -^-- COSf|        to* it   ' 

h^ht-x. sin (9j - ^) = Ä, - ^ ""^"^. 

Hoplucin^ the fictitious width b^,  with its value l^om Eq.   (106) 
and uain^r the notations in (109), after transformations we derive an 
expression for the instantaneous relative velocity in the cut-off plane 
of the  internal no/^le of a two-pass nozzle installation: 

tv »    r r ('-Mint,) CM». 

•?=*»    [l+Tr»'n(^-fc)]     •"'^-♦•'    .     (IN) 

Inserting function (ill) into Eq.  (HO) and carrying out the inte- 
gration, wc get 

ai = 

r (14 lln».>cot»,     .1 
*-».   i _ h . bill1 (,?iz: ♦«> \~   <»in ».-♦,— + 

*i »in (ft— til r (I -f »'" T.^costi 1        i 
co»t i       L      »"< (Ti -1=1)     J 

or. 

o. Mr*,l|-*r(*,-ul 
^V^-"' 

where 
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Moreover,  since h h1   ♦ i\h, 

l 
a. = 

»7*'li-*j -t*. n 

V^i        >m (<p,-♦,) (/k _!, 
cost,    ' y* 

(112) 

liqs.   ( lOb) and   (112) are used  to determine  the discharge  coefficient 
of  the external and  internal  no/./.les  for their arbitrarily specified 
position  in a  two-pass noz.le  installation. 
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CHAPTOt POUh 
DETERMINING THE LIFT OF AN AIR CUSHION VEHICLE 

To produce an air cushion under H vehicle in the free hovering 
state a; some elevation above the support surface, one must continually 
feed a-ir 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 7.1 e installation placed in its lower section — in the bottom. 
Cving to the reaction of air jets escaping from th* nozzle installation 
and streaming over !*>> ground surface to either side of the craft in 
directions radial froui it, under the bottom is produced a pressure that 
is greater compare'} with the atmospheric, that is, the air cushion effect 
is achieved. Ir th upper section of the craft at the outer surface of 
the air intakes and the adjoining sections of the craft roof rarefaction 
is produced due to the effect of the suction action of the fan. 

The lift sustaining the craft in the air is composed of vertical 
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 
near 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 lift produced by the air flowing through the 
craft. 

To find what effect the suction of air has on the lift, let us 
•xamine le flow in a vehicle that is in the hovering regime at a 
considet iblr. 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 
■ •raft bet torn. 

For Himplicity,  wt- will also assume  that  the  vehi ;lt' has a single 
suction opening and a sin, le exit op^nin^'.     This  vehicle  (Pig.   122) 
consists  of a vertical  duct  III,   intake  header I,  and exit nozzle  IV. 
In the duct  is mounted a fan II with a driv»' sucking air through  the 
header aid discharging it  through the nozzle  in the form of a continuous 
jet aimed vertically downward.     The header and  the nozzle are profiled 
nlong smooth curves,  and the entrance edge of the header is separated 
from the  duct axis by a distance  thai  is much greater than the duct 
diameter. 

To determine   the  lift  of  the  craft,   let us  enclose  it  in the 
contour  1-i?-}-4-';   and   let u:i  apply  the  momentum equation.     Let us project 
onto thij 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 secticns the pressure  is equal  to the atmo- 
spheri.- p^,  and  the air velocity  through the  contour v ■ 0  (with the 
exception of  the section where   the  jet exit velocity   is v),   we get 

V — tn v .t/'f. 

Thus,   the  lift acting on  the vehicle is 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  f ,  and  the exit 
area F,  and does not depend either on the  rarefaction induced at the 
surface of the  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 as   1BÖ2 by N.  Ye.   Zhukovskiy [22,   25,   24]. 

Let us examine at which  craft ntrurtural  members and  to what extent 
this lift  is realized,  and  let u;   al.c  aetertnine the power outlays  to 
produce  this  lift force. 

M.     Craft With  Inlet Header and Exit  No^/le 

Let us assume  that  the header j.rcviries a  continuous nonseparation 
entry of air into the duct.    We will assume  the air to be an ideal fluid 
— inviscid and incompressible.    Accordingly,  we will assume that fric- 
tion of air against the wall of the header,  duct, and nozzle is absent, 
and also that  there are no local pressure  losses   throughout  the  flow- 
through section.    Let us assume that the fan has an infinite number of 
blades and  is a kind of disk in which thrust and velocity are distributed 
evenly over its entire area,   including the hub,  and  that twisting of the 
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Pig.  12?.    Control contour for determining 
the lift of a 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, v-, — in the section of the duct behind 

the fan, and v — in tht  nozzle exit are distributed uniformly. 

Since the diameter of the header inlet is much larger than the duct 
parameter, 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 entrance 

into the duct, and that the pressure p    near these edges is equal to the 

pressure p^   far from the duct inlet, that is,  the atmospheric pressure. 

TYje velocity v    of the air jctlet 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 pÄ - p    produces a lift  that is applied at the header. 

Let us enclose  this craft in the control contour ^-6-7-8-9-10-11-12-5 
and to determine the lift let 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 v    are uniformly distributed. 
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Let un project onto the vortical axis y of craft symmetry the forces 
acting on the  craft and on the surface of the adopted oontour.    Ity the 
equation of momentum,  we will have 

Y - mv0 - mvl + p9Ft - /».f,  |  RH _ Rt -f- 
b PH{F, — F)-RC. ni3) 

where mv» is the momentum of the air stream in the section 11-12 behind 

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

action 7-0} Pn^o  are ^e pressure forces in the duct section behind the 

fan; p.P.. are the pressure forces in the duct section ahead of the fan; 

Hw is the vertical component of the pressure forces acting on the lower 

surface of the header; H^ is the vertical component of the pressure forces 

acting on the upper surface of the header; p^F - F) is the vertical compo- 

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

surface of the no.,Jt . 

With reference to F1 - F0 and v1 « v.., Eq. (n^) becomes 

Y -   (Po - Pi) / i H /?» - ^ i P* (Fi -F)- Re- 

in  tnis equation the unknowns are pressure p, in the duct section 

behind the fan, pressure p. behind the curved section of the header in 

front of the fan, and the vertical components Hw, R^, and R  . 

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

RN--K.^\(pH-pt)dF. 

Here the pressure drop p^ - p depends on the coordinates of the 

elementary area dF. However this force difference can be determined also 
without knowing the law of pressure distribution over the surface of the 
header we use the contour 2-^-9-6-7-6-2 and apply the momentum equation 
to it. For this contour, since in its section 6-2-3-9 the pressure 
p ■ const and v - 0, we have 

mvt -i p.f, - p^', + Rt — RH =0. 
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Then the iift acting on the header is 

>'„ = «,_«.=- iw]Fx - (p« - p.) Fu 

since m ■av1P1. 

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

,1       «        ^ P* - Pi = -2~ (114) 

Then 

K. = K, - w. - ,w;f, - i-Ji f,. iji f,    -^ ,«Jf. 

since from the continuity equation v^v • P/P^ 

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

i . 
». i  / 

Let us detemine the pressure forces acting on the nozzle.    To do this, 
let us use the contour ^-12-1 -10-b and apply the equation of momentum to 
it.    Since in the section 11-12 behind the fan the velocity field is 
uniform, we will write 

Usinf; Bernoulli's equation for the air stream passing between the 
sections  11-12 and 3-10, 

P* + -ir = P* + £j-, (115) 

it ia not difficult to derive an expression for the vertical component of 
the pressure forces acting on the nozzle, 

yt = PAF, - F) - /?t = (I - -§- - -£) pu»f. 

147 

a ._,. 
MMM ' ••- nriMhi 



rM 

Ptg. 123. Craft lift and its components as 
functions of nozzle relative exit width 

•WJO component Y. whon F/PQ < ' is always negative, that is, it is 

directed downward and reduces the craft lift. Relating this projection 
of pressure  forces to the total craft lift, we get 

y >,     .     A._JL. 

The vertical component of the pressure forces acting on the fan is 

K,  (pu -Pi) fo 

heplacin<; the pressure 

iiq.   0 *'->). and the pressure p 

value from t*\.  (14),  and  consiaerinf that v1  - v0 

■c p    behinu   the  fan with its value based on 

■e p.   in the section in front of the fan by its 

nnnn H lU-ri nf   that   v.    ■   V_ .    We   *fet u, we get 

* —ir A» 

or, in fractions of total lift, 

1 *       Y     '  2 ' F 
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Thf force YA   acting on the fan is realized ultimately in the form 

of the pronsur«* forces acting on its blades and hub 
is 

Thus,   the craft lift 

The nature of the change in the lift and its components as a function 
of the relative area F/V   of the no-.-.zle exit is shown in Fig.   12},  fron 

whence ue can see that a change in this area strongly affects the lift 
components.    When the area F/F    is reduced,  the forces acting on the header 

become loss, while the forces acting on the fan rise.    Also increasing in 
absolute value is the vertical component of the pressure forces on the 
nozzle wall, but it is directed downward.    The algebraic sum of these 
components always remain unchanged and equal to the reaction of the exiting 
air jet. 

15.    Cr^ft With Ideal Header 

In the particular case when the nov^le exit area equals the area of 
the duct cross-section (F - F ),  that is,  the craft consists of duct, 

header,  and fan with drive,  the vertical  component of the pressure forces 
on the header is 

Yt- 4C-P^^T^F' 2F, 

the verticel component of the pressure forces on the fan is 

ana  the vertical component of the pressure forces on the no... le walls is 

Kf=l--^r--2jr-=l-T-T = 0. 

The lift of the craft for thia case is 

V = K, -f- K# = 4" P^ + T^ m ^F' 
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that  is,   it  la numerioally eijual   to the momentum of the ji't ua  it exits 
Irom tht   craft (jot  reaction).    Hen- half of  tht-  lift couipomnt is  induced 
by tho action of the pressure forcou ori the huudcr walla, whiU- the other 
half of the  component coiiea from the artion of pressure forces on the fan. 
T^ou^h  that the  total drag of th<   flow-through section of the  craft in 
• (}ual   to  the dynamic  pressure  of  thv air stnam us  it exits from the  craft, 
that ia,  H    - pv^/i?. 

lb.     Craft With Acute  Inlet Ldge 

Let UB examine another rharacteristic case when the header and the 
exit no/.iil*' are absent,  and  the duct has an acute   inlet edge  (Pig.   124). 
If w.' use the contour 1-2-^-4-1  and apply to it  the equation of mooentum, 
we will have 

Y      mv     (.y'A. (116) 

Let  us determine in thin case the point at which the lift is applied. 
To do this, let us use the contour 5-6-7~8-9-10-1 l-l?-1).  The projection 
on the y axi? of the preusure forces acting noimally to the duct walls 
are equal to zero, therefore the equation of momentum ia 

'   ' .  ^ , • ; •'  r./ 

With reference to v, ■ v., t we fi^t 

y   '/'. - />,» /'• (ii7) 

The  lift Y ultimately ia realized in the form of pressure forcea acting 
on the fan blades and hub. 

Prom the joint solution of rk}...   (116) and  (117), we have 

Po — Pi       I't'V 

The velocities in the sections 7"^ and  11-1i? are identical,  therefore 
the dynamic pressures are also equal and,   therefore,  the pressure difference 
Pn - p1   - pv2 ia  the  total pressure built up by the fan in the network. 

Thi.;  total pressure  is expended in overcoming the network drag.    The losses 
of  the dynamic pressure of the flow a» it exits from the craft  ( f»v^/2) 
are smaller than the  total pressure  built up by the fan ( fv^),   therefore 
the  flow in this craft can exist only in the case when local pressure 
losses are present in the flow-through section.    These  losses exist and 
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result fron the separation of the flow as it enters a duct with an acute 
cdff?, as the result of oonpivesion of the Jet foraed here, and as the 
result of its subsequent expansion.    Let us express tK pressure losses 
in the network in terns of the drag coefficients. 

V'O 

>*.»-i> 

Pig. 124. Contour loop for determining 
the lift of a 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, 

//. 

These losses  can be expressed as  the local drag coefficient 

//„ 
S-M   — 

~ 2 

•i 

- ---1, 

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 P0 - p fillegible]. 

To determine pressure losses in the suction network,  let us apply 
the Bernoulli equation to the air stream entering the ducti 
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Since  the velocity v    - v,  the coefCicient is 

r       ■ .f'•' ~ Pi 1 

To determine  the pressure difference p^ ~ p, i  let us use  the momentum 

equation.     Po*-   the  contour 1-2-5-4-10-9-8-7-6-!r 11 we can write mv1   ♦ p^ 

- pMF • 0.     Whence 

und 

my 
P« - Pi =    fT 

P» - PJL. _  I 

2' 

= pu« 

^J^--!« I, jw1 

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 

// - H,e f /y, = (;„ r cj 7- = (l + l) T-    pf» f**   _ /1    ,    I v  f "W* 

I 

Here we note that for the  same lift the drag of the flow-through 
section of a craft with a duct that has an acute entry edge is twice as 
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 i3^"-£r+^    • 1  + 1 • 2. 

17.    Craft With Header Having a Small Radius of Curvature 

When a small header is installed in a duct (Fig.   12^),  introducing 
additional drag into the flow-through section,  the vertical components 
of the pressure forces acting on the collector is 

1^2 
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Fig.   i^t).  Contour loop for determining 
the lift of a flight craft provided with 

a header 

Fig.   126.    Dependence of drag 
coefficient of entrance to header 
on relative radius of curvature 

of entrance edge 

Fig.  ^?^.    Helative .lift_>' of 
craft and its compor.ont Y   and 

YA    as functions of the relative 
header radius of curvature 

Expressing the prt-ssure losses in the header in terms of the local 
flrag coefficient £ , for the air stream entering the duct we can write, 
in accordance with  Bernoulli's equation, 

!', 
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or,  in terms of fraction of craft lift, 

K. >'- -IILL 

The vertical component of the  lift induced by the pressure forces 
at the fen is 

Y. - (pu -p,).^ = (p, -pi)F = —ti-ptff 

or 

Thus, even for this case 

Y^Y.+Y.^ ^- + 1^=1. 

If in the craft duct we  install a header profiled along the arc if 
'i  curve and use  the experimontal dependence of the local drag coefficient 
^    on the  relative rudiua of curvature r/D (Pig.  126),   the relative lift 
Y and  its components Y    and Y^    can be represented as the curves shown in 

Pig.   127.    As we can see,  reducing the header radius of curvature reduces 
the component ?    and increases  the component Ya   by the sane amount.    When 

r/D • 0,   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  (?  « ffl   ,  and Y.   > 0).    But now when r/D ■ 0.2, 

the  component of  the header  lift  is 

>'. I - 0.04 
T- - 0.48. 

and  the component of the fan lift is 

'M 

j^ 



IncrcuainK the header diameter by a factor of ? (when r/D - 0.4) 
increases the component T. by only ^^ l.t) percent. 

18.  Aerodynamic and Energy Characteristics of Craft 

The lift of a craft in 

Y ^jF = pvlF{-%-) . (118) 

The volume flow of »ir is 

Q -- vF = v,F,. (N9) 

The dra^r of the suction network, equal to the pressure losses as the 
air entern the header, io 

(120) 

The «iraK of  the delivery network, equal to the losses of the dynamic 
pressure of the air flow ue  31 exits from the  craft,  is 

i f (i:i> 

The  total drag of the  flow-through section of the craft is 

(122) 

The re(iuired power is 

^-^M-H']^-4-[«+(>)'] ^-c«) 

i^ 
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Prom fclq. (118), vt—     /   ■*—. inserting this expression into 
1/ pf. -f- 

Eq.   (125) and considering' that  the density of air is 

P = P- -£- = P^ = T • (124) 

where  ^t) is the density of air at normal atmospheric conditions 
(()H    - 0.12^) kg «  sec^m'l),  we get the power N expressed in terms of the 
lift 

iV^ V2 
75 KÄ 

^mj 

V^) TJ   r   F, (125) 

Lq.   (12S),   reproaented  in  the  form 

/') 75J/A     M   /^) (126) 

express«^   the  power ratio of  the  craft. 

For a compei-'5on of the power ratio of craft under consideration, 
two curves plotted by tq.   (1^6) are ^iven in Pig.   128.    Curve  1   charac 
terizes  tne power ratio of a craft consisting of a fan,  ideal header 
if ■ 0)f  duct,  and exit noz/.lr, ami  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  consisting of a fan and an  ideal  header,  when P 

the power ratio reaches  its maximun: 

r ' ' •■ v' 

?0' 
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Pig.  128.    Power ratio of craft 
as functions of relative nozz) 
exit area and inlet header drag 

coefficient 
1 — for <r - 0 
2 — for^ - 1 

iu>   -he relative nozzle exit area K/F    is reduced,  the power ratio 

drops off (cf.  curve 1).    Plotted on this same curve is point A charac* 
terlzing the familiar power ratio K^   ■ 57.3 of an ideal isolated air 
propeller.    Por this propeller,  the relative area of the c(»pressed 
section of the jet is P/P0 - i, and the drag coefficient of the "flow- 

through" section related to the velocity directly behind the propeller 

Por a craft consisting of a fan and a duct with an acute inlet 
[entry] edge, when P - Fn (with no exit nozzle),  the power ratio is 0 

..       75/Ä 
A» —  —-,-— 

vm 
Vi 

V  t 

75-1 

Vi 
T-fr = 26.5. 
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Kxamining fiq.   (126) and Fir,.  12ö, we can see that when P • FQ,  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. 

For the same  lift  (Y    - Yj,   the power ratio ~u-=-J'-=-^L =   ' 

that is,   the required power for a craft with a smooth header is half that 
for a craft with an acute inlet edge. 

For the identical power consumption (N - N ), the lift ratio j "-~ 

' ( A / ' ~ ("265 ) ; ' •r^' thlit i8» in8tailinK a smooth header in a duct 

with an acute inlet edge  increases  the  lift by ^ 39 percent. 

This  is dictated by  the  fact that the  installation of a smooth header 
in the craft reduces  the drag of the flow-through section by a factor of 
i',  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 acutr  edge  and  [illegible]  by  its expansion  in the duct. 

Inlets  made  in  the  form of a smooth header and an acute edge product 
the  following  (e:;treroe)   casce ol   streaming of air  to  the  craft fan»  in 
one nonimpact air entrance  ia ensured,  while  in  the other ~ the greatest 
local pressure  losses caused by compression of the jet.    The  zone enclosed 
between curves  1  and 2   (cf.  Fig.   128)  to determine  trie 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,   the maximum power ratio occurs for relative exit nozzle 
width F/F    - VO^ )" anci can b® expressed,  when ^- 1,   in the form 

A'      JI    A <ZS!       J10- 

The maximum power  ratio occurs when ^ ^.  1/5- 

For a craft  that nuts a duct with an acute  inlet edge   (£"-  1 ),   the 
optimal  relative  nozzle  exit width F/F«  -   ^/i!»)* ■ 0,397 and  the  maximum 

ratio of K -  >0.^. 

Usiry üqs.   (11^3)  -  {1^;),   for  these  craft we can derive  the following 
relationahips  between pressure,   volume  flow,   power,  and  lift. 
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The pressure is 

75/Ä   /jtlzl J    . (127) 
4 ?r        / 

The volume flow of air ia 
f F2 

r « «     /    75 ,6 <V 

/A  r        f« 
(128) 

The power required is _   ., 

N   -'(xio» 
75 iv 

__lJl_i_Q». 
^0 

O»*» 

The  lift force is 

V=i 
/2 

or      '• 

^(^y 
(130) 

Let us compare the characteristics of two craft> one with an inlet 
header and an exit no/zle, and the other equipped only with a header. 
Let us assume that the fan diameters of these craft are identical and 
their collectors are executed uion/- smooth curves (^ ■ 1). Let us 
denote with the subscript "K" the characteristics of the craft provided 
only with a header (without a nozzle). Let us unc Eqs. O??) " 030) to 
determine the characteristics. 
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y.iv/fUi/H) 

0.2      0,- W    o*X 

Ki^.   l.'v.     (y'raft  ^haraclt-ristioa 
for constant air volurnn  flow as 
functiorpof relativo  nozzle exit 

ar<va 

Kig.   1^0.    Craft characteriatica 
for constant power conaumption 
as functions of relative nozzle 

txit art-a 

Kor  iai'iiti'-aJ   air voiuri«   liowa   ii.  UM  flow-through aection of the 
craft   (^ = ^7»    ^   i ) 

K 
V (|y   ^(>r   or      H~K  ^-{It-^ 

y ~ J.JL 

For  iuentical   power outlay  (N -  N/N    -   I),   we «et 

>■ 

Q Y /■'   \-'/J 

■  >' \      u \ 'Fu ) 

f,. \-/J ;;. (n;-(")'ür M;^) 
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Th«- effect of  inntMllinft u no/zlr on the aerodynamic characteristics 
of a craft with idontical air voluim? flow in the flow-throuKh section is 
uhown in Fi<:.   I?y,   from when«»' wu >;ari HOC  Utftt reduninf;  the rati£ of 
areas F/F.  for  the no/./.le exit  loadji  to an inojyauc  in the  lift Y, an 
appreciable   increase in the required pressure H,  n'quircd power N, and 
required load over the area Y/P, and  to a reduction of the load for the 
power Y/N. 

The effect of installin« a nozzle on the aerodynamic characteristics 
of a craft is shown in Fig,   1>0, for identical power outlays.    In this 
case reducing the ratio of areas F/F0 leads  to an increase in the pressure 

U and  the  load over the area Y/F and reduces  the air volume flow Wi   lift 
Y,  ana  the  load for power Y/N. 

Let UP compare  the characterictica of a craft with a small header 
with the characteristics for the same craft,  but now provided with a header 
that does not produce pressure losses  (C- 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  th«-  craft, with a smooth header and,  with reference to Eqs.   (127) "* 
(150),  wo get 1 

lor identical air volume  flow  in  the  craft (9 <5r ') 

W^.V-l K. > :   U) '.! 

for identical   total  pressure ("■^-0 

built up  by  the   fan  In  the  flow-throui'h  section  of  the  craft. 

Q = iV 
l'i .   ; » 

for  identical   power outlay    ( 'V 
v 

') 

1 1 .: l-H^U) I'lT ;> 
-. «-1 i+c 
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Ki,:.   ''!•     m^rodynumic nnd  power 
^liara-UTialic!) of c;rttft an functions 

ul   rfiaiivt'  JK udcr  racliuo  of  curvature 
(with  respect   io   the   characteristics 
of   i   jittl'i pruviderl with an  ideal 

head« r^ 

For  tfi'    ' uj-'e iui-n1 i  .«:   'i\r Huppl, 

M 
JH 't    rufi   wnh .i ht-adt-j   navin,   t«  :.:;iaiJ   mdiua  (.1' curvature compared with 
the   crafl   with  rtn   KK-M,   h«anr,   n   i..   m iiauary^Pi^,   1^1),   for  the  Same 
■ lit,   ^Y   -■   ')  M:id   for un^han^ed   load  rjvcr iirea  ( Y/F -  1 )   to use  the fan 
tc suatnin an increaaed preauure   (H   .- 1) ami   to expand additional povs^ 
(N -^»l).     ilcre,   the  nmaller  tm   header  ruoiu:'.  of curvature,   the  lower 
will   be   u.'    api'Cifi.:   in^d   on   the   pnwfi'   (Y/N)<1. r.. 

II'  ih<    Inn  iniieptriuentiy i 
the  r.ain«'   ti lai   prrnMure   ( '■' -   1 ) 
then as   U.in   rndi'i!:   1:    vv<u. ■>  ;, 
1'Hd   i'H  power   oecota    i< sa,     tc- 
more  sharply,   ■inc  au  i:    t.h< 

I the header ratiiua of curvature builds up 
u. trie flow-through section of the craft, 
the air voluiw   flow,   power,  and specific 

thia tuki !■, place, tue lift is reduced even 
ioaa  over   t.he  aro'i. 

For   identical  powi';   t/i.'.lay  I 
in   redu .ed,   tne   total   pi-< :;; ure   ri; 
ir./:ly  is   reduced.     Here,   u.<-   ii! L 

),  aa   the  header radius of curvature 
and   the air volume  flow correspond- 

ioenticaiiy reduced  to the  same 
extent,  aa  ii-   tl»;   load   rviT   tin-  area and   the   load  on  th.e  power. 

U>< 
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I 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 esitinK 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-through section channels 
reduces the positive effect achieved with the header, and does so the more 
strongly,  the greater the overall drag of the flow-through section.    The 
lift 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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CHAPTEh  PIVr; 
LIFT OF AN Alh CUSHION VtHlCLt 

IN Till-   HOHIZONTAL HOVHHIKG RKGIMi; 

1(>.     Crafl  With Normal   No/.zle  Oil-off 

Tii-    .ift (l' air   :u;ihion vehicles  is one of tne moat important 
chara'-tiTinticu determininf: not only  the principal air dynamic qualities 
of nu■(.    rail,   cui al:io  thfir powt-r features.    This  is caused by the fact 
that  to Muitain a     rait at oome elevation over  the ground surface both 
in  thf h. vvrin,' rf>rl'n   aa  well  au during flight requin? a continuous 
puwer ou'iay,   Pin.-f iiiv   mi. t  be  c-ontinually supplied under the craft 
i'i)tio:i iv ueuriii ' f jt'i.i   in  form the air cushion.    The hovering regime is 
on«1  of  i>i"   ivrxiii  rvf/imeu,   t/ierefore   let ua continue  for  this case  the 
«treamirw  ai jet« over  the ra"ouna surface and establish a relationship 
tjetweon   u.f   lift  produced   by   the air cushion,   the  Keometry of the nozzle 
inntallatmii,  and  the aerodynamic paratneters of the air stream fed  to 
the   nnv.v.l". 

Let ua aeterrair,('  the   lift of  iht  air  cushion vehicle  [illegible] a 
flat no.,. !•■  with  ncnnal  noz/.le  cut-off.     For  this  purpose,   let us isolate 
a section  wiih  lenKth  1. from  thin  craft  by uein/: two parallel  cross- 
nectionr   normal   tc   l.,*-   i raft's   lon^i tuainai  axis   (Wg.   132),  enclosed 
in  the  coiitrol   contour,  and apply   to  if.in  contour  the equation of momentum. 
We  will  position  the upper and rude  boundaries of  the  contour at a distance 
from  the  i raft at which  the  velocity v of air streaming can be regarded 
as  i-.ero,   and   i.-.e   pressure along  tnese  boundaries au  cons ant,  equal  to 
the atmospneri'. pressure  p >,    .    We will poaition  the  lower boundary of 
the  contour   in direct  proximity  tc  the  boitom of the craft,  parallel  to 
the ground  surface,   and  at   the  no/,/.le  sections  —  in  their cut-off plane. 

Let u!j project  onto  the y nxio  the  forces acting on the craft and 
on  the  surface of   the   isolated  contour.     The  forces acting on the lateral 
surfaces   of a  loop are  normal   to   toe .surfaces and   their projections  on 
the  y  axiü are equal   to  ^erc.     Therefore   the  mocentum equation for  this 
contour   is 

IM 
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rig.   13^.     Control  contour for determining the lift of «n 
air cushion vehicle with a plane nozzle provided with 

normal cut-off 

9 

V = 2piLco$<pjfJrf*, + 

6 

+ 2Lcos<fiiPM-Pl.)äb, \-BtL(p,-pm). (131) 

where L ia the length of the nozzle alit; and B, is the width of the nozzle 

installation jith respect to th- inner edges of the external nozzles. 

The first term of the right aide of üq. (1)0 

) ,     2|>/Lcosq) J v] db. (132) 

in thr projection on the y axis of the momentum of the plane eir Jets, 
with reference to the nonunifnrmity of distribution of velocity vx at the 

nozzle exit, that ia, the component of the lift due to the reaction of 
the «ir lets. The second term of the right aide of Kq. O)1) 

yt- •J/.-us'i j (p,- P.)ab. (133) 

ia the projection of the pressure forces acting in the nozzle exit plane, 
with roforenoe to the nonuniformity of pressure px distribution, that is, 

the component of the lift arising from the forces of excess pressure in 

the nozzle exit.  The last term of the right half of Eq. (151) 

  



K„ - B^Ü+r-p.) 

xo the projection of the forcue of excess pressure acting at the craft 
buttom,   that iaf   the component of the lift due  to the air cushion. 

Let uii expres.'i these forcet) ao a function of the geometrical quan- 
tlties of the nozzle installation and the aerodynaDic parameters of the 
air Jet producing the air cushion. Let us use the equation determining 
the regularity of velocity distribution in the nozzle exit, 

■;; oo»"*) -(•^T) 
(134) 

where v    in  the air velocity at the point lying in the nozzle cut-off 

plane; vw   is  the discharge velocity of the bounding jetlet at the outer 

edge of  the nozzle    [sic] exit»  b    is  the  instantaneous coordinate of 

the poim at which  the velocity io equal  to v  ;  and  (jp is  the angle of 

tfvnoratrix  inoJinatlon of  the plane nov-zle with respect to the vertical 
axis of  the   craft. 

Replacing   '.he  inot/intaneour, velocity v    in Eq.  (1^2) with its expree- 

nion from Kq.   (134),  we ^et 

2{>vUcoi'i [ (l -f- ^ Siinp)~J  """v'db. 

The  integral appearing in this equation ia 

I (I   -^"^) 
i^dj) db. 2 r »m * 

h   .   / 
(135) 

and   t^e  cr.i-ffituent 

f> - I      (l   r J-Mnv)  "'(lf^ (136) 

lob 



is the air cushion prt'asurc coefficient, therefore the component of the 
lift due to the reaction of the air jet exiting from the nozzle is 

y^^rfSr^+T^f-T™*]*- (137) 

Let us express  the  lift produced by  the  forces of excess pressure in 
the    noz.'le cut-off plane also in terms of the geometrical dimensions of 
the nozzle and  the aerodynamic parameter of  the air jet.    The  total 
pressure at each point  lying in the nozzle cut-off plane  is  identical, 
and by Bernoulli^ equation, 

**'»      «   i- 1*2. 

Then-fore,  lu\.   0>5) can be represented ao 

U 

. 2Lb % cos* -2L^ cos<r f (1 + ^ »in V) ' ^ '^ dba 

Heplacin(; the  integral  appearing in this equation with its value 
from the nolution (i}t>) and using Eq.   (^56), we get the component of the 
lift due to the excess prestmre in the nozzle cut-off plane 

yt = J2fc/.cos,-2/It2-f^Tp[(l  f|sin9)p 

-| sin 9]) 
P;'. (138) 

is 
The component of the  lift due  to excess pressure in  the air cushion 

K, = B.L (p. - pj = 8,1 ^£1.^ = B^p^-     (139) 
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Thr tolal lift of 'in air ouHhion vchicli with plane noy.zle 
Y '   Y,-\  V,  I V, «•«<. by tqa. (157), (158), and (159), 

K-(2*£co.ff-2AZ.ffSäL-[(l+Jf-.,„f)p- 

--J-sin9]+fl,/.p) 2 

D^notin^ the overfill 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 nozzles as S.  - B.L, and carrying out uncooplicated transformations, 

we fiel 

I     2 l   im s 2-f(|+.lnV)^J  f-S.p)^, 

Tht-   lift  of an air cuahion vohicle can be represented as 

where c    is  tnt   lift coefficient}  IJ is the characteristic area of the 

craft nov./.le inatallaticm;  and h    is  the characteristic pressure in the 

air strear.! producing the air cuahion, 

n>)n]:\.iuf as the ctuiracteristic area the area of the nozzle inatalla» 
tlon bnunaea  by  the external exit ed^e of the nozzles,  S ■  BL,  adopting 
an the characteristic pressure the total pressure in the air stream 
required  to produce  the jets,  H    - pV-'/'t!, and using the definition (140), 

we derive u formula for  the coefficient of an air cushion vehicle with 
a  sin^le-paa«  nozzle 

/     C"4"P     1'..  1  / '''^ \ ■ 1   ■  0 - (141) 
wnert- 

The  first  term of  the   ri^ht aide of this equation 

c*p' ~ c&~ *■** >ff^[2+(w+'H'] 
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is the component of the lift determined by the momentum of the air jet 
exiting from the nozzle and by the pressure forces acting at its croes* 
section, and the second term c  - S.p Is the component of the lift 

Jf II 

acting in the air cushion over the section of the craft bottom bounded 
by the  Internal edges of the no/.ulea. 

For an air cushion vehicle with a single-pass annular nozzle, 
Dq.   (Ml)  becones 

c ._7 ._£«t_[2 + (/;//?; Min^pl+(l-Ä-,cosV)p.   (142) 
l»        '2 > kin tf 1 WU* .'    J 

where Ä",     -1   -L.  (\ _ A cos«\i8 the relative cut-off area of the annular 

nozzle,   found ao  the  lateral nurface of a truncated cone,  whose base 
perimeters are circles formed by  the external and Internal edges of the 
nozzle. 

The air cuahion pressure  coefficient appearing in Eq.   (142) is 

?-i-(. ^.£>,„„)-K^). 

The dependence of a  lift corfficient c    of the plane nozzle install«- 

lion with normal nozzle  cul-off on tht- relative elevation h..   for different 
b 

relative nozzle exit width 0    and constant angle cf inclination of its 

generatrices  (y'1- u'   ) Is given in Pig.  1^*    When the nozzle installation 
rests on the support surface   (h/B - 0),the lift coefficient c    »I.    Bit 

discharge of air from the nozzle Is absent in this case and the excess 
pressure in the air cushion is equal to the total pressure >r. jont of 
the  inlet  into the nozzle installation. 

«/hen  the craft rises above  the  support      surface,   the nature of the 
variation in the coefficient c    iu predetermined by the relative nozzle 

exit width b/B.    For umall  b/b values,   the coefficient c    decreases 

rapidly with increase  in elevation h/B.    For a relatively large exit 
wiath b/h,  we have maximum values of  the function c    ■ f(b. ,   b,.),  where 

' y h'    B7 

with an increase  in the parameter b/B the maximum c    values are displaced 

toward   the  larger h/B values. 

I6y 
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Flg.   1^. Lift  coefficient c    of plane 

nozzle  inHtullation witn normal 
nozzle cut-off üB functions of rela- 
tive  elevation h/H for different 
relativ»-  nozzle exit widtr* b/B 

1    • ' ' • 1 • ! I ' H 
i;,/'/ 

t-t-n- 

i ' 

■hjB-W.'O,*' zttiirrinxix 

»k A-« 

«i7   .'Ü  J(7  ♦<? W  tO  70 80 0 

Fig.  1^4.    Lift coefficient c 

of plane and annular nozzles as 
functions of the angle   <p of 
inclination of nozzle generatrix 
(dashed curves correspond to a 
plane nozzle, and continuous 
curves — to an annular nozzle) 

The   lift coefficient c    for a plane and an annular nozzle, with 

identical exit width  (b/U - b/I^   - 0.01) as functions of the angle ^ of 
nozzle generatrix are determined  by Lqs.   M41) and  (142) and  they are 
:ihown in FiK.   154.     An we can aeo,   the effect of ti.e angle  p  on the 
coefficient c    is appreciable  for small angle values  {pm O-450).     In the 

ranfle <p * 4^-90 ,   the coefficient c    changes only alightly.    When 
o ^ f - 60-flO  ,   there  is a mildly pronounced maximum of c    values.     Calcula** 

tlons show  that for identical exit width,   the annular nozzle has a 
ijomewhal   larger c    VHIUC   tfian  the  plane  nozzle. 

M.     Crult With Übliqu«-  Nozzle  Cut-off 

Let us examin'    tn<'  general  case when  the  cut-offa are made at   some 
angle y to  the normal  nozzle cross-section (Fig.   ^b),  assuming as earlier 
that   the  problem iu a  plane one.     Let us  isolate  from  this air cushioi 
vehicle a  uoolion with  length  L by means of  two parallel  cross-sections 
normal   u-  \.tw  lon^.tudinai axia  of the craft,   let us enclose  this section 
in the control  contour, and  to  this contour let us apply the momentum 
equation.    We will arrange  tne upper and  side bounds of the  contour at a 
diatanc«'  from the craft for which  the air streaming velocity v can be 

170 

■ —   __<« 



v'0.pu 

Fiß.  1^5.    Control contour for detennining the lift of an 
air cushion vehicle with a plane contour with oblique 

cut-off 

assumed  to De zero, and the pivssurt alon« the boundaries can be assuned 
to be constant and equal  to the atmospheric pressure p* .     Ut us draw 
t.hc  lower boundary of  the c -ntour in ouch a way that its first eeotion 
paascs in direct proximity  tu  the craft bottom, parallel to the ground 
surface,   the second lies in  the nozzle cut-off planev and the third, 
external,  passes parallel  to U-   «round surface across the lower nuzzle 
edges. 

Let ua project on the y axis the forces acting on the craft and the 
surface ol  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 are equal to zero.    The forces acting on the 
section of the lower surface of the contour projecting beyond the outer 
ed.^ of the nov.zle are equalized by the forces acting on the upper surface 
of the contour correspondinr to it.    Therefore  the momentum equation for 
thin contour,   in accordance with the notation given in Fig.   155»  !• 

•« 
y =ziL cos<r \ r"'«cos "I"ixi + 

ü 
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whor«' v    is  the air velocity ul a point  lying in the nozzle cut-off plane; 

p    in  the atatic presaure at  this point;  p^    ifl  the air cunhion pressure; 

p^    in  the atmospheric prenuuro;  1. in  the lonKth of the no:'.'.'.I« installa- 

tion;   B    iu  the width of the nozv.lc  installation bottom bounded by the 

inner ed^'s oJ" the noz/.les} <p is  the angle of inclination of the nozzle 

flonerutrices  to the craft axis; and "^ is  the angle between the cut-off 
and the normal nozzle nroas-section. 

The  lift of the craft in 

where  v.    in  the  lift coefficient;  S is  the overall area of the nozzle 

inatallation;  and H    in   ihe total pressure in the air stream in front of c 
the nozzle   installation. 

M.  (14V)i with reference for the expression for Y,  will become 

•S-2Z 

B,L    Pt~ P* 
S '*• 

2~ 

(144) 

Ilnin/-; the  cijuatiur. 

Il  f.-JtsmCv-tf) 
tl Ulr gj col ^ 

doterml'ung the distribution of velocity in the nox.zle cut-off piano, and 
•onsiderin^ that  the  pressure dietril>ution in  the nozzle  cut-off plane  is 

< xpres!3r>'i   oy   the  function 

~2 ' 
-{£)'■ 

wy  can rt.-present  the   lift  component appearing in  the tkj.   (144) by  the 
following <'xpre38ion;i. 

1?^ 
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Tho lift component due to the reaction of air jets exiting from the 
nozzJes in 

'■KC 
Y       j  2pLco» 

'♦ " CM ♦ 

s-r       s 2~ 
n   F CM SCOtj I —»,(1 — p) 

- *ffi ' %m[>t-v"       2»,-» 

«• — ~2ki In   k 
where p is the air cushion pressure coefficientj  t - 1 - e 3 

F - 2bl^ is the relative nozzle exit area; and k1  and k   are the coeffl- 

cient of proportionality; 

i.      (I-I MLy)cot».   k      l+J>, *'nty-f) (l45. 

The component of the lift coefficient arising fros forces of excess 
pressure at nozzle cut-offs  is 

'♦-«■ST» 

g coi(9 —t)       V    cot(9-1)        l-*i(' -P) 
~r*    co»t 6Miln(9-t)   '      2*i-1 

The component of the lift arising from pressure forces of the air 
cushion acting at the bottom of the nozzle installation is 

7  5  p^  ^Tp L1 r  co.* Jp- 

The lift coefficient of an uir cushion vehicle with a plane nozzle 
installation that has oblique nozzle cut-off is 

?fcot(y-v)   i 
f, = <v + ^ + c*« -' [—srr~ + 

co*(»-f»)     I-*.(»-?) 1 i. r!^^ co»(9-») 1 ~        /M6) 
+  tln(9-tr)      (ikt-\)blh   J  '   l co»*      K 

175 

  - -   ■ wmmmm 



— ——'- ——■—, 

The firat term of the right side of this equation in 

r      . T-I coi«y-») . co»(y4-»)  I -*.(l-p» 1 
^ r[  coi^  ^ »m (»-*)" (2*l-l)"57r'J 

which is  thf component of  the  lift due  to the reaction of air JetB_and to 
exceaa presaure forces at  the nozzle cut-offa.     In theae fomulaa F is  the 
overall relative nozzle flow-through area.    The total nozzle cut-off area 
ia 

F, 
i 

co»«{i 
(147) 

Aa applied  to an air cuahion vehicle with a ainglo-paaa annular 
nozzle,   &q.   (146)  becomea 

.,_/,[cobcp-1|) +■ "„..'{"-ti ""r.'»;-ii»/>.*^.Jr 

wfH-re F    in   the  cut-off «rea of  the annular nozzle{ 

/ 
HIM' 

Th».-  lift roefficient of a aingle-paaa annular nozzle aa functiona of 
t;..-  cut-off anple y for different relative elevationa h/D H   is   ohown 
ir\ Fl/.   136.    Theae functions^      i(hD„,   hlDH,  <|.  H) **re calculated by 

üq,   (Mo) for   constant an«!*- of nozzle generatrix inclination (^» 45  ) 
ana for Q  relative nozzle exit vidth b/Dh   - 0.00t)-0.02.    The nozzle 
inxjta 11alion with norraai  nozzle cüt-off ('^Z"- 0) haa  the amalleBt lift 
coofficimt.    ha  the angle y is increaaod,   the coefficient c    increaaea 

0 and  take« on  UK- lar^st value when y •• A^ t  which corresponda ic a 
nozzle  installation with horizontal  nozzle cut-off.    The appreciable 
•»ffect of  the anfie  y  on the coefficient c    becomeo evident at relatively 

amall elevationa of the  nozzle inatallation above  the aupport ai.rface 
(h/D, '-0.05),   that  ia,  elevations tiiat are  typical of transport air 
cushion vehiclea. 

174 

-.-— 



■fa 

f, 

i.O i.T.r:T-ri:: mTi 

JO'r ^— . . * t , < 

•■*'•• 1 

0   0.0i 002 00} 00* OOi OOS 0.0f 9M fi/J}, 

Pig.  13t).    Lift coefficient c    of a 

ainKle-paaa annular nozzle as functions 
of elevation for different nozzle exit 
widths and different cut-off angles 
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Fig. 157.  Control con  r for determining the lift of an 
air cushion vehicle wi ,, a piano contour pre vided with 

horizontal cut-off 
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?i.    Craft with HorizonUl  Nozzle cut-off 

To determine   the  lift of an air cushion vehicle with a nozzle  inatalla- 
tion having exit edges  lying in the plane of the craft bottom,  let us 
laolate a section of length L from this craft by means of two parallel 
cross-sertiuns normal  to the craft's  longitudinal axis.    Let us enclose 
section L in a control contour (Pig.  157)«    We will arrange the upper and 
aide boundaries 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 boumltiries as constant and equal  to the atmospheric pressure p^ • 
We will  position the  lower boundary of the contour in direct proximity  to 
the craft  bottom,  parallel  to the ground surface. 

l/'t 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  iht   y-y axia are "qual   to zero.     Therefore  the equation of momentum 
lor this ( ontnur,   in accordance with the notations given in Fig,  137, will 
I« com«' 

Let UM expret; lift and  its components as a function of  the 
(Vometrj.-aJ    luantiM. of  the  no/.v.le  installation and   the aerodynamic 
parameter:!  of  tfie air t,  produ  in^ the air cushion.    For this nozzle 
inntallatjon   the   vcj. i',,   field   in  the  nozzle  cat-off plane  is 

and   the  pressure   field  is 

P,    l\ 
>-(:*)' i-1

; 
O   i   imut Coi n 

?(•.!• an    ;ushion pressure coefficient is 

/'     1 
(i    in i' 
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For each nozzle  the exit width x,, - x^ • b/cosy,  the total flow 
through area F - ?bL, and the relative total flow-through area 

s      '  .v ' 
Th»> component of the  lift du«  to the reaction of the air Jet is 

't'foTi 

'ro»!»VfCMf   -l-r<'f«l«* 1 
|C0»» 

dxH. 

Int<Trrttin^' this cquutiun and making the appropriate aubBtitutiona, 
we ^Pt 

 f        to**    - 
t*- 'b/h ' I  i iln^^' 

The component of  the  lift due  to the forces of excess pressure 
acting at the noz.-.le cut-offs is 

^=- =T^r 1 (p'-p-)dx'- 
'-T 

-4~ 1 ['-(t)>.- 

4 
*M.  ' 

I     <> J.^. 

After nolution un<i uncomplicated  transforroationrt,  we  get 

c   =-'      1  ^1 _..   P_ 
(1  t- «»I S)     '-''''' 

i/V 

 ^j^BMlHnMü mttmLmammaum 
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The component of the lift due to the reaction of air jets and excess 
pressure  forces actin/: at  the nozzle cut-offs is 

cm* "" c* ^ f^ co»<f V    *    I • tin 9   " 26/* )" 

The i-omponent of the lift arising from forces of excess air cushion 
preeoure uc-tin« at the bottom section of the nozzle installation is 

y      s M.£*^!i-^r.Slp-. 

The  lift  coefficient of a nozzle  infltalJulien with horizontal no.tzle 
iiit-off  iii 

• ^-•■.■•-,:,; (i+v;-:,,^-A-)+v <'«• 

When tin- an^'le oj' nozzle generatrix inclination ^P ■ 4!)0, Eq. (149) 
he com»? n 

'\--f-\ 2  f-S.p. 

Vor an air  ^unhion vehiclt« with a aingle-paaa  .uihuJur nozzle, 
Kq.   {1^))  becomea 

<.-/J>  r^-!---'     \Ml-f.)p. (150) 
-'■i I   :   sin <{ 2 ^  ] 

where  ¥    in   the  relative  cut-off area of  the annular nozzle, 

/.    _ 4 ^_ ('i b \ 
DHconf \ üHcoiif ) 

The air cuahion  pressure  coefficient appearing in Eq.   (1^0)  is 

/'      I 

1.1> 

iTb 

—_^ -     m 
^——g^^-^^^g—-^^^^-^ 
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Whnn Eqa.   (M^) and  (ISO) are used,  it muflt bo remembered that they 
uro real when con ^ > b/U^.    If con <p * «^/D « i   the internal walla of 

the nor/.lo apparently convor^»  to a Mingle point lying in the center of 
the nozzle bottom, and the area of  the bottom ü1  of the nozzle inatalla- 

tion becomoo equal  to zero.    When roa ^ ^b/DM , Kqs.  (149) and (1^0) 

beoom«   meaningless, since the conditions stipulated in the derivation of 
the lift equations are violated. 

The lift coefficients c    of a aingle-pasa annular nozzle as functions 

of relative elevation h/D»,   of a support surface for various relative 

nozzle flow-through widths b/DH and for the nozzle generatrix inclination 
angles (^- 0,  50, 4*?, and 60" are given in Figs.  1^8-141.  reapectively. 
Pig.  14? compares the functions c    - f(h/D*) for different angles of 

inclination for a nozzle with relative widths b/D„ » 0.01  and 0,1. 

If the nozzle  installation rests on the support surface  (h/l^- 0), 
lift coefficient c    -  1.    With increase in the relative elevation h/D^ , 

the coeffi<'i«nt c    begins  to depend on the angle p of nozzle generatrix 
o 

inclination. For small angles of inclination [f ^-^V)  ), we have optimal 
valuea uf the relative elevation h/D  of the nozzle installation at 

which the lift coefficient taken on maximum valuer, whero 0    ^^ 1. 
' y max 

The c values are  the greater,   the  larger the relative width b/DM   of y max n 1 o /    « 
the noz/.le flow-through section.    For appreciable angles of generatrix 
inclination (^)>4')0),  the lift coefficient decreases with increase in 
elevation and does so more  rapidly,   the smaller the flow-through width 
of the nozzle.     Here,   c   <C1. y ^ 

The  coefficient  c    of a single-pass annular nozzle  for small values 

of b/D«   and for the same elevation h/Uw   increases with increase in the 

angle q> ,  and  for larfff   h/Dw   valueo  it decreases   (cf.   Fig.   142).    This 

is due  to  the variation in the  ratio of the  lift components, determined 
by  the reaction of a jet and by the excess pressure in the air cushion. 

To verify  Un- proposed method of calculating the  lift jf an air 
•uuhinn vehicle  in  the  hovering regime,  an experimental  study was made 

of lift by meaHuring it directly with a graphometric  technique.    The 
experiments were  conducted with three annular nozzles with angle of 
generatrix inclination  (^ 4'30 and with flow-through widthsb - 8,  20, and 
40 mm,   with  the  identical   inside  diameter of the nozzle  bottom D^ • 400 mo 
(Fig.   M5).    To  these parameters corresponded  the  b/D/t   values of 0^0189, 
0.045b,  and 0.0/80.    The noz/.K-n were niachined on a lathe,  and  the 
aurface  of  the walla  of the flow-through section was polished. 
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Fj/;.   M4.    Theoreti .«I und exp'-rioental 
-lepumlenceü  of  U     lift  coefficient of 
annular Hinrio'paon nozzles on parameter 

h/h H 

A ''•-() mm (li<ii:n-lcr im-taJ   dink servod as  the  shield over which  the 
annular j> l of air ntn-amed.     The side of  the disk facing the jet was 
Tiadp smooth,  and   ifu   cither side wan prnviiled with stiffness riba and 
MpeuiaJ  hlnffps  for annular i'train f»ou^o.    This disk served two functional 
it modelt;]   th"  support surface and  ..jmul laneously served as a three- 
•ompontnt «train Kau^r  inutrument for moaourin^ the nozzle lift, equal 
to  the  pressure  forces ol   the annular jet and  the air cushion at  the 
HhieM. 

On an experimental  stand     the no.'./.le  installation and  the shield 
were  positioned  ooaxially,  and   the  vertical  surface 01   the  shield  was 
positioned  in parallel   to tne  plane of  the nozzle  bo',torn.     The shield 
ix'urin,; tne annular strain ^uu^eii can he snifted alon^ its axis on two 
nyl',ndrii:Hl  guides and .'jjoured at various «iistances from the plane of 
the  bottom of  the annular nozzle   tented,  which corresponds  to different 
'K/ali ;.:;  of   tn<    »^raft above   the  ^Tourni surface.    The pressure  force of 
UII-  annuJar jet at   'lu   Mjiieiu,   equal   to  the  lift acting at  the nozzle 
inn talla t i.r.,   w/.:i   di-t« .'-ri.jni  i   Ir 
i^tUf*"..   mrvjuurei'   wi U, 
Investifrationn  ol'   ÜJ< 

:ne tifformation ol'  the annular strain 
.ipt-t.-jul   in:itrur.ient — an electronic strain meter. 

lift wire  . onducted at a modert te discharge velocity 
of air  i.isuinr from tin- annular no//.len  v^n  •   A'J~'I J m/soc. 

'DA   ntand  layout ana   Ui<   description are  ^iven in Section 6. 

UK 
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Fig.  Mb.    Control contour for determining 
the  lift of an air cushion vehicle with 

horizontal nozzle cut-off 

Thp results of theoretical  f;äli;ulations of the lift of an air cushion 
vehicle  in  the hovering regime were compared with experimental values 
(Fig.   M4).     The  theoretical   curve« wen*  calculated based on Eq.   050)f 
while   the experimental curves were obtained  by measuring the  lift with 
a gravimetrit. technique. 

Uxporinents showed  that the proposed method of calculating the lift 
ugreen closely enough with experiment.     At small elevations  (h/l)^« 0.02- 
0.04),   the difference between  the data of calculation and experiment does 
exceed   [)-'l  percent  of  the  calculated  value  of  the  lift,   while for large 
f-levations   (h/Da ■ 0.06-0.00),   it  in even reduced  to 2-'  percent of the 
calculated  c    value. 

y 

J'd,     Craft  With nn.iular  No::::if 

Let un find  the function» determining the lift of an air cushion 
vehicle  provided with an annular nr .v:Ie and  let uu estimate  the effect 
of axial symmetry of the jet on the  lift of a no.'.zle  installation with 
horizontal   nozzle cut-off. 

suppose y axiy  ia  the axis  of uymmetry of  thin kind  of craft 
(Fig.   14').     Let us inolate nome  large enough cylindrical region encom- 
paaain^; the craft,  whose boundaries art-  beyono  the  limits of the perturbed 
iiectior. of the air atreama entering and  leaving the craft.    The lateral 
and upper nurfaces 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 cai   be taken as 

• •qual  to  the atmospheric value.     We will  position the  lower surface of 
the  contour at  the cut-off level  of the annular no/.zle in parallel  to 

i.<: 
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the frround Burface,     Hy projecting onto the y axis  the forces acting 
on the  oraft und at  the  surface of  t.'io  isolated  contour,   let us write 

wher<" Y    is  the  lift due  to the reaction of the annular jet| 
P 

Yfi = 2npcoi2fp ]v',rdr, (151) 

If    in  the  lift producod by  the preanure  forces  in the nozzle cut-off 
pfane 

V'f= 2n)'p/rdr-n(rj-r?)p(.; (152) 

anu Y i:i ih>-   lilt dw    n UH-  excess prvoaure in the air cushion acting 
n 

nt   the   nn.-.'.li-   bottom; 

Yn=;*r\(pt -p.). (153) 

L<i us t. xpn UM thfHe forcfi; HS U function of the gennetrical quan- 
titiec of the no;'.;'le inütailation and th«' aerodynamic perametera of the 
«ir jttc producing th»» uir cushion. The velocity field in a jet at the 
no7/.'.le  cut-off as applied  to this nozzle installation can be expressed 
in  tho   form 

where  v    i:i   the air vr icity at a  point  lyir^; in  the nozzle cut-off plane 

(with  noordinau   r)j   v/(     Ic  the discharge  velocity of  the boundary jetlet 

ut   the   nu irr . 'ip1  ol'   tin   no.'.zl«   exiti   r iü  the coordinate of a point 
'•yix)i: in  tut-  nozzle  .n.t-OiT plüi.r'  at which  the velocity  is v j  r0  is  the 

r      e 
iTidauü  ol'  the  no/zle  iiu tallatior. det<>rmined WJ th respect  to the exter»ial 
ed/TT  fit'  the  nozzle  exit;  h   it   the  distance  between  the nozzle cut-off 
.iivi  the  (-rourui surface;  ami   y'  ü*   trie an<jle of nozzle generatrix inclina- 
tion   to   thf   craft  axiti. 

1 iW, 
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Hrplaciiifi velocity  v     in Kq.   (I')l) with  iia  value  from Eq.   (154), 

we can write 

','        -.'-V^ (14 «Inf) coi♦ 
yp= 2np^cos;<p J re     * dr. 

iiolving the  integral appearing in this equation,  we get 

'•       'i-' 

In <f) cot s 
• ■ 

Considering that 

0^ 

and the air cushion preanure coefficient io 

It 1.,,       vs .' - (I    »Ml 
1-.-    ' ,(156) 

we  find 

l       ~' —r— (I t »mql coi 

I 
VI roif 

rfr =   -, 

I2""-'!™"-     -"O.-T^TJPJ. (157) 

Then    lift due   to  the  reaction of  tne annular jot is 

2b ;Dwt-(cosv.-2^-r^)p]4 
(158) 

lb' 
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Let us express  the lift produced by the pressure forces in the 
nozzle cut-off plane and al&o as    a    function of the geometrical quan- 
tities of the nozzle installation and the aerodynamic parameters of the 
air jets.    The total pressure at each point lying in the nozzle cut-off 
plane  is  constant and by Bernoulli's equation 

(159) 

Therefore Eq.   (lt>4) determining the lift becomes 

yt = 2ni,U + 4-T-)rdr-n^-r?)p-- 

7i (r\ - r]) ^-- npvi j re      * dr. 

Heplncin,-  th«   intffTral Appearing; in thii expression with its solution 
(IV/) and   carry in/- out   thf  required   tranufornißtions,   we finally get 

•   • 1 / • ';».      i 

Th»-  iift due to the action of excess air cuei ion pressure at the 
nozzle bottom, with reference to tqa. (1b3)i i^b1:),  and (1^6), is 

Y    -  nr- f' - gg  güf! 
py;  a 

2 

^(, 

b   \J 

coi (f / ^ 2 (161) 

Then  hy Eq».   dSH),   (160), and  (161),   the  lift of an air cushion 
vehicle with ainKle-paaj annular nozzle  is 

Ibb 
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f.i 

y = |f, + < jt. ^ M + [(CM» - WD, - 

-T-rfkr)2*'0-«^]'!^ 
where F    ia the nozzle exit (cut"off) area, c 

(162) 

r',a   co»»  \     co»vy' 

b. is the area of the bottom bounded by the internal nozzle edge, 

^i-    4     V        cos» y 

li io  the area of the nowzle installation with respect to the outei 
nozzle pdgea, 

k is  the coefficient of proportionality, 

Let us establish yet another relationship.    We will determine the 
total energy of a jet as it exits from a nozzle,  with respect to the 
volume flow in one second,  that  is,  we will find  the  total pressure 
required to produce « jet with specified noruniform velocity and pressure 
distribution in the no/zle cut-off plane.    If we neglect the forces of 
friction of the jet againbt the nozzle wall,   the  total pressure of the 
jet at  the nozzle cut-off, equal  to the  total presuure in the receiver 
in front of the nozzle,   is 

Ht~p,- p,«^!. 

- Jm U,~pH)dQ 

(I»." 

J   i,ä> 

u:i 

^■A 
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The kinetic energy of a Jet in the nozzle cut-off plane la 

r, « I 4 dm « f -y pü,2nrco$fdr - npcoif j i^rdr. 

Replacing the velocity v   with its correaponding value fro« Eq.  054) 

and integrating,  we get 

e* m npvi cos <p]re     * an 

I        nDlW* 
T'(l 4-»tnf)cotf ^ 

(164) 

The work done by the pressure fcrces  in the section fron the nozzle 
cut-off to the jet exiting into the atmosphere is 

= \{p,-P,)dQ= j (p,-pJ2nn>,co$9dr. 

Using Eqs.  (1^9) and  (1^) and integrating, we find 

«» = 
«oiW,    p"l 

(I  * sin «r)co$v     2 

X 

^ ^+(c«»+»Tjr-ir|&r)'< 
v 'J     T"(l+»inf)eo»»x 

xll-*     * jj. (1S5) 
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The volune flow of uir in one second is 

Q^ j v,iir m j v,.2nrco%ifdr m 

After replacing the values of t. ,   (■ , and ^ found by Eqs.  (164)1 
R   11 

(lo1)), and (166), in l&i. (16>) we «et 

//< = 
^ (167) 

Thun, the theoretical total pressure required to produce the annular 
jet forming the air cushion, when excess pressure is present at the inner 
side of a Jet, is equal to the dynanic 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 writ« the follow- 
ing formula for determining the lift as a function of the geometrical 
parameters of a nozzle installation and the total air stream pressure! 

r-1'.+ «£-£«+ 

Bearing in mind that Y - c SH , we get the lift coefficient of a y   c 
craft with a single-pass annular nozzle 

<; = ^ + 4Tr-   Dm
k 

+ f(cosV-2^-1^T)215--*4S1]p....(ifi9) 

where F   is the relative nozzle exit (cut-off) area 

'       S ar\ co»f V cotf )* 
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S. is the relative area of the bottom of the nozzle installation 
bounded by the inner edge of the annular nozzle, 

The component of the lift coefficient due to the Jet reaction ia 

'..-■, ^f [»k + ("•» -2 -^ - TT^T) '] •   "7<" 

The component of ihr lift oocfficient produced by the preaaure foroea 
in the noz/le cut-off plane is 

2h.'DH 

(I f- iln VJ iov 

•* co»f \ c<w9 / 

The component of the lift coefficient due to the forces of the air 
cusnion pressure against the bottom of the nozzle installation is 

'*i \ coif )  F (172) 

Renulta of theoretical calculations of the lift coefficients and ita 
components baaed on Eqs.  (169) and 070) - (170 for a single-pass annular 
nozzle with angle of generatrix inclination f) •> Ab0 are presented in 
Figs.146-149t respectively.    These results are given in the form of the 
coefficients c t c       c    , and c     as functions of relative elevation y     yp,    yc yn 
h/Dfl of the craft of the ground surface for different relative nozzle 

exit width b/DM.    As we can see, for small elevation the pressure foroea 

acting at the craft bottom are  the principal foroea lifting the craft 
into the air.    The vertical component of the reactive force of the Jet 
in this cusc is small.    With increase in elevation,  the preaaure forces 
acting at the craft bottom become less, while the reactive force increases. 
An incrcise in the relative flow-through width of the nozzle inatallation 
for the same elevation leads to a very marked increase in the component 
of lift due to the reaction of the annular jet. 
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Fig. 146.    Lift coefficient c 

as functions of relative 
elevation h/O* of craft for 
different relative flow-through 
widths a/Dji of annular nozzle 
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Fig»  147.    Component c      (due to 

reaction of annular Jet) of lift as 
functions of the parameters h/D* and 

b/D„ ( f- 45°) 

A comparison of results from calculating the lift coefficients of 
a single-pass annular nozzle based on Kq.  (169), derived with reference 
to the axial symmetry of the annular Jet and baaed on the formula 

<, = ?<[ = Mi + 2 cot» y — I 
I ; (inv 
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tlg.   148.     Component c      (due  to 

presHurt   in the nozzle cut-off 
plane)  of lift  coefficient aa 
functions  of parametern h/DM and 

0,0»      0.06      0,08    -fc 

Fig-  149»    Component c      (due to 

pressure forces at craft bottom) 
of lift coefficient as functions 
of parameters h/DM and b/Dp 

if' 45°) 

obtained for a plane nozzle and extended  to the caae of an annular 
nozzle, affords  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/üH - 0-0.1, and f - 0-4tj0 observed in practice,  the 

values of the coefficient c    differed by not more  than 0.1  percent. 

Conniderin^ the simplicity of  the solution and  the quit» satisfactory 
'-onver^ence of calculation results with experimental data, we can recom- 
mend Eq.   ('7') for practical use  in determining the lift of plane and 
contour-closed nozzle  installations with horizontal nozzle cut-off. 

23.    Craft With Doublo-Pass Nozzle Installation Provided with Horizontal 
Nozzle Cut-Off 

Lift of a plane nozzle installation.    Let us determine the lift of 
an air cushion vehicle with plane double-pass nozzle installation 
consistinK of an annular external nozzle 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 and 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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Fig.  1^0.    Air cushion vehicle with twc 
paas nozzle installation with horizontal 

nozzle cut-off 

Let us determine the lift for this nozzle installation as the sun 
of components acting on its individual structural membersi 

or in terms of the lift coefficients! 

Let us express the lift coefficient and its components in terns of 
the geometrical parameters of the nozzle installation,  the elevation 
above the support surface, and the aerodynamic parameters of the air 
stream supplied.    In the derivation,  let us take account of the non- 
uniformity of velocity and pressure distribution in the cut-off places 
of the external and internal nozzles. 

Let us employ the following equations determining the distribution 
of velocity and pressure in the nozzle cut-off plane. 

For the external nozzles, we have 

= e t=z: ■£<"**•'> 

and 
Vu Ji 

'- = 1 -c %-'«   *• 
(Hiiavil 
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For the«  int-TriHj  nozzles, wo have 

'* N»     *Jli 
v. 

II ! »In Vil 

and 
PM — Pw  _ i _ e 

3 

'^-'a.      ''A'". -3-*—It.    ♦_! |l + ttl»»,) 

wher« 

b^b, 
A,     I   |  »in «|t 

?he air cushion pressure coefficient for the section of the bcttoo 
between the extcma]  and  th<> internal nozzles is 

" Pr. Z PH = 1 -e 
^- U-H'nf.) 

and  for  the section between  tin   internal nozzles,  it is 

Pi = j     — i — r 

l_r—I ii ■ lin«!) 
* > 

The component of the lift due to the reaction of the air Jets exiting 
from the external nnz^les  ia 

SHt 

'*  "it  ±> 

SHt   ~ J   r 

m    - J ^-.-U    —i. (Milnv.l 

dx,, 
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Conflldering that the coordinate 

*.i - '■ ü. 
coif, • 

(174) 

the general flow-through area of the external nozzles la 

?,     26,/.;   ^ 

the relative flow-through area of the external nozzles is 

(175) 

(1761 

and the dynamic pressure of the bounding Jet issuing from the external 
nozzle is equal to the total pressure of the air stream flowing into the 
nozzle installation, that is, 

nt — —j-. (177) 

the coraponont c      1  can be represented as 
yp 

^'•^ "^^■rrstnf.^- 

Thc component of the lift coefficient due to the forces of excess 
pressure acting at the external nozzle cut-offs is 

f  ÜLfo-pJdxn 

C*" *  SHC SHt 

K     '" 
■Xs- (Ifiinti) u*  f"f      -^^ f ,1« 

Usinp Eqs.   (174) - (177),  we find 

f,   i, _      _J_ Pi   \ 
c»rt~conr, \        l+iUif, "»il/»i/" 
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Thr ov»!rHll componunt of tlw* lift coefficient dut» to the forces of 
presmiro ttgain.it the out-offn of ihv cxt'rnaJ no.-./.lrn and the reaction 
I'ornea of t>M» .jotit in 

c*ti - '>• ♦■ f^, ■" intfi \      r (»»t,  2*,/*,; 

The component of the lift due to the pressure forces of the air 
cushion over the sections of the bottom bounded by the external and 
internal nobles is 

V«      .s//£ Ä7/c 
(178) 

where S.   is the rclutive urea of the sections of the bottom of the nozzle 

imUullution lying between the external and internal nozzles, 

S, • H.,       «.,•  ' (irf>) 

Thv  component nf the lift due to the reaction of the air jeta flowing 
from the internal no/.^les is 

c^ ** sff; * -Mr } ^cos: VJ "' ^ = 

^•/■co»;,<f2   f    "2V^ 

I 

Since  the overall flow-thro.4gh area of the internal nozzleeis 

Ft     2btL, (180) 

the relative flow-through area of the internal nozzles is 

and   the  coordinates are 

'--*-~   anü     t"-**—STfT« 
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wc can rppreetnt the component c      ,, as 

t*1    co» «r,   i i »in ft    ft,/*. 

The component of the lift due to the forces of excess pressure acting 
at the internal nozzle cut-offs is 

^"Sfl 

Usin« Kqs.   ;179) - (IBi),  we get 

^      co»<j, \ I t »m?,     26,/A, / 

The overall components of ti>e lift coefficient due to pressure 
forces acting at the internal nozzle cut-offs and the reaction forces 
of the jets flowing from these nozzles is 

The components of the lift coefficiunt due to the pressure forces 
of the air cushion over the section of the bottom bounded by the internal 
.iczzles is 

where S^ ia the relative ana at the section of the nozzle installation 

bottom line between the internal nozzles 

~s~' (182) 
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Thus,  tho lift coefficient of an air cushion vehicle with a plane 
two-uontcur nozzle installalion provided with angles of generatrix 
inclination of the external <p   and internal ^ nozzles,  the flow-through 

width b1  and b,,,  respeo iive 1,/, and different placements of nozzles with 

respect to the height of the nozzle installation, is 

where 

/': ^   I 

/'. •"AT (1 ♦ »inf.» 

I - j   f I'll»! 
I 

(184) 

(185) 

TJu'  f)Mrametor:j  F,,   F , iS1, and 3„ appearing in Lq.   (183) are 

(ictermint'ri  in accurdano«1 with the adopted nozzle installation geooetry 
based on wi«.   (176),   ('Hi),   (179),  an«l   (182). 

When   A.   - ^    - /|t»  , Kq,   (183) becomes 

',-/•.! 2'+/:J 2"+ 5,^+5^. 

and when p.  - ^,, - 30 »  we have 

(186) 

<„ - - ^3   l 3     2ft,//1 
€L-I J. 
I./A. '   ' 

hxpriimental data are compared in Fig.   15)1  with the results of 
Uieoretinal  caiculUlons of the lilt coefficient for a two-pass annular 
nozzle  with an/rle of generatrix inclination f.mfLm 450 and flow- 

thrcw/:h width b1 - b    - 6 um.    The lift in this experiment was determined 

by direct oea&urement on a gravimetric     instrument,    is we can see,  the 
proposed methoo of calculation agree» quite satisfactorily with experiment. 
The difference between the calculation and experimental data does not 
exceed ^6 percent. 
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Fig,  IJI.    Lin coefficient of 
two-paaB unnulhf nuzzle aa 
theoretical and experimental 
functions of paraaeter h/D^ for 
bi/I>d ' ^Z1** ' 0*02 and 

The  lift of a plane and an annular nozzle inate"1 latlon.    Lit ua 
examine the effect of the elevation of a plane two-contour nozzle 
installation above a solid support surface and the placement of the 
stability nozzles in this inatallation on the lift characteristics.    We 
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 
^1 . ^ . 430 and b^B - b^/B - 0.01.    We will vary the parameter bg/B 

within the limits b2/P - 0.972-0.2.    We note that the value bg/B « 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 

JL' - 
B ~ 

= I - 

9-2-A- 
B 

2—"'— 

0,01 
= l_2—^.- = 0,972. 

co» 45" ' 

We will vary the   elevation of the craft within the range h/fl ■ 0-0.1. 
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KIK.  li)2.    Coefficient c    of 

lift as functiono of elevation 
of air cushion vehiclfc with 
plane two-pass nozzle installa- 
tion (b^B - b2/B - 0.01) for 

different placement of stability 
nozzles 

of th!0I ^ Pf*1^01" noz2le installation, the relative out-olf area 
of the external and internal nozzles is 

and F„ = 2 U- 
ficM<r» ' 

(187J 

nozzles ^^ **** ^ ^ ^^ 0f the boUo0 ^^d by these 

S -- I       l 2-   ''i- and 5. = 4'- - 2 -B-^  (IW<> 

Specifying various values for the parameter b /B.  let us detendne 
based on i^qs.   (18?) and   (188) relative areas P ,. f        S     *nA * 
v    ■ /      » cl*    02*    1» and 3of «nd 

1 2 "jr «j.  voo, let ue find the correepondin« 
values of the coefficient    a    o" the lift      We will n^r        *u        , 
.,        „ y ll11*    we wil1 perform the calcula- 
tions for various values of the elevation h/a «r ♦>.» -,    . 
over the support surface. eiev«tion h/B of the nozzle installation 
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Tiw results of the calculutiona are <jiven in Fig,  1!)2t  from which 
we can oee  that   the :ü;v le-pas:; no.'./.J>   inatailation (the curve for 
D„/B ■ O.oy?)  has the top      load-be rin^ capacity.    Building a two-paaa 
nozzle inatailation with the sane overall are^a and tith the saae flow- 
throu^h area and the same anglea of nozzle generatrix inclination, as 
well aa employing any other oethuti of aectionalizing for tue specified 
condiiians 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 elevation of the craft above thp 
aupport surface. 

Let ua determine  the effect  that placement of the nozzle installa- 
tions has on the lift characteriatica of a planform round two-paaa 
»ozzle inatailation for different elevations above the support surface. 
Aa in the case of a plane nozzle inatallations,  we will assume 
(f^mf2m 4^° and b/Dw - b^fy - 0.01. 

We will characterize the position of an internal nozzle in the 
nozzle inatailation with the diameter D^., and  the overall dimensions 

of the nozzle inatailation — by the diameter Dw .    We will vary the 

diameter D^D   within the limita Ü#2/D# - 0.972-0.2, and the elevation 

of the craft — within the  limita h/D„ - 0-0.1.    Let us determine the 

lift coefficient for this nozzle installation by £q.  (166).    The relative 
cut-off areas of the external and internal nozzles appearing in this 
formula «re 

/.      .4       * (i l!__\ (189) 

-.-d 

/■« = ■« o. Üm an •( 
Ci "9.-^) (190) 

and the relative areaa of the external and internal sections of the 
bottom of the nozzle installation are 

(191) 

and 

(192) 
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0.02     0.0-     OJ>i 0.08 

Pig.   15'.     Coefficient  c    of lift 
y 

as  fun:tinns?  of rlcvation of air 
cushion venicle with annular  two- 
pass nozzle  installation (b /D^ « 

b.yo^ - 0.01)  for different  place- 

ment of stability  nozziea 

ft 

3.6 

O.b 

1. H* 
>//»■ oj 

11 j jfttffnm]^ 
I M !  !U- 

C     T.' .' ;'.'' i >  ^>  0.!CJ0,Sf 

Vif'.   1>1.     coefficient c    of lift 
y 

an   functions of placement of 
stability  nozzles in two-pass 
no/zle  installation for different 
elevatiun«  aoovt- support surface 
(lioli'i  curves  — for annular 
nozzle   maiallation,  ana dashed 
curves — for plane  installation) 

The air cushion pressure  coefficients pertaining?- to this  case are 
as  follow»,   in accordance with £qs.   (184) and   (18t)): 

ana 
Px-\-e    "i0* 

p      1 - r    ',/',•. 

(193) 

(194) 

The results of determining; the eflV   •   of elevation of a craft with 
an annular  two-pass nozzle  installation on  the  lift coefficient for 
different placement of stability nozzles arc given in Fig.   1^.     By 
comparing Fig.   1^)3 ana  Fiß.   1^,  we see  that  the  overall  pattern of 
variation of the  function c    - ffh/l^,   D   /Dw),   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 lift coeffi- 
cients. 
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Thr lift coefficient aa function:! of where  the stability nozzles 
aiv plu>eil in a two-pasn nozzle inrtul lation,  for different elevations 
of the nozzle installation abov»>  th»» support nurfuce,   is   shown in 
Flg.   I'-i.i.    As we can see,  increasin«: the separation between the internal 
and extenul  nozzles very appreciably reduce«  the  lift coefficient c , 

especially lor relatively large elevations h/ü ■ h/D^ .    And the coeffi- 

cient c    decreases raoiv  rapidly for an annular nozv;le  installation than 
y 

for a p ane one. 

For largf  values  of  the parameter Bp/B ■  D^./i^,   the annular nozzle 

installation has a greater load-bearing capacity compared with a plane 
installation,  but for small values of b,jB •   D^V^»   in contrast,  the 

plan«-  two-pass nozzle  installation achieves a greater lift  than the 
annular. 

24.     Craft With Two-Pass Nozzle  Installation Provided With Oblique Nozzle 
Cut-Oiis 

Ti.e  lilt of an air cushion vehicle with a  two-pass nozzle installa- 
tion having external and  internal nov.zles with oblique cut-off is 

K V = c^H. (<>, + cy<l -f- r^, 4- cm + cycl f r^,) S - j 

When determining the components of the li.'"t coefficients,   let us 
use  the  following equations  that determine  the distribution of velocity 
and pressure in the nozzle 'jut-off plane. 

Por the external nozzles,   toe velocity field  is 

_  (I j »in»,) to» ti 

o*     ' i    'r   JT,  "A,  '       cos^i      J 

and  the pressure field is 

(I -* »inf,) to» t< 

P» — PH   " [ x,       A, '        co»^,       J 

For the internal nozzles, the velocity field is 

(l+»in»,) eo» <, 
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where 

>l, ID» «( , 

II   :   lill f ,1  (II« y . 

anti   Ui«-   pn'nanri'  ficJ«!   i;i 

:•'■,:-' M-,.,,',, i 
' • «in f i rt.« ^, 

•1.    », 

wn^re 

p, ~ I - I I   • «m I'J, - ^i 
I )   •   «. II Q , | r n« n, 

«HI KTi - f ,")~ 

The   •oinponfnt.n of  tm-   Jift i-u« ! :'i   lorn due  to  the reutition of air 
.j'-ts <•       .   ami  the pn-n.iire  forct-r. at   tne   jut-nlft! of the external 

yp ' 
no/.zlt'H  " of H  two-pa;;n no/.^if   in.Ttüil.ition can be aetenaineu from 

>v    I 

the   forrrmlaa for a nin^lc-pasn  noz/ie   installation,   iia-ut'l^i 

an 

where 

^ri r=2 
CKS'I, ms ■, , 

''fr   -  I 

<V« = ^i 
Ci s 

«us Hi :'   I'll       Hi/       U*I — I) V'A,  J  ' 

/'i 

.'*, In», 

i^  the air cushion presaure co«;fficient 

/.-   -  i"- 26,/-, (1%) 

and 
is  the  relative   total  flow-tnrou^rh area of the external  nozzles, 

K> »in(?, — ti) "' c    *' 
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arc  the coefficients of proportionality. 

Th«   overall  component of the lift »luo  to the  reaction of jets and« 
preaaur«- forces at iho external noz'/.K- cut-off iu 

-'VM t-Oi - ' l*/«i — lw' 

Thr  component of the  ^.ift due  to the pressure  forces of the air 
cushion over the sections of the bottom bounded by the external and 
internal  nozzles is 

c^i-  s Pi- [l    ri     CMH-I    rx 

The  coefficient of  the  reactive  forces of jets acting at the  cut-offs 
of the  internal nozzles is 

'ti, '* 
2pJL<coit«cQ»f,      [     J  &, 

Keplacin^ in this equation velocity v      in the nozzle cut-off plane 

with its value from Eq.   OV',)) and  integrating the resulting expression, 
we find 

lw>. 
where 

9 -Li—    c<>« Ti cos ^t 
2*,-I 

f, = 26,/., 
(197) 

is   the  relative  total  fiow-throu/'h area of  the  internal nozzles, 

and 

^ (i    sim^Koty-, 
1 Mil (<f, - ti) 

.   _ . h, h, sin (Mi-^j) 

20S 

■i ■■ 



aro the coefficients of proportionality. 

Tho  cuefficiont  of  tho  cxtfrnul   preonure  forces acting at  the 
irK^rnal   no/./.le cut-offs ia 

*«. '» 

f^ = ^ii«y.v-*«i   J v>t-p,)d*% (198) 

ii«'r.»rrinf: to  tho equality 

and  Ivj.   ("'i')),  w«'  represent   the   nolntion  to  &4.   ('^öj  in  the  form 

Tho overall  coefficient  of reactivo  forces ami   the excess pressure 
forces acting at  the  internal   noz-^Je  cut-offs  is 

v/»;       ' ./■; 

»lit («J,       S:) (-^i   "') '.• '', 

The  coefficient of air cushion  pressure  forces  over  trie section r" 
ttie no-.-./le  installation bottom encloseii  betwi.'en tn*   internal  nozzles   va 

• .■• : - -s   P: - i,P:        ^ -^ / , - (^~\ Pt 

or 

c^i- [l-^i -/-!—.„^^ fz      cosVi      jPr 

Th<*  lift coefficient of a  two-pass nozzle  installation with oblique 
nozzle   rut-off is 
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In these formulas  the flow-through areas of the external  F-  and thd 

internal   ¥    nozzles can be üetermined b>  üqs.   (196) und   (197). 
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CHAPTÜH    ÖU. 
AKHODYNAMIC CHAHACTfc^IGTICi» OK 

UKriLlNÜ  Alh  CUSHION  VLHICLt 

Zu? we  know,   air cushion vt-hid<.■.■;  with a single-pan:! nozzle  installa- 
tion do not exhibit desired static stability.    Experience shows  that 
these  crufi  [7| have a very small  neutral  hoverinß heigtit  ('i!~2,L) percent 
of no/./l«    installation width),  and  nsirif: above   this height causes  total 
loss of static stability.    Since  thr rrafr must be in a quite stable 
hoverinr retfime,   the elevation  to which it  can ru«» in practice above 
a support surface,  determined  by some  reserve  of Jtatic stability,  is 
taken  to be much  less   than  the neutral  hovering heifiht.     The  low stability 
of these craft  is dictated  by  the   fact  that even a slis'ht heeling of the 
craft  causes marked qualitative changes  in  the  flow pt>  tern of the main 
a»"d   :irculatlon air a rrents under its bottom.    This causes  the pressure 
to oc  redistributed over the bottom and even at low » levationa causes a 
tipping moment, acting on t ,e craft  in the direction -J   the  lowered side. 

The static stability  jf a craft with a single-pass nozzle installa- 
tion can be augmented  by  introducing auxiliary nozzles — stability 
nozzles.    By coapartmentalizintf the craft bottom with additional nozzle 
into individual sections,   it  is possible   to markedly boost 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 healing, ana  thus produce  the requisite restoring 
moment returning tne 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 lift 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 sectionalized nozzl?  installations 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-pass nozzle 
installation the entire air stream participates in producing the excess 
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{»reasur»' under  the entire area of  lln   no. •/.le  in.itallati«     bottom,  whiJe 
in n seel. ionaliv.ed   in.Ht'.llation air jetH  flowing from th»   auxiliary 
rio/./.ler  an/^'iit   tfk«  pre^Pfire  only   over   norm?  neutionn  of   the   bottom. 

On«- of  the  üicti'us 1 i7.<(l  no/./.l«-   inntallationH ^•ainiiu' anr^piunuo 
in an inntallation     »at i-onnlnt:: ol" .»  reotanKuinr or planforn oval ain^lo- 
pann nov.v.le with  two  longitudinal   no-/7,le».     In development of  this 
inntallation,   the  /^oal  wan,   by u:iin«'   lonritudirial  nozzles,   to augment 
the   trannveme ntability and  to build a no/./.lo ir.atallation with approxi- 
inat<?ly  identical  def^ve  of stability  both in  the  lon/ritudinul  and 
tranoverae directions,    r-xperiments showed  that  thia noz-.lc  installation 
lias a neutral  hoverinr height  that in roughly 4"^  ticien greater than a 
ningle-F)an:i noz/.lc. 

Jin«:o  the  lift and  the decree of static stability depem heavily on 
the dimensions and pn:iition of the auxiliary nozzles in the sectionalized 
nozzlo  ir^tallution,   functions relatln*! these parameters are of practical 
interest, as wei    as an evaluation of the effect  that heeling has on the 
efficiency of those  installations. 

;>l).     Desi/n Model   of a No.-./le  Installatinn 

In 'xaminirv;  the experimental  charactcrintics ol" the  pressure 
distribution over  the  bottom of   two-'iass annular nozzle  installations, 
we .-an .'!•■■    that for email heeling ar./.:l«.*ö  (y ^ 0-2°) and for small relativ« 
elowotirr, of  the no/v'.if   installation over  the support fsurfacc  (h/b • 0.^), 
the pre;"ure over the surface of the nozzle installation bottom section 
bounded by  the internal  nozzle  i^ distributed virtually uniformly (the 
(Teatent deviation does not exceed ±,2,*) percent of the mean pressure). 
The mean pressure  is virtually equal   to the  pressure whenT ■ 0,  while 
the pressure over the bottom sectionr bounded by the external and internal 
nozzles depends strongly on the heeling: an^le J.    For example,  for a 
nozzle installation with anrles ^   * <P    ~  30°,  when b/h ■ 0.1; and when 

^he angle  T is varied within the  limits 0-2  ,   the pressure coefficient 
p    at  the lowered   •;rafr. side rises from 0.6?  to 0.86,  that is,  by 

2$ percent,  while on the opposite side it decreases from 0.6'/  to 0.62, 
that is,  by 8 percent. 

These regularities suggest a method     for      epproximate calculation 
of forces and oooents acting on a heeiint; sectionalized nozzle installa- 
tion from the air cushion,  by adopting the following assumptions! 

tlie pressure over the section of the nozzle  installation bottom 
bounded  by the internal nozzles,  for small angles of heeling   f and for 
limited related elevation h/v, does not depend on the angle of heeling 
and remains equal  to the pressure for f s 0 and for the same mean eleva- 
tion h of tne nozzle installation over the support surface; and 
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ttc  pressure over the bottori sections  between  the nczzles is 
unifomlj  distributed areawi:«e. 

Ttii.-' method of calcuJHtion ':ari IM   used   tn determine   the effect  that 
heellnft has  on  the  puratnount aerodynamii'  'Characteristics of a nozzle 
inotallatinnt   the air cushion preiüiun   cfjeffit.ient,   diso'iur^re  coefficient, 
and tirar '-oefficient of indivicual   nov./lec as welJ   as  the nozzle  installa- 
tion as a whole;   the  lift coefficient and   the side  coefficient;   the 
roefflclenta  of air cushion mo'nents;  and   tht-'  coefficients nf  transverse 
static stability.     If we know   these  characteristics,   it appears possible 
to find  the optimum layout of intern**]  nov.v.les  (stability nozzles) in a 
sectionalized nozzle  installation,  assuming the  condition of a large 
onou^h restoring moment witnout 'ipprcc-iabio   loss  of lift, and also  it 
appears possible  to find  the  balancirv angles as  functionu of the moment 
of external   ferres acting on the  nozzle  installation. 

2b. Lift  and  Gide  Force  of  Heciin;-  Nozzle   Installation 

Lot us examine functions  deterroinin^ the   lift and  side  force of a 
plane  r^'ctionalized nozzle  inatallaticn consisting of external nozzles 
and  internal noz/.les arranged parallel  to them (Pig.   1^*)).    The resultant 
force acting from the   air cushion u/Turust  the craft witn this sectionaliz- 
ing acheme  is determined   r,y  the sum of  the  components acting on individual 
installation members  (ol   the ..ut-offs of  the external  nozzles and  the 
ttaniljty  nozzles,  and alno over the   bottom sections enclosed between 
these  no/./.les). 

Wli.n the craft is  in the horizontal  position,   the resultant forces 
directed  normally   to the  bottom surface und   tends  to raise  the craft 
above   tht   support surface.     In the  heeled  craft position,   the reaction 
^rces  of air jets  leavin.- the nozzles arc directed at an angle to the 
.ozzle   i 4atallation bottom ana differ  in magnitude for different angles. 
I^ierefore  the direction of  the  result»v.  ;orce in this case does not 
coincide with  the normal  to  U»e  bottom,     tlow^ver,   in practice since the 
fraction of the  reaction forces  in tne resultant is very small compared 
with the  forces of excess air cushion pressure,  even for a heeling craft 
we can assume  the  resultant force   u   be directed  normally  to the nozzle 
installation bottom.     The  resultant  force  tends   to lift  the  craft above 
the  support surface and  to snift  it.   toward   the depressed side. 

The  lift determined  in terms  of  the   resultant H is 

)   . k. sir >,'/ (**») 

where  c, i;;  the coefficient of the  resultant force;   c    is  the  lift 
i< y 

coefficienii  S is  the area of  the  nozzle  installation bounded by  the 
external edge of tne external  nozzle;  and H    is  the  total pressure of 

the air stream fed  to the nozzle  installation  to produce the jets forming 
the air cushion. 
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FiK.   ^tt»     Calculation scheme of aectionalized 
nozzle installation at small heeling angles 

At SITAII heeling angles varied within the limits y ■ 0-2    50', 
cos Y lies within the limits 1-0.9990,   therefore we can assume Y^ R and, 
accordingly, c ^ cR, with practical accuracy. 

The side force produced by craft heeling is 

Z = oStf c - K sin Y = i*SHc sin y. 

For the  indicated hoeHng an/rles,   sin Y  lies within the  limits 
0-0.0456.    Therefore  in actual  calculations we can assume 

Z = /?sinv*»>'«gv*«1 Kv (20') 

and,   tnus   tl - cÄ sin v *** f» 'ß V ^ 'VY. since at small angles   sin y ** 'g Y *** Y- 

Tho effect of air cushion craft heeling on its aerodynamic charac- 
teristics is dictated by the fart  that as  the heeling angle y is varied, 
both the elevation h of the  individual  nozzles as well as  the angles 
<ü of air jet outflow relative  to the  support surface change.    As  the 
result of craft heeling,  the escape velocity of air jeto,   the pressure 
at noz/.le 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 remombor thHt «ht-n the nozzle  installation heels by the 
i»n^le "Y",   for a raotlerato elovation h above  the support tsurface,   the exit 
«•iif^'M of  the external  rio../.|c wall.i ai-«» dlBplaocd and will  be at different 
r li'vat. ii»ri;:: 

for  the external   no/./.Jc of  the (iopresaed side 

h\ — h-~ 2 any. (202) 

for  Uu- internal  nw/./Av of  the «leprcsnod aide 

Ü. h] = h: -    l~ sm v ^ '« f AA -   2L :,i,1 V; (203) 

for the external  nozzle of the elevated side 

/ii ^h ■ -j-sinv; (204) 

for  the   internal   nozzle  of  the  elevated airie 

/,V _ h: f   '; siny ^ h f- A/i f- -* Miiy. (205) 

Ikrr- and  in th»<  following,   the symbol   (*) will denote quantities 
p«'rtainjn/:  to  the deprejsed  [lower] aide of  the nozzle installation, 
while  the nymbel  { »♦) will  refer   juantities pertaining: the elevated side. 

The limit.inr value of  '.i e ar,(:lp Y      for whioh one of the nozzle 1 up 
installation sides  toucher,  the support surface is 

y^ — arcsiu2~r (206) 

Heeling of tht  craft ircreases  the angele of generatrix inclination 
<f  of  the nozzles at the lowered side with respect to the support surface 
ly the an^ie y and reduces  the an^le (p of fjeneratrix inclination of the 
nozzles on the elevated side by  the same angle V. 
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;■,'.    Air ihir.hion Pn^nnurv Cm'Tli-ii-ntM of a Hpciirw Hov.v.ltt Installation 

Alnti ti nontionnllvuMl now/l«-  innlallMtlun  iu hori/onLiil,   the uir 
ninhion niiT.niin' coofflcionto «r«': 

for  th«' cxtornal  nozv.lo 

p,^!-^"'1"».; (207) 

for the intf rnal nozv.lc 

where 
.'», In ». pi= 1 -(l-p,)^ 

(I -f imy,)cOTi. . 
*i = 

(f. - 
COS If j 

k  =1   ,  JL.sin^.-tr,). 

(208) 

(209) 

(210) 

*, 
(I        Mil «f.,>CMi|  . 
_ tin (v, - t,) 

_ fr,,/«,        stn U,- t,] 
* — '   ' \h   ' cos*. A/i 

n 

cos^r, 

(211) 

(212) 

HepJacin;' in Kqs.   (210) and  (^U') the elevation h.   « h of nozzles 

over the support surface with its value  from Eqs.   (202) and  (203) for 
the  lowered side, and by Kqs.   (204) and  (20^) for the elevated side,  and 
the anf:lo of nozzle generatrix inclination — with the an^le ^+ y   of the 
jet exit for the depressed side, and with the an^le   ^- y of the jet exit 
for the elevated side,  we arrive at  the following fomulas for determining 
the air cushion pressure coefficient of a heeling nozzle  installation. 

For the external nozzle of thf  lowered side we have 

- • -1km In *', 
Pl=  I — <?        ' 

for the internal nozzle of the lowered side 

(213) 

Pi= 1-0 -p\)e 
-..    -2»' In » 

3 4 (214) 
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whfr*» 

ll' —   M   I  *'" Ui  ! Y)|c.»ti 

*;=! + 2t,/B sin(<r,  » Y-i|) 

2-F-Sinv 
CUSJf, 

^_   |l -^ siii(«f, ^ Y))cos<rt 
3      ~     sm (Ti r Y - Vi» 

*:=i + 2/.l/fl 

^('•4' l1 ^-r)--Ä-s,nY 

sin (y, 4 Y-'it) 

(215) 

(216) 

(217) 

(218) 

For the external  nozzle of the elevated aide,  we have 

-">*;•. 
PI = i-< 

for the internal nozzle of the elevatea side, we have 

(219) 

where 

P-"=l -(l-pi*)*- J»r In »" 

*I' =   I'      Mn (v, - Y)|co<<r, 
!>,n(V,-Y-t,»       ' 

*j* = 1 ^       2fti fl       .   *ln(V,-Y-tr.) 
costf, 

*;•= 

2 -^ i »in Y 

ll" _   I' r sin (<(,»-Y)Ic<»»t . 

1 -i  2b*IB sm (^-v-^,) 
h   ! (' 4"-) -f sl" V 

cos*. 

(220) 

(221) 

(222) 

(223) 

(224) 

26.  Air Volume Flow in a :ii-olirM: Nozzle Installation 

The air volume flow in a nozzle installation or in some of its 
nozzles is 

(? = af (/I//, , 

where Qf is the dischar^ coefficient of  the nozzle installation (nozzle) 
given with respect to its flow-through area,  F is  the flow-   Toufh arwa 
of the nozzle installation (nozzle);  H    is  the  total pressure  of the 

air current flowing into the nozzle installation; and   n is the 'Unsity 
of the air. 

214 

 -   -       - - —  —.- k M  in    ■.. liM 



MM 

For a sectionalizrd noz/Je installation that is horizontal relative 
to the .-.upport surfaro,  the dischar^r <'oefficients of the individual 
noz/le» are as follows: 

for  the  external  no/./ie 

•I- *, '*■   '» 

(*-,     I) 

(225) 

for  the   internal  nozzle 

]_   £ *..N1-v,t'-"l 
MiM'l,-   f.-) (>, 

(226) 

cos >f, ^-(*,-l) 

where  K, ,  k  ,   k-,  ami k    are  the coefficients determined by üqs.   (209) ~ 

(212). 

Usin^: fckjs.   (22^) and  (226)  for  the case of a heeling nozzle  installa* 
tion and considerinK the variation in  the elevation of individual nozzles 
relative   to  the support surface and   the jet exit angle,  we derive  the 
followinf: formulas for the discharpje coefficients: 

for  the external   nozzle oi   the depressed side 

1      k, 

>"i Ch      V -   Hi) 

(*; •) 

(*r- '7 
for the internal nozzle of tne depressed side 

(227) 

o. - ' H     n 
"2/1, H 

sill  V .. c; •) 
sin m,     V-f,) 

co» it 
(*;-') 

(228) 

for the external nozzle  of  the elevated side 

«i  = 21,18 

1 — *, 
.. (»r-o 

M'Ktt- V- »i»   /k" _ |\ ' 
(229) 
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for  the  internal  nozzle of the elevated side 

a. — h 
t i 

\h      H. 
it     n -  sniY     k 

■•I /     *• \  I 

i * "«  i-.     (230) 

sin iJ \ 3       / 

Th<- cuefficients    ftj, **. *3 , and k» for  the depressed side and the 
••    ••    •• ' 

i:oefficienta     *i • *-• • ** , and k*# for the elevated side are detemincd, 
4 

renpectivcly,   by nqs.   (..M^) - (.'U)) and  by   (?.'l)  - (^4).    The discharge 
coefficientn   «!  «*  „'   ,  andQC* each relate   to  the  flow-through area of 

a particular nozr.lc-. 

The total discharpn coefficient of the nozzle installation is 

a — 
a, f,   ! aj rj (231) 

/v /v"" 
• • ** 

wimp    fi. /•'.■, ri ,  and  F** are  the flew-through areas  of the external ana 
e. 

internal nozzle« of the depressed and elevated aides. 

For a plane aectionali/.ed no;:zle installatii n in which the length 
of th«' <'xternal ana internal nozzles is the same, we have 

a — 
(..;  a;-) 6,   («;, • a;')ft. 

2 (ft, i ft,» 

since for this nozzle installation/1  ^i   »x^  and /■', y 

(232) 

bJ.. 

Analysis shows  that  th«'  position of  the  internal nozzles in the 
plane sectionalized nozzle  installation having approximately  the same 
flow-through width of the external and internal nozzles  (b.i^J bp) and 

identical angles of inclination of their gtneratricps  {(p .Tt <?-,)% when 

iV1 a 0, affc "ts  the  total  dischar/^  coefficient only very slightly. 
Ttierefore  in practical  calculationr; it is useful to neglect the effect 
of the position of the stability nozzles and to determine  the  total 
discharge coefficient of tne 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  i\ this case will become 
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&• =  

*-if-™** 

*" = 
2fe|  'ß

bt 11  ^sin(f-Y)| 

2-jj-  • iii'Y 

Th«- (lincharp»-- coffficicnt OC calculated by these formulas corresponds 
to  the  case  h.JB * 0.97^,  where  the stability no/zles Derne with  the 

external  nozzles into a single general no/./.le. 

2l).    Lift Coefficients of a Heeling Nozzle  Installation 

When determining the lift coefficients of a heeling nozzle installa- 
tion,   let us use results from theoretical  studies made of tne aerodynamic 
charactoristics of a sectionalized nozzle installation for the case when 
the craft is horizontal relative  to the support surface  (cfo   Chapters 
Three ana Five).    In this case  the lift coefficient of  the air cushion 
vehicle  is 

f* = c vPi T Cyci r c^i + cm f- c^j + c( in*- (233) 

The component of the lift coefficient arising from the reaction 
forcps of the air jets  flowing from the external noz/.ien  ir. 

nil      COT q, CO$t,      '-  *»(' -  Pi» 
c*n     i»,*," et« «,->;)"■    w,-i 

(234) 

TTie component of the  lift coefficient arising from the forces of 
excesn  nressure at the external  nozzle cut-offs  is 

-? [cOTW,-*,) _c£li?i^L?ii.I-iAlIJ^£'ll      (235) f#'>-/",l    cöT^" »InWi —ti)    (2*,—OV*» J' 

The overall component of the lift coefficient arisin^ from tne 
reaction forces of jets and the pressure forces at the external noz/.le 
cut-offn  is 

21? 
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' «r.! >rl   f   ', 

CON (Mi   •  <».>      '-   ^t' -Pill 
'   MH (Hi -  ii»     (2*,-   1)«>,/'I, J 

(236) 

?};<   romponont of tiio  lift coefficient ariain,- from the reaction 
forces  of air jets  flowin»-' from the  internal nozrlec  is 

/.      u^Sji.^iJ-,    (! -  p,)-- *,(! -P,) 

V..   »"I Cii     t,) SA-j - I 
(237) 

Tli«   component  of the  lift coefficient arininr from the forces of 
• •xc«-."..'!  pre-Tsure  at   th«-   inlernai   no.:..ii   rut-offs  i;j 

r    — fi   rsSÜit- *«'      ^iÜLij-♦»)   (I -p\)-kt{\ -p,»]       ,938^ 
Vi-rM     c»*;' Miiws-t,V       (2*,-1)6, Ti.      J'     l      ' 

7h» overall coapnnent of the lift coefficient arising from the jet 
reaction forces and the pressure forces at the internal nozzle cut-offs 
is 

lypct 
— f [SgLÜtzJbl x-£2!JSi±JbJ (i -Pi)-*«(i -pt) 1    /jag) 
"" ' L  cos*.   ' »m («p, - ♦,)"'  (2*J-I)6I/A1  J1 l  ; 

The overall i.omponont of the lift coefficient arjüinj: from the 
Hir cujihion pressure forces at the external and internal sections of 
the no-v.le inütallation bottom is 

Cyn^ty,x rC^.^SM tS.p. (240) 

Tiie   lift  coefficient !•:' an .•.,- u.-niori vehicle  with a :ectionalized 
nozzlo  inr,•.allntion provided witr. ohiique no;:zle cut-off is 

c»— ' i  [" u.s^,        "  »in («i, -*,)   ■     ' 

i- ^(i-'p,) ;    v rcw^.-») . 
x (2*I-r)61-'.I j '   -L   to»*, 

co»(f, r^). »i_- r.^-AlL- £iLl + s.p, + S.p. (241) 
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where F,   is  the  total  flow-through ar'V« of the external noz/les, 

?.  «• b1 n./ä; ?„  ir.  the  total  flow-thicugh  »reu of the iiiternal nozzlea, 

S_  « b ,/7,,/3;  S     is   th«-   total  area of  the  external   bottom nections 

boundi'd   by  the oxit edßea of  tli»   external  and  internal  nozzles, Ü.   ■ S«/i>t 

Ü,,  is  tho area of  the  intomaJ  aection of  the bottom bounaod by the exit 

ed^ of the  internai  nozzles,  '6,. ■ ^.J'^» 

The air cushion prer.sure coefficient p1  and p^ apptarintj in 

r/js.   (^5^) ~ (^41) are (Jetermincn  by i-.qs.   (?0y) and (208).     In the sr .»cial 
case for a aectionali/ed nor./.le  installation with horizontal  nozzle cut- 
r>ff ((J.   « )i/,  and (p.* W.,),   the lift coefficients are dctortnined by 

tne foJlowin/j formulas. 

The overall  components of the lift force arising frcti;  the jet reac- 
tion forces and  the pressure  forces of  the external  nozzle cut-offs is 

'■moi 
h ft . 2^5.,ü--d..-f«-V 

Vht overall component of the lift coefficient arisin,; from the jet 
reaction forces an: the pressen- forces at the internal nozzle cut-offs 
in 

'»i* 

Thr overall component of the lift coefficient arising from air 
naahion pressure forces at the external and internal ructions of the 
nozzle installation bottom is 

» - Cynl  -f ',*J = Stfx  + S:P.. (242) 

Tht lift coefficient cf ar. air cushion vehicle with horizontal 
nozzle 'ut-off ia 

Ft    ft   . 2co>,S.,-' P: - P» \ 1 

f-S.A+iÄ. (243) 
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wiiorf 

/' I      . /., /. (i, ».»1, 

'.,  «  "     '    ".,    .........   ,,   A*  1 

(244) 

(245) 

J.   and S„ aro   the  rdativt  arf-Hs of the nozzle  installation bottom 

boundeii  t'y  tho exit edp'a of  tii^ no/.vies, 

when  the dischar^Tc  of air ,iet3  fror, the nozzle  inctallation can be 
viewed as a plane  dischar^-e, 

/        -'',/- - 1"', /*,   /■'• - r i _   til. ' 

C   .    I — 1 • •—- •   o. 

2b.L - 2h,B: 
Bl. *' 

'a 
•2b,. H 

tVir  tne heclinp nozzle  installaticn,   the   lift coefficient is 

• • 
Cy ~ ^vrl   r ^y-1   )" CytX    ■' ^yp*   t   ^V-"-   t   ^V"-   ' 

-• •• *• 
C¥t,\  \- Cp i r Cy.ii r ^KP: r £*<■-■ T ^r"-' (246) 

heferrinK to  these  function? determining the variation in the 
elevation of nozzles and  the jet exit an^le during the heeling of a 
nozzle installation,   the  coeffici.-ntc appearing in the right side of 
£q.   (;M^)  can be represented  by   the  following expressions. 

The  coefficient of tne   reaction force  of a jet exiting froir, the 
external nozzle of the  lowered side  is 

Cufi = 2Fl sin(«F, + Y-*.) '      26,/Ö 2*;-I 
(247) 

The coefficient of the excess pressure forces acting at the cut-off 
of  the external  nozzle of the lowered side  is 

?^0 
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-..• [ cos («p, f- Y • ti) 
.'US ift 

COT (V,   ' y-tfi)    2A/« - sm y   1^ *.' ('~^) ] (248) 
»m(S,     Y-*i) ^»'ß 2*;-I        J" 

'n.«'    i^fficicnt of Uw reaction force of a jet and  the excess 
proosim-  forces actin«: at  the cut-off of  the externa]   no/.zle at the 
lower iiiih'  is 

"»(Hi     Y-   <■> 

co« (ft  i Y ! ii>    2|l^ä - >in Y *' 
2*; - I     J * 

(249) 

Thr coefficient of the air cushion pressvre foi .;es at the section 
of the no/.zle installation bottom bounded Ly *he external and internal 
nozzles of the lowered side is 

6., -• 
f,...i = -2- Pi = 

-[■-^- 2 (250) 

Thr coefficient of the reacMon force of a j't t.xlting from the 
internal  nozzle of  the  lowered side  is 

c»pi = **J 
•   cos'«<,  .   V)cosH. H \ h /       ß 

»in (q, • Y-V.» 2btib 

(i-ri) -*;(«- P.) 

2k,-\ 
(251) 

Thr coefficient of the excess pressure fcrces acting at the cut-off 
of the   internal  nozzle of the lowered side is 

c^ = F\ COT<^ ^Y-^> X 

X 

_   cosCf, f-Y —t») 
cost, "  linflPi + Y —ti) 

lÜ^l^^T^V    (\-p\)-k\(\-p:) 
2k\-\' 26, ß (252) 

?^ 
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Tin' I'tiefficiont of the jet reaction force and  the excess pressure 
foroer; acting at the  mit-off of  the   internal nozzle of  the lower side  ie 

* * * <r* 

\h \     0, 

+ tosW, 
„ h  ( ,      \h \      0, 

(i- P;)-*;(I-^) 

2*:-i i (253) 

Th»- coefficient ol" the air cushion pressure forces at the section 
of the nozzle installation bottom enclosed between the internal nozzles 
is 

• ••   __ S, - 
Cy*. — Cy-tz T Cyni — -^ Pi — 

Ö:'- /r'   ,   -b"\   CMWi —ti) =     ^_(^ + f,) 
cos^ (254) 

The coefficient of  the reaction force of a jet exitinr from the 
external  nozzle of the elevated nide  is 

2 --   :   sill Y 
0L" C,)S(NI      Y)K»*I ^ 

MiMM,     Y-ti) 26,/fl 

2* • - I 
(255) 

The coefficient of th«- external pressure forces acting at tne cut- 
off of the external nozzle of th» elevated side i;; 

," _ c"    ««iSi - Y- ti)  COT(<r,->•-♦(> 

2T + »inY   ,_*"(,_>;•) 

2b,:B 2k':-i 
(256) 

2?^' 
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Th«» coefricirnt of  the  jet roaotion foriu- and  the execau prvsauro 
forcrr. nctin^T at the cut-off of th^ rxtcrnaJ  no/v.le of tnc elevated 
siao i;-. 

f#*" i — c#pi r f». i - /•; CUMSi - y-fi' 

-'•..   v   *•> .^ : s,nY. '-^C-^') (257) 

The coefficient of the air cushion pressure forces at the section 
of the nozzle installation bottor. bounded by the external and internal 
nozzles  of the elevated side  is 

c"   -  ILö"- Ti      Btl.     /y ,   c"\ coi(f,-»,)1  P\     ,9cov 

""he  coefficient of  the  reaction force of a jet exitinf* from the 
internal  mr/vile of the elevated :;idc  is 

(,_p1)_*4   (l_p.) 

••     _ 0f.*»   COS 
C,p2 - ^2    »m^-Y-^) Mt/B 

2*;-l 
(259) 

The  coefficient of  the excess pre^oure  forces acting at  the cut-off 
of the  internal  nozzle of the elevated side  is 

•• "z^** cost').- v - it) _ cosCf, —Y —♦») 
costf, cosV^-v-t.) ■:A2 = F, 

n It   /,  , &h\      B. 

2ö,/fl 2»3-l 
(260) 
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Th*» coefficient of  the j^l reaction force and  the excess prer^ure 
f.>r;"t's (»ftinj: at the cut-off of  the   internal  no-.:zle of the elevated 
: id.-  i. 

  ...Jr.«(TV   Y-i.j  )'-<■'?- ^-j; 

'TO'X)'^ ^ilz£(LiIll.    (261) 
x WB '        2*';-I        J 

Th«« prosourc norTficirnliJ p  f   p.,,  p-   ,  an«i  p^  ,  ana  ihv coeffici/nts 
•     •       •    •    ••    ••     .. 

«i,   «f.-.    A"... A'4, k\ , k. , A-, f  and  k** appearing in these formulas are deter- 

■nineii   ivj  ivjs.   (/15) "  (^^4).    The  pressure coefficient p^ in i£q.   (i'lvl)» 

accpraiiif'  to the arsumption adopted,  doi'ü not depend on  the heeling 
anrl*" If.    For a  two-pans nozzle  installation with oblique nozzle cut-off, 
thin  coefficient  is determined  by £q.   (200), and for a  two-pass nozzle _ 
installation with horizontal nozzle cut-off — by Lkj.   (24!>);    F\ = F\ = Fi!2 

an-.i     /•;-=/•:*-F.,/2. 

Kno^irw the geon«'tricai parameti.'rs ol  a sectionalized nozzle instal- 
lation,   that  is,   the  flow-through width b    of the external  nozzle and 

tv   of  th'-  internal no;v.-,lo, un^iie:;   (P.  an<i   <p., of their generatrix 

inciin.it ions,  cut-off angles   yf.  and   \^;,  nozzle installation width b, 

and   th    iijütance  b    between stability nozzles, as well  as  tne elevation 

of   UM   nozzle  installation above   the  support surface and  its  heeling 
^inrle Y ,   let us determine   by üqs.   (249),   (2tjü),   (2^;),   (2;4),   (2t)7), 
(2SB),  anii   (261)  the components  of  tne  lift  coefficients.     'ITien by 
i>q.   (246) wr  find  the  lift coefficient c    of the  heeiirw   nozzle instal- 

y 
lation.  For a known total pressurv ;i of the air strea.x. fed to the 

no/.zie installation, let us calculate by üq. (200) the lift, ana then 
the side force — by Sq. (2CJ1J. 

)0.  Moments Induced in the nir Cusr ion 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 
stability nozzles (cf. Fig. lt)b).  Suppose that when acted on by moments 
induced by external forces and the air cushion, this nozzle installation 
heels and is balanced at a heel in,' angle Yx at elevation h from the 
support surface.  Let us find relationships between the restoring moment, 
the geometrical parameters of the nozzle installation, its heeling angle, 
and its elevation. 
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!'!■   ii.'.liti(' ni.nn-it,  c'l it- t  L<i  tii" wiiith ii nl" thi   n«»-/./.l«'  innlallation 
\- 

M.       mJiSII,, (262) 

wt.«-!!'  •:.     i:;   tue  aim» ii.; lorilf:;::  (•-••rri^ifnt  oi'  t»it'  hi-cliiv; monent. 

L<t im r.et. up an «"(uation of moments  induced  by  tho air cushion 
rpl'itiv.-   to  tin    longitudinal  axin   »  <ir  the no/.'/.le  installation: 

v"    ,   ,    V** — 
.'.f, _,r,,i> ,,1 r'.i'-i r/p.'.'. T 

v-     7 y\ - z >VV - z. y'<> - »"«y'"« - ^B;V',n:,   (263) 
— rPi> pi — '<rl' ci —'P^ P- 

•wt.er«^   : r-'prcnent;;  th»   dis^'uices  fron, the  x axiu   to tne points at which 
thr  v«-rtiral   component::  ol   forcer.  If art  applie'i  to the corresponding; 
ntru^tural  members of the   jo/./lr  installation. 

'i'he positive  U'rms appearir./' in  the  rinht aide of £q.   (265) are  the 
moments of  the jet  reaction foroen,   the prcsuure  forces at  the external 
and  internal no'/zlc cut-offrj, anu  the air cushion pressure  forces over 
the   lections  of th«'  nozzle installation bottom of the elevated side, 
while   the nefativc  terms  correspond   to tne moments of forces acting at 
the   corn 3 pond in/: structural  members oi"  the  nozzle  installation on the 
deprens'd  side. 

In rxpanding "!•   (^',^)»  we will  bear in mind  that  tr.e  bottom section 
bounaed  oy  the  internal  noz7.1"S Und  the  x axis arc  identical  in area and 
equidistant from thin axis,  ami  tr.e pressure over  their surface areas, 
according  to  the  calculation ocr.en«   aaopted,   is uniformly distributed* 
Therefore   the moments of for or  a-tiif- at  these sections  become equalized 
and,   therefore, 7, >'!'- j„ } ,   = 0. 

Hotr  that owin^ to  tne  nonunifomity nf velocity and pressure dis- 
tribution in the nozzle  cut-off plan« ,   the points at which tne resultant 
reaction forces and  the  pressure   forces are applied are sooewhat shifted 
toward either side of the noz/.le midline.     For tne pressure forces,   the 
point at which  the resultant, in applied  is shifted toward the inner wall 
of the nozzle,  and for  the reaction  forces of the jet — toward  the 
outer wall of the nozzle.    Jince  these forces are displaced from the 
nozzle mi • line  to the different sites,   but the displacement itself is 
very small  compared with the distance from the midline to the x axis of 
the nozzle  installation,  we can assume — with precision adequate  for 
practicHl  calculations — that  the point at which  the  resultant of the 
reaction forces and  the pressure  forces  is applied lies along the midline 
of the  nn.-.-.sle cut-off.     .\(corain,'ly, 
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'ci^hi^'m   arid   *<**"'*-*'*- 

UvCvrrlnp, to the foregoing an41 denoting 

I'" v" I'"' 

we can represent Eq.   (^6^) at, 

M.-z^iy^-Y'^+i^iY^-Y, 

In this equation the diDtarn-e from the x ax  to the middle of the 
external nozzle cut-off, expressed in terms of th  eometrical parameters 
of u no/./.le installation, is 

_ _ J?. /1   b,   cos(<f,-v *m-  2 ^i --g-—^- (265) 

the distance from the x axis  to the middle of the  in       al nozzle cut-off 
is 

»ATJ "~   2  \ Ä        B'        COS»,      ) ' 
(266) 

and  the distance from the x axis  to the middle of the bottom section 
bounded by the external ami  internal no/.zles is 

,   _ fi /i       äi      ob>   C<»(TI--»I)\ (267) 

ixpresain^T the forces Y appearing in Eq. {'&})  by the corresponding 
lift ■oefficientr- c , the nozzle installation area S, and the total 

pressure H related by the equality 

Y - c,SHc. 

and usin^ liq. (264), we pet  the heeling moment of the nozzle installation 

Mg — I-^ (cw.f 1 — Cypfi) + - g- \cn*- — e»ptv -f- 

+ Z-fic^-clnl)]BSHc. 
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UV fcrrinf:  to t.q.   (.'«'■'),   wr  ^t  tlie  rocfficicnt  nf  th<    ri.>elin^ moiw?nt 

m. '■*=%(C - ^,) f ^ (c;;.. - c^,) + *■% (c;;, -c^.). g~ \k»A< I ' f <» 

iu'prraentirv:  the  heeiin*: mcunenl  coefficient in the form of its 
componf'iit'i 

/.i.  =   '".pi l   T- »««« +" '"«'>>• (268) 

w.'  (T't   th>'  oocffifii-nt  ol'  th(    »icclirw  momonl du«-   to  tht-  jet  reaction 
an>i   ttif   orrsr.iire  forne:' actim: ut   V»   external  nozzle  cut.-offa. 

m ♦ATI   /   •• •        \. (269) 

the  cixfficient of  the heeling i.oment  inducea by  the Jet reaction and 
the  preajmr»*  forces actjn»: at  the   internal   ,io.'.zle  cut-offs  is 

'Ar»   /    •• •       V (270) 

nnil   thf   •(». ITicii-nt (if  the heolin*' nnuent  induced  öy  the -tir cushion 
prvs'Sun"   i'^rce" acting at  the  bottom sections enclosed  between the 
external   and   irterna]   ur>::.:lc::   i: 

m ..., - •';; (<v.i - c'**J- 
(271) 

Tnr   relative distances   /.      ,/B, .Jb,  and z    ,73 appearing in pc 2'   • n 1'       rt^        0 

hqs.   (.-o^) -  (271) are calculated  oased  on Lqs.   (26^) - (267),   respectively; 
the  lift  coefficients /   ,   /   ,  and  c*    ,   for the depressed side ~ based 

on liqs.   (-'49),   (2^)5),  and   (2t>0);   and   the  lift coefficients  c»*    v   c»*    2, 

and  c**  l   for the elevated aide  — based  on Ijqs.   (2!J7),   (2bl)f  and  (23b). 

analysis of Eq.   (268) shows  that  the  components of  the raoisent coeffi- 
cient m ,   and m        ,, are very small — one-three orders  of magnitude xpe xpe  e ** 
smaller  than  the component m      ..     For  transport air cushion vehicles, 

the relative flow-through width of external nozzles as well as stability 
nozzles usually does not exceed 1-1.3 percent of the nozzle installation 
with B,  while  the nozzle  inclination angles (7?- ^0-60°.    When the stability 
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noz/.le situated at a distance OJD from the external no/.zles  (B^/B - 0.8), 

the sum of the components m .   + n        .. is equal  to )-4  percent of the xpc   i xpc  c 
moment  > oeff icient m  .     Vor valut:-  of parameter b^/B ^.0.8,  which usually 

orcurn in practice,   the fracti«>n of  the  total m + m        ', in the moment ' xpc   i xpc t 
coefficient m    decreaser.  rapidly.    Then.'for«»,  without introducing a large 

x 
• •rror into tho determination of tlie (:o<?fficient m ,   in tiq.   (-'68) we can 

m-rlert   thi    compont r.tr. m .   and m ,   tnd aciopt 
'• r ypc  1 xpc  . 

since 

c,nx~±.%p: ttnd 1      An" 

tlu-  coefficient of ti.e  transverse moment induced in the air cushion can 
be expresr"d as 

«, ~ 4--f •'*<*-';): •(272) 

here the arfa of the s'^ition of the no/.zle installation bottom enclosed 
between the «'xtornal  and internal nov./.les on the depr^ssed  (el.'vated) side 
i: 

i- - JL fi _ o A (ai!Si - ♦•>      fil 1   * WH 
2 " 5 

HcplacirvK in iiq.   (2Yk')  the relative area (i)  (S^S) and the relative 

distance  a ^3 by their functions  (i?73) and (267), we ge\i 

"••=il('-^-<-sl^!L),-(^),]«'-»-(274> 
where p1 and p1  are the air cuuhicr. oiensure coefficients, dependent on 

the heelinr angle y of the nozzle installation relative to the support 
surface. 
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>i.    i'(H ifi. ii'nto of Ttanavcrae ^uiti.   JtHtility 

In exaudninf; the stability <>f air cushion vehicle,  it is convenient 
— in addition to  the «imemjionlerr; r.oment  coefficient m    - f^Y") '"" to use 

thn coefficient of the ctatic ytability of tfu   nozzle  installation,  which 
ir  the derivative of the moment rppfficient with respect  to the heeling 
nnrle 

■•'v 
in,, 

taken Ht.   the   balance  pc-int  oj   the  '-raft   (^J K = 0). 

l>'t ua  find an analytic expression for  the  coefficient m' of the 

transverse  static stability   of a plane  atutionalized nü-,:i:lp_installation. 
1^' inr.ertir.,': into hq.   121A)  the values of the coefflcienvs p? and p** by 

Ciqs.   (Sl'j) and   (?^9)»   taking tf.e  dorivaMve  with respect  to an^le y, and 
r-uikiiw: the  necensary trans format ions,  we derive  an expression for the 
corfficiont of transv-rst' static stability 

my. = 2A (1- pi) (c, In *!-<:, ^-1 + 

■} (1 - pi")   c.lnfe'' -f.-I. (275) 

Where 

A=-i  1(1-2-^ ■-7^-    )       {B)\' 

| sin t,     >" • I'lj _ .V_tii!l£iiL- • r, ^ 
MII-WI     Y -S"!) 

7^ 2b,;B\2}n («f,     i,)     2A/acos(<f,  • Y-ti)| . 
:i "^ _ (2/i/ü -  viti v)*co$t|>i 

hint,     c<<(s, - V —♦lUcoufi   . 
r»-"     Mn:(«rr Y- ti' 

2/.!;ä|MII^(<(1     «f.»     W/icosCfi- Y'-^i'l 

The ooeffioients   pi,   pi*,   fcl,   *j,   iki , an'l  k*« are determined by üqs.   (21^), 

(^19),   (.'T)),   (^16),   (P;»!),  and  {?;';),   rcMpoctivcly. 
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aq.   l';7c) is a general expression enablinf: us to determine  the ooeffi- 
cirnt of transverse static stability of a nozzle  installation with an 
arbitrarily selected no/vle cut-off. 

This  fomula  is real  whcnl'i   I  V - ti      0 and C/,1   -   y - ^ ^    0. 

In two particular cases when    ,(, _ ^      y   and {p^  -V1   • - y, when the 

^ut-nff of one of the no/.zles is asaij-nod  the horizontal position (parallel 
to the support surface),   ciq.   {'-'I1))  becomes roeaninglesr    since  for the values 
of the uu:n of angles   «f, — Y — 'h      Oand << i   i  Y — ti      0t   the value of  the 

coefficient p« or pf* becoirieH indeterminate. 

Thin indeterminacy is expanded  by   the familiar L'Hopital's rule. 

Jettin,; the an^leU'   « 0,  we can find  the function m' - f(^) for a 

nozzle  installation with normal noz-zlc cut-off, and adopting \u.  m f*t  we 

can determine m^ - Tlx) for a nozzle installation with horizontal nozzle 

nj'.-of f. 

r'or a nov.v.le installation with, normal nozzle cut-off ('W  » 0),   the 

f<^rmulnr.  Tor r^,   p»,  and  p*» remain  th^ same  [(>7^),   ('>1^),  and  (219)]» 

but  U»- ito^fficlent!« appearing in  then, are replaced with  the  followin/: 
pxpreB.'üonr; j 

*~j.-[{>-^-zkr-m'i- (276) 

*!-J + i 
>"' (li     v» :  *;*-! + i 

»mWi —V»   ' 

it* ^- I   l- ' ''' • M" ''''  J»' •   J." - [      o ''i     >"' ^i - H 
'   "  //    J'I.U-- MI, v •     •'  '" '   r ~ a '2h/B '  »in v 

i ■•»(•<, 

»•"'(Hi • V»  ' 

« •»•'»i •   >• 

».I.'I-»,      >» 

H iih/B-   Mini' 

For a noz/.le  installation with horizontal nozzle cut-off ia.  m-y )t 

tne fornulas for m7,  p*, and p** also remain unchan^jed  [(27!;),   (21^), and 

(219)],    The coefficients appearing in them are determined by the following 
expressions« 

2^0 
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* = 
11   !  sin (Si     Y>|f<»'li 

*J = I + -, 

^ = 

sin Y 

2Ä/fl— sii> Y   cos<r, ' 

*    = 
II   !  MM ('f,     Y)|f,,sTi   . 

* V --. 1 

'- : (277) 
sin Y 

2/l/fl    |    MM  V     tOSIf,    ' * ' 

(sin «f!     COSY)cost, 
^ - Ci ~ Tii^Y 'i 

. <-,      /i 
4^—g-cosy 

\2-g-~ si" y) cuss, 

. b,      h 4-flL.Tco,Y 

(2 fl-   
:   sin yj tosif, 

(279) 

(280) 

The coefficient a even in tnc cas»' of horizontal nozzle cut-off is 
aetermined by  Eq,   (276). 

If un air cushion vehicle wiui a nozzle  installation provided with 
horizontal nozzle cut-off  (Aj^  ■   ^T)  is balanced horizontally Of, ■ 0) 

relative to the support surface, tx\. (27';) also loses ir-t-anin,,, since for 
these arif;i-- values it becomes indeterminate. Let us find the expression 
for  the coefficient mY" of  transverse static stability for this case. 

X Ab      It"    k' Inserting into »iq.   (27t))  the values of the coefficients At ft,•    '•   •'' 
k: , fp   c.. ,  and c    by Eqs.   (2/6) and  (2??) - v2ä0), expanding 

the result!..' indeterminacies of tht- form O/O and c»-00 , and carrying out 

the requisite  transformations, we (jet 

where 

mj;=. — 2tvl(l — pi), 

hlH 
(1-iiinf,): 

a i« a cn»«fficiont determined by w},   (..'7t>). 

Pormulu (281) expresses 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  (?8l) shows  that there  is an optimal elevation 
h/B of the oraft above the support surface at which i^e static stability 
becomes  the greatest.    Equatinfr the first derivative of function (261) 
taken with respect to the independent variable h/B - 0,  solving the resulting 
equation for h/B, we net 

(B ),.,,, = -275V,- [2 «LcM^ + ^fT-' + 

+ r('-^),+ (^«»».)"j- (282) 

determining: the  optimal  »Elevation  U'/B)^      of the  craft for wr.ich  Ihe 

«-o«'!*ficicnl mY of the   transverse ntatic stability  takes on the smallest 

value. 

In the radicand of Lq. (2Ö2), the second term is very small compared 
with the first. Thus, in transport air cushion vehicles the flow-through 
width b.   of the external  nozzle usually does not exceed 2 percent of the 

width B of the sectionali/.ed no/.zle  installation,  and  the  angles at which 
these nozzles are placed   (P.   =>  50-6°°.    Therefore  the  ratio 

jlbJBcat <(, (; (2 0.02 cos 30)' I 
0.02 \* ** 1000 

\       (»sHt) \       co»30*y 

Therefore, without makin/' an error that is noticeable in practice, 
we can assume 

(2';; cos.f.y-o. 

and   the  optimal elevation of a craft,  expressed by üq.   {2b2),  can be 
represented as 

ii)      CMin^- (283) 

[omn ■ optimal] 

Then the minimum coefficient of transverse static stability for which 
there is the greatest degree of stability is 
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'      ,  2co»«j4 - 
2A    0,12   '  

(ml)mln = 2iA(p - 1) = --?r 1 + sm ,, 
co»«ri (284) 

or 

("'T)m.ii = 
-1- f-2coi<f.-—.r 

0.27A ^ -£f!i1'- I Mllf, 
(285) 

Jincc whfn <P,   - «r»  ,   the difference     o ros «    —     '—      0. and when 

(R   » 50-^',; ,   this differrnre ic only hundrerlths of the  term 1/(6-/3)  (when 

c /H^.0.0.',   it is  noi more   than 2 percent),  we can assuiae   .',i.-. .. ' 

then the rdnimuci value of the coefficient, of transverse static stabili / 
when the  craft is hori/.ontal  is 

/mvi       ?r?Id - = -0.27 -„4— - 
KmÄ)m,n-        (|   (   MUT,)*!'0 in 

(286) 

whrrc  A   is a  coefficient detormined  b./  Kq.   (rfG), 

Krorr iiq.   (282) it follows that,  the optimal elevation (h/B)tf/|in at 

which  then- is the greatest static stability for a craft in the horizontal 
position  in expressed only  in  terusn of tne flow-throußh width b./B of the 

external  no/./.les and  the an^lo <f.   of  their inclination and  is independent 

of the stability nozzle placement in the nozzle installation, determined 
by the  parameter B?/B. 

Theoe coefficients of transverse r-tatic stability are given with 
respect  to the angle y, expressed  in   radians.      The coefficient mf has 

-1 x 

the dimenr.ion rad    .     In practical  calculations  it is convenient also to 
use the coefficient of transverse static stability mT related  to the 

heel in,: angle of 1   .    Th<T.e coefficients are related with each other by 
the equality mj   and has  the dimension deg    . 

'"'   ~ Hl.f 
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TfU" absolute value of the  coofficiont m' charaoteriües  the static 

stability  (or instability) of an air cushion vehiclf.    The  conditions of 
static stability on air cushion vohiclo arc expressed  by  the  inequality 
nT «ilo,   the condition of static  instability — by  the  function n)J>.0, 

and  t.hc  londition oi' neutrality — by   the equality mj » 0. 

>.'.     Ha latii iri^  »inrl<'S 

Wht •. acted on by extoznal  noirM't-.t,;,  an air cushion vehicle heels.     If 
in a h'«'im,' craft  the  required  rentorini-; tri mcr;t.  iu  induced  in the air 
•urshion,   the  craft balances at some arif:lc yc    relative  to the support 

surface.     Let us determine   the  balancing ancle,   one of the most important 
».'lenentii   in the aerodynamic calculation of this craft. 

For «'.luilibriun of a craft  relative   to the heeling an^lc,   it is neces- 
sary  that. 

tu. in.      0. (287) 

Lane-   the coefficient of  the  sum of external  moments  is 

», = *--l .'      where       // 
•      BSHC ' "> . y.r 

and   th«.- n.nment  coefficient m    in determined by u\.   (?72),  CA\.   (?87)  can be 

rvpresfnt»-'!  an 

m, ^^^>.lV.J>. {*-*). 
m,. I      B      S 

(288) 

In this equation p\      /, (y);  /»,'  /. (y).  t>v  /, (y).  The sum of the 

external moiaents Zll^ in the (jeneral case is also a function of the heeling 
an^le.  To find the dependence of the balancing angle on the moments acting 
on the craft, in explicit form, doer not appear possible owing to the 
complexity of their determining equations. Bq. (288) can be solved for 
the angle 'V by the method of successive approximations. 

For cases when the moment 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 
solution, let us simplify £q. (?e8) with respect to this angle. 
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Analyals of      ^8.   (215) ami  (219) shows  that as the an/:le y is 
incroaned,   tho air cuahion preaaure cot'Tficient p^* for the  lowered side 

increase;-.,  while  the coefficient p?*    for tne elevated cide beaomes amaller. 

Thfae  iir-rt'Oienta are approximately identical  in matfiitude,   but different 
in ai^n.     If we aaauoe p' — jj, t» i       p"    ,  where p1   is the air cuahion 

presaure  coefficient when   Y" ®t   then 

Pi     P\' -- 2 (/»*     "i)- (289) 

Let us introduce yet another :iimplification dealing with the air 
cuahion preaoure coefficient p*. The variation in tnis coefficient when 

acted on by heeling of the no../,le inatuilation ia dictated by the change 
in the elevation of the nozzle us welx as in the air Jet exit angle relative 
to the aupport surface. Let ua eotimate the extent of the effect these 
factora have on the pruaaure coefficient p?. The contribution introduced 

by varying only the jet exit nozzle into the general increment of coeffi- 
cient p*, caused by varying the heelirv angle, can be expressed by the 

relationship 

Pi -Pih 

n] - /'i 

I ■ f 
V"*',) .|, _r2*u«»»!*) 

i   t- 
— .'*, 1" *4 

(290) 

where pf i".  the air cuahion pressure coefficient of the external nozzle of 

the heeling nozzle installation,  with reference to the variation in the 
nozzle elevation and in the jet exit angle;   p*    is  the air cushion pressure 

coefficient of the external  nozzle of H heeling nozzle  installation,  with 
reference  only to variation in  the no/.zle elevation; p.   is  the air cuahion 

preaaure  crjefficient of the external no/.zle when the nozzle Installation 
io  in the horizontal position (-*••= ^); 

*;* = 
(I    ■    MIHf|)C<»Slt>| 

26,/B 
'2h/B— sin v '    CMfi      ' 

k1,  k?,   k»,  and k* are coefficients determined by t.qs.   (209),   (210),   (21 i)), 

and (216), respectively. 

255 

MM - 



Calculations show that  th;» main factor determining; the effect of heeling 
on the  coefficient p* is the nozzle elevation.    The «'ffect of the jet exit 

no/./.le   in manifested  n'laliv.   ^   wrakly.     For example,  for a no;'.zle installa- 
tion with pa ram»» tera/,,/?      0.0»,  <| ,      45';   »I,      O./t fl   0.05 ana f- i'0,   the 

proportion of the  increment caused  hy varying only  the jet exit nozzle when 
thn   installation is heeling, p*-/ij,, whilf   the proportion of the 

__J .    - Fa; 0,01. 
Pt-   ^l 

increment produced by varying only the nozzle elevation height is 

! _ f) "A ^ 0.99. 

Thus, we can asaucio the following approximate expressions of the 
preor.ure ';()officienl for no/zle in.itullationa: 

with oblique nozr.le cut-off:; ("y-i ^ 0) 

pi** ~ \    + 27i B — sin Y t< 
MI> H\ -»fi) 

ost, 

(1  t t n Til fo»ti 

; (291) 

with fiorizontal  now/.lv cut-offs  (<P=l/i) 

P\ - I - c 
Vt H - ».n V (292) 

Let u« make one more assumption.     Analysis of i/O.   (246) and its 
component  terms shows  that  in the actually observeu ranges of variation 
in  the  flov.-through width of exterrial and  internal   r.w    lea  (b./B ■ bp/B « 

O.OOS - n.02),   their angler, of   inclination  ((f,   -   ^ • ^0-60°;,   the 

stability nozzle placement (üVB ■ O.L'-O.b),  and the craft elevation 

(h/B - 0-O.0^), a variation in  the heeling angle has a relatively weak 
effect on the lift coefficient c        of the nozzle instailationt deviations 

do not exceed +. ^ percent of the lift coefficient c    of the horizontally 

arranged nozzle installation.    Therefore, we can asaume  that  the coeffi- 
cient c        does not depend on  the heeling angle.    Then for the  case of 

oblique nozzle cut-off 
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t^y   "^   Cy --   '   I i.^^,"        MIICI,    f.)   (2*i- I»V*I 

h /'JI  - ,^^        '   slll ,,,,     ^j •       (2*,- l)V*i cos tf, 

f- Sip, H S2/>^ 

and in tht- uasf ol" horizontal no::::lc  cut-off 

c¥ — rtl[i -f     ,  , S1-^i    261//i,/ ' 

,    ..   / ,    ,   2(:os5<(:      I     P:^  Pi\   i   cl    '   C« 
+ ^^(1  +-|—mV,   •   2M7V  ^   rS-,>- 

Koplaclnf    ,i tq.   ^/öH)  the difference in coefficients p* - p** with 

their apprnximati'ly values  by Lq.   (.09), with reference  to c . ^c- J    and 

usinr fc^q-.   {''f.,') and  (?92)» we *!et: 

for ■< nozzle  installation with  obliqu«-  nozzle c;ut-off 

P;=I 
. 2ft|/j MlHji---J-ij} 

2hlB— »m Y        cos if,      T 

(1 + tint,) cot <. 
tin («,, - ♦!> 

B"S 

(293) 

Tor .•! nozzle  inatallation with horizontal no-.zle cut-off 

2 JtL ,1 + vln 9) 

(294) 

Jolvint: Kqs.   (^9^) and   (294) for  the anlief,  we got  the followinr 
for a nn/./.le installation with oblique nozzle out-off 

•■/I 
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Y4 — arcbln 

b,    sin (T, - ti) I 
„   /.    , A'"       cos»,  
*   B    ' > \ »iniv.-»■'      \ I' 

(295) 

wherr 

B ' ~S 

(296) 

and 

Pi _1-      1 -i 
^, /» _      Mil »■;,      <,> j 

|1  ;  »n filf'ti 

for a no-//.]«- installation with horiaontul nox.r.le cut-off 

Y6 — arcsm 'A In (I -pi —m») 
(297) 

whi-r»1 

Pi = I - f 
w7 " ' "n,", 

IS 

lot un (Iptermirw m-    by  ->..   ('/(>)• 

Th«1    fx'fficicnt of  tnc  moncr.:  nl  «»xtcmai  forces appearing in Eq.   (^96) 

V A).     ^v .w. 
'"•       HSII' BG0      • 

!5y I'iqn.   (29!>) and  {•''/() we  can determine,   in approximate  terms,   the 
halanrin,   un^lc of an air cushion  vehicle with oectionalizcd no;-,'<ile 
installation if the overall rronK-nt  of oyternai   forcesiM«    is assumed 
to be   independent  of heeling angle   r. 

^H 
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:\t'-\' tynamii1  Churaotfristi »f Ikrlin,   Üe^tiona 11/fd  Hov.y.ln  InatuJla- 
' li'!l 

U'i  II::  ilfttTmiru'  th*- .-if.ct   that tnc Ifclinr uii»:l»- hm on aerudynamit; 
charartfri:;tier o!" a pianf Hcctloruilir.eil  nou;'.Ju   iruitullaticm consisting 
of it :■ in/ l.'-.-ontour annular tm...-.lt'  with   twd  internaJ   lon/'itudina]  atablijty 
rm. ..|.>:!  ^t-'if.   1')»)),   fni- diflVrfiit ;;laMlity no/zJ*? placoot.-nt and different 
• •luvatiop "f  til».'  craft nbove  the support  uurfaco. 

?hf   flow-through width:; of   li,v ixttrr»ai ano   internal no/./.lea,   the 
anfiJ»fl nf thi ir fTeneratrix  inclinations, an    th- ir   -lit-off angles will be 
acnumed  to be  identical :i>,/B    bJB  ^0,01; «f,      q,      45iand       \\-x ■   i|,   -45°. 

Wr will varj   the placenent of i\ic in^-rnaJ  nonzlcs within the  limits fror. 
pt.yb m. <),'/   to/{   ff      | __ .-''i'^.      o 970    ,''»t-  i:,t   <■f,  tb»; position at which 

'"»Mi 
thi-  int'i. il   no■.■.■.'.lot; ar»- in contact wit,.-,   tin- external,  forming a single" 
-ontour n<;../ie  inr.tnl   »tion.    We  will   vary   t:.e heeling an;;lf- withifi  the 
iir.itn Y= ^-•"r'|^), ,  .i.ui   t.h»' cl^valior of  thf- '.raft abeve   t.h»-  support 

.-lurfacc — within  '.!■•■   limitr h/H s   r;-().u5. 

Lipc-i fyin»:  the   an/'li" y to  taK.» '-«r: diffeix-nt values  for discrete 
viliii :■• of parameters  H./H and h/H,   lo». u:i  caJoulatf   thf   »if cushion pres- 

•;ur<- iNMffiricnt and  tin- iiir.ohar/y  c i)»ff i-ient of a nozuio installation, 
aru;   thtTi   l«t '.if  find   Ua-   iifl. iMH'fficii-ntc,   the  re:;tori.'i<: raoimnt,  and  the 
transverrr  static  stability. 

Air    ushior pj->'ücur«' coefficients.     Ir;   the  case when  the nozzle 
installation in horizontal  r. lativr  to the support surface  ( y- 0),   the 
air cushion pressure coefficient both  for in«' oxterna] ^s well as the 
internal   no/.zlca an*  ind«,p<'ndoril  of  the  stability nozzle plai;em(?nt and 
.IT>'- dcttriined  by  tli»   flow-throu,"h width of  the no,'./le,   the an^le of 
in-1 inati'.r   of its ^rnfratrix, and  trn   elevation of the nozzle  installation 
ibfivc  tr..   support surfac«. 

HeeiinK of  the  no,.-.,;»   injtailatiun leans   ir   a rise  in  the air cushion 
pressun-  coefficient pf of  the external   nozzle  of the  lowered side and 

troy drop  in tne pressure corfficient p^* of the external nozzle of the 

elevated side  (Fi^.  1t>7).    This i.;  caused by variation toth in the eleva- 
tion of  the nozzle  cut-offs >»,■; weil  as  ir:  the air jet exit an^le relative 
to  the support surface.    The position of t.v  stability nozvles, defined 
by   the  {«raimter B VB here has nc effect  on   the pressure co«'ffic:ientß p* 

and pf* of fie external nozzles. 

The pressure coefficients p* an«: p** for tne  internal  nozzles 

(stability uozzles) as  functions of  the heeling an^le,  when  they are  in 
different p]   cement arran fmerits in  trie nozzle installation and for 
different elevations  of  tne support surf fee,  are  shown in Ki>r.   1^(3. 

'^9 

.v*. ■ 



= - ■^ '■' "'  '■  '       ' ■"^l  ■■ 

I ig.   15o.    Calculation scheme of section- 
al i:cü  norzle  ins tall at ion with  horizontal 
nozzle cut-off for small   heeling angles 

When   Uie  nn/,zic   install itinr  iy hoeing',   thf  prfssuxx?  coefficient pi 

inm^aac:. und at the moment when a side of the nozzle installation touches 
the nupport aurface, determined by the iimitin^ value of the heeling angle 
YM     arcsin 2/i'fl.haa  the maximum value:  p.» =  l.    The coefficient p** expressing 

the pressure at  the elrvated nide decreases with increase in angle    . 

Shifting the   internal  nov.v.h-n   toward   the üiüe  of  tne  longitudinal 
axis of trie noz-.dc   inntallation,   that   is,   nduoing the values of the 
parameter öv/B for the same aryif f leads   to some decre  se  in  the coeffi- 

cient JJ* and an increase  in  the  coefficient  p,**.     This  is  because as   the 

parameter  ü/B is  reduced,   ttn»   -.t.-off of  the   internal  nozzle on the 

lowered aide  is at greater distances  frorr,  the support surface,   the effect 
of ground proximity on jet   lischarre  i:; attenuated, and  the coefficient pi 

boromen .;naller. The cut-off of In*1 intcrnaJ nozzle on the elevated side, 
conversely, approaches   the support  surface a:?   the  value B^/ü is reduced, 

whicr,   then   leads  to a rio«'  in trie coefficient p,**.     The effect of the 

parameter I^/B on the coofficientu  p» and p** is  tne more marked,  the 

higher the elevation h/B of the no.:. If  installation of the support surface. 
This effect shows up to greater extent  in the pressure  coefficient p*» 

of the "levated side. 

Discnarge coefficients,     «hen  the nozzle  installation is horizontal, 
the discharge coefficients of the external and   internal nozzles, as well 
as the air cushion pressure coefficients, are independent of the stability 
nozzle placement in  the  nozzle  installation.     As  the angle of heeling Vis 
increased,   the discharge coefficient  ö(? of  the external  nozzle at the 
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Vic,   '1'7.    Air cushion prenaurt1 

^ooffificnt of oxtfrnal   no/.zlcs 
as functions of heelinf unrl«' d' 
plane sc   tionalizcd no/zle instal- 
lation for different oloyationn 

ab.'Vc support surf a JO: 
a and  b — for lowered and elevated 

nor.v.les,  respectively 

C9 

01 

S^.#, _,    . .L_ 

Fi^j.   i'>8.     Air cuuhicn pressure 
coefficients of internal  nozzles 
as functions of heeling angle of 
plane sectionalized nozzle  instal- 
lation  for different elevations 
above support surface and differ- 
'. at nozzle placements  in tne 

noz/le  in.staliation» 
a and b — for lowered and elevated 

nor.zles,  respectively 

lowcrec side   becorins üTiailer and   that   tne  moment   tne no;-.zle installation 
touches  tne support surface with  itn side,  determined by  the  limiting 
value  of the heeling ar.gle      y a resin 2/1/5, becomes equal   to zero (Fig.   1!)9)< 

The discharge coefficient«^?* of  the external  nozzle at the elevated side, 

with increase  in the angle   y,  riao;i,  and does so more rapidly,  the smaller 
the elevation    h/B of the nozzle  installation above  the  support surface. 

The  variation  in  the  total  discharge  coefficient öC   of external 

nozzles as functions  of  the heeling angle y »  for different elevations h/B 
of the nozzle installation, are also shown in Fig.   1^9.    This coefficient 
pertains  to the overall  flow-through area of the external nozzles.    As 
applied  to this particular nozzle  installation,  by iiq.   (2^2) we have 
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05 1.5 
yU'.»   'W.     Disrharr»-  'locfficit.'ntH  of oxtt-rnul  no/./les 
an   riin»;ti()n:j of hr^Jinr anrl«     >f   piano  aoctionalixei) 
t.():.::\v   installation  lor diffrront clevatinns  above 

support surface   (cP,   - '•■'0»   D./B 
B
 0.01 ) 

Ki^T.   ^O.     Üii.';.ar,;u  .:o. JTi. ii-Mtn  of  internal 
nozv.len au  function« of np» J in,;   «fw.l<- of plane 
:'eGtionaJi/.e.'l nozv.le  inntal lotion  for different 
elevation« above supper*. :;\ir'.'n<:i:   ' ^    = ■'i i0)? 

a  — when  iL/b ■ 0,^) 

b — when  B^/B « vur 

:'/,;> 
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a, = 
J1   •   a, 

!H'iii:.r of u pi.uif rif)...-.i«' ir.r.tal l.ition, with i l:; ••icvation from the 
support si ■l'nci- kept .'oriauiiil (h;'i* ..rr;t.), h'mis ir. n reduction in the 
tctal  ()!•:••(.ar/.i-  i-o«.'ffi   i«"ilOf,   of  Lin   >    t'rnu]   rn.v./.l<-a.     Ki;,.   1f)0 chow:i 

tnr  cffi  •i.   that   tht-  he'-lin,- nrn\i>- V   ha::   un   Liu-   i i.;i I.'JJV:«'  '.oerficientBÄ » 

an«! 0^ *■•   mi  on   Ui<    total  u jr.. liar; r    •(•■■)'!"i'-i*'rit(X    ,'t'  <•'■,■  intornal  no/./.ica 

f( r  iho  nj« <-ifieti  ponition  in  the n-■.'....•■   iiuitallation  (B./b  - 0.6) and 

for diffcront rlevation  r./b abovf   tue   -luppcir!   ;n;r;'.i ' .     The  coefficient 
O,,  i:i ^iv- ri   rfith  reapt'^t   t.    the  (<veral]   flow-throuKh .ir-a of  the  internal 

nov.zhn  an.!   i;i  dctPrnd.'U'd  bv   th;r>   ft rnniia 

In   :'j    .    ' ».0   w      ••ii    ..>■■     ' ■•i' , 

■..■m ■•.■•r.,y «•   an.!    OC ' •   ■ '    Ui- 

of    t.i,..   it'' r-na 1   no   . i'    ' r.   t:.     Ifiw. 
•j>'rit  0(*"   • I"   thi'   intt'rna]   m   .    > 

mat xor:   jr.   t.t •   'lischar^e 
'.<■:■■,   th-      ic fficient  0( f 

•■:■■   i>:; i,   wnj !«>   the   coeffi' 
.'ate suii    ir  T<   sou  ar   the 

inclc   f.!   h". i in,    ij  mad«'  ,:.•■•.it' :.     Vh«'   r. ■•i; lari ty   in  variation of   the 
rvr.ill       ^ ( ri'ricri'. A     "f   tn<'   intci-.i!   ru'    .)<•■•   a:i   a   funcrtlon  of HJif.lf 

Y cfjffr rr   ijom  the   pattern ( )   van«1 i   ;.     i   ti/    i-f^'f licient    <^.   of  the 

extcTna]   no./.l«-;;:   with   in-; rear ir./-   -.'VH    Y,   '.no  em'f fi-ncnt    0{    decit'Uses 

only f  r relativeJy   Jarf»   i icvatiri:   • 'l',,  w.'.il«   v/itr. onaJi  variations 
U'/H <. ii. ■> i •,'),   thf   cm ffi -i  n*   0(.     ir.  i. arn-.     r    tii<   an^le y is  radc  lur^.e; 

I'hi.*.   ;-i tt< rn  n!   vanali i; 

ai;    i       fur   M'ui   cf   h"< lin/'   ir.i'   r 
'upport   •■i"f'.-i'(    or.  '•«ir.pr«;'.;-ir./    '.;. 

• iri'i   intrrr.a!   ru...•.■.•. I'-:-.     . ■ ■ :    ' .. 

:i ■, •'.,■,••,;.       r...:fi :i(..nt.s 0(    ar.(l0(,y 

•    '.u  tm   vi.-.vii^;  influence of  the 
'■i  exiting frc^m  tru   external 

.■..      iia' ion  hcelü  by  ;;o;.u   an/:ii. 
7,   the      . .{)r. .r.it,,    -i   ' .   ■      f   tno   :•;.'[-'•'   .-.uri'ice   on   the   air  0et escapir.r 

ron  the  .  ' f rr.a 1   rv  ■•'     .r    ':.'■   i   ►•.•••■     i ir   ;-v   .w..  up  to a ,-'reater extent 
than on   v.e  ..et exitinr  :.--'•   •■'    ;:.'   ma i xe  en   tne saw-  aide,   3ix.ee 
the  iir.eur displacementn of •■.e exit.-  ...   •>,;...<■  nozzles are differentt 
the e:<torr;aI  nozzle   i;-  eloner "ij^port nurfa^c  than the  internal. 

Jo  the  eoeffieier.t   Of'  of   t,;,. tw«:   no-.'/.Ie on  the   JOW« red üide 

deerear-e;-   .norc  ahrjptly  with  variati'in   in   the   ar.^le    Y  eo...pari'd witn   the 
iCM-ff i-i'rit. ^» of  the   internuJ   ne. .le   -m   tne  .sar.e «ide   (cf.  Fi,.^.   11>9 «*nd 

160),     .,'   the aanie   ti^»', -.  tn»   • J. .at":  /.i^i    tne  external  urul   internal 
ro:;7.1er, ar«' at relatively greater f1i:nan.-e  fron  the .support .surface,   the 
nompreoPinr action of  the uurS'acr  or.  tne  ai:' jetn nhowa up lean ntron,-:ly, 
and   ttii   in'rernentr.   in   tin      («ffi   ient;.  C* **    ari'i « **  vary  little  with 
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fir.   1^.    TntaJ  tiiacharfii" 
ux-fficiont uf pJane scctio-<ili/,«'d 

mr.-./.lc  inotullutinn aa  fuiictionu 
of heeling an^l"' fnr different 
«'Ifvatiorin  abnvf  nuppnrt  siirfaoe 
ami diffen-nl stability nozzle 

plac^mtnt 

changt   in angleV.     Pig,   160 nine ahown   the  effect of atahility nozzle 
position, determined bj  parameter b.Jh,ou the overall discnarge coefficit-nt 

OC., of tnc  internal  nozzles. 

Thr total (iis'-harge coefficient OC of the nozzle installation aa func- 
tions of heeling angle for different olevationsand for different stability 
no/./.le  placements in  ahown in Fi^.   Ui.    An applied  to tnia  installation, 

i   / •       ••       • ,    "\ a--, («i l-oi  -f-aj fa..;- 
•i 

As wt- f;an see,  heelin/' oi n pint,*   :ieoMonali7.ed nozzle installation 
reduces  the  total discharfX-  cotffi"icnt,    Kor the same flow-through width 
of  the external  and internal nn./l«:-   (b.   •> b,) and identical angles of 

inclination of  their goneratrioeu  (<^ .   -  <^,1),  a variation in the placement 

of the  internal nov.zlea in tht  no/.-.le  installation,  that is,  in the para- 
meter B.,/H,  weakly affects  the discharge  coefficient OC,    LVen in the case 

when the nozzle  installation heels  by   tr.e maximum an<;le  ifc     I A^ ■ maximum] 

at which '>ne of  the edgps of the nozzle  installation toucher:  the support 
surface,  the difference  in the diachar^  coefficients ^r when the   stability 
nozzlen an; disjpla :ed  in the ran^-   from B^/B - 0.97^  to h.Jft - 0,2 does not 

•üeeed ^ h percent  f r all   the elevationn h/b considered. 
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Ki;:.   i''.'.    Componento  ol" lift 
Topfficiont of ii\r  cushion 
a<;tin^ at  the rxternal  button 
Boctionn u^ funrtionr.  of  the 
heeJirv tingle  oJ   the  plane 
aectionallzed nn.-./.ln  installation 

(I3^/H - 0.6)j 

a ~~ for  iowi-reu  r.o/./Ie 
b  ~ for el'-vated  nozzle 

Lift coefficients.    The heeling arvle y of a plane uectionalized 
noz/.le infltallation affocti;  the  componentn of the  lift  coefficient due 
to reaction forces of air jeta ixitin,    from  the external  nczzl.:3,    Analyeis 
shows that a rise in the an^le v r« du »• .  the components c*    . and increases 

' JT?  ' 
the component c»* .   of the  lift  in all  tnc  elevations h/B of interest. 

This is because with increase in the heeling of the nozzle installation 
the support nurface exerts a varying coniprescive action on the air jets 
exiting f.-om the lowered and elevated "xternal nozzles. AH the result, 
the volume flow of air in the nozzles on the lowered side becomes less, 
while it increases in the nozzles on the elevated side, reflected in a 
chan/w in  the momentum of the jets and   tne  reaction forces  they produce. 

For a nozzle on the lowered side, a rise in the an^Je y increases the 
componentn  c*c v while  it reduces  the component c»» 1  — for a nozzle on 

the elevated Hide.    This pattern of variation in these coefficients results 
from the aerodynamic effect  that f^onnd proximity exerts, evidenced in a 
rise  in the excess preamire  forces   In the no/.;lo   -ut-off plane as  the 
dlMtanee  botwoon  the  no/.-.J.   „no   u,.     iuppoit  Mitf,,. .■   i,,   r,.,(ii. .-.i. 

.■/)■. 
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With inoroHB«  in  th«- arv:l<  Tt ri»Tl':-icnt ß* for the external 
ypc   1 

no.-./lo on the   lowc-rrrt  :.ido  Initially   i:;  n>du(:e(i, and  tin?n reaches its 
minimum,  'ind further inrreaaer., whil»-  the  encfficient c**    .  for the ypc   i 
external  no/./.le on the elevated sitk-  incrcaseo  throughout the entire ran^; 
of ani'lor.  > .    Thii; pattern of variation in thr coeffirientc c*      ,  and 

i ypc  i 
<•«*    ,   in line   to thr different- values of the  increments in the pressure 
ypc   1 

forcer, ar.i in th«« jet n-action forcea when they are lir.»'ur and angular 
riisplacoim-ntp of the cxtornal noiv.le« under the effect of variation in 
the an<:li    ^ . 

lle<lin<: of  Uic nozzle installation has practically no effect on the 
t-orffici'r;t,    n»       ,.     TVic  coefficient yp;;   . 
angle of hni-lirv.: becotni.'G grt'ater. 

yp1 incre \HCS somewhat as the 

Wm'tiona of  trie  coeffi';ientB  ■•        ami  '•**  ,   of the  lift reduced  by 
yp yp ■ 

the  fx.■.;;:; air  cmshinn  prf'anure  OVIT   ti.'    Dottor. so';lLori3  lyir^:  between 
the eytrrnal and   internaJ   no../.lea an-  jif.own  in Fig.   H)^.     These functions 
wore  calculated  by ilq«.   (.'/)) and  (.-h)  for one of  t».e r.tabiJity nozzlv 
poHitionn  (H.,/H - O.b).    Thf  lift   :o< rfi',ieritn  r'     ,  and c** ,  are mainly pre- 
' r ' yn ! _ yn * 
i»<r,orriir.. i  by  the air cufihion pressuro   :oeffioients pf and p**,   therefore 

rven  thf  pattern of variation in  the   lift coefficients as a function of 
angle Y and elevation h/'H rcoainn approximately  the .same as  for the air 
cushion pressure  coefficient:::  witn  increase   in  the  angle  Y ,   the co 

■i«'nt  . *    .   riaeB,  while  th<   ct»efficient  c**  .   de<:na3eG h/h for ail 
yn  1 

elavationn ^onsidf'n'a. 
yn  1 

oeffi- 
the 

Thi'  prestiure   coefficient:-,  p    appearing  in t*\.   [s'rt),  under  the adopted 

ansumptiori  that the air cushion  proDHuie   i:-,  independent of  the heeling 
angle for cottom aectionr biAinaed  l-.v   tt.i    internal  nov./.len, was  calculated 
hincd  on  thi    average  elevation .'.   ;t,   ' .< nTore   the  coefficient  c       r, also yn ^ 
i;!   independent of the  r.^elin,- ■••;> ie  and  ia determined only by  this eleva- 
tion.    A,   shewn by calculations,   takinc a'-count of the variation in the 
pressure  '(.efficient:; p£ and ])•' a;: a  function of  the angle v- introduces 

practically no changer  in the end  reM.lfi of determining; the  total  cor.-ffi- 
cienta  c      .,:   the  difference  ir.   u«     -^fficionta doer, not exceeds 2 percent 

yn ? 
of c      ,, determined with reference  t'. variation in  tne angle "Y, yn ' I 

'Hie  lift components acting at  the no'.v/.le  c .f-offn and over the external 
anu   internal  sections  of the  no/./.le  installation button aa  functions of 
the  heeling angle  for a specified stability  no/,..lo position  (H.VB ■ 0,6) 

and different elevationa h/fl of the no/./,le inutallation above the support 
surface an shown in Fig. 1'>:. These coefficients were determined by the 
formular. r       _/       ,    ■'    . • •• . .. 

w< I - Sw I   t" Cm" I.   C^ j ss C^p. j f €„„ :',   Cyri i = Cy„ i + C^ |. 
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Pi«.   lf>5.    Lift cooffioicfnt compo- 
nents as functions of the heeliiv 
an^le of the plane sectionalizad 
nozzle inMtallation for different 
elevations above  the support ourf-.of' 

(B^B - 0.6) 
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FiK.   'M.    Lift coefficient of 
heeling angle of plane sectiunalized 
nozzle installation for different 
elevations above  the support surface 
ma  for diffi-rc-nt stability nozzle 

placementi 
a — B2/B - 0.2 

b — B2/B - 0.4 

c — H^/B - 0.6 

d — B,,/B - 0.8 

u  — B2/B - 0.<)T/ 
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In Kl,:.   165 we ein n.^e  that heel in«: of  the nozzle  inntullation 
increaoet'   the lift co'ffi lentH »:        ,  and  c- , aulin/: at  UM cut-offs yi>,    I ypc   t 
of both  Ui<< external  and   tin-   intcrnal   IUV/IC:'..     Thr oroilloot valu«« of 
theoo roi'fficiento orourn whrn  th«-  no-, lc  inntullatinn m horizontal 
(To 0)  for all  ita el«»v>,ti<jn.') above   tin-  /T'xind  surface  in  the  ran^.' covered. 
Thi?  in duo  to the f ar-1  that an   Ih«' an^le Y  in  ini.Toased,   the resultant of 
thr pressure forces ami  the jet reactions acting at one of the no/.zle 
iToss-aections always maken up for  the decrease   in  the  resultant force 
'»ctinr st   the  nozzle  cut-off on  the  opposite side. 

In thif same  rraph w»-  nun fieo   tnt   effect  that  tne  heeling angle haa 
on tht*  li. '   coefficii.5nls c      , 

yr.  1 
b«'twLTn  tf;e fxternaJ   ami   internal  no.T.JC 
of  the  noz/.le   installation   leads   to u decrease  in  th»   coefficient c*    ,. 

yn  1 
For an «'Irvation h/B ■ 0.1?,  a  variatmr.  in  the angle  y relatively weakly 
affpiito   l:.>-  coefficients  <;       ..     h'or  relatively   lar,"e elevations   (h/BJt    0.5)» 

rieeiin«: of the nozzle  installation   leads  to an  increase  in  the lift.    This 
pattern (■!' variation  in  tin    funrtiori 

aniinr  over the bottom sections lyinr 

>'or small elevations h/B heeiing 

yn   1 
l'(y,  h/b)   is /roverned by  the 

;iatterri  nf variation  in  the  coefficients nf and p?* of the air cushion 

produced  by  the external   nozzles:  with  increase   in  the heeling angle Y for 
'mall ej«v .tions,   the coefficient p^* aecrcases  faster for  the elevated 

side   than  the  coefficient p*  or.   the   lowered  side  decreases,  while  for 

targe elevations,   conversely,   the coefficient p** decreases more slowly 

than the coefficient p?  increases. 

Results of determining the dependence  of the  total   lift coefficient 
c    of a plane sectionalized no/./.lc   installation on  the heeling angle y for 

different stability noz:-.le placem nts  H ,/h and different elevations h/B 

above the support surface are snewn i r, r'i/-. IM. 

As  we   can  see,   when   t.'.e   nn.:::\c   iius tal lation  is  horizontal   (y- 0), 
we have extremal   values  of  the  lift   coelfiiient.     For small elevations 
and for  the horizontal position of  the nozzle  installation, a  lift maximum 
in observed.     Heeling ol   tlte  nozzle   ircitallatior. at  these elevations 
leads  to a marked  drop in the  lift,     .i,  relatively  large elevations h/B, 
conversely,   the smallest value  of the  coefficient c    oca.rs when the angle 

y- 0.    In this case heeling of th?  nozzle  installation ia accompanied 
by an increase in the coefficient c  ,   that  is,   by an irxre.se  in the  lift. 

Coefficients of moments.    The moment coefficient m .   caused by 
Xpc    1 * 

the pressure  forces at  the cut-offs  of  the external  nozzles and the air 
jet reactions as functions of heeling an^le v   for a nozzle  installation 
areahown in Pig.  ^6l),    These functions were  calculated by üq,   (269). 

i 2A8 
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Fitr.   16';.     Components of raoment 
coefficient aa func^liomi of the 
hrclin^: HiV'le  of t/ic plane 
oectionalized nozzle insttillution 

(B^« - 0.6) 

From thf ,:rapn we oee  that heeling: of the nozx.lc  installation caused a 
tippinr moment and one  that is the  larger,   the greater the elevation h/B, 
though of itself the value of this moment is very Bli(;ht.    The appearance 
of the  tipping (positive) aoment is caused  by the fact that as the angle 
Y is increased the lift of the external  nozzle on the lowered side becomes 
less, while  the lift of the external  nd.i-.le on  the elevated side becomes 
greater.,    This effect results froa tne action of the air .iet reaction, 
which is the greater,   th«' farther the no.-.-.io is from the support surface. 

Fir.   16!; presents  in tTaphical  fona also  the  results of calculations 
bacod on tj\.  (270) of the moment coeffi-i'nt m     % ,, as functions of heeling 

iin/:lr -y •    An we can see,  heeling of  the no'/.zlo  installation c.««>a« K 
tipping xomnnt to be  induced for all   the stability nozzle placements 
B.yB antl all elevations h/B of the no7.;.lo  installation above the support 

surface considered.    Shifting' the stability nozzles in the direction 
toward  thr external  nozzles,   that in,   increasing the parameter Bp/B,  leada 

to a ris«' in  the  coefficient of tipping moment ra ,.    The  lar^st value xpe J D 

of the coefficient mw      - is reached when B,./B - O.Q72, when the stability Xpc   c c * 
nozzles directly abut the external nozzles.    The value of tho coefficient 

249 

__^M mm -** 



— — — 
-—"■—- 

00! hjß 

Vir. 

If!!.-      <,■ 

I'M!-  <; 

'hfj.      )(t'fli;ient  of   i rariüVPrüC' 
fitHtiiitj   df ;» plane jeetionaii^fd 

c   inüiui la tioi.  -i ■   I'un :t,ii.nn  of 
ii'V.ilior   aliovf   in"  pupporl nurfa'-c 
iffor'T.t   ::.»[ i lily  nu./.li-  pia/onwiit 

•y, . |, yj.o) 

i:; v<ry  suall:   il   i"  appn'xi'-.it-   y  one   onlor of raa^ilude smaller 
xpv   .' 

than   thr    o^ffioient  m .   for  fn< 
xp<; 

TIK-  -or.vnt  conffi^i'-nt   m (t:; r;.r..;tii n.i   nf   tnc  an;-l<-  y,   calculated 
xr. ' 

by  iVJ.   (:'/!},    in   alan riven  in Fir.     '■   .   ' " ^ wnonce wc  can see  that 
hepjin,' of thie noz/.le  installation •■u,.:'.( ;  a  rostorlrv» (n<.v!wtive) ooment, 
indu "nd  by  the exconi!  c»ir   •''inhion  ; r>   ■. uf  over  the  bottom sections 
iiountlftt  uy  tne external   ri<i. :■.le:i  ■,ii, 
oetwpen   tne   stability  ro-.v.le;:   ar: ; 
is,  with   leorease  in  trie  ••i-,.> t.^ . 

mnmen*   PI      ,   risps. 

ability  M'   .-.lea.     .it  the  distance 
rnaJ   no/...leu   ir,  in-rease»!,   that 

',;.•    .-o«'!'ficient i i'  the restoring 

7b"    ■ri.'ffi'-ient   r.»    ».h.    no •.   , 

\ »   M        . .     Hy     c.iiai inr    *,.'.' 
xp    .'        xn 
„,      i3 (v)_    ,   we  can r.'r   U.at   i '" 

i t: neriT,  r. m        ,   + 
xpe  1 

i< :.»."   tr. 

/. <V)."f^ :      /jlY» 

xp.   1 
and m 

xpe  .' 
taken 

together «re  twe-threc  orders smaller  than  t.-.c  valuea  of the moment 
coefficient m      ,   for th«   »Mire  ranrt   of variation in the heeling angle: xn  1 '       e. 

(y* 0-?c-;0') and stability  ••.'■:•;•:.    r.l.i'H re.-.t:;   ( ■' /h *  ü.?-C.Ü).     For 

example,   for the  cnr><- n/P «    -.j. wh< r. v 

these coeffirienta  if. 

JO'   ünii  li,  = 0.8,   the  rritio of 

. •/) 
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that  i;;,   th.«1 nun of thf nnnento  induced by the outflow oi 
cxtcrna]  :ind  interna]  nozzle!' doc;; r.rt exceed/^^ per1'  ; ' 
firnt ol"  th«1 moment  induced  by  the net ion of  the; air    ;ui;'. 
bottom iiof.tiona rn^lonfMl  botwet-n  th< u^  no/.v.les.     witr. nr 
the un^;lc   -v   a3 w,'ll :if;  purnmctor  Ü.Jü,   this  nitiu 'i'  i; ■ 

f;i<Titr. de» roanou  tht   fauler. 

, • ' ;■  i'ron thr 
i i   mv  . <K-fl"i- 

\<n.   nV'T   the 
■.;<'   in   Doth 

■ ■ : ■• nt  ':oef f i- 

[ 

Thrrffnre, w» can neglect the momento indued by t; ■ 
»t the '-i.t-offn of the external and internal nozzles, uv 
by the ri>actiona of air jt-tr. outflrwin/; from tf.«*:Jo fii^.i. 
assume ♦rat the moment acting at tn«* no. vie installaticir; 
equal tc the momrnt induced by the action of the lir ';u ,t 
bottom Hecliona enclosed  between  the rxtcrna]   and  internaJ   r,' /.-/Itni,   that 
is,  r.    ■ m      .. 

x xn  I 

;'!•( :iyure   forces 
»if; i  induce 11 
.   ;.irt vre can 

• i  whrdc  is 
ji  over  the 

Cot-ffi-'iontn  if transverse statii; jtability.    r'ic presents  the 
coefficient m    of the static stabilit.   of a plane aectio;u»li/,eü nozzle x r 

installation an a  function of itn elevation h/B above  the  juppcrt aurface, 
for different stability nozzle plaoer.r';t;: b.fi iu Ur   no^/.ie  inatallation 

for tne  cane when  the  craft  ir»  horizontn.   ( Yc "^ n}'     The.'ie   f ;n(;tionn were 

determined  by fciq.   (^'(31) and are yiven with  reQpe';t   !■ 

Th-'iefore,  at  the  moment   th<   • raft,   lift^  fron   t-r.e   .v.-epcrt  surface 
and '«t  very rli^ht elevations  the   -raf..  is practically n.-utra'.     This  is 
l ecauie  that very amull  elevati   Iü;   (h/rt^0,03),   heeliv ui   tne  craft k>y 
:>ome anflt A*'yiejda practically  re   in» renent   ir   '.he   mcrr.ent   coefficient 

j^m ,   ninco  for these elevations  the air  "ur.hion pressure   ^oeffioierit for 

the external  nozzle  on   the  lower-c  ;,j !<•   ip»)  as well  as   fc:   the external 

nozzle  or.  the elevated nide   (fl**) determining: tlie monier.-,  coefficier't n 

are practically  identical   fp?~ p?*^>    ,   ^nd   Lr.eir differv-nce   ir   close 

to zero  (of.  Fig.  1r?7). 

Be^inninr at  the elevations h/b Ä0.00^-0.00^,   at itic   ■•afulity 
increaaea  rapidly with  increase  in h/b and at some elevation n achea  it:- 

maximum,  and then r^radually decreasen an elevation h/h ^a   increased.    We 
note  that  the  optimal elevation (h/B)climof the   (.raft at wni-h  the-  coeffi- 
cient m    takes on the amalleat value ia  independent  of  the  atabiMty 

nozzle placement in the nozzle  installation determined   ^y  the  parameter 

i"vl 
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on.t i'.; • •:;.  nl   tr.e   'Te«l«'nl  static 
r. tata J i'.y j  flevation  nf no'.'/l«' 
inn tall i*. ini; <IF  funi'lion:: of flow- 
throu/^i   wi'ltt,  ol' txtiTnaJ   rK././l^t; 
fur diff<nril  ■■in^l.ü  of  no../.if* 
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Fu'. "•''*. Minirriun: coefficient 
'<\ trunuvirse static siability 
ar; functions of :ilability 
nozzle pJu.'etnent for different 
flow-thrfiuph wicth of externai 
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Fi/r.   1»>9.     Jot-ffi   icnl  of   transvorsr  ■'tati •  stabiln^  rf 
plam-  ucctional i.««!  no/./.k-   installation an  fun.'ti ü..-.  of 
• •]• vation abov»'  üupjuft .surfact"  for cliffi-rtnl liability 
nozzle placement   (b./H -  b ,/h -     .^1;^,   -  ^     ■ /,•/'; 
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B.,/B and  is a function only of tho flow-through width of the external 

no-.v/.los and  their unf;le  of  inclination^. 

For  thin position of  the  craft relative   to the support, surface 
(y% " ()),   this optima]  elevation can be found by iv^.   («o0}), ami  the 
minitmim coefficient of  transverae static stability   corresponding: to  this 
olovation c:an b«:  found  by t/j,   (^H()). 

The   optimal  elevation  (h/B)^j, of a craft    when       it  a...   aorizontai, 
with  p-npn't  tn  the  support aurfaee  i:-  calculated a:-, a fun. *ion of  tri" 
nUativi    flow-through width b /H of a no."./.le for different   .in/.les  of 

^neratrix inclination (P.     by Kq.   (t'H^) and is    presented  in Fig.   loy. 

TTi»« patter^, of variation in minimum values of the coefficient of transverse 
statin stability  (ml0)   ,   , as a function of the stability no/./.le place- 

x   'mm 
mrnt  h,u'b for different flow-throufh width (hi/ä)^^ of novziea and  for 

a constant an^le of inclination  <f> * 4,>    is  clear fron an in^nection of 
the curves in Pi/r.   I08,  plotted by kk),   (i^üb). 

Tho  placement of  the stability nozzles  (cf.  KijTJ.   I^t   'ind   Ib8) strongly 
affect:»   the static stability of a craft,    AS  tht.- parameter  v.Jh iü  varied 

from O.H   to O.f.,   the  coefficient mY     increases nearly   b,,   i  l i<;tor of  two. 

The '-lotier the stability no/.7.1<'s lie to tht aiametral p:an of the craft, 
the greater stability an air cushion vehicle ex)iibiL:j. •Icwevi.r, a decrease 
in  the parameter B.jB  loads   to a  reduction  in  the craft   lift. 

Vir.-   1bV '« and  b prt-sent  the  functions  of  the  coefficient m|    of  the 

transver: •   static stability of a no/.zlc  installation  (balanced at heeling 
angles Yr   "   '(jl   and   1°),   calculated   by  tjqa.   i'S'h),   U'V^'K  anc   (..''ll)  "  (?60). 

In the same figure a dashed line shows the maximum elevation h/B -(sin yc )/<: 
for which the noz'/.le installation toui-her tne support surface with an edge of 
an external   nozzle  for -i specifieo   balancing anrl*'. 

As we can see,  ao  the  balancifif' angle  is  increasea,   the static stabi- 
lity  craft  becomes  less,  and   the  optimal   relative elevation  ^h/B^,    at 
which  th"  .".tatic stability  is   the ^«'atest in  this  case   rises  somewhat. 

In  the  zone of P! ovation«   (h/!'.) above  the support  surface  of practical 
interest,   the static stability of the nectionalizeo nov./.le  installation 
incre ises with decrease  in  the  flow-through width  (t),/hj  of   '.:.e  contour 

nozzle  for unohanfled elevation  (h/B).    The pattern of the  change  in  this 
function  is graphically ßhown  in Ki/:.   1/0 for a no.zle   installation 
balairced  in the horizontal  position  (y^  ■ 0),  where  the  f.iT.iiy  of curves 

! U'IIR, h'B, n,) is plotted  by lu<\.   (k!81 ) for the case  (p.   - 4i;0, 
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¥i,:.   y[0.     Cocffii-ient of transverse 
.•!tati(-  ütaoility  ar;  functions  of 
'■Ij.'vation of a  plane  acctionali/ed 
nor./.lo installation for different 
flow-through widths  of external 
novizle   (<^1   - z«1?0;   B^/« - 0.6; 

the envelope   ib  iniioatcc with a 
dashed line) 

b /B ■ 0,h and different flow-thr uf'>i wir.'ths of the  contoured nozzle 

(h,/h = O.OOt) - 0.02b). 

With un<:haiiged  relative fjevation of  the  no . .■■  installation abov«" 
t-h»   support surface  (h/b •= O.o;), a do.reaoe in tin   flow-through width of 
tue nok.k.ic from b^B •» 0.02 to b./h - C;.nlf   that  in,  by a factor of two, 

reduces  the coefficient of  trannvi • se  static stability from izY3 ■ -0.0064 

to mYo 3  -().019ö,   that  ir,   L7 ;:ion'   Ihun   i  far-tor of throe.     This pattern 

in a <ii:*>  t    onsoquence of determining 

the coefficient of transven.-f1 ntati    stability, which is      lim  -"'*-    , 
v .0   AY 

ffiven    Tor a heeling ar(gle of  1   . 

Let u:; explain this situation.     Heeling of no.;7.1e  inr-.tallation differ- 
in/: only  in the flow-throuf^i width   if a    contour    nozzle  (b.. and b/ ) for 

identical elevation (h » const) by some angle Ay,  for exanple,  by 1°, 

yields identical  vortical displacements h* an^l h*» of the exit edge of 
the nozzles relative  to the support :;urfacc  (Pig.   171).    For this 
example,   we have 

2^ 
1 
i 

I llllll   IM- ***        I      ■ • - 



» «W'H—■ 

^••"««1 

0   i^'HM a,/» U W-ÜSM W-iW b,i!i'i W'-iVi    A"» 

Fi^.   ly.    ^or dptorminlrtf the cot-fficientn of 
tranavcrju- ntutic iitubilily    i nozzle   in::talluliona 
with amull und  iixr^y fiow-thiouKh wirtthn of contour 

nov.v.ie t 
a — ran^jc  of varintion in parameter b/h when  the 

angle of hueiing 1° applies   to a small nozzle 
b — as above,  for a lar.x nozzle 

arvj 

.;•-  ;;.. ^J
_.H.J_

O
^ = 0.01127 

;•.■ 1 Hi'. 0.0. "Iii n 'i.'>r i 

ilrr«-  the paranctcro b/h* and  u/h** will  have smaller values for a 
nov.r.lc  inntallation with small flow-through no-.'.-i'' width  than for a nozzle 
installation with lar<T width.    Thua,   i'or a nozzle installation with amall 
flow-thrnirh width 

K  _ bmiZ   _   0.01 n R 

h' '~ hf ~ 0.02 0.5; 

bmin o.oi 
h'if! ~ 0,0112f = 0.887 

;"i') 

— - — -  — 
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and 

*•• " A'Vfl '" 0.62473 ~   ' 

For ik nn-.v/.lo  inntallution witJi  larfr«  flnw-throurh width, we have 

anil 

It          h 11         l>.l»J 

/■„ 11           «UiJ 

ii'/H      O.OIIJ: 

-1. 

1.77-. 

i'h-   'tir cushion presouro nn»  th«'    oi'fficiont p are dr't«-rmined by 
thi   jianr.''t-r b/h.    Th^nffoxe,   for a no/'/le  inotallution with 8;ä11 nozzle 
flow-thr" i/:h width,   tht* ili fl'rn'n ••   in  the  pnnsurv  coefficionts p* - p** 
for the   lowored an(i elevated :iid"3 will  be greater than for a nozzlo 
inntallation with  iar/:«-  flow-thmu ,ii width.    The  ':(K.'fficient of the 
moment, acting it:   the air ruohinn  i;j  fnvr.d  by  fciq.   (^7^') as a direct func- 
tion of the   iifffronc   p* - p**,   therefore  the  coefficient of transverse 
static stability for a n<v,?,le  installation with small  flow-through width 
will alno  be greater. 

Actually,  for a nr/./.lc  infltallation with siuall  no/r.le  flow-through 
width  (b.7^ « 0.01),   the coefficient   in 

whe re 

m'  ^   Ay   = I" " 
0.073 0,257 

~l = -0,0180. 

«   1\ (I 
j n.oi  ,» 
Cük45    ' 

0.6'! -.0.073. 

F'T a nozzle  iniitailati'ir. with  Janr  (l>*/h ■ 0,02) r.OT-.zle  flow- 

thrcugh wiath,  the noefficion», iü 

.".6 
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T'K    ■'H'ffi'nr'n».  f.   m  Hi" pn lufi  nf  !,f:-> »ir«-'» 'l   tf)<■  tottoci sertion 
(•ni-itu-.i'ii   t.'tw("n   lh*'   contour  nn/. 1"  ;ir ;   the  HtabiJity  r.<i.'..;Ic,   iiy   the  urn; 
•.(«if   iü i iu.il  to thr iliKtHncc  fror,  tfu'   uTit'T of thin  bottom noction to 
tiio  Io.'.;'i t.'.'linal axis  of  the noz.'.U'  inatnl lution. 

It. other word:i,  when the iu^.,.,.l>    inntullution heeln from the hori-.'-ontai 
(•Vj-  -. 0)  l;   fiome extpmiely nnall an^i''   (Af ">()).   the  putlcrn of air 

-■utfiow  from  thp  contour noi-./.l«' onto  trie HhifJd varies aiar.imilarly fcr 
no;--.'.l. r. with Jiffprvnt  riow-tnrou/-h wicitna.    kino ■■hun^in/; tt) differing 
U'iT^P'  ar»'   thf   forci-fi actin/:  in   t/.r  air cushion nn  the  nov./.lc   injtalla- 
lion,  suri'«'  difforont  value;;  of  th"  i^ratnetcr  i>/h,   '!ot»rminiri/;  the air 
iruahinn pr^nnurv and ultirnati'ly th<'  ':< et'fi  ii-nt. - '   trunsvtrne static 
utabil 1 t.v,  Rorrcnponu   to  tfie uame ari/'ulnr cJiun/con ^y. 

unrnnpondirv to Cü'-'U elevation n/H i:i   i tji  optimai   eontour nozzle 
flow-through width i^/^)i^mi'or which  the coefficient of  transverse static 

MtabiJii.y  reachefl a minlmuin,     With docreane  in the   »idth  n/B,   the rela- 
tively  i'p!,imaj    :o« ffi   i-nt   of ntati-t ntability  in'T»'aaen r"aaually,   that 
in,   the  "t^'.ic ntability  deteriortte:;. 

U't   iC.   find   the   onv« 1 ."Vi m\ i / '''      ''     h      \ 

r.xpanainr iiq.   v.'"1/   ir,  power;;     :   payi;-.' te:   ;.,':•  and   ri<v'le:'t,i/./   the 
tormn  of necnndi   third,  ana   foiuth   ;■(■'■•■<■;•. .;:;. ij Idt-.s;;,   iet UH  v   ite 

ml 
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Takiiir the ticrivativ«   of  this  function with ronpcri to  the  vnrittble 
purarai-lpr b./B and hon- ur.auminr that all  the n-mainin*: quantities are 

i' 

'■   nfi tan*.,   wo  (ft 

rrdtn whi-ri'T 

(•i) 
-,(! , MI..,, *-2 a^T,)[l - ( .OJ x 

»•Wr(M «m«.' xl-i-^d.Mn,.)!,--  =0 

\   /I   |,n„, ^ (I    ,    kill Si) 
(298) 

Th*'  nptimaJ   f luv-through width of the contour nozzle  in a Boctionalir^d 
nor.'.lo  inatallation at which  ti.»    •(» fl'lcimt of  transvora«" Mtatic stability 
'aken or,  the amailcit value  fur in>- 'ip«M ifit-j elevation h/'l ana an<;lo 
ß.  of rv>... !'• (Tpnt-r'itr i x   incl innlicn  i;i detennined  by  this approxinate 

«■xpri'ns ion. 

u'jilainr  in  :A\,   ( 'b1 )   the   nliitiv«1   flnw-throurh wi'Hh  t^/B of the 

•f>ntou'- ri'-.-.-l'-  with  itn optimal  vain'   nanrtl  on u\.   (.",'B),  w get  thu 
follnwirw    for  tin-  unknown ■ nvolotx': 

»^-_ 
Ar, 

■I.- 
o.t)'»2.-tx. (299) 

when- 

' ''       v    (R* V 

0 "~    Id     Mti 'Hiov't        2*/fl" 

W)i.r:  thr ariKi»' of  inclination uf   the contour nuy./.le generatrix is 
4^  ,   i.i\.   (.'99)  be come G 

'^ti 
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Ki,-.   '/. .     i'hi'or«'t i  al   n/'ion  oJ' 
Lrv»r":vi r-i'    .•tüti'    :'t-i M i 1 i t.y    if   a 
(ilj.n«    .i'   t Kinuli.'.t'd  rii):';',li'   jru.taJiH- 
lion   ■»:■   '.:.<•   fun   ti' r.  nf   inU-rrmJ 
no/'.'.ir    pl;i.-r«;;..n'.    (   (t.    -      ■',';"): 

A  —   tJu "•••■ t.i';Hi   n'Klon  of  ütuti'" 
■ i i •* • ■ i i i ty 

)•  —  icM.ncMry  to region of  poiioitji 
;;t.ulv- stability 

■o.v 

0.01 

P. 01 

0.0* 

I 

V\i'.   '<!'>.     Thfon-1i'-.ti   rcfionuoJ' 
t-ranBVfr.'M'     t-.ii'   .itability of u 
],luni   ::fc tii nal i/.fii TH.V.AIC  inatai" 
lalion wni'.',   <p - .\'iv -ifiii  B /fa - O.fi« 

n  —   nvior.   'Jill,   in ;r''MMin, 
I-.lauiJ i tj 

H —  ro/'irr.   i!   !•■  rt-uinnf; stability 

Thf invL'lopc  plotted  from  this equation for H  nozzle  instHliation 
with u parameter  ^» 4^° anil  B,,/H » (),t> a« :thowr.   in Ki/'.   I'tO with a daohed 

iin«,'.     'ITi«.-  region  boundf.>d   by   the    :o'riiinale  axt-ü  ami   the  envelope  calculated 
by  r>i.   (,;"♦'*)   ia  'whe   /.one  of   iheon-ti aliy possiblr  Mlati«-  stability of a 
plan«- sc  tionalixed  no/, .if   innlai lat.w i,.     To »-ach  pdint  iyin/' within  thic 
,'.oni'   !,h< r<     -nrn'aporM!;   itv   vali.'-i;  > '    A     ano  h/B,   which   can  be attained 

by neleotinr a  no  .'.J<-   inntnll.ii    r   «.';, i. :;:«■' i.' ic  flow-through width 
b /H t.f   tho   cuntour  no-  • !• . 

An  thf  parameter  H.yM  in   n.'Mucci,   thai   IU,   as   tfi<   ntability nozzles 

are  brought   closer  to   the   lon/'itudinal   a>i:i     I'   tht- no/./le   inatallation, 
ano with  the  correspondin^*  increaj.    r     ••   area  of   tnc  lottom sectiono 
enclosed  between  the  contour no/./.l«- ..no   these  no/.zlcu,   the  static stabi- 
lity zone  is enlargea  (Fi^:.   I7^j.    «hen  the  stability no^-.-.U-a an«  brought 
dooer,  forming a single fpeneral nozzle with width .,b,/;, ■usd),., and  the 

<.' * . 
jets exiting from  this  "lerKinr  to a cinKle  tx-ntral   jet,   the static 
ntability  /.one   beoomea KTf.'atest.    The  boundary  uf  thin   .-.ene i.j conven- 
tionally   indicated with a oaahpi  curve   1),   calculated un  the assumption 
that  h.Jh - i'b /B x  coa (B   ■ 0. 

')'» 
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U'l   u:.   inspeit   f..   :<tat.i.   !itiUulit.v   ;.ow  ol   « lu-ctinnHl ized no/./.l«' 
Iruitallution from another point  of  vi.w.     U't un  plot  in  Ihr  coordinutrn 
h/H anil mY"   the cnveiopo ualcmlated  hy h\.   (i'^'O»  >nd alno the curve of 

minimum valuoa of  tho   transverse atati-' ntability  coefficient of a nozzle 
installation,  each point of whi.;h  characterizes the greatest atatic 
stability  for the  correapomiin/' no:'.7,lc  flow-through widtli  b^B (Pi«.   1?^). 

Tliin   curve plotted  by   hq.   (;'H»>) will divide   the       atatic atability 
.'.one.     In one section adjoining  the  coordinate axt-a,   the atatic atability 
of a no.   ;<   inatallation with H i;p<    ill.   b^b incr«»aaea with increase  in 

elevation h/B arui  hi"-',--ion   the rreatent »it   the pointu   iyin/' on the curve. 
in  the  other section encloued  between   the  envelope  and   the  curve  of 
minimum mT    valuea,   the  static atability  falla  uff  for a «iven b./B. 

Since  an air  cushion  ve.'iicle  munt  have a  8pt<ific  r'-aerve  of static 
atability,   the  section of the  •.-.one  bounded  by  the  coordinate axeu and 
the  curve  of minimum mT'   valuer,   in  whi   h,  ac  noted earlier,   the  static 

atability  increasea with  increase   in elevation  in  of   intereat. 

Actually,   tne static atabiliiy  .one of H aertionalized  nozzle  instal- 
lation will  be even further  reatr^cteii  compared with   th.c   theoretical value 
ahown  in  r'ir.   175.     Thi;;   redu  tior;   in  the  atabiliy  .'.one  will  depend  on 
the (lrr.i(7. of  the  nozzle   inntallation,   the  nH'thod  (,f supplying air to it, 
the de^Tce  of uniformity of air aupply  botn alunr  the perimeter of the 
contour uov'.zlsi an well a;-,  the otabiiity nozzles,  und many other aerodynamic 
and drawn conditions.     The  dimenaion:;  uf the  pj-a. tical  stability zone can 
be  revised as  the reault   of experimental  utudiea. 

'JA,     experimental   De termination  (I   rharactena Oi' 
of a li'.'ct i'nal iz«d  Nozzle   Inati»! lut ion 

1' static Stability 

To verify   the  main  repilar; i .•■.   •"{^.oaninc the  static atability of 
a aectional ized nozzle   inutaliau :.-iiemati    uperatir« air cushion 
vehicle model  war.   tested.     Th    charat.teriatics were  recorded on a special 
jtand equipped with  aix-componmt    aerodynamic  bal(in(jes and a movable 
ahield.     These  balancen were used   ti   fiK-aaure   trie   forces and moments 
induced  by  the  air cuahion.     Variation   in the  hovering elevation of the 
model abrve   the shield and  its  hrelin- anj-ie  in the requirea ran<^CB was 
provided with  the  movable shield,   whi   ;, noaela   the support aurface and 
is  WOO x 6000 mm in size. 

In« model   (Pi«a.   I'M and  I?' ),   i'POO mm in  length,   1600 mm 
nm high,   consisted of a jilatform 1,  a housing-rnounted on it 
*nn4iirin  <inn with   the  piHlform a receiver ?,  axial   fan t> 

An operatii 
wide,  and 740 mm 
J,   formin/' in conjunction with  the  pjMtfonr. a receiver ?,  axial   fan t> 
with a re :tifyinf device b,  higf.-frequency electric motor  /,   inlet header 
4,   and  racial-annular diffusor fl. 

:'t,() 

■MM 



Ki/',   ''M.     >1(«!"1   (,;   ut.   iir    ■»:,   i,:.   ...M. W   wild 
. <• ■ 1.1  in.i ; i .I'd   ri"      j.     lit. tii . 1'i t, i   r. 

'Hi*-   |unli'ori;i  wan  ;»  :■>■   *.   '.ai i   •■'; 
I', rm of 'i i-ontour nn/.   .• «'.  iiip«: IM 

find  two   intrrmtJ   rio.vi.j  — srai.ii'.v 
tht'    «'XiT    L'dpPS   Of    tfl''   I'XHMTWlJ     WiillM    i 

that,  io,  i)0 percent uf  thf  wui'J.  > 
res poet   tn   the  external   ci •> ;    - '    • 
of   the   cor.tour   ni . /.i •    'c ■ .- '.:.: 

J. 

and Btorn acctitj Ka. 1,; 

wirlth  of  the stability  no. ■'.ieü  wa-   h, 

tion fe-if-li'  <y » 4'^   . 

A model  UK-Wl axial   fan  iron,  '.n. 
Institute I wa;.  mo\int(.,(l  mi   the mouei . 
bl^j  mm,   with a  ?76  nin  huh,   fitted  wiUi 
fan seated  on   the   ühafl   of a   >-kw  elei 
the   fan was  varied nmoothly within   the 

•.«..■ i.    i r : • i. . i' j( :   iria I«    in   the 
ftt'   '■'■•■   piall'i :-i,   aii.ii/    its   perimeter 
i.o,'...ii:i   l*.     "'h''    nr.tari -e   between 
!   ttif  atabiiit;,   nu./Jea wan H40 mo, 

no.v.'.le   in.'it.iilation n^'aaured with 
iur  r.i    .■  . .     Tlie  .i.'.c  sectiona 

\>.        v  inn,   whil»'   the  bow 

'rh  b    - t/i mm.     The   flow-through 

■\U   nc./.Jic  had an inclina* 

":'ni''l [ Central At-ro-Kydrodynamic 
I'fif   impel h'r had  a  diameter of 

• ■i,-l.i profilfd t. deu. The fan 
•.ni   nnjifir.     Tfie  »in/Tjiar speed of 
limita   iK-    >  to n ■  ^000 rpm. 

.■'Ol 
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Kir.   ' /•>,     .ihcwiali!-  air  ;:u:iiii'-r.   v<'liii:l>    wit,*,  ürc. t ionuli/.cd 
no. .•.!<■   i ru; Lai la t, ion : 

-- ji 1 itl'iif V  ~ rlcrtri • tnovor 
.   --  f»  fiver M  --   liJTuscr 

■  —  housinr ; — utabiiil,v  fn)v.z\v 
',  — irudcr '■, —   l.'Minap»1  oprninrc 

- — I'an — "xtcrnal  nozzle 
i,  —  rpctlfyinr ii«-vi.e 

Thi- header providi-i smooth inli I ol' 'An air inln 
trtncounly n<Tvea a:i a dovifc fur m>a;iurin/' u.' volume 
through   ?.fu'  mi)di?l.     The  diffiuv ;•  recovere'l  part,  of   t,h 

iric  fan anu aimul- 
flow df air passinK 

■  Hnelie energy of 
the  air  ;itr»atn exiting   from  \u>    far , 
and   fetiir,,' air  in   raijjal   dir«"tions 

nvf-rtlnK  it   into staliu pressure 

To   find   the   patter'i   ■;<    ;.; ■ :. 
of   th'-  platform   if.  u.e  .i.       u:\)w.< , 
receiver opcnin^rn,   arrao,'--:   »'.  f» 
(Fip.   W» j,   were  "lo.nttM   m   tr.i    : . 
atr-am of air enturin/*  thr  i.'. :•.■•; 
tub«'r.   installed   in  th<   ••xi*. o!'  :*,■ 
with   1   r.rr. diam<'ter heaan    'onf..'   ti 
the  moa: uremento.     In addition,   tru 
receiver wan measured. 

• r : bi,* i'n ov.'i   tn<   undersurface 
m     tui't-a witli   '   tnir. diameter 

ii./-i uiiinal   an!   two  tramiverse  sectims 
'.'.'•    i( lal   pr'nsun.   in  th«' 

wa;i   iftcrmined  with   total  pressure 
railiaj-anMuiar aiffusor.     Pour  tubes 

.i    •omn.oii  hone  were   inatailed  for 
pn    :i,ii<    un  the   inner surface  of  the 

The  volume  flow  of air war. neusureü  bat;eu  on  tJu1  pressure  in  the 
header measured at   four draina^-   opening  of  its  onnectinK piece,     T^ie 
diachar/'«-    -oefficient  of   thiu  header wan  determined   by  calibration with 
the   fan  nperutin/1;. 

,'iu' 
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i-'lr.  176.    Layout or drwinan- openinfrfl at mode] ui 
aurfttcp: 

I - 5i — draina^ openin/-n; 
i   —   loft   Rido; 
II —   bow; 
HI — ri,:hi Miai- 

ndor 

Thr houBin^ of the model wac mane of auralumir .  and  the nov./.Ie 
installation was mdn «f foam plastic '.oated with veneer.    Tl.c flow- 
through aeotlon of the nozzlos wan nade of wood and was polished. 

hesults of neasuririK the preaaurt- distribution alonp t/ie  bottom of 
the nozzle installation for the   -asf when the nozzle wau horizontal with 
rospoct   to  the support  surfte   (y-  . ),  for different  relative elevations 
n/B, an   shown in Ki,-.   ',/,  whert   tho pressure  30-f ficients p are plotted 
alon^ the Y axis,   that   in,   the  ratio of the excess pressure at a parti- 
'Ular point  in the surface of  ttr  bottom  to the  total pressure of the 
air stream in the receiver,  ami alonr the  X axic  ia plotted   the relative 
distance  x/L for the  longitudinal  aection, and  the relative distance  z/B 
for the  transverse section (x ana ., an-  the coordinates of the particular 
point»  L and B are the length and width of the nozsle installation, 
respectively). ' 

For the elevation of the nozzle above  the shield measured within 
the  limits h/B - 0-0.0^.,   the pressure was distributed virtually 
uniformly both over the  internal as well as  the external sections of 
the nozzle installation bottom and reached a maximum (p - 0.99).  when the 

TVT^r T 9Me]d (h/H " 0)-    At «lively ^ater elevations 
the uniformity of prosuuxv distribution deteriorates,  and does so espe- 
•ia  ly  noti.^eably over  the external   bottom sections adjoining the  corners 

oi   ine   m(>nei, 
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Kir.   '70.    Prtsaure distribution 
Hjonr the  bottom of the no;'.zJo 
inntallntion a:i fur.ntiona of the 
heeling an^le for b./B ■ b, /B ■ 

O.O^I/Ji   ii.yB - 0.6;   ^- 45°; 

h/l) - O.O^Ü»'! 
n ~ for  lowered üiui- 
D -- fox- (>]cvutofi Hide 
KKYJ     1   — Point  1 

s — i'oini   'Ü 
■:. — Point ';3 

Z1,   —   Hftn-.': Y ■   0 

'; — rfhen y - -2° 
'   — Point ^H 

The effect of ino<lel heelin/r on th«' pressure dintrlbution '»'er the 
bottom in the  transverse section,  with  the elevation kept M ^.anged h/B ■ 
0.0286,  can be seen in W«,  17^.    Measurements show that incraaaing the 
heeling angle  from y• 0 to y- 2    has practically no effect on the pres- 
sure  in the middl'- of the bottom bounded by the stability nozzlea.    At 
the sam«-  time,   the presoure rises over the external  bottom sections,  on 
the lowered side, while It becomes less on the elevated side.    TMs causes 
a 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 elevation above the shield varied from 
h - 10 mm to h - 220 mm,  that  is,  in the range h/B - O.OO?!^ - 0.157.    The 
transverse moment  coefficient wan calculated  by  the formula 

"'« - hsilt ' 
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Vif.   ''!).     Mctnunt   -rx-ffioicnt a» 
function;!  of   iti<   hi-i'linfr an^J^ 
f< r tiifffTt'nl  n-lativf/ eb'vution 
nl'   i-rufl   wilfi  ;H'(:tionäi i/cii   rir..-,.jL 

in;; let i la linn 

K    in  the  tranovi-rn«' moment moaaurod on aerodynamic balances;   B in x 
the widt.li  nf iht' model   no/./.lc  installation measured with reaped  to the 

• xit ea<^*a of tho contour nozzle outer walls;  '<■'> is  thr area of the nozzle 
installation measured with reupect  to  the exit ed^vs of the  contour 
rio/./,lo f-nter walla;  and  ii. is  th»*  total   pressure  of  the air stream arriving 

at th*» receiver. 

An an examplo,   Fir..   '79 presents  the results of an experimental 
de termination of the dependence of the heeling mom«nt coefficient m    on 

the an^'le  y   for four characterinti'- ^lovation:! of the moiel above  the 
shieldi  h/B ■ 0.0107  is  the unnt.it)1,.• ;.';oiii'i  position;  h/H ■ 0.0214 is  the 
model   in  the neutral   position;   n/B * 0.0v//   is  the highest static stability; 
and h/B - 0,14)  io weak utati: stability. 

For small and moderate eievauonn   (h/B - O.Oh),   the readings on  the 
aerodynamic  balances measunnf" th.-  tran.'iverne moment for stable width 
time.    Tnia gave a well-defineu  n-f^ilariiy  of  the variation  in the moment 
M    as a function of elevation h/H and heeling an^le y .    With further 

increase  in the elevation,  noticeable  fluctuations were observed  in the 
neasured moment from the mean, and  the scatter of the experimental  points 
correspondingly became greater.    At relatively largt' elevations  (h/B^O.I^ 
these fluctuations became appreciable,  and  the balanct»    gave reading» 
variable  in sign,  corresponding to transitions from a negative moment  to 
positive moment and back again,   that  is,   from the stable model state  to 
the unstable.    The hovering regime of the model at these elevation« must 
be regarded as    in practice unstable,  since  in this case an air cushion 

„„„„^„^____ mam mmmm 
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t'ir.  1H0.    Cocffi: i»'nt of trannverse 
nt«li(r ntability of model  o:   air 
cushion vr;.ic]e un functionn of 
rclativr elevation above support 
«urfaoe  {y   . 0;   h^B - b.yB - O.Oi'U; 

A -- region of unatablt'  operation 
P ~ region of ntabl»« operation 

vehicle  in  the free hoverin/r refine would touch  the support surface with 
its side.    A similar pattcrr of variatii •.   in the readings with increasing 
elevation occurred also for alcohol  mioromanometprs used to measure the 
air cuahion pressure. 

Theae effects are accounted  for by  the  fuct  that at relatively high 
elevations of the model above  tht   shield »he air jets exiting from the 
contour nozzle and  the stability  no'./.le      oated on the elevated side, 
without yet reaching the shield,  merging »0 a slnrle,  jet.    The pressure 
over the  bottom section enclosed  between these  jt-ts becomes nonuniform 
and pulsating, while  the outflow of jets as a whole  from the nozzle 
installation is unstable with time. 

Ba.scu on experimental   functions m    -  f(•*) for different elavation«, 

nimiiw   I'-   those preaented  in Kir.   '79»   the  coefficients mt* of transverse 

itatir nubility for a rrodel  balanced in th<   horizontal position {YL* 0) 
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were Toujid. KiK. 'BO presonta the thnureticaj and «»xpcrimental curves 
chaniRteriKlnx th«« vapiution in th«« coefficient m"T'w »f ntatlc dtabllity 

HO o fun<tion of relativ«' «levation oT the nxxlL-l  above  the« nupport 
:iurfacc. 

At  th»- mornon'   of liftoff from th«- support surface and at lower 
eievatlona (h/B " O^.Oi'), a vehicle with sectionalized no/zlc inutalla- 
tion is »mnt 'bit-.    With incrcna«* in elevation h/B,   the degree of static 
stability  rises rapidly, and when h/B • 0.03'^ - 0.04  it reaches  its 
maximum,   but with  further increase  in elevation it v^raduiilly decreases. 

A similar pattern of variation in the  coefficient of static stability 
as a function of elevation was  found  by Krost  [flSj  in  tcminr a round 
model  of air cushion vehicle with central  stability nozzle placement. 
Kor this  kino  of no.'.zle  installation,   thi   coefficient of static stability 
also riues with increase in elevation,  and as some value of h/D reaches 
its uaxirMJ^,   while further incroaae  in elevation h/D becomes  less. 

The   •.heorcti :ai   dependence  of  tho  coefficient  of  f.ransvfrse static 
"tabil it.v nX9  on the relative «'ievati'r. h/H,  shown  in Fif.  180,  for a 

plum   tie.:t. iona 1 i•/.ed  no.-.l»«   inntallatmn was  calculated  by y/\.   {i?Rl) aa 
applieri   t.i    the  ^•o.in-trj'al   paratwtrr;)  of  the   tested  model,  and apecifl- 
all.v   I'.-r   th.-  caae  b,/!'      b.jw . O.o.'l/.,   yj ■.: 4',",   »nd  h.,/P - 0.6.     The 

thoon-ti  'i 1   function  confirms  both  tne principal   trend of the variation 
in the     «.efficient  nf   aa a function of elevation h/B,  ar; well as  the 

x '   ' 
ordej- öl' TOi^Tiitude of m f *,  found a;>  the result of experiments. 

x r 

When  the  theoretical and experimontai   curvoa ar^   'ompared,   it must 
ue  remembered   lha;   iJq.   (ifO1) wa;i  derived  for a plane  sectionalized 
no/.'/le  inatal lation, while  the model  has     end      nozalea in Its bow and 
stern.     In addition,   in  the derivation of ivq.   (».'bi,)  the uniform distribu- 
tion of the  total  pressure  in front  of •'.*  inlets of the  nozzles was 
asaumed,   which predetermine;;   the ur.il'or... supply of air alon/r the peri- 
m. ter (-f  the  no-.zlen,  while  th<> model  nan a  central air supply in the 
receiver and  owiiv  to   the different   preanur«    lonaen   in  the air jetleta 
ulon/: the  paths  fron the diffuser  to   indivioual   sections ol"  the nozzles, 
'.he model  han nonuniformity of  t(,tul   pn-ssure distribution alonp the 
perimeter of the no-zles and  •;:•      irn-spondir^; nununiformity of air 
supply. 

ir.  the ran^e of elevations h/h •» OK).01,   &{.   (Zd') yields vaiuea  of 
the  coefficient mfw   thut are close  to  ;•.( ro,   that  i::,   it  charactorizea 

the vehicle' as a neutral   craft.     Experience shows a more abrupt dependence 
of th«'    («efficient mT-  on  the elevation:   in  this  ran/;e  of elevations  the 

'■raft is unstable. The theoretical vaiio of tht optimal elevation for 
which the static stability becorsea the ^reateat affrees quite well with 
experiment.    Thua,  for  this nozzle  installation  the  theoretical optimal 

■   —  



elevuiion (h/B),^« 0,0562, while the experimentally obtained value of 

(h/B)»«in ■ 0«05'J " 0,04.     In the work arranf^wnt of elevationa,  kq.  (281) 
tisfaotoriljr reflccln Uw vHriutinn in th«- function m^   - f(h/i>) and to ::»» 

the Tirnt approximatinn riven valuen of m' that are of practical utility, 

?u9 
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i.'liAi'Tr.H     .,r.V.-.N 
WOHKINC  PvN'AMr.'i'KH..   KDii  Alii   CH.iHlUN   VLHICLK'. 

I:   oi':,.i(7.inr '*ir imnliion v> t,j   .■•:■.,   t:.    Tree  h(iv<.Tin(   nTino of u r.olid 
:;ui,;)ri"    : .'-'.'it.-L'   in  r,r\(>  of  tin    pi':t. ■ i|).i,   il«.'!U/-ri  re^iriuo  f'T which a(-roilynamic 
iiualitien  of  thf   oruft arui   its  pow<r characteriaticfi nuat  he  found,   to  the 
firnt. approxillation,   for .1 K.'K-.-ri  cmfl  w<-i,"ht  uni   f(jr known ^rcoDielrical 
ii.ii-.'im« •».»•:••.;  of  it,!    f low-tnrnuch r.i    ', ion,   in>iUnr./:  ihc-  nr/./.if  in: tallation. 

■   ,     ..i!'v,   i'rr;iMun ,   Air  Vwiu:i.<    Flow,  nr-A   i'owt.-r 

To.    ; ii'i.  Y u.-ri,.l-  or, n     vnt'i   tu  lu>   iiori/or;'..«J   nnvi-rin/'  regime,   craft 
ji'irl:'   '■.   '• ■   t' tai   pit r.nurf   ;l    ui' ihi'   ur   flow  IVu   t,o  th'- no/.;.!«'  installa* 

'.ior, whj   !    han   th«'  ;ir>u  .. an    i-c j;i,,i-i   (;,■   t,f <•  t'(i.i.i! i'.y 

r    (i s//, (.ICO) 

!>'>:'. WI.IT. < 'hi1 r'-'n.i.-i-'; t.'V«; pr.T;-i.r' m th»- mr iJtn'at:, in front of the 
no.-..'.!  jnnt.aJla tion 1:1 

■'/. 
(301) 

?h«'   'ir-'t,: of   M.f   no.',   H'   ; r.^ •'u J a' ; .i,,   i   [Uai    •„<    th»    to'UJ   pvessuru   in 
i.k i   pua:uri/' air ntri'am,   ü; 

". j *" -j  \ / 
(302) 

whiTf S     iJ'   ,^" 'ira/' i-wfficifit of  the   rlo/..,Ji'   inr.tallutii/n with  rcopoct 
•n   Ihi.-   no-,  .!<•   f Jow-thr'iu/:h arciii;   \       i:i   tnc   M^ar. air velooity an   it   louvca 

th«   rur/.v.Jc   inntallatiori;   ■,   ir   thr air •.■<>i\[::.'    flow;   t   ir,   th«'  r../..■. It.'  fltiw- 
'hr'ni'li ar<aj  and n  m   t^.i   ik-naity of air. 

■ ■ — —    - 
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Thf iiraf; of the Channels of ihi- flow-throe'rh nt-ction of the craft 
over  ün   «xtent  from the external air  inlet into  trie  craft  to the  inlet 
into the oponinga of the no/zle installation in 

(303) 

where C   in  the  total  rtrap coefficient of  the  chünneia with respect  to 

the  flow-through arena  F or the nov.&lv  inntallation. 

Th«.'   tdiai preiiHiire roquirert  to overcomo  the nrü^ of the noz'^lf  instal* 
iftiicn  ii    ana   the air ducta It ,   that   is,   the rtra^ of  the flow-through 

section of  lh.'    raft an a whole equal   to the   total  pressun   built up by 
the  fan  in the network,   in 

P / <MJ // = *, + //.-(;. ;j - / - C f C,) f (-£-) (304) 

The  air volume  flow puBairv through   the  flow-through uection,   equal 
to th»- fan capacity,   in 

l ►  .  >     r     (> 
(305) 

or expn;nil  in  termn of the  total   pressure of the air flow in front of 
the no//.:.-  installation, 

Q^'Vf'''-r:VT"- 
wrier»1 

a — , 

(3i)6) 

(307) 

Tlie   fun shaft  power-  i;: 

'''! 
|/JL) /y»    (308) 

or,  ati  function o;" the   total   preauurf   iii  the air flow ahead of tne nozzle 
inxitallat, ion. 

\'^ i'-Dtn 
7r.i| i ;    ^   ( |/ T I H:. 

.-n 
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whiTf W  i;i ihe fun uffii'iency. 

Denoting      *"       *    l^{i «'xpn'jioinr thf dt-nHity of air in iivixo condi- 

tinjis by  tho density   Cn  "^ uir **♦• normal  atn.ojiph'Tic >:oriditiuna  (t ■  l'j    C 

ami  p    " Ttf) nuD'H^T'cm), 

A c ~ fr f« = b\ - 

vfi'T« .A   iu  the    orreoticn »."fjofficicnt, wr- /tL't 

75.| | A       K 

»   ' (3()0) 

The   fan ahafl  ti'iwi-r ■•xpn-siifd  in  tfrma of  the  i:raft w« ».-(ii is 

V = .     i      .-' 1-L-. f-l/^G, (310) 
75»! i A   K I <;   s r   A 

Tht-   lift of  the     raft expr«'asf.'a   in  terms  of  tnc  fan a:.aft   power is 

)^l;..lLL^.gLN;f\ (311) 

The   lift cofffi   jiTitn ■     and £ of  tho  nozv.ie  installation uopend on 

it.-- /I'omff.ri ral  parametora of  inc no. . !<•  iniilal lation,  cli-vation h,  and 
an/'l«' 'if    r/ift  inclination relative  to  th»'  support surface    The cooffi- 

ionl ^" allows for  the  iooses  in  tho dynamic preaour«'  of  t.h<   stream as  it 
• •xits  into  the atmonph'-rc 

The  co.-fficienr   £      i;;   tetermin'"]   uy   tin- geometrical  shape and 

dimension,, of  the  flow-tnroi./^h  .funrc 1.; and  la  comprised  of  the ooeffi" 
ientti of local dra/; ana  the rfducea   !oeffici'Tita of friction for the 

in uvidual  t:.ombera of  the  flow-tnroui:h nection:  diffuoor behind  tue fun, 
turns, projectinfT parts,  and  other constrietiona and diiatioriL;  causing; 
local  presn re loaaes. 

The efficiency of  the  fan  f    depends  or.  the perfection of  tho fan 
and   its operating re^'itue   in  the fiow-throu^h section of the    ruf*,. 

M,.    Power Ratio of a Craft 

Kq,   ('K))  can  bo   repreae ited  us 

- --   



Thi:) expresaion is atructuruily mmilar  to thv famiiiur expreaaion 
for the power ratio of a helicopter und  can be called  the  power ratio of 
an air ounhion vehicle. 

Eq.  (i1.') allows  for the effect of ^ri'und proximity and  roflecta  thi 
value    of K for which  the craft   ian hover above  the support surface.    The 
larfler the value of K,   th.   more advanta^eou«  is the craft in terma of 
powen   for a specific craft weight  leaser power outlays are required, 
while  for a spocific power of the craft can carry a greater payload. 

Thin formula alau reflects  the effect on  the  power ratio K of the 
load-bearing properties  of the noz/le  Installation (c  ),   the dra^ of the 

noz/.le  installation  (^),   the  relative an-a of  the f Icv^thrt. i/T'i openings 
(F/.'>),   the draff of the  f lo«-throu/:h section channels   (c"),  cnu   the effi- 

- ii 

':iency of the fan installeu on the craft  (ij). 

Coefficients  c    and t   depend  on  the elevation h of the craft above y '       F 

its support surface.    The power ratio K of a craft with a noz/.le installa- 
tion exprt-ased as  the explicit dependence  on elevation is  inconvenient 
owin^; to the complexity of the expressions c    • f(h) and <^   ■ f(h).    There- 

fore  the effect cf elevation h on K is more conveniently shown graphically. 

For a craft  with specified /geometrical parameters and  unchanged fan 
speed,   reducing elevation h  incre/iseo   the  coefficients  c    and £ and reduces 

the  fan efficiency   J .     Therefore  for each craft K is varie.i within wide 
limits and is determined   by how i)trori/:l^   the  coefficienta    :    an! ^"depend 
on elevation h. ,v 

The  coefficient C   is  '-r/ninicai^y  related   to  the  effect of air  cushion 
formation.    When h «o"•  C =   '•    ^ increase  in the  coefficient ^ with 
decrease  in elevation results from the   •ompressive action of the excess 
pressure  in the air cushion or. the air jeta eacapiiifr from the nozzles. 
TYiiu increase  in f  shows  that  the air volume  flow required  tc produce 
the air cushion has been rodu od.     therefore  the Arne characttrir.ad by 
the  coefficient^"  mui-,t not  be regarded a:j a detrimental  draff.     The draff 
of the  channels  in the  flow-throuffh section of the  craft  is a detrimental 
aerodynamic draff.     The smaller  the  coefficient ^ ,   the hiffni.r   the power 

ratio of th».-  '.raft. 

?'li 
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An   •vtri'mt'ly  important factor influencing the powor ratio of a oraft 
in  the  n-lative flow-thr.«w^i uroa P/b of the nozzl*-  inatullution.    Aleo 
eaacntially de>.ormined  hy  thin {«iramettT ia  the win in usin^ air cushion 
vehiclon  compared with craft nuntainrd  in air by  the reaction fornea of 
air Jetr. ••Kj)elled  from beneath,   for example,   from helicopters.    The smaller 
the parameter P/S,   the  hifrher  th»1  power ratio of a craft.    However,   'jorres- 
pondinr  to very smali  valuen of thin parameter will   be extremely small 
relative elevations of  the craft above   the support surface.     Thus,   for a 
planform round nozzle  installation,   the parameter    ic 

.i/'.' 

.i/>;/» 
-=.4 

/> 
t> 

where  b  10  the  flow-through width of the- nozzle and  D is  the diameter of 
the  n"-/,le  imitallat ion. 

Prom the condition of minimui;. power outlay, the ratio b/h - (b/ü)/(h/ü) 
remains n<arly unohanfTod, therefore small values of h/l) will also correspond 
tf   nmal]   v.-iluoa of K/S  - /\b/U. 

ttl.i'n  tue  craft  touohea  the support surface,   the  outflow  of air from 
thf nozzle  installation is halted.    At  thia inntant  the dra^ coefficient 
'if th«'  nozzle  Installation C = o<» (tf.<'_iua(:har^'e  coefficient or ■ 0),   the 
relative  coefficient of channel dra^j^" - 0,   th«-  lift  coefficient  c ■  1, 

v 

the  fan efficiency ^ ■ 0,  and fcq.   ('U')  becomes meaninglesc,   since  its 
ri;:ht han i section  becomes  indeterminate. 

i<et  UH  find  the power ratio for the  case when  the weight of  the entire 
craft   ir   transmitted  tf   the ground via  the air cushion,  while  the outflow 
of air  Iron the nozzle  installation doea not  take place.    To do this,  let 
us use  the dimcnsionleaa aerodynamic characteristics of the fan.    The 
power required  by  the  fan in the regime ^ ■ 0 is 

V - 75 
(313) 

where   N  i'i  the  fan power coefficient;   F,   is   the urea swept by  the  fan 

wheel;  ano u  i.;  the  fan  tip speed. 

The   to'.al  pressure   built up by   the   fan  in  the  network is 

//      Wp«'. (314) 

wh^re   H j:i   the   fan pressure  coefficient. 

Tht   air cushion pressure equal   to  the pressure at  the  inlet   into the 
nozzle   installation and  thus equal  to the fan pressure,  completely aero- 
dynamically    relievim th    craft and  tranamittirv all  its weiKht via the 
air cushion onto  the ground,  is 

mmmMm iMM^iM 



"-4 (315) 

Jointly    oolvirv: rlqn.   (5^) and  (^l1?),  we get 

/ G/S 
u ~ t / 

|      //('' 

Replaoin/: the aenaity of uir p wii,»i ita value from formula ^09 and 
inserting the renultinK cxprueaion for the fan tip speed into rJq. ($1!/), 
wo find 

76 ^A      |   „>   ■ ~S V S 6- 

Then the power ratio of an air cushion vehicle touching the support 
surface in the total aerooynamic unload in/: roKime is 

f'G .. o 1 ' o 

i\ 
^■}  ^1 = 26.52 Ä-^. (316) 

'Hu'  power ratio of  the  craft  in  this  case  in  predetermin' d by   the 
exceptionally aerodynamic:  properties of the  fan used  on  the  craft,   that 
is,   by  the ability of the fan to build up hi^h presoure  for small power 
outlay and  small  overall dimenoiono.     The power  ratio of  the  craft when 
the elevation h « 0 is one of the vital  characteristics,  uince  the numerical 
value of K.   is a criterion affording an evaluation of  the possibility of 

the  craft  lifting off from the aupport surface anci ••nterin/.' the hovering 
regime.     The  transition of  the   -rafr   into  the hovenn/j; regime  is  possible 
only when 

A 

A; 
(317) 

where K is  the power ratio of   Ü, 
tion h above  the support surfacf 

•raft  in hovorin;: rfvim«   at some eleva- 

Vftien a centrifugal   fan is  in-talifü on a craft,   condition (31?) ia 
uauaDy maintained,   since   the preosure   H built up  Dy   the  fan,  with decrease 
in elevation and  the corresponding drop in air volume  flow " increases, 
and  the  power coefficient R ia  reduced by several   times. 

As applied   to axial   fans,   aatiafyinr condition  O1'/) depends  on  the 
blade angle  ^ on the  impeller.    For small angles  0,   the  function H - f(!J) 
rises  steadily with decrease   in Q.     Vor lar^e angles   6,  ao Z  is  reduced 
discontinuities are observed  in  the  characteristic H -  f(5) alonj; with 
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on abi-upl drop  in  the  proaaurc  built, up by  the  fun.    Thi   powtT coefficient 
N, wh»«n ^ = 0,  romainn approximutely  the name an in the  calculated regimes 
^ of fun operation in a network.    Hceause uf thiu,  an abrupt drop in the 
power ratio of a craft   i.-i poHOihJe,   J.iulirv'   l«  the   incijual i t.v  (K/K.   ß)^1« 

Caoen are poauibi«   when a  craft   iru;ia]l»'d with an axial   fan with  iar^u 
blad«- an^'l« !i on the   impeller,   on reaching the  :le3i/7\ fan annular velocity 
(iiorrospondin*: to a specific elevation above  the support surface)  is not 
able   to lif*.  off  from  the  support surface ami enter  the  deiu/oiod hovering 
regime.     Hut   If n<   additional   lift   in applied  to  thin  craft with fan 
operating (for example,   the  craft   in  ruioed with .jacks   to  the designed 
elevation),  and   then  Una  force   iü  removed,   the  craft will  remain in  the 
hoverin/' regime over  the support nurface. 

Formula  (^1'')  crtn be um-d not  only   in estimatirw; the efficiency of 
the  craft •*;! a whole,   im •   uluo   ir. entiinatm/:  the efficien •;,'  of i tn  nozv.le 
in taJ la t ion.     Heplacjnr  in  thia  formula   the weicht of  th>'  craft by   the 
;ift  Y ami  nettin/'   £      0,   that   i:.,   cuncell in/- out,   the  dra/; of  '.he  flow- 
ihr ugh .I'-ciion channel:!,  and  aüej anüimin/    ■ =  1 ,   we  get 

A       \   |     [       J;  I ; I c; I A (318) 

I'M.;   {"■ifmula   ■ ■ pr'cc.ici   thi'   [x^wi :•   ri'.jo  of   the   r,()•.■.■, le   ir'.';liil lation 
pe/^irdfii   cep/ir i te . v .     liefe   the   |IOMI y   i c   Myd ran I i •    power   lid   to   the  nir 
fiov   :-,t,r   iming  in*."   the  no.'.v.le   inntall ition,     t\v u;;!-,.    thin   formula,   we 
an i-nnpare   t.he effii:ierii:y  of  varioi;;    i',. , li    insta^ luti   m:. 

The  dep««n(lence  of   the power Ciilu   Y. ' '.' a aingie-panji annular nuzzle 
inn tal lat ior, wit.h  hi^ri .ontai   nc ,. .<•  iut~off on elevation b/l*,.   and angle 

of .'••r.-ri'. n ■:   inclination   <pt   for    -ai.ntant   flow-lhrou/'h  wiatli  b/Ü^    =  0.0!, 

IM  riven   .n   Pi,:,   ^i1.     The   fur.> T i   ■ •  w. ■•■     ;(il •u.ni.-c   i,,,   ivj.   (tKi)  with 
A-   !,    •'ii*    1.1,   t,;,.    .i, j-  cji ■ ,   . •  ■   C .   ,       r,'-.;ie   ',':/•.      A;    we   ,;an  3ee,   a 
de-rea: •    in  the ei.-vati  n  of  the r.i   ,..!>■   inataliutK-n o!'  the  aupport 
aurfact    .o'ain   to a   rapid   rice   jr.  lh    p  wer    fieff.icient,  and an h/L)    -♦ 0, 

K —♦.>»,    For  the elevation K'. M /. M -.;,ij. ,   «.hat  ia,   j.'nae  to  the 
fiow-t.hr u.'ki  nozzle wiuth,   '(.•    ■' •«>•;■  ratio if f:in, I'-'-pano  nozzle  installa- 
tion  if.  ti nn  of ti.-K'ü  greater  v.v    ' ■■•    power rati.: of an ideal   lift air 
propeller located  beyond  the uer' syr.a  i     influence  ' i' /Ti urn: proxiir.ity. 
Incrennii.' the uncle of nov./le ^;er.< i'atrix   inciina tio.i   cp marivedly  raiaea 
the  power ratif   of a  no:-,  le  in;: ta 1 lat ior. 

The    if pender, :»•.■;   •;   th'    pnvvv   rn   io  f:r    tne   flo'».-through uid'.1.  b/D    of 
a nozzle  for constant  generatrix  inclination angle  { (p •-■ .1hr) are  nhown 
in  Ki,-.   U:'<'.     At  :■( latively   larc> eievationo,   the  power  ratio of    u 
aingle-paan annular nozr.le  in  tne higher,   the rnuller  the  flow-through 
width,  while  for relatively   largi1  eievationo  —  it   ia  the  oraller,   the 

.•-f< 
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amuiUr  ihr  nozzle  flow-thr<)U<?i width.    Fir.   1MV "howc  the power ratio of 
a two-pann nrmular no-.v/.K«  instullatiDn with puninntiTu  b./D^,   •  h.Jü tt » 

0,01 um!   Ä    ^   (7,( -   l)    an  Airn'i. 'ti:i of inability no/./.lc placrment.    Tho 

pattern nf variatiun in  the power ruiui mt a fun.lion of  ttn   parameter 
:IM ■  "   'M     ':   ntr n'"^y «f ftM-lcfi   h;,   t.t,f   'l.vfition  of  the  noz/l».'   iriRtaliation 

'ihovt*   lh<   support aurfaon.     Aa   tin   (tianeU'r of  th«' stability unv.vic is 
rcdu.f.i  for uomr hi^h elevation h/l)(0   i)u   power ratio dropo off,  while 

ut  a  n'la'ivejy   lo..  elevation ~   it   u. realen. 

•'7.     iH'i.ernli/.ei)  Parameteru  for   Irterp:   'inr '"raft Tent lieauits 

Ir:   ir.*.erprrtinf  tf.e  r'üuit!;  -i   lentxnr air   'unhion  vehiciea and   their 
indiViiiiial     emponer.ta or  the  reiml'r  "I   tejlin,--  m.-ir ti.odola   in  laboratory 
•one i - J ' nr;,   we  rnüit  ofti-n expren;;   •,.,    .ut.» a«   functions  of lirifnaioniesa 

p ramet.er:   > f air vfilune  flow,   ^r«:!;.^!« ,   ariii expended power.     Uain<; these 
paraini ■.-■r:;,   we   nan r,ake  ueum-.i   ,-et ■r.u i .■.aiinr.fi ar.d  represent  teat renulte 
in a aitr.pl«    form   -orivenieiii   Tor  t'urlher uae.     To netermini   theae   par<i- 
njefr:;,   !• '.. im uae  t/ja.  (^(K)} - (V)M).    After neceaaary  transfermations, 
we  ft'i   tue   foilowin/' ii. "i-ri:i ioiije;;:i      )e If icientu I 

i   i.al   prennun    for   the entirv    raft 

// U rü (319) 

t.tai   prensure   Irr   me  no. 'I«'   irritat lai. i^n 

// 
l, s 

(320) 

.■ o 1 U Df    f 1' 'U 

'Vl\ ': i. i'. 

«I 
(321 

fiorfer for   ih<    craft, with  referer. 

^=--- 

far. effieif-r.cy 

'.Vvyrsi MK,,<' 

c t) 
Ml   f! 

-; (322) 
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hyitrtulii- powur for  ihr ml ire  rr«ft 

N- 

kVi^'sr 
_V_, JJ.; (323) 

i ^ 

hydrauJi«: prenaure for the noz'/lr installation 

A, = 
N, 

>nvirvv*r  *-•"'' 
«—V.    (324) i.' 

Th«-   '(..«ffiiionta (X,   ^,  c , and fan efficiency  ^   aro dimenaionleaa 

(luantiti'-n ana ultimatoiy append only on  th*- configuration r»nd «vometrical 
paramctcrH of the flow-thrfiurh nection of the craft ana  tn«'  fun installea 
on it,  aluo  the position of  tin    :raft rt'lative  to the oupport surface and 
the  terrain of  the support surface  itoelf.     Therefore  the-  rj^ht siaos of 
ivqs.   ('1f,,) -  (i;'4) arc also dimennionJ' Uü parametery  cnaracterizinK the 
aerodynamic propertieo of an air cu.ihion vehicle in a generalized form. 

The 'H'friiiionltnn  . ut'ifi   i.-nta exprossed  by r.qs.   (^y) - (ii?4)  can 
urrvf aa (T-ni rali.-.inr p<jram<t«'ra  inttrpntinr the  results ot   testing operating 
air   -UHhicri v»^!«"!»':;,  aa well aa  teatin^   their indiviuuji   componentSt 

•M.     effect of Ground Proximity on  the-  Craft  Lift 

Lift of a  craft  touching  tnc /Tounu surface with  the exit edges of  th> 
no//.'Je    installation.    Uorresponain^ to tnia case i:-  t,f,<    ;raft elevation 
h • 0,   or which umounta  to the   aatnr   tiiin/',   th ■  ratio b/h » &>,     Here  the 
air  cushion  pnTisure    coefficient    I:; 

-( 
Mil   (If-  \(| 

I. 

•>    11 f »im) coiy 

th-t xa, i"' «fxcesn pressure (p^ - j^ ) in the air cuahion is equal to 

the total presoure (p - p. ) in the receiver. v   o       ' << ' 

Th«-'   i IJ't,    'oefficioht  when  b/h  n ^0 in 

'"V) 
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Wl.l' .'••' 

^ 
,ir. : /.'        1   • " M'i   (•(     -Jj) 

lr; in-    f >•     r-af'   i i l''   Y 

TVi:',   -!.. r,   U\f      raft   ü    or.   •.,'.'■   [Toi,!  :   .iri'i   '.h-   ■ >limal   ca/'C'Q   nl'   ilR 
ii'    ■ U1   in   '.»llM.ion .1 !'■   fji rTif». j Mii,;  a/'u:.   •   i h'    ;.up!i(irt,  nurfu-e,   the-   Jift, 
i'i r ■•    •  )..;   to  thi' ;ir   iu.   '.  of   ifi"  srea  ■> '■!   tr.i   vo.w.l''   inn taJ lation by  tht* 
•• 1.1 i   ;ir<  .: i. r-i-  |i    - j)       ir   frotii   ol'   ii  (■;•  i.y  ih--   icni   pri-iiaur«    ai'VcJ opt-a 

\ij    \l,<    l'u;   i'i   'hi'   ni'tw. ck   (H   --   ;i     -  ;J   ,',   .,in •■   lh<    ;»i;   vulu.'.'i«    J'lov.   ..  «  0, 
•i •) 

i.i''   ■ '.'  .i    -ril't.   in %yi,n''.   t,:,.    ;ii r'■ii.,'f.'i".i     •i'l'^.l     i   .Triwrui  pruxini ».y. 
■>ir,'.   ir.   •■■:<:.•■   m i-Uvaliun   nt'  ;*     .■■..I',,   'M-  • l'lVrt   i.:'   ifi»   :.u[-jiort  nurft«ci' 
in   'tu     'hi'i   i.i'v i;i u i :;   nl'  ji'i   uiit.fiuw   isi  'i t.'•■ tiuü Ira ,   llif  u i r   -unfnor. 

uppürtTit 1.Y   "ili'ipru'raH'fi",   unr.   U..    lll'i   i •   i   .i ;i   11:^1:. :•.     ?(, <\^ •.i-rniirif   th<' 
lift   it'   »     rifi  htyotiil   tf:«'  atToiyrjHini.    irU'l i-r, •      1,   pr.ix j:.. 1 i.v,   let  un 
••■fiir.'    '■•      f c   whi'r.   thi    iii'V.ilifr   nl' <»     vhl''   '.     n" > ■''.   «'-i   ■'•  ■•r.oun  ü   tu 
in«    a/i'1      '..'I;I.,:,   t'/ti  -   ),     Her«;   U.i    ni"    i.ni.idii  [ii';ijn.r       > ■ ' Ti   it-nt   iti 
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whore 

Uoin/; L'Hopital'a rule for rxpandin« the Indetermlnaqy 0/0, we get 

11 n, ti^lzJl^ um Jl-Ji" ; /»»r   = 
6//1 h  h til 

=-2(\    f- MIHJ') 
»in ci - t|) 

cot ^ 

Thus,   the  lift  coefficient  ic 

•  u •> 2A icts i(, (325) 

where  f - k)f7/L. IB  the  total  relative area of nozzle flow-through openingsj 
and H in  the   total  length of the nozzle slit. 

The  rif'hi nidc of the ;iq.   {y*?^) expresses  the projection of the  reac- 
tion foric  of an air jet leaving the no^zie installation along the vertical. 
The  maximuTi value  of coefficient  c      occurs when (p » 0.    This corresponds 

t,o  th»'  case when the air jet ia directed vertically downward by   the nozzle 
installation. 

The effect of ground  proximity  on the   lift.     Thv effect of ground 
proximity on the lift of an air cushion vehicle is conveniently evaluated 
by  t*e  ratio of the lift coefficient of a  craft neai   the support surface 
to   the maximum value  of  this coefficimt  fur  the same   craft,   but  now elevated 
to a height where     the aerodynandc effect of the surface on the craft ceases 
to be  exerted.    With  this  in mind anil ur.inr tiqs.   (M^) and  (V!)),   let us 
write 

'i^ 1 yv* mj* 

CO»(<(    • 1» *,(' n) 
km (H -Ml (-'*,- h Mi 

'2   i       coi^ 

cot cy — ♦) 
COtlJ 

(326) 

¥or a nozzle installation with normal nozzle  cut-off {-w* 0),  wc- have 

-i^:„i^(:;; ^^w \ — F ecu •(      p 
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IliT-'  i =  i'F  i:-   th'    lift    ixri'i   i. -it,  of a rrHfl wit,»,  n-lalivo   tutul 

an'u K   -  ''H  •   of rinw-tJirouf;h «iprnjti,Ti  nf itu   no.'.li    inilnlJation when 
LIK   afv'U     ■:   ri(    ,'.!<■  f-i'niTrttrix   in   Ijnuli   n <p " o,     'I'l!^   -n.-lTi •i<,iit,;t klf   k,,, 

Hin  [   .'ir«' iift.'mintii  by  MI».   (M'O ;""   ^''"j« 

i'Vr  -i   . i-iil"'.  wiili .1  nu....!.    iri:;tii 1 lalion having hori.'.cntal   r.o.-./.ie   üUt"off 

-u«»1! 
I   f 

,:,,   -I 
1   .   Mil '(        -t/'i 

"     i   M   ' 
1    .)A 

.!,•   I-i 

/. -   1 
.   .     (1   •   v„vi 

It, ':• ;.« -M! :.:■ .; ■ r. i iv» f"., !• i ru' rif.r i: ■ :iu[)p"ri fiurl'uot;, hua 
u no.-. !■ ■ ■ :M • n ■ it:.,'. •■I i: !ij..»'iir; ({> ; <' ai.-i t!.c i^.l-cV arv.i.- y« 0, 
tut-  iioi'l'l i   !■ rii  i/i" /Td'i'i.'   i'i'.'.-i'ai',,   ■■!;"■    '   . . 

1   i 1 "       .   '     A ■ '' 027) 

VIM Pe 
(-. t/h) 

i.      l   !' .1.    ' . 

:   • '••   v.«." i 

tilt   :it'( :• 

•rrii'i'Tii '..■«ra ■!<■.■■]. •■.    i!.«-  variati   .   ir.  '.;.••   lu'i of u  craft 

•   '■('  ] *,:. •• Jt '.'i'ion  a1     fitinta; '   iwiinin    :;    '.r.i   air'  flov»   fed   to 
'aJJ'i'i iri.     I;.'',.  ■.:;   il.-'.i'-'iMri.-,   fur   t(ii:i    'a;!' ,   tb    jrpenden-f 
i.n   in   'l.f   .••'  Hün-il   hy-HMili     power  • i.   ' :.•■  > !■ v.ii.ion  of   the 

;ii.[)jiort ,'.rf i ' .     '.'.'.'    ,. wer    (-fl'i   i   :'     ;. i IM  '.t-ri/.inr  tne 
!:'.•■ •   ol    -:■ i.rni   [)•.' .xinity   i: 

.V 
■/  I      "  // // 

// -c.n i ','   '/ 
n     I II    I! 

; irv"   in  Uiia  ':aa>-   the  prcaaurf   ii.  fr i '   "f  i.'.r   riO.'/lc  in.jtal luiioii is 
Kept   conriiuril   (H -  1^). 

The  iii.i-harr«-    ■'.'»•rt i -icn'.  : f  ihr  no... ii-   inatal lation near  the aupport 
ücrfare   r: 

.  M. 
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jijn CO»H: 

bjU " MH (J — S) 
hlh ironf 

!   1 

(I* >IIIH)COIH>      , I 
»m(<f —t) J 

Th«' (li.'ichurfjo cooffioiont of thv rtn'.'.zic installation of u craft beyond 
the    oTft--t nf ground proximity,ou»« 1,   aincp  the air cushion in this cune 

io abflent, and  the air velocity doterminod by  the proaoure H„ in uniformly 

distributed  in  the nozzle exit.    Therefore  the preesure  coefficient  ia 

(t » lln«) rot« I 1 

h II i os »c 

tin it    >fi 

cut \f        J  

[       tin (<f - W        '  J 

and for a no.-.zle  installation with normal  nozzle cut-off (-y- 0), wo have 

N/i „cumi ~ 
hip 
bib 

i 

('+-:;IH 
im n 

(328) 

cu 
Kor a    raft with nozzle installation provided with horizontal   nozzle 

t-off  (^-y),   üq.   (228)  becomea 

*// -.con»!    - Ct -      -    -   - 
C 

ft/Ö 
MB 

(I  i  sins) 

(329) 

The  variation in coefficients  r    ami  N., ,  as functi na of elevation 
y     H'-conat 

h/B of a craft above the aupport surface, with ccmitani pressur;? (H • p - p ' 
0 H 

■ cons».)  in the craft receiver in front  of  the nozzle inatallation,   ia 
ahv..wn in Pi«.   184.    These function! are  calculated by Kqa.   02?) and  (529) 
for a nozzle   installation with f^ener^trix angle of incllnatinn   ^» 0, 
nozzle  cut-off angle "y - 0, and various  relative nozzle flow-through areua 
P - 2b/B. r 

?85 
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Vif.   'B.'..    effect nl" f'rounc  proximity on 
lift, ano I'xppnJeu  powi-r   i\r air cunhion 
vehi'li1   for cnrirstan;, pr'.ssure  in air 
Btrean /'iowin/; into   th«:  no'/.<;lf  inatajlation 

In  Ki   .   10/1 we are   that ar.   the  relative  no/./lc  flow-through width b/B 
is reducro,   tlie relative  lift coefficient  c    increases, and does so the 

y 
faster,   tfir  emulier the  relative t-icvaii n h/n of the craft above  the 
support  surface,     riven for a  no ..•.:-■  flow-through width b • 0,0';B and 
elevation r * O.O^B,   the  lift  is apprnxinately five  times greater than 
lift   f'.r  tin   same craft   locate«!  far  fron  the support surface.    For smaller 
flow-thmurn width,   the  lift,   in ^earu-n  tv several   tens of  times.    With 
ilecreaae   in elevation,   this   irn.rear.i    i:    i  rdmpaniia  by an appreciable 
reduction  in  the  power  required   to ..ustaii:  the   craft  in  the air. 

However,   relatively  xar^'  flov.-tf.rou,.n nov.zle  width  (b/B^0.2!j),   the 
lift doea not  increane with de ireaat  In elevation,  an occurs for small 
values of b/B,   but decreastr?.     In the special  case wjion b/B ■ O.t), when 
both jets merge  into a single continuous-,  jet,   the  lift at  the instant when 
the  craft touches the ftround surface becomes  half the  lift of the same 
craft elevated  to a considerable height above  the support surface  (when^ 
h/B - 0,   the  coefficient  c    . i/(4b/B); when h/B - o?,   the  coefficient c    ■  1). 

J j 
'.'he effer-t of ground proximity m-inifested in increase in the lift for 
appreciable reduction in the required power for a nozzle with small flow- 
through width, even  dictaten   the suitability of employing air cushion 
vehicles for the most diverse applications. 
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Le*. u    compare the pownr required   to su'Jtaln a  craft near the ground 
surfucu with  the  power expended  in suBtainin^ a  craft having the same 
weight and  overall dinensions at a cumud'-rable elevation beyond the 
aerodynamic influence of the /rrounJ. 

Fron   the  condition  of  con.itancy  oj" wi-i/'ht  G =  Y ■ ^^p*   ^^ us write 

ill 
y 

ourea  H/H 

in 

b'rnm thir, we hav«'   t.h»   ratio of the  required  total pres- 

■:      /c    -  l/c  .    'rjn   ratio of the required air volume flow 
yao'  y       '  y 

u/ [/ - H 
r    c 

a   /■   I      *   /' 
1      ii 

lr,  thin  case,   the  power coeffii.ient.  is 

,\ 0// «i        I _•« iV = 
Q  ll r   i 

wh<:re of and  c    are coefficients determined  by riqs.   (^.''9) ana  027). 

Thf  variation  in relative  power,   total pressure,  and -.olu-nc flow as 
function« of relative elevation n/B of a craft with a no/.üle  installation 
provided with normal nov.-.le cut-off (v= 0)» when the angle of generatrix 
inclination <?• 0 and for different relative flow-through no-zle widths 
b/B,  is shown in Pig.  ''8%  from which we can see  that for unchanged craft 
weight  (constant lift),   the required power drops off sharply with decrease 
in elevation of the craft for all values of the possible flow-through 
width.    Here  the  required air volutr.'    flow also becomes smaller. 

The piittern of variation in  t/io  i-quired total pressure and  the receiver 
in fr' nt of the nozzle installation in  this case depends on  the nozzle 
flow-through widthi  for small  width b/P characteristic of air cushion 
vehicles,   the  required pressure  H/H^alsn decreases with reduction in 
elevation h/B,   but for relatively lar/;r   nozzle flow-through width 
(b/B^CiJ1),   the  required pressure  risen. 

Let us evaluate  the effect  of groumi  proximity on the  lift of an air 
cunhion vehicle at constant power expended in producing the jets forming 
the air ounhlon.    Under this condition (N ■ No»), we can write 

QH - Q„HU (330) 

PSb 
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VL 

'/iü^.-Xrr'-^r: 

v       as    h/i 

Kif».   Ifl1!.     Kffrct  of /rrourui 
proximity nn roquirrd r^lativo 
pow«T,   total  prcnaur",  and air 
volunp  flow  to sustain an air 
iiiahion vehiclr  of specified 
weipht  in  the hovering regime 

IgiiTif  !. 

Kig.   1B().    Kffect of (Tround proximity 
on  lift  of an air cushion vehicle, 
total  pre8su:-r  ahead of thi   nozzle 
installation,  and air volume flow at 

constant expended power 

üinco  the  required air volumt'   flows ar»1 

1// 

and 

while the total pressures in the air volume flow in front of the nozzle 
installation in 

«^ ana //. 
Y 

'■y.S 
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FF 
equality (550) can be expanded in the form 

aF /¥«- 
A 2H " 

or 

r'2"~vT  >' 

Hence,  bearinK in mind that OC^ - 1, we get 

-»»- 

Vf^ 
»' a» yä' (33J) 

Usin^ these functions, it is not difficult to derive expressions for 
the relative air volume flow 

and the relative total proasure 

Q   - lr7Z (332) 

(333) 

where 

The functions -~-[,(bih, b!B),-£~ =» /, (blh.  bIB), -£- - fjCb/h, 

b/B), c&lculated by Eqa. (55^), (552), and (555), for a craCt with nozzle 
installation having generatrix angle of inclination (jP - 0 ana nozzle cut-off 
angle Y" 0» are 8hown in w€r« 186. The curves (Y/l^,) - f(h/B, b/B) 

show by how many times the lift of a craft can increase for the sane power 
expenditure if the craft is in the zone of influence of ground proximity. 
Hare, with decrease in the elevation h/B, the air volume flow drops off 
rapidly, while the pressure correspondingly rises. 

287 
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In all  the cases considered or the effect that cround proximity has on 
lift and power,  the craft nor.zle had an angle of generatrix inclination 
yj- o.    When <f>0, which in usually observed in practice, the load-bearing 
qualities of the nozzle installation an- improved and the positive effect 
of the influence of ground proximity becomes    augmented. 

The advantages of flight air cushion vehicles compared with other means 
of transportation whose lift is produced by usinfT the reaction of air masses 

expelled from the craft downward,  for example,  by the lift propeller of a 

helicopter, are eosentially then predetermined by the functions 

iL .   lt(hlB,  bIB) 
y  , 

, and        -fj— '-■ 1% {MB,    bIB) .    By using the effect 

of ground proximity,  it appears possible  for  the aame power expenditure to 
produce a ,T'-aUT additional lift, makin/r air cushion vehicles practical. 
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UHAPTKH    bIGHT 
AJ&ÜÜYNAMIC AND POWilH CHAKACTKBISTICS OF 
AIK CUSHION VEJilCLtii  IN TIIL HOVtÄING KüGIMfc 

liCt ua examine  in ^neral  form the effect that  the geocnetrical paraoeters 
of a no?.7.lp imitallation have on the uerodynamic and power character is tics of 
nir cushion vehicles.    To nimplify th^  calculations,   in our analysis the craft 
is aaauned   to be planfortn round and  to have a single-pass nox.zle installation. 
Her^,   th«'  restrictions  imponec  on  the  characteristics of the  craft by  the 
requireinentn of static stability will not,  be  taken into account. 

In  th«- calculations  let un use  the following theoretical prerequisites 
.nrt  functions.    Thr  lift of a nozzle  installation determined by Eq.  (^00) 
is equal   to  the weight   of  the air cushion vehicle.     In Eq.   (1!>0) for the 
lift  coefficient,   th«-  relative  novizie   cut-off area p      I' . . r, _ -j- _ 

.\--JL (\—  ,     —V ,  while   thf  relative area of the 

bottom of the no. ,.1<-   inctallaiion iletermlned with respect   to  the internal 
ed^e of the  no/.zle  is  ^    . _5i_ _ | _ /• 

In  the  special   cane when    <p » .1     ,   r,ho  lift  c-^fficient c    ■ P ■♦• 3^, 

The air cushion presnurc  coefficient and  the discharge coefficient of the 
nox./.le installation will  be  found,  respectively,   by Kqs.   (74) and (yt)). 
'ftje air volume flow  in the no/,zle inatallaiion will be  calculated by 
f/j.   (30o) where  the nozzle flow-through arta 

F - F, cos if -  xU.b ( 1 - ö^-) 

and   thus  its  relative area   is 

s "•xl1      D.cosf ) (334) 
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Thr  intcnaity of th«- air flow  stn aminK Into the nov.zlf installation iu 

(335) 

V>.    Üffect of Kl«'vation on Char.f'.crisvi ■;; of a Craft, for ;ipur.ified Craft 
«oi^ht. und Oometrl al   Purf»m«t«,rn  of th»-  No/./le  ln8tallatif»ri 

L^t u- oxaminc  thv ■•harafteriBticu of a craft weighing G -  10,000 kg 
with a nou/lf  installation hawn^? the- dianetor Üj, "  10 m,  no/zle flow'through 
width b ■ 0.1  m, and anglo of generatrix  inclination^)« 4t)0.     Aaoigning to 
the elevation of thi   craft above  the ground surface   various values,    let us 
aoterminc  by  Eqa.  (74),   (71)), and  (I'jO)  the pressure coefficient p,  discharg» 

c-jefficimt CX,  an<i  lift   ^efficient c  .    Then by  the fortaulas  H   ■  '/c , 
/-. .— ^- r-j~ y c y 
y «of/-y -. , arid N    ■ «/""y t ',  let un fina the genoralised dimenaionl^ss 

paramet*^» characterizing, respectively,  pressure H , air volunn; flow *<t 

anti power N    to suntain thr air c\j8hion vehicle with  the assuuied geometrical 

parameters and weight ut a specified elevation. 

TV  fun tions H   - f'.h/D ),'*.* f^lV^ )» arid N
(. - f/(n/^M) determined 

in  thi.   n.atir.<r are shown   in Kig.   187,  which also pives  the scales of II ,   W» 

and N an applied to this craft. The dimensional quantities of pressure, 
volume flow, and power were calculated baaed on the fo-ilowirw: formulas, 
n-cpectively: 

/ 2' i/G 
arid H.    H  1-.   '.'■ ^KTKT 

where   g   is the density of air;  and ¥ ia tnt  no/zle flow-thr ugh area: 

f^nDJ,^--^). 
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Fig.   187.    Aerodynamic: charucteristica 
as functions of elovation of craft 
for specified weight and geometricaJ 
parameters of nozzle installation 
(G ■ 10,000 kg;  D^ « 10 m;  b - 0.1   m; 

KEYi    A — N ,  hp c      r 

B -" ml/Bee 
C — kg/m2 

The power N    to produce jets forming the air cushion increases roughly o 
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 «4 and the  total pressure H    to sus- 

tain the required discharge velocity of the annular jet from the nozzle 
increase. 

40.    Effect of Nozzle Flow-Thmugh 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 DM » 10 m, and 

angle of no/zle generatrix inclinstion ^>« 4t> •    Specifying to the nozzle 
relative flow-through width various values of    b/DN for discrete values of 

h/Dty of the relative elevation of the nozzle installation above the support 
surface, and for constant value of the nozzle generatrix angle of inclina- 
tion I,  let us determine by Eqs.  (74)*  (7.)), and (ISO) the pressure coeffi- 
cient p, discharge coefficient or, and lift coefficient c .    Then by the 
following formulas y 
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H, hA:   O'^VT^-    VT'V^Vl 

and 

(TV h'VirVW) 
V< 

let us find  the required preonure,  voluinf flow,  and power required to 
austuin the air cushion vehicle at a specified elevation,  for the aasuned 
geometrical  craft parann'terß and weight  (G/S ■ 127.'  icf^m^). 

The results of determining th«> coefficients p, OC,  and c    and the 

required H ,  i*, and N    for a nin^le-pasn unnular no/./Je for the values 
I" c 

h/DH - O.oi, 0.02,  O.OJ, 0.04,  and 0.0') are preaonted in Pi«:!.   188 and 189, 
from which we can see that a reduction  in tne no7.7,le flow-through width b 
increases the pressure H^ in front of the nozzle installation and reduces 

the air volume flow ^.    Here there are optimal widths b for which the power 
N    beconec minimum.    To each elevation  thert' corresponds its optimal nozzle 

flow-through width b.    As  the elevation h is reduced,  the optimal values 
o^m. shifted toward thr side of rmall b values.    If we plot on Pi«.   189 

.lines of equal  values of parameter b/h,   then wo can aee  that  corresponding 
to the minimum power values is an approximately constant parameter b/h. 
Por a craft with the particular geometrical parameters and weight we are 
conaiderirwr,   the value b/h Ä0.56 (cf. dashed line). 

41.     r.fl'ect of Angle of Nov.zle Onnitrix  Inclination on Craft  Characteristics 

Let u;-  consider two  typi .r 1   casest 

let us determine the effect of thf uri/'J«- of gi-neratrix inclination ^pof 
a single-pass annular nozvile on the lift Y, air volume flow *<,,  and power 
N    for different elevations h,  specified dimensions of the nozzle installa- 

tion (DH > const and b - const), arid constant total pressure  (H   « const) 

of the air stream fed to the nozzle  installation; 

and let us find the effect that the angle of inclination of nozzle 
generatrix  (6 has on the volume flow w, pressure H , and power N   for 

specified nozzle installation dimensions  (DM - const and b - const),  its 

elevation (h - const), and constant weight  (C > Y ■ const). 
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Fir.  1fi0'    Pressure coefficient, dlscharee 
•^efficient, and lift coeffioient as functions 

■</ flow-through width of a single-pass annular 
nozzle for different hovering heights (d>- 4!>0J 
p — indicated with solid lines, and c    indicated 

with dashed  lines) 

1.  I^t ua rtctertniw the effect of the angle of no.-.zle generatrix 
inclination ^on lift Y,  volunw? flow ^,  and po er N    by Hqs.   (300),   (306), 

and  O^S),  respectively,  by first calcuiatin»; in advance  the aerodynamic 
coefficients p, 0C , and  u    appearing in tht.-m for 'onatant values of D^f  b, 

■7 

ann  H ,  ^na for differont, values of  f  and h.    The rcsul tinr coefficients 

p,o<,  ami  c   «d functions of th«> angle  <? are given in Fir.  190'    Fig« ''91 

presents  the  functions Y - f.(^,  h/Dw),  -  - f^Cf ,  h/DÄ), and N, - f/( ^i  W^) 

for a nozr.le  inrtallation having a iiiaa««ter D^. ■  10 m and nozzle flow-through 

width  k. - 0.1  m,  for constant prcasurc ahead of the nozzle installation, 
H    -  I^O kg/m^. 

As we can see,  there arc   optical  angles of nozzle generatrix inclina- 
tion (^Mti     for which the lift takes on the greatest values.    The optimal 

value of the angle (Q,^   depends on the elevation h of the nozzle above the 

support surface.    With increase in elevati n h,  the angle A« rises.    For 

this particular nozzle installation,  the angle ^^ ■ lO-6y in the range 

of relative r-levaticnc h/DM - 0.01-O.O1). 
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Pi*:.  189,    Aprodynamif    jiiaracteriaiics 
as functions of flow-through width of 
single-pass annular no/.zle  (ü •  10,000 kg; 
1^ - 10 mj ^- 4!)0; ü/S -  127..^ l^/m2) 

KiX:    « — k^/m2 

B — .v/sec 
L' — hp 

2.  Lot us deteroinc  th'   effect that the nozzle ^»neratrix anjle of 
imrlination (p   has on the aerodynaclc (;haracteriRtics H,  i^, and V   of a 

nov.v.le  installation for constart  craft w. ight G ana  for discrete values of 
elevation  h,  by using ekis.   (500),   {Whj,  and  (553).  resoeotively, an^  tiie 
carlicr-calctilatod valutr of p, «, and >.    (cf. Pig.   190) for a craft »cighing 

G - 10,000 kg with a noz/.le installation havin,: the diameter D/» ■ 10 ti and 

nozzl« flow-through width b « 0.1  n.    Pigs.  191,   192, ana 195 present tho 
results of determining pressure if,,  vriune flow 14, und power N   for different 

angles of inclination ^   for the relative elevations h/D   ■ 0.01, 0,02, 

0.05, 0.04, and O.O1). 
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Pir.   190.    Prcsfluro coefficient, 
discharge coefficient,  lift 
rroeffirient,  and nozzle  cut-off 
area as functions of angle of 
flpn^ratrix inclination of a 
ain^le-pass annular nov./Af for 
different elovationo of nozzle 

above support surface 

With inrreape in anj'lc <p for constant nov.zle flow-through width b,  the 
air volume flov decrousos throughout this entii« nmüc of angles   ^, while 
the pressur«1 and power initially alar defrease with rise in the angle <jp, 
but then,  on maching mininutr. value:;,  be,-in to climb.    Corresponding to 
different elevations h of the craft above the support surface are various 
values of <ptlkm . 

When the eleva'.ion of the nozzle  installation with tiie specified 
dimensions ic varied within the limits h/DH - 0.01-0.0!? for the pressure U « 

the optimal angles of inclination ^M,. - ':6-62<', while  the angle ^ • 68* 

for the power.    With decroaje in the elevati« n h/'J    s  the range of extremal 

valuen of N    and H    becomes less well-defined. 
f! C 
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Vir.   1'>!.    Kffocl of anßlc of generatrix inclination of 
r inrlf'~p«8H annular nozzle for different nozzle elevations, 

on the following quantities; 
a — lift and air volume flow {dH = 10 ra;  b = 0.1  m; 

:i    -  IM) kc/n2) 

b — required   total  pressure  (Dw -  10 ci;   b « 0.1; 
^ - 10,000 k^:) 

KZY:     A — RK 
B — nK/sec 
C — hp 
0 — kfj/m 

42.    Kffe'-t of Overall Craft Dimensions on Its Characteristics for Specified 
Elevation and  for Different Laws of Variation of Craft Weight 

Let us examine  the effect that   jverall  craft dimensions has its 
characteristics as the diameter of the nozzle installation is varied from 
DH ■ 5 o to D« • 20 m.    We will aasum*1 the flow-through width of the nozzle 

Installation and the craft, elevation  to be constants.    Let us take b - 0.16 tn, 
h - 0.4 m, and the angle of ,'^reratrix inclination   <f>m 450,    l^e relative 
flow-Uir ugh width of the nozzle  in this case  lies within the limits 
b/Dw • O.O32-O.008.    The  coefficients p and  <x defined by the parameter 
b/h and the angle of generatrix inclination   <p are  constant for our calcula- 
tions, and by Eqs.   (74) and  (7-)),  p = 0.741? and   en - 0.?26. 

Let us examine craft c'..racteristius for the following laws of varia- 
tion in craft weight as a function of its overall  dimensions» 

the craft weight is  constant  (G = 10,000 kg) and is independent of 
overall dimensions; 
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w   n JO *c so $0 vtif- 

Y\kT,'   19?.    hcquired air volume flow 
an a function of angle of generatrix 
inc-linatior, of singl'.—pasn annular 
nozr.lr  for    onntant  (--raft weight, ami 
difforent elevations  (G -  10,000 kg; 

i;M K  10 ra)  b ■ 0.1  m) 
Ki-'Y:    n — mVsec 

?0   M   *0   50   SO   Wy*' 

Fig.  193»    Hcquired power as function 
of angle of generatrix inclination of 
singl»—pass annular nov.zle for 
constant  craft weight and for differ- 
ent elevations  (G - 10,000 kg;  Dw - 

10 D;   b ■ 0.1  m) 
KiiY:    A — hp 

the  cpif'  weight  varies  linearly with  variation  in diaoeter 1)^.,  and 

let ua   take »; - 10,000 kg when  Jw =   10 m.    Ther.-'fore 

G = ktDm = -£-DH 
IQOOOD, 

10 
a =.• I GOOD,, 

the  'raft weight varies linearly with variation in nozzle installation 
area,  where G - 10,000 kg when S >   (xI^)/'4  =*  (3.14''i02)/4 » 76.^ m2. 
inerefore 

C       ••'0;          10000      3.l4tf; ., 
0 = AvS = —är  -4- - XITT6*-  —1 ,'UUL''•, 

»5 
4 

the craft weight varies according to    a    julic function cf tfie craft 
linear dinension, where G - 10,000 kg when D„ -    0 m.    Therefore 

c      ,      10000/^       lnrvl 
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yi-C'   194.    AcrodynuT.ic characteristics 
as a function of overall  craft weight 
for specified elevation and for different 
loss of weifrh'   variation  (b •• O.^ m; 

<f m 4V;  h « 0.4 m) 
KüYi    A — hp 

B — kg/n' 
C -- aJ/sec 

2 

Aasi^ninf: different values of DM ■ S-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.  (1^0),   (500),   (506), and (55^) the following craft 
characteristics!  lift coefficient < pressure H , air volume fl^w 14, and 

power N . 

Hie calculation results arc (jiven in Fi^.   194  in the form of craft 
characteristics as a function of its diameter for different laws of weight 
variation,    HS we can see,  the lift coefficient c    for constant parameter 

b/h      0.4 decreases sotrewhat with increase  in the  craft diameter.    This is 
because with an increase in the overall   11 :;.■ noionr. of the nozzle installa- 
tion,  the proportion of the lift produced by the reaction of the annular 
Jot in tiie overall lift,  comprised of the reactions of annular jets and 
the pressure forces at the craft bottom, becomes smaller. 

Increanin/r the craft diameter under any of the indicated laws of 
weight variation increases the air volume flow required 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 proasur«' required to produeo the jets forming the air cushion 
deereuses an the craft diameter in increasod, under tin1 lawn of weight 
variation G ■ coniit and Ü - k.D^.    W)irn the craft weight rinen proportional 

to the nozzle installation area,   that  ir;, when ü - k,üM,  there is a very 

slight increase in pressure as  the diameter is made greater.    With variation 
in the craft weight under the law G ■ k.!r^,   the pressure rises roughly 

directly proportional   to the craft diameter. 

Thf power required to produce the air cushion depends essentially on 
the  law of craft weight variation as its overall dimensions are varied. 
When the weight is not dependent on the craft overall dimensions  (G ■ const), 
the power decreases rapidly as  the  craft linear dimension is increased.    The 
power decreases when craft diameter is increased, also if its weight varies 
proportional   to the diameter.    When the craft weight varies directly in 
proportion to its area  (G - k?Ij2  ),   the ^jwer increases roughly linearly 

with increase in diameter.    The requirco power rises sharply as    a    function 
of craft diameter when its wei/^it variation is proportional   to the  cube of 
the  craft linear dimension (G ■ ^/^  )• 

Al-    riffect of Hatio of Nozzle Flow-Through width and Elevation on Craft 
Power for Specified Overall   Dinensions and  weight 

Let us  find  the effect  that  the parameter b/h has on  the power N, when 

the  craft   is  lifted  to some elevation h for spi-cified  DM, angle of generatrix 

lo this, inclination  (^- const,  and weight  G - const.     To do  this,   let us use   the 
fun tion 

Ar 
G 

I 
75 

I 
(336) 

relating the geom^trii'-al  par;ii/.<-t'rs of the no.-.üle  installation to craft 
weif^it and  tu the  intensity of  the aar stream fed  to the nozzle installation. 
Here  a.« f(b/h),   c    - f(b/h), and F = f(b/D/<).    Let u« present the calcula- 

tion results in the  form of the fun.;ti(.n NyG ■ f(b/h; for constant loading 

G/S on the craft bottom and for different relative nozzle flow-through width 
b/DM. 

Assigning different values  to  the parameter b/h when_c^ ■ const,  let us 
determine by Eqs.   (74) and (7!?)  the pressure coefficient p and  the discharge 
coefficient Of.    Then specifying values for the parameter b/l^,   let us 

calculate by Kq.   (3)4)   the relative nozzle flow-thr'ugh art-a F,  and by 
&1.   (150) — the lift coefficient c .    Assuming that the loading at the 

craft bottom G/S - 200 kr/r? is constant,  let us find N/G by Eq.  (336). 
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Fif,.   19';.    Prcsaure  ccofficiL-nt and 
diachar^p coefficient of aingle-paas 
annular nozzle as functions of parameter 
b/h (an^le of generatrix inclination 

4 - 45') 
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Fig.  196.    Hequired power as a function 
of parameter b/h for various nozzle flow- 
through width and craft elevations  (G/S • 

200 kg/m2;   <p - 4l>0) 
KiTf»    A — hp/kg 

^00 
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Thf preasun- coefficiout p,  tiiocharf^ coefficient (X, and  lift coeffi- 
:ient c    a« fun :tion« of the parameter b/h for a sinfiie-pass annular nozzle 

with artf.lc of generatrix inclination   fm 4t)0 are presented in Pig.  1$*), 
Fir.»   '96 Mfiowo  the functions  N/G ■ f(b/h) for different values of the 

nozzle flow-through n.-lative width b/i)^ anu ulao presents the curves when 

h/DM » const,  riharacterizin/: the relative elevation of the nozzle installa' 

tion above  the support surface.    On inspecting these functions, we can make 
the  following conclusions: 

as  the parameter b/h js reduced,  achieved by  increasing the hovering 
elevation h/Du for constant nozzle flow-through width b/DM,   the required 

power rioos  rapidly; 

for vach specified  • l<>vatiori h/D», of  the  craft above   the support 

nur face   ttu-re  is an optimal   nozzle flow-through width b/DM for which the 

power outlay prr unit craft weight is at a minimun; 

for a shallow elevation h/DH of the  nraft above  the support  surface, 

it  is advantagtous ~ from the  standpoint of reducing power outlays — to 
use a no-.'.zle  installation with small flow-through width;  and 

the optimal values of the parameter b/h at which the power outlays are 
at  a minimum are b/h * O.i'S-O.^,  which corresponds  to a jet  length equal 
to two-four   times its width  (h/b « i?-4) ~ for actually observed elevations 
h/D„ and  nozzle flow-through width  b/l^. 

When designing air cushion vehicles,  plotting this kina of function 
makes it possible  in graphical   form to estimate,   for specified overall 
craft dimensions and weight,   the aavantageous nozzle flow-through width 
required   to ensure  the necessary  i;raft elevation,  with the aim of minimum 
power outlays. 

I 

44.     HTen of Craft Weight on Its iUi-vation for üpeeified Available Power 

Let us assume  that the power N    fed to the air stream arriving at 

the nozzle  installation ia  constant,  and  let us determine   trie dependence 
of the variation in elevation h ano  in tne aerodynamic characteristics of 
the craft H    and ^ on its weight G for specified geometrical parameters 

of the nozzle installation.    We will assume that the nozzle installation 
has  1^  >  10 m,  b > 0.16 m,  and <P ■ d1)*.    We will  carry out  the calculations 

for power values N, - i'OO,  ^00, 400, and 'jOO hp.    We will find the function 

h ■ f(G) by carrying out the following calculations  based on the formula 
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Fi«.   197.    ilievation of craft, air 
volume  flow, and pressure as functions 
of craft weight for specified geometrical 
parameters of no-.zle   installation and 
available power (D// - 10 m;  b * 0J6 Q; 

1   ~ for N, - ?00 hp 

2 ~ for N 
c - 300 hp 

5 — for N 
n - 400 hp 

4 — for N - ^00 hp 

Krnf: A • kWrn 
B • — D^/SC C 

C • — k/T 

(337) 

Setting various values for the elevation h of the craft,  let us determine 
the corresponding values of b/h and then by Eqs.   (74)i   (7^)i  and (150),  let 
us find the coefficients p,0,, and From known geometrical parameters 

of the nozzle installation,  let us determine the nozzle flow-through area 
F and the area S of the nozzle installation.    }fy £q.  (357),  let us find 
the vlues of G corresponding to the adopted values of h and N .    We calcu- 

late the pressure by the formula H    - (1/c ) •   (G/s) for the resulting values c y 
of weight G, and then we determine   the volume flow 1* by £q.   (306). 
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Ttoc results of the calculbtions for the particular nozzle installation 
are shown graphically  in Pig.   197i when1 we can sec that increasing    the 
weight of a craft with specified geometrical parameters for the same power 
outlay sharply lowers the possible elevation of thu craft above the support 
surface.    When this is done,   the air volume flow required  to sustain the 
.raft in the hovering regime falls off rapidly, while  the pressure correspond- 
ingly rises. 

45«    Effect of Loading at Craft Bottom for Different Relative  Kievations 
on Weight per Unit Power 

Let u:; find the function u/N % - f(G/iJ) for a craft with specified 

geometrical  parameters of the nü;;;.Je installation,  for different relative 
elevations h/O^ of the craft above  the support surface.    Hert  N    is  the 

power expended  in forming the jet producing tne air cushion,  and U is  the 
weight,  of the craft, equal   to the lift Y produced  by the air cushion. 

Let us consider, as above, a craft, provided with a simle-pass annular 
no.'.zle.    Wr will assume  the external  no/zle diameter D^, «■  ^0 m and the 
angle of fir>nt'ratrix inclination ^» 4';°.     We will make the calculations 
for a noi./.ie with a flow-tnrough wi'ith b « 0.1  m.    Corresponding to these 
f^eooetrical  no/.zle parartieters is  the relativ«'  flow-through width b/D^ • 0.01 

*e will determine the  function C/N, ■ f(ü/li) by the formula 

Ac 
-^- = 75 

.• v Vi 
fK?' 

oy specifyin.- different values  for C/o.    Here coefficients oc   and c    and 

t.'.e geometrical  param^'ier P/J depend  only  on  the  relative  no;.zle  flow- 
throu^ width  b/DM,   relative   s-vation h/U^ of th«.   craft,  and angle of 

no/.zle generatrix inclination ^ .     fly specifying different values for the 
parameter h/Dw and assuming ihr  values of b/i)w and ö),   let us determine 

tne  coefficients C anu  c    by  iiqs.   (7') and  (''»ü). 

The  variation in  the power loadinr C/N    as a function of area  loading 

ii/'J for different relative elevati ns h/JM of  the  craft is  in Pig.   196, 
from which we can see that an increase in the loading on the craft bottom 
markedly reduces the power loading.    With decrease in the elevation,   the 
parameter C/K    rises sharply,  which makes  the a;>pli':aticn of air cushion 

vehicles advantageous. 
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Ki/T-  198.    Craft wight; ptT unit 
power as a function of weight 
loud on no/., le installation for 
different elevations  (l)    •  10 m; 

b - 0.1  rr.ifm 4^°) 

46.    Effect of Ambient. Air Temperature on Craft Characteristics for Specified 
Ceonetrical Puramoterr. ana Weight 

The characteristics of an air cushion vehicle depend on the   temperature 
of the anbient  [external] air sucked into the craft.    Aa the air temperature 
is changed, the density of air Jets outflowing: from the    nozzle installation 
changes.    This is reflected in the air cushion pressure and thus in the lift 
of the craft.    To sustain a craft with unchanged geometrical parameters 
(D^   ■ const, b - const, ana   <p   - const) and  con. tsnt weight (C ■ const) 
at a specified elevation h above    the groend aurf«icer  the pressure H    for 

forming the air cushion, as follows from Eq.   (300), itost be constant, deter- 
mined by the assumed geometrical parameters of the craft and its weight. 

Thr air volume flow and power dcterninod  by tqs.   (506) and  035) can 
be exprossed as  the following ratios,  a« a function of ambient air tempera' 
tu re: 

Qi 
0, A; VfV'f.- 

since for constant atmor.pheric pressure the air density varies inversely 
proportional to its absolute temperatun- (the subscript "0" denotes the 
parameter for a known temperature, and the subscript "i" denotes the para- 
meter for an unknown temperature). Thus, when the ambient air temperature 
is raised from -20 to 30° C and for constant atmospheric pressure, the air 
volume flow and the required power to sustain the air cushion vehicle at a 
specified elevation must be inoreaaed by the following number of timest 
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JV,       l/ 273 + 3«       . ^c 

that is,  the air '/olume flow and powor must be raiseu by 9.5 percent. 

Let us detCftwine  the effect that  the ambient air temperature has on 
the elevation of 1'e craft above  the ground surface for specified geometrical 
parameters of weigh;, ami  constant air volume flow fod beneath the craft. 
Let us examine the craft characteristics with weight G ■ 10,000 kg for 
DM -  10 m,  b - 0.1  m, and   (f>m   '.' ".    liuppone  the fan feeds air into the 

l'low-throu/rh section of the craft indep^ndonily of its elevation,  in the 
quantity ^ • 1^0 or/sec.    It is not possible  to represent the dependence 
of elevation h on these parameters in explicit form.    Let us solve this 
probleia graphically.    The craft weight C ■ c SH 1  while the ratio of the y    c 
uir densities as a function of absolute air temperatures for constant 
pressure     i-r,   . '""_   , where (>H is the air density for normal atmospheric 

r«       '• '     conditions  (for oxample,  when T    - 288° K and p^ ■ 
760 mm iig cm, pM  = 0.12^ kc.sec^/m4).    The volume flow 

equation 

can bo  rnprosented as 

a 

vivzv* 
(338) 

The left side of this equation is a function of the relative elevation 
h/DM of the craft,  while  the ri^ht r.ide depends only on the ratio of abso- 

lute air temperatures fj\*    Both aides of Eq.   058) represent the gene- 

ralized dimensionless air volume flow i^.    Qy calculating the areas F ,  P, 

S,, and S, and specifying various values for the parameters h/DM and T /T , 

let us determine  the coefficients & ,  p,  and c    and let us find the func- 
tions ^ 

vt snd 
'V'ZVW 
JOb 
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Pig.  199.    Graphical determination 
of effect of air temperature on 
elevation of craft above support 

surface 
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. . . .14- 
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Fig. 200.    Elevation of craft above 
support surface and required pressure 
and power as functions of air temper- 
ature for constant air voluns flow 
(C - 10,000 kg;   DH «  10 m:  b - 0.1  o; 

- 45°; W - I'JO m3/sec) 
KEY 1    A — k^m2 

B — hp 

Let u.   plot these functions in the coordinates w ana h/i)Ä.    The points 

at which the curves characterizing these functions intersect will be the 
uoiutions to iiq.   (338).    Taking the values of h/Dw for different air temper- 
atures from this graph, we get data characterising the elevation of a craft 
above the ground surface for specified geometrical  parameters, weight, and 
air volume flow as functions of the  temperature of air streaming through 
the no: .-.le installation. 

The graphical dPtertaination of the air temperature dependence of the 
craft e1evation above the support surfjices shown in Fig.  199.    Wg«  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 installation to ensure the supply of air in the quantity 
«4 B 1^0 m'/aec    In this case  the pressure and power were calculated by the 
formulas 

Hc 
0} 

i?Pi/Pi 
and 1 

The discharge coefficient Of  was determined by üq, (7L0 for values of 
the elevation h/D^ assumed from Fig. 200 for the corresponding air tempera- 
ture t. here the air density is 
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Ar. w 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 50* 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 
reduced by/v 50 percent. 

47.    Lffent of Planform Shape of Noz/.le Installation on Craft Lift 

Jr. designing air cushion vehicles,  the problems of selecting the 
layout and geome^.riual 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 aerodynamic and 
power characteristics of the craft as a whole.    In addition to the geometrical 
parameters of tt.e nozzle installation, and specifically the profile of the 
flow-throufK nection, nozzle flow-through width, angle of nozzle generatrix 
Inclination, and the method of sectionali/.ing 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 th«? load-bearing qualities 
of nozzle inotallations as a function of changes in their planform shape 
allows us to impart an advantageous contour to the nozzle installation of 
a craft beirv? 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 
planfonn round, square,  rectangular, and oval nozzle installations, and 
they are evaluated from the standpoint of achieving the required lift for 
a specified hovering elevation above the support surface with minimum 
power outlay fed to tue air stream producing the air cushion. 

The evaluation of various nozzle installation layouts is based on 
theoretical  functions determining the lift of these installations as 
dependent on their geometrical parameters.    For simplicity of analysis, 
in the examination we assumolsingle-pass nozzle installations with angle 
of nozzle generatrix inclination <p- 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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Pip.  201.    Nozxle Installation arran^ROcnts 

Thest   n z/.le installation layouts are shown in Pi^.   2üi.    The oval 
nozzle inntallation consists of a middle section with p*ralleJ external 
walls, and HI so bow and stern sections rounded to a radius that is equal 
to half of  •nn nozzle installation width.    The relative length of the 
no-.v/.lc' Inntallationa was varied within the range L/B ■  1-4.    tor the case 
L/a ■  i,   Un   oval nozzle interfrades into a round« and the ee<tangular — 
inti   H aq»);!!'«'  contour. 

Characti'ristics of nozzle installations.    In examining th«- aerodynamic 
und power rharacteristics of nozzle installation:-.,  the followiiu; functions 
werv used.    The lift of a no/zle installation equal to the wci.^ht C of the 
air cushion vehicle was determined by Bq.  (300).    Wie air volunc flow in 
the nozzle  installation was found by Uq.   (506),    Th^ discharc.'   -oefficient 
of the nozzle installation is 

a = 
1 - «•_ 

'b:h 

57a (339) 

The air cushion pressure coefficient, which is the ratio of the excess 
pressure p-  - pM in the air cushion to the total pressure H^ of the air 

ntrearo fed  tr   the nozzle  installatirn is 

-2 ■ 
p=\-e    »  =1 g    ' if/» (340) 

The lift coefficient for u single-pass plane nozzle with angle of 
.•joneratri»;  inclination ^> = 0 is 

= /•- t (>-? 'Jb h IP. (341) 
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where P - P/S is tho relative noz-le exit area. 

In theiie and nubaequont formulaa we uaedi  b — tw.zle exit widthi 
h ~ olovation of craft above thn support surface;   D -- width of nc/'.Ie 
installation measured with respect to the onter edge of the no:'zl«|  L — 
length of no-r.le in itallation measured with respect to the outer edge of 
th<   nozzle;  P — nov-zle exit area» ü ~ area of nor.zlo installation bounded 
by external edge of nozzlei and f — air density. 

The iisoharge coefficient OC of tne nozzle installation and the air 
cushion prenaure p are shown in Pip. ?02 as function« of parameter b/h, 
Pip. 20^ presents the dependence of the lift coefficients c    an a function 

of paranet'T b/h, plotted  by Eq.   (341)i  for different relative nozzle exit 
areas P, uml Fig.  204 presents the function c. ■ f(b/Dw; h/D^) for an 

annular nozzle with diameter DM neanurcd with respect to the outer edge of 

the exit.    In this case  the coefficient c    was determined by r>|.  (541), and 

the relative nozzle exit area was determined by the formula 

F-A  f   / i_ J \ 
"    UH \        DH ) >    Tlie intensity of the air stream fed to the nozzle 

IrüUallation was calculated by ^q-   (53t)). 

The ii'>;».'ri(lenrre of the weight  (lift) per unit power on th«' weight 
leading p^r unit  nozzle  installation urea is 

G 
A'/ 

(342) 

The  relative exit area, cxpresa^d in terms of nc/zle perim-ter and 

exit width,  is  A' 
Ml 

r'   2 , where ft,,  and 'L are the 

perimeters of the nozzle installation determined with respect to the external 
ana internal nozzle edges, respectively. With reference to this expression, 
the nozzle exit area for a planform oval nozzle installation with recti- 
linear middle and with bow and stern sections rounded to a radius equal 
to half the nozzle installation width, we have 

r        B L/B'v n/i—\ (343) 
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Fig. 202.    DiBchttrße coefficient 
or and air cushion pressure coeffi- 
cient p as functions of parameter 
b/h for angle of nozzle generatrix 

inclination ^) • 0 

o n v v a* v u a? as mn» 

Fig.  205.    Lift coefficient of 
nor.v.le installation as functions 
of parameter b/h, when the angle 
of noz?.le generatrix inclination 
^-0, and  f^r different relative 

nov.;:l^ exit areas 

yjföiffiStmurm Ä 

Pig. 204. Lift coeffivient of 
planform round nozzle installation 
as functions of relative- elevation 
for f - 0 and for different relative 

nozzle exit wiiths 

or. as a function of parane tors b, J, and L/B, 

f = VS 

(M4) 
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For a planform rectangular installation, we have 

or, as a function of the parameters b, S, and L/B, 

(345) 

(346) 

In the npccial case for planform round and square no/./le installations, 
F - 4(b/B)  (1  - b/B), where B is the aide of the square no/«le installation 
and th-- diameter of the round no'..'.le installation.    The area of the oval 
nov.-.le installation measured witn respect to the exit edge of the external 
nozzle wall  is 

5. = ^- I _*-•), (347) 

and the area of the rectangular nozzle installation J np 
LB. 

£q.   (:'!*) for the lift c(«fficient c    can be extended — with adequate 

practical accuracy     *>- to nozzle 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 relative area of the particular installation. 

iiffrot of shape of no^.le installation on li.'*. for ident 
installation area,  measured with respect to the exit edge of 
nozzle wall.    For all  the craft under consideration, we will 
independently of their relative elon«ution»L/B — the overall 
nozzle installations to be S e 100 m , and  the elevation of t 
above the /ground surface h • 0.3 m.    We will compare the noz; 
tions in terms of the lift (weight) of the craft, per unit n 
fcr two characteristic    casest for identical width b/h, and  f 
relative area P of nozzle exit,    [«also referred to as "aspec 

jcal nozzle 
the external 
.i:-.sume — 
urea of the 

!•    craft 
i<   Ina tal la- 
ti uired power 
or identical 
t ratio" ] 

The case of identical exit width of particular nozzle in^ 
Let us assume  the nozzle exit width b - 0.12 m.    To this then 
a constant value  of the parameter b/h - 0.12/0.5 ■ 0.4.    Know; 
finoin/T — ty Eqs.  (344) and (346) for each nozzle inatallati' 
by the relative elongation L/B — its value of F,  let us det'r 
%».  (339),   (340), and (341) the values of the coefficient a. 

illations. 
corresponds 

ig b/h and 
• differing 

nine by 
p, and c . 

FVirther,  assigning    different values  to C/3,  by Sq.   (342) let   ta calculate 
the value of G/N .    For these same values of the parameter C/li,   let us 

find the or- a sure u       '     c Ht   7;-s-' 
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Pi^«  205.    height per unit pcn/er, 
and required pressure as functions 
of weight load at craft bottom and 
relative plong8tij>n of nozzle instal* 
lation  (3 -   100 ml;   b - 0.12 n; 

h - 0.2): 
1 — for round nozzle when L/B - 1 
2 -- for aquare nozzle when L/B ■  1 
} ~ for ovai  noz.,le when L/B ■ 4 
4 ~~ for r<M;iangular nozzle when 

L/B - 4  2 

KEYi A  ~ k^/m 

Fig. 206. Required volume flow of 
air fed to nozzle installation as 
functions of weight load at craft 
bottom (S - 100 m2{ b . 0.12 a; 

h *  0.3 a): 
1 ~ for round nozzlo when l/B • 1 
2 -• for square nozzle when l/B ■ 1 
5 — for oval nozzle when l/B - 4 
4 ~~ for rectangular nozzle when 

l/B- 4, 
KEv» A ~ nr/sec 

which murt, o- 31-stainefl  in th^ air atrc-an in front of the no... i ■  installa- 
tion, and th «n — by i*)S.   {$Ob) and  {si'j) ~ air volume flow  .v nnd power N,, 
respectively. 

Kor 'M'tic nt..-.l'   inr.tallations with identical urea loacin    and  ^raft 
levation,   ii.n paran. t»'r G/N _ hap its roaxinum value for a plani'om round 

no;-..J^ (curvo   ',  Fir. 20t»).    As the length of the oval nozzle Installation 
ir<  increased   for the same overall area,  the value of  the para-wter C/H 

c 
bccome9 le5R  (curvo 3).    A similar effect also occurs for planform square 
and  planforn rfctan/^ular nozirles  (curves 2 and 4»  respectively).    Here H 

c 
varies only slightly with change in the relative length*l/B of both oval 
anri r*" tangular nozzle installations.    A marked riae in the air volume flow 
< and an increase _r. the power N   are observed (Pigs.  206 and ^07), 
[* also referred  to as  "aspect ratio"   I 
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Fig.  207. hequired pow^r as functions 
of weight ioad at craft bottom (S * 
100 m^; b « 0.12 m| h - 0.5 in)i 
1 ~ for round nozzle when L/B ■ 1 
2 ~ for square nozzle when L/B - 1 
5 ~~ for ovaJ nozzle when h/B ■ 4 
4 — for rectangular nozzle when 

L/B - A 

Fig.  206. Power required to raise 
craft to specified elevation as 
functions of relative elongation 
of nozzle installation for different 
weight loads (S - 100 m2; h - 0.3 BI; 

b - 0.12 m): 
a and b — for oval and rectangular 

nozzle installations, 
respectively 

KEYi A — hp/kg 
B — kg/m7 

Let UB '-xamine two cases of variation in the nozzle installation 
cnaracterintics for the above-indicated ßeometrical parameters of the 
installations: for identical craft weight (G/S - const), let ur find the 
variation in the power (."i /G » var) as a function of the nozzle installation 

contour; for identical power outlay N,, let us find the dependence of the c 
variation in the lift coefficient c    (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 bottom loading 
are shown in Fig. 208, which also gives the dependence of the relative 
area P of nozzle installations on their elongation L/B.    TO determine the 
relative power, we used Eq.  042), and to determine the relative area ~ 
ans.   (344) and O46).    As we can see, 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..lo installation. 
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Ki«.  209.    Lift of air 
cushion vehicle for 
identical power outlay 
as functions of planform 
shape of novszle installa- 
tion (S - 100 m2;  h - 0.3 m; 
b - 0.12 m;  N    • 900 hp): 
1  and 2 — fo? oval and 

rectangular no/...le instal- 
lations,  respectively 

The rin«-  in power with increase in relative length l^B is less intense 
••ompared with the rise in the nozzle exit area F, or, which amounts to the 
same  thin/:, with increase in the nozzle exit perimeter, since b and S are 
identical Tor all nozzle installations.    Thus, for oval nozzles when L/3 
i:. increased from 1   to 4,  the relative area r rises by a factor 1.35i while 
the power per unit weight  increases by only a factor 1.26.    Here the 
increase in N /G is nearly independent of the loading of the bottom of 

thp nozzle  installation.    This is accounted for by the fact that the lift 
coefficient        depenus nonlinearly on relative area P.    Similar regularities 

also hold for rectangular nozzle installation. 

Let us examine the case of identical power outlay.    Suppose N   « 900 hp, 
2 c 

We   will  anrume J ■ 100 n ,  b = 0.12 m, and h > 0.3 m.    Let us determine 
the dependence of craft wei^it (lift) per unit power on the relative elonga- 
tion [aspect ratio] of the nozzle installation.    From the known value of 
the parameter b/h,  let us determine<X and p.    Using, the values of these 
parameters and knowinr the function P > ffl/B, b//s), defined by Eqs.  (344) 
and (346),  let us calculate the lift coefficient c    for the corresponding 

values of L/b.    Then by the formula 

(3-J8) 

readily derived from Eq. (342), let us determine the value of Y/N . 
' c 
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Pig. 210. Weight per unit volume 
as functions of weight load at craft 
bottom (S > 100 m { P « 0.04; h ■ 

O.j m): 
i ~ for rot.nd nozzle when l/B - 1 
2 -- lor square nozzle when L/B ■ 1 
^ — for oval nozzle when l/B - 4 
4 — for rectangular nozzle when 

L/B - 4 

Pig. 211. Hequired power as 
functions of weight load at craft 
bottom and relative elongation of 
oval nozzle installation (S - 
100 m2; P - 0.04| h - O.J m)j 
1 — for round nozzle when VB - 1 
2 — for square nozzle when l/B « 1 
5 "— for oval nozzle when l/B • 4 
4 """ for rectangular nozzle when 

l/B- 4  o 

KEYi A — k^B2 

The function Y/N > f(L/B) for planform oval and rectangular nozzle 

installations is shown in Pig. 20% where we can see that for the same 
expended powi-r, the lift diminishes with increase in relative length of 
the nozzle installation. Here planform oval installations exhibit the 
preater lift, while among these is the round nozzle, producing roughly 
7 j* "cent more lift than a square nozzle. As the elongation of the oval 
nc :le installation is increased to L/B - 2, the lift is reduced by appro' 
ximately 4.7 percent. The elongation of planform oval nozzles up to l/B ■ 3 
reduces thp lift by about 10.3 percent compared with the round nozzle. For 
rectangular nozv.les, an increase in elongation to L/B » 2 and l/B • 3 means 
a reduction in lift of 3*4 and 6 percent compared with the square nozzle, 
respectively. 

Case of identical exit area of particular nozzle installations. Por 
all nozzle installations considered, we will assume that their overall area 
5 - 100 m^ and the elevation of the craft above the ground surface h ■ 0,3 i 
is the same. We will assume the nozzle exit area also to be identical and 
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Fig.  212. Volume flow of air fed to 
nozzle installation as functions of 
load at craft bottom (3 - 100 m2; 
P - 0.04; h « 0.3 m): 
1 ~ for round nozzle when L/B ■ 1 
2 ~ for aquare nozzle when l/B ■ 1 
5 ~ for oval nozzle when L/B - 4 
4 — for rectangular nozzle when 

L/B - 4. 
KEYi A — mVaec 

Pig. 213. Required power as 
functions of load on craft bottom 
(S - 100 a2; P - 0.04; h - 0.3 m)t 
1 — for round nozzle when L/B ■ 1 
2 — for square nozzle when l/B - 1 
? — for oval nozzle when l/B ■ 4 
4 —> for rectangular nozzle when 

l/B- 4 
KEY: A — hp 

2 
equal  to 4 percent of the nozzle installation are «,  that is, P « 4 m . 
Knowing the planform shape of the nozzle installation and the relative exit 
area P,  let us determine the nozzle flow-through widths 

for an oval nozzle installation 

if'-Vt-i- (349) 

where 

*.= 

for a rf'ctang»ilar nozzle installation 
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where 
^=*.-/*ä-T- (380) 

Since the elevation h is specified, let us find its value b/h for each 
noz/.lc in^tallution differing in relative elongation l/B.    Then let us 
determine  by Eqa,  (359),   (340), and (341) the coefficients OC , p, and c , 

respectively.    Further, specifying various values for the parameter G/Sf 
let us calculate the values of O/N   by Kq.  (342).    For the same G/S values, 

lot us find  *.he total pressure H    that must be sustained in the air stream 

in front of the nozzle installation, and then the air volume flows U and 
power N   — by Bqs.  (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 C/N , Q, H , and N   as a function of loading 

C C C 

C/S remainn approximately the same as in the case of constant exit width of 
nozzle imjtailationa. The only difference is that when F « const, the 
pressure H rises markedly with increase in relative elongation l/B, when 

there is a .-snail rise in volume flow (4, and in the case when b« const, 
conversely, the pressure varies weakly with increase in l/B, while the 
volume flow rises appreciably. Mith increase in L/B  there is a gain in 
power N , ir either case. 

Let u;i also determine dependence of power (N/G) on no-/.-/:le installa- 

tion shape for constant craft weight (G/S - const) and lift (weight) on 
the no ■-,,<' installation shape for identical power outlay (N ■ const). 

c 

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 tqs.  (349) *nd  (330) the nozzle exit width b for various^ 
L/B values.    Further,  calculating b/h,  let us find the coefficients   <t, p, 
and c , ami then by usin^' Eq.  (342),  let us determine the unknown value of 

N/G for thr  corresponding value of L/B. 

The dtp^ndence of power per unit weight on the relative elongation of 
a nozzle installation for identical bottom loading is shown in Fig. 214, 
where the dependence of relative nozzle exit width b/VST 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, as 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.  ?14.    Hoquired power as functions 
of relative elongation of nozzle 
installation for different weight 
loads (S * 100 m2; h - 0.3 m;  F - 

0.4 m2): 
a M for oval nozzle installation 
b — for rectangular nozzle instal- 

lation 
KEY:    A — k^/rn2 

B — ki^in 

Fig. 21%    Power loading as functions 
of planform shape of nozzle instal- 
lation for identical nozzle instal- 
lation area (S « 100 n2;  F - 4 n?; 

H   - 900 hp; h - 0.5 ajt 
c 

1 and 2 — for oval and rectangular 
nozzles, respectively 

To find the dependence of the lift (weight) on nozzle installation 
shape for icontical power outlay, which we assume to be N   = 900 hp,  let 

us use iiq.   (548).    Employing the values ofOC and c   determined in the 

preceding case for F - 0.04 as a function of l/B, and also Lq,  (346), w« 
get the function C/N   - f(l/B) shown in Fig. 213 for oval and rectangular 

nozzle installations.    As we can see,  for the samt» expended power, as the 
relative lenr^h of the nozzle installation is increased,_the weight power 
loading becomes less, where in this case,  that is, when F - const,  the 
decrease in G/N    (lift per unit power) proceeds more intensely with increase 

in L/B than when b ■ const  (cf.  Figs.  209 and 21^). 
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Fig. 216.    For grapnical determina- 
tion of parameter b/h for oval and 
rectangular nozzle installations 
with different relative elonjptions 
(S -  100 m2;  b - 0.12 m;  G - 15,000 
kg;  N    - 900 hp;  the solid curves 

oorresponc to ova] no/zles, and the 
dashed  curves — to rectangular 

nozzles) 

Fig. 217.    Effect of planforn shape 
of nozzle installation on craft 
elevation above support surface 
(S . 100 m2; b - 0.12 m; G - 15,000 

kg;  Nc - 900 hp)t 

1 and 2 — for oval and rectangular 
nozzles, respectively 

Kffeot of no:.:'.i<- installation shape on craft elevation above ground 
surface.    Lrt us find the dependence of craft elevation above support surfa"» 
on the relative length of oval and rectangular nozzle  installations.    For 
all  the particular noz/le installations wo will assume the following! 
S - 100 m«',   b - 0.12in;  C « I^OOO kg; and N    • 900 hp.    Since it is not 

poouibl»-   to «-xpreas the dependence of elevation h explicitly on these para- 
ng tern,   let us solve this problem graphically,    iiq.  (^42) can be written as 

] t 
75   ^ r   P r   s ' (351) 

The right side of the equation is constant. The  coefficients c and 

<< appearing in the left side of the equation depend on the relative eleva- 
tion of the craft, that is, on the parameter b/h. Knowing b and S, and 
assigning different values to L/B for oval and rectangular nozzle installa- 
tions, let us determine by Eqs. (544) and (346) ^he relative exit area F. 
using these values of f for each elongation l/B and specifying different 
values to h/h, let us determine by Eqs. (339), (340), and (341) the values 

of oCt  P, ""«i c , and then let us plot the relationship 

as a function of b/h. 

I ? 
«f 
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1     fib.li) and the The point of intersection of the curve 

straight line        '. \ T * K* l l''h) 

gives the unknown value of the parameter b/h for the particular relative 
elongation of the nozzle, fie.  216 shows the graphical solution i*f £q. (3!)1), 
and Pig. 21? shows the dependence of the relative elevation h/b of the 
nozzle installation above the support surface on the relative elongation 
I/B. 

For identical no/.zle installation area, identical nozzle exit width, 
identical craft power, and identical power expended in forming the air 
cushion, planfortn 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 difference 
becoraca gradually smaller, however even for the elongation l/B ■ 2-^, it 
still is quite appreciable. 

Effect of nozzle installation shape on lift for identical length and 
width of n^.-./.Ie installation. Let us determine the optimal planform shape 
of a noz.-.lp installation for specified overall craft dimensions (length L 
and width B), that is, let us find the form for which the lift Y will be 
the ^reatf it, and the power N supplied to the air streaming producing the 

will remain air cushion and the elevation h of the craft above the surface 
identical. 

We will assume the area L-B ■ 100 m , the elevation of the nozzle 
installation h ■ 0.^ n, and the power of the air stream in front of the 
nozzle N > 900 hp. Let us examine two planform dissimilar nozzle instal- 

lations — rectangular and oval over the range of variation in relative 
elongation L/B from 1 to 4« We will perform the analysis for *.wo cases: 
Tor identical relative nozrle exit width b/h; and for identical relative 
nozzle exit area P. 

The case of identical nozzle exit width. Let us assume the nozzle 
exit width b • 0,12 m. To this value there corresponds the parameter b/h • 
0.12/0.3 «= 0.4. Specifying different values for the parameter I^B and 
using the .ondition LB *=  100 nr, let us find the corresponding values of 
B and_L.  Then by Kqs. (M3) and (34^) let us determine the relative exit 
area F of oval and rectangular nozzle installations. Farther, by Bqs. (539), 
(340), and (341) let us calculate the coefficients ot, p, and c . Using 

the values found for these coefficients for the various values of the 
relative craft elongation L/B, let us determine C/N by üq. (340). The 

air volume flow ^ and the total pressure H required to produce the air 

cushion can be found by uqa.   (306) and (301). 

! » 
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The resulting functions are shown in Pig. 218, from which it is clear 
that for »mall relative elongationa, the rectangular nozzle installations 
have greater power loading, that is, greater lift compared with the oval. 
Thus, the lift of a square no...-.lc installation is about Q.'j  percent greater 
than for a round, in spite of the fact that the areas of these installations 
differ by 27 percent for identical overall dimensions. This difference is 
due to the furt that a higher total pressure with somewhat loss air volume 
flow must be maintained in front of the round nozzle installation. 

With increase in relative elongation L/B of a craft, the efficiency 
of the ovnl nozzle installations rises, and then begins to decrease, approach* 
ing the efficiency of rectangular nozzle installations. For the relative 
elongation L/B ■ 5t 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 somewhat 
greater total pressure H is required for oval nozzle installations. 

c 

Case of identical relative nozzle exit area. Ve will asuume the nozzle 
exit area F to be equal to 4 percent of the area S of the nozzle installs* 
tion bottom. For each rectangular nozzle installation, the area F — sccord- 
ing to the adopted conditions — is 4 m2, and for an oval Installation — 
F s 0.04 S0, where we determine SQ  by Eq. (547) as a functi m of the rela- 

tive elongation L/B of the nozzle installation. Knowing F and S, let us 
calculate b^ i^qo. 049^ and (350) the values of the parameter b/r^Tand lot 
us detennim- the nozzl' exit width b. i\irther, by determining the parameter 
b/h for th«- corresponding L/B, let us find the coefficients c*"» Pi and c , 

and then by Kq. 048) — the power loading. Using Eqs, OOO) and (506), 
it in not difficult to determine for each calculated L/B value the air 
volume fins- ., and the total pressure H 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 ■ 
«.-onst), there is the same pattern of variation in the functions H • f. (l/B) 

and W - f .('I./h) as in the case of identical nozzle exit width (b ■ const), 

in spite of the fact that the coefficients oCand p 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 lift, and then to a reduction. The efficiency of the rectangular 
and the oval nozzle installations becomes identical when L/B C*2,6, 

The  calculations afford the following principal conclusions! 

planform oval nox.zlc 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 the greater lift. 
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Fie-  ZIÜ-    Characteristics of 
air cushion vehicle as a function 
of planform shape of nozzle 
installation and its relative 
<?lon^tion (L«B =  100 nr;   b « 
0.12 m;  h = 0.5 m;   N    - 900 hp): 

1  and 2 — for oval ar.d rectangular 
nozzles,  respectively 

An incr-iso  ir. the relative elongation of a nozzle installation for 
th"  saino ovrrall  bottcn area leads to a reduction in lift both for oval 
as well as r'-ctangtilar nozzle  installations.    Curving of th«« edges of a 
planforr. rectangular nozzle and  its conversion into an oval nozzle, with 
thf  overall  bottom area retained,   improves its load'-bearing qualities. 
Under th<se  conditions, oval noz.le installations provide greater hovering 
height above a support surfacr  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 its relative elongation.    For smal?  relative elonga- 
tions (clos'   to unity), re..tangular nozzle installations provide greater 
lift compared with ovai.    With increasing relative elongation,  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 vehicle as a 
functior. of planform shape of nozzle installation and 
its relative elongation (L.B « 100 m2; P . 0.04? 

h - 0.5 m;  N    - 900 hp)i 

1  and 2 — for oval and rectangular nozzles, respectively 

nozr.le installations produce approximately the same lift,  in spite of the 
fact that in these cases  the area of the oval nozzle installations is less 
than that of the rectangular. 

48.     Effect of Stability Nozzle Placement on the Lift of a Two-Pass Mozzle 
Installation for Constant Power Outlay 

Variation in the lift of a plane sectionalized nozzle installation is 
wholly dctonr.ined by the pattern of varietion ui its lift coefficient c . 

y 
The power fed to this nozzle installation is independent of the stability 
nozzle placement B^B, since the flow-through area of the external nozzles 

P1 and of the stability nozzles P« and their discharge coefficients   OT.  and 

<X, remain   constant with variation in the parameter BVB.    We can evaluate 

the pattern of the function Y - f(Bp/B) from the  curve  c    - f(37/B, K /B) 

shown in Pi/ .   152.    The lift of this installation is always smaller than 
the  lift of a plane sin^le-pass nozzle constructed with the same overall 
dimensions, with  the same total flow-through area, and with the same 
angle of generatrix inclination,  as well as identical power outlay. 
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Fi/r.  220.    Loau-bearinff capacity of two-pass 
annular no^.-.le installation as functions of 
placement of internal nozzle lor constant 
power outlay   (DM « 10 m;  b./D« ■ bj/D,, ■ 0.01} 

KhTj    A — kg 

45°;  N   - 500 hp) 

Let us determine   the pattern of variation in the lift of a double-pass 
annular nozzle as a function of stability nozzle placement DWp/DK for the 

same power outlay expended  in producing the air cushion,  and with unchanged 
hovering heitfit above  the support tmrfacc.    In this kind of nozzle installa- 
tion, as the parameter L^/^  is redu^t  ^e stability nozzle flow-through 

area becomcfi loan,   the air volume flow is smaller,  and the power required 
to s .stain the  craft at a ^iv^-n elevation h above the support surface changes. 
For a doubic-pans annular nozzle  the nature of variation in the lift coeffi- 
cient c    doer, not directly express the pattern of variation in the lift Y 

for constant power outlay. 

Let us examine the characteristics of a double-pass annular nozzle 
with horizontal nozzle  cut-off having the following parameters} DM ■ 10 m, 

b„ 0.1   m,   ^1 <P. /o0.    We will assume the air density 

p= 0.125 kr«oecVm »  an(1 ^be expended power is taken as constant and 
equal  to N    = )00 hp.    specifying various values for elevation h,  let us 
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Pig. 221.    Air pressure and air volume 
flow of double-pass annular nozzle 
installation as functions of placement 
of internal nozzle for constant power 
outlay  (DH - 10 m; b^D^ - b2/D„ - 0.01? 

<?1 .  ^2 - 4!)°; Nc - 300 hp) 

find the nonvuponding values of the parameter b/h, and then_by Eqs.   (ö6), 
(69)»  (91)» «nd (9^)»  let us determine the coefficients p., p2,   cc^t «nd 

<C.    Further,  specifying different values to the parameter DjVD«/ ani1 using 

the familiar ,7?oDietrical parameters of the nozzle, let us calculate by 
Kqs.  (189),   (190),  (191). and (192) the areas f^ and f     of the nozzle 

rut-offa, aroun of the aectiona S. and S„ of the nozzle installation bottom« 

and the aroii  of th" entire bottom Ü.    Then let us determine the .-orresponiiirig 
values? of c   and AC  by l^qs.   (196) and (96), and further,  by the following 
formulas      ^ 

and  Q^^l'  T-1^ 
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FifT.   2??.    Uiachartje coefficient of  twr- 
pasr, annular no'-v/.le installation as func- 
tions of internal nozzle placement  (Dw = 

10 m;   b1/DH -  b^/% - 0.01; ^  .   ^ . 

4^°; N„ - 500 hp) 

lot us  find the corresponding lift, prossure, and air volume flow. 

As  the .iiarooter of the internal noz/Je is reduced (Fie«  ^0),  that is, 
with deer«art-  in the parameter D^/D,,,  the lift rises for small elevations 

h/D,i and decreases aomewhat for greater elevations,   in api.te of the fact 

that the lift coefficient c   decreases with decrease in the parameter 

^no/^u ^nr a1^  *nv elevations considered.    Here, as we can see in Figs. 221 

and 222,  the preRsuiv H^ rises with decrease in the parameter D^^/lLj» while 

the air volume flow —■ in spite of the increase in the total discharge 
coefficient CX — becomes smaller. 

Thur.,   the conversion of the single-pass annular nozzle installation 

/J^-L-,. 0.972) into n  two-pass installation (DM2/lJ, <  0.972) with the 

name  overall  flow-through width (b ■ b.   + b«) and the same amrle of 

/jenerrtrix inclination (^ «=   (p.   ■  ^>  ) makes it possible,  for the same 
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power outlay,  to produce a greater lift at low elevations.    Here it nust 
be remembered that e hif^or-pressure air flow must be broucht to the 
doublo-paos no?.zle installation.    This pattern of variation in the aero- 
dynamic characterisrics of  a double-pasa annular nozslejLs due to the 
appreciable reducrion ir thf overall flow-throußh area F as the diameter 
a.^ of the internal  »oz'/.lc is made smaller. 

rfith increase in the nozzle installation elongation,  that is, with 
the  transforriation of the round nozzle installation into an oval installa- 
tion,  the difference  in the pattern of variation of lift Y and lift coeffi- 
ient c    as a  function of parameter 32/B becomes smoothed over,   the load- 

rcarin,; capacity of oval   two-pass nozzle installations deteriorates, and 
rirj'le-pass no-zlc installations become more efficient for the same power 
outlay in suatttining the craft at a specified elevation. 
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CHAPTJH NINi: 
.viÄCDYNATUC DRAG OP PLW-THROUGH 
AUCTION OF AK AIH ClßHIOIJ VEHICLE 

.;9.     «orcKiynanii; JharacleriPtica of Flow-Throu^ Ucction 

The  flow-through section of flight air cushion vehicles comprises a 
ryster of air duntö for suckinr in ambient air,  channf iinf- it through Mie 
raft,  ^nd -lischarrrinr it through  the nozzle installation to the exterior 

towar:   tht  grouna surface in the form of jets producing the   air cushion. 
The flow-thr u,-r. section is a vital component of those craft: its ..-onfigura- 
tior; and dimensions cftrn prcdoteminc   the craft arrangenKnt as a whole, 
an^  or  thr aerodynamic qualities of the flow-through section depend not 
-T.iy the efficiency of the ro v.lc installation but also the power charac- 
teristic the  craft. 

The principal requirements on the flow-through section axe the follov 
'.< ifnrr possible supply of air as it is fed ♦c the nozzle installa- i^i f 

♦i'jr,  s^all nydrfcuii : pr^sccrc losses, and sraala overall dust dimensions. 
Trer.c requirer.cnt? are ooj.tradi-jtory, since satisfying one of them most 
IVlly entails degrading other parameters.    Therefore, building a rational 
3;stem of the flcw-thrc.ugh section is possible only given a oompromigo 
solution. 

The ricv-fr.r ugh section of ur. ^ir cushion vehicle differs aeroo^'namically 
fror tnc  ordirary network in which a fan operates.    Its distinction is that 
at nail presfiures produced by a fan this network is a closed volume admitting 
barely any air.    This corrcopondc  to the case when an air cushion vehicle 
resic on the support  surface and  its nozzle exits proved to be quite 
tightly scal^-' by the soil if the  craft is on the ground,  or by the water 
if il  i^ a:'lc^t.    Ir. ^his condition th-? oraft remains ur.til the critical 
-orient when the forces cf excess pressure beneath the craft,  increasing 
with the prcsj^rc   rise ir. the network,  become equal to the craft weight. 
A slight  execs? 0;' tho critical  pressure leads tc the lift of the craft 
frn- tK- support surface and the apparently automatic opening of the valves 
and  th-j discharge of air from them.    At this instant the craft enters the 
free hovering regime. 
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With further precsurc 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  th- support surface, while the compressing action of 
the support surface on the air jets escaping from ihe nozzles weakens.    The 
drag coefficient of a nov.zle installation becomes umaller with increase in 
the elevation. 

Thu«i,  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 section predetermine the pattern of variation in its drag as a 
Aincticn 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.    lirag of the Flow-Through Section 

Tr.i   aerodynamic drag of the flow-thruugh section in an air cushion 
vehicle in 

H -= Hm -\- Hm } Ht, 

where  fw   is  the drag of the suction network ducts;  i^ is the drag of the 

delivery network ductsi  and H   are the losses in the dynamic pi  asure of 

the air jets outflowing from the nozzle installation. 

The dynamic prt-asure of an air jet outflowing from the nozzle installa- 
tion is directly asuociated with the effect of air cushion formation 
beneath the- craft.    Looses in dynamic pressure are determined by the total 
pressure expended in producing the jets 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 elevation of the 
nozzle installation above the support surface.    This function is manifested 
in the variation of velocity fields in the nozzle cut-off plane. 

The Jrag of the nuction network and the delivery network is associated 
with the necessity of feeding external air into the nozzle installation 
ana 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 
sections 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 tho fun.    In this case the pressure losses in the suction 
network arc assumed to be zero, sinu   the air-receiving connecting piece- 
header is regarded as n romponont of the fan and the pressure losses it 
produced an? 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 conjugated 
with the air-distributor ducta,  in the receiver and its turns guiding the 
air into the nozzle installation, and also in the narrow constrictions and 
dilations produced by the presence in the flow-through section of different 
kinds of prcjecting parts and installations. 

The  total drar of the flow-through section in an air cushion vehicle is 

«^'MM+IM 2' (352) 

where £    r.   the coefficirnt of dynamic pressure losses in the stream as it 
exita fror ih»- no?zle installation; £.  is  the coefficient of local drag in 

the  shaped   -omponent of a duct;  v    is the moan air velocity in the flow- 

throuKh  opening  of  thr.  nn/zle  inutallation;  v.   is  the mean air velocity 

in a  typical  section nf   » particular duct component!  1.   i«;  the length of 

th»1 particular duel :i<''"tion;  d.   ia the equivalent diameter of the flow- 

through i-roün-aection o:  a particular duct section;  f is the air density; 
and X-   i"  '■'K' coefficient of nir friction against  the walls of the particular 

duct  section. 

The  llmt term at the right side of ck\,  (5^2) characterizes the pressure 
losses in  the no/.zle  installation,  and   the  two others — the pressure losses 
in the  flow-through section ducts from the point at which the ambient air 
is sucked  into the craft until  it enters the nozzle installation.    The 
coefficients   £",<*., and    i.  depend in the general case on the Reynolds 

number,    velocity field profile in the air stream flowing into the duct 
element,   the   roughness of the duct walls, and  the stream turbulence. 

In practical   calculations of the  flow-through section in an air cushion 
vehicle,   those coefficients can be detezmined from the appropriate theore- 
tical  or cxperimentul  functions for the specified geometry of the uuct 
f.lement and   the assumed aerodynamic; parameters of the air stream, with 
allowance  for the effect of the Re number and other factors,  but upon 
further exan.lnation of the various operating regimes of the flow-through 
section,   these coefficients can be assumed to be constant and independent 
of these  fa-♦ors 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 £ . and  z^.  of drag in the ducts, appearing in Bq.  (55?)» are 

different in physical meaning,   their values are determined by different 
factors, ami they affect the characteristics of an air cushion vehicle 
in different ways.    Let us determine what effect they have on a craft in 
the hoverinjr rocimc. 

bL     ilraR of Nozzle installation 

The prr-KHuro louses in a nozzle installation are 

u      r***   -rJLlJLV (353) 

where v, and e are the air volume flow and flow-through area of the nozzle 
installation,  respectively. 

The clra^: coefficient ^   of a nozzle installation reflects the losses 
and kinetic onerR/ suffered by the air jets producing the air cushion and 

.; p.in.-s an outlay uf total pressure required to produce these jets, 
expressed in fractionn of the dynamic stream pressure determined from the 
racan diorhar,:e velocity.    The size of this coefficient is predetermined by 
the nriz/J<j inotallution geometry and by the position of this installation 
relativ«.*  to the nuppnrt surface,  that is, on the one hand by shape of the 
nozzle  inntullHtion,  dimensions of the flow-through opening of its 
constituent nozzles, un^io of generatrix 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 the 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 discharge coefficient 
of the nozzle installation by the relationship f- 1/0  .    We can determine 
this coefficient in several cases theoretically with accuracy that suffices 
for practical purposes,  or else experimentally by full-scale or model tests 
of nozzle inrtallations in their required ranges of elevation above this 
support surface and angles of inclination to it. 

For a sin ,lo-pass nozzle installation with a nozzle flow-through width 
b and angl<. of generatrix inclination f, and which ia horizontal relative 
to a smooth solid support surface   at   elevation h,   the drag coefficient 
is calculated by Eq.   (78),  or this coefficient is related to the flow- 
through arc» of the nozzle  installation. 
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Fif. 225.    Draff characteristics 
of no/.zle installation of air 
cushion vehicle with single- 
pass onnular nozzle as function 
of air volume flow (D» 

b - 0.12 n; ^ 

KfcY»    A — Wm 
m5/3i 

4^' 

10 m; 

0) 

A — 
B 

2 
i 

/sec 

The functions clarifyinff th*? manner in which the drag H    of a nozzle 

installiition 'lepends on air volume flow ^ for different elevations h/i)^   above 

the support surfaor' arc defined by iiqs.   (5^5) and (78) for a planfom round 
single-pana no-zl»- with diameter E^ » 10 ■,  flow-through width b ■ 0.12 m, 
and angle r.f ^jnneratrix inclination  ^«= 45,t and are shown in Pig. 225.    As 
we  can see,  an increase in  the elevation of the craft above  the  support 
surface rerluces the drag of the nozzle installation, and when the craft is 
beyond th.   aerodynamic influence of ground proximity (h -o*)»  the drag of 
the nozzlr  installation reaches its cinimum (£* > 1).    when h ■ 0, where the 
craft restr. on the rTound with its nozzle installation,  the drag coefficient 
C ao0*    ^n ^his case,  the characteristics of the nozzle installation drag 
coincide with  the Y axis. 

The riiiiff coefficient v    for double-pass and sectionalized nozzle 
installation» depends more complexly on the geometrical parameters of the 
nozzle installation and its position relative to the support surface, above 
the pattern of variation H    - f(w) even in these cases remains similar to 

that shown in Fig,  22^. 
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52.    Dra^ of Plow-Through Section Ducts 

Preasure losses in i\\e flow-through section ducts ov.^r the area from 
the ambient air inlet into the air cushion vehicle to the point where air 
enters the nozzle installation are 

/^ = 2j ^ "T" "^ 2j ^t"^ 

this equ/ition can conveniently be represented as the following, after 
deteroinim: the coefficients appearing in it: 

w.^fc + U-2-' 

where S •.  =   yi.(l./d.) - const is the reduced coefficient of friction. Al i    i'   i' 

Upon examining the problems associated with the coooined operation of 
a fan and mtwork,  the network comprises of suction and delivery ducts is 
conveniently characterised  by a single overall drag coefficient related to 
the representative cmss-nection of the flow-through area: 

where v    is  the mean air velocity in the nor-?.;e installation exit adopted 

as  the  rharacteristic network cross-section. 

Th«1 air volume flow in each section of the network ducts is the same, 
t at is,   .: - v P.  - v P ■ const,  therefore v./v, - P/P.  and  thus the drag 

coefficient of thn suction and delivery sections of network aro represented 
by 

where F and F    are the cross-section areas of the exit of the nozzle instal- 

lation and   the particular duct section,   respectively. 

Thur.,   the pressure losses in the flow-through section ducts are 
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Tho fir«/: coeffioiont J,   appwirinff in thin formula characterizes the 

preasur" losses asaotuati'd with the phcnooenon of stream separation from 
the walls of the flow^throu^h section ducts, with the constrictions of 
the stream and its subsequent expansions, and also with the friction of 
the stream apainat the W.JII    of the flow-through section duots.    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 
installHtion relative to the support surface. 

^3«    Characteristics of Network Drag 

Total pressure lonaos in the flow-through section of an air cushion 
vehicle,   including tho losses in dynamic pressure of the stream exits from 
the nozzle   installation are 

or, with rcTcrence  to v    ■ </t\ 

„ = (;,-;.)-Hf/, (354) 

in ! • voral cuaor it appears useful  to characterize  the total drag in 
the  no twork 

by a sinrl^ fvorall drag coefficient k «  ^/2)»(V + Vk)/P2,  which has the 

dirw^naior   [kp.scc /m  J. 

OOPK-tiroes it  in worthwhile expressing the drag of tho  ,:rHft flow- 
through section in torus of the drag coefficients given with respect to 
the exit   ir-'-a  K-   of the fan housing or with respect to the area F     swept 

by the fun   in.peller.     In theae cases the drag coefficients are 

v.     t(^)'    and    i-t^f)". 

and  the pressure  leases  in the flow-through section are 

where vÄ     is   the mean air velocity at. the fan discharge;  v      i:;   the mean 

air velocity in the iiiaginury openinr, whose area is equal  to tne area 
swept h-j  '.he  fan impeller. 
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Fi,:. 224.    Drag characteristics 
of network of air cushion 
vehicle with single-pas^ annular 
nozzle as function of air volume 
flow (DM - 10 m; b ■ 0.12 m; 

1 — when h/DM - 0,01 and $  ■ ^.55 

2 — when h/DH - 0.0^ and ^ - 1.49 

KEY»    A — kg/m^ 
B — m3/sec 

For a oingle-pass nor.r.le installation above the solid support surface 
by the height hf the pressure losses in the craft flow-through section are 

u _ it    fcMl  • »I"»)    1* 
" — |l, _<,   » * «Mil»»» ] + 

(355) 

This equation is the network characteristic expressed ao the function 
H = f(0 relating the j^eoenetrical parameters of the craft flow-throußh 
section with 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, 
with  D^ - 10 TI, b » 0.12 m, and  ^- 4^°.    These characteristics were plotted 
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ty Kq.  (3^5) for two craft elevations above the support surface (h/l)H * 

0.01 and 0.0r)) for different values of the drag coefficient   Ck "f the 

rion-thmurti nection duots.    The dra/r of the ducts is utroni^ly reflected 
in the ovonll drur of the network ut rt'latively hi^i elevations of the 
craft above the support surface.    At shallow elevations, the contribution 
of the dro,: introduced by the ducts into the overall drag of the network 
becomes lesn, 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 installation. 

The network characteristics of craft with sectionalized nozzle installa- 
tion can be determined in similar fashion.    To do this, we need to replace 
the coefficient ^appearing in Gq.  (5^4) with an expression for it as the 
function of geometrical parameters of the nozzle installation and its 
elevation above the support surface, and when more complicated cases are 
considered — also as a function of the heeling and pitching angles. 

34.    Craft, lirap; Charactoristics 

Let us find the relationship between craft weight, the load-bearing 
properties of its nozzle installation, and the drag of tho flow-through 
section.    In tho free hovering regime the craft weight can be expressed in 
terms of the total pressure ii   in the air stream in front of the nozzle 

installation,  lift coefficient c , and area S of the nozzle installation, 

that is. 
C = <vS//r 

The pressure il   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 installation! 

«'-^-c^-c-H-?.)'. 
Accordingly,  the  total drag of the flow-through section of air cushion 

vehicle is 

rf 

or 
G 

(356) 
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Replacing the lift coefficient c   by ita dependence on the geometrical 

paranetero of th? nozzle installation, elevation hf and heeling and pitching 
angles, we will have the characteristic of the craft drag, represented in 
the form H - ffvt), 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 y» - 45° when    f* of» 0, 
the lift coefficient is 

t, = ^c f Sp, (357) 

where F    is  the relative cut-off area, c * 

r'    s 
4.    >       (i »      \ 

Ü is  the relative area of the nozzle installation bottom measured with 
rnapect  to  the  inner ed^je of the nozzle exit, 

5 -•    SB   I — ? " 
S '' 

p is the air cushion proaaure coefficient determined by üq.  (74). 

In iho similar way wc can express the lift coefficient of a craft 
with a seotionalined nozzle installation and determine itc drag characteris* 
tics. 

Fig.  22'? presents the drag characteris ics of an air cushion vehicle 
at different elevations h/DM above the support surface.    This craft has a 

single-pass annular nozr.le with parameters DH« 10 m, b » 0.12 m, and 

<p= 4^°, and flow-through t«, .-.ion ducts for supplying external air into 
the nozzle.    The duct resistance is defined by the coefficient  £.   ■ O.S 

related to the nozzle flow-through area.    These craft characteristics axe 
plotted by fcq.   (3,>6),  with the use of Eq.   (357). 

On examining Fig. 225, wc can conclude that in a craft resting on a 
support surface (h/Q*  ■ 0),  the discharge of air from the no.zlc 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 olevation h/DH.    To sustain the craft weighing C in the hovering 
regime at thin elevation we must expand a total pressure equal to the sum 
of the pressure H   • G/(c S) to produce the necessary lift and the pressure c y 
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Pip. ??5. ürag characteristico 
of air aishion vehicle aa function 
of air volume flow for conatunt 
craft elevation (G - 8000 kg; 
DM - 10 m; b • 0.1? m; ^- 4'j0; 
^-O.',, Hc-G/cyS, I^.^x 

(P/2).(W/P)2) 
IdJYi    A — ke/m* 

B ~ m /BO«: 

//,= ^•^r 
to overcome the dran in the ducts exerted on the air passing throu^j them. 
For this particular nozzle installation, aa the elevation h is increased, 
the liCt coefficient c    becomes continually less,  therefore the required 

preosun- l{   oust correspondingly rise. 

The drag characteristics of the craft taken separately (356), as well 
as  the network characteristica OlJ4) do not uniquely determine the required 
pressures and air volume flows to raise a craft of a given weight to the 
specified elevation,  since the drag characteristics of the craft do not 
allow for the pattern of variation in the nozzle installation drag, while 
the network characteristics do not allow for the w.dght of the craft and 
the load-bearing properties of its nozzle installation. 
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33* Characteristics of Hequlred Pressures and Volume Flows 

Let us find the characteristics of the required pressures and volume 
flow 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 Eqs. (534) 
and (336) the air volume flow is 

KT+C. VJyV'TtkVZVZ^f&f' 
After uncomplicated tranoformationn, we have 

(358) 

Knowing the required air volume flow, it is not difficult to deternine 
the required total pressure needed to overcome the flow-through section 
drag i 

from whence 
u       C + fa      0 (359) 

Eqs.  (jl'ifl) and (^9) allow un to fteteroino the required air volume 
flow and  total  pressure  that must be provided by  the fan inntallation to 
overcome the drag in the flow-through neotion and to raise the air cushion 
vehicle to the specified elevation h,  for known craft weight G and flow- 
through section geometry.    Thus, by plotting on the graph H • f(^) the points 
correspond!n/; to the values of ^ and H calculated by Lq».  (336) and (339)» 
we get a curve that io the characteristic of the required pressures and 
volume flown with reference to the craft weight and variation in its eleva- 
tion abovo  the support surface. 

This ;;.i .■-■ characteristic can also be defined as the geometrical locus 
of the poii.to at which the craft characteristic (356) intersect with the 
drag characteristics of its network (3!>4)» for the appropriate elevations 
h of the craft above the support surface. 
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Fig. 226.    Graphical uetennination 
of requimd preaaure  H1  and volume 

flow U.   to nun tain an air cushion 

vehicle with sperificd geooetrical 
parametera and weight ut an assumed 

elevation h,: 

1 ~ craft characteristics 
2 ~ netwerk characteristics 
5 — funcflon „  .. ; \[-%.\ 

Fij. 227. Graphical determination 
of required pressures and air volume 
flows for an air cushion vehicle when 

fk.o. 
1 ~ craft characteristics 
2 — characteristics of required 

H and W c 
i — network characteristics 

I 

The determination of the point characterizing the required pressure 
H. and  the air volume flow y1  for the specified elevation h,., by super* 

imposing the craft characteristic on its network characteristic, is clarified 
in Pig.  2?6.    Fig. 2?7 presents the construction of the characteristic of 
the required pressure and sir volume flows for a craft having a specified 
weight an' specified geometry of the nozzle installation in the particular 
case when the drag of the flow-through section ducts is equal  to zero 
(^i   > 0).    Fig. 226 gives the construction of the analogous characteristic 

for the general case when  £  ^?0.    To each point of these characteristics 

there corresponds a specific elevation h of the craft above the support 
surface. 

MO 
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Pig.  ?2ti.    Sraphical determination 
of requiiT'rt prcaaures and air volume 
flowa for air cushion vehicle when 

fk>o. 
1 — craft Tharacteristicn 
2 ~ oharacterintins of ivquired 

U and W 
3 ~ network charücteriötics 

a*>/ctn 

?ia. 22$,    Characteristics of 
required pressure and air volume 
flows of an air cushion vehicle 
with single-pass annular nozzle 
(D   - 10 mt b - 0.12 oi} ? - 4^*1 

KLTfi    A — kg/m2 

B — kg 

-^ /sec 

The craft weight strongly affects the characteristics of the required 
pressurt-B and air volume flows.    As an example,  Fig. 22$ presents the 
characteristics of the required pressure and volume flows for an air 
cushion vehicle of different weights, with the same single-pass annular 
noz/le huvin.' the parameters DM - 10 m, b ■ 0.12 m, and   f>m 4^*.    The 

drag coefficient of the flow-through section ducts over the area from the 
fan to the inlet into the no/.zle installation, given with respect to the 
no/zle flow-through area,  ^.   ■ O.IJ. 

To ^r?t  these characteristics,  by assigning various values to the craft 
elevation h, we d<;terminc the coefficient of the nozzle installation drag 
£,  the coefficient p of air cushion pressure, and the lift coefficient 0 

by Eqs.  (7®),  (74), and  (3^7),  respectively.    Then,  by using these values, 
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we calculate by Eqs.  (3s*) »nil (5^9) the required air volume flows Q and 
the total pressures H to nustain a craft with tfiven wei^it at the elevations 
h assumed in the calculation.    In addition to the functions H - f(k) thus 
derived, Fiff. 229 also pronentr. the network drag characteristios calculated 
by Eq.  (''S')) for varioun craft elevations above the support surface. 

Let us examine the eiiaraeteristic H - t(k) for a constant-weight 
craft.    An the pressure in the flow-through section is varied from 0 ia 
U m G/J,  the craft remains immobile on the support surfaoe (h - 0).    When 
H - G/S, H critical state nets in — the craft touches down.    In this case 
all of the craft weight io transmitted to the support surface via the air 
cushion, since the elevation still remains equal to /.ero,  the discharge of 
sir from beneath the craft is absent (w - 0).    When H>G/St the craft 
lifts 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 (4 regardless 
of the fact that the load per unit nozzle installation areu remains cons- 
tant.    Thin  is because as the elevation h is increased,  the lift coefficient 
c    is reduced,  that is,  the load-bearing ability of the nozzle installation 
becomes nnaller.    The rise in the craft weight leads to a rise both in the 
required pressure as well as in the required air volume flow to sustain 
the craft at a specified elevation h. 

In actual conditions whon an air cushion vehicle is on uneven soil, 
the exit od^s of its no-./le installation do not lie tightly against the 
support surface.    The different kinds of depressions and projections on 
thin support surface, an well an the deflections of the exit nozzle edges 
from tho bottom piano caused by the imperfection of craft manufacture, 
and aoiiK> elastic rirformution of its housing and the nozzle installation 
under its own weicht produce gaps between the exit edges of the nozzle 
installation and  the support surface through which air supplied to produce 
the air cnnhion can exit outward even wh^n the craft rests on the ground. 

In these conditions,   the dischar/jo of air from beneath the craft 
begins simultaneously with the rise in pressure in the flow-through section 
and occurs for opcrting regimes of the fan installation,  that is, not 
only when th^ ornft is hovering freely above the support surface, but even 
when the craft rests on the ground. 

If w evaluate the height 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 cane the network drag //     (f^ 

or when applied to a craft with a single-pass annular noszlc, 

H = if feM!   jlMj  1    H •' / <? V 
ill _,.>».(M»i..f>|!-W|-2AT; • (360) 
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wh'-ro   S       is the drag coefficient of the nozzle installation on a support 

surface nv^n the presence of a gap with height h^, 

'i'h»' churncterintic of   required pressures      anu air volume flows in 
the coordinatos H and * in this case is defined by the broken line shown 
in Fig, ?30.    The section 0-1 of the curvt calculated by fiq.  (560) charac- 
terizes the required U and H for the case when the craft rests on the 
ground.    The section 1-2 of the curve calculated by Kqs.  (3>8) and (559) 
corresponds to the craft hovering regime over a support surface.    The 
point 1  of intersection of the curves characterizes tit:  transitional 
regime in which the craft lifts off on the support surface and enters thf free 
hoverlnp rogitue. 

Thi' similar pattern of variation in the required pressures and volume 
flows, but more strongly pronounced,  occurs for air cushion vehicles in 
which the exit edft?s of individual sections of the nozzle installation are 
above its sections that simultaneously fulfill the functions of support 
devices,  such as for example,  in craft with elevated bow and stem nozzles. 

Characteristics of required pressures and volume flows make it possible 
tc graphically represent the relationship between craft weight, geometrical 
parameters ol' no/.zle installation and flow-through section, and also the 
aerodynar.i.: pnrametorc of the air stream producing the air cushion and the 
(«K'vation of the craft above the support surface. 
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?ir.. ?^0.    Characteristics of 
required pressures ana air volume 
flowa for an air cushion vehicle 
with aintfle-pass annular nozzle, 
when the  clearance between the 
nozzle edßes and the support surface 
ia h0  (G - 8000 kg»  1^ - 10 m; 

b - 0.12 m; f - 4^°;   ^k - 0.!)> 

h0 - 0.023 m) 

KÜYi    A ~ kc/m' 

B — m /sec 
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CHAPTUK    TEN 
SFPECT OF OPEKATINU REGIME OF FAN INSTALLATION 

ON AIK CUSHION CHAHHCTEHISTICS 

Let UJ examine  the effect that the operating regime of a fan installa- 
tion has on the aerodynamic and power characteristics of an air cushion 
vehicle wm-n the craft in freely hovering above the support surface.    This 
influence can be shown in convenient and graphic form by using the charac 
toristicR nf the  required pressures and air volume flows for an air cushion 
vehicle for specified ^'owtrical parameters and weight and specified aero- 
dynamir- chiiructeriotics of the fan.    By superimposing the characteristics of 
craft pr^sr.uresHnd uir volume flows  [H ■ ?(<<)] over the fan characteristics, 
we can sclent the optimal fan installation, evaluate the possible fan 
operatin/' nwrimes in the craft, and select the rational method of regulation. 
Then we can follow the vari»t.ion in the attitude  [position] of the craft 
above th«' «upport nurfaces by varying the method of fan operation or the 
parameterr. of  the  craft flow-through aecticn. 

%,    iiffer-t of Fan rpn on Craft, Characteristics 

Wt   will assume the geometrical parameter« of a «raft,   that is,  the 
shape and size of its nozzle installation and its flow-through section to 
be specified,  and  the  type, dimensions, and  characteristics of the fan 
installed on the craft to be known.    Suppose a craft with wei^it G ■ 6000 kg 
has a noz.l"  installation made in the form of a single-pass annular nozzle, 
with diametor DH - 10 m,  flow-through width b ■ 0.12 m, and angle of nozzle 

generatrix inclination ^ - 4,),.    The drag coefficient of the flow-through 
section ducts   ^k - 0.%    A model K-06 TsAGI axial  fan is installed on the 

Taft, with a wheel having the diameter D^ - 3.0 m, with number of blades 

12, and with blade angle   $. 20' 

I/1*, un une Eqa. (^9) and Ot>«) and determine the characteristic of 
required air pressure and volume flown for this craft (Fig. 2^1). Speci- 
fying various values for the craft elevation h, by Eqs. (78), (74), and 
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FifT. ^>1. Kffect of fan annular 
velocity on air cushion vehicle 
characteriotica (G - 8000 kc» 
D . 10 m; b - 0.12 mj f - 45*1 

^k " 0,,,;   Dk " ^ mt   z m ^ 
dk - 20«) 

KiiYi    A — k«/in2 

B — rpm 

C — m^/scc 

(3^7) wo detcTDiine the coefficients <*, p, and c^.    TJien by r/ja.  (359) and 

(558) wo calculate,  respectively,  the required air prosBures H and volune 
flowa k to st-ataln a craft havinc a given weight at the elevations h assumed 
in all cal^uJations. 

ttirthor,   let us nr.v  the .linennionlesn aerodynamic aKaranteriatic of 
the fan H - fQ shown in the form of tho cnirve coinoi(5ing with the dimen- 
sional charaoteriotlc when n - 450 rpm, and the expressions for the pressure 
cosffioient and the capacity  coefficient« 
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(361) 

(362) 

where u is the tip velocity of the outer radius of the fan wheel, u ■ 
(ni)kn/60)i F.   is the fan wheel area, F.   -   nlfc/Ai DL ia the dianeter 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. 
l/'t \xa also plot the characteristics of network resistance for different 
elevations ,,/DH of the craft above the support surface    calculated by 
Eq.  (554). 

The points at which  the fan characteristics interuect with the charac* 
teristic ol' the required pressures and air volume flows will also be the 
working points determining t.'ie fan operation in the craft with specified 
parameters and wpi^ht for the corresponding elevation h/DH of the craft 

above the ui.pport surface. 

Fig. 251 shows that for small fan rpm when the total pressure builds 
up by  the fan and  transmitted via the flow-through section underneath the 
craft is still  inadequate  to produtv  the required lift,   thai   is,  when 
H<[ G/S,   the  craft r^oia on the support surface  (h ■ O).    With  increase in 
fan rpm,  the pronsure bonrath the craft rises, and for .IOIW critical value 
of fan rpm (n.     - 57*) rpm [kp - critical]) the moment iu renchcd when the 

Kp 
entire craft weight is transmitted to the soil via the air cushion.    To 
this corresponds the  total pressure value II - G/l>.    With further rise in 
the fan rpm,   the  craft lifts from the support surface and rises 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 utfh soction.    *<■ mu;;t remember that up to the moment of craft liftoff 
from the ground c    - 1,   but after liftoff c    / 1. 

In a.lilltion,  it is quite clear that with increase in fan rpm in the 
range from n - 0 to n - n    ,   the working point shifts from the extreme 

Kp 
left poiM o:' the  fan characterintic, and then with further rise in the 
rpm it shifts along the fan characteristic downward, passing all of its 
points lyinr. in the range from ^ - 0 to k   — the air volume flow corres- 

ponding irj »he particular fan rpm. 

Variation in craft rpm and craft aerodynamic parameter« as typical 
lljnctions of fan rpm, with constant craft weight, are shown in Fig. 232, 
Then.- functions were plotted from data determined by the working points of 
the curves tihown in Fi^'.  2^1. 
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Fig.  232.    Elevation of air cushion 
vehicle and its aerodynamic characteristics 
as functions of fan angular velocity! 
A — craft on ground 
B — craft in free hovering regime 
KtY:    ^ — kg/ir2 

^ ~ trr/oec 
C — rpm 

^ie soition of the total pressure curve H lying between the points 0 
and 1 correMpondo to the case when the craft rests on the bottom, and the 
edges of it» noz/.lc installation fit tightly against the support surface. 
The  total pressure over the section is 

"""■.(£)' 
H.     is  the  totsl pressure generated by the fan at fan wheel rpm 

57b rpm. 

where 

%■ 

Thp  section nf the curve H ■ f(n) lying to the right of point 1 and 
correspon'iinr to the valuer n ,>375 rpm characterizes the regime of craft 
free hovering above the support surface. The pattern of variation in the 
air volume flow n, elevation h/%, and drag coefficient C of the nozzle 
installation ao functions of fan rpm n is determined by the corresponding 
curves chown in this same figure. 
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Fij.  233.    Hoquirrd and expended 
power as functions of air supplied 
to flow-throuph section of craft, 
determined by fan angular velocity 
KEY1    A — hp 

B — m /sec 
C — rpm 

In actual conditions when an air cushion vehicle is on uneven ground, 
clearances of various heichts are formed.    In this situation,  the discharge 
of air from boneath the  craft begins simultaneously with the pressure rise 
in the craft flow-through section and beneath the craft caused by the 
operating fan.    These clearancos can be estimated roughly by the elevation 
h^, and  the drag coefficient can be expressed an 

■•"      |l -«•  Mt<M«««f»J 

If we assume  that h^D^ - 0.002'.),   the dependence of total pressure H 

and air voiuno flow vt on fan rpm h vhen the craft is on the ,:rourid will 
have  the fnrtr. of curveu n~? (cf.  Pigs.  2^1 and 232).    The critical value 
of the fan wheel rpm in this case ir, n'    ■ 44O rpm.    Over the range of fan 

wheel rpm values from n - 0 to n ■ n.' 
kp 410 rpm,  the air volume flow is 
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where 4,     is the air voJumo flow when n'    ■ 440 rpn. kp kp 

Let us trace the power outlays as a function of changes in fan operating 
recine in U« flow-throußh section of the craft defined by the working points 
lying at the interne, tions of fan characteristics with  the characteristic 
of required pressuren and air volunso flows.    In Pig._25} we plotted the 
dimension!ens charactrrlrUicn of the expended power N ■ f^QJi and alno 

the fan i fficlency V ,  r-quiri'd power N , expended power II , and the ratio 

Hj/N   aa funrtionn of air VOIIHK- flow.    These power values are defined by 

the foilowing expreaaionsi 

where N, is  the expended power corresponding to the power measured on the 

balancing »land when the fan characteristic was recorded; u is the tip 
velocity at  the outer radius of the fan wheel;  H is the total pressure 
built up by  the fan in the  craft flow-through section; and w is the fan 
capacity. 

As  trie fun an^lar velocity n is reduced,  that is,  in the transition 
from the calculated regimeB (corresponding to the maximum efficiency or 
near-tnaximui officioncy) to the regimes with low craft hovering height 
above thf support surface,  the expended power with respect to the required 
power riaoc markedly.    This is accounted for by the specific characteristic 
of requinMl pressures and air volume fltws intrinsic to air cushion vehicles, 
which result — at: the fan rpn is reduced — to the shifting of the working 
point upward along the fan characteristic in the region of low efficiencies. 

Therefore,  the method of varying the craft elevation above the support 
surface that is based on regulating the fan operating regime by varying Its 
wheel rpn over a wide range is energetically nonoptl«al.    Ify this method 
of regulation, prolonged operation of the fan in the nondesigned regimes 
at low elevations is inexpedient from the standpoint of fuel economy. 

Another important factor that must be remembered when selecting the 
axial fan for an air cushion vehicle relates to the shifting of the working 
point alone the fan characteristic over the entire section from <4 ■ 0 to 
the design value .t a.; the rpm is varied.    To reduce fan size, axial fans 
with larr?   blade placement angles are used.    With these blade angles,  the 
characterir.tics of axial fans have a trough or even discontinuities in the 
low-capacity section.    When a craft enters the free hovering regime, the 
working point, always passes through the zone of this trough and extremely 
undesirable unstable fan operating regluec in the network are possible. 
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Kig. 2}4,    Graphical determination 
of tho effect of an angular velocity 
on stability of fan operation in an 
air cushion vehiclei 
1 — fan characteristics 
S --  characteristic of required 

H and W 
KEY:    A — rpir 

B ~ m /sec 

C — kg/ra 

Typical characteristic:; cf an axial fan with large blade placement 
an.^e frr different wheel rprte are shown in Plg.2^4i where the character* 
istic of the required preusures and air volume flows of an air cushion 
vehicle is plotted.    As wc can see, for both small as well us large fan 
rpnfa the working points lie on the steeplydropping branches of the fan 
cliaractcriatic,  to which corresponds the completely stable fan performance 
in the flow-through section of the craft.    At moderate angular velocity 
lying in the range n^ 6OO-690 rpm, the characteristic of required pressures 
and air volume flows of the craft and the fan characteristics intersect in 
the trough nection, where there is an      abrupt variation in the fan 
operatlrvr regimes the air supplied into the flow-through section of the 
craft and the craft elevation above the support surface changes in jumps. 
Here  the critical angular velocity at which an abrupt variation in the fan 
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PiK.  «";').    riflVct of chinßCB in fan angular 
velocity  in an air cushion vehicle  on the 
transition of thp working point tfjrou<,-h tho 

/.one of inotable performancei 
a and b — with increase and decrease in 

angular velocity,  respectively 
ICnfi    A — kr/m2 

H — trr/nec 
C — rpm 

I) — m^/scc 

operating ro,:iro<: sets in depends on the nethod by which the working point 
is approachori toward the zone of unstable fan operation. 

Two roprvscntatlvo raavu of tho transition of the working points through 
the /.one of unstable fan operation are nhown in Fig, 255, a and b.    In the 
first case,    haracteri.cii  by a rradual rise in the angular velocity,  the 
critical velocity «eta in when n.     ■ 692 rpm.    Even the slight rise in the 

angular velocity compared with thf> critical reculta in the working point 1 
shifting diccontinuously alont the right steeply-dropping branch of the fan 
characteriotio to point '..',   the air volume flow rising discontinuously fron 
^2 to 66 mJ/nec, and the (jjevatioi, of the craft above the aupport surface 
rising aitniUrly fron O.o/T; to O.JOt) m.    With further increase in tho angular 
velocity,   tho workiri/; paint r.hifta downward along the right branch of the 
characteristi'' an  the  fnn operates quiie atabli', 
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In tho second vane churauteri/ed by a gradual dccreaae in the angular 
fan wheel velocity,  the critical velocity sets In when n.    ■ 595 rp«.    A 

slight drop in the angular voiouity compared with the critical value also 
causes a discontinuous transition of the working point to the other steeply- 
falling branch of the fan characteristic.    In this case the air volume flow 
decreases discontinuously from 44 to 16 m3/sect while the craft descends 
from the elevations Ü.OM  to 0,0?2 m. 

These transitions of the working points throurh the zone of unstable 
fan operation as tho fan wheel angular velocity is varied can lead to large 
aerodynamic loads on tho fan wheel and even to its breakdown.    Impacts of 
the craft bgainst the tfruund 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 passen through the elevation h > 0*022 m 
and drops to h » 0 under the effect of the inertlal forces induced as the 
craft drop;: from the olevution h • O.O64 m. 

Employing apecial antijurge devices in the fan,  the trough in the fan 
characte- intic can be reduced or even completely eliminated and the fan 
operatior   can be nuide stable even when using the method of regulation based 
on varyirw the angular velocity of tho fan wheel. 

S7.    Varim.ion in Fan Charucteristics by Throttling tho Air Ütroam in the 
Plow-Throurh Section 

On; of the sinplmt, dosignwiac;, methods of varying the characteristics 
of an air '.•unhlon vehicle by varying tho operating rc^ .me of its fan instal- 
lation  i»  the  technique of throttling the air stream in the craft flow- 
through section.    With thi.'i technique,  a throttling unit comprioed of 
nwivel dampern,  buffleu, d^aphra/^no, and BO on is installed in the duct of 
the flnw-t'u ou/^i soctiori,  is put      in its narrow cross-section.    Ity varying 
smoothly tV duct flow-through crous-section and thus producing additional 
drag,  the a~ount, of air passing through the craft flow-through section can 
be regulated.    Here an effort is made to install the  throttle unit st a 
sufficient distance fvon the no/v.le inDtallation ir order that,  the pertur- 
bations  in  the air -»trenm   'auaed by the throttling unit can be damped along 
the path  to the no/.-.Jc  iniitallation and not have a detrimental aerodynamic 
effect or.  «.he latter (de<:radir.(: the uniformity of air distribution as the 
nor.^le  Inntallatio»:  io approached). 

The aerodynamic   Ira/: produced  by the  throttle unit is 
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where ^J   in the tlra^ oo-fficicnt of th ^ throttle unit related to the repre- 
sentative durt croon-section; ^^,  in th> drac oorffioient of the throttle 

unit rcl«ted to the flow-throu/^i area of tt« nov.slo inatallationi v^   in the 

air veionity  in the reprcnentative duct erosa-aontionj ^  io the area of 

the ivprraentutive duct nrosn-nectlonj und F is the exit area of the nov./.le 
installation. 

Ihe value of the coefficient O appearing in thia expression is 

determined by the decree of throttle opening and for convenience in analysis 
can be reprenentod as the function $J - f(/), where S   is the angle by 

which the  throttle damper is rotated or else  the value of the scale division 
characteri/.inc the displacement of the damper.    In this caac  the total drag 
in the flow-through section io 

and the crnft characteristic in 

w-Mt+L + ca-Hr)1. 

"-TV^ + ^H^T 

(363) 

(301) 

Solving jointly !■/}:■. (565) und (^64), we derive the formulaa for the 
required air volume flow 

and for the required preaHure 
^-k\f\^ v\ (365) 

H —E— c^S 

In thenf   foraulan  the  lift  coefficient a   and the drag coefficient ^ of 

the nozzle  inn ta Hat ion depend    on the geometrical parameters of the nozzle 
installation ana itn elevation i. above the support surface.    The drag coeffi- 
cient ^,   of the f]ow-throu/:h section ducto for specified geometrical para- 

meters  in a    unntiint,  while  the  drag coefficient O  of the  throttle unit 

is a variable,  (teponaent on the opening of the throttle damper and is 
characteri/r-d,  for example,  by its angular displacement S .    The drag 
produced by  the  throttle unit,   by increasing the drag of the flow-through 
section,  does not vary the drug of the nozzle  installation. 

Th».'  nharacteristiü of the required pressures snd volume flows corres- 
ponding to  the different angles of throttle damper opening (Fig,  256) was 
determined by tkjB.  (56/,) und (i6S) in the following order.    Assigning 
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Ma,  a,  IM  a*'/»* 

Fi{:.  v'A),    uffcct of ti.rottlinr 
of air ntn-iim in flow-thmugh 
:>*»'!tion or. air ruohion vehicle 
rhtwctHrifUl.ia (ü - oooo k^j 
Du ■  10 m;  h - O.li' m; ^- 4')•; 

^ - O.S; ük - 3 m) 

KKYi    A — k/'/m2 

B ~ rpra 

C ~ m /sec 
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Fig« 2^7«    hcquired and expended 
power as funjtions of air supplied 
to the flow-through section of 
r:raft, determined by the closure 

of throttle 
KtYi    A — hp 

B — o'/scc 

varinun  v.run« to the craft elevation h,   the coefficientu (and c    werr 

determine«!.    Then,  by uoinr the valuen found,   the required air volume flow 
v and   tola]  prosuuro  H wen« found for different values of the coefficient 

A'  of the throttle unit, riftcrmined by the angle   j of its opening. 

Fig.  2^6 alno presenta the characteristic of the TsAGI K-06 axial fan 
»•quippea with u wheel having the diameter U/ - $.0 m, with number of blades 

• - 12, ana anrlo of blade placempnt  Q.   - 20°,  for constant wheel angular 

velocity  n ■  '^O rptn. 

When  t,hi   throttle damper was completely open    <C ■ 0,   to which 

correnpondu   ^,  «0,  the fan aupplios into the network air in the amount 

v_ at to'./il  pressure IL.    To this case there corresponds the maximum craft 
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elevation h«  ibovo the support surface for a specified fan rpm.    With 

incraasing oiosirvj of the damper, that is, in the transition from   SQ to 

other val«c of S ,  the drac in the flow-through section risen and the fan 
feeds a smaller amount of air at a greater total pressure.    Thus, whan the 
throttle danppr is in the position   <J, ,  the fan supplies into the network 

air in the amount i^ at total pressure Hj.    Corresponding to thia damper 

position is th«* craft elevation h,.    Purthcr closing of the damper leads 

to a gradufcl drop in the craft elevation.    Here the working point is defined 
by the intersection of the fan characteristic with the characteristic of 
the rcquin'd pressures and volume flows, uniquely related to the network 
charaotori itif. 

Tho  required N   and expendort N, power as functions of air volume 

flow ^,  for a   different, openin/: of the throttle damper characterized by 
the dra^' roefficient Cj of the throttle unit, are shown in Pig. 2)7.    Here 

also arc plotted the functionn Nj/N    - f^Oi »nd efficiency    y - f2U), 

and  craft elevation above  the support surface h ■ f,(vi).    The power was 

detcrmin"')   'iH  the  formulae 

HQ und A',     - 
,\|wV, 

where II (»n^i • were taken Iron the furv«':'. (in Vit% Zfa), and N -- from the 
curve ^in Fig. -'5') for the i;orre:iponding values uf the diachargo coeffi- 
cient H n-lat'd  to l>u   air volume flow .1 by üq.   O^«1)« 

Win.  iri'Teasing cloning of the  throttle damper leading to a <;radual 
drop in th"   -raft hovering hel^t h (cf. fir.. ^57) above tho support surface, 
the rxpernled power Nj »u  firrit  decreases somewhat,   but  then with further 
increa««»   In  th    hovering hei/'ht  rises rapidly and becoroea /Treater than 
the power cn^ndrd that  the muxirsjr, hovering height corresponding to total 
openin,- ■ '   the  tnrottlo damper when the required pressure in at its maximum. 

$,     «nparing th<   t'un>tiona N    ■ f.(li) and    Nj - fpC-*)!  we can conclude 

that  the TPthou of varying    raft characteristics by throttling the air 
stream in the  flow-through auction is energetically extremely disadvantageous, 
since  it  involven « ]ur^ nonproductive outlay of power in overcoming the 
additiom!    'nig pnvlu'-fd  by  the  throttle unit. 

')8.     Vaiyinr t.h«.  OYaft  Charaeteristieo  by Hegulating the Vun «tator 

One    f   the  possible methods of extensively varying* the fan aerodynamic 
~haracterinti •;'  is  the  technique  based on varying tho vane angle placement 
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Fir..  < " .     Variation in air cushion 
vehicle oharantoris tic« caused by 
regulatinfT fan guide unit (C - 8000 kgj 
D   « 10 m|  b • 0.12 m; ^ - 45*1 Cu ■ 0«5l 

\' !> m; n - 5^2 rpm; u - -jo.e m/ 'sec) 

KEY» A 

B - • m /sec 

of th«- Bt.itnr by rotat.in/: th-   vano«,    with thin regulation,  the turning 
rate of tli-   rtrt-aa an  it entern  the  impeller in varied, whi^h for a given 
aparltv   "hanflpn   the  theoretical   prennure of the  fun «nd the pressure 

Innsef!  In lt.    In n properly ^fsi^ed fan with stntnr,  it in possible to 
achieve n very broad  /.one of pressurr and fallinr flow regulstion for 
extrenrlj  high fan efficienciec.    Thin method of regulation i« quite simple 
to execute in design« 

l/'l u.: examine  the poünibiütiea of uuing the vane atator as a device 
for regulating the hovering regime of an air cuuhion vehicle above a 
support surface.    Let us ausurvc   that a craft with weight C - 6000 kg has 
a singlf-paur. nov.v.lr installation with «iianoter DM « 10 m, nozzle flow- 

through width b - 0.12 n,  and an/'le of generatrix inclination ^" 45*«    The 
drag coefficient of tho flow-through aention ducts extending from the fan 
outlet  to the ir.let  in^o the nozzle  inatullation will be  taken as  f.   ■ 0,5, 

Lr't uc d»'tf>rmine anc  plot in the coordinates H and >* the characteristic of 
requin'd  total preMsureo and air volume flows for thi«  craft  (Pig. 2^8). 
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Let us asnuDc that the TBAGI K-70 meridional fan with atator [9] 
jwraitting the vane placement angle this stator to be varied within the 
range AO... - "60 - 50* is installed in the craft. We take as the design 

HA 
elevation of th.- 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/m^ and the air volume flow 14 - 100 m3/seo. 

Using the dimensionless aerodynamic characteristics of the fan, let 
us determine from these design data the fan dimensions and its rpm, assuming 
that the fan in an air cushion vehicle must operate at the maxiaum possible 
efficiency (for the K-70 fan, J      - 0.875 when B - 0.44 and Q - 0.28). 

The assumed conditiond are satisfied by a fan with diameter D. - .'; m, with 

angular velocity n - 32? rpm, and arbitrary vane placement angle in the 
stator A^HA - -11 •. 

Using the faniliar conversion formulas, let us determine for this case 
the dimensional characteristics of the fan and plot among the characteristic 
of pressures and volume flows of an air cushion vehicle. Here also we plot 
the network characteristics corresponding to the representative elevations h 
of the craft above a support surface. 

For the adopted dosi^n condition (selection of fan based on maximum 
efficiency), the use of the possible stability of the fan stator with 
respect to reducinf: the air supply into the flow-through section and with 
respect to the corresponding drop in the craft elevation above the support 
surface is restricted. Thus, when the vanes of the stator are mounted at 
the unr.i*-AO     - "50*, the working point passes beyond the section of the 

HA 
separation zone of the characteristic and a further slight reduction in 
the .»r.,-I"-AO.,. causes a jumplikc drop in the fan capacity and so intense a 

drop in the pressure built up fay 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 dotonnined by the extreme working point on the right branch of 
the fan characteristic. 

The takeoff and climb of a craft to the design elevation is also 
complicated. For a craft to be able to lift iff from the support surface, 
it is necessary to have H^ G/S when W ■ 0. For the transition to the 
'IPHi, 1. elevation it is necessary that the left branch of the fan charac- 
teristic passes above the characteristic of the required pressures and 
volume flows of the craft. For the craft to enter the design elevation, 
it is necessary to install the stator vanes at the angle 4^t,. ■ ♦ZG*, 

HA 
where in thin case also the transition of the working point through the 
separation /.one will be accompanied by the surging regime of fan operation 
with all of its consequences. 

ibe 
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VU;. syj.    VHriation in air 
'•uahion vehicle characteristics 
by re^ulatim: fan ^uide unit 
(o . Ü000 k^; Dw - 10 mj b - 

0.1? m; <pm  4')-5 Dk - 2.4^ m; 

n - y)^  rpm; u - ^0.6 m/sec) 

KbY: A — ^'Jm'' 

H — mV RCC 

The fan stator produces a zone of advantageous changes in I! and H 
lying along the characterintic of the network drag H ■ km2, where k is a 
constant independent of pressure H. Therefore, for ordinary commercial 
fans in which the characteristic of the network drag is simultaneously 
the characteristic of the required pressures and volume flows, method of 
regulation by using the stator is very advantageous, since it permit« 
extensive regulation with respect to pressure H and volume flow w for 
fairly largo 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 coincideo with it. At small volume flows and pressures, the 
characteristic of the required H and W 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 ^ - 0. 
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The extent of regulation by a fan atator cau be somewhat enhanced if 
we depart from the particular design condition we have been considering — 
selecting a fan by its maximum efficiency. Thus, moving on to larger design 
values of the dimenaionlcsp volume flow Q for the same total pressure H and 
the corrcapundingly smaller fan efficiencies, we can also shift, in the 
coordinates li and H, the working branches of the fan characteristic to the 
left and thus expand the zone of atable regulation, and narrow the zone of 
surge regimes. 

In one of these canea (Fig. 2)9), the design parameters for fan selec- 
tion were taken an the followingt fl - 0.44« Ü - 0.45, and f • 0.6, and for 
the air cushion vehicle H - 139 kg/m2, y - 100 m5/sec, and h - 0.2 m. To 
these conditions there corresponds a fan with D. • 2.4) m, n •595 rp*t »nd 

arbitrary van« placement angle in the statorAöj^. - +10°. 

By comparing the corresponding curves (Figa. 2)8 and 259)i we can see 
that in this case ihv  extent of regulation by meana of the atator vsnes 
becomes ^«ater and becomoo possible in the range .AdH. ■ +10 to -)9*i 

while in the prcieJing caee ^UA ■ ~10 to "30°. "Bie critical elevation 

of an air ui.^hion vein :le ubovo a support surface at which the surge fan 
regime m-td in wan reduced from h ■ 0.14 m to h ■ 0.07 m, that is, by a 
factor of two. However, oven in thiu case the transition of the working 
pointo through t.)i • nur^re zone of the fan is not precluded. 

Not» that the better the flow-through section of an air cushion 
vehicle is from the aerodynamic ntandpoint, that is, the smaller the 
detrimental aerodynamic dm,:  of the ducts over the area from the fan to 
the nozzle installation (receiver and its components), the less advantageous 
becomes the method of rogulatin/r 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 narrowed. 

Thene factoro strongly limit the effective use of a fan atator aa a 
device for oxtensive regulation of the takeoff and landing regimes of an 
air cunhlon vehicle. The possibility of providing design parametcra H and 
W for small fan dimeneions is a marked advantage of selecting a fan based 
on largr .! values. 

When employing the combined regulation by varying both the stator vane 
placemen", an/'le of a fan as well as the angular velocity of the fan impeller 
nimultaneou.'tly in a craft, the air cuahion vehicle takeoff and landing 
process can be oxecuted at relatively low fan wheel rpm values and in a 
narrow mnw  of elevations in which the surge regime of fan operation is 
found, which makt-s the craft takeoff and landing leas hazardous. To 
execute these maneuvern, it is advantageous to mount these atator vanes 
at the maximum angle AÖ,,., and then gradually increase the angular velocity 
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of the impeller in the caac of takeoff, and to reduce it — in the case 
of landing. Here the an/:ular velocity of the iopeller for entering the 
deeign reglmp will be at a minimum. 

A marked improvement in regulating air cuahion vehicle oharacterlatica 
can be attained by employing antiaurge devicea on the fan. However, for 
large vane pleoesient angles on the fan impeller, these devioes do not 
completely eliminate the trough in the fan characteristic and do not afford 
the desired solution to the problem. 

^9. £ffect of Fan Blade Placement Angle on Craft Characteristics 

One of the effective methods of varying the air cushion vehicle 
charactcrirtico can be a method based on varying the blade placement angle 
of the fan impeller at constant rpm. This method permits the followingi 

to use axial fans of relatively small size on a craft, since the deaign 
regimes of the craft for large impeller blade placement angles can be achieved 
without employing antisurge devices; 

avoiding thf> hazards of surge fan operating regimes in all possible 
craft upureting conditions; and 

affording, within wide limits, regulation of fan operation, that is, 
varying thr amount of air fed to the flow-through section, and providing 
the correspnmllnfr reduction in the elevation of the craft above the support 
surface while retaining quite high fan efficiencies. 

In ■■■."•■<■  caoea of craft layout, these advantages become decisive and 
predoterminod method of selecting the method of varying craft characteristics. 
Disadvanta/reo of thia method include the marked complexity in fan wheel 
design, since it must be fitted with a device permitting the blades to be 
swivcled during operation. 

Let us examine thia method more closely. Suppose a craft with weight 
G - 6000 kr has a single-pass annular nozzle with diameter ÜH - 10 m, exit 
width b • 0.12 m, and angle of nozzle generatrix inclinuti-.i f> ■ iH)*. The 
drag coefficient of the flow-through section ducts fk   >  ').% An axial 

TsAGI K-06 fan with impollor diameter D. - 2.2 m and number of blades 

z - 12 ijj mounted on the craft. The fan is equipped with a device that 
makes it pooaible to vary the impeller blade placement angle within the 
^•"«P du " 10 " ^0,• Th6 motor driving the fan provides a constant 

angular velocity n - 742 rpm. 

The characteristic of required total pressures and air volume flows 
of thia ^ruft ia shown in Pig. 240 in the coordinates H and W. On this 
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Fit].   ./■I '.     .-.I'IL-t   of far,  bladr 
placrmrnt   an/ I«'  CM air  i-ushion 
vehi ■!(■   -harM   u-riüti ■;.   [C. - U(XK) k,:; 
JH  ^   "O  i:.;   b   B    J. 1.'   n;  C/'   =   .;t>0; 

74'   fpf;  u « ij ) 

KiTf:    A — k.-Jm 

u    1 , ;    n 

/Ö        ff        W      *9    #/ 

rir.  241.    Htquiroa and expended 
power aa functiom  of air supplied 
to flow-throuRh section of craft, 
determined by varying the an^le 

of fan blade placement 
Kh'Yt    A ~ m'/sec 

B — hp 

cnaracteriii*, 1 • art   plotted  the  linen dctcrr.ininÄ the elevation of the craft 
above a aupport nurface and  the drar coefficient  ^'n of the craft flow- 

tnrou^ section corresponding to thio elevation.    Also given in these same 
coordinates are  the   iimenaionai characteriatica of the axial KK)6 fan for 
different angles  of bla<!c placement on an impeller with diameter D,, ■ 2,2 m 

and  conntant, ar./7uli.ir velocity n » 742 rpm. 

If vr anoume  that  the working point on the  characteristic for a fan 
with blade placement angle   0,   • 40° dctormines  the design operating 

5 regime   in wMd.  the elevation h - O.L' m, air volume flow ^ ■ 100 m /see, 
and  totai   prearjurc  !! «  1J'' y.,:/^ correapond,     then  the craft can be brought 
into  thin  tlcnifiTi  r'w'i^    uivantageoucly an  follows. 

W 
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First,   the fan blades are positioned by the angle ft* 0 and the 

impellers driven to n ■ 74? rpn.    Then, by increasing the angle   Ä , the 

craft is brought into th«> regime corresponding to the working point 1 at 
which the   instant of craft liftoff from the support surface is reached. 
With further increase in tiie anrlo   8. ,  the craft lifts off fro« the support 

surface and < nters the free hovering regime.    To attain the design hovering 
elevation,  it is sufficient to bring the angle of fan blade placement to 
A   - 40s.    The variation in the fan operating regime is detemined by the 

section 0-1-2 of the characteristic of the required pressures and volume 
flows.    Qy 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 flans for large blade placement angles has 
no detrimental effect on fan operation. 

Knowing the chararteristic of the required pressures and volume flows 
nf a craft an well as the characteristics of a fan with discontinuities for 
large angle«   0 , ana varying the impeller diameter and its angular velocity, 

we can select a fan with impeller diameter and angular velocity for which 
bringing the >:raft to the design regime by varying the angle of blade 
plaoemcnt '-un be narrieii out,  bypassing the  zone of unstable fan operation 
anci  thun ri'-t  rosortirw   to mouting antisurge devices on the fan. 

DimenninnU'sn i-huracteristicn of th<   power N ■ f(w) required by the 
fan, ami   th»« depenrtencf of the expended N| und rt-quired N   power and their 

ratio N|/N    on the 'iir volumr flow k corresponding to varying the fan 

oprrutin," r«/-i.ie while  the blade placement angle   &.   on the fan wheel is 

changed,  •.■■•   shown in Fig. 241.    As we nan see, as the blade placement 
an^rle  is  reduced,  leading to a corresponding drop in the craft elevation 
above the nupport surface,  the ratio of expended power to required power 
riaoo.    However,  compared with the methods of regulation involving varying 
the fan angular velocity or throttling the stream in the craft flowthrough 
neetirr,   th"  technique based on varying the blade placement angle is 
energetically most advantageous.    This is because the fan operating regime 
varies appr> ximately in the zone of H and H values in which the maximum 
fan effifüerinies  lie for different blade placement angles (cf. Pig,  240). 

60.    Effect of Varyin/: Craft Weight on Its Characteristics With Flan Operating 

Hy uning the charactcristico of required pressures and volume flows of 
a craft and the aerodynamic characteristics of the fan installed on it, 
we can conveniently troce the variation in the craft aerodynamic parameterr 
and craft elevation above a support siWace when acted on by variation in 
craft weight  (with additional cargo stowed or with a reduction in total 
craft weight as fuel  is consumed). 
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Cham  UTiBtica  of roquiivd prr.'Baureu and volume x'lows for a craft 
with sfiorirnd ^eotnotrica]   paranott'ra  of  the nozzle   iii.laJ lation aid  flow 
throu^' tion,   fir difft-rent craft woitfhto,  are ^ivon in Pig,  242, which 
aiHO lüinwr.   ii.(■ sc'ctiona of  the netwcirk firaf characteristic deteroining 
thf (;ru;': i-i^vati' n above a oupport uurface,    'Riese charHcteristics were 
plottrd \<'j b/js.   (5t>9)l   (5''U),  and  (5')'5).    Here also are civen the charac- 
UTiatu; of  the  K-O''   axj.al  fan ftr conatant angular velocity of its 
itnpolK'r. 

The  fan opfratu," n'/Tiiw  in  the  flow-through section of a craft is 
'JetomiinfMj by  th'-  point at which  itn characteristic intersects the charac- 
teriatir of  tho  re^uired  pressurf'a and  volume flows reflecting the oharac- 
teristicn nl'  'Jie  network aa well aa tho craft,   therefore  it is obvious 
that varying:  the aerodynamic pararifn;ra of the craft under the effect of 

» 
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variation in craft weight will be defined by the section (shown with « 
bold line in Fig. 242) of the fan characteristic bounded by t^e correspond- 
ing ohazacteristics 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-throutfi section b>coa»s greater, 
the total pressure built up by the fan in the network is reduced, and the 
craft hovering height above the support surface is correspondingly increased. 

Thus, for a craft with weight G - 12,000 kg with a single-pus annular 
nozzle (diameter DM - 10 m), with exit width b - 0.12 m, and angle of 
generatrix inclination   <P - 4b*, at the craft elevation h - COBS m above 
a support surface,  the Tan supplies air into the flow-through section in 
the amount U - 66 mt/eec at the total pressure H - 16^ kg/n*.    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 H - 92 in3/sec at a total pressure 
H • 151 kg/m2.    The elevation of the craft here will go up to h ■ 0.175 »• 

On inspecting the functions determining the effect that techniques of 
varying fan operating regime have on the aerodynamic and enerccf character- 
iotic-s of air cuahinn vehicles, we can draw the following principal conolu- 
sionn. 

By varying the fan rpm, over a wide range we can modify the aerodynamic 
cttaracteristicn of an air cushion vehicle.    When the fan characteristic 
shows a trough and discontinuities, bringing the craft in'-o the free hovering 
rcgimo alwayH involves operating the fan    in the surge regimes. As a result, 
impacts of the craft apainst the ground and unstable fan operation are 
possible alon/r with pulaating aerodynamic loads on the fan impeller. 
Hner^oti'dl 1,;,  this method of reflation as applied to air cushion vehicles 
in uneconomical, but in several cases it can be markedly improved by using 
antisurge units with the fan. 

The method of modifying air cushion vehicle characteristics by throt- 
tling the air stream in the craft flow-through sect'on is marked by the 
simplicity of its design execution.    However, it als , has the same dis- 

■'vnntup r, un the method based on varying the fan rpm.    Energetically, 
Is is also disadvanta^ous since it involves the nonproductive outlay of 
power in nvorcoming the additional drag introduced by the throttle unit 
into the craft flow-through section. 

Varying the fan operating regime by rotating its slater vanes docs 
not provide extensive regulation of the aerodynamic parameters of air 
cushion vehicle.    Thin is predetermined by the specific feature of the 
characteristic of required pressures and volume flows for an air cushion 
vehicle.    The takeoff and landing of a craft when this method of regulation 
is used involves operating the fan in the surge r^eimes with all the 
resulting consequences.    One advantage of t^is atethod is xts marked 
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aimplicity.    Regulation charucterintica can be improved by using two 
methods — Bwlveling tht- fan stator vaneo and varying the fan impeller rpo. 

The nothod of varying the aerodynamic characteristics of an air 
(njshion vohicle that  relies on varying; the blade placement angle on the 
fan impeller is mont advantugeoun both aerodynamically and energetically. 
Tiiio method prnvidos extensive regulation of trie aerodynamic parameters 
in craft takeoff and landing and avoids the zones of unstable fan operation 
and the correapondinr installation of antisurge units in the fan.    Here the 
variation in the fan operating regime occurs in the region of high fan 
efficiencien.     A marked drawback of thin method of regulativ, is  the 
complexity of  the fan  impeller deaign, sinne it must be provided with a 
■^eviro capoMo of rotstln^ the impeller blades as the fan is operating. 

Any riv -'   method  of vuryin/' fan operating regimes for modifying the 
aerodynatni    ■ nararteri: ti ■:•< of an air cushion vehicle oust be chosen based 
on npccif:     mquiremente  imposed on  the craft under construction.    Just as 
in 'iny it.-.r.. -ritu? sulution,  the methoü selected is a technical compromise. 

'.(><', 
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