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DOWNWARD-DEUKTEDWI’RENEATHA FIATSURIACE

By KennethP. SpreemannandfivingR. Sherman

SUMMARY

An investigationtodeterminetheeffectsof someofthebasic
parametersonthethrustofa simpledownward-directedJetbeneatha
flatplatehasbeenconductedina static-thrustfacilityat theLangley
AeronauticalLaboratory.Saneof theprincipalvariablesinvestigated
weresizeandshapeoftheflatplate,aspectratiooftheplate,dis-
tanceoftheflatplateandnozzleexitabovetheground,andsurface
conditionsof theground.

Reductionsintheratioofplateareato Jetareagreatlylowered
theheightabovethegroundwhereseriousadversegroundeffectswere
encountered.Changesinplateaspectratiofrom1 to3 appearedto
havelittleeffectontheinducednegativethrustin closeproximityto
the~ound,butat 3 andabovesignificantreductionsin thenegative
thrustwereobtained.Extendingthenozzlebelowtheflatplatehad
littleeffectontheinducednegativethrustat a givenheightofthe
flatplateabovetheground.

Of thevariousdevicesemployedtoreducetheadversegroundeffects
onlya perforatedplate,raisedslightlyabovethegroundtoprovidea
newtake-offandlandingsurface,waseffectiveinminimizingtheinduced
negativethrustneartheground.Thepressureratioin thenozzlehad
verylittleeffectontheratioof jetthrustingroundproximityto
jetthrustoutofgroundproximityforheightsabovethegroundofmore
than3 nozzlediameters.Veryheartheground(within1 nozzlediameter)
withoneof thesmallerplatesinvestigated,increasesinnozzlepressure
greatlyreducedthelossesinthrust.

INTRODUCTION

TheLangley7-by 10-FootTunnelsBranchis investigatingvsrious
methodsofachievingverticaltake-offandlanding.Onerelatively
simplemeansof obtainingverticaltake-offandlandingisby a circular
jetdirectedverticallydownward.It iswelllmownthatwhena flat
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platewitha perpendicularjetoffluidemittingfromitscenteris
w

broughtintocloseproximitywitha parallelplatethetwoplatesare
drawntogetherwitha forceexceedingthethrustofthejet. Simple
devicesofthisnatureareusedtodemonstrateBernoulli’sprinciple.

—

Thisphenomenonwouldbe expectedto cause.someconfigurationsof jet
verticaltake-offandlandingaircrafttoloseH.ftwhenhoveringnear

—

theground.Theresultsofan investigationofa shroudedpropellersub-
mergedina wing,reportedinreference1,_i.ndicatelossesin liftof_
thisnaturein closeproximitytotheground.

Thepresentinvestigationwasundertakento studythegroundeffects
ona simplejetexhaustingbeneatha flatsurface.Inmostcasesflat
plateswereutilizedto simulatethesurfaces;however,inonetesta
modelofa ty_picalfighteraircraftwasemployed.Includedinthis
investigationwasa studyoftheeffectsof suchparametersas theratio
of flat-plateareatonozzlearea,flat-plateshapeandaspectratio,
heightoftheplateandnozzleexitabovetheground,andjetpressure
ratio.Alsoinvestigatedweretheeffectsof groti surfacecondition
andtheeffectofa poroussurfacelocatedbetweenthenozzleandthe
ground.As anaidininterpretingtheresults,pressuredistributions
weremeasuredonthelowersurfaceoftwooftheflatplatesemployed
inthisinvestigation.

SYMBOLS

Thepositivesenseofthrustusedin
figure1.

AJ jet-flowsrea,sq in.

% areaofplateormodel,sq in.

b span,in.

c chord,in.

E meanaerodynamicchord,in.

thispaperis indicatedin ..

D outsidediameterofnozzle,1.0in.

h heightofflatplateormodelabovelandingsurface,in.

P atmosphericpressure,lb/sqin.abs

‘P
plenum-chambertotalpressure,.>b/sqin.abs
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* ‘PP
plenum-chambertotalpressureoutofgroundeffect,
lb/sqin.abs

@ negativeinducedpressureonlowersurfaceofplate,lb/sqin.

q =pp - pj lb/6qin.

T thrustfromnozzle,lb

Tm thrustfromnozzlemeasuredoutofgroundeffect,lb

x flat-platedistanceabovenozzleexit,in.

z distancebetweenperforatedplateandground,in.

APPARATUSANDMETHOD

A sketchof thesetupforthenozzle,plates,groundboard,and
* perforatedplateis shownin figure1. Dratingsofthevariousmodels

anddevicesareshowninfigures2 to 5 andphotographsofa numberof
themodelsandtestequipmentszepresentedin figure6. Flatplates* of squsre,rectangular,andtriangubrshapes(fig.2)ranginginarea
from4 to100squareincheswereemployed.Twofences,showninfig-
ure3,wereusedina seriesoftestsonthelargertriangulaplate.
Theairplanemodelshownin figure4 hada totalplan-formareaof
36squsreinches;thisincludedwing,tail,andfuselage.Theratioof
heightoftheplateabovethegroundto theoutsidediameterof the
nozzleh/D wasvariedfromas closeas 0.25to about400. Thelatter
valuewasconsideredtobe outofgroundeffect.Showninfigure~ are
someof themodificationsto thetake-offandlandingsurfaceemployed
intheinvestigation.

Thrust ftmnthenozzlefidthenegativethrustonthemodelswere
measuredby meansofa singleStathamgagebalance(seefig.1)towhich
theplenumchaibersupplyingairtothenozzlewasmounted.Thenozzle
extendedthroughthecentroidoftheplatesinvestigated.As shownin
figure4 theairplanemcdelemployedwasmountedat the0.27wing-chord
stationintheplaneof symmet~.

Thegroundwassimulatedby a sheetofplywoodas shownin figure6.
Theauxiliarytake-offandlandingsurface(perforatedplate)wasabout
40-percentporous.Alltestswereconductedwiththenozzleperpendicular
to themodelsaswellas tothetake-offandlandingsurface.

Theplenum-chamberpressurewasmeasuredlymeansofa l/16-inch
tubeinsertedinthesideof theplenumchamber.Themassflowthrough



4 NACATN 4407
#

thenozzlewasmaintainedconstantforeachplenum-chambertotal-pressure k-
ratioemployedby meansofa standsrdsharp-edge-orificeflovnneter.Air
at normaltemperaturesof60°to 80°F wassuppliedthrougha 1*-inch

lineat a pressureof300lb/sqin.
—

Theinvestigationwasconductedina static-thrustfacilityinthe
Langley7-by 10-FootTunnelsBranch. -

Thethrustchanges

RESULTSANDDISCUSSION

causedby groundproximityforthevsriouscon-
figurationsinvestigatedareprese~tedin-termsoftheground-proximity
parameterh/D andtheratioofthrustwithingroundeffectstothrust
outofgroundeffectsT/Tm. Presentedinfigure7 aretheeffectsof
groundproximityontheplenum-chambertota~pressurep pPI P)m.withor
withoutplates.Figures8 and9 showtheeffectsofgroundproximity

on T/T. and Ah’
respectively,ofthenozzlealoneforthe

tkcceeplenum-cha&erpressureratiosPp,ulpemployedintheinvestiga-
tion.Showninfigure10aretheeffectsof changesintheplenum-
chamberpressureratio pp,m/pon T/Tm fortwoofthesquareplates
tested.ThethrustchangesT/Tm causedby groundproximityforthe
variousconfigurationsinvestigatedarepresentedinfiguresU to 18.
Theeffectsofheightabovethe”groundh/D onthenegativeinduced
pressuresoverthelowersurfaceoftwoofthesquareplatesemployed
areshowninfigure19. ThevariationsofthethrustratioT/Tm with
theratioofplateareato jetmea ~~AJ arepresentedinfigure20
fora rangeofheightsabovetheground.A..mmmaryofthechangesin
T/Tm with Ap/A~ inmovingawayfromor towardthegroundisgivenin
figure21 forthesquareplatesutilizedinthisinvestigation.-

Plenum-ChamberPressureEffects

PLatesoff.-Inthepresentinvestigationthemassflowwasheld
constantforeachpressureratioas theheightabovethegroundwas
varied.As a resultthepressureintheplenumchamberincreasedwhen
thenozzlewasbroughtinverycloseproximityto thegroundas shown
in figure7. Thesecurvesrepresentaveragevalues andarewithin
*1.Opercentofthoseobtainedwiththeplainnozzleorwithplates
installedexceptat h/D= 0.25 wheretherewerelargervariations
(abouttheorderof*7 toAIOpercent).Withthenozzlealonethemea~-
uredthrustincreasedwhenthenozzlewasveryclosetothegroundas

w“

*

.
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showninfigure8. Thisresultmayat firstappeartobe indisagree-
mentwiththeresultsfrcma plainnozzlereportedinreference2. How-
ever,whentheresultsarenondimensionalizedinthesamemanneras that
usedinreference2 thepresentdataalsoshowa decreaseintheparam-
eter T/AJ(~- p) closeto theground(fig.9).

Plateson.-Withplatesinstalledonthenozzle,verylargelosses
inthrustwereexperienced.Ingeneral,theseeffectsweremuchlarger
thantheeffectsofplenum-chamberpressurewhichareshowninfigure10
fortwoofthesquareplatestested.Withthesmallerplate
(~/Aj = 22.7),increasesintheplenum-chanibertotalpressure~,m/P
providedsizablegainsin T/T~ below h/d* 1.0,wherelargethrust
losseswereencountered.Thesegainsdidnishedwithincreasingdistance
fromtheground,sothatat h/D> 3.0 therewerenomeasurabledif-
ferencesin T/Ta attributableto thechangesinplenum-chaaiberpressure
ratio.(Seefig.10(a).) IIowever,witha largerplate(APIAj= 91.0~,
thepressureeffectsappearedtobe maskedby theplatesizeandthe
resultsshowedeithera gainorreductionintheinducednegativethrust
dependentupon h/D. (Seefig.10(b).)

Exceptforfigure11,whereindataarepresentedforthethree
plenum-chamberpressureratiosdiscussedinthissection,dataforthe
remainingconfigurationsarepresentedforonlyonepressureratio,

PP,“p = 2.12. Thispressureratiowasselectedbecauseitapproximates

thepressureratioofmostcurrentJetengines.

EffectsofPlateSizeandShape

Effectsofplatesizeon T/Ta.-ThecurvesoffigureU indicate
thatreductionsintheratioofplateareato jetareagreatlylowered
theheightabovethegroundwhereseriousadversegroundeffectswere
encountered.Forexample,at an mea ratio~/A3 of~.7(smallest
plate)a heightabovethegroundofabout1 di-&etergavethesame
thrustloss(6percent)as thatobtainedat ~ diameterswithan area

ratioof142.0(largestplate)fora plenum-chaderpressureratioof
1.45(fig.U(a)). At pressureratiosof 2.12and2.70the h/D values
fora thrustlossof6 percentwere0.5and0.2,respectively(figs.n(b)
and11(c))forthesmallestplate,butlittlechangewasapparentin
the h/D valuesforthelsrgestplate.With h/D heldconstant,the
resultsareevenmoreimpressive.Infiguren(a) it is seenthatat
h/D= 1.0 and ~,m/p = 1.45,thesmallestplategavea lossin T/Tm
ofabout6 percent;whereas,withthenext-sizeplate~~~AJ. 22.7)
thelossin T/T~ wasabout35percent.Similarlsrgelossesin the
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effectsto thrustoutofgroundeffectscan
twoplenum-chauiberpressureratiosinvestigated. e

Effectsofaspectratioon T/Tm.-Showninfigure12 aretheeffects

on T/Tm of changesintheaspectratiosofrectangularplatescompared
witheffectsof squareplatesofequalarea.Fromfigure12 it is seen
thatwitha rectangul~plateofaspectratio6.25theinducednegative
thrustnearthegroundwasnoticeablylessthanthatforthesquareplate.
Forexsmple,at h/D= 2, T/Tm wasdecreasedabout4 to5 percentless

—

thanitwasforthesquareplateofequivalentarea. However,at a lower
.—

aspectratio(about2.8)thesereductionsdisappearedaboveh/D= 2 and
atyeta loweraspectratio(about1.6)therewasnomeasurabledifference
in T/Tm withintherangeofheightsabovethegroundinvestigated.These
effectscouldbe expectedsince,withthehigheraspectratios,thereis
lessinboardareawherethepressurescausing theset-t lossesare
highest.Theseeffectswillbe discussedsubsequently.

Effectsofmodelshapeon T/Tm.-Itwasbelievedtobe of interest

torecordtheeffectson T/Tm ofan actualairplanemodelandto com-
paretheresultswiththoseofthevariousflatplatesemployed.A
fighter-type-airplanemdel (witha plan-formareaalmosteqti tothose
oftwooftheflatplates)wasusedforthispurpose.Thesedataare
presentedinfigure17andindicatethat,ontheplaintake-offand
landingsurface,neartheground(h/D from3.0to 1.5)theairplane
modelgaveabout5 to 8 percentlessinducednegativethrustthandid
a rectangularora triangularplateofthesamesrea. Itcanalsobe
notedthatasthegroundisapproachedve~—close~-(h/D valuesfrom
1.5to0.5),thetriangularplategave10to-40percentmoreInduced
negativethrustthantherectangularplate.

TuftandPressureStudiesofJetFlow

Tuftstudies.-Sincethedataofthebasicconfigurations(figs.11
and12)indicatedthatplatesize,aspectrati,o,andheightabovethe
groundhavelargeitiluenceson T/T.,itwasbelievedthata shortstudy
ofthejetflowinvolvedwouldbe desirable.Accordingly,limitedstudies
weremadewitha tuftedprobe.Theflowbetweenoneofthesmallerplates
(Ap~Aj=51.0)andthegroundincloseproxitity(h/D=l.0)is shownin
thefollowingsketch: -.

—

““<:
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Itappesrsfromthesetuftstudiesthatwiththissmallerplateat this
heightabovetheground,thedeflectedjetstreamexpandingalongthe
groundentrainedtheambientairas itflowedradiallyoutward.This
outwardflowreducedthepressureundertheplate,inducingthedownloads
experiencedandalsocausinga pronounceditilow&Longthelowersurface
oftheplate.

As theplateendnozzlewerelowereda conditionwasreachedin
whichtheupperlimitof theexpandingoutwmdflowalongtheground
reachedtheedgeof theplate.Whenthisconditionexistedllitappeared
thattheoutsideairwasno longerentrainedanda trappeddoughnut”
shapedvortexwasformedundertheplateforthisheightandat all
smallerdistancesabovetheground.Theflowin crosssectionat
h/D= 0.5 appearedtobebasicallyas showninthefollowingsketch:

n
Theheightabovethegrounda-twhichthetrappedvortex-ringcondition
wasreacheddependedprimarilyuponthesizeoftheplate.Thetuft
studiesunderthe,largestsquareplate(~/Aj = 142.0)indicatedilet-
flowcharacteristicsat h/D. 1.0 tobe muchthesameas thoseillust-
rated inthesketch justpresentedat h/D= 0.5 forthesullerplate
P#j =51.0).

Pressuredistribution.-Inorderto identifythesefluwcharacter-
isticsfurther,staticpressuresweremeasuredonthebottomoftwoof
theplatesinvestigated.Theseresultsarepresentedinfigure19as
theratioof Ap, thenegativepressureontheplate,to thedynsmic
pressureintheJetfordifferentheightsabovetheground.As canbe
seeninfigure19(a)fora distanceveryclosetotheground(h/D. O.~)
largenegativepressureswereinducednesrthecentralsectionof the
largerplate(~/AJ= 142.0)whilepressuresneartheedgeoftheplate
werenearlyambient.

Movingawayfrcmtheground,at h/D= 1.0,thesenegativepressures
aregreatlyreducedbutthenegative-pressureregionspreadsouttoward
theedgesoftheplate,untilat greaterheightsthesepressuresbecome
verylowaridfairlyuniformalongtheentireplate.fiessureson the
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smallerplate,presented
distributionshapealong
overthesamearea(i.e.,

infigure
thelower
within3
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19(b),showthatthepressure-
surfacepracticallyduplicatedthat
inchesofthenozzlecenter)as the

largerplate.

Unfortunately,theplenum-chambertotalpressurepp,m~p wasnot
adjustedtoanyofthepressureratiosusedfortheforcedata.Thus,
thepressuredistributionovertheplatescannotbe ccmpereddirectly
withtheforcedataoffigure11.

EffectsofVariousDevicestoMinimize&mund Interference

Inattemptstoalleviatetheadversegroundeffectsofthejet
exhaustedbeneaththeflatsurfacesneartheground,variousdevices
wereemployed.Thedataobtainedflromtestingthesedevicesaregiven
in figures13to18.

Effectsofextendingnozzlebelowplate.-Thedataoffigure13 show
theresultsofextendingthenozzlebelowtheflatsurface.Itisseen ““”
thattherewaslittleeffectontheinducednegativethrust.Thus,it
seemsthatthedistancefromtheflatsurfacetotheWOund isthepri-
maryfactorinvolvedintheadversegroundeffectsgeneratedby a single
simplejetexhaustedbeneatha flatsurfaceandperpendiculartothe
ground.

Effectsof fencesonplate.-Itwashopedtmt an obstructionon
theflatplatemightdisrupttheflowoverthelowersurfaceofthe
plateandthusreducetheinducednegativethrust.Consequently,two
fencearrangements(showninfig.3)weretestedandthedataobtained
arepresentedinfigure14. Thesefencesweredetrimentalratherthan
beneficial,causingan increaseintheinducednegativethrust.Itmay
be thattheflowontheplate,ratherthanbeingdisturbed,waschan-
neledoutthroughtheunfencedsection,thusincreasingtheinducednega-
tivethrustonthisareaoftheplate.

Effectsofgroundsurfacecondition.-Sincethefencesontheplate
wereineffectiveinreducingtheadversegroundeffects,itwasthought
thatperhaps.someal.te,ratidntothegroundfl~ghtaccomplishthisreduc-
tion.Therefore,concentricsquaresoftubingwereinstalledonthe
ground. Fromfigure15 itisseenthatthereweresomeimprovements,
thesmallerdiametertubingappearingtobeslightlythebetterofthe
twosizesinvestigated.

Effectsofa perforatedsurfaceontheground.-Itwasfeltthat
iftheprimaryjetflowalongthegroundcouldbe guidedawayfromthe
platereductionsintheinducednegativet~st mightbe realized.Such

●
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a devicecouldbe a surfaceperforatedtopermitscmeof thehigh-energy
airtopassthroughsadbe carriedoffbetweenthegroundandthenew
landingsurface.Consequently,a perforatedplatewasinstalledonthe
ground(shownin fig.6,porosityofabout40percent)toprotidea new
take-offandlandingsurfaceslightlyraiseda%ovetheground.Datafor
a smallanda largetriangular-shapedplate(srearatios~/Aj eq?-zd-tO
51.0and142.0,respectively)arepresentedinfigure16. It isapparent
thatwiththeperforatedplateonly0.25or0.5nozzle dismeterabove
thegroundthereweresizablereductionsin theinducednegativeMf?t.
Forexample,if it isassumedthata 5-p_ercentlossin T/Tm wouldbe
acceptableit canbe observedin figure16(a)thatwiththeperforated
plateO.x inch(or z/D= On) abovethelandingsurfacean h/D value
ofabout1.2wouldbe requiredratherthanoneofabout3.5withoutthe
perforatedplate.llromanotherviewpointtheresultsme evenmore
impressive;forinstance,at a constanth/D valueof0.8,thethrust
ratiowasraisedfrom T/Tm= 0, a conditioninwhichtheinducednega-
tivethrustequaledthejetthrustoutofgroundeffects,withoutthe
perforatedplateto T/Tm= 0.80 withtheperforatedplateat Zp = 0.5.
Thefighter-airplanemcdelpreviouslymentionedwasalsotestedwith
theperforatedplateandtheseresultsarepresentedinfigure17. As

.
lowas 1*nozzledismetersabovethegroundthefightermdel hadnomore

- thana 1- or2-percentlossin T/Tm withtheperforatedplate0.5inch
abovetheground,butwithouttheplatetherewasabouta 25-percentloss
inthrust.

Itisbelievedthatthe~incipaleffectoftheperforatedplate
wastoprovidea barrierbetweenthehigh-energyprimaryair&am the
jetwhichflowedoutalongthegroundandtheairthatitattemptedto
entrain.Thepresenceoftheperforatedplateminimizedthisentrain-
mentandthisinturnreducedtheinducednegativethrust.It should
be notedthatthiswastheonlyperforatedplatetested;consequently,
no specialsignificancecanbe attachedto thevalueof40-percent
porosityinvolved.Theresultsindicatethatpossiblyby investigating
otherplatesofdifferentporosityandperhapswitha higherpressure
dropforairflowfromonesideto theother,someimprovementoverthe
resultsshownheremightbe obtained.

Effectsofdamsbetweengroundandperforatedplate.-fiorderto
gainsomeideaoftheeffectivenessoftheperforatedpi-ateunder
operatingconditionstowhichitmightbe subJected,suchasbeing
placedovera depressionor someobstructionbetweenthegroundand
plate,a damwasplacedbetweenthegroundandtheperforatedplate.
Figure18 showstheeffectson T/Tm withheightabovethetake-off
andlandingsurfacefortwosizesofdamsemployed.Itisapparent
thatthedamsweredetrimentalto theeffectivenessoftheperforated
plate,particularlyat intermediateheights(h/D= 1.0to4.0).
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SummaryofEffectsofPlateSize

Theeffectson T/T. forvariousflat-platesizesshownin figure11
wereplottedagainsttheratioof thesreaoftheplatesto theareaof
thejet ~/AJ. Thesedataarepresentedin figure20. Fromthisfigure

it is seenthatthereisanabruptreductioninslopeofthe T/Tm curves
withincreasesinarearatioveryneartheground.Below~~Aj =4 it
appearsthattherewouldbe littleeffectoferearatioon

Showninfigure21 istheparameter?QZ!& forthe
b(%l% )

Theseslopesweretakenbelowtheabruptreductionin slope
indicatedinfigure20. As wouldbe expected,largelosses
withincreasesin ~/Aj areevidentneartheground.For

T/T;.

squareplates.

of T/Tm
in T/Tm
example,for

API% = 20,an h/D‘va~ueof1.0,comparedwithan h/D valueof m,
theconditionofnogroundeffects,wouldgivea lossinthrustofabout
36percent.Attentionshouldbe calledto thefactthatthesewere
squareplateswhichsxeprobablythemostcriticalconfigurationsinvesti-
gated,sothatchangesin shape,particularlyincreasesinaspectratio,
wouldreducetheselossesinthrust.

CONCLUSIONS

An investigationtodeterminetheeffectsof someof thebasic
parametersthatcanaffectthethrustofa simpledownward-directedjet
beneatha flatplateindicatesthefollowingconclusions:

1.Reductionsintheratioofplateareato jetareagreatlylowered
theheightabovethegroundwhereseriousadversegroundeffectswere
encountered.Forexample,atanarearatioof 7.7,thesamelossin

1 to1 nozzlediameterabovethegroundthrustwasobtainedatabout~

aswasobtainedat~ diameterswitha platehaviw anarearatio

of 142.0.

2. Changesinplateaspectratiofrom1 to3 appearedtohave
littleeffectontheinducedriegativethrustcloseto theground,but
at aspectratiosof3 andabovesignificantreductionsinthenegative
thrustwereobtained.

3.Extendingthenozzlebelowtheflatplatehadlittleeffecton
theinducednegativethrustat a givenflat-plateheightabovetheground.

.

.

—
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4. Of thevariousdevicesemployedtoreducetheadverseground
effectsonlya perforatedplateraisedslightlyabovethegroundtopro-
videa newtake-offandlandingsurfacewaseffectiveinminimizingthe
inducednegativethrustneartheground.

5.Thepressureratiointhenozzlehadverylittleeffectonthe
ratioof jetthrustingroundproximityto Jetthrustoutofground
proximityforheightsabovethegroundofmorethan3 nozzlediameters.
Veryneartheground,within1 nozzlediemeter,withoneofthesmaller
platesinvestigated,increasesinnozzlepressuregreatlyreducedthe
lossesinthrust.

LangleyAeronauticalLaboratory,
NationalAdvisoryCkmmltteeforAeronautics,

LangleyField,Vs.,September9,1958.-

1.Taylor,RobertT.: ExperimentalInvestigationof theEffectsofSome
ShroudDesignVariablesontheStaticThrustCharacteristicsofa
Small-ScaleShroudedPropellerSubmergedina Wing. NACATN 4K?6,
1958.

2.VonGlahn,UweH.: ExploratoryStudyofGroundProximityEffectson
ThrustofAnnularandCirculsrNozzles.NACATN3982,1957.
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