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TOLERABLELIMITSOF OSCIZLATO=ACCELERATIONSDUETO

ROLLINGM3TIONSEXPERIENCEDBYONEPILOTDURING

AUTOMATIC-INTERCEPTORFLIGHTTESTS

ByRoyF. Brissenden,DonaldC. Cheathsm,
andRobertA.“Champine

. Limitedflight-testdataobtainedfroman automaticallycontrolled
interceptorduringrunsinwhichosciJlatoryrollingmotionswereencoun-

W teredhavebeencorrelatedwiththepilot’scommentsregardinghisabil-
itytotoleratetheimposedlateralaccelerations.Theresultsofthis
correlationindicatethatthetolerablelimitofthelateraloscillatory
accelerationwasabout@.4 to*O.5g,measuredatt,hepilot’sheadin
thefrequencyramgefrom4 to 9 radianspersecond.

INTRODUCTION

An automaticinterceptor,tobe an effectiveweapon,isrequiredto
tracka targetwithinsmallerrorlimitations.To do so inthepresence
oftargetmaneuversleadsto high-gaincontrolsystems.Withsuchcontrol-
systemcharacteristics,themotionsoftheinterceptormaybecomevery
oscillatoryinthepresenceofradsrnoiseoratmosphericturbulence.
Lightlydampedairplaneandcontrol-systemoscillationsof shortperiod
donotnecessarilyaffectthetrackingadversely.However,forat least
an interimperiodthepilotisrequiredto occupyautomaticinterceptors,
andtheseoscillatorymotionsmustbe smoothedandlimitedsothatthe
accelerationstheyproducewillnotexceedhunantolerancelevels.It
isdesirable,then,toknowwhatlevelsof oscillatoryaccelerationcan
be toleratedby a pilotduringthisparticulartask. Reference1 presents
a generalsimulatorstudyofthisproblem.

Thispaperpresentsa limitedamountofdataonthelevelsof oscti-
latoryaccelerationsfoundtobe tolerableandintolerableby onepilot
duringflighttestsofa prototypeautomaticinterceptor(ref.2). Since
itisgenerallyrecognizedthatthepilotwasmostsensitiveto accel-

. erations@osed athishead,thedataanalyzedapplytothatlocation.
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APPARATUS, TESTS,ANDINSTRUMENTATION

Theairplanewithwhichflight-testdatawereob~ainedforthis
paperwasa protot~eautomaticinterceptorandisdescribedinrefer-
ence2. A photographofthetestaircraftispresentedinfigure1.
Alltheflighttestswereconductedatanaltitudeof20,000feetand“-
a Machnumberof0.76. Thesamepilotmadeallthefl&hts. Itshould
be notedthatthedatausedin.thispaperwereobtainedincidentallyto
a flight-testprogrsminvolvingthis interceptor.Someresultsofthe
prhnaryflight-testprogrsmarereportedinreference5.

Extensiveinstrumentationwasavails.bleinthetestaircraft;how-
ever,themajorityofthedataofinterestforthispaperweremeasured
by a lateralaccelerometerlocatedata pointatthebottomofthefuse-
lageapproximately5 feetaheadofthecenterofgravity.Thesedata
werecorrectedto thepilot’shead. On laterflights,a secondaccel-_
erometerwaslocatedimmediatelybehindthepilot’shead,approximately
12feetaheadofthecenterofgravity.A comparisonoftherecords
fromthesetwoaccelerometersduringpartsof’runsinwhichuncomfort-.
ableoscillationswereencounteredshowedthatthecorrecteddatafrom
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theloweraccelerometeragreedwiththedatafromtheupperaccelerometer.— .-

RESULTS

CalculationofAcceleration

MD DISCUSSION

EffectsDueto

Thelateralaccelerationata givenpoint

—

RollingOscillations —

ina rigidairframeis
thesummationofthe lateralacceleration-atthecenter-of-gravitypost=
ti.onandthetangentialaccelerationsduetorollingandyawingmotions.
Theresultantaccelerationmaybe expressedby theeqtiti.on

where
—

...= ,

R resultantlateralaccelerationrecordedby accelerometer

i! lateralaccelerationat centerofgravity(includinggravity
effectduetobankangle),ft/sec2 —

h heightaboverollaxis,f%

i
2 --rollingangularacceleration,radians/see

1 distancefromtheyawaxis,f%

Y yawingangularacceleration,radiam/sec2 .

“
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Duringtheflightteststherudderwasusedonlyforyawdamping

andsideslipregulation,andthesystemwassuccessfulinmaintaining
* theyawingmotionsandsideslipto fairlylowangles.Theprincipal

lateralcontrolwasthroughtheuseoftheaileronsto roll.theair.
plane,anditwasfoundthatwhenlateraloscillationswereenc~untered
theyinvolvedmotionsthatwerepredominantlyinroll. Thus,Y, which
includesthegravityeffectdueootobankangle,wassmall;andtheaccel-
erationcomponentduetoyaw Z* wasalsonegligiblysmall,eventhough
thepilotsat“aboutE!feetinfrontofthecenterofgravity.There-
fore,mostoftheoscillatoryaccelerationatthepilot’sheadcouldbe
attributedtothetangentialeffectsoftherollingmotions,denoted
by h&

Calculationsweremadeforseveralcaseswheremeasuredroll-and
yaw-angleamplitudeandfrequencieswereusedto calculatethelateral
accelerationatthepilot’shead. Goodagreementwasobtainedwiththe
correctedaccelerometerdata.

. In orderto showtheeffectofvaryingthedistanceofthepilot’s
headfromtherollaxisoftheairplane,thepeaktangentialaccelera-
tionwascalculated(asstinga singledegreeoffreedominrollanti

‘4 neglectingtheeffectofgravity)forvaluesof h from2 feetto
20 feetovera frequencyrangeupto 8 radianspersecondat a constant
amplitudeof oscillationof&l.174radian(lOO).~is informationis
plottedinfigure2(a).Fora givenfrequency,theaccelerationvaries
directlywiththedistancefromtheaxisofmotion.,~us,at 3.6feet
fromtherollaxisfora purerollingoscildakionofAIOOamplitudeand
a frequencyof6 radianspersecond,a peskaccelerationat thepilot’s
headofabout0.7gisproduced.Theeffectofvaryingtheamplitudeof
rollingoscillationupto 24°overa frequencyrangeupto 8 radiansper
secondfora constantdistancefromtherollaxisof3.6feetis shown
infigure2(b). Thisfigureappliesto thetestaircraft,buta simi-
hr figurecouldbe madeforanyaircraftinwhichthedistancefrom
thepilot’sheadtothemotionaxisislmown.

FlightDeterminationofPilotToleranceto

AccelerationsResultingItromRollingOscillations

As previouslymentioned,theflight-testdatawed inthispaper
wereobtainedincidentallytoa flight-testprograminvolvinga proto-
typeautomaticinterceptor.Duringthisprogram,oscillatorymotions
oftheinterceptorwereencounteredthatstijectedthepilot to an objec-
tionablyuncomfortableride. Theseoscillatorymotionswereusually
theresultofusinghighgainsintheautomaticcontrolsystem,-andit- wasnotuncommonto encounterroll-angleamplitudesoffl~oto k20°
coupledwithyaw-angleam@itudesupto k2°.

.
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It is ofinteresttonotethatanearlierinvestigation(ref.k)
establishedthemagnitudeoftransverseoscillatoryaccelerationswhich
couldbe perceivedby thepilotandalsothemagnitude>whichwerecon-
sideredunsatisfactorybecauseoftheunpleasantnessortiringeffect-
oftheride. Theaccelerationsencounteredduringtk.flight-testruns
of interesttothispaperareofa magnitudethatwouldhavebeenhighly
unsatisfactoryby thestandardsofreference4. Itisimportanttonote
thattheresultspresentedhereinarebasedmostlyupofia consideration
ofthephysicaleffectsuponthepilotoverfairlyshortperiodsoftime.

Whenuncomfortableoscillatorymotionswereencotitered,theinter-
ceptorpilotclassifiedthemastohisabilitytotoleratetheimposed
accelerations.Thefollowingclassificationswereused:

Intolerable-An oscillationthatthepilotwasunabletowithstandfor
morethan15to 20 secondswithoutexpertenci~~us~
effects,excessivesweating,ora feelingoffatigue.

Marginal-An oscillationthatthepilotcouldendurefora longerperiod
butwouldexperiencenauseaeffectsifcontinuallysubjected
formorethanabout2 minutes. ““”

..
Tolerable’- An oscillationthatthepilotobjectedtofroma comfort

standpoint,butonethatcouldbe enduredfora consider-
ableperiodoftime.

Sinceit isgenerallyrecognizedthatthepilotismostsensitiveto
accelerationsimposedatMS head,thedatawereanalyzedforthat
location.

The historiesofthelateralaccelerationcorrectedtoa pointat
thepilot’sheadduringpartsofthreetypicalrunsarepresentedin
figure3. An exampleisgivenofeachoftheclassificationsusedby
thepilot.Notethatthemarginalandtolerableaccelerationsaresome-
what.irregul~;variedfrequenciesandlevelsofaccelerationme com-
bined.Itisbelievedthat,ingeneral,a pilotwilljudgean irregu-
laroscillationslightlymoreseverelythana smoothosci~ationof equal
amplitudeandfrequencybecausetheirregularitydepriveshimofany
anticipationoftheaccelerationforcesthatwillbe imposed.

Allthedatapointsconcerningthepilot’stoleranceoflateral
oscillationswereplottedasaccelerationagainsttieq,uencyof oscillat-
ion . (Seefig.4.) Eachofthedatapoints,obtainedfromseparate
runs,representsthepeakaccelerationaveragedoverseveralconsecutive
cycles. Thedatapointsfallwithina rangeoffrequen~yfromabout
4 to about9 radianspersecond.Oscillationswerenotedat otherfre-
quenciesduring
didnotpraduce
incomplete.

theprirtm,rytestsoftheinterceptor,buttheyeither
uncomfortableaccelerationonthepilolrorelsedatawere
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Thedataoffigurek indicatea generalgroupingoftheclassifica-
tions;however,thedatawerenotquantitative-enoughforsharpdefini-

“4 tion. Itistobe expectedthatthepilot’stqleranceio forcesofthis
typemayvaryfroIuflightto fMght forvariousreasonsandalsoprob-
ablychangesduringa flightdueto cumulativeeffectsof experiencing
uncomfortableoscillations.Figure~ showsthatinthefrequencyrange
from4 to 9 radianspersecondthemarginallimitofoscillatoryaccel-
erationdueto rollingmotionsisabout0.4to0.5g.

Theamplitudeoftherolloscillationduringtherunsrepresented
by thedataoffigure4 wasashighas *24°,whichoccurredat a fre-
quencyof5.7radianspersecond.(Thisrunwasintolerabletothe
pilot.)It isof int=est.tonotethatonallrunstheyawingcoMPo-
nentofthelateraloscillationswassmall.

Simik dataarenotavailableforpitchingmotionorverticalaccel-
eration;however,ononeflightmotionswereencounteredthatcofiined
a verticaloscillationwitha frequencyofabout2 radianspersecond

. withlateraloscillationsthatvariedinfrequencyfrom~ to 12radians
persecond.Theverticalaccelerationwasabout.M).~gandthetangen-
tialaccelerationatthepilot’sheadduetoro~ averagedabout*0.3g.e Thiscotiinationwasobjectionableto thepilot,andsfterapproximately
10minutesofrumtimespacedoverabout10runsduringa one-hourflight,
hebeczunenauseated.Itappesrsprobablethattheadditionofoscilla-
tionsabouttheothertwoaxescauseda loweringofthelateraloscil-
latorylimit.

OTHERcol’EmmRATroNs

AlleviationofUndesirableEffectsof

OsciHatoryLateralAcc*ations

Theundesirableeffectsofoscillatorylateraloscillationsonthe
pilotobviouslycouldbe alleviatedby eliminatingthemotions;however,
themeansby whichthemotionscouldbe eliminatedmaypenalizethe
trackingperformanceofthesystem.It isdesirablethento consider
otherfactorsthatmaytendto alleviatetheundesirableeffects.

Reference~ showsthatthemnner inwhichthepilotisrestrained
isan importantfactor.Inthepresentteststheusualseatbeltand
shoulderharnessarrangementwasused. Simcethisarrangementallows
considerablefreedomofheadmovementthecorrectedaccelerationrecords

W#txx!w=%%aL .-,
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do notnecessarilyrepresent-thetrueforcesonthepilot’shead. In..
almostallcasesthepilotattemptedtorestrainhisheadandupperbody ““
by bracingagainstthesideofthecockpit.Thishelpedtominimize
movementsofhisheadrelativetothecockpitandreducedtheprobabil-
ityoftheheadandupperbodystrikingtheside.ofthecanopyor cock-
pitenclosure.Inaddition,bracingagainsttheside:helpskeepthe
headrelativelystationarywithrespectto”theinstrumentpanelsoth@
thepilotcanobserveandinterprettheinstruments.Onsomerunswhere
thepilotdidnotbracehishead,he saiditwasnotpossibleto inter-
prettheinstrumentsbecausehe couldnotkeephiseyestrainedonthem.
(Thepilotalsonotedthattheinstrumentsweresometfiesshakingwithin
theirmountsandthattheindicatorsoftheinstrumentswereoscill.ati~
atthesamefrequencyasthelateraloscillation.)Theuseofa lateral
headbracewouldpreventheadmovementrelativeto thecockpitenclosure
andalleviatethepreviouslymentionedobjectionablefactors.Informa-
tioncontainedinreference5 showsthata headbracewouldalsobe
advantageousineliminatingthenauseaofmotionsfchessdueto lateral
acceleration.Inaddition,reference1,whichindicatesa higherlevel
ofpilottolerancetoaccelerationforcesthanthepresentpaper,uti-
lizedheadbraces.Forthesereasonsalateralheadbraceappearsto
be worthyofconsiderationinfuturedesigns.However,sucha device
wouldnoteliminatethe accelerationforces.andmore”~taareneeded
to determinetheeffectoftheheadbraceu$ontolerablelimits.

Reference6,referringto theeffect@ nausea,discountstheuse
ofanti-motion-sicknessdrugsto alleviatethisconditionbecauseof
thepossibledeleteriouseffectsuponmentalandphysicalprocesses.

._—

EffectsonPilotingTask .— —.
—

Duringa typicalflighttestthepilotkd a multitudeoftasksto
performbeforeandaftera testrun,butduringtherunheacted_pri-
marilyasanobserver.It improbablethatjifhe @l a morecompli-
catedtasktoperformduringthetestruns,suchas interpretingan
instrumentoradjustinga systemgain,his.classifica~onoftheobjec-
tionableoscillationsmighthavebeendifferentanda.differenttoler-
ancelimitmighthavebeenestablished.

Afterseveraloftheflightsinwhichparticularlyuncomfortable
oscillationswereexperiencedthepilotdescribeda “don’tcare”feellng
thatisattendanttothefeelingofnausea,andhe stronglyemphasizedthe
dangerofthisfeelingifoneisrequiredtoperforma complicatedtask
(suchasan instrumentlet-down)inwhichproficientpilotingisrequired.

NeedforAdditionalDataandApplicationtoOther
Thedatapresentedandthepilotopinionsexpressed

glepilot.It isrecognizedthatadditionaldatafroma

MMa%!l?--
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h
groupofpilots

~“N$@5E!EiEEEwz?
shouldbe obta~edbeforea

7

specificlimitof oscilla-
toryaccelerationisestablished.

+
A surveyof currentfighterandinterceptordesignsindicatesthat

the~ilot’sheadmaybe locatedasmuchas 5 to 6 feetabovetheroll
axis-andupto 20
thepossibilities
be intolerablein
thatsuchfactors

Theanalysis

f~eth frontoftheyaw&is. At thesetistmcesJ

ofencounteringaccelerationsofthelevelfoundto
thepresenttestsisgreatlyincreased.It isbelieved
shouldbe consideredininterceptordesign.

CONCLUDINGREMARKS

ofa limitedsmountofdataregardingthetolerable
limitofonepilotto oscillatoryaccelerationshasshownthat,at
frequenciesofoscillationintherangeofh to 9 radianspersecond,
themarginallytolerablelimitofaccelerationforcesuponthepilot’s. headdueto therollingmotionofan interceptorwasabout0.4to0.5g.
Considerationshouldbe giveninfuturedesignstotheproblemofkeeping
theseoscillatoryaccelerationswithintolerablelimits.Theuseofa4
lateralheadbracemaybe a desirablemeansofalleviatingsomeofthe
undesirableeffectsassociatedwithoscillatoryaccelerationsdueto
lateralmotions.

Experimentaldatafroma crosssectionofpilotsregardingtheir
toleranceof osctia.toryaccelerationsaredesirable.Furtherstudies
shouldbe madeofthefactorsaffectingthistolerance.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

~ley Field, Vs.,October,31,1956.
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Oscillation amplitude=10 deg
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Frequency,w, radianslsec

(a) Effectofvaryingdistanceaboverollaxisforconstantsmplitudeof
oscillation.
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Frequency,w,radianslsec

(b)Effectof”varyingamplitudeof oscillationforconstantdistanceabove .“~
rollaxis. .....

Figure2.-Calculatedvariationoflateralaccelerationdueto singledegree .
of freedomoscillatoryrollingmotions.
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Figure3.- Timehistoriesoflaterslacceleration
headduringthreeinterceptionrunsshowingsn
classification,ofrunas judgedby pilot.
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