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Eversincetheuseof windtunnelsfirstbeganto givesome

sortofquantitative

foilseotions,there

of treatingthedata

dataon thecomparativeperformanceof aero-

hasbeen~~m di~put~ as to tne best method=

thusobtainedandas to themostusefulcri-

teriaforjudgingtherelativemeritsofvarioussections.Al-

thoughscoresof suchcriteriaforcmrparisonhavebeendevised

andhavebe= advocatedwithenthusiasmby theirinventors,none

of themhavegaineduniversalacceptance,andindeed,it is evi-
?

dentthattherecanbe no singleformulafor judgingtheaerody-

namicmeritsof wingsections~eveni< structuralconsiderations

be lefto~tof reckoningentirely.Thefae%orsenteringarefar

toonumerous,the conditionsunderwhich%M wingshavetowork

on differenttypesof airplanearetoodi;eise,topermitof the

deductionof anysingleformulawhichwillautomaticallypoint

the wayto thebestsectioninallcases,

Thesubjectof choiceof sectionisby no meansa closedone,

anddespitetheimpossibilityof liakinga sir.gleruleserve,it .

isquitepracticabletodeducein a strictlyrationalmannera
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seriesof rulesandformulaswhicharecapableofbeingof the

greatestuseif me butconfineourselvesto theconsiderationof

oneelementofperformanceat a time.

Therearesevensuchelementsofperformancewhichmaybe

takenup in turn,thesevenbeingof differentrelativeimport-

ancein differenttypesof airplanes.Theyare:

(a)Maximumspeed,regardlessofminimum

(b)Maximumspeedforgivenminimm

(c)~timum speedrangezatio

(d)Maximumrateof climb

(e)M~mum absoluteceiling .

(f)Maximumdistancenon-stop. .

(g)Maximumdur>tionnon-stop.

Eachof thesein turnwillbe treatedseparately.(a)and (b)

obviouslycannotbothapplyto thesameairplane,(a)reallybe-

ingapplicableonlyiioracingairplaneswhicharealwaystobe

landedon goodfieldsandwhezethelandingspeedaanaccordingly

be increasedto abnormallyhighfigure~.

A. ChoiceofW@Z SectionfozMaximumSmeed,
J3e=rdlessofMinf~,

If thedesignis tobe nadewith‘aaximumspeedas thesole “

desitieratum,obviouslythesoler~uitiementis thatthedragshall

be as snailaspossible,andsincetheloadingandareacanbe ad-
speed

justedsothattheairpl”anewillfly at maximumJ./Dat maximum/

thisis ~uivalentto choosingformaximyxlL/Dalone.Flyingat
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maxiaumspeedatmaximumL/D,hcwever,entailslandingat about

70$of themaximums~eed. ,, .
In themorecomz-.oncasewherea zinimumareais initially

fixedandthebestwingsectionis tobe chosenforthatareaand

anda givenweight,it isnecessaryto takeaccountof thepower

andweightin orderto deterainetheangleof attackat whichthe

airplanefliesat naximwmspeed.At maximumspeed

where CR is thecoefficientofpaxasiteresistanceforthewhole

airplane,P theenginehorsepower,and q, thepropellereffi-

ciency. V is thespeedin ft.per sec.and S is givenin sq,ft,

If we assumetmt theparasite’resistanm is one-halfof thetotal

resistanceatmaximumspeedandthatthepropellerefficiencyis

8@, thesecondequationbecomes:

P
2cD~sv3=440P

CDV3 = *~~~ =“l=$;OOP

Fromtheequationof lift

Combiningthelasttwoequations,at maximumsFeed

,3/2
CD [*;

= 440P
Ps

2

CD2 (440)2pP2 s =57.5P’ s~=
p 8 W’ Wd
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a relationwhichmakesitpossibleto determineapproximately‘

theconditionsunderwhicha wingwillw~rkat riimum speedof

a givenairplanewithoutthenecessityofmakingdetailedper-

formancecalculationsinadvance,

Theobjectisto seae ashig’na wingefficiencyas possl-

bleat themaximumspeedof flight,or,sinceresistanceis equal

to weightdivideciby L/D,to securea maximumL/Dat a prescribed
ma

valueof -&.: Thechoiceofa wingformaximumspeedwitha
c%

givenareacanthereforebe madeby plottingL/Dagainst@

forseveralaerofoils.Thebestwingsectionis thatwhichhas ,

thelargestordinateat an abscissaequalto 57.5PQ
?i’3‘

for

conventionaltypes.On cantilever-wingdesignsand’otherswhere

it is evidentthattheparasiteresistan~is less(ormore)than

one-halfthetotaltheconstantmaybe modifiedaccordingly.In

cantileverracingmonoplanes,forexample,85maybe usedinstead

of 5?.5. In comparingsectionsfora givendesign,however,the

sameconstantshouldalwaysbe usedthroughout.

In orderto illustratetheuseof thismethod.curvesof L/D.

~ fora numberof sectionsareplottedinFig.1.againstCL

Taking,forexample,the caseof a 300W pursuitairplaneweigh-

ing2500lbs.andhaving240sq.ft.of wingsurface,
57*5- =

‘iV3
it iscleeu

and21,and

.0795.Erectinga verticalon Fig.1 at thisabscissa

thatthebestresultsazegivenby theU.S.A.16,17,

theR.A.F.15.
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B. C.h~iceof‘i~in~,Sectionfo~ bfaximumSmeed
witha GivenMlniznu~.

Thiscasemayalscbe treatedin twodiffezentrays,depend-

ingonwhetheror notallowanceismadeforchan~eof~e~@t ~ith

changingarea. We shallfirstassumetheweightto be fixedin-

dependentlyof wingsectionandarea.

In thisease,thewingloadingisat oncegivenby theequa-

tion:
r. P

cLmax.~ S V~in_

At maxlmm speed,jtistas in case(A):

but S i.snowa variableand

tion-oflandingspeed. .

~
= cLmx. ?s min. “

Takingthesquare

57.5P2 s
—~ w

canbe eliminatedby usingtheequa-

57.5P“2 4&400= P
cLmax.V;in.~2~Cimax.v:~n.r2 x:2

rootof eachside. .

CL
~
-

/
cLmax.

k. CL

‘ii -: Vminc—.
P
220

Thewinggivingtheiowestresistanceat maximumspeedunderthese‘

conditionscanthereforebe foundby plottingL/Dagainst

~ —— andnotingtheordinatesat thepointwheretheab-

J
cLmax.
CL
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scissais 1/150of thepowerloadingtimestheminimums~eed,or,
CD2

alternatively,by plottingagainst~ and comparingtheL/DCL .
ratiosat thepointswheretheabscissais equalto

48,400P=
f“

thisabscissabeingdifferentfordifferent
CLmax.Vmin.
wingsections.

As an illustrationof tilismethod,thesameproblemmaybe .

usedas wasemployedin case(A),specifying

50m.p.h.inplaceof an areaof 240sq.ft.

suitsfortheseveralwings:

Name CLmax.
48,400Y

CLmax. .V~in #

U.S.A.5
15
16

,’5
62?

U.S.A.T.S.5
10
13

FLA.F.6

~

1.290
1.184
.992
1::::

1.41Z
1.512
1.?32
1.294
1.200
1.109
1.640

1C05
:1093
,1304
*3199
● 1419
.0918
,0858
.0747
.S203
.lWO
,1161
.07S2

a minimumspeedof

Tabulatingthere-

6.59
7.28
7.38
7.81
7.34
7.03
6.81
6.46
6.34
6.?8 ,
7.40
6.33

The comparisonsso far,basedon theassmrptionthatthe

wingdragisa fixedproportionof thetotal,indicatethatthe

ratioof effectiveparasiteresistancesurface(equivalentflat

platearea)towingareais lar~erin the caseof a thickwing

witha largedragcoefficientthanin thecaseof a thinwing.

Thisconclusionis oorrectin respectof thefuselage,theresist

anteof whichdecreasesproportionatelylessrapid~ythandoes
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thewingareawhenthelatteris char.ged.Theresistanceof the

interplanebracing,however,is generallya much.smallerfraction

of thewingdragforthickwingswithhighdragcoefficierltsthan

forthinsections.Themethodemployedis,on thewhole,unfair
CL

to thethicksections.A possiblealternativeis touse CD+.0~ i
insteadof L/D,as a criterionof efficiency,assumingthatthe

parasiteresistanceforthewholeairplaneis .04;SV2 in all

cases,A beingthewingarea. It canreadilybe shown

thisassumption,(~ + .04)’=230P2 S - CL
c~3 ~ ‘ c~ + .04 ‘St

(CD+ .042
forebeplottedagainst

CL3 ‘ Thishasbeandone

that,on

there-

for12

sectionsin.Fig.2. In order–toavoidconfusionamongthelarge

numberof curves,theR.A.F.6and15havebeenindicatedby points

only. h thewhole,thismethodof comparisonif fairerthan

thatpreviouslydescribed,especially
●

varyingthicknessaretobe compared.

thattheconclusionsdrawnfromFigs.

wheresectionsof widely

It willbe noted,however,

1 and2 are:lotverydiffer-

ent,‘therelativerankof thesectionsbeingmuchthesameexcept
.
thatthethicksectionsshowUp betterby theEethodofFig.2,

As a specificexample,theproblemjustsclvedby thefirst

methodmillbe treatedby usingFig.2, Thenumericalvalueof

theabsctssaforeachsectionmUStthenbe justfourtimesas higk

as in thefirstcase,andthe correspondir.gefficienciesareas

tabulatedbelow.
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Section

u.s.A*5

U.S.A..T.S.

R.A.F.

G8ttingen

15
16
17
21
27

1:
13
s
15
337

The sixbest

of merit,are:

Rank

1
2
3
4
5
6“

Turningno}7

of thechangein

thetotal~eight

sectionsby the

3y Fig.

U.S.A.
R.A,F,
U.SiAi
U.S.A.
U.S.A.
U.S.A.

L

17
15
16
15
21
G7

tmo

tothederivationof

‘L
CD”+.04

3.25
3.3Z
3.23
~,~~
3.09
3.39
3.46
3.32
5.16
3.23
3.33
3*45

methods>arrangedin order

By Fig.-2.

U.,S:A:T.S.5
G&ttingen387
U.SiA:27
R.A:Fi15
U.S.A.15
U.S.A.T.S.10

a formulato takeaccount

weight~ithvaryingarea,it c=.be shownthat
●

cfan ai=planeis a.p~roxir.atelyproportionalto
1/6s, otherthingsbeingequal,Khere A “isthewing

The

If

equationofmaximumspeedthenbecomes:

?2L/p= 57.5P2 s“=57.5P2 JF ‘.—
CJJ3 (K s ‘“)3 K3 —

.
;Jo and So representthe,initialweightand cor2ee-

pondingareaforsomeparticularwingsection,
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,Wo=K Soti

p=z!l . ~y lJmin.’.E
J s,

Sincethe cLmax. tn thislastequationrelatesto a partic-

ularwingsection,”thatforw“nichW. andSo aretaken>itmust

be a constant.

stituting$and

Neglectingtine

Taking1.3as ah.dveragevalueof cLmax. andsu-@-

thencombiningthelasttwoequations,

—.

[
57*5pz “*Lm:xwp /42,8C0P2 ~-. =& -

CL3 .039Vcin,wo v:~n,W:’*

saalldifferencebetmen /— J—,.W and W. inany

particularcase,thisbecomes:

In this’case,sincetheweightisnota constant,itdoesnotsuf-
.fiCetO COmp~eValUeSGf L/D.

Resistanceat maximumspeed

Neglectingthesmallchangeswhichwouldoccurin Wtie, itbe-

comesapparentthattheminimumtotalresistancefora givenweigh

powezandminimumspeedis givenby thewingwhichI~sthelargest
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valueof L/D3,:=x. . at thepointwhere
.

s=
~2,800p2

2 2 .
CL ~ cLmax.‘min.‘o

ShCe CLm=. hasa singledefinitevalueforeachseotion,this

comparison,liketheprecedingone,canbe madeby plottingL/D—

theordinatebeingreadoff;: theappropriate

abscissaforeachwingsectionandeachordinateso determined
6~

ingmultipliedby / c~ax .. .

Treatingthesame

thevariousquantities

meritis obtained.

be-

illustrativeproblemas before,tabulating

involvedforeachsection,a neworderof

Section

U.S.A.5
15
16
17
21
27

U.S,A.T.S.5
10
13

R.A.F.6
15

G8ttingen387

c~m

1.290
1.184
.992
1.082 .

● 913
1.41i
1.512
1.732
1.294
1.ZJ()()
1.109
1.640

1.133
1.088
.396
1.040

● 955
1.188
1.230
1.317’
1.138
1.095
1.053
1.280t

6J’CL,=
1.042
1.028
.999
1.013
.985
1.059
1.072
1.096
1,044
1.031
1.017
1.086
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U.S.A.5
15
16
17
21

U.S.A.T.S.2:
10
13

R.A.I’.6
15

G~ttingen387

. 10CI

.104
114
:109
119
:095
092
:086
,100
● 104
108
:089

L/D

6.60
?.37
7.67
8*01
?.73
6.93
6,65
6.14
6.34
6.87
‘7.60
6.66

6.87
7.58
7.66
E!.11
7.51
7.34
?.13
6.73
6.62
7.08
7.73
7.23

Therelativeneritof thesectionsas shownby thistableis

almostidenticalwiththatdeterminedfromtheanalysiswith

changesofweightignored.In allpraoticalproblemsthesimpler

t~ype of treatment, by ~hic~therel~ti~eefficienciesSXeread

offdirectlyfro:theL/l)chart>wQl suffice.

Thisease,liketheoneinwhichtheaeightisassumedcon-

stant,canreedilybe treatedon theass~~tionof a fixedpara-

siteresistamecoefficientinplaceof thatof a fixedratioof

parasiteresistancetowingdrag. As has justbeenshown,hom-

ever,thedifferencebetweentheresultswiththetwoassumptions

is sosmallthatiiwouldhardlybe rorthwhilecarryingthrough

anctherexample.

Thesemethodsof comparison,whileacourate,arerathercom-

plex,andit is worthwhileseekinga somewhatsimplerdevice.

Sucha devicecanreadilybe obtainedfortheeaseof landing

speedand constantweight.Writingtheequation,
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D .&=
L/D

Sinceallaizplanesha-ringa speedratioof iromi.9to 2.8 (all,

in short,excepta fewwithan exceptioneJlykigbEowerloadlng)

flywhenatmaximumspeedat an angleof attackcloseto thatof

minimm drag,andsincethedii~.gcoefficientcurveisveryflat

in theneighborhoodcf itsminimwnordinate,littleerrorwill

resultfrominsertingGDmin.fcrCD ir-theaboveequation.In

general,therefore,thewingbestsuitedformaximumspeedis
CL

thatforwhichthevalueof ~= ishighest.
%line

Thevalueof

thisratiohasbeentabulatedbelowfora fewtingsecticns,all

testedat the”MassachusettsInstituteof Technologywindtunnel

underthesameconditions.

Aerofoil

U.S.A.5
15

i;“
21
2’7

U.S.A.T.S.!5
,10

.

C%ttingen3$
R.A.F..6

44*9
53.c!
52.9
60.4
52.?
50.7
43.6
36.8
35.0
44*~
42.0
57*615
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C. Choiceof SectionfoiL%ximumSpe@lRangeF.ati.0.

Tritirig,as in (b),theequaticmsof m=mum andminimuu “

speed,withappropriateallowanceSOrdependenceofweight..v~w’

w= %ELx.~pS V~in.

/- ~~
6

v m3min.= CL
3

max, s’(l)–

v 16 48,400P2SC-3 pmax..-= ‘max.5.
vmin. W3-c’~2 .

SubstitutingK Stisfor W,
.

vmax..J“.6 57.5P2 CL
‘min. K C’n&

u

/
G 57.5~2s &x,
J \y3clD

2

/

12
s

It thereforeappears,since S isa variablequi%eindepend-

entof-alltherest,thatspeedrangeratiocanbe increasedwith-

outlimitby a sufficientincreaseinwingarea. Thegainis,how-

ever,veryslow,an increaseof 5@ in arearaisingtheratioby “

only45. Thecomparisonof wingse~ti,onscanbe mademostreason-

ablyby

tionis

assuminga constantarea. If thisbe done,thebestsec-
CL3

thatgivingthehighestvalueof -~~~, ;~hereC’D is
C’D

.



thedragcoefficientat.anangieso chosenthat

“D2 = ..57.%Fs S1’2
(31L3 ;Kd

Since S is assumedto havebeeninitiallyfixed,both S and

W canbe consideredas constants,and

.
.

. .
c’# =“57.5P2 s
~ W3

thesamecondi:ionas was initiallyfoundto definemaximumhori-
c;zontalspeedin case(a). Theoriginalplotof L/Dagainst~

canthereforebe us~d,theangleof attackwhichgivestheappro-
CD

priatevalueof ~ “beingdeterminedandtheoubeof thez-mxi-
CL .

mum liftcoefficientof thefingunderconsiderationbeingdivide.;

by thesquareof thedragcoefficientat theanglethusdeter-

mined, Thebestsectionis theoneshowingtinelargestvaluefor

thisquantity. ,

Retumifigto thesameproblemas before, .

57.5P2S—-—r————= .0’795

—
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Sectio~

U.S.A.5
L5
16
1?
21
27

U.S.A.T.S.5
-10

R.A.F.l;
15

C%ttingen3&7

1.411
1.512
1,’732
1.294
“1,200
1,109
1.640

6.59
7.23
‘7.38
7.81
‘7.34
7.03
6..81
6.4S
6=34
~6.78
7*40
6.93

C’D

.0443

.C)Z25

.C3.L4
*6253
.0318
.0355
.0400
,046?
,C494
.0404
.0310
● 0380

1616
1306
792
1236
616
203S
2219
2858
l12i
1090
1133.
2956

T1-ie

with the

advantagein thiscomparisonclearlyrestsvery strongly

thick,Eig%liftsections,

f If theassumptionof constantparasiteresistanceismade,

t~eproblembecomesto findthewing~iththehighestvalueof
c L’?lax.
(C’JJ+ .04)d

where CID isdeterminedby thecondition:

,
(CrD .+.04)2=230?2S
~ w’

● Thissolutionwouldshowthethickwings,allofwhichhave

highminimumdragcoefficients,inan evenmozefavorablelight

,thantheprecedingone.

D. ChoiceGf Section_forMaximumRateof Clim-o.

Althoughtheairspeed’forbestclinbis not ingeneral

ti~l withthatforminimumpowerfiequired,neverthelessthe

iden“

two

arecloseenoughtogethersothattheproblemof securinga max-

imumrateof climbreclusesitselfessentially,Frovidedthatthe

weightremainsconstamt,to thepro-olemof cti%ingdowuto as low

a valueaspossibletheminimumpowerrequiredforhorizontal
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flight.

Therateof climbcanbe expressed

c!=

w“aerec is therate

If itbe assumed

of climb.

thattheparasiteresistanceis4@0 of the

totalresistanceunderconditionsofbestclimbandthatthepro-

pellerefficiencyis7!@,theequationbecomes:

5/3C~S~=412P~ c=~l:~-— ,.5V— -
CL s “f w 3 L/D

In thiscase,as in thatofmaximumspeed,theareamaybe

treatedeitheras a constantor as a variable.If S be taken

as fixedat the

andtheproblem

possible.. With

andthemaximum

samevalueforaliwings W isalsoa constant=

abecGmessimplyoneofmaking ~ as largeas “

‘Z and S constant,
-

v= J FQ]-x c;
2

&&@x LC
vi) J

valueof thisfunctioncainbe foundby plotting

it directlyagainstangle.

Fora mereaccurateanalysistheequationgivenaboveis not.
quitesatisfactory,as it leadsto emphasizingtheproperties

whichthewingpossessesat an anglesmallerthanthatofbest

climb.It isbetter,insteadof takingtheparasiteresistance



omffitientas a

to takeit as ar

constantas already

412P
c = — -

..LI

certainpr~portionof thewingdragcoefficient

additiveconstazt.Theaveragevalueof this

If theweight

climbisthat

andarea=-econstant,therefore,thebestwingfor
CT 3/2

whichhasthela~gestmaxinumvalueof, CDU+.04 ‘

a functionthernaxlrmmvalueof whichforeach

foundby computingitdirectly

againstangle.

If theareais allowedto

weightbeingassumedto depend

to:ore,theequationbecomes:

fora fewangles
. .

sectionmustbe

andplotting

varywithoutrestriction,the

on areain thesamemannerashere-

—-

412 p
c = 1,’6 -

KS
m-)+W/+‘N-f+%=

412P
KS“G

dC=”_69P +
z F

(CD+ .0’4)/K
s5’12Cf’={y

consideringCD andCL as constants.For~aximumclimb

69F - S (CD+ .04)/K”
~— = 12 s17/12

CL=’ gi =

5.61F = (CD; ;,04)
K S’zs s c?‘-L
5.61P Sl~4 CD + .04

-3/2 =K 3/2
CL
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Substitutingthevaluethusdeterminedfoz S1/4f

1 ~412P - (CD+.04; ~K ~
c =—

s1’6i- K CL3’2(~jl’a

>

5.61YCL3”’2 ‘i
i=

L.32 (CD + .04)
J-

1/6 =: (CD+ .04)K3’2~2’3
s:. , 5.61p cL3’2 J

246P ‘5..61P CL3’2 j2/3
c I J

777PSA CL-
K (CD+ .04)K’zz = (CD+ .04)”3K’ ~

.-

777p“3 c#2 2/3

K2 “ (cl)+ *O4)

Thevaluesof K fora fewmodernairplanesaretabulated

below

1).H.4
Vought-V.E.7
CurtissJN4D
FokkerD7
MartinBonber
Ekmdley-Page(4-engined)
Thomas-MozseMB3

x
1730
820
760
800
320G
6350
830

further CL3/2
As a)basisf~zcomparison,tl19ri?ax~.muml~TaluesGf CJJ+.(3Z .

ha~~ebeencalculatedforseveralgoodaerofoilsections,allof

whichhavebeentestedunderthesameconditionsattheMassac-hu=

set’~sinstituteof ‘i’echmoicgy,andazetatuls.tedat tk.eazaof tEi6

seaion.

As illustrations,thetheoreticalbestareavillbe calculat-
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ed forairplanesof thet-meof theVoughtandMartinbomber9

assumingtheU.S.A.15wingto be usedinbothcases.

Trough%

s
-[

= (CD+ .04)K“”
5.61P CL3’2

14

!
L

CD + “04= ~ . .116(Seetable);
CL3 /2

K=
P =

A=..

It willbe observed

thoseactuallyemployed,

at grormdlevelcouldbe

820

8.65

180
(2.68)4= 51 ft.’

Martir

3200
800

(116x ~~ooK 56.6
).
4= (.L.64)*=460 ft?. 5.61x 800 ,

thattheseoptimumareasare~r below

andWe concludethattherateof climb

materiallyimprovedformostpresent-day

airplanesby decreasingthearea. This,however,wouldbevery

injuriousto theceilingandto the”rateof climbat highalti-

tudes. If thebestareaistobe foundforrateof climbat

10,000ft.,forexample,insteadof at sealevel,theengine

powerbeingreducedby 2F$andthepowerrequiredforflightat

a givenangleof attackbeingincreasedby 18%,theequatingto

zezoof thederivativeof therate of climbgives:
?
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.72:X69!?=1.18X.5 (CD+ .04)
gs7’= /la s /

“ z2 CL32 (~)1’72

3,42P S1’4=
~3/2

Thebestareaforrateof climbat

timesas largeas forrateof

at 330sq.ft.fortheVought,
0

firstfiguresli@tlylarger$

&

on + .04
CL3/2

10,000ft.is therefore6.55

climbat seaLevel. Thisworksout

3030sq.ft.fortheMartin,the

thesecondmuchlargerthantie

optimumareaforanygiventypeofareasactuallyem~loyed.The
.

airplanerunsup veryrapidlyas higheraltitudesare considered,

approachinginfinityas theceilingis approached.

Whateveraltitudemaybe takenas a basis,however,andwhat-

evermaybe thetypeofairplane,theaerofoilsectionwhichgivee

thebestrateof climbwitha freechoiceof areais thesection
3/2whichgivesthelarge’stmaximumvalueof CL and.04is a

CD +m’
goodaveragevaluefor m.

It shouldbe remembered,of course,thatthisdiscussionhas

beenbasedon an im~licitassumptionthatthepropeller,as well

as the~~ingsection,is to be choser.for climbalone. If this
wsrethe case,mostairplaneswouldclimbbest

. ,~~an angleof at.
tackof about10°, ~L

underwhichconditions
CD +.04 reachesits

naximum,In serviceairplanes,however,thepropellerisusually

designedforbestperformanceintheneighborhoodof themaximum ,

horizontalspeed,andthepropellerefficiencyfallsoffrapidly



*
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withdecreasingspeedof flight.

ticeisthereforeobtainedat an

sealevelinmostcases,andth”e

Thebestclimbin actual.prac- “

angleof attackof about6° at

wingperformancein termsof

po~erconsumedunder~}~oseconditionsisapproximatedtoby the
CLmaximumvalueof —, as alreadynoted.CD

Thereare,then,

themaximumvalueof

especiallysuitedfor

forusein connection

two~?$cellentcriteriaof~~~teof climb,
CL CL

andthatof ~. ThefirstisP4D + .04
judgingp-erfoxmanceat highaltitudesand

withairplaneswhichhavea verysmallspeed

‘rangeratio,or which,likesomecommeri,calandbombingtypes,are

designedforeconomyratherthanforextremespeedand ceiling

andFhichaccordinglyemploypropellersgiving‘theirbesteffici-

encyata speedconsiderablybelowthemaximum.

T~facilitatecomparison,bothcriteriahavebeentabulated

togetherfora dozengoodwingsections.

U.S.A.5
15
lEi
17
al
27

V.S.il.T.S.s
10
13

R.L.F.6
15

G6ttingen387

~=05
.!2.6S
7.75
8.29
‘i.03
9.05
E?.83
S?.32
8.79
8.49
8.10
9.21

CL3 /2

cD

13.31
i3.13
12.33
12.51
12.26
33.38
22.=?El
12.59
il.92
12.69
12.06
12.32
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If thewingarea,insteadof beingvariedat will,is kept

constant,it is obviousthatmaximumclimbreducessimplyto a

questionofminimumpowerconsumption,andthatthe sametwo

criteriaholdas inthepreviouscase,withthesame‘generalzule~

governingthechoicebetweenthem. Thenumericalrelationsbe-.
tweentheclimbingspeedswithanyparticularpairof aerofoils,

are,however,verydifferentforthefixedandfozthevariable

area,

Thecaseof bestplimbfora givenlan~ng speedisrather

complexto treat,antiarisesso rarelythatdiscussionis hardly
, worthwhile. .

E. ChoiceofWingSectionforllaximumAbsoluteGelling.

In tkiscase,as inthelastone,itwill

thebestpdssiblepropellerforthe,particular

derexaminationis employed.

be assumedthat

characteristicun-

it canreadilybe shownthatthebestpropellerforceiling

isonewhichoausesthecurvesofpoweravailableandpowerre- .

quiredtomeetat theceilingin sucha waythattheircommon

tangentishorizontal,as showninFig.3. Furthermore,itap-

pearsthatif sucha propellerisused,theceilingdependsonly

on theratioof maximumpoweravaila”~leat sealeveltominimum

powerrequiredat sealevel.

Sincepower availableis dependentneitheron wingcharac-

teristicsnoron weight,therequirementformaximumceilingre-1
ducesitselfto a simplematterof keepingtheminimumpowerre-

.4
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quiredforhorizontalflightas smallaspcssible..Thiscon5i-

tionhasalreadybee~treatedforthecaseof a fiXeCifingarea,

under(D),whereitwas showntobe roughlytruethatminimum

poweri~,~equiredwiththesectionwhichgivestheiargestvalue
CL

‘f CD +.04 “

It is impossibletofinda Ilbestareallforceiling,as was

doneforrateof olimb,as it istheoreticallypossibleto in-

creasetheceiling~ithoutltiitby sufficientlyincreasingthe

area= A practicalcasewhichdoesarisefrequently,however,

is thatinwhichit is desiredto obtainmaximumceilingincon-

junctionwitha givenmaximumspeed.In orderto securethesame

mSXimUmspeedon thes~.etype of airplane ~i~~ several differ-

entwingsections,theareas~st obviouslybe different.To de-

terminetheareafora given ma~fi~ speed with each section,the

analysisundertakenin the~rly pat of thepaper must be carried.

further.

It hasalreadybeenshownthat

and

%2=5LdA!L
CL3 -3

Ii

IJ.’i?v =KVS1’6
E 220P 220P

if theweightbe assumedproportionalto thesixthrootof the

area. Therefore,

—
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.
Ifa valueof V be chosenaiidK be assuredandthePoX~~

is knownit isnowpossibleto solvefor *

GD2

andthepointat mhiohtheprescribedvalueocoursforanypazti~-

ularsectioncanreadilybe determinedby”trialfromthecurveof
~ CD2against=S dividingtheabs,cissaby theoubeof theordi–
D CL
nate. Thispointbeinglocated,theabscissaismultipliedby

thesquareof theordinateto findthe liftcoefficientand sc

thearea,

Themaximumareapermittingof a givenmaximumspeedis thusde-

termined.

TheminimunHP requiredis:

P- (CD‘“04~~sv3 = (CD‘*04~ s ‘~’ $
min.= 550

(CD+ .04)F“
550s31ZCL3~2(~)3/2= 18.9CL3‘% 1’4

Thesectiongivingthebestceilingwitha givenmaxinumspeedis



“5 --0

theonegivingthelowestminimumvalueof CD + .04
c? 3’2

# ‘
therefore

where A

ed in the

iscalculatedin accordancewith

precedingparagraph.

theprocedur~descrih.–

anotherproblemmillTo illustratetheuseof thismethod,

be ~iorked.Givena pursuitairplanewitha 300HP engineand K

equalto 1000(thevaluecorrespondingtoa weightof 2500lbs.

andan areaof 240sq.ft~),theproblemisto choosethewing

sectiongivingthehighestceilingin conjunctionwit-han air

sec. Thisprob-

by s~stemati~

speedat sealevelof 140~,p.h.~or 205~t.per

lem,liketheprecedingones,canbestbe solved

tabulation.

1940(loP)s= 6110(3@CO)5= .~o0172
K’V3 1000 x 205s

CD +.04.. Min.
CL3’2SV4

Se~tion ... . &:.
D A

198

Rank.

.U.S.A. 5
15
16
17
21
2?

U.S.A.T.S.5
10
13

R.t..F.6

● 0722 7.53 - .0294. 4. .
.0840
.0$324
.0962
●0957
.0743
.0676
.0595
0664
:0750
.0E!91
.0674

?.93
8.18
8,21
8.20
7.61
7.37
7.03
7.31
7.-65
8.09
7.34

268
3Z5
344
340
210
174
133
166
215
303
171

.0285.

.0305

.02ao.
0331
:0.290.
● 0311
*0315”
.0317
.0308.
.02q6,
.0299●

.

.

b“

.

.

.

,

.

.

.

.

.

.

.

.

15
G~ttingen387,

havesomeadvantageThethinsectionsthusappearto

thebestof thethickerones,but,as alreadypointedout,this
methodhardlygivesdueweightto the

●

greatst.n.wtu-aladvantages
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of thethicksection.A scmewhatfairercomparisonbetweensec-

tionsof

oonstant

ousfrom

widelydifferentthicknesscanbe madeby assuminga

resistancecoefficientof .0001throughout.It isobvi-

whathasgonebeforethatif thisbe donethelimiting

oonditionat maximumspeedbecomes:

62,100(10P)s=(CD-I-.04)2
6
K V3 { CL3 )3

andtheareaequationis:
--l

[

~ = Jt_X(CD+ ●04)2X
(

CL 2

V2 CL3 CD + .04)]

whilethefinalcriterio-nof.meritis theminimum

CD+.04
as before.

CL‘2 SV4’

TheillustrativeNrcbleamaynomtieattacked

method.

6/5

valueof

anewby this

62..100(10P)5= ●oG55.
KsV3

.
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U.S.A.5
15
16
17
21
27

U.S.A.T.S.5
10
13

R.A:F.6

Theorder

(CDi-.04)2
CL”

.281

.3G2

.308

.304

.302

.256

.275

.250

.266

.286s
305
:268

-27-

c~
. CD +.04 :.

3.71
3.79
3.81
3.80
3.79
3.72
3*68
3.56
3.64

, 3.72
3.81
3.64

185 .0300... 2
212 .0303...4
220 .0336
215 .0315
213 .0372
130 ,0298... 1
175 .0311... 6
145 .0310..*5
166 .0317
190 .0318
217 .0321
167 .0301... 3

of riieritof thebestsectionsis somevhatdiffer-

entfromthatdeterminedby thsfirstmethod,’althoughfourof

thesectionsappearamongthebestsixin-bothtabulations.

Somejudgmentmst be Usedin decidingwhichtableto e~loy, the ,

choicedependingon the~tu.reof thestrudnmeandtheextentto
.

whichparasiteresistancecanbe reducedvhenthewingsectionis

thickened.fizthermore,thinsectionswithhi@.minimumdragco-

efficients,SUUF-as theU.S.A.5,s-houldbe viewedwithsus~icior.

whentheygiveverymuchbetterrelativeresuitsby thesecond

methodthanby thefirst,as thepioportiopalreduotionof total

parasiteresistancein ~hangingfromtheU.S.A.15to theU.S.2.5,

forexample,wouldnotbe as greatas thereductionof area.

Tinetypeofproblemjustsolvedis ~hemostimportantone

possibleina highaltitudepursuitai~plane.

thatamongthetwelvesectionsconsidered,“the

use on suchan ai~lanefromthestandpointof

It ap~earsclear

bestsuitedfor

performancealone
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is theU.S.A.2?,withthe(%ttingen387,U.S.A.i5,andU.SGA~5

followinginthatorder.

F. ChoiceofWinz SectionforMaximumRadiusofAction.

Againsupgosing%hepropellerto be workingat itsmaximum

efficiency,problemof radiusof actionis onemerelyofminimum

resistance,or~in otherwords,ofmaximumL/Dof theairplafie.

Sincefora fi~d efficiencyofpropellerandpowerplant,a

definiteproportionof theheatunitsin thefuelreappearas

usefulworkofpropulsim,andsincethis,usefulworkis equal

to theproductof resistanceby distanceflown,

siblew itha givenweightof fuelis obviously

tionalto theresistance.

thedistancepos-

in.erselypropor-

.

If thecoefficientof totalresistancein termsofwingarea

be taken,as before,as CD + .04, (thisassumestheequivalent

flat-plateareatobe 3.l% of thewingarea), thetotalresist--

anteof theairplaneis:

m
~

CD +.04

Thisisobviouslya minimumforminimumarea,andtheradiuscf

action”wouldthereforebe increasedby clippingthewingsif the

amountof fuelcarriedreqainedconstant.If,on theotherhand,

theproportionof fuelweightto totalweight-isconstantthe
●

radiusof actionis independentof weightandarea. In actual

faottheproportion.of~eig-htcarrie~as fuelLncreaseswithin-
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creasingarea,andthe”radiusof actionis thereforeactuaily

imumvalueof “L
CD + .04

a numberof sections.

It iS obviousthat

distancewitha minimuii

a f-dnctionwhichis tabulated‘~el~~for

therequiienents

fuelexpenseare

coveringa given

sameas thosefor

coveringthemaxhmm aistancewitha givenweigh-tof fuel,and

thesamecriteriontinereforeservesas a measureof comr~ercial

econo~as men as of radiusof action.

Name

U.S.A.5
15
16
17

,.. 21
27

R.A.F.l;

●
✎

✎
✎

✎
✎

8.74
8.55
E.26
8.45
8.06
8*?8
8.02
8,37
8.09
8.41
8.11
8.38

G. Choiceof a WingSectionforllaximumDuration.
Flightsofverylongdurationareseid~mof gzeatpractical

valuein themselves,butthe makingof a newdwationrecordal-

waysattractsenoughinterestandservesas a spectacularenough
●

demonstrationsothattherequirementsforsecuringma~mum dura-‘

tionof flightmustnotbe overlookedentirely.



-30-

If itbe againas~med tht thepropelleratdpovierplant

efficiencyarecGnstarltthesecuring.of a maxhw,mdurationis

simplya me.ttsrof cuttingdowntheminimu~pcwerre~uirsd,as .

theweightof fuel~hichtheairplanecanlifrrepresentsa cer-_.

taindefiniten-cuibezofhorsepowerhours,andanyreductionin

thepowermakespossiblean increaseof thenumberofhours.

It istooobviousto requireproofthatthepossibleduration .
increaseswithincreaseof area,practicallytheonlylimitto

thepossiblegainsin this-waybeingthedropinpro~ellereffic-

iency.as thespeedof fltghtfallsoffwithincreasingarea.

It hasalreadybeenshownthattheminiw horsepowerre-

quiredis secured~it~Wnat;~ing section which @ves thelargest
C-3/2

naxinmm valueof lJ
c~+.04 Theconditionsformaximumduration

arecloselyakintothoseformaximumclimb.

.
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