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DRAG ANALYSIS OF SI NGLE - ENG I NE MILITARY AIRPLANE 

TESTED I N THE RACA FULL-SC ALE WIND TUNNEL 

By C. H. Dear bo r n and Abo Si l verstein 

I N'l'RODUC T I ON 

Tosts have b eon made in the NACA full - scBle wind 
tunne l on 11 singl e - eng i n e mi l it ary a i rplanes to i nvesti 
ga t e meth ods for incre as i n~ t h e i r high speed . The air
pl an e s we r e tes t ed for the d a v y Bureau of Aeronautics and 
t h e Army Air Corp s , R~ d separ a t e reports have been for
war d e d to t hese a ge n c i e s . Rape t ition of similar ineffi
c i en t d0si~n fea t ures on many o f the a i rplanes indjcated 
t he des i rab ility of ana ly z i ng and combining all of the 
r esult s in to a s i ng l e pape r for distr i bution to dosignars . 
Th e da t a fo r tho v ~ r ious a i rplanos arG not consistent in 
scope s i nce the exten t o f t ho tests depended on tho possi 
bility of mak in g a lt e r a ti on s to tho par ticular airplane 
a n d .the time ava il a b le for the t ests . 

The dis cr epan c ies b e t ween the computed high speeds 
f or i de~l airp l n n e ar r angements n d the s~ec~s actually 
ra~chod by sta~dard mil itnr y typ9S arc ~ell knovn , and i t 
i s l a r ge l y tho pu r pose of t his pnper to indicate the 
s ources of these d i ffe r ences . ~ho compromises involved 
i n tl10 enG i noe ri ng dosign of the n.irpln.nes that vere test
ed often led to disadvantageous combin~tions of their 
b~sic compo~~nts . The advantages of olegant refinements 
to th0 basic aerodynam i c elements in other case~ were 
null i f i ed by i nattent i on t o dotai l, ~nd established aoro 
dyn~m i c princ i ples we_e violatei to simplify structural 
p r obl ems . I n the tests the modific~tions were usually 
limi ted to those which p r act i cally could bo appliod to the 
oxist i n~ airplanes , o.nd the gains that wore renlized were 
by no means the max i mum . Changes wero guidee by funda
me_tal i nfo r mat i on ob~a i no fr om studies throughout the 
Inboratory on cowl i ngs , ducts , etc. It will bo pocsible 
t o ut i l i ze Bom~ of the da t a directly in design ; . however , 
i t is believed thn t the r es u lts nrc of greater importcnce 
i n i~ticating errors to be avoided. As a guidu , compari
~ons a r c mnde whereve r possibl~ botween tho test arro.~~e 

~ents ~nd tho i deal . 

The investiGat i ons i ncluded numorous Dtudias of cool 
i ng and cowling ar r angemonts for air- and liquid-cooled 
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power plnnt installationR . Scoops for ca r buretor int ates , 
for i n t e r coolers , for ~restone r ad i a t ors , and fo r oil 
coo l ers we r e teste d on man y of the a irplanes . Measure -
.e .. ts of thE;) vlin g rd.' ag by t he momentum me th od were made 
for eacl of the a i rplanes , and measur0~8n ts of the t r an 
sition po i at an d the cr i tical compressibility velocity 
we r e i nc l uded to aid in evaluatin g tl a win g drag at hieh 
speeds . C 6ns i de r~bl a data wo r o also obta i ned on the d r UG 
o f r n tr a cted 3Ld parti ~ lly r etracted l and in g gear s , wi nd 
~hie l ds , cockpit ~nc l osur es , aer i als , a ir le uks , and arma
ment i nstallat i ons . 

The d r ac i ncrom0~ts 1ere measured at t un nel speeds 
o et~'leei: 60 LUd. 1 00 mi le s p~ ~ hour . L1cre ase , pe r formances 
predicted b ~' the tunnel tests from modificat i ons of se v e r a l 
of th~ c irplales were l~te r ouo stant i ally v e rifi ed in 
fli gh t te s ts . 

AIRPL ANE S A2El EQ,UIPr-1:E;NT 

P e r tinent d0script i vG data on thc airplanes t es t ed 
a r e shown i n the photographs of the wind - tunno l set - ups 
( f i g . 1) , an d in t he t h r eo - v i Of d. r a itT i ::l b r. ( f i"> .2 ) . T h (3 

n i rp l anos ~ro i dent i fied by n umoero . The photogr~phs 
( fi g . 1) show most c~ the ai rpl anes i n the conditio n as 
re ceived at th ful l -sc~l ~ tunnel ( design~ted origina l 
con d i t ion) ; hOi'! eve 1' , J . f (' \l O. res h 0 VI n i n v Q. ri o u sst 0. g e s 0 f 
mo d ific~tio~ as d0s~ r io0d in th o fi gure titles . Sketchos 
and photographs s~ow i ng detai l s of various components a re 
i ncluded ,'litl the d. i "c.UBeion . 

The MACA full - scale wi nd t u nnel i s de~crioed. in r ef 
e r ence 1 . 

!l1ET :ODS AHD T~STS 

I n t~e tests the foc~l l poL_ts of 8x0e::s i.ve r ag on 
the a irp l ane we r e searched fo r . 2f ter ~aich they were 
r efa i re d ~nd impr o v ed as mu ch as wa~ possible i n a p r a c 
ti ca l way . I n s ome c~ sos , components were r emo vcJ from 
th e air? l anc and their drag incrODonts moasu~ed . 

I uit i n ll y . sh o rt tufts and tuft masts wore d i s trib
ut ed ovc r the surfac BE of the airp J.o.no Qnd visual and 



photographic obs e rva t ions taken of their motion . Dis
turb ed or turbulent motion of the tufts with the airplan e 
in the hi gh-speed a tt ituJe no r mally indicated excesqive 
d ra R . I n the d iag no s is of the flow disturbanc eR a rake 
of to tal-p re ssur e tube s was usp-d, which could be moved to 
any pos i t i o n a round the a ir p l ane. These pressure obser
vati ons WA re used qualitatively a.s a quick means for lo
cating flow break-down , and qu antitatively for c alcula
tion of the d r ag coef f icient . The dra gs of the wings and 
all wing p rotub er a n ce s were measured in this way. rhe 
technique of these mea sure me nts is described in refer
ence 2. 

The air flows throu~h the ~uct ~nd cowling instal la
tions an~ the p ressure drops through the cooling units 
were measured , A r ak e of ~tatic- and total-pressure tubes 
at th e Quct outlet was mo~t satisf~ctor y for measurin~ 
the air-flow que ntity, 3. nd: the pressure drop was measured 
as the d iff erence bet ee n the total pressure ahead of a 
coolin g unit and the t ot ~l pressure at the outlet. ~hen 
existin ~ coolers were not ada.ptpbls to ~odi fie d arrange
ments, they ere si mu lated by perforated plates having 
t he same p res ure ~rop . Ducts a nd cowlin s wer e usual ly 
tested bot h in th e normal l y open and completely sealed 
con d ition, so that the d r ag due to th e cooling air flow 
could be deter mined. 

The usual balance mea su r ements were made to obtain 
lift, drag, and pitching- moment characteristics over the 
an~le-of-attack range from ze r o lift through tne stall . 
Scale ef fe cts were meas ur en f o r a range of tunnel speeds 
between 60 and 100 mil es per hour. Most of t~e tests 
were made wit hout operating pro , ellers, but for severa l 
of t he air p l anes power-on data were also obtained. 

In or d er to a i d in e xtrspolatin? the wing dra~ to 
hi~her Re yno lds numbers and t o study in ~reater ~etail th e 
ori gin of the rying d r a~ , measurements were ~ade in the 
wine boun d r y l aye r and the t r ansiti on points 1 ere deter
mined over a r an ~ e of ai r speeds and aneles of attack. 
(See reference 3 .) Measure me n ts were also made of the 
static p res sure dist ribution ~t critical pOints on th e 
airplane to aid in ~ Btimatine the speed at whirh compres
sibilit y effe c ts on th e a ir p lane mi gh t become import a nt . 
TheRe measurements wer e made ei the r by means of flush 
orifices or s mall surface static tubes attached with the 
static holes a pp ro x imat el y 1/ 1 6 inch above the surface . 
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RESULmS A3D DISCUSSION 

T~o ovnr - al l d r ~g co off ici onts of th o or i ginal nir 
pl~~os n~d t~0 i~crQ~o~t~ i n drug c00fficient due to codi
fyi nG or r OI:lo ving v~~rious u ir))1 D.l1o conpo..:..l\;;-l tD i..1.re GULDD. 

r i ~o d i n table I. Th e tabul ated d r ag coef_lcients are 
g i ven for a high - speed lift co eff ici ent of 0 . 1 5 and from 
tes ts at a tu ne l speed of 100 miles por hour . These dreg 
i ncj~Gme,ltz 21.1'0 i n most C L!.S(3S also g iv en tr: tho text in 
poullds at a spee d of 100 miloD per hour to provide a b as is 
of co~p 3rison that will bo i~~ upcndc nt of the airp lane 
win~ arous e Typ ic a l curyes chowinB scale effect fo: one 
of t~c a irplartes bo twoon tunnel spoeds of 60 und 100 
mile' pOl' hour arc shown in figure 3 . 

Aa e~caJ.pJ.0 .of a t~r:::JlC A. l t est fHHluonco fol l olfled to 
e val u a t e t.e d rag of th~ var iou s airp l ane compononts on 
airplane 8 i s shown in ?i~uro 4 . 

E~scd on th~ t ost r onul ts and o t her mo r o fundunental 
l aboratory i llve~ ti gations , vnrious sources or ao r odynom i c 
i ~off icioncy a rc discusFo~ i~ tho fo l1 ow i n~ c~aptGrs . 

POWER - PLANT I~STALLATION 

·1hc ~OEt important dr~g r oduct i on_ woro effected by 
i mp.;~·ov~ j::! Ol1ts L, th' [l.ir.:ll,~n~ pO\~c l'- plo.::t :lnstC1.11~'.tion . 

Those i~cludol modific~tio~ ~ t o lACA cowlinis , e il- coo l er 
duc ts , ca rbureto r nir scraps , CX~u~Bt stocks , ' ate . Di s 
cussion of t' 0 d r o..g of l:CWol' - :pLl..:J. t inst oll v. tions r.l('.Y bo 
~opBro..t0d undor thn subj~ t n of in te rn a l ~nd oxtcrn~l a ir 
flows . A brief r6sum of fund~mont~ls i s g iven when pos 
s ible to aid in iLt 0rp ~ 0ting tho test r0 s ults . 

In t0r~~ 1 Air Flow 

Coolin .,.; d r<l. g nod d.uct 10 ses .- S: h0. :powcr usefully 
C1. b s c r -D e d i 11 a cool in c; un i tis QA p ; in -I'I :.i 'i c h Q, - . i s the 
a ir . q,u(E1tit.- and 6p is the p r oss1.U"o c: rop ac ro ss the 
co olin£,: uni t . · Tho o.ctu.:'ll pO';fer absor-oed. n '~hG in st['.11C1.t ion 
i s l a r eo r , owi ng to duct ~nd w~ke losses , and mo..y raach the 
u ppe r v~lue of 2 Qqo w~3n the . ent ire momentum of t he cool 
i ng air is lo st . Th o terre qo i s the dynamic pressure 
corr es~on i ne to tho flight spbed . The totol po~e r o.bsorbod 



oet"! QC':1 [l.Il.Y t'IO s.::ctions jn n c.uct, basoc1 on calculations 
of tho momentum 103S, i s giv0n by the 0xpression, 

in ''lh ieh 
sections . 

and Hz nrc tho total pr0c~ures 

Numerous equa tions have beon J.er iv c<i to e:~prosr.; duct 
officioncy , a ll of which in cl ude the us eful power Q~p 
in the numerator . The efficiency of tho internal duct 
f 1 0\:' i:; 

Q6p 
-~=--

2Q ~l rr; - ~ J 
i~ which Ho is the free stream tota l pressure Bnd H3 
i s the total ~resDure ~t the duct outlet; tho ove~- all 
ef~iciency in clud in e t he effoct of the ~n~tallation on 
the extdrnal drag i g 

'Ii = (s) 

in whi ch ~D is the tota l drag i ncremo~t ~ddcd by the 
coolinG in3tullaticn . An op timum coolinc system design 
i s one in which Q.~p is as smal l <:'r, possible and 'Ii <1J?-
pro c. c h C fl un i t y • ~' 0 a chi e v G 1 0 \'J '! a] u 0 S f) f ,i,~ p, cool i n g 
unit s of l a1'eo frontal urea sh oul rt be ueed; the upper linit 
of size is defin it ely fixed by tho powor rc"uirci to ca~ry 
th o wo i ~ht of the r~di ato r . As£umin~ th~t the LID ratio 
of tho airplane is unchcnGoJ by th e adlition of the cooling 
unit , tho power roquired io cnrry t~J ~~diato~ wai&ht is 
approximately 

p \'! = 1. 5 vI ( ~ D ) V 0 

L 

in which ~ is the weight of 
radiBtor is the ono for which 
( rc.;foro:~lco 4) . 

t 11 0 r a cl i i' ~. 0 r • '1.1:, c ::> p t i In um 
(Q. ~ p + P \l ) i s D. min i m um 

I n ordGr to r0~liz c valu0s of 'Ii approacting unity , 
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extreme care must be t9.k e n L _ the duct des i gn . In prac 
tice it is d ifficul t to approach this value wi th anything 
but a s t r a i Bht duct of optimum degign . Th e following pre 
caution s shoul d be taken to, mi nimize duct lo sses : 

1 . Avoi d b ends in the hi gh - speed se cti ons of the duct 
since t he total - pressure lo ss in a turn i s p r o
p ortional t o V2 • 

2 . Us e Gui de v ~nes in all t he duct bends . Fo r g ood 
v ano clasigl1, S00 f i gure 5 . If a d ivid in g v ane 
of ~ i ng l e s heet - mo t a l thickness is us ed it 
s ' ould. b e p r ovia_oo. \iith 0. rounded nose . 

3 . Avoi d s u dd en ch a n ges in duct size ; li mit 2- d i mcn
sional expD.n~ions to o.n included ang l e of 1 0 ° 
D.n~ 3 - ( i m·ns i onal expans i ons t o 7 degr ee" ; when 
duct expans io ns ex c eed these v a lue s , usc d ivi d 
in g p l a t es i~ t ho duct . An except ion i s a l ow
vo l oc ity oxpansion jus t o.h ead of a hi gh -re s i st 
o.ncc , in Ihich c as o tho a llo wable ~nGl es ~ r e con 
sido r noly hi ghe r . ( Soe fig . 6 .) Actu~l ly , tho 
al low ab le duct expansion depends on the boundary 
Inye r c ond it ions on th o duct wall s . Th e nllow
~b lo e x pans ion ang l es g iv en ass ume that the 
bound~ry l a yer fills t _G duct as it does i n a 
l ong piP8 , ant expansions ~~~ be made n t co n 
side r ab l y g re ater a_glos nt a duct i n l e t b efo r e 
~ b ound~ry l ~ye r i. f o rm ed . 

4 . D 0si~n the duct entry so t h~t the ~ i r f l ow t oe s not 
cro~to pre ssu re poaks on th o extornnl or i nternal 
l ip s o f th' duct G ntr~~ce ( rcfere~ce 5) . 

5 . ~uct i n l e t s should b e l oc~tcd whenever poss ible on 
a sta;n~t i o n point . Duct i ~lcts l ocated a t 
othe r t hnn tho staena tion point mu s t b e d esig~ c d 
to r0c ovcr the f u ll to ta l pressure co rr espond i n o 

to '1;ho fli i:;ht spoed . 

G. I nt~ ~na l shutt u r s to c ont rol the duct a ir f l ow 
should not 110 u soe: , as th0 ~T r OGul~,\ t e tho f l o';l 
lJ ~! dC.3 t-·o ~~ i ll~; totL'. l pressurl3, c-lhic~;. is \'Taste_ul 
of po wer . (S ec equa tio n (1) . ) 

7 . Tho duct shoul d have a snoo t h int e rn a l surfac o n nd 
ci rcul n r c ross sc ction wh en p o s sibl e . 
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8 . Tho air flo w sho ul d b e discharged along the con
tour of the ae ro dynamic body at the duct out 
l et , an the a ft erbody at the duct outlet 
u nde rcu t s li gh t l y to avoid a pressure peak. 
(S ee fi g . 7( a) . ) 

9 , ijhen the flo w d i s tributi on into the duct eptrance 
i s asymme tri ca~ , as in the case of an opening 
i n a boun da r y layer . d i vid i n~ plates both ~head 
of and beh i nd the c oo ling unit are required . 

Air- f l ow cont r o l .- The quan tity of cir flow through 
a duc t can be e f f i ciently con tr olled only by varying the 
ar ec, of the duct outle t , All othor de v ices, such as contro l 
b y position or a r ea of t he inlet, internal shutters, etc ., 
a r c i n eff ic ien t and wi l i r esult in lo¥ duct efficiencies . 
Sin ce at t he outl e t 

and i f the (lis c harge i s made in a. region of free~stret:;.m 

s tatic )ressure , the ou tl e t velocity 

i t i s obvious that any de c r ease in the outlet velocity 
must be mad~ at a sacrifi c e of total pressure H3 , From 
eqnati on (1 ) i t is furthe r obvious that 'a decreaso in H3 
r esults in an i nc~ eaB0 in powcr ab30rbed in the duct. 

Tho duct outlet aroa . Ai , for a required flow Q. 
may be calcul~ted ap p roximat o ly from the equation, 

A3 ;: 1. 1 .( 5) 

J ~' (H 3 - P3) 
i n wh i .h P 3 i s the stat i c pres~ure ~ t the duct outlet . 
The cons t ~nt 1 . 1 i s int r oduced to ~llow for the venturi 
contract i on beh in d usual t~pcrcd outlets such as figure 
7 ( b ). I t ma~c b0' om i tted i f th..:; out10t in shaped so as'to 
produce par3.11e l f l o\'1', as in f i ggure 7 (c). The v~lluo of 
H 3 must be calculated, f r om tho du.ct lo s sus und pressure 
drop across t~b coolin i, un i t . 

The n0cossit~" f o r des i gning a duct outlot which can 
b e a d j us t cd to p r ov i do j ust ,sufficient nir quantity for , 
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c o oli n G in h i gh - s p e 0 d fli gh t c a n n ot b o ove r e mphas iz ed . 
This i s pa rti culnrly t ru o if t h e duc t e f f ici en c y i s low , 

A
R

V
R

:3 

s i n c e t he p ov1o r at s o r o e ti -ra'r i e s C~ S --- in \'lh 1ch VR 
n 

is t he v o l oc it y thro ugh t he co oli n g u n i t nn d AR i s it s 
a re a . Co wlin g fl aps an d J~ct out l et c ont~ols are ab so l ute 
n e ce ssi ti es o n high er ~ po ed a ir p l a n es . Nume r ou s t e s t r e 
s ult s d emons trat o t h i s f a c t . 

I n t h e c a s e o f a i r p l nne 3 , whi c h wa s not p r ovi tie d 
with cowli n g f laps , an e x it lo t aV 0 r a g i n ~ aoo u t 2-1 /2 
in ches i n wi dth wa s p ro v i de d to g i ve s uf f ic ient cooling 
a i r for t he c l imo . Fo r t hE h i ~h - s p eed cond it i on th e 
co wling gnp wa s r educed to 1 /2 inch b y f a ir in g out t h e 
f us e l ng e wid t h as s h ofn i n fi r ur e 1 9 ( d ). Thi s cow li n g gap 
s h o·.'led t;l.::. t a S[t ti 3f ac tor y p r e s sur e d ro p n c r o s s t he e n g i ne 
of 9 inches of w a t ~ r was ob t a i n o d f o r t he h i gh- s pee d co nd i
tio n . Th is c hnn g e i n t h o c ow li n g g ap by rofair in g t h e 
f us e lag e r educ e d t h o d r u g co eff i ci e nt o f tho a irp l an e by 
0 . 0017 . A l ar g e p ar t o f ,h i s i ncr omen t was dlO to the 
d c cr cQ se d int e r n a l f low l osses ; h ow o v e r , a sm a ll p a r t of 
t he i n cr e men t may hav e bc un due to th e i mpr ov od ex t erna l 
flo w c on d iti ons wit h th e s ma l le r gap . Tho air " c o o l ed en 
g in e c owli n g of n irp l ~ne 6 was p r ovide d wi t h a ma in slot 
and a n ncces s or y contro l s lo t h a vi n g n wi d th of appr oxi
mate ly 1 - 1 /2 a nd 1 - 1 /8 i n ch e s , re s p e ct i v e ly . No cowli ng 
fl ap s we r e p r ov i ded . T~o d r ag o f the ont ir e n irp l ane 
w o. s i n c r c a s ed 0 y t h e i ll c r e m 0 n t 0 fa. a a 2 5 t 0 vi L l g t ot h e 
a ir f l ow through th e cow l in g . Ca l c ul a t i o ns b ase d o n a ir 
fl ow r e qu ir e d fo r th i s 82g i ue i nd i ca ted t h a t t he ou t l e t 
a r e a could 0 0 r edu c e d t o a l mo s t on e - th ir d of its ori g in a l 
s i ze a n d the po we r r e quir e d f o r c oo l i ng redu c e d fr om a b out 
7 . 1 pe r c o n t o f t he t o t al a ir p l nn e drag t o appro x i ma t e ly 
1.6 p o rc e n t . 

I n t ho c as e o f ' a ir p l a ne 9, c o olin g o f an Alli son en 
g i n e was p r ov i d e d f o r b y a Pr es ton ~ radi a t o r l oca t e d in a 
wi n g duct witho ut outl et c ontro l ( f i g . 8 ). I n the ori g i n al 
duct t he out l et ope ni n g he i ght was app ro x i mate l y 6 p erc en t 
of th e cho r d , t he air qua n tit y about 1 7 , 000 cub ic f e et pe r 
mi n ute in t he h i gh - s p e e d co nd iti on , and th e d rag incre men t 
0 . 00 2 3 . By r ectucin g the ou tl et op e n i n ~ t o a ' out 3 pe rc e nt 
of t h e chord , s uffici e nt a ir quan t it y (1 0 , 250 cubic feet 
p e r minute ) i o r cooli ng i n t he h i g h - s p eed c on d i t ion was 
obtained an d th e dr ag d u o to the wind duct wa s de cr oased 
to 0 . 00 08 . Tho va r ia tio ns in tho d rag of t h o win g duct 
with out l et s i ze a n d a ir qu a n t ity a r c show n i n f i g u r e 9, 
For t h i s i nst a ll a t ion a l a rg o p a r t of t h e d if f eren c e bc-
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tween the me~sured int8rn~1 drag and tho ide~l drag is due 
to the presence of structural me moers in the ~uct (fig. 8) . 

The exc0Dsive drn~ without an outlet control for flow 
r~g~lation is further demonstrated by the modified oi1-
co61er' instnll~tion on airplane 8 (fig. 10). The varia
tion of tho drag increment with exit openin g nnd air quan
tity "is sho~n in figure 11 . Included is a curve showing 
tho ide~l power required for coolin g . As is noted later, 
the l~r~e difference between the ideal and measured drag 
indicates a relatively inefZicie nt system. Still another 
case is the inefficient int erc oolin g instillation on air
plane 10 . As originally i nstalled on the airplano, the 
intercooler drag increment equalled 0.0012. In this con
dition tho intercooler duct was discharging into a wheel 
well at a short distance behind the cooling unit (fig. 16) 
without any energy recovery . Of this total a drag coeffi
cient increm en t of approximately 0.0007 was uttriouted to 
the internal flow of about 6400 cuoic feet per minute 

"through the ducts . By sntisf~ctory control of the outlot 
of the duct the powe r re~uir ed for cooling could oe reduced 
to about 0 . 0002 for the corr ec t quantity of air flow. 

Tho draG a~d air - flow characteristics of the under
slung Prestone radiator d ucts "for airplane 11 are shown 
in figure 12. ~or this airplane a study was made of two 
Prest6n e ruCiator instal la tions (fi gs . 13 and 14) designat
e"d" as foruP,rd anel re a l' ac ording to their location on the 
f use 1.:'.. g e • I n t 1 e f 0 nli.1r din s t n.ll at ion hi 0 9 - biT 19.,,; 1 / 2-
inch el l ip~ical r ad iators were u sed, and in the rear in
stalJ.(.tio_l a sin("le 20-1IZ-inch diameter radintor was used. 
The results ShOf dr~g incr oments of 0.0011 cnd 0 .0010 for 
the for~ard and the rear installat ion when ooth are nd
just ed to the cor rect air flow . The large increase in 
drag which would have occurred if outlet control were not 
used on these Luct s is shown by the steep slope of tho 
curve of drag increment aga in st air flow (fig. 12). 

The heat diss ipnte d in a coo ling duct i s a further 
factor controlling the air flo w einco~ when hoat is udded 
to the coolin g a ir, the mass flow 13 decreased and for 
equal cooling the exit area must be increased. This sub
ject is discussed in referenc e 6. 

Recovery of waste heat energy.- The useful energy out
put 0 f t 11 ega sol in e eng i n e i s 1 e sst han a t h i r d 0 f the he" at 
ener gy of tho fuel . and the remainder is wastefully dis
charged in t h3 coolin g a ir and engine exhaust. Some 
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progress has rec en tly been made in recovering a part of 
th e w~sto energy i n t he form of j e t p ropulsio n . Th e the 
ory in d icate s and experiments have verified the possi 
bility of r ecove rin g mo r e t h an 10 pe r cen t of the eng in e 
powe r b y rear wa r d discharge of t he exhaust gases . The 
optimum recovery occurs when individual exhaust s t acks 
a~ e used for each cylinder , and limited data are avail 
able to i nd ic a te the exhaust stack discharge area for 
max i mum t h rust . In the c ase of airplane 8, f l ight t es ts 
showed t he high speed was i ncreased ~ppr oximate ly 15 miles 
per hour at an altitude of 1 7 , 000 foot by tho use of i n 
div idua l stacks pointin g r enrward (reference 7) . 

The eff i c i e ncy of r ecove ry of waste heat from the 
cool ing air may b e c~lc ul at0d by the method of Me r ed ith 
(r ef0 r en c o 8 ) . The theory indic a tes that thrus t i s de 
ri vod by add i ng th e waste hoa t to tho cooling air a t a 
p r essur o nbove that of t ho ex t ernal stream , and tho theory 
has been verified in soma degree by expe rim e nt (r efe r en c e 
6 ). Th o ga i ns a r e not I nrge but may b e suff ic ien t with 
a well - des i gned coolins system on a h i gh - speed ai rpl ane 
to compons ~ t e for th o coo li ng loss es . 

Ai r in~ucti~n s~tem~- Good mil it a r y performan c e re
qu ir os th~t max imum eng i ne horsepower be ma i ntained a t 
hi gh altitudes . For this purpo se blowe r s and in tercooler s 
a r c provided to maintain the do ns ity of tho mixtur e a ir 
for tho en g i ne a t o r s li ~htl y abo ve the sea- love l dens ity. 
An important source of availnb l e blower p r essure i s the 
dy~uQic pressuro of tho a i r stream . This p r essure is 
available fo_ r~remi~g Qt any o f tho ai rpl ane stagnation 
point s , nld ~niluro to utiliz e it ful l y i s doubly harmful. 
An norodyuamic pow~r lOG S occ urs i n hnndling the eng ine 
air a t l ower than froe - ut r aBo total pressur e ac c o r d i ng to 
equatio n (1) , and un e_gi~e power loss occu r s correspond
i ng to the reduced p re ssure at the carburetor . Vulues of 
th o ram pressure avnilablu at standard temperatures for 
diff e r e~t altitudes nnd a t v a rious flight speeds are shown 
i n f i t;ur;.; 15. 

I n the n e ual t':fo-ste.ge blovrer engine in stallation 
t he engine ai.r pa~ses p r ogressi v ely through the ca rb u r etor 
in take , the p ri mary blower, the i ntercoo ler , through the 
carburetor , and thon through the se condary blowe r to the 
en g i ne . The a ir i s haated by the ad iabatic compression 
i n t~e pr i ma ry blower , and fo r efficient op eratio n this 
heat should be rem ov"d i n t. e i ntercooler . If the air 
t empe r atur e at th o engine is allowed to ri se bccauce of 
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insufficient intercooling , the difficulties arc numerous 
and include : 

1. Lowor density of i ntake air to the engine l oading 
to low~r eng i ne power. 

2 . E~rlicr knocking of e n g i ne with a given fuel. It 
is desirable to avoid air int ake temperatures 
above 120 0 F . 

3 . Groater seco~dary blowe r power required for a 
given incre as e ot int ake air density~ 

M6st of the d ifficulti cs of suporcharger inst al lations 
will v a ni sh if efficient blowers arc developed, and in 
f a ct it may be poss ible thou to completely eliminate the 
intercooler . Since the change of the air temper~ture with 
altitude i s app roxi ma tely adiabatic, t&e intercooler prin 
cipally serves to remove he at added because of the blowe r 
inefficienc y . Th e low blower efficiency is harmful since 
it not only necessitates t he complicated intercooler in
stallation but directl y r~ quires grenter e~gino power for 
the blower operation . Power is first taken from the en 
g ine to heat up tho c n rbur otor air ~~d further power is 
absorbed in the i nte rco ole r to cool it again . 

T~le diifie lliti os in t~~('. in t8rcoolcr inst b.l lations 
t es t ed in th e full - scale tunnel were normnlly those due 
to space restrict ion s . On sin~le - so~ter airplnnes such as 
airpl~nes 8 , 9 , ~nd 1 0 , t he space ovoilnble for the inclu
sion o f large rectangUlar intercoolers wos limited . This 
led to awkward and inefficient ducts in both the cooling 
and ang in e air passagos ( fig . 16). Tho intercoolers were 
gcner~lly a tt ached to an ai r p l ano which p roviously was 
equipped with an un supe r cha r god engino . In casos such as 
thos e th e exp e cted failure of the intorcoolor installation 
vitiates ~hc e~tire design . 

Ex t o l'u ,". l Flo\,I 

The dr~g added to a~ airplane by tho power plont in
st a llation owi ng to changes in tho exte r nal flow is not 
readily c a lculab l e . Th e d r ag is essentially due to in
terference , and the detrimental effects of external flow 
disturb ances depend on t e magn itude and location of the 
disturbin g ele ment and' upon the stability of the flo\'l be
hind it . The basic conditio n to which airplanes eq~ip~ed 
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wi th v a ri ous power - p l ant installat i ons shou l d be compared 
is an i de~ l st re a ml ine a irplane hav in g sufficien t size 
to a cco mmoda t e the p i lot and mil itary equipment . Any 
c hanges in the fuselage size o r shape required to ac com 
moda t e the eng i ne ins talla tion mus t be charged aga inst it. 

I n th i s conndct ion a f ew data on the minimum . d ro.g 
c oeff i cients of ideal combinations may b e of interest . It 
is r ealized t ho. t cornpo. rison s of drag co eff i cients which 
ne g l e ct the win g l oading are of little in teres t ; however , 
most of the comparisons made apply to w in ? l oadings of 
o.b out 30 . I n th e v o. r i,':'.bl c - clellsity t--X12loJ. t '3Sts on cO!(lbinutions 
of wi ng , fuselag e , and t~il (r ofe re nce 9 ) , lt was f0 ~nd 
that 0. d r ag coefficient of 0 . 0128 coul d b o r eached for an 
id ea l mi dw i ng o. ir p l ~no co mbined with o.n NACA I I I fu se l age . 
Tes t s on o.irp l o.ne 9 i n t he full- sc~lo t unnel in it s fully 
s tr oam line condition (f i g . l(i» gnve a mi n i mu m d r ag coef 
fici ent o f 0 . 0115 ; howe ve r , the woke measurements ov e r the 
win g sh owed t~o.t the manu acturi n~ roughness and wing p ro
tub erances accounted fo r 0 . 00 1 3 , nnd s i 8 ilu1' fuselage ir 
r egulariti es wo uld p r obnb l y account for another s ub sto.n 
ti n l item . I n 0 polished - uo dol condition it s drag co ef fi
cient mi ght l i e bo tw8o~ the v a lue s of 0 . 0125 and 0 . 01 30 . 
For n irplo.uo 8 wi th a s li ght l y l orga r fuselo go 0. minimum 
dr ag coefficiont of 0 . 0 1 55 was measured for the o. irplan e 
in ~ s i rn il nr smoo th condit~on but with tho canopy in p l cce 
(fi g . l ( h~ . Th is would probably reduce to 0.0135 for n 
model tested i n a po li she d condit i on . 

A l ~ r gc d iff e r once Day exist b3twGen tho drag c oe ffi 
ci ent of a smooth p o li shed nodel tested in a wind tunne l 
( even nssuning tho tr~nsition point is fixed ~t the sarno 
loc a t i o~ ) and the dr ag c oe ffici ent of an ai r pl~nc built 
accordin~ to the bost nodern fl ush ri vet ed p racti c e but 
includ i nG such it ens as p it o t tub es , a il eron gnps , wi nd 
sh i e l d r oughness , mnnufa c tur i ng ir regul nr iti es , e tc . This 
it eD , wh i ch i s in t he natur ~ of a hidden drag i nc rement , ac 
count s i n po.r t for t_ e fo. i lu1'e of snooth Dod el tes ts to p r e 
d ict the h i g h - speed dro.g of a ir planes with the conventional 
oxtrapo l nt io n cndc o.cco r d i n ~ to the sk i n -frict ion lo.w . 

AssuQ i nG tha t the engine installation can be housed 
i n nn i den l fuse l age shape o f sO~Gwha t larg e r dianctc r or 
l en gth t han tho i dc " ... l i'usc l age re quired for t he pilot and 
militnry equ i pnent , it i s ne cesso.ry to cha r ge the eng i ne 
i ns t a ll ation with the added s kin~ r i cti on draG due to t ho 
g r entor f uselage surf co a rea . This may bocone a s i gn ifi
c o.nt it on if un o. tt ODp t is Da d o to obt a in optiDuD eff i -
c i ency and cDphnsize~ tho ne c ess ity fo r s Da l1- diaDe~r engines . 
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Th 0 d r 0. g i i1 C r e fj (' n t s 0 11 Dod ern n i 1. i t ~ r :v air pIa ,1 a s duo 
t o l~r ger f uso l ~~e siz e are sn~l l er th~n those introduced 
d uo to ch~n~es in 'the idoal streanli~e shapa such as occur, 
for Gxanple , when p oo rly desi ~ll Gd scoops ~ro addod near 
the airplane nose. The generalizati on nay be nade that any 
chan ge in tho airplane shnpe which tends t o i ncreaso the 
a. d v a r s.::; :;,n 0 s s 11 r 0 g r C\. d i e n t s 0 r th o I:ln.X i n un val u G oft he 11 e g 
a tive pressure occurring on tho body ,,,ill incr o~_so the 
drag , with the effec t s boconing Dorc sori ou s as spooQs ~p 

pronch 450 ~o 500 o il o s por hour. Tho soparate itODS in 
th e v a riou s power-pl~llt in stall~tions which oay create 
drae by chan ~ in G t he airplane shape and disturbi ng the ex
ter~ al flow n r e c ons i de re d i n tho following. 

Air- coo l ed eng i ne cowlings . - Tho conventionnl instal 
latio n of an a ir-c oolod en g i ne at t ne nose of the fuse lage 
r esults in an a irp l a ne with n shape sonewhat Dorc blunt 
t han is t~ o best fran tho standpoint of dra~ . This is 
subst~l1t i ntod by t ho fact t ha t t he negativ0 pressures on 
t ho b ost RACA c ~ wlin g reach values fron -0.6Qo to -0.8Qo 
in contr a st with v nlu0s of l oss t han O. 2Qo on good stronc-
1 i 1: C nos e s • I n t 11 e bel i eft 11 a t t 11 0 s e :'! 0 G~. t i v 0 pro s sur e 
incr en ses l e~d to hi gher ~ r ag . streacline noses rere added 
t o t wo c f the ai rpla~es test ed in t he full - scale wind tun 
nol ( figs . l(h) ~nd l(j» t o ascertain the ~rnG incrcDcnt 
due to t he NACA cowling with no air flowing . In the case 
of a irpl ane 8 the d r ag coeff icient was decreased by an in-, 
crement of 0 . 0020 ,<;v.ri u'" to the addition of the streamline 
nose . In t he case of a ir p l ane 10 the addition of the 
streamline nos~ decrea s ed the drag by a smaller increnent 
of 0 . 0013; however , as can be S30n by conpa risons of fig
ures l ( h) and l(j) . the nos e on airplane 10 was not of a 
type 1:1h.i ch would as effectivn ly r educe the nege.tive pres -· 
sure as t ha t on airplan o 8 . 

As prev iou s ly me n t io ned, the compari sons were Dade 
with no a ir flowing ove r the eng i no , and an ~ttempt was 
made in t he c ase of a irpl.. .. ne 8 to i mprove tht.: s.hape of 
th e cowlin g so as to app roac h mor e ne arly th o drag of the 
solid streamline nose and at tho snme time prov i de a method 
of cooling t ~e eng in e . L on~ - nose co~ lin gs of shupe sie ilar 
to thosci shown in figure 17 we ro t ried .in an effor t to 
m 0. i n t a ina goo d 0 x t e r n a 1 s hap e a:J. d t:'. t the s ilLI e t i ill a top r 0-

vide sufficie n t air flow . I t was found that the l ong-nose 
cowlings with air flowin ~ th rough t he m showed no docrease 
in drag ov e r ttat of t ho co nvont i on~ l NAC~ cowlin g , indi 
c at ing that some pec uli a r int e rnal o r external flow phc 
nono na existed to nullify tho ga i ns which apparently should 

j 
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be re olized froQ the improved external sh~pe . This i n 
vesti gut ion ~ns of a p r elim i ~ary na~ur e and more detailed 
i nv8D ti ga tio ~s a re now in progress at the l ~borato r y . 

For conve lti ona l NACA co wli ng installat i ons , it has 
b eon fom:d t-ln.t t he best net efficiency Qud the rr: i n i:::1U1:1 

neg~t iv e p r essur es a r c re a li zed for cowli~g C, wh i ch w~s 
developed frOD tests in tho NACA high - speed tunnel and 
r epo:ted i n roference 10 . 

I ~ a fu ther attempt toward imp r oving the blunt shap e 
of the RA CA cowling , tests were made with spinners o f var 
iou s siz~s attached to th e propeller ( fi~ . 1 8 ) . These 
spinners varied i n size from 17 inchos diamet~r correspond
i ng to t~o conventional de - icing spinner up to 38 . 6 inches 
diamoter . For a par t of the tests with t he spinnor" , cuffs 
we r e a l s o added to the propel l e r. The result n showed that 
th e medilm spinne r increased t ho ovor - all p r opulsive cffi 
cie~cy by a b ou t 3 pe rce n t in t he hi gh - speed condit io n and 
provided suff i cient cooling pressuro . The l ~rger spinners 
produced ~b out tho same i ncrea s e i n propulsive eff ic iency 
bu t did no t p r ov id e adequnte coolin g a ir to t he eng i ne . 
The add i tion of th e cuffs did not iLcrease tho propulsive 
efficieacy in the h i gh - spee d co nd itio n , althouf;h. i t vTo u ld 
b e oxpe ctod that the ava ilabl e p r ess ure for ground cooling 
wo uld be incrensed . The r e l a ti vely small incre~scs in pro 
pul si ve eff i ciency noted by adding the sp i nners a re not 
beli e v ed to be t he u ltim a t e that can be obta i ned in this 
way since the RACA cowlin g will no doub t require modifica
t i oas when used in conjunction with sp i nne r s . S t u dy on 
t h i s problem is scheduled f or further research . 

~ i th the use of the NA CA co wlin g and it s attendant 
large negative pressur e ri se , it i s exceed i ngly importan t . 
t hat t he fuselage b eh i nd the cowlin g be correctly des i gned 
to a voi d sharp pr essure g radients and to return the n ega
tiv e p r essure to f r ee - st r eam pressure with a mi n i mum of 
d is t urban ce . The high ad v e r se pressure g radients a re con
duciv e to flow separation ~ it h a resul t an t drag pe nalty. 
An at t emp t was made in the c ase of ai r p l ane 8 to i mprove 
t he a fterb ody shape by len g t hen in g the fuselage approxi 
m~t ely 5 fee t by means of a conical extens ion (fig . 19(b»); 
t his resulted in a decrease of drag coeffici ent of 0 . 00 05 
for the airp lane with the NACA cowli ng without cooling a ir. 
For tho ai r p l ane wi th tho s olid s treamli ne nose the drag 
was t he Same w i th or withou t tho lengthened afterbody . A 
furth e r small c hange was made oy enlarg i n~ the tail of the 
c oc kp it canopy to decrease th e divergent a ir-flow ang l e . 



This had no measurable effect in t he case of the NACA 
cowling; however, the change increased the drag of the 
airplane by 0.0006 in ~he case of t he strerualine nose 
installation. 

Some air-cooled engine airplanes when viewed from 
the top show a distinct necking-in of t he fuselage aft 
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of the oowU ng. On airplane 5 the fusela.ge was modified 
so as to el iminate this necki ng-in feature, as shown in 
figure 19( c). The straight-line fuselage elements ex
tend from the front of the fuselage to points of tangency 
aft on the f uselage . This change reduced the drag coef
ficient of the a irpl an9 by 0.0009. A similar change was 
made on airpl ane 6 (fig . 19( 'i)) which reduced t. s drag 
coeff i cient by 0.0006. . 

~lr inle"t§l .• - The rules for t he design of' duct inlets 
are not so wel l establ ished as those for the design of the 
outlets. The pr inciples are known, however, and have been 
verified by experi ments. I t i s a primary requirement of · 
a duct inlet t hat it recover the full total pressure cor-

. responding to the f l ight speed of the airplane. If the 
total pre sst~e a t the inlet i s le ss than Ho there will 
be a power l os s calculable by means of equation (1). The 
opening should ther efore be l ocat ed at an existing stag
nation point such as the wing l eading ~dge or the nose of 
the fuselage, or at an artificial stagnation point created 
by means of a scoop . The use of s coops is di scouraged, 
however, by the requirement t hat t he flow into and around 
duct inlet s should not create l ocal gradients in the pres
sure distribution over the body or i ncrease the values of 
the ne gatlve pressures above t hose of the body wi thout the 
inlet. A well-designed opening at the nose of a wing or 
fuselage will in fact tend to r educe the negative pressures 
over the body near an opening slnc~ a part of the air is 
bypassed through the duct and t he exter nal velocities are 
lower (fig . 20). 

Large adverse pressure gradients (negative to posi
tive) cause a transition f r om laminar to turbulent flow, 
and tend to preCipitate f low separation . Large negative 
pressures on a body further l ead to compressi bility effects 
at low critical speeds, and r equire th&t the af terbody 
be long t o reduce the adverse pressure gradients. While 
awaiting a the or y f or specifying the shape required f or 
openings of different size and air-f low quantity the ex
periments of ref erence 5 may serve as a guide. By properly 
proportioning the opening, inlet vel ocity r atios Vi/Vo 
may be varied over a wide range without in~reasing the 
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external d r a~ . Whe n t h e i nternal duct passa~8s cannot be 
desiGned to expand the air e fficiently it may be desirable 
to p rov i de l o~ inl et velocity r at io to reduce the duct 
l osses . 

Tho corners and s i d es of r ec tan !;ul ar duct i n l e t s 
should be carefully round ed a~d f airod i nto the body . If 
an optinum hi ~h - speod opunin~ c~nnot b e desicned to aCCOID 

mod ~ to t ~o climb and ~ roun d cooling c on d ition s , an ad jus t 
ab l o i nl e t should b e provided . The stag~at i on point on a 
win ~ sh i fts with lift coeffici0nt and for t hi s r eas on an 
optinum wing duct for bot h t he h i [;h - speed and climb cond i
t i ons sh oul d h a v e a~ adjustab l e oponinG . ( See r ofe r en ce 
1 1 . ) It ~~y somGt ime~ b e poss ibl e t o a rrive at n com p ro 
mise arranGemont wh i ch will bo satisfactory i n cl i mb and 
h a ve a lmo s t optimum hi gh - spe ed efficiency . Th e e ffbcts 
o f the slipstream in rh i fting the s tagnat ion points o n tho 
win g may , ho wever , be the critical factor in the de s i gn of 
win g duct i n lets . The effects a re discussed in reference 
12 , a nd sati sf act o ry solutio n o~ th 8 p robl om may le ad t o 
th e n0cessity for ad jus taol o inl e ts . 

Alt ho u gh sco ops a rc not tho bost typo of i nlet open 
in gs , they have boen widely u sod on the a irp l a~os that 
we r e tested in t ~e f ull - s c a l e tunnol . Ex ternal carburetor 
scoops wore particul a r l y popul ar s i nce tho c a rb ure t o r r am 
pre ssure c an b o obtained most r ead ily in t h i s ma nler. I n 
mo s t c ases it vas found that t he airplane dr ag was sub 
stantially redu c e d by rcfairi ng of tho scoops. 

Rcf a iring the carbure to r sc oop of a irpl ane 2 and tho 
cowl i ng ahead of it as shown i n figure 21(n ) r educe d tho 
airplane dr~g co e ff i ciont by 0 . 00 10 . This furthe r he lped 
to m~ int a in tho carburetor p re ssur e up to _ i gh angles of 
at t ack . Tl e ad dit i on of t ho c a rbur e t or scoop to a i r p l an e 
8 ( fi g . 2l ( b) ) incr easo d tho drag coefficient o r t he ai r
pl an e by 0 . 0006 . Thi s scoop could have b een i mpro v ed by 
i ncreasing tho le ~d i ng- e d g e radius and lo ng th onin g t ho 
aft e rb ody . Smal l sharp - edgo scoops ( fig . 2 1(c) ) were used 
i n t he wing- fuselage f ill ets of a ir p l ~~c 9 wh ich added 
0 . 0019 to the d r a[ c oef fici on t of tho a irpl ane . In figuro 
21 ( c ) t ho tufts show the l argo exta~ t of tho flow disturb 
a nc e on tho ai rpl ane caused by th;se sco ops . 

Tuft operation i n airpl a ne 1 0 showe d that a satisfac 
to r y flow ex i sted ov e r th e c n r bur e tor s coo p , wh ich wa s l o
c ated in th e nosa of the cowling (fi g . 21( d ) ) for th e 
powe r -off cond i tion ; hownvor , wit h th o p r ope ll o r operating , 
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a ~istinct flow separation was observed on the downstreac 
side of the sco op o~ing to the slipstreac rotation. To 
eli~inate this undesirable flovr, the siies of the carbu
retor scoop were faired out core gradually into the cowl
ing line, as indic~ted by the soctio~ line on figure 21(d). 
This f~iring de cre ased the drag co efficient by 0.0006. 

Thre e different type~ of c~rbur etor scoops were 
tes"ted on nirplD.:CHl 11. (Sec fig. 21(e).) The nost sutis
factor~ scoop fron the stnndpo int of both drag Bnd ron 
pressure wns the one design~ted as revised forward inlet. 
The characteristics of the three types of cnrburetor 
scoops are given in tnb le II. The superiority of the re
vised forw ard inlet is due to the improved shupe of the 
nos~, which is more neurly pnrnllel to t~o streamlines 
and to t~l(l elimi!lc,tion of the 10\" or lip on tho original 
inlet . It IDny bo desirable to widen the revised forward 
inlet and fair it more grnduo.lly into thn fuselage, as was 
done "i n the case of .n.irpluEc 10 to avoid losses clue to ro
tntion of t~e slipstrcum . 

Tho airplanes have bo ~n most sevorely penalized by 
the oil-cooler insL:ll t'.t i(jn ~, since in most cO.ses the oil 
coolcr ~ o.~peo. r to.have been nddod to the airplanes as en 
nfterthought . Tte ~ ir fo r the oil cooler of ~irplane 2 
(fig . 22 ( a)) ,vas taken in by meaICS of ~ scoop 0:1 t1:c under 
surf~cc of tho wi~g , was p~ssed through a cross-flow wing 
duct in which tho cooler was 10c 0ted and ~iEchargod through 
louver s on the upper "surface of the wing. Tho duct was 
at nn o.ngle of npproxi~~toly 45 0 to the winG chord and the 
nir was discharged at abo u t this angle to the upper sur
face. T~e tuftn in fi Gu re 22(a) show th8 flow interfer
ence due to thci ineffici ent dis ch arg~, and ~ drag incre
ment of 0 . 0020 w~s meizured for this installation. The 
dr~g increment for ' a sati~factory oil cooler instnllation 
on 't his airplnno should not cxc0cd 0.0004. On airplane 3 
th0 oil-cool ur scoop wes l ocated on tho bottom of the fu
selage at t~e renr of th~ NACA cQvlin~ (fig. 22(c). For 
this install ~t ion a d~~g' incr 6mont of 0.0007 was measured , 
which i s not consi de red cxc~ssive for the external instal
l o tion . I t will bo note d th~t this scoop hns a well
for~o d stroemlinc ~hepc . 

The oil-cool or SCOOP " on ~irpl nno 4 was pIeced on tho 
top side of the NACA cowlin g , as shown in fiGure 22(b). 
The ovcr- ~ll dra; co~fficiont of the inst o.llntion obt~ined 
by removin g the scoop end senling the outlet vus 0.0007 . 
This 1as reduced to 0 . 0003 by roi niring tho scoop , as shown 

r I 
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by the sect ion lin es i n the figure. An extremely inef
ficient oil-coolbr ins tallation w~s used i n ai rpl~nc 8 
(fi g . 22 (d)) . It consisted of a Gh~rp- odge scoop locat 
ed on the bottom of the fusel age which divertod ~ir at a 
r athe r sharp angle up int o th o oil-cooler ducts loccted 
iri tho ~use l ~ge . The a ir then was discharged at an angle 
of ~bo ut 60 0 to tho funclage axis . This oil - coolor in 
stallation f a iled to supply sufficient air flow for oil 
cooling ~nd in addi t ion iLcreased the airplan e drag coef
fici ent by an incr eme nt of 0 .0017 . Since it was i mpossi 
bl e to modify thi3 instnllntion without m~jor changes to 
th e ~irplan0 structure, ~n ~n~orslung r~J i ato r instnlla
tio n was dosi fnc d to be attached to tho bottom of the nACA 
cowl ing (fi g . 10) . When tho r equir ed quantity of air 
flew passed t~rough tho cooler th e d rag coeffici en t was 
0 . 0009 . To determine what part of the drag was due to the 
protuberance and wh~t pa~t due to the air fl ow , the oil 
co oler duct wns fair o~ over at tl ~ nose and tail so as to 
prevent n ir flow , and a~ i nc r aIDe tit in drag coeffici o nt of 
0 . 0004 was measured . 

As an examp l e of on Qxtremely poor i ns t allat ion and 
an illustratio n of its harmful effects on t he eir~lane 
drD.t;, re sults are prese __ te cl for the tempol~ar,y oil -c oo ler 
in stnl l ation which w~s inntQllcd on ~irpl ~ne 9 , ns shoun 
in fiGure 22( C) . This 1.:" 1' ::;e scoop inC1'e~s ccl tlle airplane 
dra g coefficient by an i ncreme~t of 0 . 0040 , which corre
spon~ed t o appro x im ately 25 percent of t ~c entire airplane 
drag . This installution wn s Inter ch~nge~ i ~to n rela
tively inefficient win g d uct i n uhic~ loc nt ion it i~
creasod tho drag coeffici an t by 0.0011. A vinG d uct oil
cooler i nstnllat i on uns also u sed in airpl~ne 11, ds 
shown i n fi~ure 22 ( g) . Th e duct passages through both 
win gs wero bent sharply to nvoid int e rference ~ith t he 
la~rl in g- goar struts and 0 co~ si d erabl e loss in internal 
effic iency ~esulted . The . d rag coefficient of the airp lane 
was incre ased by 0 . 0006 because of tho w i n~ ducts . It is 
beli eved tha t with an eff i ~ient intornal duct the d r ng 
co eff icient waul havo bee n incr eased by no more than 
0 . 0004 f o r this installation. The oil coolers for air 
pl ~ne 10 were loc n tc d in st r ca~linG ducts on thb low e r 
su rf ac es of the win~G outb oa r d of the fuselage. The o il 
coolers were approx i mately half sub~e r gcd· into the wings 
( f i g . 22(f» . These oil-cooler instullc:.tions increased the 
airpla~ o d r ng co o fficie~t by an i ncroment of 0 .0 008 . As 
a ch e ck on tho Ldded ex ternnl skin friction d rag due to 
th ose duc ts, streamli~o noses and tail s wero added to the 
units and a drag coefficient incr emo, t of only 0 .0001 
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measure d . This substantiates other data sh owin g that 
streamlina blisters located at no ncr itical positions on 
the airplcne ~ o not add l a r ge incr ecen t s . 

The larg es t scoops a~de d to tho airplanes were those 
provide~ for the Pr es tonc radi at or insiall~tions on cir 
p lane s 7 and 11 . On airplane 7 in its original condition 
the Prcstone r ad iator wa3 loc ated under the Alli son engine 
an d helow tho normal fuselage line . Th3 a ir was taken in
to the rad iator by means of a 1ar ~c s co op which is ske tched 
on fi gur e 23(a) . Th i s in3t al l at ion increased the drag co
efficient of the airp l ane b y an i n c rement of 0.0034. In 
an attem~t to re duce the drag of tho Prostone radiator in
stallation, the rad i at or was r c ise d GO as to plnce it with 
in tho original lino s of t he fuselago llOS0 , ns nhoun in 
fi g ur es 23(b) a~d (c) . For this a r rangement it will be 
note d that the ~nlot d id not protruie below the normal 
fu se laGo line . Th e d rag coefficient of th8 codified in
stallation uas 0 . 0017 or approx inate l y one-h~lf that of 
the ori g ina l i nstall ntion for the same ~ir flow quantity. 
Oth e r scoop a rr angemen ts similar to the no~ified sc~ops 
used on a irp lan e 7 were investigated on airplane 11. 
AGa in the Prestone r adia t or s were i nstall o~ withi~ t~a 

ori G in~l faired contour of the fuselage; however , the 
scoop inlet p rotruded s li gh tly below the or i ginal fuselaec 
line (fi ~ . 13) . Owin~ to th e efficient internal flow m~de 
possible through the gradual expnnsion of its i~ternal 
duc t , a d rag co effici en t inc rement of only 0.0011 wa~ 
measur ed fer thi s a irpl a ne . A similar underslunG scoop 
arra~ 50me nt ~as tested in w~ich the ~adiator was locntcd 
within the fuselaeo near t~ c trailing edge of the win~ 
(fi G. 1 4 ) . For this cas e with t he coc1inc nir flow ~s 
for t~e forw~rd un d erslun g arrangc~ent, the dra~ coeffi
cient incr eDen t was 0 . 00 10 . Attention is called in both 
of thes e c ases t o the f~ct that , with a well-de5i~ned 
sco op even of lar go size s uc h as these j ust described , ex
ce ss ive ~ r ~Gs wer~ no t o bt ~ i ned . 

Rules fo r the ~asi Gn of s co op 
enco Gnine~ with the ci ir plBnes nre 

bnse~ on the 
as follows : 

cxperi -

1 . Provide a nose rndius on the lips of the scoop 
sim ilar to thnt at the nose of nn airfoil. 
Never usc a sharp-edge scoop . 

2 . Provide suffici ent cncber in the scoop contour so 
as t o match the streamli~es of the flow. 
Sc oo ps with low inlet velocities roquire more 
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c ctmber . (Seo fig . 24 . ) Who~ ~ossibl o , ne~s 
ure the p r essure distri~ut i on ever the scoop 
with correct air flow throuGh the open in G. 

3 . Until Dore deta il ed d~ta aro available , desian 
the scoop inlet a r ea to provide an inlet ve
locity of from one - h~lf to two-thirds of the 
stream v eloc it y at tree · hieh- speed cono_ i tion . 
If the scoop inlet i s not made adjustable , 
the inlet ve l ocity r~tio will necessar ily be 
r equirod to bo lotor and the cn~bor in the 
scoop Greater. (S ee rule 2. ) 

4 . Provide a well - shaped ~fterbody beh i nd the max i 
mum s coop section with sufficient len ~ th to 
~vo i d flow sep~ration. Four times the scoop 
hei :; ht \.,.. il1 geilc r a lly suffictl , a lthoug h n_ 
nfte rbo dy too sh ort will be much more ha r mful 
than one too lo ne . 

5 . Whon the sco op is locntod in B cross ~low such 
as a propelle r sl i pstream , fair the sides of 
tho scoop g radually and smoothly into the body 
~d j ~ce nt to it (fi C. 24) . The sides of the 
s coo P for t his co. s ec 0 r r es :r 0 n d , tot 11 0 nf t e r
body in a st r ai ~ht fl ow . 

6 . If a scoop i s loco.ted in a thick boundary l nye r , 
considerabl e difficult ~ will be oxperienced in 
obtain i nG h i ~h eff ic iency . The inl et area 
should be exactly proportioned to avoid flow 
separation in the boundary layer ahead of the 
inlet , and van es us ed in t~e duct to obtain a 
mo re uniform v elo cit y distribution . 

Exhaust s t acks and turl) os!:!J2....ercharger . - The require 
ments for the r e cov e ry of th r ust from oxhaust stack s by 
rearw a r d disc_a r go of the hea t ed gases have already been 
discussed . However , it i s des ir able to further conside r 
the extornal drag due to prot ruding exhaust stacks on the 
fusela ge . Tabu l ated r esul ts on the drag due to the vari
ous c ::c...aust stncks arc g i ven in table III. 

The exhaust stncks li sted are for ai r-co oled engines 
with the except i on of thos e for ~ ir :r l anes 7 and 11 . The 
twin stncks on t he air - co oled en g in es pro tr udod from the 
engine co wlin g at ri gh t angles excep t thoso for a ir p l ane 5 
which were directed to r ear a t an angle of QPpro~ i ma t o ly 

----------_ .. ---
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4 5 0 • The d r ag o f a ll t he s e inst allations is compar~tivo1y 
l a r ge nad their form d r ag may b e reduced by the elimina
tio n o f sha r p odges a t l a r ge nng l es to tho direction of 
fli ght , -by di s c har g i ng t he s tacks to t he rear nnd by re
c ess i ng them i nto t he fo rwa r d sc c tion of the fuselago". 
The advantages of i n d iv i du a l s t ~cks nrc discussed in an 
othe r s ect ion of the p~por . 

I t will be n oted th~t the s t acks BS used on the 
li quid - co ol ed enr; i nes of D.. i rp l anes 7 "<lnd 11 hnve much 
lowe r d r nG "than t hos e for a i r -coo led en~ines. 

The d r n~ o f e xte r nal turb o supercharGer installations 
i s h i Gh ; a~ ~em o nstrn t ed b y the 25 . 5- pound drug measured 
f or the complete i nstul l~t io n on airplane 9 (fig. 16(d)) . 
A d r ag b r oak- dow n for th i s i nstal lation showed thnt 2.7 
po u nds d r UG was du e to t he c ool i n; system for the exhaust 
l inos f~om e ng in e t o supe rc harger which had inlets in tho 
l ead i nG "cdGe of the win g , 7 . 6 pounds to the bypass stacks 
( fiG _ l 6 ( d) ) , and 1 5 . 2 pounds t o the superchargor. Tho 
h ibh d r D..G of th i s i ns t o.ll ::J.t i on i ncl.ic[!.tes that fcr a hiE;h
"speed o.ir p l nno , it i s i mpe r ative to enclose the super
c hnrge r wi th i n t he o. i rp l a n o wit h an efficient duct system 
f or co oli nc tho r ot or and d i scharging the caolin~ nir and 
CXhc31.1 St i6Q.scs . 

TAB LE III 

Exhau s t StacKs" 

Ai rp l [l.no F i gur a DrCl.g at 1"00 ID1)h 
(lb ) "" " 

1 -25 ( c. ) S ~ 6* 

~ 25 ( b ) 8 . 2 

6 1 (f) 4 . 6 * 

7 1( 15 )" 1.8 

s 36 ( d ) 3 . 4 

11 25 (c) 1.3 

* D r ~G mocs u romon t modo by p l [l.cing strenmlino blisters 
over s tacks i ns t ead of r cnoving thorn. 



22 

The p~ofilo - dr ~c coeff i ci3nts of win es wero rno~surca 
for ::.11 or t:'le nirplanes b y mC:J.ns of n vlD.ke ro.ke (rerero:1.cc 
2 ). Nume~oLs surveys wor c mD.G.o alon s th e SpD.:1. or th o wing 
so ~ G to ebt ~ i a o.n nverage va l ue of th e drag c oe fficient 
nni the ~e~n v o lues nre given in table IV . 

The ~ rng v a lue s ~e r e measured :J.t a tu~ nel spoed of 
85 miles ~or hour , nn d values h a vo beon osti~ated for the 
(lra :; of 0.. smooth win e; 'dtl the so..me sections a:l cL plan 
form to serve [1. 8 a ba s is f o r cODp~rison . The sm~oth-wing 

dc"to.. \"Jer ", obt.::tL1 Cd froD full - sc;.l o-tunnel c1.o..to.. or!. 5J;100th 
o.irfoi18 tJ s te cl .:1.t t he 5n "0 ReY:lOlds nUBb e r . The clrrcg co 
efficient i ncrement 6C n represents the ~ raG due to rouGh
ness , rivet~ , laps , e tc . 

Since it may be of co a side~~b l e interest to predict 
the d r a G of servicG win G from the full - scale - tunnel t e sts , 
or "at l east to d e termine whether d rng increm e nts due to 
win e p~otuberance and ro u ghnes s measured at tho tunno l 
speed cpply at fli Cht spe eds , a brief revio1 of present 
concepts on skin friction is presente d . The dr nE, results 
must be str i ctly i ntorprot o d to a void in~ccurate estimates 
of ,"ring (lr~ G nt hi gh s pee d. s a11 (1. hi Gh Reynolds numbers oVl i l1s 
to the wide l y v ~ ryin g effects of rouGhnoss an d compressi 
-bility . 

I n attcinl)tinG to c.omparo th o effect of rouGhness, such 
as rivets , l ~ps , etc ., at se~.-er 2,1 d.iffe r ent Reynol d s num 
bers , i t is necessary to know th e extent of tho lamin~r 
an d turbulent f l ow re g ions on the rough win s for th o speeds 
at thich the compa rison is to be made. It is characte r is 
tic of a row of r i vet s or other protu berance on a wins to 
fix the transition from l aminar to turbulent flow at the 
1 0 c a. t i on 0 f the r i vet s • Th at " is. a r 0 VI of r i vet son the 
20- parcent c loca~ i on of a wi~g will defin i tely fix the 
t r ansition poin t at t h is position re gardless of the ReYr!.olds 
num-Dor . For Gxnmple , e, smooth \"lin G at low Re~"nolds numbe r s 
may have its trans i tion occurrin ~ at the 0 . 50 c position ; 
the o..ddition of a " r ow of rivets n t 0 . 20 c wOLld add a 
l :J.r g e drnG inc r ement made up of two pnrts , namely the form 
dr a G of the rivets and the dra G duo to the more exten s ive 
r e ~ iol1 of turbulent flof on th o rou~h win G ( fi S . 26 ). 
Wi th in c rcnsing R6ynolds numbers, the transition point 
moves forward ~lonG the chord "( reference 3 ), nnd it may 
be that at R equafs th i rty mi llion even on a smooth wing , 
the tra~sition po i nt woul d normnlly occur nt 0 . 20 c . In 
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this case , t h e ad d ition o f the r ow of r ivets at this lo
cation would add a con siderably l Gwer drag increment equa l 
to the rivet form dra~ , a nd no ex ~ ra d~a~ would be caused 
by a shift of th e t r ansition p oint . The d r ae increment 

$ obtaine d i n t~e low Reynold s num be r tests is therofciio 
~ n o t app!icable at higher Reynolds nunber u n les s correc -
j tion is made for the sh ift "in the transition po int. (See 

r o fere:ilce 13 . ) 

I n contrast to the effects of pr otub eran c es added in 
th e l aminar - f low r eg io n , th o d"r aGs of roughness or pro 
tuberances added in th e tur bulent rc~ ioL of a snoath wi n g 
i nc r ease with incrcasiL ~ Reynold s nunber (fi g . 27) so thct 
the e ff e ct of winG irr egulariti os noasur od in" low-scale 
wind-tunne l tests do not c onse rvative ly predict their d rag 
at fli Gh t speeds . This effect is probably due to the thin
nin~ of th o bound Qry l aye r at t he higher speed~ wh ich ~ay 
caus o the irre gul a rity in sane c ases to protrud~ throu~h 
the bound a r y l ayer . Wheth~r the drag increment measured 
i n t~e full - sca l e t un ne l sh ould be incr eased or decreased 
at fli ~ht Reynolds nunbe r s , the r efore , depe:ds u?on the 
l ocation of t~e wing irregularities with reference to the 
trans itio n p oint on a co mpa=ab l e smo oth wing . Ii the rough
ness be Gin s ahead of t he nominal smooth wing transition 
poii"lt , t ~le c1.raG i ncre::!en t '"rill dec r ease i'lith increasing 
sca l c , and vice versa . 

Wit h ex i st in c co n Te nt ional airfo ii s, such as the NA CA 
23000 series , t~o transit i on at ~ i bh Rey~olds numbers ( say 
30 millio l1) occurs clo se 10 the ninirlUD prassure point , 
which ~t a li ft coefficient o f 0 . 15 is nea r the 0 . 15 c po 
sit ion . Owin g to the i n i tial t urbuloLce in tho full - scale 
tunnel , t he transit ion p oint o h ~ "snooth wing at the test 
Reynol ds nu~ber of 5 mill io n a l so occurs ncar the sa~e 

chord position , so th~t i n the e~trapolGtion of tic snooth 
wing drag to hi ghe r Rey~ol ds nUDbcr, no inc~e~en~ is need
ed to tak o into ~ccou~ t the d iff erence i n the transition 
point . T~e sn ooth w in ~ "d r ~s can be oxtrapolnted along a 
codified tur b ul ont skin - fr iction curve "defined as follows : 

C = 
DFI i g11 t 

Owi ng to the forw~rd location of tho transition peint in 
t ho tun~cl t es t s ( sec tnblc IV) and tho relatively snoath 
leading edbes on Dost o f tho wings tbstod, their irrcgu
l ~riti cs were l a r ge ly loc a t ed in the turbulent reGion. 
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From the previous discussion, this would indicate that 
th8 drag increments measurGd in the tunnel tosts are con
servative and that, at flight speeds, the effects of the 
surface irregularities will be even greater. The extent 
of the drag increase with speed for some types of irregu
larities is shown in reference 13. (See fig. 27.) 

In extrapolating the drag coefficients to higher 
Mach numbers, i t is nece ssary to correct the usual 
Reynolds number extrapolation for the increa8~d drag due 
to compressibility . As a first apprOXimation, at speeds 
well below the critical, the drag coefficient should be 
increased as follows: 

+-M2) 
4 

in which M 1s the Mach number and equal to t he ratio of 
the speed of flight to the speed of sound. The effects 
of compressibility on t he drag due to wing irregularities 
depend intimately on the types of irregularity . High
speed tunnel tests on rivets and laps (refe r ence 13) show 
that up to speeds of 500 miles per hour their fOl~ drag is 
not greatly dependent on the Mach number since the local 
velocities over the wing are not appreciably changed. In 
the case of one wi ns, however, in which a local surface 
irregularity existed that caused a change in the surface 
contour, the critical speed was greatly decreased . 

Based on t he fore Going diBcu~sion, the extrapolation 
of the .'ind-tunnel results to flight speeds may be made as 
follows: 

1 . Extrapolate t he smooth wing drag by equation (6). 

2. Corroct for compressibility by equation (7). 

3. Add the drag increments due to surface irregulari
ties as shown in figlrre 28. In general, it 
will not be conservat ive to use the roughness 
increments measured at tunnel speeds. 

4. Ascertain 'Thether any of the wing irregularities 
modify the velocity field over the wing and 
correct the critical velocity accordingly. 



A revie w o f t h e win g dr ag ~esul t s reveals several 
in t eresti ng facts . Fab ric - c o v er ed wi ng3 wi th flu3h 
stitch in ~ s uch a s used o n airplane 4 ( fiC . 29(c) , have 
d r ag s as low as the b es t fl ush - r iveted metal wings . 

2 5 

The u sc of perfor a t ed t r a il ing- cdge fl aps added drag 
i nc r e ~ ents of O. Oa 1 3 a nd 0 . 00 1 6 , r csp~ctivcl~ , for air 
p l anes 5 (fi g . 2 9 ( d » an d 6. Th~ in c rements wero measur ed 
b y test i ng with tho pe rf o r ati ons c overed and open . 

A t yp ic a l cxa~p le o f t h0 way in which ~mall wi ng 
p ro t ub eran c es , gaps , an d ro ushness i ncroase tho dr~g i s 
shown b y t ho momon tum Bon s uromonts on the w i ng of air 
pl ~n c 9 ( f i g . 30 ) . Th i s wi n~ i 2 flush - riveted and hns 
but t j oi n t s on t ho l a t e r a l so~~~ and l~p j o ints on the 
lo nb it ld i na l scams . r ho ostimutc~i sm o oth - woint;, drag coef
fici en t i s 0 . 0060 a n d the me~sur e~ service wing drag co 
effici ent 0 . 0073 . T~e s o u r ces o f the i ncrement of 0 . 00 1 3 
i n CD a r c est i ma t ed f r om fi~ur c ~O t o be as follows : 

Wn lkw~y ~nd l ~n d in~ - ge~r f oirin b bumps 0 . 00015 

G~ps uro u nd ~i l c r onE . 00020 

Pltot hoad . 00015 

~~nuf~ctur i ~ ~ i r re~ularit i cs 

To t a l 0 . 00130 

Simil ar i nc r 8mcn t s have b eon mcnsurcd on other airplanes 
for t he s~mo it c3s . On a i rpl~n~ 8 t wo sunded walkways 
p r otrudin~ cb ou t 1 /8 i nch above the w i n~ surface incrc~scd 
t h e wi ng d r ne c oe f f ici ent b v 0 . 0007 . The item labeled 
"me-.n u f 2, C tour i i"J.g i r ~ c 6u10. r i t i 0 S II i ac 1 udo s S r:J.:'..11 S u!' f ~c c d i s 
c o n ti nuiti es , wRves , r o uGh~ u ss , otc . Tho dra~ of one soc 
tion of t ~le \'li .1 ~ on nirp l a:::e 8 -.ras rcduccJ nbout 0 . 0006 
by fillin G it care f u l ly o\'lit h pai!lt ant. sanr!..in c \lith lifo . 
400 wnte r snndpape r . Th i s drng increment WUD verified i n 
a fli ~;ht test . The i:,:1.pS i n c c nv ':" :ltion,.l ailero:~s a:.'!.d nn 
i n cr c~on t of f r om 0 . 000 1 t o 0 . 0002 . 

Mod i fic c ti ons of G number of the c ockpit canopies 
wer e investi~ated , but on l y in the ca~e of airp_ane 9 was 
it p r a c ti c able t o r emove the cnnopy to measure jt s entire 
d r n:.;; . ?hotl; r[l.:?hs of t ho oTi ~ :i - 1. "' o 0 _.d. th:'<..- l F"~ j-::.'l(o,-;' :; ~ O: Oo_ 
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p i es for this o.irpl[~ne .:ere Gi ven i n fi , ~uro 31(b) and 
t~e i r princip~l dimensions are shown in ficu_o 32 . The 
l ow co off i cicLts for these canopios demoLst~ate thcir 
eAc ullon>c dcsi (; n m!d confirm onc of t he conclusions from 
th o canopy i!1vesti c;ct t i on in the 8-foot hiCh - Sl)Cc d tun:1el 
(reference 14) t hat the drag of Cl. vell - des i B~ed canopy 
represents Cl. sm.:e1l p~rt of the over - all air~lane draG . 
The c ano~y dr~~ coefficionts g ive~ in t~c table are from 
"':_t.~ - jolf to tuo - thircls C:.S lal' c;e as would be expe cted f r om 
refercnce 14 . Thi s is believed to be duo to ~ difference 
i n t ho boundary - l ayer fl ow conditions existin G on the 
aerodyno..m i c ~.lly smooth nodel on ~.,h icl: tl~e investi c at i on 
of referenc e 14 ~as conducted and the actual airpl.:ene . 

T~e fi~st modif icntion of th o c nnopy , that of r educ 
i nG i t s hei ~ht 3 - 5/8 i~ch os , r educod tho' dr~G to one - half 
of the o r iGi~o.l nmount . As tho reduction in the cross 
sect i onal aren of tho canopy was less th~n 20 porcent , t he 
draG r educt i on i s a tt r ibute d Inr ~aly to the improvement in 
the 1 0il ~ itudinal s e c t ion . Dc crea s inc the len Gt h of the 
tai l sect i on of tho lowered cnnopy sli ~htly incrcased the 
dra t; , h~clic ~ ti::: :-; tho,t for t:1C bou:ldQry- la.ycr flo\'1 cond i 
tions o~ the airp1~ne the c onopy tQil sectio~ should be 
Greater t han four t i nes the h0i G~ t rocommended i n r efe r 
e~ce 14 . The fl~t - sid ed win s~icld offer i n G impro 'ed 
vision sl i G~tly incrcQsod th0 COll Opy draG and would not 
bel' e c 01:E1 e ,1 d C cl for a :1 i {~h - s :p c e d D. i r p 1 [>,11 e b e c 0. use Co f t he 
l ow c riticnl speed that would result from the sharp cor 
ners . 

A modification of the flat - sided windshield ~as 
t ested on air p lane 11 (fig . 3l ( s) . It will be noted 
that rounded sect i ons "'lere placed oet 'leen t lle flat sur 
faces to e1i~ i na tG eurly conpressibility effects . Th i s 
winds~ield when t es ted on the model ~ithout carbureto r 
scoop in place gav8 a roduc ti on i n tho airpla~e drag co 
efficient of 0 . 0002, which ~as due principally to in
creasing its length . A repe a t test with the modified for 
\'la r d cc~rbur otor scoo p in p l ace , ho,!cvcr , sholt!oel no reduc 
tion in drag , further demonstrating that tho drag of the 
canopy is critically affect0d by flow conditions . Sta.tic 
pre~surc me as uremont s on this windsh ield in d icat ed thQt 
i ts critic~l speed woulQ be as hi~h as f o r the criginnl 
r ounded windshield . 

On a i rpl nn o 1 0 (fig . 31(Q ) ) Q comparo.tivcly large 
drQg reductio ~ WQS obtained ~y incrcQsing the radius of 
the windshiel d a.t its j u n cture with the hood and slightly 

- -- - --- - --- - ~---T-------
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r oduc i ~E i t s anG l o . Tho modified canopy of ~irplnnc 5 , 
c lt houg~ of gren t or he i ~ht ~nd cross - sectional aroo than 
t he o ri gina l canopy , did I:.ot i:1Cl·'.3aSO the: c.rag, o--ii::g to 
i ts i Dproved shope . 

The lar~est d r ne r eLuc tiens ~ere obtcined on nir 
pla~e 6 (f i g . ~ l( d») . I nasmuch as the unflnppcd en~ine 
c ow li n~ on t~is ai r plane a l lowed a far ~roator amount of 
ai r to flo,-r -'c1"!a:1 '.lou l el be Opt i DU;·.1 for ~he hiGh-speed CO:l
d i t i 0:1. , tho t cst S ',·r 0 r c ;~l a ( ~. C VI i t h the co' T 1 i n b Go. P S C 0.1 e d • 
R ound in~ the winds~icld nnd ol i ~in~tinG tho sharp edge 
a t i ts j U,-lCtUl'O \-!ith LlO fo r ua r c. hooc:' redu.ced the airpla~le 

c oeff i cient ~y 0 . 001 1 . The cli~inntion of t~o quartor 
sph e ri cal tail section by o~o of ~roctor lon~th brought 
t he total reduc ti on to 0 . 0019 . Fni= i nc out t~e joints at 
t he c~lG of the Qovablc hords ~id not pro~uce ~ neasuroble 
d r nG reduction ; h~wove r , o~ an airplnne \lith s=ooth suf 
f aces , this c:lon6.;o ,;oulc'. u ndoubtedly be beneficinl . 

The r e were four gene r al types of r etrac~able landing 
gears on the ai r planes tested : (1) wheel retracting into 
t he s i des of the fuse l a ~ e ; ( 2) wheels on struts attac~ed 
t o b o t~o~ of : r ont spar s which swing to the rear and ro 
tate through 90 0 to ;lacc thom in wing wells ; (3) wheel 
s truts pivotod above the lo~er sur~ace of tho wing and 
swinG i n~ i nboard 30 as to place th0 entire gear within 
the 1:! i ng ; a:J.d ( 4 ) tr i cyc l e gear ,-ritb. front 1:rhecl retrn.ct 
ting i ~to nose of fuselage and re~r wheels retraction 
sim il ar to type 3 . Tho d r ags ef tho la:J.ding Genrs as 
g i ven i n table VI we r e determined fran the differences i~ 
t he d r ag at 100 mi les per hour of the airplanes with the 
orig i nal rct~ac t ed gears and the airplanes in a snooth 
cond i t i on with a l l l anding- gear ope~ings and protrudinG 
pa r ts e l im i ~oted . 

The results obtained for the landing gears of type 1 
shovled that the usc of flush cover platLls over the \:heel 
we ll s wou l d produce appre ci able drag reductions . The 
l and i nG gear of t y~e 2 on airplane 6 gavc the hi~hest draG 
of a ll of thOEC tested . As indicatod in the table , several 
mod i f i cct i o~s of the Goa r wore investigated . Extending 
and i ~prov i n~ the fa ir inG of the oleo struts (fig. 33(c)) 
t oge t~er wi th roundin~ the edces of the rear halves of the 
we ll s by i ~sert i ng a half round section l - l/S inches wide 
d i d not p r oduce a l a r Ge r eduction i~ draG_ T~e USJ of 
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whee l-wel l cover plates prorc~ effoctivo a~d with the 
add ition of the faired 0100 struts reduced the gear drag 
from 14 . 8 to 3 . 9 pounds , the latt er quantity repre sen t 
ing t~c ~rag of the faired 0100 str~ts . A s i milar type 
gear was used on airplane 7 (fig . 33(b)) . Tho scaling 
of gaps ·and improvin g the oleo strut fairinG (i tem 1 , 
fi ~ . 33(c )) reduced tho drag 4 . 2 pounds Thile t~e ex te n 
sion of the wheel covers to incl ude tho entire ~heels 
(i tem 2) brought ~hc total d~ag reduction to 5 . 3 pounds . 

The l owost l a~d in ~ g e ar dra~ for the airplanes was 
measured for the typo 3 gea r o ~ ~irpl~~e 8 (fi g . 33(f)) . 
The e~tire el i mi nati on of this dra~ would be possible by 
soal i n ~ the c ove r plates against leak~se and improv i n~ 
the fair i ngs of t~o joint with t~c win e surf aoe . Th i s 
type of gear has th e advantaGo over precedin~ type s i n 
that the oleo strut may be readily retracted into tho 
ltr in G. 

The tricycle g ear en airplane 9 (fie . 33(e) ) prove~ 
~o be one of tIe hi~hor dr~c arra~ ~e~G~ts . This is 
attrib~tcd Inr ~ cly to tho fnct t~ot tho main wheel s pro
trude d abo ut ono - third of t~e ir thickness ~s shown i n the 
photo Gr~ph . On n l ~te~ sories o~ tests on this airpla~e 
a fter the lac~in G 0cn r ~ad been codified to entirely rc 
tract the nose w~cel into a fusol~Ge comp~rtmcnt with 
cover p l ~te end to rctr~ct t ~e rccr coin wheels to the ir 
full dOpt~1 ix~to Hin G ,Tcl ls \1itho1.:.t cover plates , it ' .. r as 
f ound that t~o 1 r ~5 hn~ c~ly boon reduced fr on 10 . 3 to 
8 . 7 po und.s . Th is dra :~ "ws oli:::L:ated. by a tiCllt cover 
p I [. t e , "i 11 i C ~l C n p 11 n. c i Z C 10 it s 11 0 C C S G : t y • 

Armnnent 

T~c d~nC8 of gun inst~llnti ons rnensur c~ nt a speed of 
100 n i les per hour ~ r e c i ven in t ab le VI I. Lt will be 
noted thnt the drag o~ a ll the installations is of about 
t he sa~e order except for a irpl ~~e 3 (fi~ . 34 ( c) ), which 
is over five tines ns lar GO. T~c value Giv en for this 
ai r plane docs ~ot r e?resen t the totnl d r aG fer the euns , 
as in nI l other c~ses,but i s th o drnG re~uction obtained 
by sealinG .the openi~ ~ s i ~ the nose of the encine cowlin G 
ar ou~d t~e blast tubes and t~e ~illetinG and the fair inc 
of t~e tubes . heasurenents were Dade for both the power
off and propcllc r - oper3tin ~ conditions , and t~e l ower value 
for the power-on condition i s c i:en i n the table . T~e 

source of tho h i Gh d r a~ f o r the ori c i!al i nstallation is 
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obv i o u s ly not d ue to t h e f o r m dr ac of the blast tub6s but 
to th e l a r ee a ir le akaG e i nd u ced by the neGative pressur e 
ove r the no se o f the c o wli n~ _ Th i s install~tion is dis 
c ussed i n f u r t he r d e ta il u nde r the headinG ~f .leaku[e. 

Tho l OHcs t d r aG i nstnllat i on fer [l.n nirplane v.rith a 
r ad i a l en~ i ne was obta i ne d f o r airplnnc 10 (fiC_ 33(b)) , 
i n wh i ch the re n r e no open i ncs i n tho cowline and the 
Guns ore p l aced i n t r ouchs wit h no protruding parts. On 
t he modo l o f a i rp l ane 1 1 ( f i C. 34 ( f)) with liquid-cooled 
enc i ne , th6 b l as t tubes p l aced l ow on ~he fusel~Gc nose 
also proved to ba a l ow - d r aG n r rancement. The installa
t ion of the eiGht wi~ G c u ns ropresc2ted by 2 - inch holes 
i n the l cadine odCe shored a lo w dr~G . AlthOUGh the ef 
f ect of tho openincs on tho m~ximum lift coefficient was 
not i ~vest i cated , tests of inlets on tho leadinG edGe of 
w i n ~ s indicate that i f cdGos of the ope~incs are not we l l 
r ounded and loca t ed ne~r tho stocnntion point, apprecinble 
reductions i n t he maximum li ft will r esult . 

T~e arnG of the ex t e rnal Navy Gun siGht was ceasured 
on a i rp l anes 1 , 6 , a~~ 10 , a~d o ~ ly on ai rplane 1 (fi C. 
34 ( 0. ) ) was there a measurable dr ~G ,which was 2.5 pounds at 
1 00 miles po r ~our . I t i s be l ieved , however, t )at ,with 
t ~e aer ody~ ~u ic improveDe~ts i n t ho fuselaco and canopies, 
t he eliD i n~tion of the externa l ~u~ 3i~ht will assu~e 
G re~ter i mp o rtanco . 

T~c bomb rock on ai r p l nnc 5 (fi ~ . 33(a)) ~~d two 
bo mb r acks 0"1 [',ir p l nno 0 ( fi G. l(f)) Gave l [l. r c;e drc,[;s of 
8 . 5 .::'..;1:l 1 1. 2 pounc.ls , i nd i catinG the desirability of suit 
nblo · fni ri n ~s for re ducin G their d~n~ . 

AerL':'.ls 

Th o dracs for tho t h reo tYP 03 of aerial sho~n in 
fi c ure ~5 aro civen i n table VI II . With the possible ex
cept i on of the type 3J.cr i C1.1 , all [',eri a l s c c,1J.SO nore cl r ac 
t han should be cons i derod satisfac to ry for n modern hiCh
spee d ni rpl~nc . If the nn~lc between the wires a~d the 
direction of fli ~ht is In r Ge, as i n t~o c a s o of type 1 
aeria l (f i C. ~5(a)) , tho effects of compress ibility on 
the d r a G at 1,-iC11 specds shoul d b;) consi c'.e re cl. £or exnn
p I c , tofe r Jn~c 1 5 sho WG thot the critic n l speed of n cir 
t;;ul~~r cylLlcle r i nc:l i nca. a t ::I,n a:1Gl e o f 45 0 ':foula. be about 
3 30 n i les por hour at 1 6 , 000 feat altitude . 
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LEAKAGE 

Ani~ir flowp on the a irplane oth8 ~ than those use 
fully emp loyed for co ol in g , ventilation , etc , t should be 
prevent ed by se~lin g al l s urf aces a cross whi ch p r essure 
,d iif e r el~ o s o: i s t . Air l e~k~be through th e ~ irplune s ur~ 
faces or betve e n compa rtm ents 0 it hin the airplane vi l1 
ordina rily r esult in ~~p r eciab l o Jrag lo sses s inc e tho 
leakoGe nir. is u s u~ '., ll y d i s chnI' God norma l to tho flight 
directi o~ . The d rng i s due to t ho l oss of the momentum 
.of th e .. loo.ko,go a ir nUll t o tll 0 d i s t ur b;\nce of the ex ternn l 
flo ·\v over tJ.1.Q n i1'vl n ll o rmrfacc . Tho first of these 
10s sos oan be comput ed if the press ur e d ro p ac ross tho 
l eak and t he l eak a r ea a~ e known . Assumi n g l eakage from 
a I n r g e r ese rvoir , s u c h a s a cowlin ~ or fusela ge , then the 
app ro ~ imo t o quantity of air flow th rough th a l eak is 

and the drp.g 

r:;
Q. = 0 . 65 A J E-p 

P 

D = P Q,V 

( 8 ) 

( 9 ) 

in which Q i s the quantity of l oakaGe flow , A tho 
area of th e leak , and p tho p r ess ur e d if ference acr oss 
the le ak . _ The drag duo t o th o effe ct of tho l eakago on 
tho dis tur~ anc e of th e oxt o rnal f lo w cannot read ily be 
computed , s in ce it depe nds on tho loc nt ion of th e l eak , 
its ma Gnitude , cx t orn n l b oun dRry-l aye r c ondition s , e tc . 

The larg e ~dv ersc eff e cts of l onkn ; e oro amp ly demon
str~tod in t ho fu11 - 8 n i c t u nne l tes t s . The r esul ts are 
summ~rized in tabl e IX . Iso l a tion of t he d r ag incr ements 
in some c oses i s impo:s iblo, s i n co s e v e r a l it cns wero 
changed at th o_ sarno time . 

Open ings 
[ld V 2, !1 t [lgo ous , 
ml::.c h an 2 q . 

in MACA cow li n g nO GeG [lro particul a r ly dis 
since the press ur o diffore nco m~y be as 
I n c as o s in which nrmamon t in s t ol lation s 

pas s through t he co~lin g nose , ~uch ~s u irp l [lnos 1 n nd 3 , 
extr eme caro muet bo t nk o n t o p revent outflow t h rough·th e 
0PC:1in ts . Th o effect of t ho openin g n.n d th o outflo \ll is 
sh01n by photographs of t ho tuft s on the cowli ne f or air 
pl'::~.:1 0. 3 ( f i C. :36 (a ) ) . Th e r og io n ·behin d th o opo nin g i s 
compl oto l y stalled , as shown by tho r O~Q r sB l of t~e di r e c 
tion i n vlh i ch tho tuf ts JJoint , ;\.no th o l<'.~ ' :;} r:_:"~\rc .".l":J-:' ';:i1Cl-: t 
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of 0 . 0029 measured for this case is explained. Other 
common errors to be avoided a r e unsealed holes through 
the fi r e wal l, rando m flow from the engine cowling com
partment into the accessory compartment, gaps in cockpit 
enclosures, leaks in cooling ducts, particularly ahead 
of the cooling unit , flow circulation through incompletely 
sealGd landi ng- gea r wells , leaks around co~ling flaps, 
etc . For cases i n which le akage is desirable, that is, 
for v G~tilat ion air , the outlet should be carefully shaped 
and directed a lo ng the cont our of the surface at the point 
of dischar ge . (S ee fi g . 7.) 

Comprcssib i lity .- Discussions of drag results on air
planes from test data obtained at 100 miles per hour arc 
obviouEly incompl ete without ~onsideration of the possible 
effect s of compressibil i ty on t~e drag at the actual 
flight speeds . Numerous fundamental investigations have 
shown th~t , if the speed of un aerodynamic body is in
creased , a cr itical value is finnlly ~eQched at which the 
drag of th e body rapi d ly increas es. This corresponds to 
the OCCUrTenCG of s onic v o locit :r at some point on the body , 
and invest i gat i ons have shown ( reference 16) that if the 
pres s ure distribution over tho body in low-speed flight 
i s known , thon it i s possible to ostim~to the flight speed 
at which this critical sonic speod will occur. Bumps, 
c ~nopios , scoops , cowling , at c ., that incroase the local 
air p, ~'cd ~t any JDint l ead to tho occurrence of locnl 
so nic s ceds at lower fl i ght speodG than ~~ ~ perfect 

. s t )' e anI i ::l ..) ~';;l d.:r • 

I:he 1:1e·Gltv~~ of ~;:~ti} .. r:'.ti;.'lb th.·,) critic c:, .... l Spootl i'rOL. ... \ j.;j:ws 
sure me~s~rcments made at low air spoeds is describod in 
r eference 16 and the agreement betweon theo~y ~nd ex
periment shown i n reference s 15 nnd 16 . The theory docs 
n ot conserv~tive l y p r edict tho critic a l speed and the value 
mny be 1 5 milGs per hour l onor than estimated. Values of 
P cr ' criti cal pressure , corrosponQing to various ~ach 
numbers are calculate d fr om the Bernoulli equation for 
compressible flow (fi g . 37 ). The pressures measured at 
l ow ai r speed are extrapolate d by t4B method of Ackeret 
to take into account tho variations of the pressuros on 
t he body vith changes in Nach nULbor; t~1at is, 

in lIlh ich Pc anf!. 'P . - ~ ref e r to the pressure in conpres-

J 



s i b l e and i n com p r ossib l o flu i ds and M i s t 0 Mn c h num
b e r . I f Pc an d Fcr oro p l ottnd aga i nst N, t h o in 
torsection of t h~ tw o cur ves defillGS the cr i t ic a l Noch 
n u mbe r . 

MOQsur cments wo r e made of tho press u re d i s tribu t i on 
n t n ume rou s c ri tica l p oin ts on thc a irp l anes tes t ed i n 
the fu l l - s e nl e t un n ~ l to a i d i n 0~ ti mation of th. ir cr i t i
Co. l speeds . Typica l r~sulta nro p r es nn tod i n figur e 37 f o r 
f ou r of t ho a i rp l anos . 

The l owes t c rit ical ve l oc i ty wil l us u a ll y occur f o r 
s i ngle - eng i ne ai r p l ~nos i n tho win~- fuso l age jun c t u re , 
sinco ha r o tho 'h i cker wing roo~ G and comb i ned wi ng 
f use l aGo flows load to h i eh loenJ. ve l oc i t i es . Th i s p oint 
,,!as .rit i c~\l for c.. ir plnne s 9 il::ld. 11 ( fig~ . 37 (b) c.nd 37 ( d )) 
end wi l l b e c ri t i ca l for ~irplnnas 7 nnd 1 0 ( f i gs . 37 ( 0. ) 
nnd 37 ( c )) when the i r w i n~shie l du n r e corroctly mod i f i ea . 
The u sc of wi ng und ius l aGG soc~ions exp r essly designed 
t o avoid high ::loga t ivo pre ss u r es is 0. mandatory r equir e 
men t on a i rp l anos dusicc ed for tho 450 t o 500 mil es pe r 
ho ur speed c l ass . Tho dntn in l' .fero,cos 5 , 1 5 , and 17 
will be useful in ies i 6n i n~ t ~o wing u~d fuse l ngc shape s 
t o a void low crit i c a l speeds . 

A we ll - ro un ded junc t ure should als o b e p r ov i ded b e 
t we e n the 'Gop of t he \d.na.s! i e l d and the c ockpit h ood . 
The shBrp radius of curvature ~t this point was found to 
b e rcsponsiblJ lo r c.. criticnl apeed of 390 milos pOl' hour 
i n the case of a ir p l ano 7 ( fig . 37 ( a )). Tosts on c anop i es 
in t he hi Gh - speod tunn el (re f o r enco 1 4 ) n r e vnluabl e in 
d e fi n i ng tho r el a tion b e t ween the radi u s of c u r va tur e a t 
the wi ndsh i e l d jun c tu r e a nd t he cr i t i ca l speed . 

The nose of the cow l ing of a n n i r - coo l ed - en~ i ne ai r
p l ano i s G furthe r point of h i gh l oca l v e l ocities nnd 
should be des i gned for h i gh - spaod airp l anes ent ir e l y from 
tho cons id o r a'G i on of obtain i ng a h i Sh cr iti cn l speed . De 
s i gn data on the s ubje c t a r c g i ven i n reference 10. 

As a fu rtho r c11ut ion i n the u se of scoops on h i Bh
speed 11 i p l anes , i t should b o r ecog n izod that , a lthough 
t he ir d r ng mc..y no t be l arge n t l ow speods , thei r effG ct 
in reduc i ne t h o c ri tica l spoed m ~y be se ri ous . Shn r p
edged sco ops desi~nod f or l ow i nle t v e l oc i ties may b e coID e 
criti c~:. l [ Lt spoe d. s f r om 3GO to 450 mi los pe r hour . I f 
s co ops aro used on any h i gh - speed ni r p l o.nes , p r ess ur e 
di 3 t ributi on meo.su r emonts sh oul d be m~dc to chock on the ir 
cr i tic c.. l speeds . 
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CONCLUSION 

Results s ho w that tho drag o f many of the airplanes 
was decre ased 30 to 40 perc o nt by remov~l or rcfairin g of 
in e fficiently designed comp onont~. In one c~ so the dr~g 
waslmlvod by thi s p ro c~s s. Emphasis on correct dotail 
d es i g n appear s a t p res en t to provide g=eater immediate 
possibiliti es for incr o:: sed high ~pOCd5 than improved de
sign of th e b as ic e l omonts . 

Lang l ey Memorial Aeron a utic a l Laboratory , 
N~t ion a l Ad 7i~o r1 Commit t oe for Aer o nautics, 

Lang l ey Fi e l d , Va . 
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T.ABL:d: I - Drag Analysis of Airplanes in OriBinal Condition 

C1 = 0 .15 

Itom 
1 2 3 4 

Airplo..nc 
5 6 7 8 9 10 11 
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Oil cooler . 0020 .0007 .0007 I' . 0003 .00l7

l
.00401 . 0008 .0006 

I nt ercoo l e r . 0011 .0007 , .0011J 
Exh[n.i.J.t-~~.D.Cl\:G - -':00163 ---- - - ----1------- -----:-6010 . OOO73r OO-03----. 00061 . 00141 I . 0003 
Su])e rc.!1D.rG or I .0033 
Perforated f l a'os . 0020 . 0012 I . 
Seal s on control surfaces .0005 . . 0002 

~b~~C;}r/~'~~~:;~ I --- -.------.-1--.- ·-~ob193---- · __ .0007 .0()04 .00043 

.0005 
Gur.. s l ,·;nt . 0003 
Gun io1s~(\llations 0006911 .00293 I . 0000 .00061 .0002 

~~:~r6i~cl~~te ---- - .. - .--.... -- ----- .- __ ._~O~r_~OOl~- -._-_ .. - --:Ooo'3-----f -t----

Aeri :ll I 1 . 0005 .0005 . 0008 i .0007 
..A~)e£!2'Xtge j I .0008 .0007 .0017 .00041 .0011 

lInclude s cn.rbu retor and oil cooler scoop drag (lar~ely due to leaY~~e). 

8PIus co~linG change. 

3Fai r cd , not removed. 

4Incl udes fairing flame a.rrestor. CN 
0'1 
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T;Y"pe 

L-489 

T.,l.B LE II.- Ca r bure tor I n t nke Scoops 

Duct characteristics 

I 
I 

Inlet Outle t 

Flo\7 churactoristi cs 

~ = 0.48 

v = 21 6 mph 

CL = 0 .15 

V = 430 mph 

Drag data 

CD 

CL=0 .15 
['.rea I 2re 0. 

.In nl.l. ..• 
( sq in.) 1 (s~. Rom I Q;ua' .... C------- ____ . .) ~~ercent q) (lb/hr~"~ Ram 

Quan t ityll S=170 sq f t 
q) 1 ( lb/hr ) 

.L~-_ Ori .. .. . , ---Z, 37 .1 22 ~ - (percent--+--

1- '- - .. ---. -= l.~o.l _ 37 . 1 15 I --- I --- I 95 .0 

37.1 a ~ J ,97 .0 

/ _____ .~-= __ .' I 26 .9 ~-2: - ~ , -=-1- 97.5 ,/ ~ I 94 . 5 I 7 ----. I -(~. Rov~~cd !..or ,.7Drd _. _ _ ___ '---_1 I • 960 I 97 .0 ----It-

Ii II 

2 5 . 9 15 II 94 . 5 6 , 170 98.0 

26 .9 9 II 95 . 5 5,260 97.8 

26 .9 0 II 88 .0 

13 , 820 0 .0010 

10 , 390 . 0007 

7 , 930 II . 0008 
'---

14, 940 II . 0005 

12 , 420 II . 0003 

8 , 310 .0001 

27.8 ----=---~- ----_~___ _ __ •• ..J --- /' 

./ ~ 
~_____ _ Flush 

22 I --- 70.5 

27.8 5 , 580 73.5 

~.oooo 
12,100 I - .0002 

9 , 2.~O ,! . 0000 

L. 

27 . 8 9 57 . 4 

F10TI charact eristics are corrected to 12 , 000 feet a ltitude. 
Military rating requires 8100 pounds of air per hour. 

3 ,720 61. 6 7,200 II .0000 

CN 
..-:z 
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TABLE IV.- Wing Profile DrD.gs ,:md Trcnsi tion Points 

(!) Fig- TrD.:lsition point location CDo CDo § Doscription 6Cn 
ri 

ure 0::1 upper surface of wing moaS- smooth 0 

ZI * i ured wing 
sic i Rer.k."..rks (cst. ) 

I IHoto.l covered, brazier-head 
, , 

I rivets; largor rivets on 
1 fOTI7ard portion of winG; 

0.0058
1
0. 0032 I lans f acing back --- --- --- 0 .G090 

2 iMetal covered, orD.Zler-head 
I rivets; rou of larger riv-

ets on upper surface about 
l5%c behind 1.e. ; l aps 
facing back 29p. --- --- .0083 .0062 .0021 

3 Fabric covered, raised 
I -stitching; drag r:leasured 

on l 'ower wing 29b --- --- .0084 .0070 .0014 
4: Front portion of ~nng ;-notal 

covered, flush rivets; 
rea.r :;;>ortion fabric cov-
ered, flush stitching 29c --- --- .0070 .0063 .0007 

5 Metal covered, llush rlvets 
to about 18:1. c behind 1.e. , 
remainder brazier-head 
rivets; perforated dive I 
and landing flans 29d --- --- .0109 .00721.0037 -

6 Metal covered, flush rivets 
on front half of win~ , 

laps facing back ; fabric 
cover i ng on rea:' half; 
perforated di ve and land-
ing flaps --- --- --- .0106 .0065 .0041 

7 Metal covered, flusp 9.0 ft fror.! i 
rivets, laps facing ai I"'.,?la.7J.e 
forward --- 0.176 tl c* = 0.126 .0079 .0060 .0017 

8 Metal cover8d, flush 7.3 ft froo t. ' I 
rivets, joggled laps 290 .198 airpla.7).e .0070 .0059 .0011 

.. ~/c* = 0:1~4 _ _ i 
9 !V:etC'..1 covered, flush 7.2 ft frOB t I 

r ive t s , filled joints --- .1 80 .0011 

tlc'~ 0.1'5[1-10 Metal covered, flush 
rivets, filled joints .. -- .0077 , 'OOPII .0016 

5.7 ft from 
11 Wood, filled and polished 1 --- .1 SO airplane , .OC741·00611 .0013 

i t I c* = O. 130 I I 
* s distance alons surface behind stD.gn~tion ~oi::1t 

c length of c~ord 
t section thickness 
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TABLE IV.- Wing Profile Drags Qnd Transition Point s 
· Tra~Gition po i nt loca tion,' CDo CDo 6CD o~ upper surface of wing meas- smooth a 

(l) 

Doscription Fig-
§ ure 

M 

* I ured wing 
sic ' i Rer.k>x xs (est. ) 

· E' 
'M 
~ 

-, 

--- --- 0.G090 0:005810 . 0032 
-

1 ,Motal covered, brazier-head 
I rivets; largor rivets on 
I fOTI7ard portion of wing; 

laps facing back ---
G Uetal covered, brD.Z1Cr-head 

I rivets; ron of larger riv-
ets on upper surface about 

--- --- .0083 .0062 .0021 
151& c behind 1. e. ; lo.ps 
facing back 29p. 

3 Fabric covered, raised I 
I 

-stitching; drag measured 
on Imver wing 29b --- --- .0084 .0070 . 0014 

~ Front portion of 1;'nng T!letal 
covered, flush rivets; 
rea r :portion fabric cov- . 
ered, flush stitching 29c --- --- .0070 .0063 . 0007 

5 Metal covered, flUSH r1vets 
to about 18·~ c behind I.e. , 
remainder brazier-head 
rivets; perforated dive 

---· and landing flaps 29d --- .0109 .0072 .003 7 
-

6 Metal covered, flush rivets 
on front half of win::;, 

· laps facing back; fabric 
covering on rea::- half; 
perforated dive and land-

--- --- .0106 .0065 .0041 
9 . 0 it f r o!.! ~ 

ing flaps ---
7 Metal covered, flusp 

ri vets, laps facing QiI"'~la..Tle 

0.176 tl c* = 0 . 126 .0079 .0060 . 0017 
7 .3 f t f r on t ' I 

.198 airpl~~e .0070 .0059 .0011 
.~ I c* = 0 ~ 134 _ . i 

.180 
7.2 f t f rOB (1 

.0011 

tL c'~ ao l05

t 

I ~ 
I .0077 .OO~ll .001 6 

5. 7 f t f r om 
.180 airyJ.nne , 0 OC741 .0061 1 .0013 

t I c* = O . 130 ! I -

forward ---
8 Metal covored, flush 

rivets, jogGled laps 2ge 

9 i,:et 8.1 covered, flush 
• .L filled joints r1Ve.,8, ---

10 Metal covered, flush 
rivets, filled joints ... . _-

11 Wood, filled and polished 1---
I · ,. 

s distance alons surface behind sto~no.tion ~oiJt 

c length of c:l0rd 
- t section thickness 

\ 

.. 
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TAB:L,E ~T . - Coc-9it Canopies and 'i7ind shields 

~ho dification - IFig- lnra,; of canopy 
I r-------- --

'
Ul'f' 6C 1

6
C . 1: . D§W 

--+-1 1 --
5 Longi tuiiD~l sect~on ! 

of cano~y ~o 1ified I . 
t o ~n c-' ~ "", -- ~ _~1-, +- I I 'oJ _ ... .J.. 8 a.cc __ 8 .J. t.:t.1 .·. v I 

0 .2 in. 131c I 

61 ~' - '-""d 'd l " cJ I3 ~' li iiiOCtll.le VIl li. s "118... . . .it. 

lIT "\ ' .!'" "I t '1 &OC l l. l ea ~l I 
Mof i f i ed wi~ ds~i al~ 

[\.r:. 'i t .::l.il I 
r 

I 
I 
I 
! i 

I 
I 
I 
I 

9 
i _ 
j31 0 

i 
I C' .0004 ! 

I .Jer02 i 
G . 04: I 

I 

Lowered cnclo3lJxe 

LOVlered encl os1.lrc -
short tc"il 

Lowered enclo3urc -
flat s~do~ wind-
shield and s~ort 

tail 

10 1 Modif ied windshi ~ld 

! 
i 
I 

I 
I 
I 
I 
I , 
I 

I 
I 
I 
' 31a 
I 
I 

11 Flat side -;Ji ndSh " PI3l e 

I 

I ' 
r I 

I 
I 

nr\' ....... r-- t 
. .. , lvvv ! 

; 

i 
I 

i 
.0004 i 

I 
i 

. 82 

.G3 

.04 

I 
I 
I 
I 

I 
I 
I 
i 

I 
I 
I 
I 
I 

;educti on of drag I Cross-s ection 
by c oci r ica tions area of 
~~ 16CDyw--- wi ndshi eld 

--"-1 
I 

o 
I 

. Q() E 

. 0009 

.0019 

. OC02 

. 0001 

0 

. 0004 

0 
I 

. OCC2*1 

0 .13 

.11 

.22 

.02 

.01 

0 

.05 

0 

3 

1. 76 (mod .) 
1.24 (ol"ig . ) 

2.17 

2.17 

2 .17 

2 . 64 

2 .19 

2 .19 

12.19 

2 .00 

1.14 

*Obt a Lled f or coci it ioa \7it::-: ca!'huretor scoo:;? ::'':::Tlloved . 

The suoscrip t 1i'W de3 i g:l?tes f r c:"tal area of canopy . 
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TABLE VI .- Dr~~ of Lar.dinG Gear s 

I ! I Reduction. i n dr&s for modificat i ons , 
Tyoei Tire size I Dra." 100 mph . -

1100 ~h Air- !Fig- -::f 
p l ane UTe bear (ill .) ( lb f I b , '-odifi cat i on 

~ 1 2 6 x 6 8 .5 I 
! 

J 

2 I I b 1 2 6 x 6 I 8 .3 

3 lc 1 2 6 x 6 4 . 7 

4 33c 2 30 x 7 14 . 8 

I 3 .1 01 00 strut faired and sharp cdGe I 

a~ r oo-r n.Q.1f 11011s rounded 

I 
7 .0 i7:1CG l lioll plates cover 

10 .9 in1ce1 well cover ~latos nnd 
fo..ired oleo strut s 

i 
5 33d 3 30 x 7 6.5 

I 
6 If 1 27 5 .3 I 

strcarciinel 
I 

7 'Z3b 2 30 I 4 .2 Fairing no . 1. 
smof)th 

I CO~l tOlU' 

I 
5 .3 Fa i rinGs no . 1 n::1d no . 2 

8 33f 3 I 27 1. 1 
I smoo th 

I 
I cO::1tour 
I 
I 

9 330 4: Front 19 1 
... l ' I s"ream u1el 

10 .3 ---
Rco..r 27 

smooth 
contour 

10 33a 1 2 6 x 6 3 .3 

l 11 

I 
lk 3 27 I 

I 
smoot h 1 0 

con t ')i..li' I 
I I I I 



I 

I 
I 

L 

I i 
Airplano I FiG- i 

jure I 
;-j 34c I 

I I 
I ' I 

8 2Ae 

9 34d 

10 34b 

11 34£ 

Air:i.J l ane 

2 

7 

8 

18 

10 

TABLE VII.- Gun Installations 
-;-------~'---------

of b-unS I !)rD{; ! 

I o.t 100 mph 
:~unbGr and size 

ono ~O-cal. 
one 50- cal . 

t wo 50- cal. 

one 37- mrr: cannon 
tuo 50 - cc.l. C;UES 

t wo 50-cal. 

t wo hO- cal. (fusel ase) 
eig~~ 30- ca1. (Wing) 

! (lb) 

I 19 . 6 

2 rl 
.<..> 

~ n 
0 . 0 

1.3 

1.3 
. 9 ____ -1-__ 

T.d:2LE VI II . - Drag of Aerie..1s 

Type of aerial Dr!3€ 
( -"'i s}' 

.j". o · " ') ~·c at 100 mp:'l 

2 2.9* 

1 3.0 

1 4.c 

3 1.3 

Z 4 .7 

0 .0029 

.0004 

.0007 

.0002 

. 0003 

.0002 

(lb) 

*Drag only fo r vli r es ..- mast in p l a c e 

41 
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TABLE IX.- Le~~e Drab Incre~ents 

D at 
Airplane Saure e of Leak -;;'i ":1:l"O teD 100 mph - '" I 

(lb) 

1 Gun -b l ast tube openinbs in nose 
of cowline; (simila r to fib' 35a)X -- 0.0069 36.S 

I 
3 G1Ll1 blast tube opel1inGs * 36a I .0029 2S.7 

I 
5 Openings betweon coviling sections I I 

, and at f l a.ps 36'0 i . OOOS 6.5 

7 Hole i n the nose of the propellol' I 
s:..: i nncr and ol?cr.i!lt;S UrOU!l0. the I 
blades 

sections I 
3bC , . 0007 4.2 

I 
S Cpe::::ings betwecn cowlins I a!').d at fla')s 36d . 0009 5.1 

Accessory exit s l ot .0005 2.9 

9 Fuscl Df.:c louvar opcni r"6 s 220 .0004 2.2 

10 Opo::1L::;s botr..-oo:::: cowling scctior~s , 

at fla::.:>s 3 68 .0003 2.0 

Fusolasc oponi:ngs -- .0008 5.3 

XThis i tern i21c ludcs draG r eductio!'). due to rnodificc,tion of oil a!'ld car
buretor scoops . 

*Thls item 'nas measured \71. th propel l er 02.)crat1.r..g . 



MACA Fig. 1 a,b,c 

(c) Airplane ~. 

Fl9 u rc I.-Air' plane'"!' rnounled f(r {(..,t· , Ht the NJ\CA 
tL.dl <:e co.le wind lunn 1. 



HACA Fig. 1 d,e,f ,g 

(d Alrplane 4. 

(p Airplane G. 

(gl Airplane 7. 

FlqU rp 1.- continued. Airplanes mounted for te r ts In 
I h (' N A C A full sc a I e VII 1 n d -h .. H'\ ~ t .. 



HACA F1g. 1 b,i,lo t 

(h) Airplane 8 in 5moo+ h condition except for cockpIt canopy. 

ti) Airplane 9 In 5mooth condition. 

U) Airplane 10 in :smoot h cond i hon except for mocflfted cockpit canopy. 

(k)Fuli-scale model of airplane 11 'm ~mooth conditIOn except for cockpit canopq. 

Fiqure i.-continued. Airplanes mounted for tests> in the N ACA 

full-5cale wind tunnel. ",-" A "''>'7 



NACA ),1g. 2 (1-2) 

WEIGHT __ _________________ 4,932 LBS. 

WING SECTION ________ N.A.C . A. 2301B-09 
WING AREA _____________ 209.0 SQ . FT. 

SINGLE-ROW AIR-COOLED ENGINE. 

7~O H.P. 2,100 R.P.... 1~,200 FT. 

ALTITUDE. DIRECT DRIVE . 

r---- ---- 3~'-0"'-------__I 

10'-3" DIA . 

AIRPLANE 

WEIGHT __________________ .5 ,448 LBS. 

WING SECTION ________ N. A . C. A. 23015-09 
WING AREA _____________ 233 . 2 SQ. FT . 

TWO-ROW AIR-COOLED ENGINE. 

900 H.P. @ 2 ,550 R.P.M. @ 10 ,000 FT. 
AL TITUDE. PROPELLER GEAR RATIO , 3 : 2 

f--------- 34'-0"---------l 

AIRPLANE 2 



DCA 

32'-0"------..., 

ftg. 2, (3-4) 

WEIGHT ___________________ 4,478 LBS . 

WING SECTION _____________ .CLARK Y.H. 
WING AREA _____________ 266.0 SQ. FT. 

SINGLE-ROW AIR-COOLED ENGINE. 
820 H.P. @ 2,100 R.P. ... ® 12,000 FT. 
ALTITUDE., DIRECT DRIVE . 

WI NG 60" 

WING 48" 

AIRPL ANE 3 

WEIGHT ___________________ 6,270 LB S. 

WING SECTION _______ N. A.C.A. 2301~-0 9 

WING AREA _____________ 30~ . 3 SQ . FT. 

TWO-ROW AIR-COOLED ENGINE. 
7150 H.P. @ 2,15150 R.P . .. . @ 14,200 FT. 
ALTITUDE. PROPELLER GEAR RATIO. 3'2 

fo----------- 42'-0"-----------I 

A'IRPLANE 4 



-----~----- 41'- 6 " ----------..1 

AI RPLAN E 

~---------- 33~ 0"'---------~ 

""::::---:==:::::::;::::S'-O=" D=,,~t::§:1 0 =====>--

5 

Fig. 2 ( 5-6) 

WEIGHT 7,253 L BS . 

WING SECTION __ _ N. A . C.A . 2415 - OS . 
WING AREA 318 . 6 SQ. F T. 
SINGLE-ROW AIR-COOLED ENGINE . 

800 H. P. @ 2 ,300 R.P. M. @ 16,000 F T . 

ALTITUDE , PROPELLER GEAR RATIO , 16 :11 

t---- ---- 31 ~ S"'------__1 

WEIGHT 5 ,S21 LBS . 

_CLAR K Y. H. 18-11.87-
__ 258 .0 SQ . FT . 

WI NG SECT I ON 

WI NG AREA _ 

SINGLE-ROW AIR-COOLED ENGINE . 

760 H. P. @ 2 ,1 00 R. P.M. @ 15 ,000 FT . 

AL T ITUDE . DIRECT DR IVE . 

AIRPLAN E 6 



1--------- 37 ~31j2' -

1 

WEIGHT 

WING SECTION 

rig. 2 (7-8) 

6 ,783 LBS. 

_ N. A.C . A. 2215 -09 
WING AREA _ _ 236 . 0 SQ . FT. 

PRESTONE-COOLED ENGINE . 
1,000 H.P. @ 2,600 R.P.M. @ 16,000 FT. 

ALTITUDE . PROPELLER GEAR RATIO ', 2 : 1 

----- 31~8 ~6''-' -------1 

AIRPLANE 7 

WEIGHT ___________________ 6,755 LBS . 

WING SECTION ____ S3-AIRFOIL , 16 . 7-8 . 2'70 
WING AREA _____________ 223 .7 SQ . FT . 

TWO - ROW AI R-COOLE D RADIAL EN GI N E 

WITH GEAR-DRIVEN SUPERCHARGER . 
1,100 H.P. @ 2 , 700 R.P.M. @ 15 ,000 FT . 

AL TITUDE . PROPELLER GEAR RATIO , 16:S 

1----------36~0"~------~ 

11'_0" DIA 

AIRPLANE 8 



1---------34'-0"---- ------1 

:rig. 2 (9-10) 

WEIGHT _ __________________ 6,1!50 L.BS. 

WING SECTION ______ N.A.C.A . 0015-23009 
WING AREA _____________ 213 .0 SQ . FT . 

PRESTONE-COOL.ED ENGINE WITH TURBO
SU PERCHARGER . 1,150 H.P. ·@ 2 ,950 R.P.M. 
@ 20,000 FT. AL. TITU DE . 
PROPEL.L.ER GEAR RATIO , 9 : 5 

AIRPLANE 9 

1----------38'-0"-' ---------1 

9'-9" DIA. 

WEIGHT ___ ________________ 8 ,828 L.8S . 

WING SECTlON _______ .N, A .C.A. 230lS-0t 
WING AREA _ __ _ ________ _ Z80.0 8Q. FT. 

TWO-ROW AIR-COOL.ED ENGINE WITH TWO

STAGE GEAR-DRIVEN SUPERCHARGER . 
1,000 H.P. @ 2,850 R.P . ... @ 20,000 FT. 

AL. TITUDE. PROPEL.L.ER GEAR RATIO, alt 

AIRPLANE 10 



WEI G H T _ ~ _____ __ __________ 6 , 6 0 0 L B S. 

WING SECTlON ____ _ , __ N. A.C.A. 23016 .e-09 
WING AREA _____________ 110.0 SQ . FT . ' 

PRESTONE - COOLED , ENGINE . 
1,Ieo H.P. @ 3,000 R.P ... . @ 12,000 FT , 
AL TlTU DE . PROPELLER GEAR RATIO , 2:1 

::,y, .. ~ 
... .1*. -

10"--0" OI.~ .. 
AI RPLAN'E II 

L- __ , __ _ 

L-489 

= ~ 

~ • ., -~ 
~ -



.028 

r..J 
..... -
c:: 
(l) 

·\J.024 
~ 
<lJ 
o 
C,J 

g'.020 

~ 
-

.0/6 
50 60 

flp.S,5 

~ , 
Service condition-' 

CL = 0./5 

Complete/y (aired-, 
I 

, 
, 

0 I 
_D 

70 80 90 /00 //0 
Air speed, mph 

11~. a.- leal. effect OIl dRS oodf101.u M ilL • 0.15 tor airplaae a . 

.-Y 
.496D 

1 
C 
C> 
() 
Ii) 

Figure 5.- Des1gn of ~n effictent 900 turn1ng vane. 
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Ai rplane Conditions VVO Airplane condifions 
I Completely faired condition with long 

~ 
nose fairing 

2. 1/ 1/ 1/ with blunt 
nose fairinl! 

3 " " 1/ original NA A 
cowling; no air flowing throuCfh cow/in1 

4 Same as .3 e)(cept landing gear seals arK:! 
. fairing removed 

5 " ,, 4 ,I orl9inal oil cooler instcJlled 
6 1/ /I 5 /I canopy fairing removed 
7 " /I 6 If carburetor scoop added 
8 /I 1/ 7 " sanded walkway added 
9 /I II 8 1/ ejector chute added 
10 1/ /I 9 1/ exhaust stacks added 
II " II 10 1/ intercoolers added 
12.. 1/ 1/ I I /I cowling exit opened 
13 II /I 12 " accesso~ exit opened 
14 II /I /3 1/ cow/inC) airinC) and seals 

. removed 
15 /I /I 14 " cockpit venti lotvr opened 
16 1/ 1/ 15 cowling ventuns installed 
17 1/ /I 16 " blostfubes added 
18 " 1/ 17 1/ radIO aerial installed 

Total drag Change 

16~~ 

• Percentaqes based on completely faired 
condition w ifh lo~ nose fairing 

figure •. - baIIIple illustrating test sequence as followed. for &1rpiane 8. 

r , 

CD 
1/<;.=QI5) L1eD 

.0166 0 

.0169 

.0186 .CXJ20 

.0188 .CUJ2 

.0205 .0017 

.0203 7(X}OZ. 

.0209 .0006 

.0216 .(x)07 

.0219 .Q?03 

.0225 .0CX}5 

.0256 .00/1 
0247 .0011 
.0252 .CXJ05 

.0261 .0009 

.0262 WOI 

.0264 .0002 

.0267 .0003 
0275 .r078 

.0/1/ 

v-o. 

• L-489 

I'" 

~~~ 

0 

/2.0 

/.2 
IQ2 
-1.2 
3 .6 
4.2 
/.8 

3 .6 
6.6 
6.6 
3.0 

54 
.6 

1.2 
1.8 
4.8 

66.9 

4 '"l 

~ 
~ 

... .... 
~ 
... 



External 
strf!amlines \ 

Unde;"cut 
afterbody 

(a) 

(b) 

Converging flow 

Free slreal[' pressure : 
, 
t 

! 
.!(ara/lel flow 

« 

Sudden ____ _ 
expansion -_ High 

.-- resistance 

Air flow 
--- with 

resistance 

x ~ 
Air flow /,' v '\ 
wtfhouf ,/ G 
resistance U 

f1gure 6 . - Effect of high re81stance 1n increasing 
allowable duct expans1on . 

figure 7.- faotor. in outlet de8i~1. 

8~-J 

~ 
~ 

.., .. 
'12 
;" 
... 



!.,Iet . 

Ad ju.stabl~ In let flap 

Lon9itudina I ~ction (inc,." raif1CGtion.s) 

(a) Ori~inQI in,tollation 

(b) Dr0p05ed instal/alia! 

Fig . 8 

Ou-l"T . 

Fi9ure 8.-Pre&tone radiafor in~tallQtion on airplane 9. 

--~----------------------------~-----~--~-
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NACA rig. 19 a,b 

Refai red. 

(a ) Airplane G. 
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(a.) Airplane 1 · 
(b) Airp l ane 5 -

(C) Airp lane 11 . 

Fig ure 25.- Exh aus+ St-o.c:k5. 
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N.lCA Figs . 29 a ,d,e. 

(a) A1rplane 2 . 

(d) .Airplane 5 . 

(e) Airplane 8. 

Figure 29.- Wing surface conditions . 
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HACA 11'1«. 31 &. b 

Mod i fi ed wind sh teld 

(a) Airplane 10. 

Or ig ina l en~[o~ure 

Lowered enc:lo5ure, 5hor+ 
t all, fla+-slded windshield. 

Lowered enc l05ure 

Lowered etlCl05Ure f 

5norf t-aiL. 
(b) Airp la.ne 9. 
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WAC! '1g. 31 c,d,e 

Modified enclo5ure 

(c) Airplane 5. 

Ori9inal enclosure Modified enCl05u.re 
(d) Air pLane G. 

OriginaL wind5hi.e ld FLGlt-slded wlnd~hield 

Front Vlew of fla+-sided wlnd&hield 
(e) Airplane 11 • 

Figure 31.- con-tlnued. Cockpt+ encl05ure&. 
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"AeA 'ig. 33 a,b 

O r i 9 j n a I co n d d· lO n . Faired. 

(a) Airp lane 10. 

Ori9i'nal condifion. 

(b) Airplane 7. 

Figure 30.- Landin~ ~eQr5. 
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HACA FiC_ !! c,d, e , f 

Orl9inal condi+ion. Faired. 
(c) AirplQn€ 4. 

Origina.l conditi.on. Faired. 
(d) Airp l nne 5. 

(e) Airplane 9. (f) Airplane 5 . 
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(a.) Gun siqh+ on airplane 1. 

(b)Blas+ lube on airplane W. 

(d) Gun and c.annon 
ln5+o.tlatlon on oirplane 9. 

Fig. 34' 

Original cond'l+ion. 

5ea.led and. faired. 
(c)BlQ5+ tube 

ins.+cd lation on a irplane 3. 

(e) Blasi tubes Ort a', rplane 8. 

(f) Wln9 and . fU5eta.~e qun5 on air-plane 11. 
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Figure 35.-Aeria\ in~+allQtion&. 
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Oil9lnal In talla~lon. Tube"" iOolred F..r cowling 90P~ sealed 

(a') Gu n blast tu be In ",)fa II a tion on curpla ne 3. (Not e: A 
indIcates fi><ed ends of fufts & J:) tne'w free ends for onglnal condItion) 

(b) Cowling ~aps on airplane 5. 

(d) Cowling gaps on a\rpta ne (3. 

(c) Spinner gap5 on airplane 7. 
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(e) Cowling qaps on airplane 10. 
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