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SUMMARY

Force LAs were made of a l%-scalemodel of a tm”n-
engine lou=wing transpoti airplane in the NAG% 8-foot
h@h-speed tunnel to inreetigate compressibility and in-
terference e~ectg at speeds up to .@iOmiles per hour. In
addition to teds of the standardarrangementof the mtiel,
teds were made”with .wreral modi~catimw designed to
reduce the drag and to increase the critical 8peed.

The remlis show serioug increases in drag at cm”tica/
Mach nu?nbergran~”ngfrom about 0.47 to 0.60 due tti
the occurrence of compressibility burbla on the standard
radial-engine cowling~,on ~ectionsof the mungas a result
vf un”ng-nucelleinterference~ and “on the semiretracted
main landing wheels. The critical speed at which the
~hockoccurred on the Wandardcowlings wus 20 miles per
hour lacer in the presence of the fuselage than in the
presence of only the wing. TIc drag of the complete
model UXMreduced 26 perce~t at 300 miles per hour by
completely retracting the landing gear, fairing the un”nd-
ahief.dirregulanlie~, and substituting streamline nuce~es
(with a&wance madefor the proper amount of cooling-
air jlow) for [he 8tandard nacelle arrangement. l%e
ralues of the IY=z”ticalMach number were considerably fn-
c?reae-edm a result of the afore-mentionedimproremenk.

INTRODUCTION

The principaI purpose of the reported tests was to
investigate the effect of compressibility on the drag of
the component parts of a representative Imge airphme
and on the over-alI drag of such in airplane. The in-
fluence of interference on compressibility effects was
also to be studied. ln addition, it ma proposed to
test several modifications of the standard component
parts that gave promise of an improvement in aerody-
namic characteristics.

The size of the NACA 8-foot high+peed tunmd made
poesibIe for the first time the testing of a compIetr
!+s.mle model at speeds up to 450 miles per hour. A
widely used transport-type airplane whs represented.
The resuhs of high-speed tests of various -windshield
arrmgementa on the same model have been prewnted
in reference 1.

Previous high+peed tes~ in smaller wind tunnels have
been concerned mainly with iachtcclbodies, particularly
airfoils (references 2 and 3) and cyIindera of fundarnen-

mawo-a-za

tal shape (reference 4). A typicaI wing-naceUe combi-
nation with several coding’ &apes was tested at high
speeds in the investigation reported in reference 5.
AU these tests showed that, when the maximum local
velocity near the surface of the body =ceeded the local
veIocity of sound, a compression shock formed, resulting
in a precipitous increase in drag coe13icient with further
increase b-speed. The sea-leveI flight speed at which
this phenomenon occurs may be as Iovr as 300 miles
pm hour for a bM body such ns a sharp-edge radial-
mgine co-ding (reference 5) or as high as 650 miles per
hour for thin airfoils (reference 3), depending on,whetlwr
the peak IocaI ~-eIocity is much higher or only dightly
big]ler than the flying speed. Reference 6 ShOWS that .._._

the critical speed at which the shock occurs can be
satisfactorily estimated from the peak local velocity
on the body as computed from Iow-speed pressure “ _
measurements or from potentiaI-flow theory.

The criticaI speeds of the various airplane component
pnrts may be considerably lo-iver in flight than the
rritical speeds indicated in tests of any one of the iso- -- ““
[atcd parts because of mutual interference between tlm
pnrts. RrfmmcF 6 suggests a method of estimating the
effect of interference betwtwm two or more bodies from
the measured or the theoretical PL-CSSW fiekls of the
isolated bodies. The present t=ts provide a means of
checking this method because criticaI speeds were ob-
tained on se-ieraI of the component parts alone and in
combination.

The interference dfect of the propeIIer slipstream on
critical speeds is small at high flight speeds. h the
present tests, which were made without propellers, the
witicaI speeds of parts located in the elipstrenm may be
reduced by the amount of the propeIler slip.

The low turbulence Ievel iu the S-foot high-speed
tun.md (reference 7) permits extensive Iow-dmg Iaminar
boundary Iayers to be maintained on smooth models.
EqualIy extensive lnminar Iayera generaUy do not exist
in flight on presentday nimraft owing to the effects of
surface irregdarities and high Reynokla numbers
(references 8 and 9). Because the condition of the
boundary layer has a large imfluence on the magnitude .
of the drag and the interference of the various airpIane
components, a spccinl technique w-as employed during
part of the present investigate ion to make the boundary
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layersstiar to those existing in f@ht. The locations
of the transition from laminar to turbulent boundary
layers were fixed near the leading edges of the various
component parts by means of smalkliameter thread
doped to the surface. ‘I%e results given in the “taLlcs
and the figures reproduced with the main body of this
report and labeled “with fixed trtinsition’.’ ~re thus
quantitatively applicable to flight conditions, if the
usual scale-effect corrections are .madc, In many cases,
the results obtuincd on the smooth model and labrled
“with natural transition’ ~ arc given for comparative
purposes. It has been found that, for this investiga-
tion, the rcsultg from the smooth models are suitable
for qualitative comparisons. For example, thv relative
merit of various nacelle arrangements would be the
same in flight as in the tests on the smooth model.

Th~ critical speed at which the compressibility shock
occurs is independent of the state of tLe boundary layer
as long as the boundary-layer changes do not cause
serious changes in the flow outside the boundary Iayrr.
All the results given in this report are therrfore perti-
nent with regard ta the indication of critics..spced.

A dettiiled discussion of the effect 03 drag and i~lter-
ference of the locatiou of boundary-layer transition is
given in a short appendix to the report. Correction
factors are prcsentd by which all the nacdlc-drag
data obtnined on the smooth model may be reduced to
the “6xed transition” or estimated flight condition.

TIN’ tests were couducted at Langley Memorial
Aeronautical Laboratory in 1938.
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LIST OF SYMBOLS

uirspcrcl
dynamic pressure (1/2PV2)
speed of sound in air, miles per hour

(33.54460+t] “ “ ‘
.... .

air temperature, ‘F
Mach number (~7/a)
Reynolds number (VF/U)

mean mrodynamic chord, 1.44 feet
kinematic viscosity
mea of partial-span model wing enclosed in

tunnel, 12.05 square feet
mea of full-span model wing, 15.42 square feet
mea of model tail surfaces, 4.56 square feet
maximum cross section (0.267 sq ft for a single

mlcelle; 0.964 sq ft for the fuseIage)
ilbsolute drag coefficientt based on maximum

cross section of nacelle or fuselage
absoh~te drag coefficient based on area Sr

absolute drag coefficient baaed on nren Sr

absolute lift coefficient based on area S

tibsoIute lift coefficient based on area Sr

[

lift of nmdel+q(SW-S) (C.~ of wing alono)

& 1

ill~~ pitching moment about quurter-chord point of
mean aerodynamic chord

cma4=!&4,
c

T- -.. ..—

a angle of ntt.ack referred to chord line of wing,

degrees

a= nacelle angle of tittack referred to thrust axis,
degrees

Q quantity of air flow through single cowling,
cubic feet per second

Ap pressure drop across engine borne plate, pounds .
per square foot

K
cO”(luctanc’(iK%z.)

CI coefficient of mmn skin friction

(
mmn skin friclion per unit nrra

9 )

APPARATUS

The NACA 8-foot high~prcd tunnrl in which the
teats were carried out is u single-mturn, rircular-smtiun,
closed-throat wind tunnel. The airspmd is continu-
ously controllable from about 75 to more than 500 milca
per hour. The turbulence of the air stream as indi-
cated by transition measurements on airfoils is LIn-

qsually low but somewhat grcuter than in frcc air,
The rnodcl emp~oyed in the tests is a }~caIc repro-

duction of a modern transport airphmc, which was
choscm for convrnicnce as bcin,g rcprwxmtativc of large
present-day tiirphmcs. The gencrrd arrtmgrmwnt and
dimcnsioxis of tlw lJlodel and the scw*raI Varimtions
tcstw.i are shown in figuw 1. Figure 2 shows the stutl(l-
a.rd model insh~llcd in the wind tunnrl. Tlw setup

was unusuid in that the outer portions of the wing cx-
tcndcd throngb the tunnel walIs and sorvcd as the
means of support for the modrl, The tip Gections not
reproduced rcprl’smt about 22 pcrccnt of the tottd wing
area. This system permits t.hc model scalp ta be much
[argw than for thr usual mrangemrnt and stiU fillows a
valid comparison of the effects of tlw comprmmt park.
The rclitivdy huger forces cnah]c a more accurate
detcrminatio]~ of the cfrects of the various parts. Thc
method of support minimizes twr forces and also prr-
cludes the possibility of comprmsibility intrrfcrcnre be-
tween t& strut sup]iorts and the model,

The model was sc constructwi as to permit removal
Df all component p~lrts; thu cflccb of cocb pflrt could
therefore bc individually studied.

Wing.—The constnnt-chor(’. center section of the
model wing (figs. 1 and 3) is of NACA 2215 airfoil
section. The t.tipercd portions tire clmrmscd in d~ick-
~ess to the h7ACA 2212 section ut a stilt ion 50.58 inches
mtboard th(? center ]inc of thr modrl. The wing profile
was found to conform clmwly to th sprrifwd ordinatwi
md the surftice is aerodylmmimlly smooth.
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FIGUEEL-ChemI armngement and dlmemsions (h.) mf the stmdard mule! sni
ths modhatlons tested.

FIGUEE2.—Front view d thcswndardmodelmmmtrd in the X’.4CA I?4wt Iigh
speed tm’md.

FuseIage, fillet, and taiI group.-The fusehge details
are shown in figures I, 4, and 5. The nose sections and
a section at the rear are removable so that dt-ernate
nose aml tail arrangements can be tested. Before
each series of tests, the fusdage surface was fdkdj

FIGL_EE3.-Whg of trans!ws model.

?WXRE4.—IM8IIsorh?eluxeW[th St- whishkhi U@ t.lllet. Standsrd
naMles in tow Imsiticm.

!i . ..- .
FIGUBE5.—Details of M group, taU whe& ad fillet.

spray-painted, and finished with fine sandpaper and
polish.

The fillet was of the ~xptmding ty~e with increasing
radius of curvature toward the rear.
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Stmdwd CO,Wf@ .=

x

L“39’J_i+’&xi~ foiff~

FIGUREfJ,-NacMo dctat!a. Standard mwllng, normal @tion. DImen810ns in
Inchus

FII;rBE 7.-gtid&rd n&cellein normal @ttoIL

FIIIWE S.-St8ndard nacelle in low ~ltmn.

The tail group is shown in figure 5. Unclassified
symmetrical airfoil sections were used. The horizontal
tail tapers in thickness from about 10 to 6 percent and
the vertical surface from about 8 to 6 percent. The
usual breaks in the surface at controI-surface hinges
are not represented.

Nacelles.-The nacelle shown in figure 6 is a %-scale
mocleI of the normal 56-inch-diameter “installation en-
closing an 850-homcpower single-row radial engine,
The exterior of the model naccl]w k free of scoops,
vents, rtnd irregularities due to the hmding gear.
The wing has a chord of 21.25 inches and a thickness
at the point of nacelle attachment of 3.19 inches.

The fore-and-aft location of the nmwllrs wtis mainttiincd
constant in fdl the tests; “~he propdlw p[tinc was 42
percent of the chord ahead of the lmditlg wlgc. The
nacelle axes were inclined —2° with rcfcrcncc tu the
wing-chord line and were parrdlcl to the fusehigc rcfw--
ence IinQ. The nacelles were tested in high and low
positions for which the thrust axis was moved vcrticully
9 percent of the chord to malw l.hc nucvllu tll t]gml tu
the lower and the upper surfaces of the wing. For

Fmuu 9.-Standard nace#e In high ptt[on. EzIt slot covered.

FmmE 1O.—NMXIIWJwith MZWLT-MIMWbodlm. Xormbl @tIon. EIIL aiut
CQmrad.

these positions, it was necessary to modify the fairing
of the afterbody. Figures 1, 7, 8, and 9 show t.hr
fairing details for the thrm positions; table I gives the
principal ordinates for the three afturbodics and for
the standard cowling. Irtncr and outm positions of
the nacelles were also tested; thr nucelIcs in their
normal vertical position were moved 21 pmxmt of the
nacelle diameter in a sptmwise dirwl-ion.

A btmwr-t.uil uftcrbody shape was teshxl with thr
nacelles in the normal position. This rnodifimtion did ,
not change the side-view profile bub made thr narullus
rectangular in plan view. (See figs. 1 und 10,)
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FIGLW IL- Detafle C4mn!n wheele IIImtmeted pcdfion. ?&Me in ncmml pmitbm

=--l:___

FIGLIM lZ.-D&alIs 01stremdne wm replncfng etanriard wMsiMd.

Moclficationa to the standard cowling consisted in
covering the exit slot between the cowling skirt and the
inner cowling (figs. 61 9, and 10) and the substitution
of a streamline nose for the standard cowling. The
streamline nose (fig. 1 and table 1) was derived from
NTACA streamline form 111 (reference 10) for a fineness
ratio of 4. The strwdine nose was tested with the
same afterlxxlies as the standard cowling. Combina-
tions employing the stretudine noses are hereinafter
called streamline nacelk; and those empIoying the
standard cowling are celkd standard nacelks, regardless
of naceile location.

The flow of air through the standard cowling was
regulated by n baflle plate simulating the radial engine.
The pIatc was perforated by one hundred fi-inch holes,
providing a conductance K of 0.08. The correspond-
ing pressure drop Ap/q across the baflie plate was c.am-
puted by the method of reference 11 to be 0.80; and the
flow quantity Q/lT, b bc 0.072.

Additional teats with no air flow were made with aII
the’ holes c1OSC(I,that is, with K=O, and akw with

(a)Front*W.
(b) Three-quarter ViCW.

)?I12L~ 13.–ImprowM modeL

alternate holes closed, for which K=o.04, Ap/q= 1.00,
and Q/F’V=O.04.

On the model, as on the actuaI airplane, no provision
is made for the contrcd of cooling air by means of vary-
ing the width of the exit+Jot opening. In aII the tests
with coding-air floti, the width was 0.25 inch. k some
of the tests without cooling air, the exit was covered, as
has been deseribed. No provision was made for cooling-
air flow in the streamline nacelles.

lkmding gear.-Details of the semiretracted landing ‘“’“’-
gear are shown in figures 5 and 11. UnIike the fuH-
sde installation, the tilde of the wheeI-weLl openings
on the model was closed off from the interiorof the
nacelles.

Improved modeI.—The most effective modilimtions
to the model were combined in what is ca.&d the im-
proved model. The standrwd windshield and cockpit
fairings were repIaced by a stretie nose (figs. I and
12) in which the irregularity due to the windshield was
completely faired out. The stieadine nacek ivkre
cmpIoyed tmd the wheel and the wheeLweII irregdar-
ities were completely removed. The improved model
is shown in figure 13.
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.
TESTS

The tests consisted in the measurement of lift, drag
and pitching moment at speeds ranging from 140 t~
450 miles per hour. The tests could be carried beyonf
maximum lift at 140 miles per hour; but, at highe.
speeds, strength limitations determined the lift co
efficient to which the tests could be extended. Thus
at 450 miles per hour, a lift coefficient of 0.2 was th(

greatest that could be obtained,
Teits were mado of the wing aIone and of the combi.

nations necessary to obtain the following data:
1. Efktive nacelle drag (without fuselage) with th(

various modifications to nacelle shape, nacelle location
and cooling-air flow. (“Effective drag” is herein de.
fined as the difference in total drag measured with anc
without the part in questfon.)

2. Interference between nacelles and fuselage for al
nacelle positions, with and witheut the tail group

3. Effective drag of fuselage and fillet with gtandard
and faired windshield

4. Effective drag of tail group
5. Interfwence between t.aiI group and nacelles
6. Effective drag of fillet and interference betwean

fillet and tail group
7. Effective drag of s.emiretracted larding gear:

(a) Main wheels
(b) Tail wheel

For the most important configurations, teats were
made both with natural transition and with transition
fixed at 10 percent of the wing and the taiI chords and
near the noses of the streamline nacelles. A number
of the tests of the nficelles were made only w’ith smooth
models.

RESULTS

The method of computing the airspt’ed, the Much
number, and the Reynolds number in the 8-foot high-
speed tunnel is described in reference 12. According
to standard practice, the true, rather than the indicated,
dynamic pressure was used in computing coefficients
from the force tests; the coefficients thus directly indi-
cate any compressibility effects.

The greater part of the drag results is in the form of
effective drag coefficients, which are herein defied. as
the di&cmce in the total drag coefficients determined
with and without the part in question. This difference
in drag coefficient was cornputt?d at fi..ed angles of at-
tack rather than at given lift coefficients, as is usually
done in three-dimensional-flow setups. The choice of
angle of attack.as the independent variable was dictated
by the fact that compressibility effects are governed
primarily by the attitude of a body and not by the net
lift of the body in combination with other shapes.
Furthermore, th~ induced-drag changes due to mmdl
changa in lift are minimized in a setup such as the
one employed in these teats, which was approximately

twodinwnsional. As a mattw of ftict, at subcritical
speeds the effective drag as obtained at a given attitude
was found to “bealmost cmctly equal to that computed
at a fied Iif t coefficient.

With the model attitude fixed, ~omprrssibilit,y effects
aro a function of 3 Iach number, which is thc flow-
similarity index for compressible flow and has a signifi-
cance similar to that of the Reynolds number in viscous
flow. The results of these tests are accordingly plotted
either as a function of Mach number for a part icu]ar
attitude or as a function of ttnglo of nttack at a given
hfach number.

If the air temperature is known, tho ~irspmd, in
miks per hour, corresponding to a given 31avh numlwr
can bo directly comput~d from the relation

The eflective drag of the various compommt p8flH
of the airplane is presented in figures 14 to 27. lt will
be noticed that the nacelledrag data given in figures
15 to 21 were obttiirwd only with naturrd transition on
the smooth models. As previously statmi, these data
are not quantitatively applicabh; to ffight conditions
where extensive laminar layers do not exist, unIces the
correction factors developed in tho appendix arc ap-
plied. Figures 15 to 21 as they stttnd ttre intended to
Bhow critical speeds and to pmrnit qutditative compnri-
wns of the various arrangements.

The contribution of the various compcmmt parts to
the total drag of the standard and the improved modds
k shown in figures 28 and 29. The percrntsge drag of
the various parts is summarized in table. 11 for the con-
ditions of both natural and fixed transition. me drag
~f the complettl standard model and the improved
model is shown in figurr 30.

The effect on lift of thu wmious components is given
n figure 31 for three rcprtwcmtativ~ spw’ds. ‘1’hv nu-
?elIes in the high and the low positions, respect ivrly,
ncreascd and decreased the lift at u given attitude.
I’he addition of fuselage and toil drcrwtsed the lift tit
mgles below 2° and increased the slope of the Iift curve.

The pitching-mornmt coefficients computed about.
ihe quarter-chord point of the mean aerodynamic
:hord (approximate? center-of-gravity location of actual
lirpIane) are given in figure 32 for the comphtto models.
rherc were no marked cornprmsibility etTvrts. Corrrc-
,iou for the tip sections of the wing omitted on llw
nodel would make the vulues of dCJda more negut ivc
han indicated from the figure..

Flgureg 33 to 36 in the tipptmdix show tho effect of
he location of the boundary-layer transition point
m nacelle drag; figures .37 and 38 give fuctora for cor-
ecting the nacelle-drag data obttiined with natural
ransit.ion (figs. 15 to 21) to the fixed-transition condi-

ion.
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PRECISION

The force-test results am uncorrected for tunnel-wall
,eff@e with the excebtion of the effective fuselage drag,
to which a buoyancy correction of about 5 percent was
applied. The effect of buoyancy on the wing and the
nacelle drag was negligible. The interference. at the
juncture of wing and tunnel wall could not be deter-
mined but apparerdy did not seriously affect the wing
drag, which is of the right order of nmgnitudc. The
inflow over the enda of the wing due to leakage at high
lifts made the determination of max~mum lift rather
doubtful. The data shown in his report therefore
extend Only tO CL= 0.6. The jet.-boundary eiYcct on
critical speed is considered secondary because the frontal
area of the model is only 6 percent of the jet area.

DISCUSSION
NACELLE DRAG

Interference between naoelles on wing without fuse-
lage.—For the sake of accuracy, most of the nacelle-
drag data were obtained with two nacelles, normally
spaced four diameters apart, on the wing without the
fuselage. There was a alight interference between the
nacelles (fig. 14) amounting to A~~P= 0.W15,which was
approximately consta& throughout the speed and the
angle-of-attack ranges. The drag data obtiined with-
out the fuselage should be reduced by this amount if
comparisons with tests employ$lg a single nacelle are
made. As prcrrioualy stated, the resndts shown in
figure 14 obtained with fixed transition on the rnodcl
wing (transition on the standard nacelles occurred
naturally at the point of sharpest curvature of the
nose) arc applicable to flight conditions after suitable
Reynolds number corrections have been made, The
nacelle drag shown in figures 15 to 21 was much higher
than that shown in figure 14. This increase is clue to
the fact (see appenclix) that these results (@a, 15 to 21)
were obtained on smooth models with natural transi-
tion; they are presented only to show criticaI speeds and
to permit qualitative comparisons.

Nacelle critical speeds.-The critical speed, at which
the effective nacelle drag coefficient begins to increase
abnormally, is afTected by any factor that changes the
ratio of maximum local velocity to stream velocity.
The principal factms are angle of attack, interference
effects, and cooling-air flow. Figuree 15 and” 16 show
that the inffuence of these variables results in a range
of critical speeds for the standard naceIIcs from about
M= 0.47 to beyond the range of the tests. The rutc
of increase of drag beyond the critical speed is generally
so severe that the top speed of the airplane could not
economically be much greater than the critical speed oi
the naceIlee. & previously discussed, the critical ‘flying
speed corresponding to the critical vahe of M depends
on the air temperature, Thus, it high altitudes where
low temperatures are encountered, the flying speed at
which the shock forma wiII be lower than at sea leveI,
Since airplane top speeds tend to increase with altitude,

he danger of enc.ountcring serious comprmsibility cf-
‘ccts is .vcry real. At 15,000 feet in st.undard atmos-
phere, for example, t= 5° F“ find a=- 723 miles per hour.
J%e critical flying spmxl corresponding to the lowest
:ritical Mach number for the nacelles, 0.47, would bc

77cr=34c,x~=34~ mfl~s per ~~~ur

The fi%ults of refercnco 11 show thnt the cffwt of the

Jipstream of a conwmt.iomd tractor proprlh’r on thr
mlocit.y distribution over a good cow-ling is slight for
he Mgh-speed condition. In some instances, the cffecL
]f the propeller slightly incrcascd the maximum Jocnl
relocitica but in others the pctik velocity was dccrmscd.
[t appears conservative to assume thti t ~hC pmk
velocity will be increased by the mnount of the propcl]cr
31ip, ln the absence of pertinent propelhw-tmt data, the
tip in the present application was estimated from the
power requirements at .3{=0.50. When uniform thrust,
distribution was assumed along the bIado, the computrd
slip velocity immediately behind the propeller w-us0.02t”,
In order to allow for the fact that the actual thrust Dis-
tribution is not uniform, this value was hcrccwcd by 50
percent, giving an estimated maximum slip lrc~ocity of
0.03K The critictd Mach numbcra shown herein for the
nacclIcs and the wheels may i.hereforo bc reduced by
about AM= 0.03 owing to tractor-propck intcrfmwwo.

If the effect of arigle of atttick on critical sprcds is
next considered, it can bc seen from @m 15 thut the
critical speeds at a=- 2° (nacelle angh’ of ut[urk

——4° k flight puth) were markedly lower thun ntam—

a=OO (a==–20). According to rcfmcncc 5, this rffw L
is due to an increase with ungle of tittack of lhc peak
looaI vcIocitics at the cofiIing nose. The minimum peak
veIocity occurs when the nuco~c axis is pfirallr] 10 Lhc
flight path. ExtrapolRt.ion of the rcsuhs of figurv 15
shows that, by a proper alinemmt of the nacelles, the
critical speed would be advanced buyond the range of the
test speeds. This result emphasizes the fact (discwcd
in more detail in refercncc 5) thal, for high-spcccl ffightl
the nacelle axes must be nIincd with the relative wind.

A secondary effect of the propdlcr slipstream would
be to alleviat~ the indicated cffrcts of angle of uthwk
on nacelle critical speeds. This effect is undoubtedly
smaII and can conservatively bc neglect cd.

The eflect on critic.d speed of vcrtictd location of the
standard nacel.k (&s. 15 and 16) is probably due to
the change in lift with nacelle location. With tho
nacelles in the low position, the lifL of tlw combination
was decreased, thereby increasing the dovvnflow at the
cowling nose, which was already operating at a ncgutive
angle. The effective angle of attack was thus aug-
mented ind the critical speed for the low position was
made lower than for the normaI position. The lifL
was increased with the nacelle in the high position and
the accompanying uptlow at the cowling nose slightly
decreased the efTectivc negative angle of the nnccllc;
the critical speed was thereby advanced bcyonti that
of the normal position.
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The effect of the fuselage (figs. 15 and 16) was to
lower the critical speeds of the standard nacelles by an
avernge of about M= 0.03, or’ 22 miles pcr hour at
15,000 feet. Presumably, this decrease is due to the
increase in velocity at the nacelle caused by the flow
about the fuselage. Within the accurgcy of measure-
ment, there were no consistent changes in this in@r-
ference effect with either nacelle location or amount of
cooling-air flow. This result emphasizes the necessity
of suitaMy modifying, for interference &ects, the criti-
caI speeds obtained from tests on isolated bodies. In
tJle absence of specific high-speed teat data, an approxi-
mation to such interference effects can usually be made
(reference 6) by substituting for the source of inter-
ference an ickwlizcd shape about which the theoretical
velocity distribution is known. For example, one of
the bodies of revolution of referenee 10. of comparable
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dimensions could b: substituted for the fuselage. Tho
peak local veIocity of the wing-naccllo combination is

then assumed to be increased by the velocity increment

at the nacde due to potential flow about tho fuselage

alone. The critical spwd corresponding to the rceult-
ing peak velocity oan be obtained from th relation
given in reference 6. The interference effect of the
fuselage on M. was computed by this method to be
0.025 as compared with the test result, 0.030.

‘I’he criticaI speeds for three variations in the amount
of cooling-air flow are shown in figure 17. The highest
criticaI speed occurred with the largest amount of eool-
ing-air flow. As discussed in reference 5 tho admission
of air into the cowling tends to refievo tbe external
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velocity peak at the cowling nose, thereby advancing
the critical speed. It will be subsequent~y shown that
these sIight gains in critical speed are obtained at the
expense of an excessive amount of cooling-air flow for
high-speed conditions and that the resulting high
nacelIe drag is a more serious consideration than the ad-
vance in criticaI speed. More tiective means of ad-
vancing the critical speed are proper alinement of the
naceIIe and reduction in the curvature of the cowling
nose, as discussed in reference 5. TIM naceIIe drag
throughout the speed range is reduced by these modi-
fication&

The critical speed of the strwmdine nacelles (fig. 18)
was beyond the highest test speed, which corresponded
to M= O.58. The theoretical veIocity distribution
about a simik body indicates a’ vrdue of IM@greater
than 0.80 for the extreme attitude tested (%= —47.
The abnornd increase in drag in the low position for
a= —2° is probabIy due to the formation of a compres-
sion shock on the lower surface of the wing as a result
of interference at the wing-naceUe juncture. The theo-
retical excess velocities on * and nacelle for this
attitude when added indicate a critical M of 0.56,
which is in god agreement with the test result+ (@.
18 (b)). The additional interference effects of the fuse~
Iage lowered the mitical ill to roughIy 0.54. h the
high and the IIormal positions, the eHect of inmease in
Iift over the Iift in the low position suilkiently reduced
the local velocities on the Iower.surface of the wing to
delay the shock on the wing to beyond the range of
test speeds.

The effects of lntemd Iccation (fig. 19) on critical
speed were amd. In generaI, the inner position had
slightly Iower criticaI speeds than the norrmd and the
outer locations owing to the increased fusdage inter-
ference dlect.

NaceIle drag at subcritical speeds.—The normal
naceMelocation had the lowest drag of the three vertical

‘ locations for both the standard and the streamline
nacelles (@. 20). The high position had the highest
drag. Of the lated Iocationa (f3g. 19), the drag with
the normal position vras ks than that with the inner
position and equal to or less than that with the outer
position. The relative merit of the positions did not
change with nacelle attitude or with speed.

Consideration should be given to the effect of the
propeller on the efEciency of the various naceUe loca-
tions. As previously mentioned, the eilect of the pro-
peller slipstream at-high speeds is smaH and of the same
order of magditude for all positions. More important
is the variation of propukive efficiency witi po”tition.
No test data are avaiIable for amalI vertical displace-
ments, but the results of reference 13 for.kge changes
in naceIle location were interpolated to estimate the
effects. The indicated propulsive efficiency for the
uormd position is 1 percent greater than for the high
position but x percent lower than for the low position.

Inasmuch as the low”position of the nace~es wotid iu-
crease the drag of this @plme by z percent, the jJ&
percent gain in thrust at a given speed would be more
than offset. There were no appreciable diilerencea in
maximum Lift for the various naceHe locations. The
relative merit of the nacelle positions is therefore un-
changed by consideration of propder effects and maxi-
mum Iift; the normal position is preferable to dl others
investigated.

The drag due to coding-air f70w through the standgrd
naceks amounted to more than one-haIf the total
nacelle drag (&. 21). The increment due to cooIing
was approximately constant for all test conditions; the
average vahe was 0.057, which agrees weU with the
data of references 11 and 14 for similar conductance
and exit opening. As figure 21 shows, a part of @is
increment is due to the surface discontinuity at the
exit opening because, with the air stopped but with
the exit slot open as is usual, the drag-coefficient incre-
ment due to the exit sIot aIone was 0.011. & is shown
in references 11 and 14, however, the drag’ variations
with changes of the exit opening are properly included
in the cooIing drag because the usual and the most
eflkient method of controlling the cooling-air flow is to
vary the width of the exit-slot opening.

The Iarge saving in nacelIe drag that may be eflected
by passing exactly the correct amount of cooling air
through the cowhg at every speed by means of a

variable exit-slot opening has been ffly discussed in

references 11 and 14. On the airplane under considera-
tion; the fixed exit SIot provided suflkient ccohng pres-
sure drop at about 140 miles per hour but, as the speed
was further increased, the amount of coding air and
the corresponding drag becwne kcreasingly excessive.
At M= O.30, the design high speed, iytd with the exit
slot properly reduced in size, the computed increment
to nacelle drag for suflkient cooling is 0.009 (reference
14J K= O.OS), redtiug in a totaI necessary nacelie
drag of oily 0.045 instead of the measured value, 0.093.
(Fix@ transition, a= O”, fig. 22.) The excessive cc@ing
drag amounted to about 7 percent of the total airpkme
drag at iW=O.30 and emphasizes the necessity of using
cowIing flaps or a similar means of controlling the flaw of
cooling air at high speeds.

A comparison of the nacelle drags with the normcd
and the beavm-taiI afterbodies is ako shown in figure 21.
The differences were small

In figure 22 is shown a comptin between the
standard and the streamline nacelles applicable to
fbght conditions, that is, with transition fied on nacelles
and wing. OnIy tie effWts of nose ahape are compared;
there, is no cookg-air flow and no exit slot for the
standard naceHes. The drag of the streamline nacelles
decreases from about 10 percent less “than that of the
standard nacehs at R= 1,000,000 to about 30 percent
less at R=4,000,000. Reference 5 showa that the drag
of NACA cowled nacek can be materisUy reduced by
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decreasing the curvature of the cowling nose. lL there-
fore appears that, if the standard cowhg nose in the

present teds were replaced by a better nose sliape, such
as C of reference 6, the streamline nacelles would havr
little advantage over the standard nacrllrs in thr Iow
Reynolds number range of these tests. AppRrrntIy, at
low Reynolds numbers, the increase in wcttd arra of
the streamline nacelles nearly offsets t.hv reduction in
form drag. At high Reynolds numbers, the reduction
in form drag with the streaudinc nose would probubly

be greater than the differences in skif)-frictioq drag,
giving the streandino nacelles greater advantage over
the best possible NACA eowhng shape.

The presence of the fumlagc exerted a consistently
unfavorab~e interference effect on namllc drag (figs.
15, 16, and 18). .

AR unexpected small increase in cffcctivc nacelle
drag occurricl as a result of intcrfmencc between thu
nmelles and the tail group (fig. 23). The drag of the!
tail grouy, with and without nacelles, is also shown in
the figure to verify the nacelledrag results. This
effect may bc duc to disturlxmcc of the cxtwmivc
lami.nar boundary layer of the taiI by sprwuling turbu-
lence frgm the nacelles and, if so, would not exist in
flight. Observations of a very thin dust pattern re-
maining on the tail surfaces after Icngthy high-apccd
runs indicated that the. laminm flow extended in some
instances as far back as 70 percent of the tai~ chord
cxccpt in the immediate proximity of the fusclaw.

In the conclusion of the discussion of nacelle drag,
it should bc pointed out that the optimum conditions
for high criticaI speed, alirwment with tlw rdativc
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wind and small curvature of the cowling nosr, daa

permit the lowest nacelle drags at speeds below th
critical. Likewise, interference effects that incrca.w
th.e,clocal velocity at the nacelles not only lower the
crltuml speed but also increase the drag at speeds below
the critical.

DRAG OF FUSELAGE AND FILLET

The, drag of the fuselage and.. fillet ti~!th the standar~l
nose and windehicld arrangement (figs. 1 and 4) and
with the streamline nose completely faired over the
windshidd irregularity (figs. 1and 12) is presented in
figure. 24 as a function of both Mach number and angh!
of a ttark. Tho critical speed was beyond the Iimit of
the tests. A serious eflect of the fuselage, howevrr, is
the lowering of the critical” speed of the wing duc to
interference at the wing-fuselage juncture. An esti-
mate based on the theoretical velocities about tlw
NACA 2215 wing and about a body of revolution of
general dimensions similar to those ,of the fuscia~
indicates a critical M of 0.60. If the additional veloc-
ity incremenh due to a nacelle is also conaidercd, the
critical Al is reduced to 0.58.

The conventional windshield faking ddccl 21 per-

cent to the drag of the fuselage with streamline nose

@g. 24, a= O”, M’=0.35). The effect of detailed intrr-
mediatc modifications is given in rcferenc~ 1, where it
wns found that the windshield drag can be rcduccd to
2 percent without completely fairing over tho cockpit
enc.losurc; that recessed windows add 7 pcrcmt more
drag than flush windows; and that sharp edges add
from 2 to 14 percent more drag thrm rounded edges.

The effective drag of the fillet was negative at till
attitudes tested (fig. 25). There was a consiskm L
unfavorabk interference between the fiUet nnd the
tail group, probably due to increased velocities in the
region of the tail resulting from the improvement in
flow near the fuselage. No compressibility cflcets
appeared to be associated with the. fillet.

DRAG OF TAiL GROUP

The effect.ivo drag of the tail group (fig. 26) is com-
pused of the minimum profile drag of the ~crtical sur-
faces phe the profile and the induced drag of the hori-
zontal surfaces and the interference effects. Rcctm@
of the small Reynolds number and the thin sections of
the tail, extensive laminar bounclaly layers arc to be
expected. The low “minimum drag coefficient with
natural transition is probably mainly duc to thww low-
drag htminar layers. Tho fact that the a(klition of a
0.003-inch thread at 10 pmcenb of the tail chord in-
creased the minimum taiI drag only 9 percent indicates
that these threads were not sufficiently thick to cause
a cOmpIete transition. This result is in agreement-with

ttho indication of the dust-patttorn obswvat.ions prcvi-

owdy mentionc(l.

An i]]crmsc of Much number made uo npprcwiaMc

cbango in the effective ttiil drag. Tlw uirfoil sections
~mploycd wurc somcwhnt similar to the NACA 0009-64
which, at low nngIcs of atdtick, hns a critical speed
greater than .lI=O.80 (rcfcrcnce 3). No mmkcd inter-
fcm-mcc effects on critiral speed should occur, owing to
the low locaI-vcIocity inwvments on tho fuselage at the
tail location.

DRAG OF WHEJMS AND WHEEL OPENINGS

The high drag (fig. 27) of Lho mnin whorls in the
retracted position (fig. 11) was Iargcly duc Lo dishmb-
ance of the flow tibout th{’ uftrrbody of thr nncrllo.
The effective drag rupi(lly dmrmscd as tho nnglc of
attuck was im!rcascd bwwuse the prc=urc grwiient bw
cwmc more favorablo on tho lowor surfticc of the nwwlle
nnd thereby eountcrurtcd the ttmbncy of the wlmds
to cause separation. The whecI opcnillgs tilonc had
the same genernl effrct as the wheels, In the actual
tiirplanc, the (’ffcct of the openings would probably bc
more serious as the inside of thv opening is not C1OSU1
off from the intrrior of the nncdh~.

The ~iduc of ilf,, for thu mtiin wheels in tile ret.mct~{
position was about 0.54. From n consideration of the
thcoretirrd flow ovrr a aphrro, the 11,, of an iwdat.cd
wheel would Iw cxpcck’(1 to bc ulmut 0,57 and, in con-
jtmction with the nacelh’, to Lc ubout 0,53. This result
is another illustration of the possibility of satis-
factorily mtimnting tlw intmfmwce cffcch on critical
spwd by the nwtlml of rrfwmcc 6.

The drag of tho unmtructed ttiil whucl wns about
one-fourth the (Irag of tllc rctructcd main whccla.
The critical spcml for tl~(t tail WIIPC1would lx: m-
prctul to bc uboub .31= 0.57, which was bcyoml the
range of the whee~~lrag tests.

DRAGOF COMPLETE MODEL

A comparison of thl~ cflcctive drags of the vu rio us
pnrta of the stwdard modd is givun i~~figurl! 28 und
tabh’ H. There. were no apprm:inlh chnngcs wit]]
spcwd in t.hc drag of any of tlht! compomw Lpnrts cxccpt
for thr wheels and the mwvllcs, on which comprew%i-
~ility shocks occurred. As previously discussed, t.bc
hag of the mmllcs with n propmIy rtqydatcd flow of
tooling air would ‘be considrmbly rrdumd from the
~alues shown in f~urc 28, nml Lhv critiml speed wmdd

N sHghtIy lowered. The ltirge tlrag cost of the sllrgi-
‘ctructed hmding gcm, 10 to 14 pel’c(wt of t.hr totul
hg, is emphtisizwl in the ~omparison shown in flgurr

?8. The gctir shotdd bc fully rctmcted and the openings
!Iosed.

.
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FIGUREZ%–Com@sou o! drag c#EcIents C4principal parts of tbe standard modeL

Figure 29 shows that no shock occurred on any part

of the improved model in the range of the tests. The
theoretical pressure distribution over the root section
of the wing, modified for the interference effects pre-
viously discussed, indicates, however, that compres-
sion shocks wilI occur at the wing-fuselage and the
wing-nacelIe juncturw M Mach numbers lower than
0.60. The critical Mach number of the wing alone
is theoretictdly 3f~= 0.63. It is therefore evident
that the airplane, even with the indicated improvements,
could not much &Yceed a value of .A1 of 0.60” without
suffering severe drag increases. A further advance

in critic.d speed would involve the use of a thinner

.—

.—

-> of a wing of mowed Sectionj ‘r> Prefwbly’ .—
of both.

The drag-coeilicient increment corresponding to an “-
assumed adequate flow of COO@ ah for ma~um “”.
power operation (pressure drop of 30 lb per sq ft
acmss the engine) is also sho~ in fi~ 29. This _. ._
drag was computed by the method of reference 14 foi , -.. .‘
flight speeds up to the highest obtainable with the
850-horsepower-engine installation (i’il=o.30]. At . .....
higher flight speeds, the maximum power output would

have to be inoreased and, as shown in figure 29, the
cooling drag coticient would be constant with speed

.
——-—

at about 2 percent of the a“irplane drag. ‘
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Figure 30 shows the total airplane drag for the
standard and the improved models obtained by adding
the effective drag of all the parta, as shown in figures 28
and 29. The difference in drag between the standard
and the improved models includes only the drag due to
excessive c.ooIing-air flow in the standard nacelles plus
the dtierence in drag between the standard and the
streamline nacelles with zero cooling air,the drag of
the landing gear, and the drag of the windshield. At
a Mach number of 0.40, the improved model with fixed
transition had 25 pereent less drag. The increases in

drag between. a=OO and a= —2° occurred as a result
of the increase in profile drag of all components duo to
increase in misalinement with the relative wind.

At a Mach number of about 0.40, the effect of com-
~ressibility on both models became sufficiently large
to overbahmcc the reduction in drag with speed due ta
scale effect, the drag coofficicnk starting @ incretwc -
slowly at this value of M. The results shown in
figure 30 for tlm fixed-transition condition can be
corrected for sca~e effect in the usual manner wit huu t
accounting for changes in transition lomtion.
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FwuRE S9,-Pttchlng-moment coIM3clen&

CONCLUSIONS

The following conclusions appear ta be just&d on
the basis of the data obtained from tests made of the
)&wale model of a twin-engine Iow-wing transport
airplane in the 8-foot high-speed tunnel:

1. The drag of a typical presentday transport air-
plane may be seriously increased at high speeds owing
to the formation of compression shocks on the radial-
engine cowlings at Mach numbers as low as 0.47 and
on parts of the wing and partly protruding landing
wheels at a Mach number of 0,54.” The corresponding
flight speeds at 15,000 feet (5° 1?) me 34o and 390 miles
per hour. The estimated interference effect of the
slipstream of a conventional tractor propeller might
reduce these values by a Mach number of 0.03 or about
22 miles per hour.

2. The critical speeds obtained on the complete
model were appreciably lower than the critical speeds”
of the isolated parts, owing to mutual interference
effects among the various parts.

3, Components such as the nacellea and the fuseIage
should be alined with the relative wind in the high-
speed condition so that the low-d velocities will exceed
the general stream velocity by a minimum amount,
Realining the nacellce on the model tested would
advance the critical Mach number beyond 0.58.

4. The critical speed of the airplane can be advanced
from a Mach number of 0.47 to a AMach number of

about ‘“6.60 by &e “alterations” sugg&te& A further -
advance wouId, however, require fundamental changes,
particuhmly the employment of a thinner wing or a .
wing of modified section.

.6. The drag of the nacelles in tho normal midwing
location was less than that in the high position (with
nacelle tangent to Lhe lower wing surface); less Chun
that in the Iow position (with nacelle tangent to tic
upper surface), and equal to or less than that in both
the inner and the outer positions tested. Not only
was the drag low=t for the normal position, but tho
critical speed was higher than for the Iow and the innm
positions and virtuaIIy equaI to the critical speeds in
the high and the outer positions.

6. The advantage of streamline nacelles over sbmd-
ard NAC?A cowled naceIIes is small at low Reynokls
munbem but increases with Reynolds number because
a larger favorable scaIe effect occurs on the strcmlino
nacellea than on the standard nacclks.

7. Because of the lack of provision for regulation of
the cooling air with speed, the drag of the standmd
nacelles was much greater than necessary.

8. The semiretractcd Ianding gear contributed 12
percent to the drag of the cornplctc model at sub-
critical speeds.

9. The fuselage with standard windshield nccountd
for 25 percent of the total drag. Fairing the wjnd-
tield resulted in a decrease of 21 percent in hmckaga
drag, or about 5 pcroent of the total drag ab a hfach
number of 0.35.

10. The drag of the standard model was reduced 25
percent at a Mach number of 0.40 by removing the
wheds and the openings of tho semiretracted landing
gear and by employing the streamline nacelles (with
the estimated drag due b adequate cooling-air flow) ,
md the fuselage with streandine nose.

LANGLEY .hfEMORIAL AERONAUTIC.4L LABORATORY,

B7ATIONAL ADVISORY COMMIYTEE FOR AERONAUTICS,
LANGLEY FIELD, JTA., Februuty 14, 19.40.
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APPENDIX

THE EFFECT ON NACELLE DRAG OF THE LOCA’I’IONOF BOUNDARY-LAYER

In wind tunnels of Iow turbulence, the drag results
obtained on smooth modeIs wilI be misinterpreted un-
Iess detailed consideration is given to the condition of
the boundary layer. The existence of extensive
laminm boundary Iayers on smooth models makes the
rehd.ive drag of the various part9 greatly diHerent
from the reIative drag in flight and also makes im-
po&bIe the employment of the USUEJmethods of scale-
effect correction based on the assumption that no
appreciable laminar layers exist. The probIem of
obtaining wind-tunnel results apphabIe to flight
conditions is somewhat simplified by the fact that the
surfaces of present=day aircraft are genertdly not
smooth or fair enough to .susttiin extensive Iaminar
flow (references 8 and 9). The very large Reynolds
numbers attained in fLight might prevent extensive
lsminar Iayers on conventional airfoiIs even if the
surfaces were idealIy smooth. The disturbances created
by the propeller would also tend to cause early trmsi-
tion on bodies located in the slipstream It seems safe
to assume, “iberefore, that the flight boundary layem on
conventional wings and bodies are almost wholIy
turbulent except for very limited lsminar-flow regions
at the leading edges of the various parts. Methods
will now be discussed of correcting to this assumed
flight condition the drag data obtained with the smooth
modeIs in the prwent tests.

Figure 33 shows the tiect on the wing boundary
Iayer of adding a conventional nacelle, both for the
full-scaIe and the -wind-tunnel conditions. The flow
over the area covered by the afterbody Al of the
nacelIe is turbulent in fight but Iron@ in the wind
tunnel, with the result that the reduction in wing
&n friction due to covering a part of the wing with
the nacelle is less in the tunnel by the amount

gAI (Crtiti-C.r~~m)

In the 8-foot high-peed tunnel, the interference be-
tween wing and naceIIe has been found to cause transi-
tion to take place on the wing starting at tlm Ieading
edge and spreading at an included angle of about 15°
toward the trailing edge (fig. 33). This phenomenon
causes an unfavorable interference drag of magnitude

@ (Cftiti— %j.J

which does not exist in flight because there the flow
over A2 k already turbulent. The totaI increment of
the effective nacelle drag in the yind tunnel as com-
pmed with flight is therefore: .

AD=q(A,+AJ (C4&&&–Cf~)

H the points of transition are known for the tunnel as
well as for the flight conditions, the correction to the

TRANSITION ‘

tunnel results can be estimated from the mecedimr.
equation with sficient accuracy for practical purposes.

.-

ln the pre9ent tests, the correction was experi-
mentally obtained by comparing the results of teds of
the smooth models with tests of the sanm models with “-
transition fixed at the assumed flight Iocations. In
the second tests, transition was fixed by means of a
0.009-inch thread doped on the wing at the 10-percent-

Ful;-scale F“”+
qalane

Trcmitim,

Lan7;ffi .-

chord Iocation, on the standard naceke at the point
of ma.xinum curvature of the cowling nose, and on the
streamline nacelles at the probable Iocation of the
plane of intersection of a spinner and the nacelle
proper. F~e 34 shows the drag of the standard
nacelles with fixed transition on the wing to be from 10 , __
to 35 percent less than that with naturaI transition,
the amount depending on the angIe of attack. The ., _
increase in this effect with angle of attack is due to” a
corresponding increase in the extent of the krninar
Iayer on the lower surface of the wing. Figure 35
shows sirnihw results obtained with the s@eamline
Ilacelh?s.

Transition was found to occur for the standard .
nacdes at the point of maximum curvature of the
cowIing nose on the smooth modeI. Consequently,
the addition of the thread to the cowlhg nose had no
effect on the drag; but, with the strearrdine nacelIesz
the addition of the string to the nacelles ne@y doubkd
the drag (fig. 35), indicating extensi~e laminar Iayers
on the streamline nacelles. with transition fied on
the streamhne nacelks, the decrease in drag due to
fixing transition on the wing is show-n to be almost
equivalent to that of the standard naeeIIes through-
out both the angle+f-attack and the speed ranges
(fig.. 36). This remdt is to be.. expected because, as
previoudy shown (fig. 33), the effect is entireIy due to
the interference between the wing and the afterbody,
which was the same for both nacelle-nose arrangements. ....
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The dah~ of figures 34, 35, and 36 are condensed in
figures 37 and 38 m correction factms to be added to
the naceLle-drag data obtained vzith natural transition

mm ~.–hmementofdrw coemdent dwmdmd walksmulti.gh-machmge
tnthe focatlon of tramftfcm frm. the rotund lmntion on the smmth wing in the
NACA S-C@ hi@ePsed tmmed to 10Percent of the ehOrd. NO eh~ in ffdfon
d tremftlon on nacelk.

on wing and nacelles (figs. 15 to 21 and 23). The incre-
ment to be added to the drag of the standard nacdles
(fig. 37) is due only to the changes in wing transition;
it is negative in sign. The increment for the stream-

R

.cq~,i,;l[:l, ;
-----

1 I 1’ I

-.orj t I I I 1 1 I t 1’1 i I
.10 -a m ‘X7 .tw .50

M

?mmx SS.-Incremrntof dreg meftkfent d stmedhe nacelMresultlng fmma
chnaefn the focatfon oftmnskfoncmboth whaandmrdfesfro mtheneturel
Iocetkmf.theNACA Hat hfKii-L?wedhmnef to the M wdtims.

Iine nacelIes is positive (fig. 38) beoause the incre= in
skin fiction orLthe nacelle more than offsets the eileots
of changes in wing transition. The correction faixms
were determined for the normal nacelle position, but
they can probably be applied to the other positions with
end error.
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TABLE IL-DRAG OF COMPONENT PARTS OF AIRPLANE MODEL

[Perrantage of total drag awmkult at M-o.~
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