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DRAG ANALYSIS OF SINGLE-ENGINE MILITARY AIRPLANE
TESTED IN THE NACA FULL-SCALE WIND TUNNEL

By C. H. Dearborn and Abe Silﬁerstein
INTRODUCTION

Tests have been made in the NACA full~scale wind
tunnel on 1l single-engine military airplanes to investi=-
gate methods for increasing their high speed. The air-
Planes were tested for the Navy Bureau of Aeronautics and
the Army Air Corps, and separate reports have been fore-
warded to these agencies., Repetition of similar ineffi-
clent design features on many of the airplanes indicated
the desirability of analyzing and combining all of the
results into a single paper for distridbution to designers,
The data for the various airplancs are not consistent in
scope since the extent of the tests depended on the possi-
bility of making alterations to the particular airplane
and the time available for the tests.

The discrepancies between the computed high speeds
for ideal airplane arrangements and the speeds actually
reached by standard military types are well known, and it
is largely the purpose of this paper to indicate the
sourccs of these differences, The compromises involved
in the engincering dosign of the airplanes that were test-
ed often led to disadvantageous combinations of their
basic components, The advantages of clegant refinements
to the basic aerodynamic clements in other cascs were
nullified by inattention to detail, and estoblished acro-
dynamic principles were violated to simplify structural
prodblemss In the tests the modifications were usually
limited to those which practically could be applied to the
existing airplanes, and the gains that were realized were
by no means the maximum., Changes were guided by funda-
mental information obtained from studies throughout the
laboratory on cowlings, ducts, etc., It will be possidle
to utilizc some of the data directly in design; however,
it 1s belicved that the results are of greater importance
in indicating errors to be avoided. As a guide, compari-
sons arc made whercver possible between the test arrange-
ments and the ideal,

The investigations included numerous studies of cool-
ing and cowling arrangemeants for air- and liquid-cooled




power plant installetions. Scoops for carburetor intakes,
for intercoolers, for Prestone radiators, and for oil
coolers were tested on many of the airplanes. Measure-
ments of the wing drag by the momentum method were made
for each of the alrplanes, and measurements of the tran-
pition point and the exritical comprc:SLblllty velocity
were included to aid in evaluwating the wing drag at high
pecdse Considerable data were also obtained on the drag
of retracted and partially rctracted landing gears, wind-
shields, cockpit enclosures, aerials, air leaks, and arma-
ent iastallations.

The drag increment
between 60 and 100 mil
predicted by the tunne
of the airplanes were
flight tests.

were measured at tunnel speeds
s pexthours Increased performances
st from modifications of several

S
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later substantially verified in

AIRPLANES AND EQUIPMENT

Pertincnt deseriptive data on the airplanes tested
are shown in the photographs of the wind-tuunel set-ups
(fig. 1), and in the three-view drawings (fiz. 2). The

airplanes arc identifiecd by numbers. The photographs
(flﬁ. 1) show most of the airplanes in the condition as
received at the full-scale tunnel (designated original

condition); however, a few are shown in various stag
modification as described in the figure titles. Sketches
and photographs showing detalls of various componen
included with the discussion.

The NAGA full-scale wind tunnel is described in ref-
erence le

METHEODS AND TESTS

2

In the tests the focal points of iex
the airplane were searched for, after whic
refaired and improved as much &s was pos
tical way. In some cases, components wer
the airplane and thei» drag increments me

ssive drag on
h they were
ible in & pnoce
e removed from
a

Initiakly, short tufts and tuft masts were distrib-
uted over he surfaces of the airplane and visual and
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photographic observations taken of their motion, Dis-
turbed or turbulent motion of the tufts with the airplane
in the high—speed attitude normally indicated excessive
Araz, In the diagnosis of the flow disturbances a rake
of total-pressure tubes was used, which could be moved to
any position around the airplane. These pressure obser-
vations were used gualitatively as a quick means for lo-
cating flow break-down, and quantitatively for calcula-
tion of the dArag coefficient, The drags of the wings and
all wing protuberances were measured in this way., The
technique of these measurements is described in refer-
énce 2,

The air flows through the duct and cowline installa-
tions and the pressure drops through the cooling units
were measured, A rake of static— and total-pressure tubes
at the duct outlet was most satisfactory for measuring
the air—-flow quantity, and the pressure drop was measured
as the difference between the total pressure ahead of a
cooling unit and the total pressure at the outlet. ihen
existing coolers were not adaptable to modified arrange-
ments, they were simulated by perforated plates having
the same pressure drop, Ductg and cowlings were usually
tested both in the normally opven and completely sealed
condition, so that the drag due to the cooling air flow
could be determined,

The usual balance measurements were made to obtain
1ift, drag, and pitching—-moment charactericstics over the
angle—of-attack range from zero 1lift through the stall,
Scale effects were measured for a range of tunnel speeds
between 60 and 100 miles per hour, Most of the tests
were made without operating propellers, but for several
of the airplanes power—on data were also obtained,

In order to aid in extrapolating the wing drag to
higher Reynolds numbers and to study in zreater detail the
origin of the wing drag, measurements were made in the
wing boundary layer and the transition points were deter—
mined over a rance of air speeds and anglees of attack,
(See reference 3,) Measurements were also made of the
static pressure distribution at critical points on the
airplane to aid in estimating the speed at which compres—
sibility effects on the airplane might become important,
These measurements were made either by means of flush

, orifices or small surface static tubes attached with the

static holes approximately 1/16 inch above the surface.




RESULTS AND DISCUSSION

Tho overwall drag coefficicnts of the original aire-
planes and the increments in drag coefficient due to modie
fying or removing various airplane compencnts are sunna-
rized in table I. The tabulated drag coefficients are
given for a high-speed lift coefficient of 0,15 and from
tests at a tunnel speed of 100 miles per hour, These drag
increments are in most cases also given in the text in
pounds at a speed of 100 miles per hour to provide a basils
of comparison that will be indcpendent of the airplane
wing arcas, Typilcal curves showing scale effeet for onec
of the sirplarcs between tunnel spoeds of 60 and 100
milecs per hour arc shown in figure 3,

An cxample .of a typical test sequence followed to
valuate the drag of the various airplanc componcnts on
airplanc 8 is shown in figure 4,

~

Bosed on tho test results and other more fundamental
laboratory ianvestigations, various sources of aorodynamic
v (o ) i)
inefficioncy are discussed in the followiln chaguers.

-

POWER-PLANYT INSTALLATION

‘The most important drag recductions were cffected by
improvements in the ukr)lsrc.pow r-plant installation,
Those incluvded modifications to NACA cowlings, cil-cooler
ducts, carburctor alr scoops, exhaust stacks, cte, Dis-
cussion of tho drag of nower-plant installe tlons nay be

separated under the subjects of internal and cxternal air
flows, 4 bricf résumé of fuandamentals is given when pos=
sible to 2id in intcerpreting the test results.

Internal Alr Flow

Cooling drag and duct losses,~ The p

oweyr usefully
absorbecd ia a cooling unit is by inl which - @ 4sn Sho
air quantity and Ap is the pressurc Arop across the
cooling unit, - The actual power absorbed in the installation
is larger, owing to duct and woke losses, and may Trsa ch the

upper volve of 2Qg, when the entire momentum of the cool-

ing air is lost, The term g, is the dynamic pressure
correspoading to the flight speed, The total power absord

cd
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between any two segptions in
of the mom atum losg, is gilven by the

P=aQI"LF JH‘] (1)

in which H; and ‘Hz are the total pressures at the two
ections,

Numerous cquations havse been derived to cxpress duct
ficiesancy, all of which include the useful power QAp
in the numerator. The ¢fficiency of the internal duct
flow is

[AAY

g 2 g | Sy - Iy |

in which H, 1is the free stream total pressure and H,
is the total pressure at the duct outlet; the over-all
efficiency including the effect of the installation on
the external drag ig

(2)

[a%]

— (5)

e

in which AD 1is the total drag increment added by the
cooling installaticn. An optimum cooling system design

is one in which QAp 1is as small as possible and 1n ap-
proaches unitys To achieve low values of QJAp, cooling
units of large frontal area should be used} the upper limit
f sizec is definitely fixed by the power required to carry
tho weight of the radiator, Assuming that the L/D ratio
of the airplane is unchanged by the addition of the cooling

wnit, tho power roquired to.carry the radiator weight is
approximately

Cv
o

in which w 1is the weight of the radiator. The optimum
2

radiator is thc one for which (QAp + P,) is a minimum

(rcforcnce 4),

In order to rcalize valuce of n approaching unity,




extreme care must be taken in the duct deslign, In prac-
tice it isg difficult to approach this value with anything
but a straight duct of optimum design. The following pre-
cautions shoula be taken to.mlnlmlve duct losses:

1. Avoid bends in the high~speed sections of the duct
since the total-pressure loss in a turn is pro-
portional to V=,

2. Use guide vanes in all the duct bends, For good
ne design, see figure 5. If s dividing vane

ingle shecet-motal thickness is used it
hould be providcd with a rounded nosc.

L#

3. Avoid sudden changes in duct sizej limit 2-dimen~
sional expansions to an included angle of 109
and 3-dimensional expansions to 7 degrees; when
duct cxpansions cxceed these values, usc divid-
inz plates in the ducts An ex ceptlon is a low-
velocity oxpansion Just ahead of a high -resist-
ance, in which case the =allowable angles are con-
31aerably higher, (See fig. 6.) Actually, the

layer conditions on the duct-walls, The allow-
able cxponsion angles given assume that the

| bourndary layer fills the duct as it deoes in a

| long pipe, and expensions may bo made at con-

| siderably greater anglcs at a duct inlet bhefore

| a ' boundary Laycr 48 formed.,

4, Design the duet entry so that the air flow does not
create pressure peaks on the external or iat aranal
lips of the duct entraazce (refereunce 5).

| 5. Duct inlets should be located whenever possible on
a stagnation point, Duct inlets located at
i other than the stagnation point must be desigmed
to rocover the full total pressure corresponding
to the flight speed.
6 Internal shutters to control the duct air flow

yuld not Be used, as they regulate the flow
destroving total pressure, which is wasteful
power. (See equation (1).)

7, The duct should have a smooth intcrnal surface and
circular cross section when possible,

allowable duct expansion depends on the boundary-
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8. The air flow should be discharged along the con-
tour of the aerodynamic body at the duct out-
let, and the afterbody at the duct outlet
undercut slightly to avoid a pressure peak.
{Sesflg."7(8)% ]

9. hen the flow distribution into the duet entrance
is asymmetricalyas in the case of an opening
in a boundary layer, dividing plates both ahead
of and behind the cooling unit are required.

Air~flow control.- The quantity of air flow through
a duct can be efficiently controlled only by varying the
area of the duct outlet, All other devices, such as control
by position or area of the inlet, internal shutters, ctc.,
are inefficient and will result in low duct efficiencies.
Since at the outlet

Q= A, Va.

and if the discharge is made in a region of free~stream
static pressure, the outlet velocity

v /2 H
R p ot

it is obvious that any decrease in the outlet velocity
must be made at a sacrifice of total pressure -Hgz. ZFrom
equation (1) it is further obvious that 'a decreasec in Hy
results in an increase in power absorbed in the duct.

The duct outlet arca. As, for a required flow Q,
may bc calculated approximately from the equation,

Q

;g '
/& (#a - 23)

in which p, is the static pressure at the duct outlet.
The constant 1,1 is introduced to allow for the venturi
contraction behind usual tapered outlets such as figure
7(b)s It may Do omitted if the outlet is shaped so as to
produce parallel flow, as in figegure 7(c)e The value of
H, must be calculatcd. from the duct losses, and pressure
drop across tht cooling.unit. '

Aa =

The necessity for des
s

cs gning a duct outlet which can
be adjusted to provide Jju 8

3,
t sufficlent aly gquantlty for.




cooling in high-spcoed flight cannct be overenphasized,
This is particularly truc if the duct efficiency is low,

AgVp’
gince the power atsorbed wvaries as ———- in which Vg
‘ n
is the velocity througk the cooling unit and A is its

areas Cowling flaps and duct outlet controls are absolute
necessitics on highesr speed 'airplanes, Numerous test rew=
sults demonstrate this faet,

In the case of ajirplane 3, which was not provided
with cowling flaps, an 2xit slot averaging about 2-1/2
inches in width was provided to give sufficient cooling
ailr for the climb, Por the high-speed condition the
cowling gap was reduced %o 1/2 inch by fairing out the
fuselage width as shown in figure 19(d). This cowling gap
showed that a satisfactory pressure drop across the ecngine
of 9 iaches of water was obtained for the high-~specd condie
tion, This change in the cowling gap by rcfairing the
fuseclage reduccd the drag coefficicnt lof thel|ailrplane by
0.0017y A large part of this incrcement was due to the
decreased internal flow losses; however, a small part of
the incrcment may have becn duc to the improved external
flow conditions with the smaller gape The airwcooled en-
gine cowling of oirplane 6 was provided with a main slot
and an accessory control slot having a width of approxie’
mately 1l-1/2 and 1-1/8 ianches, respectively, No cowling
flaps were provided., "“Ehe drag of tho lentirelgirplane
was incrcased by the increcment of 0,0025, owliug to the
air flow through the cowling. Calculations based on ailr
flow required for this engine indicated that| the outlet
arca ‘could be reduced to almost one-third of| its original
size and the power required for cooling reduced from about
7+1 percent of the total airplane drag to approximately
1.6 percents

In the case ofr airplanc 94 cooling of an Alllison cn-
gine was provided for by a Prestone radiator located in a
wing duct without outlet control (fig. 8). In the original
duct the outlet opening height was approximately 6 percent
of the chord, the air quantity about 17,000 cubic feet per
minute in the high-~speed condition, and the drag increment
0,0023, By reducing the outlet opening to about 3 percent
of the chord, sufficient air quantity (10,250 cubic feet
per minute) for cooling in the high-speed condition was
obtained and the drag due to the wind duct was deccrecascd
to 0,0008, The variations in the drag of thc wing duct
with outlet size and air gquantity arc shown in figure 9,
For this installation a large part of the differcnce bew
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tween the measured internal drag and the ideal drag is due
to the preseace of structural members in the duct (fig. 8).

The excessive drag without an ocutlet control for flow
regulation is further demonstrated by the modified oil~
cooler’installation on airplane 8 (fig, 10)s .The varia=-
tion of tho drag increment with oxit opening and air quan=-
tity is shown in figurc 1l. Included is a curve showing
the idcal bower required for ceolimas: Asgiainoted ilater,
the large difference between the ideal and measured drag
indicates a relatively inefiicient system, Still another
case is the inefficient intercooling installation on air-
plane 10. As originally installed on the airplanc, the
intercooler drag increment equalled 0.0012. In this con-
dition the intercooler duct was discharging into a wheel
well at a short distance behind the cooling unit (fig. 16)
without any energy rccovery. Of this total a drag coeffi-
clent increment of approximately 0.0007 was attributed to

“the internal flow of about 8400 cubic feet per minute
‘through the ducts. By satisfoctory control of the outlet

of the duct the power required for cooling could be reduced
to about 0.0002 for the correcct guantity of air flow.

The drag and air-flow characteristics of the under-
slung Prestone radiator ducts for airplane 11 are shown
in figure 12, Por this airplane a study was made of two

"Prestone raliator installations (figs. 13 and 14) designat-

ed as foruard and rear according to their location on the

~fuseloage. In the forward installation two 9- by 19<1/2-

inch ellipiical radiators were used, and in the rear in-
stallatioa a single 20-1/2-inch diameter radiator was uscd.
The results show drag increments of 0.0011 and 0.0010 for
the forward and the rear installotion when both are ad-
Justed to the correct air flow. The large increase in
drag which would have occurred if outlect control were not
used on these ducts is shown by the steep slope of the
curve of drag increment against air flow (fig. 12).

The heat dissipated in a cooling duct is a further.
factor controlling the air flow since, when heat is odded
to the coocling air, the mass flow ia decreased and for
equal cooling the exit area must be increansced. This sube-
Ject is discussed in referenco B '

Recovery of waste heat energy.- The useful energy out-
put of the gasoline engine is less than a third of the heat
energy of the fuel, and the remainder is wastefully dis-
charged in the cooling air and engine exhaust. . Some
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progress has recently been made in recovering a part of
the wastc energy in the form of jet propulsions. The the-
ory indicates and experiments have verified the possi-
bility of recovering more than 10 percent of the engine
power by rearward discharge of the exhaust gases, The
optimum recovery occurs when individual exhaust stacks
are used for each cylinder, and limited data are avail-
able to indicate the exhaust stack discharge arca for
maximum thrusts In the case of airplane 8, flight tests
showed thec high speed ‘was incrcased approximately 15 miles
per hour at an altitude of 17,000 fect by the use, of in-
dividual stacks pointing rcarward (refercnce 7).

The efficicnecy of recovery of waste heat from the
cooling air may be calculated by the method of Mecredith
(reforcnce 8). The thoory indicotes that thrust is de-
rived by adding the waste haat to thoe cooling air at a
pressure above that 6f tho extornal stroam, and thoe theory
has been verificd in some degrec by experiment (reference
6)« The goins are not large but may be sufficiont with
a well-designed cooling system on a high-speed airplanc
to ‘compensate for the cooling losses.

Air induction system.- Good military performance re-
guircs that maximum ongine horsepower be maintained at
high altitudes, For this purposc blowers and intercoolers
are providcd to maintain the density of tho mixture .oir
ine
nt

for the cne at or slightly above the sca-lcvel density.
An importa source of available blower pressure is- the
dynamic pressure of tho air strcam. This pressure is
available for roamming at any of the airplanc stagnation
pointishe'andSFafidure” fotatilize 1t fully is dowbily. harminl,
An acrodynamic powor loss occurs in handling the cngine
air at lower than frece~strcam total pressure according to
equation (1), and an engine power loss occurs corrcspond-
ing to-the reducecd pressure at the carburctors Values of
the ram pressure available at standard temporatures for
differcat altitudes and at various flight specds are shown
1RV Eisuro 185 '

’)

In the usual two-stage blower engine installation
the engine alir passes progressively through the carburetor
intake, the primary blower, the intercooler, through the
carburetor, and then through the secondary blower to the
engine. The air is heated by the adiabatic compression
in the primary blower, and for efficient operation this
heat should be removed in the intercooler. Lf sbho .adm
temperature at the ecngine is allowed to rise beccausce of
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insufficient intercooling, the difficultics arc numcrous
and 1nc1udb.

l. Lowor density of intake alr to the engine leading
to lower cangine power,

2. Earlier knocking of cngine with a givean fuel, It
is desirable to avoid air intake temperatures
above 120° F,

3e Greater sccondary blower power required for a
giwven lncrcase of intake &@ir dens1ty,

Most of tho difficulties of supcrchargcr installations
will vanish if efficiont blowers are developed, and in
fact it may be possible then to completely eliminate the
imtercooler, Since the change of the air temperaturc with
altitude is approximately adiabatic, the intercooler prin-
cipally scrves to remove heat added becausc of the blower
fnefficioney. The low blower cfficiency is harmful since
it not only ncceossitates the complicated intercooler in-
stallatioa but dircctly rcquires greater engine power for
the blower operation., Power is first taken from the en-
gine ‘to hecat up the carburetor air ~and further power is
absorbcd in the 1ntorcooler to cool it again,

Tae dllflcultl 8 in’ the intercooler installations
tested in the full-scalc tunnel were normally those due
to spaco vrestrictions., On single-scater airplanes such as
airplenes 8, 9, and 10, the space available for the inclu-
sion of large rectangular intercoolers was limited. This
led to awkward and inefficient ducts in both the cooling
and congiane air passages (fig., '16)., The intercoolers were
gebbrtllJ ottached to an airplanc which prcviously wa
eguipped with an unsupercharged engine. In casecs such as
Bhoso the expected: failurec of the inte rcooler installation
vitiates the entirc design.

Externnl Plow

The drag added tc an airplane by the power plant in-
stallation owing to changes in the external flow is not
readily calculable, The drag is cossentially due to in-
terference, and the detrimental effocts of external flow
disturouACes depend on the magnitude and location of the
disturbing element and wupon the stability of the flow be-

hind ites The basic condition to which airplanes equipped
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with various power-plant installations should be compared
is an ideal streamline airplane having sufficient sigze

to accommodate the pilot and military equipment. Any
changes in the fuselage size or shape required to. accom=
modate the cngine installation must be charged against it.

In this connection a few data on the minimum drag
coefficients of ideal combinations may be of interest. 195
is realized that compardisons of jdrag ceeffiicients whieh
neglect the iwing loading ore of littlelinterest] however,
most of the comparisons made apply to wing loadings of
about 30. In the variable-density tuwwmel tests on combinations
of wing, fusclage, and tail (rcferecnce 9), 1t was found
that a adzraog lcoecfficient of 050128 eould be ‘reanched fopsan
ideal midwiang airplonc combined with an NACA 111 fuselage.
Tests on ainplane 9 in the full-sealec tunnel fdn' 1ts fwlly
stroamlinc condition (fig. 1(i)) gave a minimum drag coef-
ficient of 0.0145; however, the wake measurcments over the
wing showed that the manufacturing roughness and wing pro=
tbecrnances qaccounted forl 00013, and similar £uselage irs-
regularitics would prodbabply sccount for another substan-=
tial itemy  In a polished-model condition 1tes drag cooffi-
cient mizht 1ic between the wvalues 0f U.01L25 omd 0.0LB0,
For airplane 8 with a slightly larger fuselage a minimum
drag coefficient of 06,0155 was measured for the airpliane
in o similor smooth condition but with the canopy in place
(fig. 1(h). This would probadbly reduce to 0,0135 for &
model itested in a polished condition,

A large difference may exist oetwc
cient of o smooth polished model teosted in a wiad tunnel
(even assuming the transition point is fixed at the same
location) and the drag cocfficient of an airplane built
according to the best modern flush riveted practice bdut
including such items as pitot tubes, ailcron gops, wind-
shiield rouwghness, mnanufiacturding irrogula‘ltlcs, etc. his
item,which is in the nature of a hidden drag increment, ac-—
counts in part for the failure of snooth model tests to pre-
dict the high-speed drag of airplanes with thc conventional
extrapolation made according to the skin-friction laws.

en the drag coeffi~

Assuning that the engine installation can be houscd
in an ideal fuselage shape of scmewhat larger dianmeter or
length than the ldeal fuseloge roequired for the pilot and
nilitary cquipment, it 1s necessary to charge the enginec
installation with the added skin-friction drag due to the
greater fuseloge: surface|area. Thisg nay become a signifi-
cant itom if an attempt is made to obtain optinmum effi-
ciency and cnmphasizes the nccossity for small-diameter cngincs
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The drag dincrements on modern militery ailgplancs duc
1o larger fuselage size arc smaller than those introduced
due %o changes in the ideal streamline shape such as occur,
for exanmple, when poorly designed scoops arc added ncar
the airplane nose. The generalization nmay be nade that aany
change in the airplane shape which tends to increasec the
adversc prossure gradicants or the nmaxinum value of the ncg-
atiive pressure ocecurring on the body will inerease tho
drag, with the effects beconing nore serious as speeds op-
proach 450 to 500 niles per hour ., The scparate itens in
the various power-plant installations which may create
drag by changing the airplane shape and disturbing the ex-
ternal flow &re considered in the FTollowings

Air-cooled cngine cowlings.- The conventional instol-
lation of an air-cooled ceangine at tne nose of the fuselage
results in an airplane with a shape somewhat more blunt
than is the-best from the standpoint of dragz, This'is
substantiated by the fact thet the negative pressures on
the best NACA cowling rcach values fron ~0.6q, to =0.8q,
in contrast with valucs of less than 0.2q, on good streon-
line noscs. In the belief that these negative pressure
increascs lead to higher drag, streamline noses were added
to two of the airplanes tested in the full-scale wind tun-
nel (figs. 1(h) 2nd 1(j)) to ascertain the drag inecrement
due to the NACA cowling with no air flowing. In the case
of airplane 8 the drag coefficient was decreased by an in-,
crement of 0.0020 cwing to the addition of the streamline
noses In the case of airplane 10 the addition of the
streamline nose decreased the drag by a smaller increment
of 0.0013; however, as can be seen by comparisons of fig-
ures 1(h) and 1(j), the nose on airplane 10 was not of a
type which would as effectively reduce the negative pres-
surc as that on airplanc 8.

As previously mentioned, thc comparisons were nade
with no air flowing over the engine, and an attempt was
made in the case of airplane 8 to improve the shape of
the cowling so as to approach more nearly the drag of the
solid strcamline nosc and at the same time provide a method
of cooling the engine.  Long-nosc cowlings of shape sinilar ‘
to those shown in figure 17 were tried in an effort to
maintain a good cxternal shape and at the same time to pro-
wide sufficient air flow. It was found that the long-noso
cowlings with air flowing through them showed no decreasec
in drag over that of the conventional NACA cowling, indi-
cating that some peculiar internal or external flow phe-
nomena existed to nullify the gains which appareantly should




be realized from the improved external 'shape. This in-
vestigation was of a preliminary nature and more detcoiled
investigations are now in progress at the laboratory.

For conventional NACA cowling installations, it has
found that the best net efficiency and the minimun
zotive pressures are realized for cowling €, which was
ClOpCu from tests in the NACA high-speed tunnel and
orted in reforeance; 10,

(6]
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In a further attempt toward improving the blunt shape
of the’ WNACA cowling, tests were made with spinners of var-

ious. sizes attached to the propeller (fig. 18). These
spinners wvaried in size ' from 17 inches ldia met s corrosnond—
ing to the coanventional de-icing spinner up to 38.65 inches

diameter. ZFor a part of the tests with the spinne s, euffe
werc also added to the propeller. The results showed that
the medium spinner increcased the over-all propulsive effi-
clency by aboub;3 percent. in the high-speed condition and
provided sufficient cooling pressurc. The lorger spinners
produced about the same increase in propulsive efficicancy
but did not provide adequate cooling air to the engine.

The addition of the cuffs did not increase the propulsive
efficiency in the high-spced condition, although. it would
be expected that the available pressurc for ground cooling
would be incrcased. The relatively small increases in pro-
pulsive efficicncy noted by adding the spinners are not
believed to be the ultimate that can be obtained in this
way since the NACA cowling will no doubt require modifica-
tioas when used in conjunction with spinners, Study on
this problem is scheduled for Ffurther research.

With the use of the NACA cowling and its attendant
large negative pressure rise, it is exceedingly important .
that the fusclage behind the cowling be correctly designed
to avoid sharp pressure gradients and to return the nega-
tive pressure to free-stream pressure with a minimum of
disturbances The high adverse pressure gradients are con-
ducive to flow separation with a resultant drag penalty.

An attempt was made in the case of airplane 8 to improve
the afterbody shape by lengthening the fuselage approxi-
mately 5 feet by means of a conical extension (Tige W96 33
this resulted in a decreasc of drag coefficient of 0.0005
for the airplane with the NACA cowling without cooling air.
For the airplane with the solid streamline nose the drag
was the samec with or without the lengthened afterbody. A
further small change was made by enlarging the tail of the
cockpit canopy to decreasc the divergent air-flow angle.
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This had no measurable effect in the case of the NACA
cowling; however, the change increased the drag of the
airplane by 0.0006 in the case of the gtreamline nose
installation.

Scme alr-cooled engine airplanes when viewed from
the top show a distinct necking-in of the fuselage aft
of the cowling, On alrplane 5 the fuselage was modified
80 a8 to eliminate this necking-in feature, as shown in
figure 19(c). The stralght-line fuselage elements ex—
tend from the front of the fuselage to points of tangency
af't on the fuselage. Thils change reduced the drag coef-—
ficient of the alrplane by 0.0009, A similar change was
made on airplane 6 (#ig ’Q(a))whiﬂh reduced its drag
coefficient by 0.0006.

Air inlets.~ The rules for the design of duct inlets
are not so well established as those for the design of the
outlets. The principles are known, however, and have been
verified by experiments. It is a primary requirement of
a duct inlet that it recover the full total pressure cor-
.responding to the flight epeed of the airplane, If the
total pressure at the inlet is less than H, there will
be a powsr loss calculable by means of equation (1). The
opening should therefore be located at an existing stag-—
nation point such as the wing leading edge or the nose of
the fuselege, or at an artificial stagnation point created
by means of a gcoop. The use of scoops is discouraged,
however, by the requirement that the flow into and around
duct inlets should not create local gradients in the pres—
sure distribution over the body or increase the values of
the negative pressures above those of the body without the
inlet. A well~designed opening at the nose of a wing or
fuselage will in fact tend to reduce the negative presgsures
over the body near an opening since a part of the air is
bypassed through the duct and the external velocities are
lower (fig. 20),

Large adverse pressure gradients (negative to posi-—
tive) cause a2 transition from lemlnar to turbulent flow,
and tend to precipitate flow geparation. Large negative
pregsures on a body further lead to compressibility effects
. at low critical speeds, and require that the afterbody
be long to reduce the adverse pressure gradients. While
awalting a theory for specifying the shape required for
openings of different size and air~flow quantity the ex—
periments of reference 5 may serve as & guide. By properly
proportioning the opening, inlet velocity ratios V /V
nay be varled over a wide range without increasing
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external drag. When the internal duct passages cannot be
designed to expand the air efficiently it may be desirable
to nrovide Mow Hndet veloeloy ratio bo fpeduce fehe ducs

losse

The corners and sides of rectangular duct inlets
should be carefully rounded and faired into the body. 1y
an optimum high-speed opening cunnot be desizgned to accom-
modate the climb and ground cooling condltlonu, an adjust-
able inlct should be proyvided. Thc staonation point. on a
wingtshifts with "LifT coefficicnt and #Hor ithistredsiontan
optimum wing duct for both the bhig q—<] cd and eclimb condi-
tions should have an a2djustable opening, (Sce recfercnce
Tiny It moy sometimes be possiblo o arrive a2t & compro-
mise arrangement which will be satisfactory in eclimbd and
have almost optimum high-speced cfficicncy. Tho effiécts
of the slipstream in shifting the stagnation points on the
wing may, however, be the critical factor in the design of
wing duct inlets. The effccts are discussed in refercnce
12, and satisfactory solution of the problem may lead to
the necessity for adjustablce inlets.

Although scoops are|not the best type of inlet open-
ings, they have been widely used on the airplanes that
were tested In the full-scale tunncl, External carburetor
scoops werec particularly | popular since the carburetor ranm
pressurc can be obtaincd most readily in this manner, In
most cases it was found that the airplanc drag was sub-
stantially reduccd by refairing of the |[scoops.

Refoiring the carburetor scoop of airplanc 2 and the
cowling ahcad of it as shown in figure 21(a) reducecd the
airplade drar cocfficicns "oy 10,0080  This funther holped
to maintain the carburctor pressure up to high angles of
attacks Theladdibion 'of [the carburctort scooep |te ainplane
8 (fig. 21(b)) increascd|the drag coefficient of the air-
planc by 0,0006, This scoop could havec been improved by
increasing the lecading-edge radius and lengthening the
afterbody. Small sharp-cdge scoops (fige 21(c)) were uscd
in the wing—fuseclage fillects of airplane. 9 whicha addecd
0.,00L9 to ‘the, drag coefficient of. the.aizplanas In . figure
21(c) tho tufts show the|large oxtont of the filow disturb-
ance on the airplane caused by these scoops.

Tuft operation in airplane 10 showed that a satisfac-
tory flow ecxlsted over the carburctor scoop,which was lo-
cated in thec nosc of the oowling (flee BL{d) ) [Foxr the
power-off condition; howevor, with the propeller operating,
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a distinct flow separation was observed on the downstrean
side of the scoop owing to the slipstrean rotation. To
elininate this undesirable flow, the sides of the carbdbu-
retor scoop were faired out more gradually into the cowle
ing line, as indicated by the scction line on figure 21(d).
This falring deereased the drag coefficlent by 00006,

hree different types of carburetor scoops were
tested on airplane 11, (Sec £ia. 2168) o) The nost satise~
factory scoop from the standpoint of both dragz and ran
pressure was the one decsignated as revised forward inletb.
The characteristics of the three types of carburetor
geoops are given in table II. The superdority of the .re~-
vised forward inlet is due to the improved shape of the
nose, which is more nearly parallel to the streamlines
and to the elimination of the lower 1lip on the original
inlet. It may be desirable to widen the revised forward
inlet ond fair it more gradually into the fuselage, os was
done *in the case of airplarne 10 to aveid losscs due to ro-
flatdion of tho slipstreams

The airplanes. have becn most severcly penalized by
the 01l—cooler ingstallotions, since in most coses the oil
coolers. appear to.have been added to the airplianes as an
afitorthounghts - The cir for the ofl cooler of airplane 2

(fige 22(a)) was tokoa in by means of a scoop on the under
sprface of the wing, was puksed through a cross-flow wing
duet in . which the coolcr as located and discharged through

louvers on the upper'surface of the winge The duct was

at an angle of approximately 45° to the wing chord and the
air wos discharged at about this angle to the upper sur-
faces The tufts in figure 22(a) show the flow interfer-
cnce due to the inefficient discharge, and o drag incre=
ment of 0,0020 was measured for this installation. - The
drog increment for o satisfactory oil cooler installation
on ‘this airplanc should not excsed 0.0004. On airplanc 3
the oil=coolcr -scoop was located on the bottom of the fu-
selage at the rcar of tlhe HACA cowling (fig. 22(e)). TFor
this installation a drag incrément of 0.0007 was measurcd,
which is not considered ecxcessive for the external instol-
latione It will be noted that this scoop has a well-
formed strecamline shape, ‘

The oll=-cooler scoop on airplanc 4 was placed on the
top sidc of the NACA cowling, as shown in figurc 22(b).
The over-all drag coefficient of the installation obtained
by removing the scoop and scaling the outlet was 0,0007.
This was. rcduced to 0.0003 by refairing the scoop, as shown
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by the scction lines ian the figure. An oxtremely inef=-
ficient oil-cooler 'installation was used in airplanc 8
38y =) P It consisted of a sharp-edge scoop locat-

ed on the bottom of the flusclage which divertod air at o
rather sharp angle up into the oil-cooler ducts located
in the fuvselage. The air then was discharged at an angle
of aboubl 60° to the fuselnpge axis., [Thig oilecoclcer ine
tallation f4iled o ‘supply sufficient oir flow for oil
cooling and in addition increased the airplane drag coef-
ficicnt by an lincremecnt fof (0L.001L7. ' Sinee 1t ‘was impossie
bre to modify this installpntion without major kchanges “to
the oirplanc structure, au underslung rodiator installa
tion was designed to be atbaCu\d to the bottom of the HACA
cowling (figs 10).  When the requircd quantity of air
flow passed through the cooler ‘the drag cocfficient was
0.0009, To determince wihat part of the drag was due to the
protubcrance and what pawt due to the air flow, the oill-
cooler duct was faired over at thc nose and tail so as to
proven® nily $low, and an |(Incremond dn drog cocfficiont of
0.0004 was measured.
As ‘an example of an extremely poor insta utlon wnd
an'fiLlwstratiow of "itls haopmfBnl offects om the airplat
sented for the temporary oil- coolcr
installation which was
in figure 22(e). This large scoop increascd the airplanc
drag ‘cocfficicnt by an increment of' 0,0040, which corre-
sponded to approximately |25 percent of the cntire airplanc
drag. - This installation wos dnter chdnged ianto ‘o rela=
tively dnefficient wing duet @n which "tocation it din=
creascd the drag coefficiesnt by 0,0011l, A wing duct oile
cooler installation was aglso used in airplane 11, é&s
shown in figure 22(g). The duct passages through both
wings worec bent sharply to avoid intcerfercnce with the
landing=goar struts and a considerable loss in internal
efficicney resulted. The drag ccefficient of the airplanc
was increased by 0,0006 because of ‘the wing ducts. It is
believed that with an effligient internal duct the drag
coefficient would have been increcased by no more than
0.0004 for this installation. The oil coolers for air-
plane 10 were located in streamline ducts oan the lower
surfaces of the wings ouwtboard of the fuselage. The o0il
coolers were approximately half submerged. into the wings
(fig. 22(£)). These oil-cooler ins tallations increased the
alrplane dprag coefficieat by an increment of 0.0008. A4s
a check on the added external skin friction drag due to
these ducts, streamline noses and tails were added to the
units and o drag coefficient iancrement of oanly 0,0001

-
drag, results are -pre
installed on airplance 9, as shown
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measured. This substantiates other data showing that
streamlinc blisters located at noncritical positions on
the airplane do not add large incremecnts.

The largest scoops added to the airplanes were those
provided for the Prestone radiator installations on air-
pianes 7 and 11, On @irnlane 7 in i¥s oPigihal condition
the Prestone radiator was located under the Allison engine
and below the normal fus;lagc lincs The air was taken in-
to the radiator by mcans of a large scoop which is sketched
on figure 23(a). This installation incrcased the dra VE COm=
efficient of the airplane by an increment of 0,0034, In
an attempt to rcduce the drag of the Prestone radiator in-
stallation, the radiator was raised so as to place it with-
in the original lines of the fuseclage nose,as shown in
his
o

o

figurcs 23(b) and (c). Tor % arrangement it will be
notecd that the inlet did not protrudec below the normal
fusclage line. The drag cocfficient of the modified in-
stallation was 0.0017 or approximately one-half that of
the original installotion for the same air flow quantity,.
Other scoop arrangements similar to the modified scoops
uscd on z_rplmn 7 were invcstigoted on airplane il.
Again the Prestonc radiators were installed within the
original faired contour of the fuselage; however, the
scoop inlct protruded slightly below the orlslnal fuselage
line (fiz. 13). Owing to the efficient internal flow made
possible through the gradual c¢xpansion of its internal
duvct, a drag cocfficient incremeat of only 0.0011 was
measurcd for this airplanc. A similar underslung scoop
arrangement was tested in which the radiator was located
withia the fuselage near the trailing cdge of thoe wirng
(fig. 14). For this casc with the cooling cir flow as

for the forward underslung arrangement, the drag coeffi-
cient increment was 0.0010, Attention is called in both
of these cascs to the fact that,with a well-designed

scoop cven of 1ar§u size such as these Juat described, ecx-
cessive drags were nct obtained.

’1!—"5::

4.1
GATCCE B S

Rules for sign of scoops based on the experi-—
ence gained with the airplanes arc as follows:

1. Provide a nosc radius on the lips of the scoop
similar to that at the nose of an airfoil.
Never usc a sharp-edge scoop.

2. Provide sufficicnt camber in the scoop contour so
&s to match the streamlines of the flow.
Scoops with low inlet velocities require more
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camber. (See | fig. 24.) When possible, ncas-
ure the pressurc distribution over the scoop
with corrcect air flow through the opening.

7. Until more detailed data are available, design
the scoop inlet area to provide an inlet ve-
locity of from one-holf to two-thirds of the
stream velocity at the high-speed condition.
If the scoop inlet is not made adjustable,
the inlet velocity ratio will necessarily be
required to he lower aand the campber in the
scoop greater. (Sce rule 2.)

4. Provide a well-shaped afterbody behind the maxi-
mum scoop section with sufficicnt length to
avoid flow separation, . Four times the scoop
heizht will generally suffice, olthough en
afterbody too short will be much more harmful
than one too long.

h
n

5. When the scoop is located in a cross flow such
as a propeller slipsircam, fair the sides of
the scoop gradually and smocthly into the body
rdjocent to it (fig. 24). The sides of the
scoop for this case correspond. to the after-
body in a straight £1owe

6. If o scoop is lotated in a thick boundary layers
considerable difficulty will be cxperienced in
obtaining highiefficiency. |[The dinlet ares
should be exactly proportioned to avoid flow
separation in the boundary layer ahead of the
inlet, and vanes used . in the duct to obtain a
more uniform wvelocity distzibution.

Bxhaust stacks and turbosupercharger.- The require~
ments for the recovery of thrust from exhaust stacks by
rearward discharge of the hcated gases have already been
discussed. However, it is desirable to further consider
the cxternal drag due to protruding exhoust stacks on the
fuselage. Tabulated results on the drag due to the vari-
ous exhaust stacks are 'given in table 3IL.

The -exhaust stacks listed are for air-cooled engines
with the exception of thepsc for airplanes 7 and 1l. The
twin stacks on the air-cooled cngines protruded from the
engine cowling at right angles except those for airplanc
which werc directed to rear at an angle of opproximately
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45°, The drag of all thesc installations is comparatively
large and their form drag may be reduccd by the elimina-
tlon of sharp edges: at large .angles 4o -the~-direction of
flight, by discharging 'the stacks to the rear and by rc-
cessing thom into the forward scction of the fusclagee

The advantages: of individual stacks are discussed in an-
other scction of the paper.

It will be noted that the stacks .as used on the
liquid~cooled engines of airplanes 7 .and 1l have much
lower drag than those for air-cooled engines.,

The drag of external -turbosupercharger installations
is high, as demonstrated by the 25.5-pound drcg measured
for the complete installation on airplane 9 (fig. 16(a)).
A drag breok—down for this installation showed thwt el
pounds dragz was due to the cooling system for the exhaust
lines from engine to supercharger which had inlets in the
leading ' ocdge of the wing, 7.6 pounds to the bypass. stacks
(fig.  16(&)), 'and 15.2 pounds to the supercharger. The
high drag of this installation dndicates that for a highe-
speed airplanc, it is imporative to enclose the super-
chargoer within the airplane with an efficient duct systenm
for cooling the rotor and discharging the cooling air and
Sexhaist - 20808 :

TABLE 114

Exhaust Stacks

Airplane - Figure ‘Drog at 100 mph
| _(1v) |
1 25(a) 8.6*
. 25(b) 0 e
o § (£ h 4.6%
7 () =t
8 36(a) 3.4

11 25(c) ' 1S

*¥Drag mcosurcement made by placing streamline bllsters
over stacks instead of removing tqu
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Wings
~drog coefficients of wings were mcasured
irpldne by means of a wakc-uae (reference
veys wore made along the span of the wing

U

)

0z
for =ll 6f th
2). Humerous sur
so as to ohtain a ,ver%ge vaiue 'of ‘the drag cccff G e
and the meen values are |giver in table IV,

.

o

fhe érog values were measurcd at a tunnel speed of
85 miles per hour, and values have been cestimated for the
dragz of a.smooth wing w*th the samec sections and plan

form 10 serve as a basis for comparison. The sm2oth-wing
doto were obtained from full-scale-tunnel data on smooth
airfoils tested at the same Reynolds number. The drag co-
efficient increment. 4Cy represents the drag due %o rough-
nelgs, Tavets Flapdit et

. Since it may be of considerablc intcrest to predict
the drag of service wing from the full-scalec-tunnel tests,
or :at lcast to determine whether drag increments due to

wing protuberance and roughness measurcd at the tunnel
speed cpply -at flight speeds, a brief review of present
concepts on skin friction is presenteds The drag rcsults
nust be strictly interprected to avoid inaccurate estimates
of wing drag at high speeds and high Reynolds numbers owing
to the widely varying effects of roughness and compressi-
Tolk kLo

In attumptlﬂﬁ to compare the effect of roughness, such
as rivets, laps, etc., at several different Reynolds num-~
bexrs, 1t s rquS ary to know the extent of the laminar
and turbulent flow regions on the rough wing for the speecds
at which the comparison is to be made. It is characteris~
tic of a row of rivets or other protuberance on a wing to
Tix Gthe trwu°lt10n from laminar to turbulent flow at the
locatlon of the riwets, Thet e, a row loffrivets on the
20-percent ¢ location of a wing will definitely fix the
transition point at this position regardless of the Reynolds
number. For cxample, & smooth wing at low Reynolds numbers
may have its transition occurring at the 0.50 ¢ position;
the addition of a row of rivets at 0.20 c would add a
large drag increment made up of two parts, namely the form
drag of the rivets and the drag dus to the more ex xtensive
region of turbulent flow on the rough wing Eip 26) .

With increasing Reynolds numbers, the transition point
moves forward along the chord (refcrence 3), and 4t may
be that at R cquals thirty million even on a smooth wing,
the transition point would normally occur at 0,20 c. In
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this case, the addition of the rowloE rivetslhat this) lo=
cation would add a congsiderably lgwer drag increment equal
to the rivet form drag, and no extra drag would be caused
by 2 shift of the transition points . The drag dncrement
obtained in the low Reynolds number tests is therefore

not applicable at higher Reynolds number unless correc-
tion is made for the shift in the transition point. (Sce

roforence 13.)

In contrast to the effccts of protuberances added in
the laminar-flow region, the drags of roughness or pro-
tuberances added in the turbulent region of a smooth wing
inerease with inereasing Reynolds number (fiz. 27) so that
the effect of wing irrcgularitics measured in low-scale
wind-tunncl tests do not conservatively predict their drag
at flight speeds. This effcct is probably due to the thin-
ning of thc boundary layer at the higher specds, which may
causc the irrovularity in some cases to protrudec through
the boundary layer. Whether the drag increment measured
in the full-scale tunnel should be increased or decreased
at flight Reynolds numbers, therefore, depeads upon the
location of the wing irregularities with refecrcnce to the

transition point on a comparable smooth wing. If the rough-

ness begins ahcad of the nominal smooth wing transition
point, the drag incremcnt will decrcase with inercasing
seatle, and.wvice, versas.

With ex 1st1ng conventional airfoils, such as the NACA
23000 scriecs, the transition at high Reynolds numbers (say
30 million) occurs close %0 the minimum pressurc point,
which at a lift coefficient of 0,15 is near the 0.15 ¢ po-
sitione Owing to the initial turbulence in the full-scale
tunncl, the transition point onh a 'smooth wing at the test
Rev1old number of 5 million also ocecurs near the sanme
chord position, so thaot in the extrapolation of the smooth
wing drag to higher Reynolds aumber, no increment is necd-
ed to take into account the difference in the transition

point. The smooth win g drag can be ¢xtrapolated along a

=]

nodified turbulent skin-friction curve -definecd as followss:

o P G o

sty

Owing to the f
the tunnel tes
leoding edges

Epritics werc larg

n of theslronsition point in
lc IV) and the relatively smooth
i ings tested, tnol ;rrcgu~

i
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From the previous discussion, this would indicate that
the drag increments measured in the tunnel tests are con—
gervative and that, at flight speeds, the effects of the
surface irregulerities will be even greater. The extent
of the drag incresse with speed for some types of irregu—
larities 1s shown in reference 13. (See fig. 27.)

In extrapolating the drag coefficlents to higher
Mach numbers, it is necessary to correct the usual
Reynolds number extrapolation for the increased drag due
to compressibility, As a first approximation, at speeds
woll below the critical, the drag coefficient should be
- Increased as follows:

o W '1+.b.4:’-'_> 7
Dc Di ( h‘ (

in which M 1s the Mach number and equal to the ratio of
the speed of flight to the speed of sound., The effects
of compressibility on the drag due to wing irregularities
depend intimately on the types of irregularity. High-
spesd tunnel teste on rivets and laps (reference 13) show
that up to speeds of 500 miles per hour their form drag is
not greatly dependent on the Mach number since the local
velocitles over the wing are not apprecisbly changed, In
the case of one wing, however, in which a locel surface
irregularity existed that caused a change in the surface
contour, the critical speed was greatly decreased.

Baged on the foregoing discuasion, the extrapolation
of ths wind-tunnel results to flight speeds may be made as
follows:

1. Extrapolste the smooth wing drag by equation (6).
2. Corroct for compressibility by equation (7).

3. Add the drag increments due to surface irregulari-
tles as shown in figure 28. 1In general, it
will not be conservative to use the roughness
increments measured at tunnel speeds,

4, Ascertain whether any of the wing irresgulsrities
modify the velocity fleld over the wing and
correct the critical veloclty accordingly.
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A review of the wing drag results reveals several
interesting facts. Fabricec overed wings with flush
stitching such as used on airplane 4 (I‘g. 29(c), have
drags as low as the best flush-riveted metal wings,

The use of perforated trailing-edge flaps added drag
inecrements of 0.001l3 and 0.0016, respectively, for air-

plancs 5 (fig. 29(d)) and 6. The incrcments werc measurcd

by testing with the perforations covered and open.

A typical example of the way in which small wing
protuberances, gaps, and roughness increase the drag is
shown by thec momcutum mcasurements on the wing of air-
planc 9 (fig. 20). This wing is flush-riveted and has
butt jolnts on the lateral scams and lap joints on the
longitudinal scams. The estimoted smooth-wing drag cocf-
ficient is 0.0060 and the mezsurcd service wing drag co-
efficient 0,0073, The sources of the inecrement of 00,0013
in Cp arc estimated from figure 30 to be as follows:

Halkway and landing-gear feiring bumps 0, 00015
Gaps around ailcrouns .00020
Pitot head « 00015
Manufacturing irresularities _«00080

Potal : 0.00130

Similar iancrements have becn measurcd on other airplancs
for the samec items. On airplanc 8 two sanded walkways

protruding about 1/8 inch above the wing surface inercased

the wing drag coefficient by 0.0007., The item labeled

"menufocturing 1rr0g11 .rities" ineludes small surface dise
continuifics, waves, ”OUfhquS, ctce The drag of onc sace-

tion of the wing on airplanc 8 was reduccd about 0.0006
by filling it carcefully with paint and sanding with No.
400 watcr sandpaper. This droag increment was verifiecd in
a flight tcste The gaps in cenventional ailerons add an
dimerenent of from 00,0001 to 0,0002s

Cotkpit Caonopics
Modifications of & number of the cockpit cancpies
were investigated, but only in the case of airplane 9 was
i1t practicable to remove the canopy to measure its entirs

@grec.. Phetgraphs of the original and three mosificd cano-
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pies for this airplane are given in figure 21¢b ) and
their principol dimensions are shown in figure 32. The
low coefficients for these canopics demonstrate their
excellent design and confirm one of the conclusions from

the canopy investigation in the 8-foot high-spced tunncl
(reference 14) that the drag of a well-designcd canopy
reprosents a small part| of the over-all airplane dradg.
The canopy drog cocfficients given in the table are from
pro-helf to two-thirds ns large as would be expected from

reference 14. This is believed to be duc to a difference
in the boundary-layer flow conditicns cxisting on the
aerodyrdnomically smootu model on which the ianveostigation
of refercnce 14 was coanductecd and the actual ai lplanc.

The first modification of the canopy, that of reduc-
ing i%s helght 3-5/8 inghes; rcduced 3he drag ito onc-half
of the origzinal amount.| As the reduction in the cross-
sectional arca of the canopy was less than 20 percent, the
drag reduction is attriputed largely to the improvement in
the longitudinal scctlopn,  Decroasing|the longth of the
tail scction of the lowered canopy slizhtly incrcased the
drag, indicating that for the bouadary-layer flow condi-
tions oz the airplanc the canopy tail section should bde
grecater thuu four times| the height rccommecnded in refer-
ence 14, The flat-sideld windshield offering improved
vision slightly increasjed the canopy drag and would not
be recommended for a high-speed airplanc bocause of the
low critical speccd that would result from the sharp cor-
nerse

W

A modification of the flat-sided windshield was
tested on airplane 11 (fig. 31(e)). It will be noted
that rounded sections were placed between the flat sur-
faces to elininate early compressibility effects. This
windshield when tested on the model without carburetor
scoop in place gave a weduction in the airplane drag co-
efficient of 0.0002, which was due principally to in-
crcasing its length. A repecat test with the modificd for-
ward carburctor scoop in place, however, showed no reduc-
thion in drag; furtnur demonstrating that fthe drws oFE Nt
capopy is. eritically afifeeted by flow condition Static
pressure me dsurcmonts on this w1nﬂsr1 1d lnﬁlCut d that
its critical specd would be as high as for tho cridieinal

a By

roundcd windshield.

On airplane 10 (fig. 31(a)) a comparatively large
drag rculctio was obtained by inercasing the radius of
the windshield at its juncture with the hood and siightly

2055

o
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roducing its angle. Thc medified leaiopy oftaileplianc 5,
althougn of greater heigzht and cross~—sectional area than
the original canopy, did not ineredse the¥dEasiNolFine 1o
its improved shapec,

The largest drag reductions' were obtained on aire
plance 8 (fige 31(d)). Inasmuch as the unflapped enginec
cowling on this airplanc allowed a far zreater amount of
air to flow than would be optinum for the high-speed con-
dition, the tests were nade with the cowling gap scaled.
Reunding the windshield and eliminating the sharp edgze
at 1ts Juncture with the forwaord hood reduced the airplan
goetficicnt by 0.0011, The eliminabion ol SthcNglarver-
spherical tail section by orc of grpatcr lecngth brought
bhe total reduction to 0,0019, "Ealwing ontSthe Hatatst ot

~

the ends of the movable hoods 4id net produce a measurable
drag reduction; however, onrn an airplene with smooth suf-
faces, this change would undoubtcdly be beneficial.

. Land

I=te
o)
O
o
L&)
n

of retractable landing

There were four general types
(1) wheel retracting into
r

(=]
gears oan the 1rn¢anes tested: (1
the sides of the fuselage; (2) wh
to bottom of Aront spars which sw
tate through 0% to place them in wing wells; (3) whecel
struts plvotva above the lower surface of the wing and
swinging inboard so as to place the entire gear within
the wing; and (4) tricycle gcar with front wheel retract~
ting into nosc of fusclage and recar wheecls retraction
ghmeilart to type 3. The dr°”° of the landing gcars as
given in table VI we m the differcnces in
the drag at 100 mile airplancs with the
oitieinal retracted gea ancs in a smooth
gondition with all la s- and protruding
parts eliminated,

ing to the rear and ro-

The results obtaincd for the larnding gears o
showed that thc use of flush cover plates over the wheel
wells would produce apprecciable drag reductions
fanding gear of type 2 on airplanc 6 save the hlghcst drog
of all of those tcsted. As indicated in 'the table, sevcral
modifications of the geoar were investigated. Extending
and improving the fairing of the oleo struts (fig. 33(c))
together with rounding the edges of the rear halves of the
wells by inserting o half round secction 1-1/8 inches wide
did not produce a large reduction ian drag. The use of

>
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wheel-well cover plates proved effective and with the
addition of the faired oleo struts reduced thec gear drag
from 14,8 to 3.9 pounds, the latter quantity repre escnt-
ing the drag of the faired oleo struts, A similar typec
gear was uscd on airplane 7 {fig. 33(b)). The scaling
of gaps -and improving the oleo strut fairing {Stem 1,
fige 33(c)) reduced tho drag 4.2 pounds while the exten-
sion of the wheel covers to include  the entire wheels
(item 2) brought the total drag reduction to 5,3 poundss

Tho lowest landing gear drag for the airplancs was
measurcd for the type 3 gecar on airplane 8 (fig. 33(f)).
The eatire elimination of this drag would be possible by
sealing the cover platcs against lcakage and improving
the fairings of the Joint with the wing surface, This
type of gear has the advantage over prececding types in
that the oleo strut may be readily retracted into the
winge

) C‘)

The tricyecle gear on airplanc 9 (fig. 33(e)) proved
to be one of the higher drag arrangenents, This is
attributed largely to the fact thot the main whecls pro-
truded about one-~third of their thickness as shown in the
photograph. On a-later series of tests on this airplanc
after the landing gear had been modified to ecntirely ro-
tract the nosc wheel into o fuselage compartment with

cover plateland Teo retrzgct the .y nain wheels to their
full depth into wing wells without cover plates, it wos
found that the drog had cnly been reduced from 10,3 to
8.7 pounds Thls drag was cliginated by a tight cover
plutc,Vuch enphasiz cssitye.

H
o)
0

The drags of sgun ured a2t 8 speocdiof

tallations mcasu
100 niles per hour are given in table VII, It will Dbe
noted; that the drag of all the installebions (1&g ofaboul
the sanmc order excopt for airplane 3 (fige 34 (c)), which

is over five times ‘as larpges The walup leiwe

airplane does nobt represeat: the total drag fcr the guns,
as in 2ll othor cases,but is the drag reductlon obtained
by sealing the openings ian the nose of the ergine cowling
around the blast tubes and the filleting and the fairing
of the tubes, Measurenents were made for both the power-
off and propeller-operating conditions, and the lower value
for the power-on condition is given in the table.s The

gource of the high drag for the original installation is
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obviously not due to the form drag of the blast tubes but
to the large air leakage induced by the negative pressure
over the nose of the cowling. This installation is dis~
cussed in further detail under the heading wf .lecakage.,

The lowest drag installation for an fivplane wibth a
radial cngine was obtained for airplane 10 (fig. 33(b)),
in which there are no openings in the cowling and the
guns arc placed in- troughs with no protruding partse. On
the model of airplanc 11 (fiz. 34(f)) with liguid=cooled
engine, the blast tubes placed low o the Ffuselage nose
also proved to be a low-draL arrangement. The installa-
tion of the cight wing guns ruprouchtod by 2-inch holes
in the lcading ecdge showed a low drage. Although the ef-
fleet of the openings on the maximum 1ift ecocfficient was
not investigdted, tests of inlets ‘oh #the dcadingz edge of
wings indicate thot if edges of the epenings or¥e not well
rounded and located near the staganation point, appreciable
reductions in the moximum 1ift will recsult.

The drag of the external Navy gun sight was measurecd

o

on ailrplonecs 1, 6, and 10, and only on airplanc 1 (fig.
34(2)) was there o measurable drag,which was 2,5 pounds at
YO milos per hours It is believed, however, that,with
the acrodynamic improvements in the fuselage and canopies,

the climination of the external gun sight will assume
grecter importance, :

The bombd rack om airplanc 5 (fig. 33(d)) and two
bombd racks on oirplane 8 (fiz. 1(f)) szave larze dregs of
8.5 and 11.2 pounds, indicating the  desirability of suit-
@bille Lairings Tor'reducing thelir drags

Aerials

v

shown in

possible ox-~
se more drag
, mcdern high~

fhel drags Tof the bthrec Eypesip ori

f aerial
fieure 35 arec .given in table Vlilesh HWaththe
ception of the type 3 aerisl, 211l zexials ca
thon should be cornsidercd satisfactory £ a
speed airplane. if tho anzlec between the wires and the
dimection of "flight is larcge, as ia WHho eass of Type i+
acrial (fige. 35(a)), the effects of CCmprossibillt" on

he drag at hich specds should bs comnsiderecd. For exan
ple, reference 15 shows th ritical specd of o eir~
eular cyliander Ineclined at an of 45° would be @bout
&80 " milles” per hour .at 16,000 foct RITitude:

J

e

13

)
3
e
®
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LEAKAGE

Any ‘oir flows on the airplanc other than those use-
fully employed for cooling, ventilation, etc,, should be
preveated by scaling all surfaces across which pressure

differences exist, Air leakage through the airplane surw

faces or betwcen compartments within the airplane will
ordinarily result in appreciable drag losses since the
leakage air is usually discharged normel to the flight
dircction, The drag is duc to the loss of thec momcnium
of tho leackoge air and to the disturbance of the exteranal
flow ower .the airplane surfaces, The first of these
losses can be computed if the pressure drop across the
leak and thc leak area are known, Agssuming lecakage from

a large reservoir, such as a cowling or fusclage, then the
approximate quantity of air flow through the leak is

,‘,)
= 0,65 A /= 8
Q 0465 L‘/ 5 P ( )
and thc drag
D = pQV (9)

in which Q is the gquantity of leakage flow, A the
arca of: the | lesln,y and |'p  thel prossurcl dififerncnce acroas
the loaks  The drag due to the sffect: iy the 1emkagc on
the disturbance. of thelexternal flow: cannot readily be
computed, sincec it dopends on the location of the leak,
its magnitude, external boundary-layer conditions, etce

The large adversec effects of leakage are amply demon-
strated in the fullescale tuancl tests, The resulis are
summarized in table IX, Isolation of the drag increments
in some cascs is impossible, since several items were
changed at the. same time,

Opcnings in NACA cowling noscs are particularly dis-
advantagecous, since the pressurec differcencc may be as
much as 2 gs In casee in which armament installations
pass through the cowanr nose, such as airplancs 1 and 3,
extreme carc must be taken to prevent outflow through'the
openings, . The effect of the opening and the outflow is
shown by photographs of the tufts on the cowling for aire-
planc 3 (fig. 36(a)), . The region bechind the opening is
complotoly stalled, as showh by theo .reversal of the direcs
tion in whiieh the* tufts  point, and thelillsdiretideor Winclomend

<
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of 0.0029 measured for this case is explained. Other
common errors to be avoided are unsealed holes through

the fire wall, random 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
sealed landing-gear wells, leaks around cowling flaps,
etcs For cases in which leakage is desirable, that is,
for ventilation air, the outlet should be carefully shaped
and directed along the contour of the surface at the point
©f discharge. (Seeo fig. 7.) :

Compressibility.- Discussions of drag results on aire
planes from test data ocbtained at 100 miles per hour are
obviously incomplete without consideration of the possible
effects of compressibility on the drag at the actual
flight speeds, Numerous fundamental investigations have
shown that,if the speed of . an aerodynamic body is in-
creased, a critical value is finally reached at which the
drag of thc body rapidly increases, This corresponds to
the occurrcnce of sonic velocity at some point on the body,
and investigations have shown (reference 16) that if the
pressure distribution over the body in- low=-speed flight
is known, thon it is possible to estimatec the flight speced
2% which this critical sonic speecd will occur, Bumps,
canopics, scoops, cowling, cte., that inecrcasc the local
air speed 2t any wint lcad to the occurrence of local
sonic speads at lower flight sveeds than on a perfect

-streanline dgdy,

The methol of estimating the eritical spocd from plrese
sure measurcments madce at low air spceds is described in
rcfercnce 16 and the agrcement between theory anéd ox-
periment shown in refcrences 15 and 16. The theory docs
not coanservatively predict the critical specd and the value
may be 15 miles per hour lowor than estimated., Valucs of
Fery, critical pressure, corresponding to various Mach
numbers are calculated from the Bernoulli equation for
compressible flow (fig. 37). The pressures measured at

low air speed are extrapolated by the method of Ackeret

to take into account the variations of the pressures on

the body with changes in Mach number; that 18,

Py

1 - M2

s}
il

in which P, and Pj refer to the pressure in compres-




sible and incompressible fluids and M is the Mach num-
bersvilf Bs ' and: ‘Byy core plotted agalnst "My tho ln=
torsection of the two. curves defines the critical Mach
nunber,

Measurements were made of the pressure distribution
at numerous critical points on the airplanes tested in
the full-scole tunnel to aid in cstimation of their criti-
cal specedss Typical results are presented in figure 37 for
o "of “thotalrplanes.

The lowest critical velocity will usually occur for
single=cngine airplanes in the wing-fusclage juncture,
sincc heroc the thicker wing roots and combined wing-
fuselage flows lead to high local velocitics, This point
was critical for airplancw 9 and 11 (figs. 37(b) and 37(4))
and will be eritical for airplanes 7 and 10 (figs. 37(a)
and 37(c)) when their windshlelds are correctily modificd.
The use of wing and fusclage sections expressly designed
to avoid high ncgative pressurcs is g, mandatory require-
ment on uirplﬁno~ designod for the 450 to 500 miles per
hour speed class The data in rmieren a's IBRE 1By en digli
will "be usefulr'in ‘designing the wing and fusolage shapes
b0 favoild low critical speeds,

A well-rounded Jjunecture should also be Pprovided be-
tween the top of the windshield and the cockpit hood.
The sharp radius of curvature at this point was found to
be responsible for a eritieczl spced ofl ©80 milles par hour
in the case of airplane 7 (f « B7ta)ly | Testelogn cancpie
in the high-speed tunncl (refercnce 1l4) are valuable in
defining the relation between the radius of curvature at
the windshield Juncture and the critical speed.

!Z‘Ha

The nose of the cowling of an air-cooled-engine air-
plane is a further point of high local velocities and
should be designed for high-speed airplanes entirely from
the consideration of obtaining a high critical speeds. De-
sign data on the subject arc given in reference 10.

As a further caution in the use of scoops on high-
speed airplanes, it should be rceccognized that, although
thoir drag may not be large at low specds, their cffect
in reducing the eritical spced may be serious., Sharpe
cdged scoops deosigned for low inlet veclocities may become
eritical at specds from 350 to 450 miles per hour, If
scpops arc used on any high-spced airplanes, pressurc-
distribution mcasurements should be made to check on their
eritical speedsa,
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CONCLUSION

Results show that the drag of many of the airplanecs
was deccreascd 30 to 40 percent by removal or refairing of
inefficicntly designod componcnts. In one case the drag
washalved by this process., ZEmphosis on corrcet dotail
design appears at presgseant to provide greater immediate
possibilitics for incroased high speeds than improved de-
sign of the basic clements,

Langley Memorial Aeronautical Laboratory,
Notional Advisory Committec for Aeronautics,
Longley ¥iecld, Va.
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TABLE I - Drag Analysis of Airplanes in Original Condition

1-489

CL =005
Airplane
o i 2 2 4 5 6 v 8 9 10 11

Original condition 0.0377 10,0328 10,0390 | 0.0267|0.0320{0.0362 {0.0257 |0.0275/0.0329|0.0269 |0.0201
Excessive cooling drag L0017 .0017 .0015
Engine covling (no

cooling air) L e .0020 .0013

1s2laze shape T T T L0008 0066 g e P -
Carburntor intake .0016° - .0006{ .0019] .0006% .0001
Prestone rodiator 0034 0024 .0011
0il cooler .0020 .0007 .0007 .0003 .0017! .0040| .0008 .0006
Intercooler o 4 _+0011} .COC7! .0011
Exhaust stacis L00163 TTTTL0010( .00073 L0003 0006} . .0014 0003
Supercharser .0033
Perforated flaps .0026| .0012
Seals on control surfaces .0005 .000=2
Sanded wnllovay .00Q7
Coclznit canopy .0019° .0004] .0004°
Lanolf" cear s0061L6 .0014 0007 .0019| .0008] .0007 .0009% .0002| .001S| .0005
Gun installations .006g? .00293 .0003| .0006| .0002 | .0005
Gun sisnt .0003
Bomb racks SR e .0008] .0017
Ejector cimte = _ e .0003
Aerial .0005 .0005 .0008 .0007
Air lealage .0008 .0007 .0017| .0004| .0011

Includes carburetor and oil cooler scoop drag (largely due

2Plus cowling change.

SFaired, not removed.

*Includes fairing flame arrestor.

to leakagze) .

9¢
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TABLE II.- Carburctor Intake Scoops
Duct characteristics Flow characteristics Drag data
0 = 0.48 Cr,= 0.15 Cp
Inlet Cutlet V = 216 mph V = 430 mph €7=0.15
Type area aren
g Ram Quantity Ram | Quantity|S=170 sq ft
(sq in.)| (sq.in.)l|(percent q)! (1b/hr) |(percent q)| (1b/hr)
_ 37.1 22 e — 95.0 13,820 0.0010
)// —-<\ ’
; 37.1 15 e S, 97.0 10,390 0007
_(__ i Ori;inal Lot e
b 27.1 9 - i 97.5 7,930 .0008
- 26.9 22 94.5 7,960 97.0 14,940 .0005
/.ﬁ"’:’" o 26.9 15 94.5 6,170 98.0 12,420 .0003
// Avian e 1rd
- RPaxieed forard 26.9 9 95.5 5,260 97.8 8,310 .0001
26.9 0 — e 88.0 0 .0000
N e T 27.8 22 et B 70.5 12,100 || - .0002
/"‘{- o %\

- 27.8 15 3.0 5,580 73.5 9, 810 .0000

s . Flush 2 . ]
~ 27.8 9 57.4 3,720 61.6 7,200 .0000

Flow characteristics are corrected to 12,000 feet altitude.

Military rating requires 8100 pounds of air per hour.




TABLE IV.~ Wing Profile Drags and Transition Points
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Description

Fig-
ure

Transition point location
on upper surface of wing

*

s/c'

Renarks

cDo
meas-
ured

CDO
smooth
wing
(est.)

AC

~|Airplane

Metal covered, brazier-head
rivets; larger rivets on
forward portion of wing;
laps facing back

0.6020

C.0058

0.0032

Metal covered, brazier-head
rivets; row of larger riv-
ets on upper surface about
15%c behrind l.c.; laps
facing back

2952,

.0083

.0062

.0021

Fabric covered, raised
stitching; drag measured
on lower wing

.CC84

.0070

.0014

Front portion of wing metal
covered, flush rivets;
rear portion fabric cov-
ered, flush stitching

29c

.0070

.0007

Metal covered, flush rivets
to about 18%c behind 1.e.,
remainder brazier-head
rivets; perforated dive
and landing flaps

294

.0109

.0072

.0037

Metal covered, flush rivets
on front half of wing,
laps facing back; fabric
covering on rear half;
perforated dive and land-
ing flaps

.0106

.0065

.0041

Metal coverced, flush
rivets, laps facing
forward

9.0 £t from ¢
airplane
t/c*=0.126

.0079

.0060

.0017

Metal covered, flush
rivets, joggled laps

7.3 £t from ¢
airplane
t/c*=0.124

.0070

.0059

.0011

Metal coverecd, flush
rivets, fillcd joints

7.8 £ fron g
airplane
t/c*=0.135

.180

.0071

.0011

Metal covered, flush
rivets, filled joints

.0077

.0016

i1

Wood, filled and polished

£
.180 air
*

.
S
N
18

.0013

*x
S distance along surface behind stognation point

¢ length of chord
t section thickness
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TABLE IV.~ Wing Profile Drags and Transition Points

38

Description

Fig-

ure

Transition point location
on upper surface of wing

*

s/c Renarks

CDO
meas—-
ured

CDo
smooth

wing
(est.)

AC

~|Airplane

Metal covered, brazier-head
rivets; larger rivets on
forward portion of wing;
laps facing back

0.0020

0.0032

Metal covered, braziecr-head
rivets; row of larger riv-
ets on upper surface about
15%c behind 1l.c.; laps
facing back

292

.0083

.0062

.0021

Fabric covered, raised
stitchingy drag measured
on lower wing

.0084

.0070

.0014

Front portion of wing metal
covered, flush rivets;
rear portion fabric cov-
ered, flush stitching

29¢c

.0070

.0007

Metal covered, flush rivels
to about 18%c behind 1l.e.,
remainder brazier-head
rivets; perforated dive
and landing flaps

294

.0109

.C072

.0037

Metal covered, flush rivets
on front half of wing,
laps facing back; fabric
covering on rear half;
periorated dive and land-
ing flaps

.0106

.0065

.0041

Metal covered, flush
rivets, laps facing
forward

9.0 £t from ¢
airplane

0.176 t/c*=0.126

.0079

.0060

.0017

Metal covered, flush
rivets, joggled laps

7.3 £t from é
airplane
t/c*=C.134

-138

.0070

.0059

.0011

Metal covered, flush
rivets, fillcd joints

7.2 ft from ¢
airplane
t/c*=0.135

.180

.0071

.0060

.0011

Metal covered, flush
rivets, filled joints

.0077

.0061

.0016

11

Wood, filled and polished

- 180 airnl
* )

.0C74

.0013

*
s distance along surface behind stognation point

¢ length of chord
t section thickness
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TABLE V.- Cockpit Canopies and Windshields
q) - . .
H Reduction of drag|Cross-section
- | Modification Fig-|Drag of canopy| by mocifications area of
~ n S
ure ~ - windshield
ot
o Ap | Apgy | ACD 80D
5 | Longitudinal section!
of canopy modified
to increase height | 1.76 (mod.)
e in. 131c C - 1.24 (orig.)
|
A : : L
6 | Modified windshield {31¢ L0081 | 0.13 -
Modified tail { .000S st It 2 il
i
Mocdified windshield |
and tail ; ; .0019 22 2.1%
!
e e ! 2
9 | Original canony (2lo 10.0004] 0.04 - 2.64
l |
Lowered cnclosure [ L0002 | .02 .0C02 .02 2,18
i | |
Lowered enclosure - | ! 1
short tail | .00C3 | .03 .0CC1 ~ O AR,
1 i
Lowered enclosure - ! i
flat sided wind- :
shield and short ! ? ;
tail | .0004! .04 O 0 2.19
| |
10| Modified windshizld |3la | .0004| .06 [2.00
! |
’ l
11| Flat side windshiczld|3le { © 0 1.14
i
|
| ,0002% .03
*Qbtained for comiition with carburetor scoop removed.
The sudscript IW designates frcental area of canopy.
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TABLE VI.- Drag of Landing Gears

1-489

Reduction in draz for modifications,
Type{ Tire size| Drac 100 mph
Air-|Fig-| =of 100 mph
plane{ure | gear| (in.) (1v) 1b Modification
s 1 26/ x 6 8.5
e8 INih 1 26 x 6 8.3
S0 le 1L 26 x 6 4.7
4 |33c 2 30 x 7 | 14.8
3.1| 0leo strut faired and sharp cdze
at rcar half wells rounded
7.0 | Theel well cover plates
10.S | Waeel well cover plates and
faired oleco struts
5 {334 3 BORTAT 625
6 |l -Af 1 a7 BRS
streamline
7 |33b 2 20 4.2 | Fairing no. 1.
smonth
contour 5.3| Fairings no. 1 and no. 2
8 |33f 3 2 il
smooth
contour
9 |33e 4 | Front 19
streamline
—-—— 10.3
Rear 27
smooth
contour
10 [33a 1 26 x 6 3.3
i s 3 27
smooth 0
contour
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TABLE VII.- Gun Installations

Airplanc Fig—I Tumber and size of guns Drag 4 Cy
ure at 10C mph
(1b)
3 B4¢ one 30-cal. 48.6 0.00=29
| one 50-cal.
i
8 Zde two 50-cal. 2.3 .0004
9 344 one 37-mm cannon 3.8 .0007
two 50-cal. guns }
10 34D two B0-cal. 1.3 .0002
11 34f two 50-cal. (fuselage) ! 3.3 .0003
eight 30~cal. (wing) i .9 .0002
TABLE VIII.- Drag of Aesrials
Airplane Type of aerial Drag
{(fic, %6 at 100 mph (1Db)

2 2 2.9%

7 i 3.0

8 1 4.8

10 3 1S

10 2 4.7

*Drag only for wires -~ mast in place

41




TABIE IX.- Leakage Drag Increments

D at
Airplane Source of Leak Figure ACD 100 mph
o (1b)
o)
iz i Gun blast tube openings in nose X
of cowlinz (similar to fig. 33a)| -- ]0.0089 36.8
3 Gun blagt tube openings* 36a | 0029 28.7
5 Openings bebween cowling sections
and at flaps 360 .0008 6.5
7 Hole in the nose of the propeller
spinner and openings around the
blades 36c | ,0007 4.2
8 Cpenings between cowling sections
and at flaps 36d | .0009 Bl
Accessory exit slot .0005 2.9
o Fusclage louver opening 22c | .0004 2.2
10 Oponings between cowling sections,
at flans 36e .0003 2.0
Fuseclage opecnings - .0008 5.3

XThis item includes drag

buretor scoops.

*This item was measured with propeller operating.

reduction due ‘to modification of

oil and car-
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NACA Fig. 1 a,b,c

p g p
o) Alrplane 2.

s’

(¢c) Airplane 3.

§ § 3
Fiqure !|.—Airplanes mounted for tests in
}

‘{‘i’gés “; %«w:-‘w |




NACA Fig. 1 d,e,1,g
F o
I ©w
i ~
-3 |
3
(f) Airplane 6.
s £
? §
3 () Airplane 7.
| Firjurr‘ 1~ continued. Airplanes mounted for tests in

" - - ¥ i
the NACA full-sscale wina $unnel.
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NACA Fig. 1 h,i,},k

(h) Airplane & in smooth condition except for cockpit canopy .

(j) Airplane 10 in smooth condition except for modified cockpit canopy.

(k)Full-scale model of airplane 11in smooth condition except for cockpit canopy.

Figure 1.—continued. Airplanes mounted for tests in the NACA
fuums;ca!e wind tunnel.
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RACA

35-0"

10'-3" DIA.

AIRPLANE

340"

10'-0" DIA!

AIRPLANE

Fig. 2 (1-2)

WEIGWTRE . 0 e 4,932 LBS.
WING SECTION_ ___ __ __ N.A.C.A. 23018-~09
WING AREA . . * . % 209.0 SAQ. FT.
SINGLE-ROW AIR-COOLED ENGINE.

750 H.P. 2,100 R.P.M. 15,200 FT.
ALTITUDE. DIRECT DRIVE.

WEMNBL . .o 5,448 LBS.
WING SECTION__ ____ __ N.A.C.A. 23015-09
WING BREA ... .. .- 233.2 SQ. FT.

TWO-ROW AIR-COOLED ENGINE.
900 H.P. @ 2,550 R.P.M. @ 10,000 FT.
ALTITUDE. PROPELLER GEAR RATIO, 3:2

2
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Fig. 2.(3=4)

WEIGMY . . lLd i g oa 4,478 LBS.
WING SECTION__ ______ _____| CLARK Y.H.
WING AREA . _ - .- . __ 266.0 SQ. FT.
SINGLE-ROW AIR-COOLED ENGINE.

820 H.P. @ 2,00 R.PM. @ 12,000 FT.
ALTITUDE. DIRECT DRIVE.

N\
CHORD UPPER WING 60"
CHORD LOWER WING 48"

AIRPLANE 3

WEIOWT _ . Seolt ol SIS 6,270 LBS.
N.A.C.A. 23015-09

gag WING SECTION_ ____ __
ga WING AREA _____________ 305.3 SQ. FT.

oo TWO-ROW AIR-COOLED ENGINE.

1221| I 750 H.P. @ 2,550 R.P.M. @ 14,200 FT.

Az N ALTITUDE. PROPELLER GEAR RATIO. 3:2

Azt ®

B

7 1

<

- ime

L 33 34,"

42'—0"

11-0" DIA.

AIRPLANE 4
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oA TT 77

TIRIEL

BAUALZ T,

1777

e RN L

10-9" DIA.
AIRPLANE
—=_>..
_z
]
h 330"
‘\ . | - Al m—
9'-0" DIA. /
AIRPLANE

Fig. 2 (5-6)

WEBIGHT . - . —— .- TEeS63 LBSs.
WING SECTION_ _ __ ~-N.A.C.A. 2415-09.
WING AREA_. . . 1 318.6 SQ. FT.

SINGLE-ROW AIR-COOLED ENGINE.
800 H.P. @ 2,300 R.P.M. @ 16,000 FT.
ALTITUDE. PROPELLER GEAR RATIO, 16:11

o
5
WEIGHT _ _ _ - 25X - <t N ERSD] | LBS.
WING SECTION_____ CLARK Y.H. 18-1.8 %
WINGEAREA - = = = ¥ 258.0 SQ. FT.

SINGLE-ROW AIR-COOLED ENGINE.
7560 H.P. @ 2,100 R.P.M. @ 15,000 FT.
ALTITUDE. DIRECT DRIVE.

279 Yg"——

6
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11-0" DIA.™

AIRPLANE

AIRPLANE

Fig. 2 (7-8)

WEIlGSY . ___-_ . = . . 6783 LBS.
WING SECTION______ _ _N.A.C.A. 2215-09
WINSEAREA .. - _ . __ . ___ 236.0 SQ. FT.

PRESTONE-COOLED ENGINE.
1,000 H.P. @ 2,600 R.PM. @ 16,000 FT.
ALTITUDE. PROPELLER GEAR RATIO, 2:|

7
WEIGHTESU o Lo TREL ot . J88 6,755 LBS.
WING SECTION___ _S3-AIRFOIL,16.7-8.2%
WING SAREA _ 1L BN ORES TN 223.7 .8Q. FT.

TWO-ROW AIR-COOLED RADIAL ENGINE
WITH GEAR-DRIVEN SUPERCHARGER.

1,I00 HP. @ 2,700 RPM. @ 15,000 FT.
ALTITUDE. PROPELLER GEAR RATIO,I6:9

8
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NACA rig. 2 (9-10)

WEIGHWIR. . - e L SO 6,150 LBS.
WING SECTION____ __ N.A.C.A. 0015-23009
WINGEIREA _ -~ . 213.0 SQ. FT.
PRESTONE-COOLED ENGINE WITH TURBO-
SUPERCHARGER. LI5S0 H.P.'@ 2,950 R.P.M.

@ 20,000 FT. ALTITUDE.
PROPELLER GEAR RATIO, 9:5

L 34-0" | F Eps o ‘
(

AIRPLANE 9

WEISME: . ol o8 o ol I 5,825 LBS.
WING SECTION_______ N.A.C.A. 23015-09
WiNG AREA . - ____ . . 260.0 S8Q. FT.

TWO-ROW AIR-COOLED ENGINE WITH TwO-
STAGE GEAR-DRIVEN SUPERCHARGER.
1,000 HP. @ 2,650 R.P.M. @ 20,000 FT.
ALTITUDE. PROPELLER GEAR RATIO, 3:2

38-0"- 28-0" i

9'-9" DIA.

AIRPLANE |10




10'-6" DIA?

AIRPLANE

L-489

WEIGH .- _ - & . S5 sEe 6,600 LBS.
WING SECTION_____ '~ _N.A.C.A. 23016.5-09
WING AREA _ ___ _________ 170.0 SQ. FT.

PRESTONE - COOLED -ENGINE.
LI50 H.P. @ 3,000 R.P.M. @ 12,000 FT.
ALTITUDE. PROPELLER GEAR RATIO, 2:I

27-3 154"

(11) 2 *Fg




Service condition-

CL = 0./5

Completely faired-

[e] ==

'
\o'\

T e o

- Baca
0
b
.= 028
&y
N
. S
5.024
ES
L
0
Q
S.020
S
o———F
0/6
50 60

70

80
Air speed, mph
Figure 3.- Seals eifect on drag ooefficient at Oy = 0.15 for sirplane 8.

S0

100

/10

Pigs.3,5

S Loi5 D

Figure 5.- Design of an efficlent 90° turning vane,
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B o) & = 2 s =
Airplane Conditions No Airplane conditions @%,5)4 CIUCH &
Complefely faired condition with long
nose fairing |.0/66 O o
" " " with blunt
nose fairin .0/69
u " w  original NACA
cowling; no air f/ow/ng fhrough cow//'n9 .0/186|.0020| /2.0
Sarme as 3 except /onding gear seals and
' 7t airing removed 0880202\ 1.2
Z n 4 " or/g/na/ oil cooler installed |0205\.00/7 | /102
v w5 wu canopy fairing removed 02030002 | -1.2
#n. w6 1 carburefor scoop adoed |0209.0006| 3.6
a- " sanded walkway added \02/6 |.0oo7| 4.2
0o g " ejector chute o dded .02/9 .ooo3| /.8
1t ) " exhaust stacks added .0225|0a05| 3.6
nn [0 “ jnfercoolers added .0236\.00l/ | 6.6
v/l cowling exit opened 024700/ | 6.6
e Sl accesso:_y exit opened L0252 |.0005| 3.0
u 75 " cow/ing air/ny and seals
- removed 026/ (0009 | 54
w o j4 v cockpit ventilator opened 0262|000/ | .6
w5 cowling venturis installed 0264 |.0002| /.2
wow |6 v plastfubes added .0267.0003| /.8
nw un |7 radio aerial installed 0275 o008 | 4.8
Total o’rag change O/l |66.9
: * Rercenfages based on completely faired
Q/ " s condition” with long nose fairing MLA. E
Figure 4.- Example illustrating test sequence as followed for airplane 8. >




External
streamlines.

Undercut

(a)

aftferbody

Original ;
aerodynamic
contour .

\
'
\
'
|
|
|
'
'

S

Free streom pressure’

(
i
'
|
i
|

r«',Pam//e/ Fflow
.—i\—‘

= e

%&

e8A=d
Sudden 7
e High
expansi_/ " ~es/stance
= __Air flow
SERSRE "~ with
— — resistance
iR \\
Air flow .~ 1
without -~ )
resistance

Figure 6.- Effect of high resistance in increasing
allowable duct expansion.

Figure 7.- Factors in outlet design.

L9 88v4



NACA Fig. 8

Inlet . Outliet -

- 5
03¢

Longitudinal section (including modifications)
(a) Original installation

—RAdjustable outlet flap

Adjustable inlet flap —
(b) Proposed installation

Figure 8 ~Prestone radiator installation on airplane 9.

puaca WTe
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NACA Fags. 9,11 J

16.000 _ 0024
A
a o
/4,000 - 0020 S
£
g , 3
L Air flow-{. e el -
® /2000 = .0016 ©
?!: //\// / A <
/0,000 = +21.0012 -
0 Measured drag- 1 S
= = IS
/ //
2 8,000 o= e 0008 §
.é _|_d+" /deal drag £
- 7Az(Va)? o)
6,000 = 26= 755 () 0004 §
. 5 4 5 & s &
Outlef area, sq rt

Figure 9.- Variation of cooling drag and air-
flow quantity with outlet area for
Prestone radiator installation on airplane 9.

8000 T )
Air flow
7,000 / 0024, _
S
£ 6,000 00205
’ . Q
X / . |
0 /Exper/menfo/ © Figure 11.- Variation of cool
35,000 drag 7/1-00/16& ing drag and air
N | ‘// < flow quantity with outlet area
3 a=5° T for modified oil-cooler in-
§4000 v ” .00/12 ¢ stellation on airplane 8.
)
2 7 e
A 3,000 +—1.0008S
F A 4
/deal d
200 b 0004>
4A ) \
AT 72 2
_L- +/
/'0000 3 4 o

Exzf open/ng, sq ft |




NACA Fig. 10

(b) Rear view

?’igur‘e 10.“"'Modified oil cooler
installation on airplane 8.

L W] O




L=4,89

NACA Figs.12,15
T T = T T T T T
Atr flow, ;grward underslung inlet -~
20,000 .0032
/
/8,000 = .0028
// . o
C P . Figure 12.- varia-
/6\,000 "/ -0024“\? ] tlon
& / /é S of cooling drag and
E "sair-flow quantity
\ /4. : + with outlet area
8/ aao L° Exper'/'menfa// 7 9029 S for Prestone radi-
= ] Z"GQ,/forward < ator installation
unaersiur? <
/2000 —— / /,/ irlet S .00/63- on airplane 11.
0 Air flow, rear,/1nlet i ~ 5
§ —1 0§ A+ IN
9 - % S
X /0,000 = ] 2 'OO/Zb
<& 1 | Experimental s
< drag rear /'n/ef)/ P o
8000 | /deal drag, forward A 0008 E
d underslung | L= K Q
= GO (VY
AC, = < 2 (7'1) o= |
6,000 e === .0004
=t | _4—T ~l/deal drog rear inlet
A=
B - 5 5 0 iz o e
Exit opening, sq ft
O Sea level
07 =
'2 00
(3}
Q
Q
X600
3 /| _A5000rt
)
8 A =
§500 70,000
2
8 - B
5 /5,000
L 400 ¥ L
8 0 o 20,000
§300 Ak’ @% .
25,000
.é’ A // P / ez
& A ] 30,000
fzoo / P / - P j T/ L e
u%’ o - e =
q'é/c;o L~ /D—C il
/ .
8 ==
; e
Q |
o 40 80 120 160 200 240 280 320 360 400 440 480 520
Velocity, V,mph
Figure 15.- Dynamic pressure available for ram at altitude.




NACA

Section A-A Section B- b

Fig

ure 13.— Forward underslun

Section €-C

restone

radiator installations for airplane 11.

NACA- SO897

Fig. 13




NACA Fig. 14

Inlet Outlet

" ~
\™205 Circular Prestone ~~
Radiator =
Line
\ ,Qnqenal fi’g‘s!"n’
S i

\_

dection 4o - & Section B-®

Inlet Small outlet

Figure {4.—Rear underslunq prestone radiator
installation for airplane 11.
NACA- 20896 .




Fig. 16

S~

CoOwe! rxq/7\- -
outline”
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Fig. 18

NACA

Litr-ry




NACA Fig. 19 a,b

Refaired.
(a) Airplane G.

R - Refaired.
. . ~(b) Airplane 10.
Figure 19.~Qef'aim'nc} of fuselage.

e




Oriqinal condition.

(C)Air‘plane Q.

NACA - /572/3

Oriqz'na{ condition. Refaired.
(d) Airplane 3.

Figure 19.— continued. Qe%‘airmq of fuselage




(d) Airplane 10.

(c) Airplane Q.

F{qure 21.—Carburetor air-intakes.

(b) Airplane &.

NACA - 20905

YOVN

p'o‘q"ﬂ Iz .s;d



NACA ‘ Fig. 21 e

8
e
l~O
B E
28,- Lm,
£7aq.m. 57
Fuselage lin
35" I Section D-D
Section GC Flush iniet

Revised foward inlet

. . 43 Jn
Section BB e e , Section E-E L
Or;qmnq( inlet All inlets

(e) Airplane 11.

Figure 2{.— continued . Carburetor air-intakes.

~NACA- ROPOE.




F{qure 22.

(d) Airplane 8.

— Oil cooler installations.

AL A Poe o Bom i
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(f) Airplane 10. Hinge at l.e. Hinge at t.e.
Outlet control flap.
(g) Airplane 31.

Figure 22.— continued . Oil cooler installations.
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NACA : Fig. 23

<iT T SYRERE)
Areal04 Sq.in. i - &
7 a
Section BB e Area 121 Sq.in.
B = O ' O Sectich A-A
A

(a) Oriqinal.

Areal48 S? in.

Section B-B
Areai07Sq.in.

Section AA

(c¢) Modified.

Figure 23>—Prestone radiator installation
on airplane 7. NACA - 20920
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;

Nose radius ,Camber
Length of efiemboady—

I
|
\ /
!
|
\

—_———

/')’e/'ghf of inlet

Original fuselage contour---*

. . Fairing
Size of inlet !

1
/f

——Width of inlet

Figure 34.- Details of scoop design.

1 Turbulent skin frictiom curve,Op o RO-11

. 2 Curve corregted for compressibility, ch = Cp (1+-l‘—3>
3 Curve corrected for surface roughness
.0/0 7
§.008 — B
. M T S ) B o o 1 o 2 e e T T T
T.006 4
§ =
.9 v =
S.004
Q
Q
Q.003
S g
Gy 7 3 4567810 20 30x/0°
2 Reynolds number, @
"5 L | i 2 e [
& 0 o iz G0 4 5 WR7580
L Mach number, M
- Figure 38;- Method of extrapolation of wing profile-drag

coefficients to flight speeds-wing chord,6 feet.

Figs 24,28




NACA Fig. 25

| (a) Airplane 1.

(b) Airplane 5 -

X (€) Airplane H .
: Fiqgure 25.— Exhaugt stacks.

ANACA . 230900




NACA Pigs. 26,27.

.003
$S.002
S
% Figure 27.- Drag of
g surface
5 irregularities added
£-00/ behind the normel
Z smooth wing transition
A =+ point.
= 15 +ﬁ’/ B s el .
o e EEINS
0 + L/ S
) = 5 7S /0 /5 20

Reynolds number, R ,millions

1 6 rows of 3/32" brazier head rivets on each surface of 5-foot chord airfoil
Pitch 3/4". Forward rows, 52 percent of the chord from leading edge.
2 13 rows of 3/32" countersunk rivets on each surface of 5=foot chord airfoil
Pitch 3/4". Forward rows, 4 percent of the chord from leading edge.
8 rowe on top and 6 rows on bottom surface of 5-foot chord airfoil.
Pitch 3/4" Forward rows, 36 and 52 percent of the chord from leading edge.
4. 6 joggled lape facing aft on each surface of 5-foot chord airfoil.
Forward laps, 8 percent of the chord from leading edge.

.003
CL"O./5
(e 4
5 ]
S.002 Pt Figure 26.- Drag of
IS pE= surface
v o5 irregularities added
(8 3_", < ghead of the normal
g - Fal_ T T = sm:oth wing transition
- s s e o e O D T
S=
o
3 4 586 7 8 /10 /5 20

Reynolds number, R ,millions

1 6 joggled laps facing aft on each surface of 5-foot chord airfoil
Forward laps, 8 percent of the chord from leading edge.

2 13 rows of 3/32" thin brazier head rivets on each surface of 5-foot chord
airfoil Pitch 3/4%, Forward rows, 4 percent of the chord from leading

edge .
3 13 rows of 1/16" brazier head rivets on each surface of 5-foot chord air-
foil Pitch 3/4." TForward rows, 4 percent of the chord from leading

edge.
4 6 plain laps facing aft on each surface of 5-foot chord airfoil
Forward laps, 8 percent of the chord from leading edge.
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Figure

(a) Airplane 2.

(d) Airplane 5.

(e) Airplane 8.
29.- Wing surface conditions.

29 a,d,e.




Fig. 29 b,ec

NACA

v

56802 -vorN

"SUOTITPUOD 8dvzIns JFuly -°g2 eInIiyg

‘4 suvjdaiy (2)
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NACA Figs.30,32

3 | T T T T v.. Tw#')g,' g". T T
5 .024‘————.‘:'{'—»7@@ wing. t.’,;’wm i
: —————— vice wing. with irreguiarifies
o] shown_below eliminated, G, =.0068
5| 020 R e e Y
< Bump in londing ~ foiring
o and walkway, Al,=.00015 |
X\ 0/6 ot —
E / ' : Pitot head,
I —g' ~ Inboard tip- A€, =.000/5
0L I\ o [ | ,
L_S.O/Z* t of aileron, < : 1
86 |81 | )\|_laG=0005 1R
Sl TRBZTTI ] J\ [ U sumetore
0.008 % L e
2|0 o =T\ Y..00005
51Y 8 Calculated smooth wing-1=T =]
CI<.0041% ~
Q|
|
I e 2« 6 8 o T
S Wing station, 1t

Figure 30.- Typical results obtained by momentum traverse along
wing span and calculated smooth wing drag.Airplane 9.

'7|—_——[‘
I
!
]!
» /|
T : 13
ol — k-
) O X
N 7 o o
©
E’)’l QV‘ :—J ‘.S:
Ny s 9 n o
[ ~ g £
& g o[ ! . in o
Qlilloe |8 [[obls o 8 2 5w
L0\ s N & o
HAY 8 : { : B E
| |= — — — — — .E'—‘
N 2 o o, ~ O
@:h -y e F\r g' N & s v
W) = s || 2 LN z 2 ® dei .
= L i) Q g Xt - 0
'e} N\ |/ g A ~ Ao
=4 A\ 9 | \ o R
T o it 5B
. o g..—q
Q©
= &:85‘
~ ' «©
e c: S
8 T oL
(Q__' () g
8‘ N E) Eb
U o
< ot 9
=y o




L-489

NACA Fig. 31 a,b

Original windshield Modified windshield

(a) Airplane I,

Lowered enclosure

-
Lowered enclosure, short Lowered enclosure,
tail, flat-sided windshield. short tail .

(b) Airplane ©.

Fiqur'e 51.-—-Cockpi{~ enclosures .
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ek Fig. 31 c,d,e

Original enclosure Modified enclosure
(c) Airplane S .

R,
Original enclosure Modified enclosure

(d) Airplane G.

S

Oriq-'m‘a[ windshield Flat-sided wmdshihdu

Front view of flat-sided windshield
(e) Airplane 11.
Figure 31.- continued . Cockpit enclosures.

NACA - 20907
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NACA

Oriqinal condition. Faired.

(@) Atirplane 10.

Or-ic]('nal condition. k Faired
(b) Airplane T

Figure o T e Landinq gears.

Fig. 33 a,b

NACA - LPYE
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NACA Fig. 33 c,d,e,f

Faired .

condition .

Qric]'mal
(c) Airplane 4=

Oriqinal con{ion. : Faired.
(d) Airplane 5.

(e) Airplane 9. () Aiplan D .

Figure 33 —continued. Landinq gears .

N A
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(@) Gun sight on airplane 1. Original condition.

-"I.

-

Sealed and faired.
(c)Blast tube

(b)Blast tube on airplane 10. installation on airplane 3.

(e)Blast tubes on airplane 8.

(d) Gun and cannon
installation on airplane 9.

(f) Wing and fuselage quns on airplane ii.
F-'{qure 34 ,— Armament .
N

ACA -Z0292).
Vad -
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NACA

e

(b) Airplane 10.
Figure 35.—Aerial installations.

CA - o925

Pig. 35




NACA Fig. 36

(.“:ruimai nstallation. [ubes faired & (ggwmq gaps sealed

(a) Gun blast tube installation on airplane 3. (Note: A
indicates fixed ends of tufts & B their free ends for original condition)
y% # s 4

(d) Cowling gaps on airplane & . (€) Cowling gaps on airplane 10.

-

Figure 36.— Sources of leakage
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max » 1OP Iof COPV/”?Q:~ ~Prax , Winndishie/d- ~Pse ) w}nidy‘”"i/d
—Paee, Wing, /5" aft of stagnation point, b
G /8" fr‘ogg fusc/agg Prax, fuseloge rose
_2_0 27 /// > % 7 .
; 0000 e ~Poor, Wing, 1/%°aft of stags
nation point, 84" from ¢
Py, fillet 124" aft
/ of leading edge
-1.8
e
L~
P
" —Prar , Windshield L~ y
1.6 s '
= ¢_ = ﬁ \ \
o | \Je \
i \ 'Pvr
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¥-1.2 T K
.8 ! A . /X
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8.0 < =
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| e
-6 nar, WindShie/d————=—1==1
‘ N S B
' N
-4 N \
| A
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_____ ‘:)_"':’_'_OP_O__C_?'?:/’ZQ_ S e (IS S 1S i N Enex, fuselage rose )
I (a) T S D (b)
¢ ol o -3 4 5 .6 il .8 9 o/ 2 L 4 5, & LY/ 8 9
X Mach number .
! ] I | ! | | | 1 | ! | | 1 I L = I 1 1 | 1 ol it | :j
/100 200 300 400 500 600 | /00 200 300 400 500 600 (03}
Air speed, mph, at 2°F (16,000 ft alfitude) '01
| | L | 1 | 1 | 1 | 1 | | (] 1 | | | | | 1 | 1 1 1 | | | -
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Figure 37a.- Critical speed for windshield,wing,and

Figure 37b.- Critical speed for airplane nose,windshield,

nose of airplane 7. wing,and fillet,airplane 9.
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Figure 37c.- Determination of the critical compressibility

speeds. Airplane 10.

Figure 37d.- Critical speed for various components

of airplane 11.



