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DRAG ANALYSIS OF QI?ULA-ENwIN? MILITARY AIRPLALE
TESTED IN THE NACA FULL-SCALE WIND TUNNEL

By G, &, Dzarborn and Abe Silverstein
INTRODUCTION

Tasts have been made in the NACA Tull-e ale wind
tunnel on 1l single— Einp mi 11tarJ airplanes %o investi-
gete methods for increasing their high speed. The alr-
planes were tested for the Navy Bureau of Aeronautics and
the Army Air Corps, and geparete reports have been form
warded to these agencies. Repetition of similar ineffil-
clent design featurces on many of the airplanes indicated
the desirability of analyzing and combining all of the

sults into a single paper for distributioa to designors.
The data for tho variocws airplancs are not consistont in
gcopo since the extent of thg tests depended on the possi-
hility of making alterations to . the particular airplanc
and the time available for the tests.

The discrepancies between the computed high speeds
for ideal airplanc arrangements and thoe speeds actually
reached by standard military typss are well known, and it
is largely tho purp0ﬁv of this paper to indicate the
sourccs of these differcnces, The compromises involvad
in the engincering desigh of the airplanes that woere test-
ed ofton lecd to dis sadvantapeous combinations of their
basic compononts, The advantages of olegant refinements
to the basic acrodynamic clements in other cascg were
nullified by inattention to dctall, and esitablished a2vo-
dynamic principles were violated to sinplify structural |
problems. In the tests the modifications were usually
limited to those which practicrlly could be applied to bhe
existing nirplenes, and the gains that werse realized were
by no moeans the maximum,. Changes were gulded by funda-
menial informatvion obiained from studles throughout the
laboratory on cowlings, ducts, etc. It will be possible
to utilize some of tho data directly in dosigny however,
it is believed that the resuvlts are of groater imporionce
in 1ndicat1ng errors to be avoided. As o guide, compari-
sons ars madce wherever possible bebtweeon tho test arrange=-
ments and the ideal.

The investigations included erous studies of cool-

ing and cowling arrangements for aJr- and liquid-cooled



power plant installations., Scoops for carburetor intales, .
for intercoolers, for Prestone radiators, and for oil -
coolers were tested on many of the airplanes. MHeasure-

ments of the wing drag by the momentum method were made .
for each of the airplanes, and measurements of the tran-

sition point and the critical compressibility velocity

were included to aid in evaluating the wing drag at high

specds. Oonsiderable data were also obtained on the drag

of retracted and partially rotracted landing gears, wind-

shields, cockpit enclosures, aerials, alr loaks, and armo-

ment iastallations.

M™e dreg incroments were measured at tunnel speeds
between 60 and 100 miles pex hour., Increased performances
predicted by the tunnel tests from modifications of several
of the alrplanes were later substantially verified in
flight tests.

AIRPLANES AYND EQUIPMERT

Pertinont descriptive data on the airplanes tested -
are shown in the photographs of the wind-tunncl scit-ups -
(fig. 1), and in the threc-view drawings (fiz. 2). The
airplancs ocre identified by numbers. The photographs -,
(fig. 1) show most of the nirplones in the condition as .

received at the full-scnle tunnel (designated original
condition); however, a few are shown in various stages of
modificotion as described in the figure titles. Sketches
and photographs showing detalls of various components are
included with the discussion,

The K¥ACA full-scale wind tunnel is described in ref-
arence Le

METHODS AXD TESTS

In the tests the focal points of excessive drag on
the airplone were searched for, ofter which they wers
refaired ond improved as much as was possible in a prac-
tical way. In some cases, components ware removeod from
the airplanc and their drag increments measured.

Ianitially, short tufts and tuft masts were distribd-
uted over the surfaces of the alrplene =nd visuol oand -
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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

~drag. In the diagnosis of the flow disturbances a rake

of total-pressure tubes was usgsed, 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 guantitatively for calcula-
tion of the drag coefficient., The drags of the wings and
all wing protuberances were measured in this way. The
technique of these measurements is described in refer—
ence 2. ,

The air flows through the duct and cowling installa—
tions and the pressure drops through the cooling units
were measured, A rake of atatic—~ and total-pressure tubss
at the duct outlet was most satisfactory for measuring
the air-flow guantity, 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, When
existing coolers were nol adaptable to modified arrange-—
ments, they were simulated by perforated plates having
the same pressure drop, Ducts and cowlings were usually
tested both in the normally open and completesly sealed
condition, so that the drag due to the cooling air flow
could be determined,

The usual balance measurements were made to obtain
lift, drag, and pitching-moment characteristics 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 opsrating propellers, but for several
of the airplanes power—on dats 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 range of air speeds and anzles of attack,
(Ses reference Z,) Measurements were also made of the
static pressure distribution at critical points on the
airplane to ald 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 1/18 inch above the surface.



RESULTS ALD DISCUSSIOQN

The ovarwsldl dreg cosffieciceniss of the original air-
plones and thoe Iancroments in drog cocfficlent due t0 modis
fying ox» ramoving various airplane compouunts are suana-
rizaed in table I. The tadbulated drag coefficients are
given for a high~speed 1ift coefficient of 0,16 and from
tests at a tuanel specd of 100 miles per hour, These dresg
lncremeats are in most cases also given in the text in
pounds at 2 spoed of 100 miles per hour o provide & basls
of comparison that will be iandopendent of the airplanc
wing avocas. Yyplonl curves showing scale effect for onc
of the alrplapos baitwaen Sunnal speeds of 60 and 100
milcs per hour are shown in figure 3.

An oxample of a %
evaluata the drag of th
airplanc 8 1s showsn iIn

gnlieal test seguenco followed to
¢ various airplans compeitents on
gure 4,

i
Based on the tost roesulite and odtner more Fundamentsl

laboratory investigations, wvariouns sources of acrodynaonmic
lanefficiency are ulscussud in the Ffollowing chaopters

TOWER-PLANY INSTALLARIOY

roductions were cffectod by
power~nlant installeotion.

The most importunt drn
improvemonts in the “Lrnlan X
Those iacluded modiflcatio to FACA cowlings, oil-coolor
ducts, carburctor air scoop@ oxhaust stacks, ete, Dig-
cussion of tho dreg of nmower-plant installations muy b2
separatod under thc subjucts or interaal ond oxternal air
flows, & bricf rdsumé of Ffuadamentnls is givon whoen pos-
gible to 2id in interproting the test rosuvlts.

G e

U)

Intornal Air Flow

Cooling drag and duct losses.- The powar usefully
abscrbed in a cooling unit is  QAp, in which § 1s tie
air guantity and Ap is the pressure drop aoross the
coocling unit The actual power abrorbed in the installatlion
is larser, ow1ng to duct ond woke losses, and moy reach the

upper value of 2Qg, when the ontire momentum of the cool-
ing air is lost, The tcrm ¢, is the d“namic pressure
corresponding tc the flight sypceed, The tal power absorbed
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between any two sce¥ions in a duct, based on caleculations
i o

@
of the momentum losg, ig given by thoe. oxpression,

F .
- 24/, |/ - /s | (1)

in which Hy and Hy are the total pressures at the two
scctions,.

Numerous cquations have been derived to o3 prc s duct
¢efficicncy, all of which include the useful power Qbp
in the numerator, The cfficicncy of the internal ducst
flow is

QA
ng = 207 ' (2)

. 2Q«/§_§L\/ﬁf~;/ﬁ:,]

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

in which AD 18 the total drag increment added by the
cooling instellation., An opitimum cooling system design

is one in which QAp 15 as small ¢ possible and n ap-
proaches uwnity, To achieve low values of QJAp, cooling
unite of large frontal area should bo used; the upper limit
of size i1s dofinitely fized by the power renuired to carry
the weight of the radiator, Assuming thet the IL/D ratio
of the alrplane is unchanged by the addition of the cooling
unit, the power re qulvea to carry the radiator weight is
approximately.

: ¢
Py = 1.5 w(_-ll)\ro o (4)
AN XA

in rhich w is the woight of the r diato:
radiator is the one for which (QAap + Pw) is a minimunm
(rcforcuc 4y,

In order to rcalize values of % approaching unity,



extreme care must be taker in the duct design. In prac-
tice it is difficult to approach this value with anything
but a straight duct of optimum design The following prew-
cautions should be taken to minimize duct lossess:

1. Avoid bends in the high-speed sections of the duet
slace the total-pressure loss in a turn is pro-
portional to V3. ~

de vanes in all the duct bends. For good
design, sce figure 5. If 2 dividing vane
of single shoet-moetal thickness is wsed it
should be provided with a roundced nosc

Se Avoid sudden changoes in duct sizej limnit 2-“"imone

sional expaunsions to oan included anzgle of 100

an¢ 3-dimensional cxpansions to 7 fegrees; when

Auct cxpanslions cxceed these values, usc divii-
ing plates in the duct. An o: c»ption is a low-
velocity oxwyansion Jjust aheod of o high resist-
ance, in wvhich case the sllowable antles oare con-
siderably higher. (Sece fig. 6.) Adectually, ihe g
allowable duct expansion depends on the boundary-
layer conditlons on the duct walls., The allow-
able cxvponsion angles given assume that the -
boundary layer ills the duct as it dees in a -
long pipve, and pmn51onh nay be node ot conw
sicderebly greot angles at o duct inlet bofore
o houwndary layer is Formed,
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8. Intornal shutters to control the duct air flow
ehould not be used, as they rogulate the flow
by destroying total prossure, which is wasteful
of power. (Sce equation (1).)

]

7+ Tho duct should have a smoocth internal surfacs ond
circular cross section whon possible.
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8. The air flow should be discharged along the con-
tour of the asrodynamic body at fthe duct out-
let, and the afterbedy at the duet outlet
undercut slightly fo avold a pressure peak.
(Sea f:!-gc (d)

9., When the flow distridution into the duct entrance
is asymmetrical,as in the case of an opening
in a boundary layer, dividing plates both ahead
of and behind the cooling unit arc required.

Air-flow control.~ The quantity of air flow through
a duct can be efficiensly controlled only by varying the
area of the duct ontlet, A4ll other devices, such as control
by position or area of the inlet, internal shutters, ctc.,
are inefficient and will result in low duct efflclencles.

'Since at the butlet

Q= 4, VS

and if the discharge is made in a reglon of free gstream
static »ressure, the outlet veloczty

2
it is obvious that any decrease in the outlet velocity

must be made at a sacrifice of total pressure Hy. From
equation (1) it is further obvious that a decreasc in Hy

Vg = Hs

results in an inecrease in power absorbed in the duct,

The duets oublet arba A, for a required flow Q,
may be calculated approxlmatblj from the equation,
- Q. .
Ay = 1.1 - . . (8)

VEICEEY

in which pgs. is the static pressure at the duct outlet.
The constant 1.1 is introduced to allow for the venturi
contraction behind uzual tapered outlets such as figure
7{b). It may bc omitted if the outlet ig shapcd so as to
produce parallel flow, as in figgure 7(c). The value of
H, must be calculatod from ‘tho duct ]Ob es and pressure
drop across -the cooling unlt.

The neccdssity for designing a duct outlet which can
be qdJusteL to provide Just sufficient air quantity for.



cooling in high-spesd f£light cannot bo overemphasizod,.
This is particulporly truc if the duct efficlency is low,

AV 3
since the power absorbed wvaries as B R in which Vg

!

is the veloecity through the cooling unit and A is its
arca, COowling flaps and duct outlet controls are absolute
necessitics on higher speed alrplanes, Humerous test rew
sults demonstrote thig facth.

In the case of airplane 3, which was not provided
with cowling flaps, an exit slot averaging about 2~1/2
inches ln width was provided to give sufficient cooling
ailr for the climb, ZFor the high-speed condition the
cowling gop wasg reduced to 1/2 ineh by falring out the
fuselage width as shown in figure 18(d), This cowling gap
showed thot a satizfactory pressure drop across the engine
of 9 inches of watoer was obtalned for the highwspeed condie
tion, This chuonge In the cowling gap by refairing the
fusclage rcecducod the drag coefficient of the zirplane by
0,0017, A large part of this increment woas duc to the
deceroased intornal flow lossesy howover, a small part of
the increment may have been duc to the improved external
flow conditions with the smaller gape The airwcocoled on-
gine cowling of airplane 6 was provided with a main slot
and an nccossory control slot having o width of approxiw
matoly 1-1/2 and 1-1/8 iaches, respectively. ¥No cowling
flaps werc provided. The drag of the cntire airplane
was lncrcased by the inerement of 0,0025, owiag to the
air flow through the cowling., Colculations bosed on air
flow required for thie engine indicocted that the outlet
arca could be redueced to almost one~third of its original
size ond the power required for cooling reduced from about
7.1 percent of the tetal airploane drag to approximately
l.6 perccnt,

In the casc of airplanc 9, cooling of an Allison ciu-
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 cuble 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-specd condition was
obteined and the drag due to the wind duet was decrcascd
te 0,0008, The variations in the drag of the wing duct
with outlet size and air quantity arc shown in figurc 9,
For this iastallation a large part of the differcnce bew



twoen the measured internal drag and the ideal drag 1s due
to the precsence of structural members in the duct (figs. 8).

The excessive drag without an outlet control for flow
regulation is further demonstrated by the modified oll~
cooler installation on airplane 8 (fig. 10)., The vario-
tion of the drag increment with oxit opening and air quan~
tity is shown in figure 1l. JIneluded is a curve showing
the ideal power reguired for cooling. 4s is noted later,
the large difference between the ideal and measured drag
indicates & relatively ineflicient system. Still another
case is the inefficient intercooling installation on alir-
plane 10. As originally installed on the airplane, the
intercooler d&rag increment equalled 0,0012, In this con-
dition tho intercocler duct was discharging into a wheel
woll at a short distance bohind the cooling unit (fig. 16)
without any energy veccovery. OFf this total a drag coeffi-
cient incrcment of approximately 0.0007 was atiridbuted to
the iaternal flow of about 6400 cubile feet per minute
through the ducts. By satisfoctory control of the outlet
of the duet tho power reguired for cooling could be reduced
to about 0.0002 for tho corrcect guantity of air flow,

The drag and air-flow characteristics of the under-
slung Prestone radiator ducts for airplane 1l are shown
in figure 12, JFor this alrplane a study was made of two
Prestone radiator installations (figs. 13 and 14) designatb-
ed as forvard and rear according to their location on the
fuselage., In the forward installation two 9~ by 19<1l/2-
inch ellipiical radiators were used, and in the rear in-
stallationr a single 20-1/2-inch diameter radiator was used.
The results show drag increments of 0,001l and 0.0010 for
the forward and the rear installation when both are ad-
Justed %o the correct air flow. The largc increasc in )
drag whilch would have occurred if outlet control were not
used on these ducts is shown by the steep slope of the
curve of drag luncrement against air flow (fige 12).

The heat dissipated in a cooling duct is a further
factor controlling the air flow since, when heat is odded
to the cooling air, the mass flow ig¢ decreased and for
equal cooling the exit area must be increaseds, This sube
Ject is discussed in reference 8,

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 eagine exhaust. Some
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progress has recently been made in reocoveriang a part of
the waste energy in the form of jet propulsion. 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 cxhaust stack discharge arca for
maximum thrust. In the case of airplanc 8, flight tests
showed the high speed was incrcased approximately 15 miles
per hour at an altitude of 17,000 feet by the use of in-
dividual stacks pointing rearward (refercnce 7).

The efficicncy of reccovery of wastec heat from the
cooling air may be calculated by the method of Meredith
(referonce 8). The theory indicates that thrust is de-
rivzd by adding the waste heat to the cooling air at a
préssure above that of the external stream, and the theory
has been verificd in some degrec by cxperiment (referonce
6)« The gains are not large but may be sufficient with
o well-designed cooling system on a high-speed airplanc
to compensate for the ceocoling losses.

Air induction system.~ Good military performance re-
guires theat maximum onginc horsepower be maintained at
high altitudes. For this purpose blowers and intercoolers
are provided to maintain the density of the mixture air
for the ongine at or slightly above the sea-level density.
An important source of available blower pressurc is the
dynamic pressure of the air strecam. This pressurce is
available for ramming at any of the airplane stagnation
points, and faillure to utilize it fully is doubly harmful.
An corodyunamic power loss occurs in handling the cngine
air at lower than free-strcam total pressure according %o
equation (1), and an ongine power loss oceurs corrcspond-
ing to the rcduced pressurc at the carburetor. Values of
the ram pressurc available at standard tempersturces for
differeat altitudos and at various flight specds are shown
in figurs 15,

In the wsual two-stage blower engine installation
the engine air passes progressively through the carburetor
intake, the primary blowver, the intercooler, through the
carbureitor, and then through the secondary blower to the
engine. The air is heated by the adiabatic compression
in the »rimary blower, and for efficient operation this
heat should be removed in the intercooler. If the air
temperaturce at tho engine is allowed to rise beceuse of



11

insufficlent intercooling, the difficultics are numcrous
and ianclude:

1. Lower density of intakc air to the cengine leading
to lower cagine power.

2. EBarlior knocking of engine with a given fuel. It
is desiradvole to avold air intake temperatures
above 120° B,

3« Greateor sccondary blower power reguired for a
given increase of intake air density.

Most of the difficulties of supercharger installations
will vanish if efficicnt blowers are doveloped, and ia
fact it may be possible then to completely climinate the
intercooler. Since the change of the air temperaturce with
altlitude is approximately adiabatic, the iantercooler prin-
cipally scrves to remove heat added becauwsc of the blower
inefficionecy. The low Dblower officiency is harmful since
it not only ncecssitotes the complicated intercooler in-
stallation but dircectly roguires groater engince power for
the blower oporation. Power is first token from the on-
gine to hecat up the carburctor air oad further power is
absorved in the intercooler to cool it again.

Tue difficulties ian the intercooler installations
tested in the full-scale tunnel woerec normally those due
to space restrictions, On single-scater airplances such as

alrplencs 8, 9, and 10, the space availadble for the inclu-
sion of large rectangular intercoolers was limited. This
led to awkward and inefficient ducts in both the cooling
and eongine air passages (fig. 16). The intercoolcrs were
generally attached to an airplanc which previously was
equipped with an unsupercharged ecngine, In cases such as
theso the expected failure of the intorcoolsr installation
vitiates tho oeantire design.

External Flow

The drag added to an airplane by the power plant in=
stallation owing to changes in the external flow is not
readily calculable, The drag is cssentially due to in-
terferonce, and the detrimontal cffcets of extornal flow
disturbvonces depond on: the magnitude and location of the
disturbing element and wupon the stability of the flow be-
hind it. The basic condition to which airplanes equipped
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with various power-plant installations should be compared
ig an idesl streamline airplane having sufficient silze

to accommodate the pilet and military equipment. Any
chonges in the fuseloge size or shape reguired to &ccom-
modate the cngine installation must be charged against it.

In %his connection a few dota on the minimum drag
coefficients of ideal combinations may be of intercst. It
is realized that comparisons of drog coefficionts which
neglect the wing loading are of little intocrest; however,
most of the comparisons meade apply to wing loadings of
about 30. In the varioble-density twmeol t2sts on combinntions
of wing, fusolage, and tcail (rofercnce 9), 1t was found
thot o drag cocefficient of 0.0128 could be reached for an
ideal midwing airplonc combined with an NACA 111 fuselage,
Tests on airplane 9 in the full-scole tunnel in its fully
strcamline condition (fig. 1(i)) gave a minimum drag cocf-
fieciont of 0.0145; however, the wake nmcasurcments over the
wing showed that the manufacturing roughnesgs and wing pro-
tuborances accounted for 0.0013, and sinmilar fuscloge ire
regularities would probably soccount for another substan-
tial item. In o polished-model condition its drog coeffi-
cient might lic between the vaolues of 0.0125 and 0,0130,.
For airplane 8 with a slightly larger fuseloge a minimunm
drag coefficient of 0.0155 was measurced for the airplone
in o similar smooth condition but with the canopy in place
(fig. 1(h). This would probebly reduce to 0.0135 for o
model testoed in a polished condition.

A lorge difference nay coxist botweeon the drag coeffiw
cient of a smoath ponlishod model tested in a wind tunnel
(cven assunming the tronsition point is fixed at the same
location) and the drag coefficient of an airplone built
according to the best nmodern flush rivetced practice dut
including such items as pitot tubes, aileron gaps, wiad-
shiold roughness, manufacturing irrcgularities, etcs This
item,which is in theo naturc of a hidden drag increncnt, ac-
counts in part for the failure of smooth model tests to pre-
dict the highwspced drag of airplanes with tho coaventional
extrapolation nade according to the skin-friction law.

Assuming that the engine installation can be housed
in an ideol fuselage shape of sonewhat larger diameter or
length than the ideal fuselage required for the pilot and
nilitory equipnment, it is necessary to charge the enginc
installotion with the added skin-friction drag due to the
greater fuselage surface area. Thisg may becone a signifi-
cant item if an attempt 1s made to obtain optinun eoffi-
ciency and enphasizes the nccoessity for smoil-dinmawnr cnzines.
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The drag increnents on nmodern nilitary airplancs due
to larger fusclage size arc smaller than thosce introduced
due to changes in the ideal streanline shape such as occur,
for cxonplé, when poorly designed scoops are added ncar
the airplane nose. The generalization nay be nade that any
change in . the airplane shope which tends o increase the
adverse prossure gradicents or the maximunm value of the ncg-
ative pressure occurring on the body will increasce the
drag, with the effects beconing more serious ns speeds op-
proach 450 to BO0 milos per hour .. The soparate items in
the various power-plant installatidns which nmay create

-drag by -changing the airplane shape and Aisturbing the ox-

ternal flow ‘oare considered in the following.

Alr-cooled ongine cowlings.- Tho conventional instol-
lation of an air-coolcod engine at tne nose of the fusclage
regults in an alrplane with a shape sonmewhat norse blunt
than ig -tho best :from the standpoint of drag,  This is
substantiated by the fact tlet the negative pressurcs on
the best WACA ciwling reach values froﬁ'—o.ﬁqo to =0.8q,

in contrast with valuos of leoss than 0.2q, on good strcon-
line noses. In the belief that these negative pressure

increascs lead to higher drag, streamline noscs were added
to two of the airplanes tested in the full-scale wind tun-
nel (figs. 1(h) and 1(J)) to ascertain thc drang increment
due. to. the WACA cowling with no air flowing. In the case

.of airplane 8 the drag coefficient was decreased by an ine,

crement. of 0.0020 twing to the addition of the streamline
nose., In the case of airplane 10 the addition of the
streamline nose decreased the drag by a smaller increment
of 0,0013; however, ag can be scen by comparisons of fig-
ures 1(h) and 1(j), the nose.on airplahe 10 was not of a’
type which would as effectively reduce-the negative pros-
sure as that on airplanc 8, e o
As previously montioned,‘thc'compariSOns'wcrc’ﬁadc.'
with no air flowlng over the enginé,.and an attompt was’
made ia.the case of airplans 8 to improve the shape. of
the cowling so as to approach more nearly the drag of the

'selid strcamline nose and at the same time provide a method

of eooling the engine. Long=<nosc cowlings of shape similar
to those shown in figure 17 were triod in an effort to ‘
maintain a good external shape and at the some time to pro-
vide sufficient air flow. ‘It was found thet the long-nose
cowlings with alr flowing through them showed no decreasec
in drag over that of tho coanventional NACA cowling, indi-
cating that some peculiar internal or oxternal flow phe-
nomena existed to nullify the gains which apparently should
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be realized from the improved external shape. This in-
vestigoation was of a preliminary nature ond more detailed
investigations are now in progress at the laboratory.

For conventional NACA cowling installations, 1t has
been found thaot the best net efficiency and the minimun
negative preossures are rcealized for cowling €, which woas
developed from tests in the NACA high-~speed tunnel and
roported in reforence 10,

In o further attempt toward improving the blunt shape
¢f the HACA cowling, tests were made with splaners of var-
ious sizes attached to the propeller (Ffig. 18). These
spinners variced in size from 17 inches diameter corroespond-
ing to the coaventionel de-icing spinner up to 38,6 inches
diameter. TFor a part of the tests with the spinners, cuffs
were also added to the propeller, The results showed that
the medium spinner increased the over-all propulsive effi-
¢ieney by about 3 perceant in the high-speed cordiftion and
provided sufficient cooling pressurc. The larger spinnors
producecd about the same increase in propulsive efficicney
but éid not provide adeguats cooling oir to the cnginec.

The addition of the cuffs did not increase the propulsive
efficliency in the high-speced condition, although it would
be cxpected that the availabls pressurc for ground cooliag
would be inmecreased. 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 FACA cowling will no doubt require modifica-
tions when used in conjunction with spinners. tudy on
this problem is scheduled for further research,.

With the use of the WACA 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 gradlients and 0 return the nega-
tive pressure to free-stream pressure with a minimum of
disturbance, 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-
matsly 5 feet by moans of a conical extension (fig. 19(B));
this resulted in a decreasg 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 same with or without the lengthened afterbody. 4
further small change was made by enlorging the tall of the
cockpit canopy to docreasc 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 streamline nose
ingtallation,

Some air-cooled engine airplenes when viewed from
the top show a distinct necking-in of the fuselage aft
of the cowling, On airplane 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
aft on the fuselage. This change reduced the drag ccef-
ficlent of the alrplane by 0.0009. A similar change was
made on airplane 6 {fiz. 19(a)) which reduced its drag
coefficient by 0.0006, .

Alr inlets.~ The rules for the design of duct inlets
are not go well established as those for the design of the
outlets, The principles are known, however, and have been
verified by experiments, It is & primary requirement of
a duct inlet that it recover the full total pressure cor-
responding to the flight speed of the ailrplane. If the
total pressure at the inlet is less than H, there will
be a power loss calculable by means of equation (1). The
openlng 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 scoop, The use of scoops 1s digcouraged,
however, by the requirement that the flow into snd around
Guct 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 pressures
over the body near an opening since a part of the air is
bypassed through the duct and the externsl velocities are
lower (fig, 20).

Large adverse pressure gradients (negative to posi-
tive) cause a transition from laminsr to turbulent flow,
and tend to precipitate flow separation. Large negative
Pressures on a body further lead to compresgsibility 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 a guide.. By properly
proportioning the opening, inlet velocity ratios V /Vo
may be varied over a wide range without increasing the
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external drag. When the internel duct possages cannot be
designed to expond the air efficiently it may be desiradle
to provide low inlet velocity ratio to reducz the duct
lossess
The corners and sides of rectangular duct inlots

should De carefully rounded and faired into the body. If
an optimum hi h-speed opening cannot be desisned to accom-
modate thae climd and ground cooling conditions, an adjust-
able inlct should be provided. The stagnation point on a
wing shifts with 1ift cocfficicent and for this rcason an
optinum wing duct for both the high-speed and climb condi-
tions should have an adjustadble opening. (Sce reference
11.) It moy sometimes be posnlble to arrive ot a compro-
miso arrangement which will be satisfactory in elimb and
havo olmost optimum high-speed efficicncy. The coffacts

of the slipstream in shifting the stagnation points on the
wing may, however, be the critical factor in the design of
wing duvct inlets. The effects are discussed in refarcnce
12, and satisfactory solution of the problem may lead to
the nocessity for adjustadblc inlets.

Although scoops are not the best type of inlet open-
ings, they have been widely used on the airplancs that
were testoed in the full-scale tunncel. External carburctor
scoops were particularly popular since the carburetor rax
pressure con be obtained most readily in this manncr. In
most cases 1t was found that the cirplanc drag was sub-
stantially reduced by refairing of the SCOODS.

Refoiring the carburetor scoop of airplaac 2 and the
cowling ahcad of it as shown in figure 21(2) reduced the
airplane drog cocff1c1unt by 0.0010. Thig further helpod
to mnintain tho carburctor pressurc up to high angles of
attack. The dthlon of the carburctor scoop te¢ airplanc
8 (fig. 21(b)) increased the drag coefficicrnt of the air-
plance by 0.0006. This scoop could have becn improved by
increcasing the leading-edze radius and lﬂngthgnin; the
afterbody. Small sharp-cdge scoops (fig. 21 (c)) were uscd
in the wing-=fusclage fillots of airplane 9 which »dded
0.0019 %o the drag coefficient of the zirplanc. In figure
21(c) tho tufts show the large extont of the Flow disturb-
ance on the airplane caused by these scoops.

Tuft operation in airplane 10 showed that a satisfac-
tory flow ekisted over the carburctor scoop,which was lo-
cated in the nosc of the cowliaz (fig, 21(d)) for the
rower-off condltlon; however, with the propcller operating
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a distinct flow separation was observed on the downstrean
side of the scoop owing to the slipsitrean rotation. To
elininate this undesirable flow, the sides of the carbu-
retor scoop were faired out more gradually into the cowle
.ing line, as indicated by the soction line on figure 21(4).
This failring docreased the drag coefficient by 0.0006,

Three different LvPes of carburetor scoops were
tested on airplone 11. ({Sec fig. 21(e),) The nost satise
factory scoop from the- standp01rt of both drag and ran
"prossure wos the one designated as revised forward inlet.
The characteristics of the three types of carbdburetor
‘'scoops are given in table II. The superiority of the re-
vised forword inlet is due to the improved shape of the
nose, which is more rearly parallel to the streamlines.
and to the. eliminotion of the lower lip on the original
inlet. It noy bo desiradble to widen the revised forward
inlet ond foir it more grudually into the fuseloge, as was
done in the case of airplane 10 to avoid losses due to rom
- tation of tho-slipstrea..

The airplones have been most severcly penalized by
the oil-cooler installations, since in most coses the oil
coolers oppeoar to have been added to the airplones as on
afterthought. The air for the oil cooler of airplane 2
(fige 22(a)) was taken in by moans of a scoop on the under
surfoace of the wing, was passed through a cross~-flow wing
duct in which the cooler was 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 woas discharged at about this angle to the upper sur-
face, The tufts in figure 22(a) show ths flow interfor-
cnce due to the incfficient discharge, and o drag incre-
ment of 0.0020 was mecasured fo this installotion. The
drag increment for o swtlsfactorJ 0il coolcr instnllation
on this airplonce should not cxceed 0.0004. On airplanc 3
tha 01l-coolur SCO0p. Wos located on the bottom of the fu-
selage at the roar of the NACA cowling (fig. 22(e)). TFor
this installation o drng incrcomént of 0.0007 wos measurcd,
which is not considered cxcessive for tho external instoal-
lation. It will ‘be noted that this scoop has a well-
formed streamline shaﬁe.

The oil=-cooler scoop on airpleonc 4 was ploaced on the
top sidc of the NACA coullng,_ vs:shown  in figurc 22(b).
The oveor-oll drag coefxlclont of the installation obtained
by removing the scoop and seullng the outlet was 0.0007.
This was rcduced to O 0003 by refairing the scoop,'ns shown
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by the scction lines ia the figure. An cxtremcly inef-
ficient oil-cooler installation was used in airplane 8
(fig. 22(d)). It consisted of o sharp-cdge scoop locat-
ed on the bottom of the fusclage which diverted air at o
rather sharp angle uwp into ths oil~cooler ducts located

in the fuselnge. The air then was discharged at an aangle
of about 60° to the fuseloge axis. This oil-cooler in-
staliation failed to supply sufficient. air flow for oll
cooling ond in addition increased the airplane drag coof-
ficient by an ‘increment of 0.0017. Since it wos impossi-
ble to modify this installation without major changes to
the oirplane structure, on underslung rodiator insitallo-
tion was designed to be attached to the bottom of the HACA
cowling (fig. '10). When the required quantisy of air

flow passocd through the cocler the drag cocfficlent was
0.0009. To determine wihat part of the drag was due to the
protuborance and what part duc to the air flow, the oil-
cooler duct wos faired over at the nose and tail so as to
prevent nir flow, and an increment in droag cocfficicnt of
0.0004 was moasured.

As an example of an cexiremely poor ianstallation and
an illustration of its harmful effects on the airrlanc
drag, results are precsented for the temporary oil-cooler
instnllation which was installed on airplone 9, as shown
in figure 22(c). This large scoop increascd tho ailrplanc
drag cocfficient by an increment of 0.0040, which corre-
gsponted o0 approximotely 25 percent of tic cntire alrplanc
drag. This installotion was loter changed iato a rela-
tively inefficient wing duct in which location it in-
creascd the drag coefficiasnt by 0.0011. A wing duct oil-
cooler ianstalliation wns also used in airplone 11, as
shown in figurc 22(g). The duct passages through both
wings were bent sharply to avoid interference with the
landing=-goar struts and a considerable loss in internal
efficicnecy resulted. The drag coefficient of the airplanc
was increasdd by 0.0006 because of the wing ducts. It is
belicved that with an efficisnt internal duect the drog
coefficicnt would have been iacrcased by no more than
0.0004 for this installation. The o0il coolers for air-
plane 10 were located in strcamline ducts on the lower
surfaces of the wings outboard of the fuselage. The oil
coolers were approximately half submerged into the wings
(fig. 22(f)). These oil-cooler installations increcased the
airplane érag coafficicat by an increment of 0.0008. As
a check on the added external skin friction drag due %o
these ducts, streamline noscs and taile were aldded to the
units and o drag coefficient increment of oxly 0.0C01
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measured, - This subs tant1ates other data showing that
streamline blisters looatea at nonvrltlcal prositions on
the airplane do nod add _arga,;rcremontw..

The largest scoops added to the airplonos were those
provided for the Prestone radiator installotions on air-
plancs 7 and 11, - On eirplane 7 in its original condition
the Prestone radiator was located under the Allison engine
and below the. normal fusclage linc. - The eir was taken in-
to the radiator by mcans of a large scoop which is sketched
on figure 22(a). This instollation increcased the drag cow-
efflclon of the airplane by an increment of 00,0034, In
an otbtempt to reduce the drag of the Prestonc radiator in-
stallation,. the racdiator was raised so as to place it with-
;n thoe orlgln al linecs of - the Tusclagq1nose,as gshown in

figurcs 28(b),and {e). For this arrangement it will be
noto& that. the inlet did.mot protrmde below the normal
fuselage. line. Tho drag cocfficicat of the modified in-
stallioation vas 0.0017 or approximately one-half that of
the original installoation for the soamc air flow gquantity.
Other scoop arrangements similar to the modified scoops
usod on airplancg 7 were. inve stvéaved on airpla 206 11.

“Agoin. the. Premtuﬁu r"ﬂlutors were. insta alled - vithin the
'orl rinol ;alrcd coruoar of the fLselage, hoveve the

SCOO0P 1hlen prot“uaed s;lrhtly below. ne orlslnal fuseiage
line {fiz. 13). Owwnb to- the efficient:internal flow made
possible taroubh the gradual cxpansion of its internal
duct, a drag cocfficient.incremant of only O. 0011 .was
mcwsurcd for this airplanc. - 4 similar underslung scoop
arru, zement was. tested in wh;ch the radiator was located
w;th;ﬂ the ;useTaFe near the trailing cdge-of the wing
(figs 14). Tor this case with tho cooling air flow os
for - -the forwurd undorsiung arrangement, tiho.drag coeffi-
cient incremen t was - 0,0010, . -Attention -is called in both
of these cascs to the fact thot, with o well-designeds
scoop oven of large size such as uhpse.just_icscxiged, X~

cessive drags wore not obtain eds . L o T
. Bules for the ¢ esign af scoop° bosced on the .ocxperi-
cnce gaincd with ¢ :

';c_a irplanes arec as ;ollow :

1. Provide a nose radius on the:lips of the . scoop
similar to that ot the nose of an airfoil.
Jever . o

TUsC o hgvo—cd&e-scoop.

2. frov" de sufficient comber in. tl
~ as to matech the streamlines
- ,,.Scoops with low inlet wveloce

10l coop cantour S0
of t“o ¢low.
4
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caimber. (Sec fig. 24.) When mossible, ncos-
ure the gressuro dis t ibution over the scoop
with correct alr flow through theo opening.

« Until nmore detailed dnta are available, design
the scoop inlet ares to provide an inlet ve-
locity of from one-holf to two-thirds of the
streem veloclsy at the high-speed condition.
If the scoop inlet is not made adjustaeble,
the inlet velocity ratie will necessarily be
reguired to be lower and the camber in tae
scoop greater. (Sce rulec Z.)

(w3

L, Provide a well-shaped afterhody behind the maxi-
» mum scoop section with sufficient length to
avoid flow sepnration. Four times the scoop
hoisght will generally suffice, olthough on
mterbody too short will be much more harmful
than one too long.

>,

£+ When the scoop is located in a cross flow such
as 'a propeller slipstrcecam, fair the sides of
the scoop gradunlly and smoothly into the body
réjacent to it (fig. 24). The sides of the
scoop for this case correspond to the after—
body in a straiszht flow.

6. If a scoop-is located in a thick boundary laycr,
considerable difficultr will bo cxperienced in
obtaining high efficiency. The inlet area
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 veleocity distribution.

Ezhaust stacks and turbosupercharger.- The require~
ments for the recovery of ‘thrust from cxhaust stacks by
rearvard discharge of the heated gases have alrcady becen
-discussed. However, it is desirable to further consider
the external drag due to .protruding oxhaust stacks on the
fuseclageo. Tabulat ed results on the drag due %o tho voari-
ous exkaust stacks are given in table III,

The exhaust stacks listed are for air-cooled engines
with the cxcoption of those for airplanes 7 and 1l. The
twin stacks on tho air-cooled engines protrudod from the
engine cowling at right angles sxcept thoso for alrplonc
which werc directed to recar at on angle of approximately

[97]
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45°%, The drag of nll thesc installations is comparatively
large and their form drag may be reduced by the elimina-
tion of sharp edges ot large angles to the direction of
flight, by discharging the stncks to the recar ond by ree—
cessing them into the forward scction of the fusclage.
The advantages of individual stacks are discussed in one

othor seetion of the paper.

It will be noted that the stacks as used on the
liguid-cooléd engines of airplanes 7 and 11l have much
lower dr"g than those for air-cooled engines.

The drag of external tuvbosuperch roer 1astmllatlono
is aigh, as demonstrated Dy the 25. vpound drag measured
for the complete installation on airplane 9 (fig. 16(d)).
A drog broak-down for this installation ohowod that 2.7
pounds drog was due to the .cooling system for the exhaust
lincs from engine to supe rchurber which had inlets in the
leading 2dge of the wing, 7.8 Dounds to the bJDass stacks
(fig. 18(d)), and 15.2 pounds to the supercharger. Tho
high drag of this 1nstallav10n indicates that for a high-
specd alrplanc, it is 1mporﬂt1*1 to. enclose the supor-—
charger within the airplane with an efficieont duct system
for cool;ng Fhe rotor and dlscnwrging the cooling alr and
exhount goses. o Lo

TABLE III
..Exhaust étacks-

ﬁre~ Drog at- 100 mph

Aifplﬁnc' flg

A (1n).

i ﬁ- ; Zé(aj .:* s ué.é*

5 35(1). . 8.2
6 1(2) : 4.6%.

o w1
8 Esa) 3.4

11 25(c) o 1.3

*Drog mo asurument made By ploacing stren mllne olls%ers
over stacks instead of removing them.



Wings

The profile~drag coefficionts of winge were meosured
for nll of the airplanes DYy means of o wake rakxe (rofercnce
2). Humerous surveyrs wcre made along the span of the wing
so ns to obtoin an average valus of the drag cocefficien
and tho mcon values are givean in table IV,

The drag valucs were measured ot a tunnel speecd of
8f miles »er hour, and values have decn cstimated for the
dray of o smooth wing with fthe same scetions and plan
form %o scrve as o bagis For comporvison. The smooth-wing
dote werce obtaoined from full-scole-tunnel dota on smocoth
cirfoils tosted ot the sane Reynolds number. The drng co-
efficient increment ACp ropresents the “rag duwe to rough-
ess, Tivets, laps, ctc.

Since it may be of considerabdlc interest to prolict
the drag of service wing from tae full-scale-tunnel tests,
or at lcast to dotormine whether drng increments due %o
wing protuberance and roughness measurcd at the stunnel
speed apply at flight speeds, a brief review of present
cancepits on skin friction is presented. The drog results
nust be strictly interpreted to avoid inaccurate estimates
of wing drag at high speeds and high Reynolds numbers owing
to the widely varying effects of rouzginnecss and compressi-
bility.

In attempting to compare the effect of roughress, such
as rivets, laps, etc., ot seversl different Reynolis num-~
bers, it 1s nccessary to know the extent of the lominar
and turbulent flow regions on the roush win: for the speeds
at which the comparison is %o be made. It is characterisg-
tic of a row of rivets or other protuberance on a wing to
fir the transition from laminar to turbulent flow at the
location of the rivets. That is, a row of rivets oa the
20~-percent c location of a wing will definitely fix the
transition point at this position regardless of the Reynolds
nunber. For cxample, & smooth wing at low Rernolds numbers
may have 1lts transition occurring at the 0.50 ¢ positions
the additlion of a row of rivets at 0.20 ¢ would add &
lorge drag increment made up of iwo parts, namely the form
drag of the rivets and the drag due to the more extensive
region of turbulent flow on the rough wing (fig. 26).

With increasing Reynolds anumbers, the transiticn point
moves forward along the chord {(refcrence 3), and it may
be thet at B equals thirty million cven on a snmooth wing,
thoe transition point would normally cccur ot 0.20 ¢. In
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this case, the addition of the row of rivets a2t this lo=
cation would add a congiderably lower drag increment equal
to the rivet form drag, and no extra drag would be caused
by a2 shift of the transition point. The drag increment
obtained in the low Reynolds number tests is therefore

not applicable at higher Reynolds number unless corrsc-
tion is made for the shift in the transition point. (Sce
reference 13.)

In contrast to thoe effeccts of protuberances added in
the laminar-flow region, the drags of roughness or pro-
tuberances added in the turbulent region of a smooth wing
increasc with increasing Roynolds number (fig. 27) so that
the effceet of wing irregularitics measured in low<scale
wind-tunnel tests do not conservatively predict thelr drag
at flight speeds. This offecct is probably due to the thin-
ning of the boundary layer at the higher specds, wvhich may
causec the irrcgularity in some cascs to probtrud:s through
the boundary layer. Whethor the drag increment measured
in the full-scale tunnel should be increased or decreased
at flight Reynolds numbers, thercfore, depends upon the
location of .the wing irregularitics with reforence to the
transition point on a comparable smooth wing. If tho rough-
ness boegins ahcad of the nominal smooth wing transition
point, the drag increomcent will decrcasc with increcasing
scale, and vice versa. -

xisting converntional airfoils, such as the TACA

-i‘fi th eox
23000 sorics, the transitionm at high Reynolds numbers (say
30 million) occurs close to the minimum pressure point,

which at o 1ift coefficicnt of 0.15 iIs near the 0,15 ¢ po-
sition. Owing to the irnitial turbulence in the full-scale
tunncl, the transition point on a smooth wing at the test
Reynolds nunber of 5 million also oceurs ncoar the same
chord position, sc that in the extrapolation of the smooth
wing drag to higher Reoynolds numbor, no increment is necd
ed to take into account the difference in the transition
point, Thec smooth wing drag can be cxtrapolated along a
nodified turdbulent skiun-fricition curve defincd as follows:

Cp = C , rost )o"“’ (6)
I*‘light DTOS‘G \RFlight _

Owing %o the forward location of the tronsition point in
tho ftunnel tosts (sco tablo IV) and the rolatively smooth
lecoding edges on nost of the wiangs tested, thelr irrcgu-
laritics were laorgely located in the turbulent region.
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From the previous discussion, thle would indicate that
the drsg increments measured in the tunnel tests are con—
gsrvative and that, at flight speeds, the effects of the
surface irregularities will be even greater. The extent
of the drag increasse wilth speed for some types of ilrregu-—
larities is shown in reference 13, (See fig. 27.)

In extrapolating the drag coefficlients to higher
Mech numbers, it is necessary to correct the usual
Reynolds number extrapolation for the increased drag due
to compressibiliby. As a Tirst approximstion, at speeds
woll below the critical, the drag coefficient should be
increased as follows:

e. =c. {1 +M

in which M 1is the Mach number and equal to the ratio of
the apeed of flight to the speed of sound. The effects
of compressibility on the drag due to wing irregularities
depend intimastely on the types »f lrregularity. High-
spesd tumnel tests on rivets and laps (refereonce 13) show
that up to spseds of 500 miles psr hour their form drag is
not greatly dependent on the Mach number since the local
velocitles over the wing are not eppreclably changed. In
the cese of one wing, however, in which a local surface
irregularity existed that caused a change in the surface
contour, the critical spsed was greatly decreased.

Based on the foregoing discuesion, the sxtrspolation
of the wind-tumnsl results to flight speeds may be made as
follows:

1, RExtrapolate the smooth wing drag by equation (6).
2. Corrsct for compressibility by equation (7).

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

4, Ascertain vhether any of the wing lrregularities
modify the veloclty fleld over the wing and
correct the critical veloclty accordingly.
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A review cof the wing drag results reveals several
interesting facts. PFavrice=zcoverad wings with flush
stitching such as used on airplane 4 {fig. 29(c), have
drags as low as the bss% flush-riveted metal wings,

The use of perforated trailing-edge flaps added drag
increments of 0,001l% and 0.,0016, rcspectively, for air-
plancs 5 (fig. 29(d)) and 6. The incroements werc mcasurcd
by testing with the perforations covercd and open,.

A typical examplc of the way in which small wing
protuberances, gaps, and roughness increoasc the drag is
shown by the momeantum measursements on the wing of air-
plene 9 (fig. 30). This winz is flush-riveted and has
butt joints on the latersl sooms and lap Jjoints on the
longitudinal scams. The ostimoted smooth-wing drag cocfe
ficicnt is 0,0080 and the mezsurcd scrvice wing drag co=
efficient 0.0073, The souwrces of the incremeat of 0,0013
in Cp are cstimated from figure S0 %o be as follows:

Aelkway and landing-geor fairing bumps 0,00C15
aps around ailcrons - , 00020
Pitot hcad 00015
Monufacturing irregularitics _2 00080
Total 0.00130

Similar iacrements have boen measurcd on other airplancs
for the samc items. On airplanc £ two sanded walkways
protruding about 1/8 inch above the wing surface incrcosed
the wing drag cocefficioent by 0.,0007. The item labeled _
"menufacturing irrcgularitiecs" includes small surfoace dise
continuiftiss, waves, roughness, cte. The drag of onc scce
tion of the wing on airplance 8 was reduced about 0.00086

by £illing it carefully with paint and sanding with Vo,
400 water sandpaper, This drag incroment was verificd in
a flight tosts. The gaps in convontional aileroans add an
increment of from 0,0001 to 0.,0002,

Corkpit Conopiles
Hodificetions of a number of the cockpit canopies ‘
were lavestigated, but oanly in the case of airplane 9 was
it practicable to remove the canopy to measure its entire
draig. Photgravhs of the original ond throee roiificd sonoe
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pics for this airplane are ziven in figure 31(B) and
their principel dimensions are shown in figure 32. The
low coefficients for theosc canopies demonstrate their
excuellent design and confirm one of the conclusions from
the canopy investigation in the 8-foct high-spced tunael
{referonce 14) that the drag c¢f a well-desigued canopy
reproscats a smoll part of the over-2ll cirplanc drag.
The canony drog cocfficionts given in the table arc fronm
e g=-koll to two-thirds as large as would be expected from
refercnce 14. This dis Dbelieved to be duec to o differcnce
in the bouadary-laoyer flow cornditicons coxisting on the
acrodynomically smocth medel on which the invostigation

of refercnce 14 was conductcd and the actual airploanc.

The first modificeition of the ceonopy, thoat of reduc-
ing its height 3-5/8 inches, roduced the drag to ore-holf
of the originral amcunt. 4g the reduction in the cross-—
sectional arca of the canopy was less than 20 percont, the
drag reduction is attributed largely to the improvement in
the longsitudinal scection. Docreasing the leagth of the
tail scction of the lowered cancpy slishtly incrcascd the
dron, indicoating thoat for the boundary-layer flow condi-
tions on the airplenc the canopy tail scction should be
greatoer than four timos the height rocommended in recfer-
ecnce 14, The flotesided windshield offering improved
vision slightly increascd the conopy drag anrnd would not

be rccommended for o high-svecd sirplance bocausce of the
low critical specd that would result from thoe sharp cor-
narse

A modification of the flat-sided windshield was
tested on airplane 11 (fig. 31(e)). It will be noted
that rounded sections were placeld between the flat sur-
faces to eliminate early compressitility effects. This
windshield when tested on the model without carburector
scoop in place gave a roduction in thoe airplane drag co-
efficient of C.0002, which was duz prirnecipally to in-
crecasing its length. A repeat test with the modificd for-
wvard carburctor scoep in place, howover, . showed no rcduc~
tion in drag, furither dcmonstrating taat the drag of the
canopy is critically affccted by flow conditions. Static
pressure measurcments on this windshield indicatcd that
its critical spced would be as high as for the origimal
roundcd windshield,

sl
)}

On cirplanc 10 (fig. 31{a)) a ccmporatively large
drag roetuction was obtained by inercasing the radius of
the windshicld at its Jjuncture with thoe hood and slightly
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reducing its angle. The mcdificd canopy of airplanc 5,
although of greatoer height ~nd cross-scectional arca than
the original canopy, did not inereasc the drag, swving to

its improved shapec.

The largest dreog reductions were obtained on oire
plane 6 (fig. 31(d)). -Inasmuch as the unflapped cngine
cowling on this airplanc allowed a far greater amocunt of
ailr to-flow than would be optimum for the high-speed con-
dition, the tests were noade with the cowling gap scaled,
Rounding the windshield and clinminating the sharp cdge
at its Junciture with the forward hood reduccd the airplaonc
coefficicnt by 0.0011., The elimination of the quartcd-
spherical tail scction by onc of sreater leagth brought
the tetal reduction to 00,0019, PFoiring out the Jjoints at
the ends of -the movable hoods did not produce a mcasurable
drog reduction; however, onr an airplconc with smooth suf-
foces, this change would undoubtedly be beneficial,

. Landing Gears

There were four general types of reitractable landing
gears oun the airplanes tested: (1) wheel retracting into
the sides of the fuselages; (2) whecls on struts attached
to bottom of front spars which swing %o the rear and ro-
tate through 90° to place them in wing wells; (3) wheel
struts pivoted above the lower surface of the wing and
swinging inboard so as to place tho entire goar within
the wing; and (4) tricycle gear with front wheel rectract-
ting into mosc of fusclage and rear wheels retraction
similar to type 3. The drags of the landing gears as
given in table VI were dotermincd from the differcnces in
the drag at 100 miles per hour of the airplancs with the
original retracted gears and the airplanes in a smooth
condition with all landing-gear openings and protruding
parts eliminated. -

The results obtoined for the landing gears of type 1
showed that thc wuse of flush cover plates over the wheel

wells would produce appreciable drag reducticns, - The

landing gear of tyhe 2 on airplanc 6 gave the highest drag
of all of "thosec tested. As indicated in %the table, sevoral
modifications of the geor were investizated, Extending

and improviang the fairing of the olco-struts (fig. 33(c))
together with rounding the edgeés of the rear halves of the
wells by inserting a half round scction 1~1/8 inches wide
did not produce a large reduction in drag. The uss of



28

wheel~well cover plates proved effective and with the
addition of the faired oleo struts reduced the gear drag
from 14.8 t0 3.9 pounds, the latitcr quantity represcnt-
ing the drag of the faired olco siruts. 4 similar type
gecar was uscd on alrplane 7 {(fig. 33(b)). The scaling
of gaps and improving the oleo strut fairing (item 1,
fiz. 33(c)) reduccd the drag 4.2 pounds while the cxten=—
sion of %he wheel covers to include the entire whools
(item 2 brought the total drag reduction %o 5.3 pounds,

Thre lowest landing gear draz For the alrplancs was
measured for the type 3 gear on airplanc 8 (fig, 33(L))e
Tho catire elimination of this drag would de possible by
sealing the cover plates agoinst leakage and improving
the fairings of the Joint with the wing surface. This
type of gear has the advantage ovor prbccdiﬂf types in
that the 0100 strut may be remdllJ retrocectod into the
wing

The tricycle gear on nirplanc 2 (fig. 33(e)) proved
to be onc of the higher drag arranscnents, This is
attributed largely to the fact that thoe main wheels proe-
truded about one-~third of itheir thilckness os shown in the
photogrephe On n later series of tests on this airplaac
pfter the landing gear had been modificd to entirely ree
tract the nosc whocel into o fuseiage compartment with
cover ploate ond to retrnet thc rear main vhecels tc thoir
full depth into wing wells without cover p¢wtcp, it was
found tkat the drng had caly beoon reduccd from 10.3 to
8.7 poundse This drag was clipinated by a tight cover
plate,which cnphasizes its necessity.

Armancnt

The drags of gun installations nmoasured ot o spoed of
100 niles per hour are, given in table VIIi, It will Do
ncted that the drag of all the installations is of about
the same order except for airplanc 3 (fiz. Z4(c)), which
is over five times as large, Thac voalue given for this
airplerne doces not repreosent the total drag for the guns,
as in all other cascs, but is the drag reluetion obtaincd
by sealing; the openin;s in the nose of the engine cowling
around the blast tubes aﬁd the filleting and the fairing
of the tubes., Measurements were nmade for both the power=
off and propellecr—-operating conditions, and the lower value
for the powver-on condition is given in the table., The
source of the high drag for the original installation 1s

2
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obviously not due to the form drag of the Dblast tubes but
to the largs air leakage induced by the negative pressure
over the nose of the cowling. This installation is dis~
cussed in further detall under the readi 1g wf leakarge
LI .
The lowost drag installation for an airplance with a
radial cngine was -obtaincd for airplane 10 (fig. 33(b)),
in which there are no openingss in the cowling and the
guns are placed in troughs with no proiruding pa‘t On
the model of airplanc 11 (fis, 34(£)) with lﬂquld-coolcd

'-—'.
Hhyig

‘engine, the blast tubes placed low on the fuseclage nose

also proved to be a low-drag arraangement. The installo-
tion of theo cight wing suns reprosonted by 2-inch holes

in the lecading cdsnoe showed o low drag. Although the ef-
foct of the openings on tho maximum 1ift coofficicnt was
not investignted, tests of inlets.on the lecading cdgo of
wings indlcote that if edges of thoe openings are nol woell
rounded nnd located near the stagnation point, appreciable
roductions in the moximum 1ift will reosult.

The dran of the extcrnal Woavy zun sight was measurcd
on airplanes 1, 6, and 10, and only on airplanc 1 (fig.
34(2)) was there a measurable drag,which was 2,5 pounds at
100 miles per hour. It is believed, however, that,with
the oerodynamic improvements in the fuselage ond canopics,
tho climinction of the external gun sight will asgume
grecter imporionce. o

ig. 23(a)) and two
} gave large drags of
desirability of sult-

Ih¢ bombd rack on o
bomb racks oa airplane
8.5 and 1l.2 pounds, 1
able foirings for redue

Aerials

The drags for the three types of aerial shown in |
fisuro 35 arc given in table VIII, With the peossible ox=-
ception of the type 2 zerisl, all serials cousc more dreg
than shounld bo considerod satisfactory for o modern high-

specd airploune. If the angle boetweoen the wires and the

dircctloh of £flight is large, ag ia the case of type 1

rial (fig., Z5(a)), the effccts cof compressibility oa
tnc drag at hizh speeds should De co;31aerec For cxons~

ple, roference 15 shows tho itical specd of a cire-
cular eylianfor inclined at an cagle of 45°% would be aboud

330 miles per hour at 16,000 feet nltitude,

of
(32
=
Q
Q
H

D
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i
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LEAKAGE

Any air flows on the airplanc othor than those use-~
fully employed for cooling, ventilation, etc,, should be
preveated by scaling all surfaces across which pressurec
differences exist, Air leakage through the airplane surw
faces or between compartments within the airplane will
ordinarily result in oppreciable drag logsces since the
leakage air is usually discharged normal to the flight
dircction, The drag is duc to the loss of the momentum
of the leakoge air and to the disturbance of the axtoranal
flow over the airplane surfaces, Tho first of these
losses can be computed if the pressure drop across the
lcak and the leak area are known, Assuming leakage from
a large reservoir, such as a cowling or fuselage, then the
approximate quantity of air flow through the leoak is

3= 0.65 4 /ff—p (8)

D = pQV (9)

in which Q is the quantity of lecakase flow, A the
arca orf the leak, and p the pressure differcnce across
the loak, The drag duc to the effect of the leakage on
the disturbdance of the extoernal flow canno: roadily be
computed. sines 4t dapends on the location nf tha lenlk,
SEF BGEGEHLGLy @NBAXALL VLRLILL - layelr 0Bl ciouf s sule

The large adverse cffcecte of leakage are amply demon-—
stroted in the full=scale tunncl tests. The reauvlts are
summarized in table IX, Isolation of the dreg increments
in somec cascs is impozsible, since soveral items were
changed at the same time,

Openings in NACA cowling noccs are particularly dis—
advantageous, since the pressure differonce may be as
mueca as 2 ds  In cnses in which armament installations

oss through the cowling nosc, such as airplancs 1 and Sy
extreme carc must be takon to prevent outsflow through the v.
openings The offcct of the opening and the outflow is ‘
shown by photographs of the tufts on tho cowling for airw .
planc 3 (fig., 36(a)), The region behind the opening is
complotely stalled, as shown by the reversal of the direc-
tion in vhich the tufts point, ond tho logs dras lntromend
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of 0.0029 measured for this case is explained, Other
.¢ommon errors-to be avoided are unsealed holes. through

the fire wall, random flow from the engineé 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,

"etc. For cases in whicech leakage is desirable, that is

for veatilation air, the outlet %hould be carefully shaped
and directed along the contour of the surface at the point
of discharge. (See fig. 7.

Compressibility.- Discussions of drag results on alrw
'planes from test data obtained at 100 miles per hour are
obviously incomplete without cons 1de“wtwon of the possible
sffects of compressibility on the drag.at the actual

flight speeds., Numerous fundsmental investigations have
.howa that,if the spced of an aerodynamic body is in-
creased, a critical value is finally reached at which- the
dras of the body rapidly incrcases. This corresponds. to
the occurrence of sonic velocity at some point on the body,
and investigations have shown (refbrence 16) that -if the

" pressure distridution over the body in low-speed flight

is known, thon it is pops*blc o estimats the flight spced
at which this critical gohic upeod will occur. Bumps,
cwnonlos, BCOOPS, cowling ctc., that incrcaso the local
air speed ot any wint lecad to. the occurrence of local
sonic epevds at lower flight apceaq than on- 2 perfect

-qi reanling 3@&3. ’ .

Ths wethol of ostimating the criticel spocd from prose
sure measurcments madc ait low .air spocds is described in
refercnce 156 and. the agroemont bobween theory and aoxzw
Periment shown in references 15 and 16. The theory does
not conservatively predict the ceriticeal specd and the wvalue

may be 15 miles per hour lower than eosit imated, Values of
Pery critical pressure, corresponding to various Mach
nunbers are calculated from the Bernoulli equation for
compressible flow (fig., 37)s The pressures measured at
low air speed are extrapolated by the method of Ackeret
to take 1rﬁo account the variations of the pressures on
the body with changes in Mach rumba“; that is,

P, = ___£L~_

Wi - N®

in which P, and P; refer to the prossure in compres=



incompressible fluids and M 1s the Mach num-
P, and Pypr oarc plotted agoinst M, the in=-
terscetion of the two curves defincs the critical Mach
numnber, '

Heosurements were made of the pressurs distribdbution
at numerous critical points on the airplancs tested in
the full~scole tunnel to aid in estimation of their eriti-
cal speeds. Typical results are presentcd in figure 37 for
four of the airplanes.

The lowest critical velaclity will usuclly occur for
single=cngine ailrplancs in the wing-fuselage Junciture,
since hers the thicker wing roots and combined wing-
fuselage flows lcad to high local velocities. This point
was critical for airplanes @ and 11 (figs. 37(b) and 57(d))
and will be critical for alrplascs 7 and 10 (figs. 37(a)
and 37(c)) when their windshields are correctly modificd,
The use of wing and fusclage scctions expressly designed
to avoid high nogativo pressurcs is a maandatory require-
ment on airplanes designoed for the 450 to 500 miles per
hour specd class. The data in refereaces 5, 15, and 17
will be useful 4in designing the wing and fusclage shapes
to avoid low critical speeds.

A well-rounded Jjuncture should also be provided be-
tween the top of the windshield and the cockpit hood.
The sharp radius of curvature ot this point was found to
Pe responsible feor 2 ecriticenl speed of 390 miles per hour
in the case of airplane 7 (fig. 37(a)). Tests on canopies
in the highe-spoed tuanncl (reference 14) are valuable in
defining the relation between the radius of curvature at
the windshield Jjuncture and the critical speed.

The nose of the cowling of an air-cooled-enzine air-
plane is o further point of high local wvelocities and
should be designed for high-speed 2irplanes entirely from
the consideration of obtaining ¢ high critical spced. Do-
gign data on the subject arc given in reference 10,

As o furthoer caution in the use of scoops on anigh-
speed alrplancs, it showld be roecognized that, althoug
their drag may not be largo at low speeds, their offect
in reduciag the critical spoed may be scrious, Sharp-—
cdged scoops dosigned for low inlet volocitics nay beconme
critical at speods from 350 to 4850 miles per hour. If
scoops are used on any high-gpecd airplanos, pressuvure-
distridbution mcasuremonts should be mode to check on theilr
critical spceds,
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CONCLUSION

that the drag of many of the airplanes

was dccreascd 30 to 40 percent by removal or refairing of
incfficicntly dessignod componcnts. In one cose the drag

was halved by this
dosign appecoars at

possibilities for

sign of tho basie

process. Brmphasis on corrcct detail
rresent to provide greater immediate
ineroased high spoeds than improved do-
clomente, ’

Langley Memorial Aderonautical Laboratory,
Notional Advwisory Committes for Asronautics,
Langley Fiola, Vo,
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TABLE I ~ Drag Analysis of Airplanes in Original Condition
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Cq, = 0.15
Ttem Airnlane
1 2 3 4 5 6 7 8 9 10 11

Original condition 0.0377 10,0328 |0,0390 {0.0267{0,0320!/0.0362 |0.0257 {0.027510.0329|0.,0269 |0.0201

Fxcessive cooling drag .0017% .0017 .0015

Engine cowling (no

cooling air) ’ N .0020 .0013

Fusclaze shape - T .0008! L0008 {

Cerburetor intake .0016° .0006{ .0019| .00063| .0001
" Prestone rodiator L0034 0034 .0011

0il cooler 0020 .0007 .0007 0003 00171 .0040| .0008 .00086

Intercooler L0011 .00C7! .0011

Bxhaust staciks .0016° .0010| .00073 .0003 { .000B! ,0014 0003

Supercharger .0033

Perforated flans .0020| .0012

Seals on control surfaces 0005 .0002

Sanded wnlloay .0007 -

Cocimpit canopy .0019° .0004] .0004%

Landinz gear .0016 | .0014 { .0007 | .0019{ .0008{ .0007 | .0009%| .0002| .001S| .0005

Gun installations .006g92 00293 .0003! .0006f .0002 | .C005

Gun signt : 0003

Bomb racks .0008] .0017

Edector chute 0002

Aerial .0005 0005 | .0008 .0007

Air leskage .0008 .0007 L0017¢ .0004) .0011

1Includes carburetor and oil cooler scoop drag (largely due to leakage).

2Plus cowling change.

SFaired, not removed.

*Includes fairing flame arrestor.

99
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ABLE II.~ Carburector Intake Scoops

Duct chaoracteristics Flow characteristics Drag data
¢, = 0.48 Cr,= 0.15 Cp
Type Inlet Outlet V = 216 mph V = 430 mph €y=0.15
= area area :
Ram Quantity Ram QuantityljS=170 sq ft

(sq in.)|(sq.in.)||(percent q)| (1b/hr) |(percent q)| (1b/hr)
———— _( 37.1 22 — —— 95.0 13,820 0.0010
" 37.1 15 — — 97.0 10,390 0007

e Original B
~ 37.1 9 —— ——— 97.5 7,930 .0008
< 26.9 22 94.5 7,960 97.0 14,940 .0005
f ~ 26.9 | 15 94.5 6,170 98.0 12,420 .0003
& _Rovised formrd B} 26.9 9 95.5 5,260 97.8 8,310 .0001
~
26.9 0 —— —— 88.0 0 .0000
77| ers 22 — — 0.5 12,100 || - .0002
/::—:; \

- lach 27.8 15 63.0 5,580 73.5 9, 810 .0000

s _ Flush 3 : . d
~ 27.8 9 57.4 3,720 61.6 74200 “ .0000

Flow characteristics are corrected to 12,000 feet altitude.

¥ilitary rating requires 8100 pounds of air per hour.

48




TABLE IV.- Wing Profile Drags and Transition Points
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Description

Fig-

ure

Transition point location
on upper surface of wing

Renarks

cDo
meos-
ured

CD,
smooth
wing
(est.)

Ac

~1Airplane

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

0.06080

C.0058

0.0032

Metal covered, brazier-head
riveots; row of larger riv-
ets on upper surface aboul
15%c behind l.ec.; laps
facing back

2%a

.0083

.0062

0021

Fabric covered, raised
stitchingy drag measured
on lower w1nb

29D

-y o

.0084

.0070

.0014

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

2S¢

.0070

.0063

.0007

Metal covered, flush rivets
to aboutb 18 ¢ behind 1l.e.,
remainder brazier-head
rivets; perforated dive
and landing flaps

294

.0109

.0072

.0037

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

.0106

.0065

.0041

Metal covercd, flush
rivets, laps facing
forward

0.176

9.0 £t from ¢
airplane
t/c*=0.126

.0079

.0060

.0017

¥etal coveresd, flush
rivets, joggled laps

.188

7.3 £t from ¢
airplane
t/c*=0.134

.0070

.0059

.0011

#etal covered, flush
rivets, filled joints

.180

7.2t from ¢
airplane
t/c*=0.135

.0060

.0011

Mctal covered, flush
rivets, filled Jjoints

.0077

.0016

11

Wood, filled and pblished

.180

£t from ¢
a1rnlane
t/c*= 0.130

0074

.Co6l

.0013

* > -
s distance along surface behind stoagnation point

¢ length of choréd
t section thickness
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TABLE V.- Coclpit Cenoples and Windshields

(3
q Reduction of drag|Cross-ssection
E% Modification Fig-|Drag of canomy| by mocifications ares of
H ure AC Al ' ' windshield
2 | Longitudinal section
of canopy mcdified
to increase height 1.76 (mod.)
2.2 in. 3le 0 - 1.24 (orig.)
6 | Modified windshield [31& .0011 | 0.13 2.17
Modified tail i .000¢g .11 2.17
}
Modified windshield R
and taill .0019 W22 2.17
9| Original conony i31b 10.0004; 0.04 - 2.64
Lowered onclosure .0002 .02 0002 .02 [2.19
Lowered enclosurs -
short tail Q003 .03 0001 .01 2.19
Lowered enclozure -
flat sidel wind-
shicld snd short
talil 0004 041 0O 0] 2.12
10! Modified windshizld |3la L0004 .05 2.00
|
11| Plat side windshicld|3le G 0 1.14
.C002# .03

*Qbtained for condition with carburebor scoop removed.

ord
The subscript FW designates frontal area of canopy.



40

T4BIE VI.~ Draz of Landing Gears

1489

Reduction in draz for modifications,
L

Type{Tire size| Draf 100 mph
Alr-|Fig-| of 100 mph
planelure | gear! (in.) (1v) 1b ¥odification
17 la 1 26 x 6 8.5
21 1b 1 26 x 6 8.3
3 1 le 1 26 x 6 4.7
4 j33¢c 2 30 x 7 | 14.8
3.1} Oleo strut faired and sharp cdge
a% rcar half wells rounded
7.0 { Vaeel well cover plates
10.2 | Wheel well cover nlates and
foired oleo struts
5 1334 3 30 x 7 8.5
6 | 1f 1 27 5.8
strcamline
7 133b P Z0 4.2 Fairing no. 1.
smooth
contour 9.3 Fairings no. 1 and no. 2
8 |[33f 3 27 1.1
smooth
contour
9 133 4 | Front 19
svreamline
e 10.3
Rear 27
smooth
contour
10 3% | 1| 26x6| 3.3
11 | 1k 3 27
smooth 0

contour




TABLE VII.- Gun Installations

-

*Drag only f

or wires - mast in place

Airplane | Fig- | Zumber and size of gums Drag A Cp
ure at 10C nph
{1v)
o)
:I 3 34c one 3C-cal. 12.6 0.0029
one 50-cal.
8 Gde two DH0~cal. 2.3 .0004
e 344 one 37-mm cannon 3.8 .0007
two 50-cnl. zuns
10 340 two BC-cal. 1.3 .0002
11 34F two H50-cal. (fuselage) 1.3 .0003
eight 30-cal, (winz) .9 .0002
TABLE VIII.- Drag of Asrials
- Airplans Type of aerial Drag
- (fig. 3c) at 100 mph (1b)
. 2 2 2.9%
7 1 3.0
8 1 4.8
10 3 1,8
10 2 4.7

41
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TABLE IX.- Leakage Drag Increments

42

D at
Alrplane Source of lLeak Tigure AGD 100 mph
(1b)
1 Gun blast tube openings in nose
of cowling (similar to fig. 35a)| -- |0.0069 36.8
3 Gun blast tube openings* 36a | 0029 28.7
5 Openings between cowling sections
and at flaps 36p | .0008 6.5 °
7 Hole in the nose of the propelier
spinner and openings around the
blades 36c | 0007 4.2
8 Openings between cowling sectlons
and at flaps 364 | .C009 5.1
Accessory exit slot .0005 2.9
9 Tusclage louver openings 22¢ | .0004 2.2
10 Opoanings botween cowling sections,
at flans 36¢ | 0003 2.0
Fuselage openings - .0008 5.3

XThis item includes drag roduction due to modification of oil and car-
buretor scoops.

*This item was measured with propeller onerating.
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RACA

Fiozur

Fig. 1 a,b,ec

(¢) Airplane 2
e t.—Airplones mounted for tests in the NACA
full" scale wind tunnel.

a



NACA

Fig. 1 d,e,f,g2

3 1i1il
CH Airpla

ne 7-

Figure 1.~ continued. Airplanes mounted for tests (n
the NACA full-scale wind $unnel.



NACA Fig. 1 h,i,},k

condition. |’

(i) Airplane © in smooth

e

1

{(K)Fult-scale model of airplane 11in smoot

R W+

h condition except for cock;:':% canopy.

Figure {.~continued. Airplanes mounted for tests in the NACA
full-scale wind tunnel.

AT DOBIY



L-489
NACA ‘ Fig. 2 (1-2).

WEIGHT _ _ _ _ 4,932 LBS.
WING SECTION_ ______ N.A.C.A. 23018-09
WING AREA _ ____________ 209.0 $Q. FT.

SINGLE~-ROW AIR-COOLED ENGINE.
750 MH.P. 2,100 R.P.M. 18,200 FT.
ALTITUDE. DIRECT DRIVE.

350" 25%7 34"

10=-3" DIA.

AIRPLANE |

WEIGHT _ _ _ L. 5,448 LBS.
WING SECTION_______.N.A.C.A. 23015-09
WING AREA___ _________._ 233.2 sQ. FT.

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

‘ 34'-0" 26'—g"

L L

T—\
to'-o" DIA><

AIRPLANE 2



'L LA
L

- }
NACA Tig. 2.(3-4)
»
' WEIGHT . 4,478 LBS.
WING SECTION__ _ __ i ____| GLARK Y.H.
_ WING AREA______ e 266.0 SQ. FT.
— N SINGLE-ROW AIR-COOLED ENGINE.
. ~1 u% 820 H.P. @ 2000 RPEM. @ 12,000 FT.
. _ ALTITUDE. DIRECT DRIVE.
( / N N\
) N\

CHORD UPPER WING 60"
CHORD LOWER WING -48"

22-154" ~f

AIRPLANE 3
WEIGHT ___ ... 6,270 LBS.
WING SECTION_______N.A.C.A. 23015-09
WING AREA ____________._ 305.3 sa. FT.

TWO-ROW AIR-COOLED ENGINE.
780 H.P. @ 2,550 R.P.M. @ 14,200 FT.
ALTITUDE. PROPELLER GEAR RATIO. 3:2

ISR RN
_s-..-{

I 42'—0" | | 0 33'—”%"

" 1-0" DIA.

" AIRPLANE 4



NACA

L-489

.

N

L- 59
Mg, 2 (5-6)

WEIGHT . _____ 7,253 LBs.
WING SECTION_ _____ ~-N.A.C.A. 2415-09,
WING AREA__._________._318.6 SQ. FT.

SINGLE“ROW AIR-COOLED ENGINE.
800 H.P. @ 2,300 R.P.M. @ 16,000 FT.
ALTITUDE. PROPELLER GEAR RATIO, I6:1l

109" DIA.

AIRPLANE

9-0" DIA.

AIRPLANE

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

6

39" |



1-o" D1k~

AIRPLANE

AIRPLANE

Tig. 2 (7-8)

WEIGHT . _ . __ . ___.. 6,783 LBS.
WING SECTION. . ______N.A.C.A, 2215~09
WING AREA _ . ________.__. 236.0 sQ. FT.

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

7
WEIGHT . _____. 6,765 LBS.
WING ‘SECTION_ ___S3-AIRFOIL, 16.7-8.2%
WING AREA _________.___223.7 sQ. FT,

TWO-ROW AIR-COOLED RADIAL ENGINE
WITH GEAR-DRIVEN SUPERCHARGER.
1,100 HP. @ 2,700 R.P.M. @ 15,000 FT.
ALTITUDE. PROPELLER GEAR RATI10,l6:9




1L-489

10-4%4" DIA.

L HET

rig. 2 (9-10)

WEVHT _ _ o ___ 6,150 LBS,
WING SECTION______N.A.C.A. 0015-23009
WING AREA ____ _____.___. 213,0 $Q. FT.
PRESTONE-COOLED ENGINE WITH TURBO-
SUPERCHARGER. LI5S0 H.P.'@ 2,950 R.P.M.

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

AIRPLANE 9

9'-9" DIA.

WEIBHT oo 5,825 LBS.
WING SECTION_______N.A.C.A, 230156-09
WING AREA _____________ 260.0 8Q. FT.

TWO-ROW AIR-COOLED ENGINE WITH TWwO-
STAGE GEAR-DRIVEN - SUPERCHARGER.

1,000 H.P. @ 2,650 R.P.M. @ 20,000 FT. .
ALTITUDE. PROPELLER GEAR RATIO, 3:2

AIRPLANE 10



‘ K . © L-489

VOVNX

WEIBHT _© o o o e 6,600 LBS
WING SECTION. ___ - _ N.A.C.A. 23016.5-09
WING AREA _ __ _ . 1700 sQ. FT.~

. PRESTONE-COOLED -ENGINE.
IS0 H.P. @ 3,000 R.P.M. @ 12,000 FT.
ALTITUDE. PROPELLER GEAR RAT10, 2:i

l—————'az'-'r Ye" ' 27-313g"

—

10'—=6" DIA]

AIRPLANE 1l

{11) & -éu

€

~m

l’n?"‘? -
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rigs.3,5
028 — , _
& - Service condition”
&
N
O
§.024
$ C[_ = 0.'/5
3
Q
R.020
é Completely faired-,
o .
o i i Y
50 60 70 80 ] /10

Air speed, mph
Figere 3.~ Seale affect ox drag coefficient st Of = 0.15 for airplane 8.

4740

N 0
Max. thickrness-- - -+

0
o%°
o ?’

N

463 D ~—n]
66727

015 D
Figure 5.~ Design of an effictent 90° turning vane,



Airplane Conditions

Airplare Con_o’/'f/'ons @,C.;’,S)A C,AGH
Complefely faired condition with fong
nose Tfairing .0/661 O o
" w u with blunt
nose fairin 069
u " u  original NACA i
cowling; no air- f/ov;i:j fhraugh cowlin 0186 1.0020| 12.0
Same as 3 except Jording gear seals aric
fdir/'ﬂg removed |.OB8\.OX2| 1.2
u u 4w or/‘gina/ oil cooler installed |0205\.c0/17} /02
v w § u canopy fairing removed 020310002} -/.2 |
# m G 1 carburefor scogp added [0209|0006] 3.6
w7 " sanded walkwoy qdded L0216 |.0o07] 4.2
v 8 " ejectfor chute a dded .02/9 |.ooo3l 1.8
- u  exhaust stacks added .0225|0a005]| 8.6
# - nyQ v nfercoolers odded Ll0236|.00! | 6.6
# ]l cowling exif opened L0247 .00/ | 6.6
non |2 n accessory exit opened 0252|0005 3.0
n w3 " cowliny air/'ny and seals
removed 026/ \0009| 54
v un (4 u  cockpil ventilafor opened 0262 }000/ .6
nooon [y Cow/ing verituris installed 0264 \.o00z| 7.2
wo v |6 #  plastfubes added \02677\.0003| /.8
w u |7  rodio aerial installed 2750008 4.8
Total a’rag change .0/// 166.9
* Fercentages based on comp/efe/y faired
condition” with long nose fair/'ng e

Figure 4.~ Example illustrating test sequence as followed for alrplane 8.

‘y *Btd




External
stré&amlines.,

Unde/"cuf
afferbody

(2)

Original
aerodynamic
contour

/4________ et

Converging fldw

—_— e

l—

Lt
///’—______.

L
H

Free streom pressure’

A

!.Parallel flow

(©)

Air flow s
without -~ )
resistance

_High
" resistance

__Air flow
with
resistance

Figure 6.~ Effect of high resistance in increasing

allowable duct expansion.

Figure 7.~ Faotors in outlet design.
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NACA ' Figs.9,11

16,000 : ' T.0024
/
a 9
14,000 v .0020 “Q
Air flow-|. ]
5 /2,000 P = 00/6%
Q Lo 1
N 3
S~ N L1 A <q
/0,000 o] > 123 0012 4+
0 Measured arag- ] ' L < S
3 - §
Q e . —
2 8000 — s 0008 §
-é ] : _| 4+ /deal drag £
R Ag(Va)° %
6,000 u ' Aly= %ﬁ (VR) 0004§
400QE 3 7 8 g 0

4 ¥o) 6 .
Outlet orea, sq Ft
Figure 9.- Variation of cooling drag and air-
flow quantity with outlet area for

Prestone radiator installation on airplane 9.

/
8,000 / .0028
Air Flow,
7,000 ~ 0024
VAR
It
£6,000 7 00203
- .
0  Experimentol © Figure 11.- Variation of cool:
35,000 / drag ~J71-00/6 . ing drag and air
N ] / < flow quantity with outlet ares
3 / d=,5°-.>/ ¥ for modified oil-cooler in-
§4,000 // % .00/2 8 gtallation on airplane 8.
. 0
0 , 0 .
R g / 0
3,000 / ALV ooss
< _ / ,/ 8‘
' L/ Ideal drog,) S
. 2.00 24 (7\7] ) 0004
acy= SRR L
1,000 | L 0

0 v 4 3 4
Exit opening, sq ft



(b) Rear view

Fiqu.r'*e 10.~ Modified oil cooler
installation on airplane 8.

aats oF O



Velocity, V,mph

NACA Figs.12,15
L T T J T ] T LS T /DT
Air Flow, forward undersiun let -~ 1
20,000 - IR o3z
/8,000 ] ——.0028
C Figure 12.- varia-
) tion
16,000 . . '
g v L /é 00248 of cooling drag and
E 7z % ",air-flow quantity
< /4,000 e i 0020 with outlet area
g‘ ’ ///D Aﬁ(/, Experimental ¢ ’ S for Prestone radi-
. > A drag, forward — /L < ator installation
77 .
- Y 18,0001 / /,/ inlet 9.4 .00/63 on airplane 11.
Q Alr flow, rear,/inlet js e S
2 -1 Ve 1y
< 10,000— x— 0012 ¥
) // .
RS T T | Experimental - 1 E
< ' drog rear inlef A N
8.000 | /deal drag,forward, b o 0008 E
’ underslung ' L1
— 554, (Ve \2
AG - K3 n(%) \;, —1 P et N PO
6,000 = — .0004
T | d—T"Vdeal drag rear inlet
1
4000——————7% 5 0 iz 4 & Y
Exit opering, sq ft
i Sela_ level
& 700
X /
2 l
X600 ’
3 /| Ksooor
3 A :
§500 // 4 //{000
£ r | i’
) .
) A A 1A Ms00
8 400 7 ARz
RS /]
R < v “20,000
§300 vy i /?O
N L ~1* 25,000
3 /i;’ A A 1/42
& A L L~ 30,000
Y200 /// <= - ; L
u%; . o A A
gvoo //4//"::1/’/::;f::’///”
— = ”
g =t
g %;"
]
0 40 80 120 160 200 240 280 320 360 400 440 450 520

Figure 15.- Dynamic pressure available for ram at altitude,




NACA Pig. 13

Section A-£ Section B- B Section €-C

Fiqure 13.- Forward underslung prestone
radiator installations for airplane i1.

NACA JO897.



NACA

e
-1

—
.
—— —
‘ ~ ~—
" ~a ——
~ S~ —

“ //\
'—'—'—"16 // )\-4-——“2' , \\\\
g s ! \\ 205 Circulor Prestone _
Rodiator -
—— 7 e Lin€ ——
~—~<l |7 - \ _{_r8n oral Fuse!e32 .
> P —_— - —

'Figu,r'e i4

= -

Jdection A -£ Section BB
Inlet Small outlet

.~Rear underslung prestone radiator
installation for airplane {1.

NACA- 20896,

]
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NACA

Fig. 16

i d

~

cowling =T — T
outiing

Section Lok

(a) Intercooler on aiwrplane 10.

" () Intercooler on airplane 9.

e

R e
€




NACA Figs.17,20
[oN
j° o}
¥ .
-, \-:llll-, .
N—’ __
- # _
L _-
/ !
) \
\
\. _
\__”. \\\ / AHW
. 8 — — o —
2 1S 0
N S g
3 ) ks
al ’ e
® e
k] o
S e,
» b ~ _ a
L J438yjadoad p |
9 w
B &0
Q. W5
o=t
g 5
- . N LAY o
2 Undesirable _bﬁm._w,wtlu distribution \ > o
1N ()]
. fover nose with iniet BN Llo
5 x S @
Y Q IR
- -8 — o g|s
- N _ W o MD
A, < N S
. “ £ -
. ¥4 - ; _
N N / J
. N4 i Mo .
s ! = =
8 L ATF 1
o 0 * F ! m
¢ A1 i/ &
b ' \%bm,m\.\d&\m Yoressure disiribution mev o
H v over nose withinlef g P
Drl -k \ .N n
| o 1
\.... ..... . ---.T-\u ~essure distribution over S
8 streamline body 9 H_Gﬁ '
) \ =L n\
03 £2
(SN ) '
/Streamline body | Lt Q0
12 : —F 2O
| i m
v\\\ C ¥ m
Y Inlet (ip 5 w v
|| SN
0 .05 A0 A5 .20 .25 Q0
z/L ©
o Figure 20.- Pressure distributions over

air inlets. .
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NACA

Refaired.
(a) Airplane G.

,efctiré.
, ~(b) Airplane 10.
Figure 19‘“Qefaibinc] of fuselage.

SR LS



Ori%{ﬁ a\ condition.

l - -
(d) Airplane 3.

- coni—mued Ref mrmc\

of fuseiaqe .

‘ Fiaure X?J
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. ¢ i .
g

(d) Airplane 10.

(c) Airplane Q.
Figure 21.—Carburetor air-intakes.

NACA - 209085

VOVN

q'e 12 °*S1I
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NACA ' Pig. 21 e

s

o ‘\
\
\
\
1
v |
S
Fn{

28 59,0,
27 sq.1n. 37
‘87 squn.
Fuselage lin
uselaze Section D-D
Section A-A Section ¢C \Flush inlet
Fuselace Ine  Revised foward inlet T
. . 43 .l‘l’l
Section BB 45 5q. Section E-E L
Origional inlef All inlets

(e) Airplane 11.
Figure 21.— continued . Carburstor air-intakes.

NACA-~ 20908,



e

.

(b) ptain‘e’ 4—6..

() Airplane 8.

Figure 22.— Oil coo

ler installations.

~ACA L P RD



.y

-

Fig. 22 o,!,¢

o,

(§) Airplane {0.

Hinge at L.e. Hinge at t.e.
Outlet control flap.
(q) Airplane 11.

FiQure 22~ continued. Oil cooler installations. = .



NACA Fig., 23

o
©
¥
M
- <O B ] D
Area 104 Sq.in. - - -
A
Section BB B ' Area 121 Sg.in.
= : . Section A-A
L 7
8

.

Areal07Sq.in.

. Areal48 Si\. in.

SectionB-B

Section £A

*y

- (¢c) Modified.

Figure 23~Prestone radiator installation
. on airplane 7. wAcA- 20520



L-489

Figs 24,38

Nose rodius  ,Camber
Length of ofterbody —

1
t
i
|
i

He/'ghf of inlet

Original fuselage contour-- AN

Fairing
]
]

Size of inlet

Figure .34.- Details of scoop design.

1 Turbulent skin friction curve,Cp < n° n
Curve corregted for compressibility, cn = Cp 1+—->
3 Curve corrected for surface roughneas

.}

.0/0 7
5.008 ) /l /‘
O N s e o = £ 5 .12 8 2 SR P2
g ==
8sl ¥ —
&.004
8
Q.003
S
S.002, > 5 45678 /0 20 30%/0°
2 Reynolds number, R
"8 | ! i i i L1
Q& 0 J 2 3 4 .5 .75 /0

Mach number, M

Figure 38.~ Method of extrapolation of wing profile~drag
coefficients to flight speeds-wing chord,6 feet.
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NACA Tigs. 26,27.
003 |
$.002
£
% Figure 27.- Drag of
?, surface
L irregularities added
800/ behind the normal
2. smooth wing trensition
/- ?__f#:— p point.
S e o O s oy W 3 0 \/,;._3
0 = el i A
3 4 5 6§ 7 8 /0 /5 20

Reynolds number, R ,millions

1 6 rows of 3/32% brazier head rivets on each surface of 5-foot’ chord airfoll
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.
3 8 rows on top and 6 rows on bottom surface of S5-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 S5-foot chord airfoll.
Forward laps, 8 percent of the chord from leading edge.

.003
L, C,=0.15
T—
'\/ —\-;“ __4
$.002 e Pigure 26.- Drag of
£ 15 surface
© <20 jrregularities added
g L ghesd of the normal
m i e - - e
5 0 el ~%—_| TP P sm:o:h wing transition
S .00/ 4_," — -lrh-*\: —— i/""/ poinv.
fert
o
3 4 5 &6 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 3/33% thin brazier head rivets on each surface of 5-foobt chord
: airfoll Pitch 3/4%, Forward rows, 4 percent of the chord from leading

edge.

8 13 rows of 1/16" brazier head rivets on each surface of 5-foot chord air-
foil Pitch 3/4." Forward rows, 4 percent of the chord from leading
edge.

4 6 plain laps facing aft on each surface of S~foot chord airfoil
Forward laps, 8 percent of the chord from leading edze.
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.

(a) aAirplane 3

Q
-

(d) Airplane 5.

(e) Airplane 8.
Figure 32.- Wing surface conditions.
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(c) Airplane 4.

Pigure 29,~ Wing surface conditions.

WNACA- 20895

9‘q 62 °37d




. ooy
¢

Nica Figs.30,32

%) ——— Smooth wing,' €,=.0060
3 “.024'——————-—_Sef-wce wing. €=.0073 '
3 f————— Service wing. with /rregularmea
‘8 020 shown be/aw -e/iminated, L, =.0068
020y P RRPRP S T
g Bump in /ano’/n gear fairing
M 06 and wa//rway 00015 |
Sl 8 i Fitor huao,
SR | ,”\ Inboard #ip-] AC, =.000/5
8.0/2 —% t of aileron, i< !
gu “fg A =L/ \‘/' A\U 00002 | 7 ‘\\ ~ rﬁ/ncfure‘
: 06.)’-008—‘8 - [ :'\ _— \\ \\ IAU
I 3 Calculated smooth wing--»—\"T g
5\?:.004 3 ' .
3
3| % 2 4 6 & 0 Jz T4 7
A Wing stfation, 7t

Figure 30.- Typlcal results obtained by momentum traverse along
wing span and calculated smooth w1ng drag.Airplane 9.
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KACA Fig. 31 a,b

Original windshield Modified windshield

(a) Airplane 10.

Lowered enclosure, short Lowered enclosure,
tail , flat-sided windshield. short tail .
(b) Airplane ©.

Fiqur‘e Byg, - Cockpit enclosures .

DAL R o« DN



NAcA Fig. 31 ¢,d,e

&
~r
.
qumat enclosure Modtf:ed enclosure
(c) Atr‘plane 5 el
érlq:nal enclosure | Modlfae'd enclosure-
) Airplane 6. =
inal - Flat- swled wmdshzeld

- C‘r‘tgtnal wmdsahteld

Corved portiorn .

Fronf view of “flat- stded wmdshteld
_ (e) Atrplane 11, '
Figure 31 —'con{-mued Cockpm% enclosures.

NACA - BIGOR



NACA

Or‘iqinal condition.

Oriqi'naf condition.

() A[r‘p'la-ne_- \':

s Falre
(&) Airplane 7. |
Figure 53.‘“'Lc%ndinq '3e.ar"s.._

%

rig. 33 a,b

/~.d ca -l 08



e

NACA rig. 38 ¢,d,e,!?

Oriqia( coni‘f'iown..
(c) Airplane 4.

Faired .

rigia{ condi‘cio, | Faired.
(d) Airplane 5.

() Airplane 9.

Aente ab

Figure 33.—continued. Landing gears .

(f) Atr'eu' & .

N




(23

(a) Gun sight on airplane {. Or‘iqina! dition,

]

Sealed and faired.
. (0)Blast tube
installation on airplane 3.

(e)Blast tubes on airplane 8.

(d) Gun and cannon
installation on airplane .

) Winq and fuselo.qe quns on airplane 11.
ch}ure 34 ,—~ Armament .

\ NACA - 2092/,
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RACA

) \( Short Aerial.
\ (b) Airplane 10.
Figure 3%.—Aerial insi-alla‘l‘ion_s.

Vo BF 7 7

Pig. 35



NACA i

Fig, 36

-

qumal mstallation. Tubes faired & cowling gaps senled
(a) Gun blast tube

installation on airplane 3. (Note: A
indicates fixed ends of tufts & B their free e

nds for original condition)

(d) Cowling gaps on airplane & .

(e) Cow!inq gaps on

airplane 10.
Figure 3.~ Sources of leakage .
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Figure 37a.-
nose of airplane 7.

Critical speed for windshield,wing,and

wing,and fillet,airplane 9.

Figure 37b.- Critical speed for airplane nose, w1nd3u1eld
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Figure 37c.- Determination of the critical compressibility

speeds. Airplane 10.

of airplane 11.

Figure 37d.- Critical speed for various components




