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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE CONFIDENTIAL REPORT

HIGH-SPEED TESTS OF RADIAI-ENGINE NAGELLES
ON A THICK LOW-DRAG WING

By John V. Becker
SUMHARY

Tests were made in the 8~foot high—speed wind tunnel
to determine the drag characteristics of several conven—
tional types of radial—engine nacelle on a low—drag air—
foil, Models, 1/8 full scale, simulating installations
of the Wright 3350 engine in heavy bomber types were
employed. '

The drag coefficients of nacelles incorporating
cowling--nose shapes shown by previous tests to be effi-—
cient and afterbodies of adequate length were of about
the same magnitude as commonly obtained for comparable
installations on conveantional wings. Nacelles that had
high drag coefficients at low speeds suffered from large
increases in drag with increasing Mach number. For the
best arrangements tested, however, no serious increases
occurred in drag coefficient within the limit of the
tests, which covered a range of lMach numbers up to 0.55,

INTRODUCTION

In the design of recent multiengine airplanes there
has been considerable conjecture regarding the drag and
interference of radial—engine nacelles on low—drag types
of wing. Little data obtained under the necessary low—
turbulence testing conditions have been available.

_ The present test program was an outgrowth of tests
in the NACA 8—foot high—speed wind tunnel of a 1/8-scale
model bomber—type airplane in which an unusually high
drag occurred with the original nacelles on the low—drag
wing. Tests of improved nacelles showed that the ex—
cessive drag was due to a poorly shaped cowling and a



very blunt afterbody shape rather than to serious adverse
interference with the low—drag wing.

The present investigation included tests of further
modifications to the nacelle of the airplane tested and
tests of several other typical nacelles of varying size,
location, and shape detail., The principal aim was to
provide general information of immediate engineering
interest on several types of nacelle rather than to study
in detail any isolated variables. The models tested were
1/8—~scale representations of installations of the Wright
3350 engine in heavy bombers, A pusher arrangement was
included in the program, This type has the advantage
of eliminating the increase in frictional drag of the
wing due to the slipstream disturbance, Details of the
pusher installation of the Wright 3350 engine were designed
in cooperation with the NACA power—plant installation group.

In addition to tr2 usual force data, pressure—
distribution data wez obtained at the wing—nacelle junc—
ture of each model. 1In order to provide data frequently
requested for structural desigh, the pressure distribution
over the NACA cowling—C profile (reference 1) of one of
the models was measured at high angles of attack.

4 The work was done by the YACA at the Langley Memorial
Aeronautical Laboratory, Langley Field, Va.

S YHBOLS
Y free—stream velocity
o mass density of air in internal flow
Po free—stream density
q - free—strean dynamic pressure (12 pov2)_
Q volume rate of flow through duct at density p.
F : maximum cross~seétional areg '0of nacel;é
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Ae maximum cross—sectional area of engine (18.4
sq £t for Wright 2350 engine)

a velocity of sound in air

M Mach number, V/a

el pressure
P pressure coefficient (Plocal - Pstream)/q
(o7 angle of attack of wing

CDF external drag coefficient of nacelle

[(total érag of comdination) — (drag of wing at
same angle of attack) — {drag calculated from in—
ternal losses)] /qF 4

APFPARATUS

The tests were conducted in the 8-foot high—speed
tunnel, in which the turbulence level is considered to
be sufficiently low to permit significant results to be
obtained with models incorporating low—drag airfoils.

Winge— The wing on which the nacelles were installed
was a 1/8-scale model of a wing of NACA low—drag section
designed for the airplane tested. The portion. of the
wing represented included most of the left panel and a
small length of the right panel., When both inboard and
outboard nacelles were represented, the nacelles were
equidistant from the center line of the tunnel., The
airfoll section employed at the root was the NACA
65,2=221 and at the tip, the NACA 66,2X-416. The in—
board nacelle was located 21.04 inches from the root at
a station where the wing chord was 20.63 inches and the
thickness ratio was Tu.7 percent. The ocutboard nacelle
was situated 45.96 inches from the root at a station
where the wing chord was 156.65 inches and the thickness
ratio was 19,9 percent.

The wing was set at 3° angle of incidence to the
thrust lines of all of the nacelles except the pusher
type (nacelle 5), for which the angle was 2°, Angles
of attack shown in this report are those of the wing.



Cooling—air flow.— All the nacelles were tested with

internal air flow corresponding to the estimated require—
ments of the Wright 3350 engine, and the internal pres—
sure drops were simulated as closely as possible by means
of perforated plates. The values assumed for the flow
characteristics were as follows for full—throttle opera—
tion at 400 miles per hour and at 25,000 feet altitude:

(cu £t /min)

EBnoine  opldndem CoolIne [ . 2 . v . o b e s 35,000

Accessory codling and chafge air ‘o o v « o s 35,000

Total 70,000

The value assumed for the pressure drop was 8 inches of
water for the engine baffle and also for the accessory
systems, The nondimensional pressure—drop ratio was,
therefore,

2
é.g = 8 X 5.2 (0] el
9  1/2 x 0.00238 X 0,448 (400 x 1.47)3

The perforated resistance plates were designed %o )
produce this pressure—drop ratio at the required rate of
internal flow, The internal mass—flow rate is conven—
iently expressed nordimensionally as the ratio o0Q/poleY.
For the assumed flow condition, the value of pQ/perV
is 0,11, The outlet openings were designed to produce
this flow ratio, and it will be noted that the measured
rates of flow closely approach the design value axcept,
of course, in those runs in which the outlet—~opening
area was reduced,

Original nacelle design.— The original nacelle
tested was a 1/8—scale model of a 72—inch—diameter
circular—section installation in which the engine was
located in the upper part of the nacelle and the acces—
sory ailr was carried underneath and around the sides of
the engine. The nacelle was designed by a manufacturer
and was submitted %0 t.e NACA for tests in the 8—foot
high—speed wind tunnel, The cowling profile was un—
symmetrical in side view with a relatively sharp edge
at the top of the cowling. The blunt afterbody fairing
was the result of enclosing two 56—inch wheels in a low
nacelle terminating at the trailing edge of the wing.




The model was tested with internal flow representing
only cylinder cooling.

The nacelle ordinates measured as in figure 1 are
given in table I, Sketches of each nacelle are included
in sbable IT,

afterbody station as the original design, A nuch im—
proved afterbody fairing was obtained by making the
nacelle symmetrical about its center line. The nacelle
was also raised above the original low position so that
its center line passed through the trailing edge of the
wing., The original cowling nose was supplanted by cowl—
ing profile C of reference 1., In other respects nacelle
1l was similar to the o.iginal design,

Nacelle 1A.— In order to compare the merits of the
central position of nacelle 1 with a low position of ef—
ficient aerodynamic shape, the original low afterbody was
extended, as shown in figure ] and in tables I and II,
Nacelle 1A was otherwise identical with nacelle 1.

Nacelle 2.,— Nacelle 2 was included to indicate the
effects of an improved nose shape. The conventional C—
type cowling of nacelles 1 and 1A was replaced by an
arrangement designated NACA cowling E, This arrangement
embodies a hollow spinner through which all the required
ailr is admitted at a velocity of about 0,4V for the high-—
speed condition., The external lines of the spinner are
obtained from nose B of reference 2. The air for the
auxiliaries was carried by means of two ducts over and
under the resistance plate representing the engine,
After passing through a resistance simulating the acces—
sory pressure drops, the air was exhausted through an
outlet at the top of the nacelle., The engine cooling
alr was exhagusted at either side of the nacelle. The
auxiliery air ducts required a bump in the side-view ccm—
tour on top and bottom of the nacelle. In plan view the
nacelle contour was a conbtinuation of the nose B contour
(reference 2) of the spinner, The afterbody of nacelle
2 was identical with that of nacelle 1 except for the
addition of the auxiliary air outlet. The outlet open-—
ings of mnacelle 2 and :1]1 subsequent models were under—
cut below the basic profile of the nacelle for some dis—
tance back of the actual opening, as recommended in
reference 2, Details of a typical outlet are given in




figure 2. As originally planned, the propeller blade
shanks within the outer spinner of cowling E in an actual
installation were to be covered by fairings extending
between the outer spinner and an inner spinner that
covered the hub., The fairings were intended to aid in
ground and climb cooling and to operate at zero 1lift in
the high—speed condition. On the model, this Ligh-—speed
condition was simulated by .setting the three—blade fair--
ings with their axes parallel to the thrust line, since
the model spinner did not rotate. (See fig., 3.)

Nocelle 2A.— The opening on top of nacelle 2 was
faired over for model 2A in order %to indicate the effect
of the opening,

Nacelle 2B.~ Nacelle 2B was tested to permit evalua—

tion of the improved nose shape on a low nacelle, The

~nacelle is a combination of the nacelle 1A afterbody and

the nacelle 2A forebody.

Nacelle 20.— Nacelle 2C was the same as nacelle 2B

except,gor enlargzed (deepened) oublet openings. (See
Lie, Oy '

Nacelle 3.~ The large size of the nacelles thus far
described (72 in,diameter, full scale) was necessary to
permnit enclosure of the landing gear. Nacelles 3 to 5
and their modifications are types in whick the maximum
cross—sectional dimensions were made as small as possible
from considerations of only the engine size and the
eooling—~air requirements,

Nacelle 3 was elliptical in cross section., The
depth, 60 inches full scale, was limited by the engine
diameter, and the width, 72 inches, was chosen in order
to allow enough space on either side of the engine for
supplying air to the accessories, The C—cowling contour
of reference 1, derived for a 4.50-inch radius, was main—
tained around the nose, The maximum cross section was a
true ellipse as were the afterbody sections., The line
of symmnetry of the nacelle passed through the trailing

-edge of the wing., Four outlets were provided, one on

either side for the engine cooling air and one each on
the top and on the bottom for the accessory air.

Nacelle 3A.— The bottom outlet of nacelle 3 was
faired over to form nacelle 3A.
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Nacelle 3B.— In order to evaluate the effect of

shortening the afterbody, naceile 3B was designed with
the afterbody terminail .ng at the 50-percent—chord station
of the wing, It was otherwise identical with nacelle 34,

Nacelles 3C ancd 3D.,— Nacelles 3C and 3D were identi-

cal with nscelle 3 except that the side outlets were
closed and falired over on nacelle 3C and the top and

" bottom outlets were closed and faired over on nacelle 3D.

Nacelle 4,— Nacelle 4 represents about the minimun

size (60 ins diameter, full scale) that will house the
Wright 3350 engine, No provision was made for accessory
air on the model. IZither scoops or wing inlets would be
necessary. The C—-cowling contour (reference 1) was de—
rived for the maximum radius of the nacelle, In side
view the afterbody contour is identical with thet of na—
celle 3B. The cross sections were circular throughout,

4, and tables I and II), was designed around the installe-
tion shown in figure 5, All the required internal air
flow was admitted at the nose of the nacelle at an inlet
velocity of about 0.4V,  The external nose profile was
that of nose B of reference 2 carried back as far as the
leading edge of ‘the wing. The leading edge of the na—
celle was extended ahead of the wing by about 13 percent
of the chord in order to prevent interference effects due
to the low pressures on the forward part of the wing at
high angles of attack. The vertical position of the na—
celle was adjusted to allow equal duct space above and
below the wing for the engine cooling air. The ducts
(fige 5) leading to the oil coolers, intercoolers, and

" superchargers were simulated on the model by means of a

single duct in each wing terminating in an outlet opening
on either side of the nacelle (fig, 4(b)). The right
opening was .placed close to the nacelle in ordexr to permit
a comparison of the interference effects at that location
with the effects at the location of the left outlet fur—
ther outboard, The internal flow was divided approxi-—
mately as follows: 50 percent through the nacelle and

" 25 percent through each wing duct,

Nacelle 5A.— Nacelle 5A was the same as nacelle 5
except that the right outlet was closed.

Nacelle 5B.— The fillet sketched in figure 1 was
added to nacelle 5A to make nacelle 5B,




Nacelle 5C.— Nacelle 5C was. the same .as nacelle 5
| except that the left outlet was closed.

b Qutboard nacelle.,— The outboard nacelle was the
manufacturer!s design for the airplane. It was similar
to the original inboard nacelle previously described ex—
cept that the C~cowling contour was employed. |

Pressure measurements.— Pressure—distribution data
were obtained on the cowling—C profile of nacelle 3 by ‘
means of flush orifices on the top and the side of the
cowling. Pressures in the wing juncture of each nacelle ‘
were measured by small portable static tubes, The tubes /
were alined parallel to the flow direction as indicated |
by tufts. The rate of internal flow and the internal
pressure drops were measured by surveys at several stations
in each outlet opening, taken with rakes of total-pressure
and static—pressure tubes, ' y ‘

Force tests.— The 1lift and drag characteristics of ’

the wing alone and in combination with each of the na— : \
celles were measured for the following conditions: |

(1) From o

il

-1° t0 8% at M = 0.26

|

(2) From M = 0,17 t0 0.55 at o = 0° and 2°

Tests of inboard naceile 1A were also made in the presence

(6 ® 0.13 and 0.38) |
|
of the outboard nacelle for the listed conditions, [

|

Pressure measurements.— Pressure data at the wing—

nacelle junctures were obtained for all configurations at ‘

M = 0,33 for angles of attack of —1°, 2°, and 6°, Pres—

sure distributions over cowling C of nacelle 3 were ob— f

tained through an angle—of—attack range of —=1° to 16° at ‘

i = Uu,26, and from -4ty 3% for ¥ .= 0.17 to 0.56s  Sur—

veys of static and total pressure were made in each outlet ‘

opening in order to determine the internal flow guantity,

the pressure drop, and the internal drag. ’ (
|
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Drag of the wing.— A special effort was made through-

out the tests to keer the wing surface ideally smooth and
fadry Tle drag of the wing alone was measured five times
during the tests and was found to deviate from the originsal
values by not more than 1% percent (about 4 percent of av—
erage nacelle drag increment).

RESULTS

Reduction of data.— The drag increments due to0 the

nacelles are given in the form of coefficients based on

the nacelle frontal area, The calculated drag correspond—
ing to the momentum loss of the internal flow has been
deducted from the total drag increment, and the remaining
external drag increment is presented in this report.
Through the use of this parameter the effect of changes in
external shape, with which this investigation is mainly
concerned, can be studied directly. Drag—coefficient
changes associsted vwith the internal flow are accounted for.
The values of the internal—drag increments calculated from
the measured internal—flow characteristics by the method

of reference 2 are shown in table III for each nacellse.

If it is desired to ob*tain the total nacelle drag—coefficient
increment, the values gziven in this table may be added to
the external—drag values shown in the subsequent figures of
thig report. The total drag—coefficient increment is of
interest only at the design speed, because lower speeds
would require larger exit openings and higher internal drag.

Tests with fixed transition on the wins.— In previous
tests of nacelles on conventional wings, it has been found
desirable to fix the transition point near the leading
edge of the wing in order to make the boundary—layer con—
ditions correspond to those of flight., For the low—drag
tyre of wing, however, the full-scale flight transition
location is not definitely known and therefore cannot bde
sinulated in model tests. In addition, it has been found
that the methods used to fix the transition location bring
about a type of tronsition consideradbly different from the
type that occurs naturally on a smooth low—drag wing. A
fow runs were made during the present investigation with
the transition fixed on both the upper and the lower sur—
faces of the wing at the 1lb5~percent—chord station in order
to determine the nacelie drag for this extreme of the
boundary—layer condition. It was found that the nacelle
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drag was of the order of half the value obtained.on the
smooth winge DBecause the fixed transition data were of
doubtful sigaificance and indicated very low nacelle
drags, no further fired—transition tests were made. A1l
the data presonted in tais report were obtained with the
smooth wing. ‘

Force—test data.— The exbternal drag coefficients of

the nacelles, grouped according to type, are shown in
figures 6 %0 9 as functions of M and a., The small in—
terference drag betwe:n the inboard and the outboard na—
celles is shown in Tigure 10, A comparison of the drag
of nacelles typical of each type is made in figure 11,
Table II affowrds 2 comparison of all the nacelles. In
addition to the drag coefficients, the drag in poudnds at
25,000 feet altitude and at I = 0,50 .is tadulated to
show the cver—all drag changes including the effect of
changes in the nacelle frontal area. Favorable interfer—
ence effects associated with the outlet flow are shown in
figures 12 and 13, Figure 14 shows the 1ift coefficients
of the wing—nacelle combinations,

Pressure data.,— The pressure distributions over cowl—
ing C (nacelle 3) are presented in Ffigures 15 and 16.
These data are given in considerable detail, particularily
as regards angle—oi—attack range, because a number of re—
quests have been received for data applicable to0 structural
design at high angles of attack.

Pressure distributions at the Juncture of the wing
and nacelle 3 are shown in figure 17. These results were

typical of the juncture pressures obteined with the other
nacelles,

YACELLE DRAG

Vertical locntiorn.— In a series of preliminary tests
not described in this report, it was found that about two—
thirds ol the large drag reduction that occurred when the
magnufacturer's original nacelle was replaced by the cen—
trally located nacelle 1 (table II and fig. 6) was the
result of raising the nacelle to the central position,

The rest of the reduction in drag occurred through the use
of cowling C, A separated flow coniition that existed
over the original afterbody did no% occur with nacelle 1
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becavse of the greatly improved afterbody shape made
possible by the central location., The same result was
obtained by lengthening the afterbody of the original
low nacelle., (Cf. nacelles 1 and 1A, 2A and 2B of table
I and figs, 6 and 7.) The nacelle in the low position
with the extended afterbody gave lower drags than the na-—
celle in the central position for angles of attack greater
than 5° (figs. 6(c) and 7(c)). It thus appears that the
central location offers no advantage except in the cases
where a large nacelle muast be terminated near the trail—
ing edge.

Extended aftsarlbod—-.~ The adverse pressure gradient
over a nacelle afSerbody is superimposed on the adverse
gradient of the wing if the nacelle is terminated at or
near the trailing edge of the wing., The resulting pres—
sure gradient will be more severe than for either wing or
nacelle alone and separation effects will be encouraged.
This result is particularly true of low-drag wing sections
that commonly have steeper adverse gradients than con—
ventional sections and is one of the reasons that nacelle
drags on low—drag wings tend to be greater than on con-
ventional wings, The diflficulty can be circumvented by
extending the nacelle afterbody, a procedure which not
only moves the adverse gradient on the nacelle away fron
that of the wing but which also reduces the magnitude of
the gradient on the nacelle. The beneficial effect in
the case of nacelles 1A and 2B was very large, as previ-
ously shown, because of the critically poor shape of the
original nacelle, 1In this instance a nacelle extension
of only 15 percent of the wing chord was sufficient to
prevent serious separation. The amount by which the na—
celle should be extended is a function of a large number
of variables; tests to determine the optimum length in
individual cases will probably be required.

Cowling shape.~ The reduction of the drag of the
original nacelle by one—third through the use of cowling—
profile C (reference 1) was due to elimination of local
separation of the flow over;the top of the original blunt
profile., A comparisor of cowling C with the high—speed
cowling B showed that the minimum drags at moderate speeds
were about the same., (Cf, nacelle 1 with 2A or nacelle
1A with 2B, table II.) At Mach numbers beyond 0.62, how—
ever, the drag with cowling C has been found to increase
precipitously (reference 1) owing to the compressibility
burble; whereas the drag of cowling E remains low up to
Mach numbers of the order of 0,70 to 0.80, depending on
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the magnitude of the protuberances due to the accessory
air ducts around the ei.gine., In the absence of the pro-—
tuberances, no pressure peak occurs on the B—cowling
profile (reference 2).

The drag with cowling E was considerably less than
with cowling C at’ the higher angles of attack, 8oL,
nacelles 1 and 1A with 2 and 2A in figs, 6(c) and %ieé).)
The entrance and duct losses with cowling E were found
Yo be negligible throughout the entire range of angles of
attack, indicating that higher front pressures would be
available with cowling E than with cowling C, for which
the entrance losses are appreciable at the higher angles,
Unfortunately, this result cannot be translated directly
into flight performance because the effect of the propeller
shank fairings with a rotating propeller is not ineluded,
The entrance and duet losses in the pusher arrangement
were likewise found %o be negligible throughout the angle—
of-attack range, This design also employed the cowling
E profile at the eatrance. '

facelie size.~ Necelles smaller than 72 inches in

diameter are feasible where provision for large wheels

is not required; for example, in flying boats or in the
outboard nacelles of four—engine landplanes.. Large drag
reductions can be made partly as a result of the reduced
cross—sectional and wetted areas and rertly through the
reduced interference drag of the smaller nacelles, The
72— by 60-inch elliptical nacelle has 83 percent of the
frontal area of the 7-inch—diameter model but only 54
percent of the drag. (See nacelle 3 of table II. The
drag coefficients shown in table IT and in fig, 8, being
based on frontal area, show only the changes due to veria—
tions in interference effects; hence, a column is inecluded
in table II showing the drag of each nacelle in pounds for
a typical operating condition.) The reduced interference
effects probably result from the fact that a larger pro—
portion of the wetted areas of the gsmaller nacelle is
covered by the wing, The improved afterbody fairing and
increased fineness ratio are probably also beneficial., An
afterbody extending only to the 50-percent—chord station
of the wing resulted in about the seme drag as the longer
afterbody., (Cf, nacelles 34 and 8By fig. 8, and table 1I,)

Further decrease in the nacelle dimensions to 60
inches diameter, the minimum sigze that will enclose the
Wright 3350 engine, permitted still further reductions in.
the nacelle drag (nacelle 4, fig, 8, and table II), This
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rodel had no provision for the introduction of auxiliary
air, however, and it is not likely that any net saving
over nacelle 3 would occur if scoops were added or if any
inlets were employed,

Fusher nacelle.— With the pusher—nacelle arrangement
it was possible to admit all the required air through an
efficient inlet opening at the nose of the nacelle (cowling—
E profile, nose B of reference 2) and, at the same time,
employ the minimum possible diameter of 50 inches, Suffi-
cient space was availehle for efficient ducts to the in—
tercoolers and turbos.perchargers carried in the wing on
either side of the nacelle (fig., 5). This nacelle had the
lowest drag of any model tested., (See nacelle 5, fig, 9,
and table II,) The drag at ¥ = 0.50, for the flow condi-—
tion corresponding to 25,000 feet altitude, was 33 percent
of the drag of nacelle 1 and 61 percent of the drag of the
elliptical nacelle 3. As previously mentioned, the pusher
arrangement would not suffer as would the tractor type
from increases in wing drag due to disturbance of laminar
flow on the wing by the slipstrean.

Interference betveen inbcard and outboard nacelles.—
In the ainimum drag condition the interference was negli-
gible (fig, 10(=2)). At high angles of attack a favorable
interference effect occurred (fig. 10(c)), probadbly as a
result ol reduction of the separated flow over the blunt
afterbody of the outboard nacelle.

Lomparison with conventional wing.,— Drag results
previously obtained for nacelle 1A on a wing of more con-—
ventional section are unfortunately not directly compara-—
ble with the present results: first, because the thickness
of the conventional wing was greater (22,7-percent—thick
section) and, second, because the data with the conven—
tional wing were measured in the presence of 2 large fuse—
lage. The results of reference ‘3, although not strictly
comparable with the results presented herein because a
wing of l8—percent thiciness ratio was employed, permit
a comparison of good conventional nacelles at identical
values of the ratio of nacelle diameter to wing thickness.
The following table compares the minimum external drag
coefficients of these tests with those obtained in refer-—
ence 3 at eapproximately the same Reynolds number. It is
pointed out that the comparison tends to be unfavorazble
to the low—drag—wing data in that the Mach number was 0.30
anc. the 1ift coefficient 0.4 in the present tests as com—
pared vith a llach number of 0.08 and a 1ift coefficient of
0 in the full-scale—tunnel tests.,
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Co,
£
S AR S e e e e e e s S
Nacelle diameter
Wing thickness Nacelle on Nacelle on
conventional wing | low—drag wing
B ST s T
Nacelle
2,40 C.055 0,067 ik
I
210 . 065 2070 i 1A
|
e 10 . 065 .058 2
i s . 0560 . 049 3
17D . 050 . 043 4
1,706 .080 041 5
T 0 A |

Phis comparison chows that, in spite of the factors
tending to increzse t..e nacelle drag on a low—drag wing
(disturbance of the laminar flow on the wing by the na—
celle and increased separation tendencies), the drag of
suitable nacelles is not greatly different from the drag:
of similar nacelles on a.conventional wing.

Effect of on operating propeller.— The drag coeffi-
cients of the tractor nacelles on the low—drag wing would
be somewhat increased if an operating propeller were pres—
ent because the propeller would create a disturbance of
the laminar flow on the wing. An estimate of this effect
for the original nacelle on the 20,7—percent—thick wing
can be made on the assumntion that the boundary—-layer flow
changes from the laminar to the turbulent type over 40 per-—
cent of the airfoil surface as a result of the propeller

action, The dimensions used and the calculation are as
follows:

Erapeller digmetaly Toot 'v v o™ & v a s & 0 & 163
Nisieedl Thes (d Lamiotter:, ifigel: « v s Uil 5f Wf Tev e Get bei o 4w 6

i <
Wine chord s Eeol. o' afe s ¥ S WDER " 44 & % ¥ 9 “e e 133
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Increase in section drag coefficient of wing due
e prppellor aption, &g ¢ +'ar bl el i & B .0020

_ (0.0020)(wing area exposed to slinstreanm)

LCT
D nacelle cross—sectional area

7

0.002 | Q;e% -6 138) |
L P2 S
2

8.2

1

0,010

This value represents about 12 percent of the drag of the
T2—inch—diameter nacelles and about 21 percent of the drag
of tke 60—~ by 72—inch nacelle,

Variation with llach anumber.— Figure 11 shows that the
drag of the original nacelle increased very ranidly with
Mach number, probably because the flow separation becomes
more intense as the speed increases. If the nacelle drag
coefficient is high at low speeds, a much higher wvalue
nay be expected at high speeds, If the drag is small at
low speeds, however, indicating satisfactory flow condi-—
tions, no serious increases with speed occur until the
critical compresssibility speed is reached, It will be
noted in figure 11 that the maximum test Mach number,
0.55, was considerably lowver than the criftical Mach number
o Bny ©f the nacelles (ecowling €, eritical H ="0.62).

Beneficial effects of air outlet.— The outlet open—
ings on nacelles 2 to 5 were designed in accordance with
the suggestion of reference 2 that the outlet flow should
cause a minimum of disturbance to the static pressures
over the basic body, which condition requires that the out—
let profile be cut below the basic body profile for some
distance back of the actual opening (fig. 2). It was found
in several cases that the drag was less when the outlets
were open than when frired over. The top outlet of nacelle
2 had a large favorab.e effect (see fig. 12), apparently
the result of decreasing a local separation on the upper
wing—nacelle juncture. The top and bottom outlets of na—
celle 3 had a similar effect, but the side outlets, located
in the positive pressure field of the wing, added somewhat
to the drag. (Of., figs. 8 and 13.,) Alternate fairing
over of the wing outlets of nacelle 5 (fig., 12) showed that
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both had a favorable effect. The left outlet was more ef-—
fective than the right, which was located in the wing—
nacelle juncture (fig. 4(Db)).

EFFECT OF NACELLES ON LIFT

At a given angle of attack, all the nacelles tested
decreased the 1lift when added to the wing. None changed
the slope of the 1ift curve (fig. 14). The low nacelles
1A, 2B, and 2C caused the largest 1lift decreases, In
order to maintain the required net 1ift coefficient, it
would be necessary to increase the angle of attack of the
wing, a procedure that would result in increased wing drag
because of operation of the wiag at higher than its design
1ift coefficient. In the design of the wing, therefore,
the design 1ift coefficient should be determined from a
consideration of the effects of nacelles and fuselage as
well. as of the wing l.ading.

PRESSURES AT WING—NACELLE JUNCTURE

The results shown in figure 17 are typical of all
the nacelles tested, It will be noticed that the after—
bodies of the so—called centraily located nacelles were
larger on the under side of the wing tkhan on the upper
side because of the camber and the 3° angle of incidence
of the wing, The pressures on the lower surface were thus
disturbed to & greater extent than on the upper surface.
As shown in figure 17, the local pressures became more
negative on the lower surface at the wing—-nacelle juncture
than on the wing alone, whereas the upper—surface pressures
became more positive. The coantracting lines of the upper—
surface junctures and the decreased circulation in the
vicinity of the nacelle are probably Jjointly responsible
for the reduced negative pressure peaks on the upper sur—
face. This result is desirable because on a lifting wing
the negative pressure peak on the upper surface determines
the critical liach number, and this peak should not be aug—
mented by the presence of the nacellzs. The pressure peak
on the lower surface, even though increased by the nacelle,
is not likely to exceed the upper—surface peak. (See fig,
17.) ©On the basis of these results, it is evident that
none of the nacelle installations tested would reduce the
critical speed below *that of the wing.
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Although no attenpt was made to do so in the present
tests, it appears possible to design a wing—nacelle junc—
ture that will not augment either the upper— or ths lower--
surface peacks,

SUUMLRY OF RESULTS

l., The minimum drags of conventional nacelles of
various types and sizcs installed on a 20,7-percent—thick
low—drag wing were of the same order of magnitude as the
minimum nacelle drags obtained in a previous investigation
employing an 1l8—percent—thick conventional wing,

Ze The estimated effect of the disturbance of the
leaminar boundary layer on the wing by the slipsiream of a
tractor propeller is to0o increase the nacelle drag from 12
to 21 percent, depending on the nacelle size,

%¢ The drag coefficients of nacelles that were un—
satisfactory at low speeds increased very rapidly with in-—
creasing Mach anumber, For the best arrungements tested,
however, no serious increases occurred within the limit
of the tests, for which the highest Mach number was 0,55,

4, Decreases in nacelle size resulted in large drag
reductions both through the reduced frontal area and
through decreased interference effects.

5, A 60—inch—diameter pusher arrangement with pro—
visions for handling all the air requirements of the
Wright 3350 engine, but with no provision for housing a
lanfding gear, had the lowest drag coefficient of any na—
celle tested.

6. The minimum drags obtained with NACA cowlings C
and B, as tested with the spinner stationary, were about
equal at Mach numbers below 0.55. A% higher angles of
attack, cowling E ha¢ less drag and higher pressures
available for cooling than cowling C.

7. Nacelles in the low position with the top of the
nacelle flush with upper surface of wing had about the
same drag as nacelles vhose center lines passed through
the trailing edge of wing, provided thet the low after—
body was extended far enough beyond the trailing edge to
prevent flow separation.
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8. Low nscelles appeared to present less of a problem than
contral nacslles in designing for a high critical Mach number
at the wing-nacelle juncture because only the relatively low
local velocities on the under surface of the wing were augmented by
the afterbody. With either the low or the central location it
appears that the critical Mach number at the Juncture can be made to
exceed that of the wing alone by proper shaping of the nacelle
afterbody.

9. The effect of air outlet through efficient openings
resulted in reduced external drag in several cases. This
effect was large enough'to warrant furthsr investigation. Nacelle-
development programs should include tests to determine the most
effective outlet location.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Asronautics
Langley Field, Va.
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TABLE I.

NACELLE ORDINATES IN IRCUES
!Sse figs. 1 and 2
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TABLE I, = continued

NACELLE ORDINATES IN INCHES - continued

Manufacturer's original nacelle

x

x
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@
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.030
.066
BUA!
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.L38
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LT3

1,105
1.L475
1.8L5
2.216
2.6%9
6.550
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7.050
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17.220

22,060
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30.620
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L89
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1.481
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6.550
6.550
7.050
8.250
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17.220
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30,620
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NACELLE 1 NACELLE 1A
x y b4 b 4

(radius) (redius) " L
ooh) 2113 3,15 12,06 | L.L8 | L.L8
. . 3.40 16,45 | LB | L.30
.086 3,18 348 21,95 | ===~ | 3.73
173 3.9 3459 27.95 | =—=~ | 2.30
36 3.75 3.75 30.54 § 1.L9 | 1.50
.519 .88 3.88 31,50 {1.28 | 1,11
b2 3.97 3.97 32,47 | 1.00 NG
.865 L4,07 L.07 33,06 | 77 | L7
1,039 L1l Lok 33 0 0
1.210 L.22 L.21
1.383 L.27 L.27
1.73 L.37 L.37
2.08 L.l Ll
2,2 L.L8 L8
2571 L1.50 L.50
6.55 14,50 L.50
6,55 L.12 L2
7.05 L.33 L33
8425 L4.50 L.50
13.50 L.50
16.50 L.37
18.50 L3
20,50 3.
22,50 3,21
24,50 2,56
26.50 1.83
28,50 «98
30,62 0
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TABLE I, - continued

NACELLE ORDINATES IN INCHES - oontinued
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TABLE T
DRAG OF NACELLES TESTED

Table 2

MODEL ARRANGEMENT | 0t

Qas5/

O/ /4

680

05/

Deo

G o)

.05/

080

oen
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P .
A ks e Q
——+
EMACELLE — E
S L S ORIGINAL
NACELLE
COWL C
S
— _..___ﬁ__ [: B = - = S
N = MIDPOSITION
COWL C
//§-E©,/\‘
N = MPROVED AFTER-
BODY, LOW POSITION
cowL £ OUTLET FOR AUXILIARY AIR

)

.06/

e

CA

TOP OUTLET CLOSED
1 _—__E i e [

ot

088

F90

cB

—

SAME AS 2A, LOW FOS/TION

053

088

S

a

| —

SAME AS 2B, LARGE OUTLETS

074

050

JDie

MES. §HST
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LRAG 0F NACELLES TESTED - Continued,

Table Z(concluded) 1

INTERNAL*| M=l 50 e ="
MODEL ARRANGEMENT | 287 [ Cpe  [Ermea

M1DRPOSITION

LLLIPTICAL CROSS SECTION

LONG AFTERBODY

Ql£6

Q056

/80

A

(=5

e

BOTTOM OUTLET CLOSED

095

054

S5

- £l
‘ SAVE AS 34,
SHORT AF TERBODY

093

.06/

200

|

=
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|
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1
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089
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TABLE III
INTERYAL-DRAG INCREMENTS

2%  ¥= 5,608]

Nacelle

Original

i
A
2
2A
2B
2C

0
3A
338
30
3D
4
5
5A
5B
5C

Botton

Flow condition LCpy

Engine cooling air only 0.006
2 iy e hn - RETEE S e . 006
s, Sl LS e e s R g . 006
Complete. air requirements . 020
Engine cooling air only 011
PSRRI B TR LT o QL
Enlor ged side outlets + 023
Complete air requirements . 024
cutlet closed » 030

. G R s 010
Auxiliery air only . 003
Engine cooling air only .003
1.25 X engine cooling air . 016
Complete air requirements « 017
Right outlet closed .014
S o e e G0N g G e e .014

Left outlet closed
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NACA Figs. 2,5
g 6"
FIGURE 2.— T YFICAL AIR OUTLET. -
(T0POUTLET; NACELLE 2) SCALE
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/
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Figqure 6.~ Proposed installation details, nacelle 5.




Figs. 3a, 3b
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Figure 3a.- Nacelle 2C. Three quarter view.

‘Figure 3b.- Nacelle 2C. Top view.




A~229

NACA

Figs. 4a, 4b

Figure 4a.- Nacelle 5.

Figgre 4b.- Nacelle 5.

Front view.

Rear view,
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(a) Variation of drag with Mach number; a = 2°
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(e) Variation of drag with angle of attack; M= 0,26,
Figure 8.~ Concluded,
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