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DRAG AND PROPULSIVE CEARACTERISTICS OF AIR-COOLED
ENGINE-NACELLE INSTALLATIONS FOR TWO-ENGINE AIRPLANES

By Herbert A Wilson; Jr., an@" 'Robert Re Liehy
SUMUARY

Regsearch on wing-nacelle propeller arrangements has
been continued in the NACA Full-scale wind tunnel with
tests on a model of a two-engine airplane provided with
ngcelles varying in diameter from 1.5 bo 2.6 times the lo-
cal wing thickness. This model is the same one that was
previously tested with four-engine-nacelle installations,
and the results are directlv comparable.

The results show the varigtion of the nacelle drag
with the ratio of the nacelle diameter to the wing tnicx~
ness, the effects of the nacelles on the aerodynamic char
acteristics of the airplane, and the propulsive and the
over—all efficiencies for all the arrangements. The pres-
ent results are combined in some cases with the results of
previous experiments, so that the effect of nacellesis in=
cluded for airplanes ranging from 6% Po " 100 “tomnsl.

INTRODUCTION

The tendency to increase the power of ra
cooled airplane engines without increasing t
ameter has led to large variations in the si
wing nacelles relative to the size of the win
vestigation conducted in the NACA full~s ale
has dealt with the influence of the ratio of the n
diameter to the wing taickness and of the longitudins
and vertical propeller location on th
sive efficiency, and the over~all eff er
airplanes. The effects of the nacell a
operation on the 1ift and the pitching mo
Plane have also been studied, The invest
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ratios of the nacelle diameter to the wi
BN firom 0,53 to 2.60, representing aiTp
%ol 100 tons gross weight.
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By variation of the number and size of the nacelles
stalled on the same airplane model, a series of airplanes

has been revresented from which directly comparadle data
were obtained. The tests of these models were divided into




two groups: The

fivet eroup, reported in re s
sisted of tests of e model with four anacelles of diam-
eters varying from 0,53 to0o 1.5 times the wing thickness;
the second group, constituting the basis for this report
covers tests of the model with two nacelles of diameters
varying from 1,5 %to 2.6 times the wing thickness.

SYMBOLS

o angle of attack of the fuselage reference axis rela~
tive to the wind axis, degrees

q free—stream dynamic »ressure, nounds per square foot
S wini area, square feet

© mean chord of wing, area/span, feet

t,  maxinum wing thicknesgs (average over nacslle), feet

Dp propeller diameter, feet
DN maxinum nacells diameter, feet

P mpaxinum cross-sectional area of nacelle, sqguare feot
V air speed, feet per second
L 1ift, or force normal to the relative wind, pounds

4., pounds

P
=]

D drag, or force parallel to the relative w

J

Lngtadl

O
e

D oower—-off drag of model with engine-nacell
tion, nounds

o

M. pitching moment, pound-fdet
5 £
qS

D
o Lot
e
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AD

Uy~ Bp (Subscript w rofers to power-off drag
" w of the model with ngg_g;g“ sub-
script .c...ba powaer-off drag of nodel
with enzine~nacclle installation)
ACpS
2
U
aSe
resultant force of a propeller-nacelle~wing combi-
nation, pounds :
thrust of propellers. operating in front of a body
(tension in propeller shafts), pounds
increase in drag of the dbody due to the action of

the propellers, pounds

effect thrust of tae propeller~nacelle installa-
tion
power input teo all propellers
- (L A. r ' . A
*n~§—gll propulsive efficiency
C
D"'i’ - DD >
M <E——> over-all efficiency
De
n
——L2—-  index thrust coefficient
P
=0 S
&
propeller speed, revolutions per second

propeller-blade angle at 0.75 radius, degrecs

flap deflection from closed vosition, degrces




MODEL -AND TEST EQUIPMENT

The tests were conducted in the NACA full-scale wind
tunnel, which is described in reference 2.

a metal-covered,

feet,
nesg

the tip.,.

cent of the span with the exception of a short
fuselage.
reference

midwing monoplane with a

The model is

gpan tof {57,285

The symmetrical wing sectionsg are tapered in taick-

The

from the NACA 0018
The wing nlan
chord of 7.28 feet, anid

angle of
line 1a 4,869,

the

wing

at the root to the
form tapers
the wing area is

setting
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172

WACA
from a

to the

QOY0 at
root

square feet.
Split trailing-edse flavps extend over the middle 60 per-

gap at the
fugelage
The principal dimensions of the

model and the nacelle for each of the test arranzements
are shown in figure 1, TFigures 2 to 6 show the model as
installed in the full-scale tunnel.
A summary of the nacelle arrangements tested is shown
in teble I,
"TABLE 1
Hacelle Dy Propeller| Dy Propeiler Nacelle| De-
8 diam= !y dianeter ﬁﬂ location| posi- |tails
Test oter w : 4 tion in
{1 4 (in.) (2)
i o cowling - Bare-wing model fle, 2
2a 20 A B 48 0e4l? 0.25¢ Center [(fig., 3
line
2Dd 20 IES 48 w17 5 D' Low fig. 4
3 30 ¢4 N 69 « 440 s 500 Center (fic, 5
line
4 34,7 2is0 84 o413 vobe Center |[Tig. 6
line
-i — —— ——— ———— e ea et e e

Thickness ¢
nacelle locations,

EChord

is the average of wing thickness a2t the

¢ 1is the local chord at each propeller location,
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Power to operate the propellers was furnished for the
20-inch nacelle arrangement by the 25~horsepower alternat-
ing—-current motors used in the tests of reference 1, and
for the 30.4-inch and 34,7-inch nacelle arransements Dby
l15-horsepower motors of lower synchronous speed. For all
three nacelle arranlements, the motors were supported ahead
of the wine and within the nacelles. The propeller speed
was regulated dy varying the frequency of the motor-current
supply and was measured with an electric tachometer. Power
output was obtained for the 25-horsepower motors from an
electrical calibration and for the l5-horsepower motors oy
measurement of the torque reaction on the motar.

Three sets of propellers, a modified Bureau of Aero-
nautics Drawing No. 4412 two-bdblade propeller of 48~inch
diameter, a Ourtiss 88930 three-blade propeller of 69-inch
diameter, and a Hamilton Standard 1827 two-blade propeller
cut down from an 8- to a 7-foot diameter, were used on the
20-~, the 30.,4~, and 34.7-inch nacelles, respectively.

The contour of the cowlings and their relative dimen-
sions are Siven in figure 7 as fractions of the cowling
diameter. These cowlings were Ieometrically similar to
those used in the previous series of tests (reference 1)
and to the one designated cowling € in reference 3. The
shaves of the nacelles were designed in each case to avoild
flow separation on the afterbody. At the intersection of
the nacelle and the wing plasticine fillets of small radi=-
us were used to provide a smooth fairing.

Perforated metal plates, the resistance of which was
changed to a value of conductance K (reference 4)
of approximately 0,10, simulated the engine, The
exit slot of the cowling was proportioned to give a
pressure drop of 0.0%0g across the engine; it was
assumed that a means of exit—slot adjustment such as
flaps would be provided for othker flight conditions,
For the tosts with no cooling air, the exit slot was
scaled to prevent any air flow through thé cowling,
This methodl was found to give more conaistent results
than sealing the perforation in the mctal plates of
the encine, as was donc for the tests of reference 1;
the improvement can be attributed to a better flow
condition at the exit slot,




With propellers removed from the model, measurements
of aerodynamic characteristics were made at an air speed
of about 60 miles per hour for each of the nacelle instal-
lations over an angle-of-attack range from zero 1lift
through the stall, Scale effect on the drag at low 1lift
coefficients was also measured over a range of air speeds
from 30 to 100 miles per zour.

With the propellers operating, propulsive character-
istics of the nacelle-propeller installations were deter-
mined for the attitude in which the thrust axes were par-
allel to the relative wind and for 1lift coefficients ap-
Proximating those for the high-speed and the c¢climbing con-
ditions. The pnower-on measurements included the power in-
put to the propellers and the propeller speed as well as
the usual aerodynamic forces and moments. For the propul-
sive efficiency tests, the 7V/nD was varied by increasing
the air speed from 30 to 100 miles ver hour and then by
decreasing the propeller speed at the maximum air speed
until zero torque was obtained. The effect of propeller
operation on the 1ift and on the pitching moment was de-
termined at a test air speed of approximately 6Q miles per
hour for the maximum thrust pvermitted by the set-up and
for an intermediate thrust condition.

POTER-OFF CHARACTERISTICS

The aerodynamic characteristics of the two-engine
model with the propellers removed are shown in figures 8
to 12 for the various arrangements tested. These data
were obtained at a tunnel air speed of about 60 miles per
hour, waich corresponds to a Reynolds number of about
2,500,000 based on the average wing chord of 4,62 feet.
The coefficients are based on a wing area of 172 square
feet and are corrected for wind-tunnel effectse Pitching-
moment coefficients are computed about a center of gravity
located as shown in figure 1,

Drag.- Scale effects on the airplane drag coefficients
for the nacelle arrangements and for the model without na- -
celles, tested a2t an assumed high-~speed 1lift coefficient of
0¢25 are given in fisgure 13, A comparison of the curves
for the various nacelle installations with those for the




bare wing shows that the dras increment due to the nacelles
is more or less independent of the test air speed within
the range coversd,

The variation of the nacelle drag increment per na-
celle ACp/2 with the ratio of the nacelle-diameter to
the wing thickness Dy/t, is shown in figuresl4(a), (b),
(e¢), and (4) for the present tests at 1ift coefficients of
=0,04, 0425, 0,8, and 0,7, together with similar data from
the earlier tests of reference 1, The propeller location
for nacelle arrangements with wvalues of DN/tW o 2 g2y and

2.60 was 0.50¢c ahead of the leading edge of the wing as
compared with a position of 0.,40c for the other nacelles
of fisures 14(c) and (d). The difference in drag between
the nacelles with the propeller -ositions of 0.,40c and of
0.50c has been disresarded in the discussion of the varia-
tion of the nacelle drag coefficieant and will De examined
later. The increase in the total drag due to nacelles of
large relative diameter as well as the importance of the
drag due to the flow of the cooling air for large values
of Dy/ty is clearly shown in figure 14,

The nacelle drags are a2lso shown in terms of the na-
celle dras- coefficilent GDF in fieure 154 fromwhich fdgw

ure the drag of conventional nacelle and cowling installa-
tions can be vredicted. There is a large inereage in na-~
gelle drae coeffilicient with 11ft coefficient for small
values of Dy/ty. As the value of Dy/t, increases, the
nacelle drag coefficient tends to approach a constant val-
ue and to become considerably less dependent on the 1ift
coefficient and the propeller positione.

The nacelle drogs without cooling air flowing were
considerably smaller for the two—-nacelle tests than for
the four-nacelle tests of reference 1, This difference is
particularly noticeable for the 20~inch nacelles with the
Oe25¢ propeller position because a direct comparison is
shown. The decrease in nacelle drags is attridbuted to
sealing the cowling exit for the present tests rather than
sealing the perforated metal plates, thus elimisating sec~—
ondary flows due to pressure differences around the pe-
riphery of the cowling exit.

Calculations of the drag due to forcing air through
the cowling and the perforated nlate simulating the en-
gine, “asg outl d in reference 4, give increases in the



necelle drag coefficient of 0,020 and 0.014 for the 34,7=-
and the 30,4-inch nacelles, respectively, that check re-
markably well with the wvalues of 0,019 and 0,014 from the

A

data of Tisure 15,

An unexpected decrease in drag was shown by the 20=-
inch nacelles in the low position (fig. 13). This de-
crease 1s incongsistent with the results of recent tests
made in the NACA 8~foot high-speed tunnel (reference 5)
that show a 2-percent increase in the airplane drag for
lowering the nacelle. For the tests of reference 5, the
lowered nacelle was feometrically similar to the center-
line nacelle; whereas, in the present tests the nacelle
afterbody was faired to provide additional space ia the
nacelle Tor housing the landing gear. This requirement of
space made it necessary to elongate the nacelle and to
fair from the circular encine section to a vertical line
at the tall. It is believed that the more graduval fairing
of the low nacelle caused legs interference between the
wing and the nacelle on the lower surface and that lower-
ing the nascelle decreased the interference on the upper
surfaece of ths wims t6 %5 dow walire. This conelusion is
partially verified by the fact that the. drag for-the: low=
ered nacelle approaches more nearly the skin-friction drag
for a corresvonding amount of surface in turdulent flowe.

Maximum 1ift.- The maximum 1lift coefficient was
slightly decreased (about 1 percent) by the additiom of the
nacelles to the airplane. Table II summarizes the maximum
lifts for all the test arrangements,

|
' Flap deflection 8
D/t Propeller N S AL ST ;i J LS
N/ Y locati
ocation Oo 60° Yertieal
position
Bare wing 1522 132
1%50 O 25 1428 A Center line
12850 :25¢ 1:28 1. 76 Low
2k anle dog o8 - Center line
260 +00e i 26 - Center line
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A comparison of the values for the current tests with
those for the tests of reference 1 shows a coansiderable
difference in the efreet of the nacelles on maximum lift.
Adding four 20-~inch nacelles to the model save a decrease
in maximum 1ift of 9 percent; this decrease is inconsist-
ent with the results of the two-nacelle tests. Tuft sur-
veys (fig. 16) show that the nacclle has a marked effect
on the direction of flow over the top of the wing, and it
is reasonable to conclude that two nacelles only a short
distance apart have a mutual interference flow that, at
high 2ngles of attack, canses an early separation on the
upper suriace of the wing., It is also evident from the
two~engine tests that the interference is not serious for
an isolated wing nacelle.

Lift-drag ratio.~ The rance of an airplane is adbout
proportional to the alue of the maximum lift-drag ratio,
which decreases rapidly with iancreasing DN/tW, as shown

o

in figure 17. The naximum L/D for the 20-inch nacelle
(Dg/ty = 1.5) is 15 percent lower than that for the bare
wing while the L/D B34.7-inch nacelile (Dy/ty = 2.6) is

20 percent lower. The four-engine data of reference 1,
also included in figure 17, show the lift-drag ratio for
the four 20-inch-nacelle installations to be approximately
25 percent less than for the bare wing

Pitching moment.~ The destabilizing effect of larsge
nacelle is apparent in figure 18, in which the glopes of
the pitching-moment coefficient curves are plotted asgainst

D~/t The slopes were read over the st* ight portions of

/

(0]

w*
the pitching-moment curves t values of & Dbetween -=5°
and 5°, the decreased stabll ¥y being iandicated by the
lower wvalues of nesgative Slopu. The curves ineclude, iIn
addition to tho reuults of %he pro cnt nacelle and bare-
wing tests, similar data obtained with four nacelles in

eflerence 1+ The reuult” were found to be much more crit-
ical for the four-nacellc conditions.

The decrease noted in the slope of the pitching-moment
curve 1s attributed to the forward movement of the aero-
dynamic center of the wing due to the addition of the na-
celles ahead of the leading edge. Consequently, moving the

acelles ahead from a propeller position of 0.25¢c to one
0f 0440c or 0,50c further accentuates the destabilizing
atfeclt bf the pacslles.
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PROPULSIVE AND OVER-ALL EFFICIENCIES

The nacelle drag coefficients alone are an insuffi-
cient basis for comparison of the various nacelle-propeller
installations. The installations are more properly con-
vared by means of an over-all eifficiency that includes the
nacelle drag incerement measured with the propeller removed
ag well as the propulsive efficiency. This over—-all effi-
ciency ﬂt is defined as the ratio of the towline power
regquired for the model without nacelles at a ziven level-
flight speed to the actual power input required at this
speced bv the model with the nacelle-propeller installation.
The over-all efficiency is therefore written

The propulsiwve efficiency . T. isthe ratio of the ef-
fective thrust power to the power input ard may be calcu-
Tated from the relation

The value of the effective thrust, (T = AD), can be com-
puted from the wind~-tunnel data by the relationship

AN 1 b E TG I

o)
<}
i

iy e

ch D, and R are, respectively, the values of the
0.2 DO heller—r moved and propeller—-operatinsg condi-

o+ Q. b
RS
o
[ B o]

0n

The drag incremne included in tha effect
is caused by the slip
a 1ift increment is a

In.orfer &or Cconpect for this ;1¢t ;on%P
were both measured at the same 1lift coe

than at the same angle of attacka

H,

=
(BN

Propulsive Efficiencies
Data have been obtained from the tests to show the ef-

fect on the propulsive efficiency of variations in the pro=-—
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peller blade angle, the nacelle diameter, and the 1lift
coefficient.

Propelier blade angle.- The values of the propulsive
efficiencies measured for the various nacelle-proveller
combinations are shown in figures 19 to 22. The maximum
bropulsive efficiencies occur at a blade anzle Byoof sasboud
30%; the envelopes of the propulsive-efficiency curves are
reasonably flat, however, showing onlyv slight variations
in efficiencies with a variation in B of *10° from the
ovptimum,

The results show that neither the blade angle for max-
imum efficiency nor the quantitative value of maximum ef~-
ficiency varies appreciadly from that of the previous study
of the four nacelle propeller installations.

Nacelle diameter.- A variation in the ratio of the
nacelle diameter to the wing thickrness has little effect
on the maximum propulsive efficiency. Chanzing the verti-
cal position also has a negligidle effect on the maxinmum
efficiency except to change slightly tae V/nD at which
maximum efficiency occurs. The efficiency at a 1ift co~
efficient of ~0,04 for the 34,7-inch nacelles is apvroxi=-
mately 2 percent lower than that for the 20-inch nacelles
and about 1 percent lower than that for the 30.,4-inch
nacelles.

Lift coefficients.~ The variations in the propulsive

efficiencies with airplane 1ift coefficient are also in-
cluded in figures 19 to 22 for blade angles of 20°, 30°
and 40°, The maximum propulsive efficiency occurs at a
1ift coefficient of =0,04, in which case the nacelle axis
was approximately varallel to the air stream. The propul=
sive efficiency in all cases except Tor the 20~inch na-
celle with the blade angle set at 30° is 2 percent greater
at the 1ift coefficient -0.04 than at 0.25, For the 20-
inch nacelle with a blade anzle of 30° the propulsive ef-
ficiency is the same for the two 1lift coefficients in
either the center line or the lowered nacelle position.

Over-All Efficiencies

The over-all efficiencies for the conditions investi=-
gated during the present series of tests together with
those of the previous series (reference 1) are presented
in feurd 285
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It will be noted that there is a 1= to 2=percent de-
crease in the over-all efficiency for the 0.40c¢ propeller
position, The decrease is probably due tc the increased
skin friction of the longer nacelle, It will also be ob=
served that the over-all efficiency for the two-engine
installation is considerably higher than that for the
four-engine installation, especially at larger values of
Dy/ty. This differcnce in over—=all efficicncy is the ro=-
sult of the lower drag obtained with two nacclles and in-
dicates the desirability of wusing the smallest possible
number of power units for 2 given total nower output.

Variations of the maximum over-—all efficiency with
lift coefficient for the two—-engine da vta of the present
tests and for the four-cngine data of the previous series
(reference 1) are plotted in flcocure 244 In all cases
shown, the lowest efficiencies exist at the high-sveed
condition; the efficiencies increase as the 1ift coeffiw
cient either increases or decreases from the high~gspeecd
conditions This increase in efficiency is more rapid with
the 3044~ and the 34,7-inch nacelles, because of a smaller
variation in drag with angle of attack for the larger na-
celles.,

POWER-ON CHARACTERISTICS

The effect of propeller operation on the aerodynamic
characteristics of an airplane is primarily dependent on
the amount of thrust delivered by the propellers and, for
a given thrust, is relatively independent of moderate
changes in dlade angle, V/nD, propulsive efficiency, and
bropeller diameter. In order to describe the condltlons
of propeller operation, use is made of an index thrust co=-

efficient that takes the form

in which T, is the propulsive efficiency at Op = 0,25
for the conditions of V/nD and blade an%lo at which the
tests were made. The index thrust coeffici

characteristics and the form of a drag coefficient and is
essentially independent of the combination of V/nD and
blade angle that produces the thrust; it is ecqual to the
amount of drag that the thrust would counterb?lanue at the
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standerd or index condition and, at any other value of
1ift coefficient, differs from the true thrust coerfficient
only by the variation in pronu*ulve efficiency bebtwecen the
two conditions,.

The effect of propeller operation on the maximum 1ift
is given in figures 25 and 26 for the 20~inch and the 30.4=
inch nacelle ingtallations. As the index thrust coeffi-
cient increases, the slope of thc 1ift curve increases
slightly and the maximum 1ift increases rapidlye. The rate

of increase in maximum 1ift coefficient is largest for
valyes of Té between O and 0,05, owing to the effect of-
O %

the gslipstream in decreaging the wing-nacelle interference.

v

The effects of the propeller operation on the pitching-
moment coefficient, for the various thrust coefficients
and two nacelle ingtallations, are shown in figures 27 and
28¢ The principal effect of propeller operation is to
change the elevator angle required for balance. The curves
are similar throughout the normal range of angles of attack
and are wvery nuch like those that would be obtained by var-
Ying the tail setting. Incrcasing the nacelle size from
20 inches to %0.4 inches decrecases the slope of all of the
prower-on pitching-~moment curves. With the largest value of
Téo for each case, and especially with the largzer nacelle,

the stability vecomes critical at the higher angles of at-
tack.,

PRESSURE DISTRIBUTION

The pressure distribution on the under cide of the
20-inch and the 34,7-inch napcelles is given in figures 29
and 30, resnmectively. These data may be used as a gulde
in desizning trapdoors on the bottom of conventional na-
colles. Si ilar data for fuselasos are given for a larse
range of Mach numbers in reference 6.

Pressurcs are given in terms of the pressure coecffi-

D =P
cient, P = ;wa_LQ (in which p is the local pressure
and p, is the free-stream static pressure), plottcd nor-

mal %o the surfaco of the nacelle, The results are plote
ted to 3ive the distribution over four cross-sectional
planes of the nacelles, located as shown in figures 29(b)
and 30(b), between the lecading cdge of the wing and the
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trailing edge of the nacelles. he pressure distridution
over the longitudinal 0cctlon ig nlso ‘shown 'in Tigures
29(a) and 30(a) for the center-line sections to give an
indication of the fore-and-aft pressure variations,

COITCLUSIONS

l, The over-=all efficiency of the two-ensgine model
decreased linearly with an increase in the ratio of the
nacelle diameter to the wing th;ckneug.

2s The propulsive efficiencies were substantially
the same for all nacelle arrangements,

3¢« The static longitudinal stadility was adversely
affected by the addition of the nacellesg to the wing and
the operation of the propellers.

4y The addition of the two nacelleg to the wing de-
creased the maximum 1ift by only about 1 percont.

Langley Memorial Aeronautical ILaboratory,
National Advisory Committee for Aeronautics,
Langley Field, Vae.
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NACA Figs. 2,5

Figure 2.- Installation of model without nacelles in the NACA full-scale turnel,

A Rt -

‘igure 3.- Installation of model with 20-inch nacelles (center-line ilaany
in the NACA full-scale wind tunnel.
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Figure 4.- Installation of model with ZU-inch nacelles ( low nosition ) in the
NACA full-scale wind tunnel.
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igure 6.~ Installation of model with 34.7-inch nacelles (center-line position)

in the NACA full-scale wind tunnel.

s

by

lgure 16.- Air flow over upper surface of wing anc¢ nacelle. The 20-inch
= - . - nQ
nacelle: 0.25¢c propeller location: a = 17
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Nacelle d-ag incremerts per nacelle, Aly/2

NACA : P«  Figs. 7,14
L 1%\

‘Cowling profile 172D (a 00X,
T Er o ) (@pprox)

0.000|0.350(0.1150.460

=y .005| .378| .135| .467
g y .010( .387| .154| .474
d .019| .399| .192| .485
<y .038| .416| .231| .493
= .058| .431| .269| .498
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Figure 27.- Variation of pitching-moment coefficient of the
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Figure 29.- Pressure distribution for the 20-inch nacelles in low position.
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