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MATIOIAL ADVISORY COMMITTEE FCR AERONAUTICS

ADVANCE REPORT

EFFLCTS OF WING AND NACELLE MODIFIZATIONS ON
DRAG AVD WAXE CHARACTERISTICS CF A
DOMBER-TYPE AIRPLANE MODEL

By Robert H. Neely, Richard W. Fairbanks
and D. Wiiliam Conner

SUKMARY

An investigation of a model of a large four-engine
bomber was conducted in the Langley 19-foot pressure
tunnel to determine the effects of several wing and
nacelle modifications on drag characteristics and air-
flow characisristics et the tall Leading~edge gloves,
tr&“mlq7~bqéy cxtensicns, and modified nacelle afterbodies
weras tes individually and in combination. The eifects
of the varlous “uiLficatJons were detcermined hy force
tests, tuft chbservations, and turbulernce surveys in the
region of ths teil, Tests were made with fixed and

atural trarnsition on the wing and with propellers oper-
ating and provnecllers off. 1Ilost of the tests were con-

ducted at a Revnolds nunher of approximately 2.6 x 10°.

The results indicated that application of certain
of the modifications provided worth-while improvements
in the characteristics of the model. The flow over the
wing and flaps was improved, the drag was reduced, and
the turbulence in the region of the tall was :cduvbd.

Trailing-cdge extensions were the most e¢ffective
individual medification in improving the flow over the
wing with wing flaps neutral, cowl and Intercooler flaps
cloug licdified nacelle afterboldics were the most
cffectlvo individual modilication in reducing drag with
gither fixed or natural transition on the wing; hnowcver,

trailin; : cxtensiens were slightly more sffective
with fixsd :sition. Combinaticns of either leading-
or Gge extensions and r)d ified afterbodies were
mor e than itler rmodification alone, With cowl
and in r flans open, t*u11¢“*—edﬁo extensions with
modified ¢ bodies provided SUbSuaPtl&l improvement in
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flow and drag characteristi-s. With wing flaps deflected,
encloging the flap herind the Inboard naneLlﬁ within an
extoncel afterhody or cutting the flaps at the nacelle
appegarcd to be the most promising methods of luproving

the fiow over the flaps and the tail. Altkough ths
results of hot-wire-znemometsr surveys were not conclusive
in regacrcd to huffeting characteristics, the medifications
did redvce the turdbulence at the tall with wing flaps

both neatral and dsflectea. The modifications, as a rule,

ra
were fevorable to maximuaa 1ift Avpreciable reductions
in longitudinal stability of bhe model were caused by
addition of leading-edge gloves and trailing-edge
extensions,

INTRODUCTTION

Separation of flow over a wing incr
and has, in a numbér cof instances, ccus
because of the irrepgular nature of ths C

Several wing and necelle medilicatlons, desligned with a
view to improving the flow over the wing, were tested on a
model of a large four-engine bembsr to deternine the
effects on drer characturistics and air-fiow character-
i1stics at the tail. Ieading-edpe ”¢OVCC, wing trailing-
edre extensions, and modifisd nacelle alterbodles were
tested. The characteistics of the basic and modified
mocel were determined by tuft observations, Iorce meas-
uweﬁendq, and measuremeonts ¢f turbdulence and dynamic
pressure in the vicinity of the tall, Turbulence was

Vi
i
"

measurcd by meens of a hot-wire anemomster. The hot-wire-
anemometer equipment was furnished by tiie California
Institute of Technology and was operated under the direc-
tion of Dr., Hans V. Liepmann of 1ts staff. The investiga-
tion was conducted in the Langley 19-foot pressure tunnel.

SYMBOLS

The coefficients and symbols used herein are defined
as follows:

Cr, gross 1lift cocfficient (L/q3)

ACy, increment of maximum 11ft coefficient
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drag coefficient corrected for jet-boundary
interference (D/q3)

gross pitching-moment coefficient (1/q3c)

induced-drag coefficlcnt (bLa/ﬁA)
parasite-drag cocfficlent (CD - CDi)
increment of parasite-drag coefficient

thrust disk-loading coefficient for onec
propeller (Te pV2D2)

root-mean-square wvalue of the deviations, »per-
pendicular to wind axis, of instantansous
local velocity from its msan value

mean velue of iInstantaneous local velocity
along wind axis

local dynamic vressure at tail

. 1
free-stream dynamic pressurec (Epva

angle of attack of wing corrected for jet-
boundary interference

wing-flanp deflection measured from neutral flap
position

L .y
Reynolds muber (eVc/u)

1ift

drag; propeller diameter

pitching moment about center of gravity

effective thrust of one prcpeller

wing area (22.219 sg ft)
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c nean acrodynamic chord (1.l f£t)
b2

A geometric aspect ratio |\ = 12.8

b Wing span (16.875 ft)

\% velocity in free stream

P mass density of air

¥ coefficient of viscosity

MODETL

The general arrangsment of the model is shown in
figures 1 and 2. The n 1 g of wood and metal con-
struction and was finished with lacquer. Pertinent
dimensions are give t

The wing had Davis airfoll sections, 22.92 percent
thick at the roct and 9.3 percent thick at the tip. The
maximum canber was approximately 3.4 percent of the chord
at the root sention ard 1l.l. percent at the tip. The
location of thz maximum camber was constant across the
span at 31.5 percent of the local chord. The geometric
aspect ratio oif the wing was 12.8 and the taper ratio
was A.077:1.

The horizontal tail had noc movable elevator. The
vertical tail was off during all the tests.

The installation of the cowl flaps and intercooler
exit flaps is shown in figure % for their deflectzsd posi-
tions. The cowl flaps extended from the top of the
cowling to a point slightly below the nacelle center line.
Tne intercooler cooling-air exits were located on the
upper surface of the wing.

2

TAINDARD CONFIGURATION

The standard nacelle afterbodies (afterbody 1) are
shown in figures 3 und !y with wing flaps neutral. No
part of the nacelle afterbody is on the upper surface of
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the wing near the traliling edge. The extreme cnd of the
standard afterbodles was attached to the lower surface
cf the wing flans and deflected with the flaps, as shown
in figure 5. The wing flaps were of the Fowler type and
consisted of inboard and outboard sections. C(rdinates
for the inbcard section are given in table II. At the
inboard nacelle, the nose of the flap was 2.l percent
wing chord ahead of and 2,9 percent wing chord below the
tra*lwnﬁ edge of the wing.

MODIFICATIONS

In an attempt to delay separation of air flow on
the wing in the cruise condition, the original wing chord
was extended in order to reduce the peak pressures and
adverse pressure grqalen+s. Leading-edge gloves (figs
and 7) were built to NACA oL-serles ordinates moaif¢ed to
fair into the original Davis airfoil section. The gloves
extended the wing chord 10 pernent between the fuselage
and the inboard nacelle and tapered to the original
leading edge at the outboard nacelle. Because these
gloves were added to the original wing, a perfect contour
could not be formed where the gloves faired iInto the wing.

The trailing-edge extension was a thin metal strip
attachied to the flaps and deflected down 11© from the
lower surface of the flaps. The extensions were deflected
down 1© to 29 from the wing chord lines. The installation
of the extensions is shown in figure 7. =Zxtensions of
two different spans and three different chords were tested.
Extensions attached only to the inboard flaps are desig-
nated C.% span, and extensions attached to both inboard
and outboard flaps are designated 0.6 span. The chords

were 1% Zl, and % inches., TUnless otherwise specified,

the term "trailing-cdge extensions" designates the ¢%-1nch—

chord extensions attached to both the inboard and outboard
flaps.

The installation of the various modified nacelle
aftervodies with wing flaps neutral is illustrated in
figures & to 10. Drawings of the modified nacelle after-
bodies are glven in figures 11 to 13. Alterbodies 2
and 3, shown in figure 8, were attached to the inboard
nacelles only and dLiferpd mainly from the standard
afterbody in that they had a fairing on the upper surface
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of the wing. Afterbody L (figs. 9 and 12) was a beaver-
tall afterbody with 2 small fairing on the upper surface
of the wing. Afterbody 5, shown in figures 10 and 13,
was faired on the upper surface of the wing forward to
the intercooler air exit. The lower part was extended
in order to obtain a better alterbody shape.

The installation of the deflected flaps with inboard
nacelle afterbodies l; and 5 is shown in figures 1
and 15, respectively, With afterbodies li, tests were
made with the flaps cut out below the afterbody as shown
in figure 1l and also with the flaps not cut and extending
below the afterbody. Inboard afterbodies 5 enveloped the
center part of the deflected flaps, and the flap-nacelle
juncture was falred with plasticine as shown in figure 15.
The tips of the modified afterbodles did not deflect with
the flaps.

A double slotted, or vaned, flap (fig. 16) was
tested in an attempt to improve the air flow over the
flap., The outside contour and the installation of the
flap and vane combination were the samc as for the
original Fowler flap. The ordinates for the double
slotted flap are given in table IT.

APPARATTUS AND TESTS

Tests of the model were made for two basic conditions:

(1) Cruise condition - wing flaps neutral,
cowl and intercooler flaps closed

(2) Landing condition - wing flaps deflected L0O,
landing gear down, cowl and interccoler
flaps closed

Ifor the cruise condition, a few tests were also made to
determine characteristics with cowl and intercooler flaps
open.

For the cruise condition, tests were made with the
model in the standard configuration and with leading-edge
gloves, tralling-edge extensions, and modified nacelle
afterbodies. For the landing condition, tests were made
with the model in the standard configuration and with
modified inboard afterbodies and modified inboard flaps.
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The cowl i the open p
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When the inte ler flaps were d, the exit gap w
increased 7/16 inch, which corres s to the maxinum
deflection of the intercooler flaps., The air flow through
the nacelle was adjusted, with the model at an angle of
attack of 59, to vrovide a pressure drop of approxi-
mately 0.75q through the cowling with cowl flaps open

and a pressure drop of approximately 0.07q through the
Intercooler ducts with exit flaps closed.
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For a flap deflection of L0°, the main landing gear
was down; however, no provision was made for simulating
open landing-gear doors. For flap deflections of 0°
and 10°, the landing gear was removed. Most of the tests
were made with the herizontal tail off. The vertical
tail was off for all tests.

Power conditions were simulated by matching the
thrust coefficients of the model and airplane at cach
1ift coefficient. The varlation of thrust coefficient
with 1lift coefficient for sea-level power conditions is
presented 1in figure 17. The thrust coefficients for O.h
normal rated power at sea level correspond closely to
those for cruising power (C.6 normal rated power) at
25,000 feet., The propeller blade angle at 0.75 radius
was 300,

It was believed that transition from laminar to tur-
bulent flow on the airplane wing would occur at approxi-
mately the location of the front spar. 1In an attempt to
make the results of the model tests more representative of
flight conditions, most of the tests were made with the
transition fixed at & chordwise station corresponding to
the spar locaticn., The transition was fixed by placing
a strip of 60-grain carborundum on the upper anrd lower
surfaces at the 10-percent-chord station of the original
wing secticn. The width of the strip between the fuse-
lage and the outboard nacelles was approximately 3/8 inch
and tapered to approximately 1/l; inch at the tips.

The character of the flow over the wing and the
nacelle afterbodies was determined by observing the
behavior of tufts, which were attached to both the upper
and lower surfaces of the wing and nacelle afterbodies.,
¥o tufts were placed ahsad of the Z0-percent-chord sta-
tion of the wing. These tests were generally made with
fixed transition and with propellers operating at
0.LL normal rated power; however, a few tests were made
with natural transition and with propellers off.
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Fercs and moment characteristics were measured by a
six-conponent automatically recording talance system.
Lift and drag were measured for all configurations. The
effects of leading-edge gloves and trailing-edge exten-
slons on the longitudinal stability characteristics were
Geternined with the horizontal tail on (elevator ncutral)
for several power conditions.

Leasurements cof the air-stream turbulence were made
at several spanwise stations along the elevator hinge
line by means of g hot-wire anemometer, The basic prin-
ciples of operation of this instrument are described in
referecnce 1. The turbulence measurements were supple-
mented by measurements of the local dynamic pressures at
the tail obtained from surveys with a rake of six pltoct-
static tubes, All surveys were made with fixed transition
and with the propellers operating at C.l normal rated
power,

A1l tests were made with the air in the tunnel com-
pressed to an absolute pressure of approximately 35 pounds
per square inch (p = €.00558 slug/cu ft). Most of the
tests were made/at a Reynolds number of approxi-

mately 2,6 x 10° and a Mach nuwber of 0.12; however,éa

few tests were made at a Reynolds number of 3.9 x 10
and a i'ach number of 0.18.

RZSULTS A WD DISCUSSION

The results of the investigation are diliscussed from
the standpoint of (1) flow over the wing and flap,
(2) flow at the tail, (3) drag and 1ift, and (L) longi-
tudinal stability. The characteristics of the standard
model end the effect of the various modifications are
shown for the crulse and landing conditions.

Jet-boundary corrections have been added to the
angle of attack, drag coefficient, and the vertical posi-
tion of the survey points with respect to the elevator
hinge line as follows:

1

ra = 0.65407,

ACp = 0.0106¢;°

1
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ere Aa is in degrees, Az 1is in inches, and 2z 1s
the vertical position of the survey points with respect
to the elevator hinge line. No corrections have been
applied to the data for the effects of model-support tare
and interferencs or for air-stream misalinement.

wh

NWid

FLOV CHARACTERISTICS AT THR WING

The results of tuft observations that show the char-
acter of the flow over the wing, flaps, and nacelles are
given. ‘

Cruise Conditicn

"he stall progressions of the model in the original
and modified configurations with wing flaps neutral are
civen in figures 1¢ to 22 fer cowl and intercooler flaps
closed. The values of 1ift ccelficient at which separa-
ticn first occurred on the wing are given In table III.
Dlagrams showing the flow over the wing at a 1ift cogffi-
cient of approximately 0.8 are presented in figure 23.
Stall progressions for the mecdel with cowl and intercooler
flaps open are given in figure 2lL. The propellers were

o

cperating at 0. normal rated power and the transition
was fixed at 10 percent wing chord except for two teouts

of the standard model. Diagrams are presentsed to show

the erfect c¢f power =nd the effect of removing the transi-
tion strip on the wing.

Starndard confirurctbion.- With cowl and intercooler
T T T e e e e . — ° i
flaps closed, sropszile operating at 0.4 rcrmal rated
power, and transiition fixed, the initial stall on the
A L
L

cocflficiens of abort 0.67 with
wrd or original confisuration

winzy occurred at a 117
the model *n ths staiw :

(fiz. 1%/a}). The irilcial gepevation ocenrred oa the

rear part of the wing to the 1left of each necelle, The
flow over the wing directly benind sach nacelle was rough
but not separated for mcst anzles of attack. ith
natural transition (fig. 18(b)) the stall patterns were
about the same as with fixed transition but the initial
separation cccurred at a 1ift coefficient of about 0.91.
With propellers off and transition fixed, the initial
separation occurred at about the same 1ift coefricient

as with the propellers operating, but at higher 1ift
coefficients the area directly behind the inboard nacelles
was stalled (fig. 16(c)).
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Separated flow like that indicated in figure 18
produces an increase in drag and cculd cause buffeting.
The purpose of the modificatlions was to delay thils sepa-
ration and to cause a fencrsal improvement in ilow through
the cruising range (Cp = 0.6 to 0.9). A substantial
improvement in flow over the wing was obtained, as shown
in figure 25(a), by deflecting the wing flaps 10°, The
drag, however, was lacreased.

Chord extensions.- Chord extensions delayed the

initial separation and improved the flow over the wing
at higher 1lift coefficients.

Leading-edge gloves (fig. 19(a)) delayed the initial
separation to a 1lift coefficient 0.12 higher than for the
standard model. About the same improvement was realized

with the Ll-inch—chord 0.3-8pan trailing-edge extensions.
S [

2
The 0.6-span trailing-edge extensions were the nost
gffective indilvidual modification ia improving the flow

over the wing. The l%-inch-chord C.6-span trailing-edge

(<4
extensions (fig. 19(c)) delayed the initial ssparation
to a 1lift coefficient 0.21 higher than for the standard

model, More improvement resulted from the 2%-inch—chord
0.6-span extensions. Subsequent tests, however, were

made with the l%-inch-chord 0.6-span trailing-edge exten-

~sions because the greater improvement in flow with the
2&-iuch extensions did not seem sufficient to warrant

the additional structural changés necessary to the air-
plane. In evaluating the improvement due to either
leading-edge or trailing-edge extensions in terms of the
increase in 1ift coelficient at which separation first
occurred on the wing, it should be noted that the gain
in 1ift coefficient was partly due to added wing area.

Ilcdified nacelle afterbodies.~ Modifiled nacelle
afterbodies caused only a slizht delay in the initial
separation but improved the flow over the wing. Thils
improvement 1s shown for afterbodies 2 and % by comparing
figure 20 with figure 18(a) and for afterbedles lj and 5
by comparing figures 21(a), 21(b), 22(a), and 22(b) with
figures 19(a) and 19(c). Afterbodies L and 5 appear to
be most effective. No flow separation occurred on the
lower surface of either the standard or modified nacelles.
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Combinations of chord extensions and mcdified nacelle
afterbodies.- Chord extensions, either leadingzg edge or
trailing edge, in combination with modified nacelle
afterbodlies were more effective in delaying separation
and in improving the flow over the wing than were chord
extensions or afterbodies alone. The combinaticns of
leading-edge gloves with afterbodiss L and leading-edge
gloves with afterbodies 5 (figs. 21(a) and 22(a)) delayed
the initial sepgration to a 1lift coefficlent approxi-
mately 0.16 higher than for the standard model. With
trailing-edge extsnsions in combination with either
afterbodies I or 5 {figs. 21(b) and 22(b)), the initial
separation occurred at a 1ift coefficient of about 0.91,
which is approximately 0.28 higher than for the standard
model., As shown in figure 21(c), a greater improvement
in flow was obtained with a combination of leading-edge
gloves, trailing-edge extensions, and afterbodies .
Separation on the inner wing sections was delayed to a
1ift coefficient of over 1.0. A similar combination with
afterbodies 5 was only slightly more effective than the
combination of trailing-edge extenslons with afterbodies 5.

Cowl and intercooler flaps open.- With the model in
the standard configuration, opening the cowl and inter-
cooler flaps caused separation of the flow over the wing
directly behind them at all 1ift coefficients (fig. 2l(a)).
The addition of trailing-edge extenslons reduced the
extant of the stalled area, as shown in figure 2L (b).

With afterbodies i and trailing-edge extensions on the
model (fig. 2li(c)), the initial separation behind the open
intercooler flaps was delayed until a 1ift coefficient of
about 0.55 had Vveen reached. ¥With inboard afterbodies §
and trailing-edge extensions on the model, no separation
occurred behind the open intercooler flaps of the inboard
nacelles (fig. 2l(d)).

Landing Condition

Stull characteristics of the standard and modified
model with wing flaps deflected are shown in Tigures 25
to 27. TFor these configurations the propellers were
operating at 0. normal rated power, the transition was
fixed, and the cowl and intercooler flaps were closed.

Standard configuratlion.- With the standard configu-
ration and flaps deflected 4OC (fig. 25(b)), the initial
stall on the wing occurrecd ahcad of the allercns and was
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followed by separation between the nacelles. For &all
anglies of attack and all flap deflections, separation
occurrec on the part of the flaps blanketed by the
nacelles. The flow over the lowcr surface of the nacelle
and the part of the afterbody that deflected with the
flap was not separsted. (3ec fig. 26(a).) Kemoving the
afterhcdy tips from Lue standard model did net lmprove
the flow over the flaps. .o was thought that separated
flow over the inboard flaps combined with irregular flow
created by the afterbody tips would probably contribute
mest te any tail buffeting. Modifications for the landing
cendition were therefore dirccted toward improving the
air flow at the irboard nacelles.

Modifications.- With double slotted inboard flaps
deflected 400 (fig. 26(vp)), the flow over the richt flap
was not separated vut the left flap was stalled, as was
the standard flap. From tests made with the alterbody
tips removed and with powsr off, the sepsration over the
double slotted inboard flanz at 0.lL normal rated power
appeared to be caused by the afterbody tip, which
deflected with the flap, and ths dissymmetry appeared to
be assoclated with the rotation of the slipstream. When
the standard flaps were continuous and weres deflected
through afterbodies I (fig. 26(c)), the lower part of
the aftertody and the surface of the flap below the
afterbody were stalled at all angles of attack. With
the flaps cut out at inboard afterbodies li, as shown 1
figure 1}, nc stell occurred on the flap or nacelle
{fig. 26(d)). The same flow existed with trsiling-edge
extensions or the flaps., Wlith the standard flaps s
cdeflected within afterbodles § (fig. 26(e)), the flow
over the flaps and afterbodies was not separated at any
angle of attack. Adding trailing-edse extensions had
little effect on the Tlecw 1f the extensions were cut out
below the nacelles (fig. 2¢/1)).

The most promising methods of those investigated
for improving the flow over the flap were enclosing the
flap rear of the inboard nacelle within afterbody 5§ or
cutting the flap at the nacelle, Trailing-edge &xten-
sions and modified afterbodies, to a lesser extent,
delayed separation on the inner wing panels and thus
aggraveted the tendency toward early tip stalling indi-
cated by stell studies of the standard model. This
egffect could be minimized by reducing the wing-flap
deflection.
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FLOV CHARACTSRISTICS AT THE TAIL

The results of fturbulence surveys at the tail are
presented in figures 28 to 31 for the standard model and
for several modifications. Diagrams showing the flow
characteristics over the wing for conditions at which
surveys were made are glven in figure 322. The turbulence
data are presented as the varistion of root-mean-square
value of the vertical velocity deviations with vertical
distance for several spanwise stations. Axial velocity
deviations were of the same order of magnitude as
vertical veloclity deviations, Naxlmum values of the
velocity deviation are several times the root-mean-scguare
values. The vertical velocity deviations may be inter-
preted as angle-of-attack changes; for example, a value

of Vv2/6 of 0.0} is eguivalent to a root-mean-square
angle deviation of slightly over 2°.

Buffeting tendencies are difficult to evaluate
guantitatively because the root-mean-square deviation
indicates neither the large fluctuations that may occur
nor the frequency. Roth of these factors play an impor-
tant role in determining buffeting characteristics. The
main value of the data presented 1s the indication of
the effects of the modifications on the turbulent weke.
The curves indicate the normal wake of the wing and
nacelles by an increase of turbulence. Beyond this mailn
turbulent wake, there are small peaks that define the
edge of the slipstrean.

Tne varliations of local dynamic pressure with ver-
tical distance for the standard model are indicated in
figures 3% to 35. The curves show increases in dynamic
pressure due to the slipstream and depressions due to
wing or nacelle wake. The point at which the maximum
depression occurs has been assumed to be the center of
the wake. The variations of wake-center position with
1ift coefficient are given in figures 56 and 37 for the
standard and modified models. Except for displacement,
the modifications changed the profile of the dynamic-
pressure wake very little.

The vertical position of the peak values of turbu-
lence agree closely with the position of the dynamic-
pressure wake centers., The vertical extent of the main
turbulent wake 1s roughly the same as that for the
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dynamic~pressure wake. A comparieson of the turbulence
and dynamic-pressure-survey data indicates that only a
slight amount of turbulence is produced by the slipstream;
the grezter part of the turbulence is produced by the
wake of the wing and nacelles.

Crulse Condition

Standard configuration.- For the standard model with
cowl and intercooler flaps closed (fig. 28), the largest
turbulent wake and the maximun turbulence occurred at
stations 13 inches right and 27 inches left of the fuse-
lage center line, which are behind stalled parts of the

wing (fig. 32). The maximum value of \/vd/é obtained
with cowl and intercooler flaps closed was 0,0l.. As shown
in figpures 28 and %%, the variations of turbulence and
dynamic pressure are different on the left and right

sldes of the fuselage center line. Thre growth of turbu-
lenze on the left slde from the high-speed condition
throush the cruise condition is illustrated in figure 29.
At stations to the right and left of the Inboard nacelle
(13 in, and 27 in. from fuselare center line) the turbu-
lence increased with increasing angle of attacl, Directly
behind the nacelle, the turbulence decreased slightly as
the angle of attack increased Trom L.L° to 7.6°. wWith
increasing angle of attack, the wale centers moved up in
relation to the elevator hinge line (figs. 29 and 36).

Combinations of chord extecnelons and modified nacelle
afterbodics.~ The effects of modifications, in general,
were to reduce the extent and magnitude of the turbulence
and to disrlace the whole turbulent wake downward. As
shown in figure 28, the greatest reduction in turbulence
was obtained with afterbodies i in coubination with
trailing-ecge extensions. Ths combination of after-
bodies 5, trailing-cdge e¢xtensions, and lcading-edge
gloves was somewhat less effoctive; and the combination
of afterbodies 5§ and trailirnz-edge extensions was the
least effective in rcducing turbulence. The greatest
reductions in turbulence were obtained at stations
13 inches right and 27 inches left and right of the fuse-
lage center line, These reductions are apparently due
to modifications delaying separation on the wing at these
staticns, At the station directly behind the nacelles
(20 in.), aftcrbodies i caused a definits reduction in
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turbulence whereas aftervodies 5 caused little change.
The downward displacerient of the wake due to modifica-
tions weculd be greaber than shown in figure 23 if the
data were cowpared at the same 1ift coefficient. (See
fig. 36.)

Cowl and intercocler flaps open.- Couparison of
ficsures 28 and 20 shcws that opening the cowl and inter-
cocler flaps caused large increases in the turbulence at
the tall both with thc standard model and with after-
bodies 5 and tralling-edge extensions. The magnitude
and extent of the veloclity fluctuations wers, however,
much lower for the model with afterbodies 5 and trailing-
edge extensions.

Landing Condition

The results of surveys for the landing condition are
given in figure 31 for a spanwise station behind the
inboard nacelle. Vith both the standard and modified

f— '

models, the maximum value of sz U occurred below the
elevator hinge line.

With the flaps deflected within afterbodies 5, the
turbulence was less than for the standard model. With
flaps continuous and deflected through afterbodies I,
slightly greater turbulence was obtained than for the
standard model. The increased turbulence was evidently
due to the stall that occurred on thie flap and lower
part of the afterbody (fig. 26(c)). With the flaps cut
out below the nacelle as shown in figure 1l, the turbu-
lence would probably be less than for the standard model.

DRAG AND LIFT CHARACTERISTICS

The variations of the parasite-drag coefficient with
1ift coefficient for the standard and modified model are
shown in figures 35 to L5. The 1ift, drag, and pitching-
moment characteristics for the cruise and landing condi-
tions are given in figures U6 to 52, Table III gives the
numerical values of the drag changes due to modifications
at several 1ift coefficients and the increments of

maximuam 1ift coefficients due to the modifications
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obtained in the cruising condition. The dsata have not

been corrected for support tarcs or air-stream wisaline- .
nent and therefore shiculd not be coansidered as absolute

values nor should the shape of the curves be considered

corrcct. It is believed, howevcr, that the changes in

dArag and lift due to modifications would not be materially
affected by the application of such corrsections.

Cruise Condition

Inasmuch as flisht Rey -olds numuers are much greater
than that at which the tests were conducted, the inter-
pretation of the drag reductions due to the modifications
is difficult, narticularly in the range where separation
occurs ”he value of drag reductionsz obtalred at a glven
1ift COﬁf41 ient of the model may not be in agreement
with reductions that wculd be obtained from tests of the
full-cscale ai‘pianu. The results of the moedel tests,
however, are believed tn ve indicative of thse results
that would be obtained from installation of the modiii-
cations on the airplans.

Fizure 38 presents the data obtained from runs made
near the beginning, middle, and end of tihc investigation
with fixed and nstural tran81t“on The displacement of
the test pcints gives an indication of how closely test d
conditions (primarily model surface condition) could be
duplicated., Fixing the transition at 10 »nercent wing
chord Increased the drag coefficient at all values of -
1lift coefficient and also decreassd the 1ift coefficient
at which the rapid increase in drag occurs.

The effect of Reynolds number on drag characteris-
tics with transition fixed 1is shown in figure 5. The
drag for each moézl configuration was lower at all 1lifts

. , 6
at a Reynolds numbver of 3.9 x 107 than at a Reynoclds

7

o )
number of 2.6 x 10, ard th: knee in the drag curves
ccecurred at higher 1ifts with the higher Revnolds number.

Chord extensions.- The effect of span and chord of

thie trailing-edge extensions in reducing drag 1s shown
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in figure 4O
with 0.3 a

5
-

cient of 0.7, reductions
nsi r

~
roximatel

€ app
e

a
0 DL
in the ratio of 3:Li. The 2i—inch—chord extensions

reduced the drag scmewhat more than the lé—inch exten-

sions. No further reduction was realized by increasing
the chord to 3 inches, Subsequent tests were made with

the 0.6-span 1%—inch—chord trailing-edge extensions,

Crhanges in drag caused by ®trailing~edge extensions
and leading-edge gloves were dependent upon the type of

transition. The 1%—inch—chord O.6-span trailing-edge

extensions reduced the drag coefficient of the model

by 0.0038 with transition fixed at a 1ift coefficient

of 0.7 (fig. L1(a)). With natural transition (fig. L1(b)),
the trailing-edge extensions increased the drag 0.,000% at
a 1ift ¢oefficient of 0.7 but at 1lift coefficients

above 0.8 appreciable reductions were obtained. ILeading-
edge rloves reduced the drag coefficient by 0.0028 at a
1ift coefficient of 0.7 with fixed transition and

by 0.0012 with natural transition (fig. li1). Because of
the imperfect contour formed where the gloves falred into
the wing, the results obtained with the wing modified in
this manner are probably not so good as would be obtained
if the wing were bullt to the rcvised dimensions.,

lloGifiecd nacelle afterbodies.- All modified inboard
nacellec afterbodies reduced the drag of the model at
crulsing 1ifts (fig. l;2) but had little effect at low
1ifts. The order of increasing cffectiveness was after-
bodi=zs 2, 3, i, and 5. Modified afterbodies on all four
nacelles reduced the drag at all lift coefficients. Four
afterbodies li reduced the drag cocfficient of the model
by 0,00%l with fixed transition and 0,0017 with natural
transition at a 1ift coefficient of 0.7 (fig. 3). TFour
afterbodies 5 (fig. Lly) were somewhat less effective in
reducing the drag than four aftcrbodiecs L, Modified
nacelle alfterbodies were the most effective individual
modifications in reducing drag when considering both
fixed and natural transition on the wing; however,
trailing-edge extensions were slichtly more effective
with fixed transition.

Propellers-off stall studies of the stardard model
(fiz. 18(c)) show that at a 1lift coefficient of about 0.7
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the flow behind the inboard nacelles was separated but
the {low behind the outbeard nacellses was smooth. These
studies and a consideration of the shape of the drag
curves indicate that the modified inboard afterbvodies
reduce the drag by delaying separation on the wing,
whercas the modlified outboarc afterbodies reduce the drag
by improving the afterbody form. This explanation
probably accounts for the differences between the effec-
tiveness of the inboard and outhoard afterbody
modifications.

Corbinations of chord extensions and modified nacelle

afterbodies.- The combination of chord extensions and

modified nacelle afterbodies generally was more effective
in reducing drag than elther modification aione. Some of
the more effectlve combinations with the drag-coefficilent
reductlions at C; = 0.7 arec as follows:

Fixed Natwral
transition |transition

Meodification

Four afterbodies l. and trailing-
edse extensions 0.00L5 0.0015

Tour alfterbodles 5 and trailing-
edre extensions 0.0038 0.0005

Four afterbodies 5 and leading-

0

edge gloves 0.00i16 0.£015

Four afterbodies 5, leading-edge
gloves, and trailing-edge
extensions 0.0048 0.0017

There appears to be no advantage in combining leading-
edge gloves with afterbodies i for reducing drag.

A1) modifications increased the meximum 1lift coeffi-
cient of the model with either fixed or natural transi-
tion, and most of the modifications increased the slope
of the 1ift curve.

Cowl and intercooler flaps open.- With the model in
the standard configuration, opening the cowl and
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intercocler flaps caused & large Ilncroase in drag. {Com-
pare figs. L5 and 238.,) The resulting bhigh drag coeffi-
cient vas decreased 0.0072 at a 1ift coefficient of 0.7
by the addition of inboard afterbodiss 5 and trailing-
edre extensions or four afterbodies li and trailing-edge
extensions (fig. Li5). It should be noted that these
modifications reduced the drag coefficient aporoxi-
mately 0,00LC with cowl and intercooLer flaps closed.

Landing Condition

The 1ift characteristics for the standard and modi-
fisd models with wing flaps deflected L0° are presented
in figure 52, With transition fixed and propellers off,
‘the same maximum 1ift cocefficient was obtained with
douhle slotted inboard flaps or with standard flaps
detlscted within aftertodies 5 as was obtained with the
model in the standard configuration.

In order to eliminate flow separstion that occurred
on the flaps and the rear part of afterbodiecs l, part of
the inboard flaps were cut away. Thie change resulted
in a reduction of about C.1l in the maximum 1ift coeffi-
cient., An additional reduction would result if the out-
board flaps were cut. With flaps deflected through
either afterbodies I or 5, the addition of trailing-edge
extsnsions increassd the maximum 1ift coelfficient by
about 0.2; the resulting 1lift coefficient was greater in
both cases than for the standard model.

LONCITUDINAL STABILITY CHARACTERISTICS

Pitching-moment curves for the standard and modified
model with propellers removed and horizontal tail off are
presented in figures ;6 to 51. Power-on pitching-moment
curves with horizontal tall on and off are presented in
figureq 52 to 55. WNo corrections have been applied to
the »itching moments but the results presented indicate
the orfect of the various modificationc. With tail on,
the large differcnces in trim and the fact that large
parts of the curves are considerably out of trim make an
accurate evaluation of stability changes difficult.
Moment curves for several elevator or stabllizer settings
would ve recuired,
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As indicated by changes in the slopes of the pitching-
moment curves, leading-edge gloves and tralling-edge
extensions caused appreciable reductions in longitudinal
stability, :

Cruise Condition

With wing flaps neutral and the horizontal tail on
(fig. 53), the pitching-moment curves show that the model
with chord extensions and modified afterbodles was less
stable than the standard mcdel for all power conditlions.
Up to a lift coefficient of 0.6, the combination of
trailing-edge extensions and inboard afterbodies 5 changed
the moment-curve slope dCp/dCy, approximately 0.0
to 0.06 from the standard configuration. The combination
of leading-edge gloves, trailing-edge extensions, and
afterbodies 5 changed the slope approximately 0.08 to 0.10
from the standard configuration. Above a 1ift coefficilent
of 0.6, the modifisations were more destabilizing,
probably because the delayed separation on the irner wing
panel results 1In increased downwash. A satisfTactory
compromise between the adverse stebllity changes and flow
and drag improvements due to trailing-edge extensions
could probsbly be obtained with an extension having a
smaller chord thax those tested.

Landing Condition

With wing flaps deflected, horizontal tail on, and
propellers opsrating at 0.l normal rated power (fig. 5L (b)),
the slope of the pltching-moment curve was approxi-
mately 0.0l less negative (model less stable) with the
combination of trailing-cdge extensions and afterbodies 5
on the model. With leading-edge gloves, tralling-edge
extensions, and afterbodiecs 5 on the model, the slope of
the moment curve was 0,07 less negative than with the
model in the standard configuratlon. With propnellers
operating at zero thrust (fig. S5L(a)), only a slight
chhange in the slope of the moment curve was caused by
either modification. The adverse efiects on steblility
could be minimized by reducing the flap deflectilon.,
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CONCLUSTIONS

From an investigation of a model of a four-engine
bomber-type alrplane that was made to determine effects
of wing and nacelle modifications on drag and air flow at
the tail, the following results were shown:

1. Worth-while improvements in the characteristics
of the model were obtained with certain modificatioms.
The Improvements were indicated on the basis of improved
flow over the wing and cdeflected flaps, rcduced turbulence
in the region of the tail, and reduced drag.

2. Trailing-cdcoe extensions were the most effesctive
individual modification in improving the flow over tiie
wing with wing flaps neutral, cowl and intercooler flaps
closed. Modified nacelle afterbodies were the most effec-
tive individual modification in reducing drag with either
fixed or natural transition on the wing; however, trailling-
edge cxtensions were slightly more effective with fixed
transition. TPour afterbodies 4 (a beaver-tail type) alone
were superior to four afterboedies 5 (an extendsd conven-
tional afterbody) alone in reducing drag. Comblnations
of either leading- or trailling-edge extensions and modl-
fied afterbodies were more effesctive in delaylng separa-
ticn and reducing the drag than either modificatlon alone.

3, With the model in the standard configuration,
opening the cowl and intercooler exit flaps caused sepa-
ration on the wing behind the intercooler air exilt,
increased the drag considerably, and increased the tur-
bulence at the tail. These conditions were greatly
improved by adding modified nacelle afterbodies and
tralling-edge =2xtensions.

L. With wing flaps deflected, enclosing the flap
behind the inboard nacelle within nacelle afterbody 5 or
cutting the flaps at the nacelle appocar to be the most
promising metnods of improving the [low over the flaps
and reducing the turbulence at the tail.

5. Although the results of turbulence surveys made
with a hot-wire anemometer do not indicate definitely
that buffeting would occur with the standard model or
that the modifications would eliminate buffeting, the
modifications 4id razduce the turbulence at the tall with
wing flaps either neutral or deflected.
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4. Appreciable reductions in the longitudinal sta-
bility of the model were caused by leading-edge gloves
and trailing-edge extensions. In the landing condition,
crord extensions also aggravated the tendency toward
early tip stalling obtained with the standard model.

7. All modifications increased the maximum 1iit with
wing flaps neutral and gave a maximum 1ift equal to or
greater than that feor the standard model with wing flaps
deflected except when the inboard flaps were cut out
below afterbodies L.

Langley Memorial Aeronautical Lavoratory
Natlional Advisory Conmittee for aeronautics
Langley Pield, Va.
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TABIE I

CENERAL SPECIFICATIONS OF MODEL

Wing:

Airioll section . o o & v @ ¢ o ¢ 4 e e 4 e o Davis
Root-scection thickness, percent . . . . . . 22,9
CHOrd, FL v v v 4 v o v o v e e e e e e e 2.0
Tip-section thickness, percent . . . . .. 9.2
Chord, ft « . + « « o A 650
TaoCr 8610 & ¢ ¢ ¢ o ¢ o o« o o o o o o o« o« « 3, 075
Spaily, TE ¢ 4« o 4 o o v e 4 e e 4 4 e e e e 75
Arca, sqQ £t . & v v 4 o 4 e e e s e v e o« e . 22.219
Aspect ratio . . . e e e e e e e e e . 12,8
Mean aercdynanic chord £t L. . S W 1
snter-of-gravity locat*OH, perc elt M.A.C. . . 21,
Ltbove root chord, ft . « « « « o . .« « . . 0,183

lehind leading edge of root chorda, ft . . . 0.525
Incidence (with respect to fuselage

center line), deg . . . e+ s+ e e « e« s 3,0
Geometric twist, deg . « v o ¢ 4 ¢ ¢ + o o o« o . 0

Tuselage:
over-all length, £t « « « + ¢ v ¢ o o « « « . 10,386
Maximum dlameter, £t o ¢« ¢ ¢ o 4 0 . o0 o o . . 1,187
Maximum frontal area, sq ft . . . . « . . . . . 1.107

Nacelles:
Tprontal area (each), sqQ f£ + ¢« & « . « . . . . 0,150
Incidence (with respect to wing chord), deg . . =3.0

Horizontal taill:
Area, S0 £t . v ¢ v v 4 o o o o s s s e « « « . 5,201
Span, Tt o v o v ¢ 6 e s e e e e e s e e e o s 5375
Incidence (with rcspect to fuselage '
center line), deg . « « ¢ ¢ o « &« ¢« + o o, =1,0
Elcvator hinge-line location (fuselage
horizontal)
Horizontal distance recar of leading edge of
root chord, ft « o« « o« o « o o o « + « o« 5,866
Verticael distance below leading edgs of
rocot chiord, ft . « . « + « + . o . o . . 0,031

Propcllers:
oMb e e s o o e e s e o & ® 8 & & e & s s s e e )
DIgmELer, T 4 v o o o o o o o o o o o o « o o 2,082
3 1 'cid €S e 6 e o s s a4 ® ® e ® o e e+ & s » ¢ s & o+ o
Blade design . . . . » « » o Curtiss VWiright 1016-1

NATIONAL ADVISORY COMMITTELE FOR AERONAUTICS
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TARLE IT

ORDINATES FOR FOWIER AND DOUBLE SLOTTED FLAPS

Etations and ordinales given
from leading edge and ref

in inches and are measured

srence line of Fowler fla@

\\\_\
\\'
Fowler flap * DO’va gslotted flap
U RS Vane
Station Upper Tower
surface | surface | I .
—- Station ,ogefe
wia
0 0.196 | 0.196 Svriac
0(8 5 L0738 0.156 0.06
1586 ol a 062l 28 .12
1 550 ouo l Jid .?o
.ﬁ69 632 Oy 5% RN
.625 .5648 040 .75 6l
L9357 769 | .03k 1.0% - 75
1.250 .319 026 1.26 .82
1.5675 L8l L01h |
2.500 821 .006 Nose of flap
3.125 0 HHET W
RN R - stavton | BRIV | santace
L.275 522 1 0 - e
5.000 .366 0. l 1.0% 0. ao 0.20
5.625 220 0 1.11 E .05
6.25 .0Lo 0 1.1 5 .03
- 1.3 6 -------
- as 1.50 | Lb6lt | ememee-—
L.E, redius: 0,125 % 1.26 {% _______
- H 1,. 9% 78 ——————
q 2.28 | .82 | e------
! 50 1 B2 ! hcmae-a
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INDEX TO FIGURES
a. Illustrative Figures

26

Figure Material presented
1 Three-view drawing of model
2 NModel mounted in test section
3 Photograph, standard nacelle afterbodies, 08¢ = 0°
L Drawing, standard nacelle afterbodies
5 Photograph, standard nacelle afterbodies, &8¢ = 40O
6 Drawing, L.E. gloves
3 Photograph, L.E. gloves and T.E., extensions
Photograph, nacelle afterbodies 2 end 3
9 Photograph, nacelle afterbodies L, &, = 0°
10 Fhotograph, nacelle afterbodies 5, ©&p = 00
11 Drawing, nacelle afterbodies ﬁ
12 Drawing, nacelle afterbodies
%ﬁ Drawing, nacelle afterbodies 5
Photograph, nacelle afterbodies i, &g = L,0°
15 Photograph, nacelle afterbodies 5, &p = L0O
16 Photograph, double slotted flap
17 Calculated thrust coefficients for B-32 airplane

b. Stalling Characteristics; O.L Normal Rated Power; Transition Fixed

X 8¢ |cowl and inter-
Figure Configuration (deg)| cooler flaps
18(a)|Standard model 0 Closed
818(D) | memmm=llOmcmmcmm e e 0 Do.
18(0)|o=mm==@0mcmmemmmmmmm oo 0 Do.
19 Chord extensions 0 Do,
20 Modified inboard afterbodies 0 Do,
21 Inboard afterbodies | and chord
extensions o Do.
22 Inboard afterbodies 5 and chord
extensions 0 Do.
23 Comparison of stall patterns at Cp =~ 0.8 0 Do.
2, |standard and modified model 0 Open
25(a) |Standard model 10 Closed
25(b) | cecenclbmnmacermcca e e Lo Do.
26 Standard and modified model (flow over
inboard afterbodies and flaps) Lo Do.
27 Modified model (flow over wing) Lo Do.

8Natural transition,
bpropellers off,

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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INTEX T0 FIGURES - Concluded
6. Tall-Survey Date; 0.4 Normal Rated Power; Transition Pixed

[}
Pigure Material presented __f |Cowl and inter-
- ‘ Form of dsta (‘dlg) coolar flaps
28 [standard and modified model, a = 7,6°
29 zrr::: 2?7;;10 of attack 12 < o Closed
o L]
30 |Standard and modified modsl, a = 7,50 egainst vertlamlj o onen
%1 |Standard end modiffed model, & = 12, distance Lo Closed
32 (Stall patterms for swrvey comditions of cemmccsanns &
;3 Et‘ng::: model Q¢ - g Closed
poe ke aga t vertiocal Open
35 srovcaffemnrosnacocnensoccaa srmececce= q distance Lo Clossd
36 |Positiom of wake center } Vertisal distance 0 Do.
37 =40 - against Cp 0 Open
4, Asrodynsmis Characteristics with Prepellers Off
8¢ [cowl and inter-
Pigure Material presented . Form of data (deg)| cooler flaps Transition
8 Seve th st Pixed and
3 ral runs wi standard modsl cbp against Cp| O Closed natural
9 |Effect of Reynolds number coscvecllfecccccn] 0 |eccccccdOreccea Pixed
0 (T.E. extensions csccecnclfecrccne]| 0 |cocsccfeccens Do.
41 |standard afterbodies with chord Fixed and
extensions -do 0 |ece~cecdQe--=e- | natural
2 |Effect of various nacslle
afterdbodies ecccae «d0=ccacee ] cocccelmcenae Pixed *
43 |afterbodiee 4 with chard Fixed and
extensions - ¥ 0 |ecccacdoeccea « | natural
hli [afterdbodies 5 with chard
extensions L TR T- LY T s [+] cvvecel-cccca Do.
45 |Effect of modifications with
cowl and intercooler flaps
open do o] Open Pixed
L6 |Effsct of transition Cp, &, Cg 0 Cloeed Pixed and
sgainet Oy natural
h.g T.E. extensions do 0 |ecemeel@eecees | Pixed
L8 |standerd a“terbodiss with chord Pixsd snd
extensions do [v] crccccleccces | natural
L9 |afterdodiss L with cherd
sxtensions -4o 0 |ecccecdO-cccce Do.
50 |Afterbodies 5 with chord
extensions cccccccdpeccccce 0 |eccacclpnccces Do,
51 |Bffect of modifications with
cowl and interccoler flaps
open cenmccel@emcecees| O Open Fixed
52 |Effect of modifications on 1ift | €; sgainst a | 4O Closed Do.
8. longitudinal Stebility Characteristics; Transition Fixed
" | 8 |cowl anda inter-
Plgure Configuration (dag)| cocler flaps Tail Power
53(a)|Standard and modified model V] Closed on T, =0
53(b)| - A0=== 0 |eeweccllomcccces|~d0- | 0.4 normal rated power
53(c) - 0=~ 0 |e=e=-rdOemmecaa]~do- Normal ratsd power
5(a)|Standard end modifisd model| LO |ee-=-vdO0-ce=e-e| On T, 20
54(b)| cemmccmcnn- QO~emccmcancccn| U0 [cecca-doe-=-cce|-do- | O; normal rated powsr
55(a) | Standard and modified model 0 |e=e=cclO=ceceea| Off | O normal rated pomer
55(b)| ccecccaaa eeelOmeecncccoccce | [0 |=ceccedo--cecea -do- | 0.4 normal rated power

NATIONAL ADVISORY
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Figure 1. —Three-view drawing of riodel.
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Figure 3.- Standard nacelles.
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Figure 16.- Double slotted inboard flap.
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NACA ARR No. L5JO5 Fig. 28a

Standard conflguration; a = 7.5% Cp = 0.73 °

Inboard afterbodies l, and trailing-edge extensions; a=7.6;C1=0.91

Inboard afterbodies 5 and tralling-edge extensions; a=7.6°;C0L=0.91

teading-edge gloves, inboard afterbodies 5, and tralling-edge
extensions; a = 7.69; C;, = 0.90.
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Figure 28.~ Vertical velocity deviations in regilon of horizontal
tail for standard and modified models. b&p = O°; cowl and

intercooler flaps closed; transitlon fixed; O.h normal
rated power; R ~ 2,600,000,
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O Standard configuration; a = 8.5 ¢y = 0.82
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Filgure 29.- Effect of angle of attsck on vertical velocity
deviations in region of horizontal tail for standard and
modified models. & = 0%; cowl and intercooler flaps

closed; transition fixed; 0.)4 normal rated power;
R = 2,600,000.
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Figure 30.- Vertical velocity deviations in region of horizontal
tail for standard and modified models. 6 = 0°; cowl and
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Figure 31.- Vertical velocity deviations in region of horizontal
tail for standard and modified models. 6&p = L0%; cowl and
intercooler flaps closed; transition fixed; O.).;. normal rated
power; R~ 2,600,000,
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Pigure 33.- Dynamic-pressure variation in the region of the horizontal tall.
Standard configuration; 52’ = 09; cowl and intercooler flaps closed; transitlon

fixed; 0.l normal rated power; R = 2,600,000.
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Figure 36.- Variation of location of dynamic-pressure wake
center with 1ift coefficient. &g = 0°; cowl and intercooler
flaps closed; transition fixed; 0.l normal rated power;

R= 2,600,000.
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