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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL MEMORANDUM NO, 764

THE AERODYNAMIC ASPECT OF WING~FUSELAGE FILLETS*

Byl HoMubttray

SUIMARY

iio0del tests prove the feasibility of enhancing the
aerodynamic qualities of wing-fuselage fillets by appro-
priate design of fuselage and wing roots. Abrupt changes
from maximum fuselage height to wing chord must be avoided
ané every longitudinal section of fuselage and wing roots
must be so faired and arranged as to preserve the original
1ift distribution of the continuous wing. Adapting the
fuselage to the curvilinear circulation of the wing affords
further improvement. The polars of such arrangements are
almost the same as those of the "wing alone," thus voiding
the superiority of the high-~wing type airplane known with
the conventional design. Besides, protuberances such as
windshields, etc., disturd the aerodynamic gquality of a
mid wing or low wing less than of a high wing, so that the
latter actually becomes inferior by comparison.

For reasons of an appropriate aerodynamic and static
combination of wing and fuselage, the further development
of high-performance gliders should be carried on with mid-
wing tjpe monoplanes,

INTRODUCTION

The accepted method of raising the performance of
gliders in past years has been to increase the wing span
But lately this practice has fallen into disuse after it
was found that a large span entailed certain disadvantages
which seemingly made this avenue of attack rather unad-

ised,

The attention of the de
3

est was turned to other
means for promoting higher flig er

formances.

1
*"Die aerodynamische uUuaﬂlenLu,lnh von Tragflugel und
Rumpf. Luftfahrtforschung, vol. 11, no. 5, October
25, 1934, pp. "131-139,
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There is, for example, the method of fairing the wing
into the fuselage and of housing the pilot within a cabin-
like enclosure. Both of these methods are intimately re-
lated insofar as the complete enclosure of the pilot must
precede any aerodynamically favorable wing—fuselage combi-
nation. In point of fact, it was this very method of
pilot-seat enclosure resorted to within the last few years,
which really caused the renewed drive for wing fillets.

Hereinafter is the description of an essentially ex-
perimental investigation of wing fillets and various de-
ductions.

2. PREVIOUS REPORTS

This experimental report is, as already indicated,
based upon previous investigations made by the writer.
The first of these goes back to 1928 and was published in
Luftfahrtforschung (N.A.C.A. T.M. Noe« 517) (reference 1).

a) The Flow at the Wing Root of a Low-Wing Monoplane as
Affected by Filleting

It is common knowledge that at higher 1ift wvalues,
that is, at greater pressure rises, the flow at the roots
of a low-wing monoplane is very apt to break away as a Tre-
sult of the secondary flow, occurring in the angles or
corners formed by the sides of the fuselage and the upper
surface of the wing.

It is also known that the polar of a low-wing mono-
plane has a higher additive body drag than that of a high=
wing monoplane. The disagreeable feature is the break-
down of the flow because the vortices shed at the wing
tips may easily produce the so-called "tail buffeting."
The breakdown of the flow and the growth of the additive
drag are so muech more pronounced as this angle between
wing and fuselage is sharper. Now these objectional fea-
tures can be avoided by designing the wing root along
well-defined lines, namely, by rounding out the angles be—
tween wing and fuselage in such a manner that the fillet
radii increase rearward. The rounding-out or filleting
process insures a gradual change from fuselage to wing and
thereby removes the cause for the secondary flow. Figure
1 illustrates the discussed shape of wing root for a 45
angle between fuselage and wing. The shapes 1, 2, and 3
differ in fillet radii. Shape 4, designated as "false
fillet," does not give the desired effect.
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Thesfailare.of this false, fillet dspundeubtedlpuat=
tributable to the fact that it causes an increase in pres—
sure rise .over.the suction side of. the wing within range
of. the .wing root, since the section of the wing root dis-
closes a poor airfoil with excessively. great thicknesse.
Consequently, it is not only necessary to- suppress any pos—
sible secondary flow by gradual change from fuselage to

wing .but also to provide at the same time for adequate
streamlining. This is assured on the wing roots with f£ile-
lets .of rearwardly increasing”radii.> :

Mleanwhile this method of filleting has also found ap-
plication in practical airplane design (reference 2).
There is; for. example, the ¥orthrop "Gamma" express mail-
plane (fig. 2)* which; with its size of .fillet radii, based
upon -recent wind-tunnel data. (reference 3), preseats a fur-
ther advance., :

B) Wings with Cut-Outs

The second study, brief 1v referred to here, relates
to measv reJeats on wings with cut-outs made in 1929 (ref-
erence %). This 1rVesu1bat on is intimately conanected
with the pfoblem of "wing with fuselage," because when
considering "wing with- -fuselage" or ”w*ng with cut—outs"
simply as "wing with variable chord," the problem is, ob-
viously, the same. Yow in the report on -wings with cut-
outs (reference 4), it had been shown that oun the basis of
this concept it was possible to obtain "wing-bridge!" de-
signs, which prevent the otherwise oeccurring vitiation of
the wing polars due .to the cut—outs. 3By "wing bridge' is
meant. the narrowed portion of tihe wing connecting the un-
changed wing halves. :

The sections of the wing bridge had. to be designed
as satisfactory airfoils and so 1rrangcd as to preserve
as:closely as possible the. 1ift distribution of the wing
without cut-out section. This is the.case.for a certain
8o, Yalue, such as angle of incidence of the wing when

o

the.wvalune ¢, & & . wing chord) at aay point of the

wing bridge is thhe same as that of the original wing at
the same point. Strictly speaking, this is obtainable on-
ly for one angle of attack of the wiag; but if this is
chosen high.enough the change in the total polar will be
entirely negligible. For aigh-speed airplanes flying at
low, egiuvalues, this optimun angle of attack may e
chosen corres pond;n 1y "lower,

quftfunrte,uvdsc“au dier ZedalMa, Now 8, II8Es
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The choice of wing-bridge profile and the calculation
of the particular angle of incidence for a certain angle
of attack of the unchanged wing is very simple when pro-
ceeding from elliptical 1ift distribution because then the
induced angle of attack over the span is invariable. The
angle of setting of the profile of the original wing and
any wing-bridge profile at the same point is then simply
equal to the difference of the effective angles of attack
pertaining to the ¢, values for the profiles.

It is more difficult to define the 1lift distribution
and the corresponding induced drag for the remaining angles
of attack of the wing at which the 1lift distribution of
the original wing is disturbed. However, there have been
published some very valuable reports, especially of recent
date, which permit a theoretical analysis of the total po-
lars of wiangs with variable chord and variable profile
without excessive paper work. For example, there is the
fundamental treatise of I. Totz, of 1931 (reference 5),
which has already been applica in various cases (reference
63

3. APPLICATION OF PREVIOUS RESULTS TO TEE DESIGN

OF FUSELAGE AND WING ROOTS

The more recent and largely experimental study , re-
counted hereinafter, contains a synthesis of the argu-
ments upon which the older and just-mentioned reports had
been based. According to the first report there should be
a steady, smooth change-over from fuselage to wing. Ac-
cording to the second, the cross section at any point of
the fuselage or the transition from fuselage to wing should
be of such form and setting as to preserve the distribdbution
of c5 t wvalues of the "wing without fuselage."

The first requisite is readily met with a cut through
wing and fuselage perpendicular to the direction of flow,
such as shown in figure 3 for a mid-wing type monoplane.
The only provision on the basis of the results of the
first report is that the angle formed between fuselage and
wing and the fillet radius be sufficiently great and in-
crease rearward. The second requirement is, as already
mentioned, readily tractable when considering the wing as
effective line. But in the case of "wing with fuselage" .
this concept is only an approximation, even if very satis-
factory, in contrast to the "wing with cut-out," because
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the wing-part "fuselage" can hardly be considered part of
an effective line, owing: to:its® great chords

In order to avoid this difficulty, the design of fuse-
lage shapes which were to assure a better fairing-in be+
tween fuselage and wing than that afforded from the theo-
ry of the effective line, we developed a simple seni~
empirical method of approximation, which shall be dis~
cussed in a subsequent section,

4. DESCRIPTION OF MODELS DESIGNED

ACCORDING TO SECTION 3

An original fuselage—wing model designed according to
the discussed simple method of calculation is shown in
figure 4. The original wing has elliptical contour and
A= 7.1 aspect ratio. It _is a Joukowski airfoil with

parameters % = 08d: sl % =@labss(d-= thioknapBy "% &

camber, L = %). Fuselage and wing root are also Jou-

kowski airfoils. The thickness parameter was kept con-
stant at 0.1, while camber and incidence of fuselage and
wing=root' airfoils were modifiecd. The front view of fu-
selage and wing root reveals the absence of all corners,
even on the fusélage. The profile chord follows from the
constant thickness parameter.

With the provision that for equal cg bt value - we
chose c¢c5 = 1.2 - for "wing alone" and "wing with fuse~
lage", the centers of pressure of all profiles lie on a

£ £

straight line and assure a limitation of the model as seen
from above, which about corresvonds to the usual condi-
tions of a "fuselage with wing", the camber rarameters

£/1 and the angles of attack ag were computed as func-
tion of the running span coordinate with the aid of the
well-known test data on Joukowski airfoils (reference 7).

Figure 5 shows model lo. 1. It is seen that the vol=
ume of the fuselage, except in the thick wing roots -~
which may, in fact, be partly figured in with the fuse-
lage - is chiefly placed in the nose of the fuselage.

This is due to the Joukowslki type fairing of the fuselage.
The side edges of the rear end are also noteworthy. 1In
figure 6 these lateral fuselage edges have been removed.
It will be noted that the ratio of cross-sectional area
of fuselage to wing area equals 1:40. The wing section
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It will be noted that the ratio of crosswsectional area
of fuselage to wing area eguals 1:40. The wing section
.covered by the fuselage section was not included in the
cross~sectional area of the fuselage.

5, DESCRIPTION OF COMPAERATIVE ¥ODELS OF CONVENTIONAL DESIGN

Before discussing the results of the polar measurement
a description of several comparative models is attempted.
The first one is shown in figure 7. Its fuselage has the
same volume as that of the previous one but was designed
approximately according to the usual method albeit not em—
ployed in the design of gliders of the conventional type.
The wing is the same as before. The fuselage is of :square
scction and symmetrical in side view.

Figures 8 and 9 rcepresent the fuselage with wing rootse.
In figure 9 the fuselage edges of the suction side of .the
wing have becen hollowed out.

J

Eigures 10 and 1l .4illustrate model: Nos . 2¢ . a paraseil

monoplane; that is, a wing-fuselage combination, consid- .
as "standard type" for gliders until comparatively re-

cently. The model was studied with and without fuselage

The fuselage of elliptical section and contour

has the same volume as the previous ones.

64 WIND-TUINEL TESTS OF MODELS

DESCRIBED IN SECTIONS 4 AND 5

Figure 12 shows the polar of "wing alone" and the
first models with fuselage faired smoothly in the wing
(model No. 1). The noteworthy feature .is that the polar
of the wing—fuselage model Lo. 1 differs very little from
that of "wing alone." The discrepancy is -smallest within

Gy 1:0.t0 1w2s that desydinethegrange of theudesinad

equal 1lift distributione A check revealed that the dif-

fersnce in. drag o6f polawri{l) and (2) for gy =10.8'te 186

exactly corresponded to the:expected Higher profile drag

due to the increased surface; that is, it ‘was apparently ‘
reduced to a minimum. Ostensibly there is'a‘ substantial,

although gradual, increase in additive fuselage drag above

= 1.3,

Ca

" il
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Comparing the  ¢f Tclrves, it - is seem’ that the " en
curve.of model Nos, 1 deviates with respect %o .that of’
“wing. alone!, and in particular that.the ¢ values of

n
the wing-fuselage model are lower, which really should
not ocecur, at least, within the range of 6, = la@s "Tha
cause must lie in the circulation arohnd the fuselage, ac—
cording to the observations made with streamers. . It was
noted that at the nosé of the fusclage, at least at higher

cyg Values, the flow was upward as a result of the covered
flow due to the presehece of the wing, while at the rear
end the flow was downward. And it was, this observation
that led to the desizh of the fuselage according to the
second method of approhlmation described elsewhere. The
graph ‘also ;hows in dashes tke polar of the same wing-
;usela ¢ model No. 1 without side edges of the fuselage
portion aft of the wing, which, as is seen, has’ no par-
ticularly vitiating effect on the polar.’ This waw 'to be
expected since the rear end coatributes 1little or nothing
to the 1ift, so that the cutting sway of tihe rear edges
of the fusclage profiles effects no changes. But one di-:
rect result of the investigation is that in the desien
of the fuselage the nose and that part of it which recocives
thielwing, areof greatest. importance.

Figure 13 shows the polar diagram of "wing alone" of
the first cowmparative model (m mid-wing. type with square
fuselage) and of its modified "comparative model,": The
changes consisted, as.previously stated, in rollowing out
the fuselage edges on the suction side of the wing. The
surprising fact following a study of the polar of the orig
inal comparative model is the relatively high additive fu~
selage drag and an almost direct right-handed bend of the
polar at:: ¢g = 1.5,  The cause here lies ia the lowv-wing
effects The modified type also shows this behavior, al-
though to a2 lesser degrees

- Figure 14 contains the polars of the second compara-
tive model, together with the polar of the "wing alone."
Here no substantial effect on the "wing alone" polar was
anticipated because the low-lying fuselage hardly disturbs
the flow. Accordingly, the polar of the "wing with fuse~
lage" has' the same anye as that of the "wing alone."
There remained only a certain additive body drag which,
within the mean range of the pola s a minimum value,

The Cy, value of the "wing alone" is almost exactly
max

reached, especially when the fuselage "neck" is omitted.
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Figure 15 is a compilation of additive Dbody drag,
ranging from 0.,00125 for model No., 1 (mid-wing type with
smooth fuselage fairing), to 0.0030 for the first compar-
ative model (mid-wing type, square fuselage), and 0.00150
to 0.00200 for the second comparative model (parasol wing,
elliptical fuselage). The mean values are:

Model No. 1, 0.,00175
lst comparative model, 0.00400
2d comparative model, 0.00250

"A comparison of model No. 1 with the parasol type is
very interesting. Tt is found that the asdditlive body dres
of model Xoe. 1 is only about 0.7 times that of the para=
sol wing. Of course, it should be remembered that, as

seen in figure 15, on approaching <. the conditions

are reversed; ie.e., model No. 1 has a higher additive body.
drag and S becomes smallers

7. ADAPTING THE FUSELAGE TO THE AIR FLOW ROUND THEE WING

Anent the discussion of the polar of model No. 1, it
was pointed out that the moment coefficients of model No.
1, relative to "wing alone" were attributable to the cur-
vilinear flow around the fuselage. This readily suggest-
ed fitting the fuselage to the curvilinear wing flow so
as to assure the same moment curves and at the same time
reduce the additive body drag. Our procedure in the de~
sign of such a wing-fuselage model was as follows:

First we plotted the streamline pattern for that ¢
value at which the fuselage was to .fit Dbest to the flow
by means of conformal transformation; that is, for two-
dimensional flowse Then we calculated for the wing of in-
finite span the interference velocities in the plane of
symnmetry of the wing for points in front of the wing.
These followed from a vortex system consisting of the two
boundary vortices and their infinite extensions to the
right and left of the wing. The flow pattern in front of
the wing was corrected by means of the calculated values,
and a corresponding correction for the flow aft of the
wing was also ‘effected; only for the latter the downwash
due to the boundary vortices was not computed as it was

a
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accurately known from previous downwash investigations aft
eF-ellaptieal wings

The result was the flow pattern shown in figure 16.
The manner of bending the profiles to the curvilinear flow
figrillusgtragbed in figure L7k

:Figures 18 and 19 show the first thus—designed model,
designated as No. 2. Figure 20 shows the differences be-
tween model fuselage No. 1 and No. 2. The 'polar of model
Noe 2 was measured repeatedly.

Figure 21 contains the diagram of the last measure—
nent ;- together with that of "wing alone.” The chief re—
sults of curving the fuselage were a very widely cxtended

zone at cana" and a somnewhat higher o than for the
Al oL

"wing alone." The lower point of separation of the polar
has moved upward similar to that for markedly cambered
airfoils, The moment curve shows that the moment coeffi-
cients of "wing alone" and model Nos 2 coincide in the vi~-
SLnity of ey = l.2«

The polar diagram further depicts the body drag coef-
ficients of the first and second measurement of model io.
e In the first measurement, where the fuselage was still
new and therefore perfectly smooth, a small portion of the
polar had approximately zero drag. Between the first and
second measurements various modifications had been effect-
ed on the fuselagc which may have raised its drag. On the
average, we may count with a minimum drag of CWB = 0.001;
that is, very " less than model Noes 1. g

-
(%)
ct
o
(0]

8. COMPARISON BETWEEN HIGH WING, MID WING, AND LOW WIKG

WITE FUSELAGE DESIGNED ACCORDING TO SECTIONS 3 AND 4

The question arose as to whether the obtained satis-
factory approach of the wing-fuselage podan b sthait wof
the . "wing alone" was limited to the mid-wving arrangement
or whether it could be obtained equally well with the same
satisfactory results to high~ or 10n*‘lu§ arrangements,

Meceordingly,  a bigh~Wing arrangement and a low-wing
arrangement were investigated In these the body lines
were tauen fro tﬂo '1u~w1nﬁ arra ement but the form was

=ilhe deglgns and cmlc 11310ﬁs were ﬂade by ertz Fre*tag,
according to the data of the writer.
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distorted up or down, respectively, until the suction side,
or pressure side, became straight in the front view. In
addition to the warping vertically there was.'a change in
the camber of the longitudinal -sections; thée low-wing body
sections were more heavily cambered to correspond with the
more sharply bent flow over the suction side of the wing.
ThHe high~wing body sections were not cambereéd so much .

-Figures 22-25 illustrate the high- and low-wing mod—
e 26, the polar diagrams -of these models
.

and figur

(S 2
thout windshiel

wi

The low wing 'is distinctly superior from the point
of view of additional body drag. On the other hand, this
act should not be stressed too much because the lower
point of break-away of the low-wing polar lies equally
higher. But the so~called low-wing effect is in any case
definitely nonexistent, which at least proves that the po-
lar of the low wing need not necessarily be inferlor to
that 'of the hizh- wings’ :

"9, EFFECT OF WINDSHIELD ON HIGH WING, MID WING,

AND LOW WING (fig. 27)

The disturbance of the flow due to the windshield
mounted at the same place is less on the low wing than on
the high wing. 4And inasmuch as we must count on such dis-—
turbances on the fuselage in the form of fresh-air vents
for the pilot, edges, and slots of the cockpit cowling,
etcas it is readily seen that the low wing is superior to
the high wing. This may be explained by the fact that
such disturbances on the low wing are farther away from
the wing and consequently not as effective.

ves that the high or parasol wing, as
glider design, is certainly not el-
he "standard type." On the contrary,
t in the future we shall see mid-wing
ders which are Jjust as legitimate.

g b
t may be a
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10. EFFECT OF A STEP ON THE. UPPER SIDE OF

THE FUSELAGE ON A MID WING

The visibility in a mid wing and low wing of the
shown designs is perfectly satisfactory, especially when
the pilot sits in front of the wing. But in.order fto as-
certain whether visibility could still further be improved
without vitiating the polar, we studied the effect of a
“break or step on the top of the fuselage:oef the mid wing
(figs. 28 and 29)s It was: found to be-altogether negli-
gible,

11, DESIGN OF A GLIDER WITH AERODYNAMICALLY

AND STATICALLY BENEFICIAL WING-BODY FILLETS

In conclusion, we' sibmit a preliminary glider. de-
sign with the-desecribed type of fillets (f 1¢s2809%. that
is, of a trapezoidal mid wing with greatly increased chord
near the fuselage. The rotighly computed sinking speed of
this aircraft is, to-be sure; not much lower than-with the
parasol type of identical span and weight because the po-
lars of both correspond approximately to that of the "wing
alone.," But-it should be-remembered that because of its
great wing-root spar heights and the absence of the "neck"
the mid-wing type can be built easier and consequently
stronger.

Translation by J. Vanier,
National Advisory Committee
for Aeronautics.
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Figure 7,-Comparative model :wing
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gl Figure 11.-Three-quarter front view
Figure 10.~Comparative model no.2 ; of parasol model with

parasol type. and without "neck",
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Figure 5.-Three-quarter front
view of model no.l .

Figure 6.-Three-quarter front view

of fuselage with wing
roots of model no.l(side edges of
fuselage removed),

Figure 8,-Wing roots and fuselage of
comparative model no. 1. g

~ Figure 9.-Wing roots and fuselage of
: comparative model no, 1

with filleting.
Figure 19.=5ide view of model no.2 .

Figure 23,-Fuselage and wing root Figure 25,-Fuselage and wing
E of low-wing model with root of high-wing
| wind shield. model with windshield.
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Figs. 12,13
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Figure 12.~Polar diagram of "wing alone" and of model no.l .

16 SR
7%
U T
12
10
08
Comparative model/ no./
5 —o— Wing alorne
)6 —— Without fillets —.—
—— With fillets —@—
Q4 ST e
. |
LR X
o7 015 g2 W 005
Ok 06 08 10
| ==L ]
-2 7.Test section 6.Test section

Figure 13.-Polar diagram of "wing alone" and of comparative model no.l .
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Figs., 14,21
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