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On the Effects of Cutting Away the Trailing
Edge on the Aerodynamic Characte-
ristics of a Wing.*

By

Tetusi OkamoTo, Kégakusi,

Assistant of the Institute.

Abstract.

The present report is the second part of the systematic experiments on the
aerodynamic characteristics of the wing with cut-out. In the first report we studied
the effects of extending the rectangular cut-out along the span or in the direction
of the chord on the wing characteristics with respect to the case in which the cut
end is not made fair. And it is of course that if the cut end is made fair the wing
characteristics are also affected. In the present report the problem that what form
is suitable as the cutaway section is studied. To this purpose the characteristics of
the wing whose trailing edge is fully cut away along the span with four kinds of
cut end were tested in the I-5m wind tunnel at 30 m/s wind velocity with regard
to the two different profiles: the Gottingen 593 and 459 wings.

It is concluded that the most suitable form of the four kinds is that which the
cut end is made round with the inscribed circle, and itis still better to make the
cutaway section similar to the original wing section if it is permitted from construc-
tion. And the flow pattern around the wing section whose trailing edge was cut
away was obtained photographically in the 3omX1-5mXI.-5m water tank of the

institute.

* Communicated by Prof. Dr. K. WADA.
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1. Introduction.

~ In the preceding paper!? we studied the effects of the rectangular
cut-out on the aerodynamic characteristics of the wing concerning the
case in which the cut end was not made fair. It is of course that if
the cut end is made round the wing characteristics are also affected.
Ackeret's experiments® on the characteristics of the wing with circular
cut-out show that when the cut end is made round the minimum drag
coefficient decreases by about twenty-two per cent.

In the practical design of the wing with cut-out it is necessary and
important to have acknowledge of not only the effects of its plan form
but also those of the cutaway section. However, investigation of the
effects of the fairness of the cut end have almost not been performed

since Ackeret’s experiments. And the problem that what profile is

(1) T. Oxamoro, The Experimental Investigation on the Effects of a cut-out on the
Wing characteristics. Report of Aero. Res. Inst., Tokyo Imp. Univ. No. 113. 1934.
(2) Ergebnisse der Aerodynamischen Versuchsanstalt zu Gttingen. Lief. III. pp. 92~94.
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Effects of Cutting Away the Trailing FEdge 349

syitable as the cutaway section is left to be solved. To this purpose
the present paper studied the effects of the fairness of the cut end with
respect to the wing whose trailing edge was cut away along the full span,
from whose results the most suitable profile as the cutaway section of

the wing with cut-out was determined.

2. Range of the tests.

Although the effects of the cutaway section should be tested with
regard to the wing with rectangular cut-out, they were, at the present
tests, tested regarding the wing whose trailing edge was cut away along
the full span by the reasons of convenience in applicating the theory
and easiness of discussing the results.

Wings with the four kinds of cut end shown in Fig. 1 were tested
in the wind tunnel with regard to the two different profiles : the Gottingen
593 profile whose lower surface is flat and the Géttingen 459 symmetrical
profile. And the tests were divided into three parts:

Gattingen 533
T=t/t

'_‘_‘.‘:_t‘j-::}3 / 4_:]
o« 00w *

Gér/‘ingen 4589

Fig. 1 The cutaway sections tested.

I. The depth of cut-out is changed in the range from the depth-
chord ratio 7 = 0-1 to 0-6 with regard to the case in which
the cut end is not made fair.

II. The depth of cut-out is changed in the range from 7 = 0-1
to 0-4 with respect to the case in which the cut end is made

round with the inscribed circle.
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350 T. Okamoto.

III. The comparison of the characteristics of four wings whose
cutaway sections are shown in Fig. 1, regarding the case
T = 0-3.

The tests were carried out in the 1-5 m wind tunnel of the institute
at the wind velocity of about 30m/s which corresponded to Reynolds’
number of about 3-10% the lift and drag having been measured at about
20 intervals of angle of incidence from about —18° and +24°.

The original or normal wing is the rectangular whose chief dimen-
sions are as follows:

Span = 75 cm, chord length = 15 cm, aspect ratio = 5 and wing area

= 1125 cm?.

3. Calculation of the coefficients.

Results of the measurements have been reduced to the following
coefficient forms.

(i) Lift coefficient and drag coefficient. The lift and drag coeffi-
cients based on the wing area of the original wing have been obtained

by the equations

F and ¢, = me—dcx,

qS qS

C: =

where F,, ¢, the lift, and the lift coefficient,
F,, ¢, thedrag (not corrected for the interference of the tunnel
wall), and the drag coefficient,
S the wing area of the original aerofoil,
q dynamic pressure,
Jde, correction of the drag coefficient for the interference of
the tunnel wall.
The angle of incidence (o) and the drag have been corrected for

the effect of the tunnel wall. Namely,

de, = 0-00796 ¢ ,
da = 0456 ¢, (degree).
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_The lift and drag coefficients based on the actual wing area (S')

have been expressed in the following forms

I F I
¢, = F = ¢, and ¢,= % —dci=Cx — .

~ ¢S 1—T qS’ 1—7

‘(ii) Moment coefficient and centre of pressure coefficient. These
coefficients based on the wing area and chord length of the original

aerofoil have been calculated by the equations

_cm
Cc,cos a+¢C;sina

Cm = q]gt and cp=%=
where M, ¢,, the moment about the leading edge, and the moment
coefficient,
¢, the centre of pressure coefficient,
t the chord length of the original wing,
s  the distance of the centre of pressure behind the leading
edge.
The moment has been considered to be positive when it tends to
raise the leading edge of the wing.
The moment coefficient and the centre of pressure coefficient based
on the actual wing area (S’) and the actual chord length (¢') have been

expressed by the following equations

M 1
A e

4. Results of the wind tunnel tests on the
Gottingen 593 wing®
1. The cut end is not made fair.

The effects of cutting away the trailing edge on the wing characte-

ristics in the case in which the cut end is not made round have been

(3) The data of the tests have been listed in tables in the Journal of Aero. Res. Inst.,
Tokyo Imp. Univ. No. 125. 1935. p. €o.
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already investigated by J. Ackeret® with regard to the Géttingen 460
and 508 profiles, the depth of cut-out having been changed in the range
from + = 0-1 to 0-7, and M. Ono® also has studied this problem for
the case in which the depth of cut-out was not so large. And therefore
these effects have been discussed sufficiently, but these tests, which
were made about ten years ago, have more or less irregularities or
inaccuracies in the results of measurement and thus inconvenience takes
often place in the analysis. By such reasons and because these tests
will be the foundation of the future investigation the similar tests are
now repeated.

The model wings used in the tests are shown in Fig. 2. and the
depth of cut-out is changed in the range from 7= o0-1 to 0-6. The

results of the tests are presented in figures from 8 to 17.

Gattingen 533

= 5 I~
R < o
_47;': T=0/ :
2 C’\| T=02 0 I
. F-3.0— 0.2 o4 ) o6t
3 (\’ =03 -2 ‘ L
—es—— " o l//
-<q
f—60— -6 ¥
5 ,(ﬁ _ =05 g°
[B— e —
6 (— =05 Fig. 3. Variation of the angle of zero
9.0 lift with the depth-cherd ratio <.

Fig. 2. The model wings. The span
is 75 cm for all wings.

(i) Lift coefficient. The lift coefficient based on the original wing

area is plotted against the angle of incidence in Fig. 8. The slope of

(4) Ergebnisse der Aerodynamischen Versuchsanstalt zu Gottingen. Lief. IIL. p. 8z.
(s) M. Owo, Jour. of Aero. Res. Inst., Tokyo Imp. Univ. No. 26. 1926. p. 115.
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de,

a
the slope of the lift curve of the original wing and of the wing whose

the’ lift curve or

decreases with the depth of cut-out. Denoting

trailing edge is cut away with ¢ and ¢ respectively, we have the following

empjrical equation

L=—Z—=1—1-55 2+ 045 7. (1)

The angle of incidence («p) for zero lift decreases linearly with the
depth of cut-out in the limit + < o-5, as is shown in Fig. 3, and in this
limit the connection of @ the angle of zero lift with + the depth-chord

ratio can be written in the form
a=a(1—1-647), (2)

where %o is the angle of zero lift of the original wing.
And now we can obtain the empirical formula which estimates the
lift coefficient in the limit << o.5. When the angle of incidence is

quitely small, the lift coefficient is generally written in the form

¢ = c¢(a—ap) , (3)

and for the original wing

C: = C (a—Eo) . (3“)

Substituting the equations (1) and (2) in the equation (3) and supposing

the equation (3 a), we have the following empirical formula
c: = (az"azo n) L ’ (4)

where n = 1-64 7 and ¢, denotes the lift coefficient of the original wing
at zero angle of incidence. The maximum lift coefficient decreases with
the depth of cut-out, as is shown in Fig. 4, and the stalling angle

increases with increasing the depth of cut-out.
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The lift coefficient based on the actual wing area is plotted against

the angle of incidence in Fig. 14. In this case the slope of the lift

curve increases with the depth of cut-out, and this increment depends
partely upon the increase of the aspect ratio of the wing which is

a/(1—7), where @ is the aspect ratio of the original wing. The maximum

lift coefficient based on the actual wing area increases, on the contrary

to the above case, with the depth of cut-out, as is shown in Fig. 4.
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/ ]
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o.12 /
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+o \ M;/ﬁ?’
‘ |
CZ\L o
0.8 0 0.2 04 0.6
\ T
° az o4 as Fig.5. Variation of the minimum drag
. . . . coefficient with the depth-chord ratio t.
Fig. 4. Variation of the maximum lift . . _p .
. . . ¢y is based on the original wing area, and
coefficient with the depth-chord ratio 1. ¢,
. .. . ¢i/ based on the actual one.
is based on the original wing area, and ¢/

based on the actual one.

(i) Drag coefficient. The drag coefficient based on the original
wing area is plotted against the angle of incidence in Fig.g. At small
angles of incidence the drag coefficient increases with the depth of cut-
out, but it increases, on the contrary, at larger angles of incidence.

The minimum drag coefficient increases with the depth of cut-out, asis
shown in Fig. 5.
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~The drag coefficient based on the actval wing area, which is plotted
against the angle of incidence in Fig. 15, increases remarkably with

the depth of cut-out.

(iii) Moment coefficient and centre of pressure coefficient. The
moment coefficient based on the wing area and chord length of the
original wing decreases with increasing the depth of cut-out, as is shown
in Fig. 10. The centre of pressure coefficient also decreases with the
depth of cut-out as is shown in Fig. 11. The variation of the centre of
pressure coefficient at +10° angle of incidence with the depth-chord
ratio is illustrated in Fig. 6, which indicates that the coefficient based
on the original chord length decreases with 7, but that based on the

actual chord length increases conversely.

.05 /6
E) OCu=+/0 cp :
S 04 S 14
g 0.3 —} >\‘ Q /2 "
'
S p2 P~ S 0
:\J Cp \':L X \
S o 8 =
S \']\
0 6
0 02 04 0.6 0 02 04 0.6
T T

Fig. 6. Variation of the centre of
pressure coefficient at 4 10° angle cf . L
incidence with the depth-chord ratio =. value of the lift-drag ratic with the
¢p is based on the original chord length ~ depth-cherd ratio .
and ¢p’ based on the actual one.

Fig. 7. Variation of the maximum

(iv) Lift-drag ratio. The lift-drag ratio is plotted against the angle
of incidence in Fig. 12." At the small angles of incidence it decreases
with the depth of cut-out. The maximum lift-drag ratio decreases with
the depth-chord ratio, as is shown in Fig. 7 and the angle of incidence

at which the maximum lift-drag ratio occurs increases with increasing

the depth of cut-out.

This document is provided by JAXA.




356

T. Okamoio.

Gotr 593 Cz
o O L2 /N:z::
o 2 /0 AJ;//“/A_'A\‘\
+ 3 : /+»—+\k
x 4 / / / T
e 5 0.8 A A i“/ﬂ / il :
a 6 R i)
06 /I/j// / /@/ L \#\
. v
XA A
S

/
A
I /:érJ//
4 -7 -/ - [:( L/ V0 / %
6 2 /5%2;/24‘/0 4 8 /2 6 20 9;
2 - 0.2

4 14 4

04

Fig. 8. Curves of the lift coefficient based on the original wing area.

e >
Gotingen 593 Cx
o0 +3 a6
o4
o / x 4
a2 o5 P
0.3 (/o/
/ =
0o A |/
/7‘?//
/ﬂ ::(x
N 0./ ’/U/ —@’?—.-j
"\‘A‘——'A .. N -
; A
~16 -/2 -8 -4 0 4 8 12 16 20 24
Ce

Fig. 9. Curves of the drag coefficient based on the original wing area.
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Fig. 14. Curves of the lift coefficient based on the actual wing area.
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II.  The cut end is made round with the inscribed circle.

Next tests were made with repect to the case in which the cut
end is made round with the inscribed circle. The depth of cut-out is
changed in the range from the depth-chord ratio T = o-1 to 0-4, the

: case of r=0-05 being added because

Gomngen 55 it will usually utilized to the section

0 I( =0 for propeller. Moreover, from the

54 T~ s results of these tests we can also
. =

C’—\\“” know the effects of the radius of the
/a T=as

=5k trailing edge on the aerodynamic

2a Y

iy characteristics of the wing.
3a m e The model wings used in the
B f— .
42 D 1-0.  tests are shown in Fig, 18, and

S the results of the tests are plotted

Fig. 18. The model wings. The span is . ﬁgures from 24 to 33.

(i) LZLift coefficient.  The lift
coefficient based on the original wing area is plotted against the angle

75 cm for all wings.

of incidence in Fig. 24. The comparison of the curves of the lift
coefficient in this case with those in the preceding case is illustrated in
Fig. 19. It indicates that if the cut end is made round the maximum
lift coefficient and the lift coefficient near the angle of zero lift decrease
still more as compared with the case in which the cut end is not made
fair. Fig. 20 shows the variation of the maximum lift coefficient with
the depth-chord ratio, where the dotted curves denotes the values of

the wing without fairness in the cut end.

The lift coefficient based on the actual wing area is plotted against
the angle of incidence in Fig. 30. The slope of the lift curve and the
maximum lift coefficient increase with increasing the depth of cut-out

in the similar manner as the results of the preceding tests.

When the trailing edge is cut away at 95 per cent of chord length

in order to obtain the section for propeller, the angle of zero lift decreases
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Effects of Cutting Away the Trailing FEdge 363

by about 10 per cent and the maximum lift coefficient increases by 1-2
pér cent as compared with the original wing, where the aspect ratio of
the wing increases of course to 5-26.

(i) Drag coefficient. The drag coefficient based on the original
wing area decreases considerably as compared with that of the wing
wit.hout fairness in the cut end, as is shown in Fig. 25. And hence
the variation of the minimum drag coefficient with the depth-chord ratio
is smaller than that of the preceding case as is shown in Fig. 21.

The drag coefficient based on the actual wing area is plotted against
the angle of incidence in Fig. 31.

When the trailing edge is cut away at g5 per cent of chord length
in order to make the section for propeller, the drag coefficient based
on the actual wing area becomes larger than that of the original wing
at the negative angle of incidence, and it is nearly the same at the

positive angles of incidence up to about 129,

= 0.6 - 18 - - -
S | —--== Unfairness in Profile | | ——=-- Unfairness in Protile
Qo5 ) 16
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L 04 4 >
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T
Fig. 22. Variation of the centre of Fig. 23. Variation of the maximum

pressure coefficient at - 10° angle of
incidence with the depth-chord ratio <. .
¢pis based on the original chord length, depth-chord ratio 1.
and ¢,/ based on the actual one.

value of the lift-drag ratio with the

(i) Moment coefficient and centre of pressure coefficient.  The
moment coefficient based on the wing area and chord length of the
original wing decreases with increasing the depth of cut-out, as is shown

in Fig. 26.
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The centre of pressure coefficient based on the chord length of the
original wing decreases with increasing the depth of cut-out at the
relatively large angles of incidence, as is shown in Fig. 27. The varia-
tion of this coefficient at +10° angle of incidence with the depth-chord
ratio is shown in Fig. 22, which indicates that if the cut end is made
round the centre of pressure somewhat removes forwards as compared
with the case in which the cut end is not made fair.

(iv) Lift-drag ratio. The tendency of the variation of the lift-drag
ratio with the depth of cut-out is similar as the preceding case, as is
shown in Fig. 28. But the value of the lift-drag ratio increases as
compared with that of the wing without fairness in the cut end. The
maximum value of the lift-drag ratio decreases with increasing the depth

of cut-out, as is shown in Fig. 23.
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Fig. 24. Curves of the lift ccefficient based on the original wing area.
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Fig. 25. Curves of the drag coefficient based on the original wing area.

cm
0./
t\E: b 0
-16 - R
/ 12 \\k ‘A\.\ 4 8 /2 16 20 Z
GO 593 \ —N— E‘\
o 0 15 \A \4\ \""‘“'_"‘—x::ﬁ-q
o .5a ™~ T
o /a \ui\u\ﬂ\a_‘,d——o—ﬁ/r{
° SREal=
a B
\C
) S
x 4q '

Fig. 26. Curves of the moment coefficient based on the wing area
and chord length of the original wing.
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Fig. 27. Curves of the centre of pressure coefficient based on the

chord length of the original wing.

Gott 593 Cz/Cx
o 0 /6
o 5a A
o /a 124 7
s 2a /y / /,1;
+ 3a /B / S ‘x\\
X 4a /
T i
iii 12 -8 /¢ 47/0/ 4 8 /2 16 20 24
i (07
4/ -4

Fig. 28. Curves of the lift-drag ratio.
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Fig. 29. Polar curves. The coefficients are based on the
wing area of the original wing.
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Fig. 30. Curves of the lift coefficient based on the actual wing area.
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Fig. 31. Curves of the drag coefficient based on the actual wing area.
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Fig. 32. Curves of the moment coefficient based on the
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Fig. 33. Polar curves. The coefficients are based on the
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1.  Comparison of the characteristics of the wings

with various culaway sections.

From the preceding tests differences between the aerodynamic
characteristics of the wing without fairness and those of the wing whose
cut end is made round with the inscribed circle could be known. In
the next place the aerodynamic characteristics of the two wings whose
sections are designated by 3b and 3¢ in Figs. 34 and 35 were tested,
and by comparing these with the results of the preceding tests the most
suitable form as the cutaway section was chosen in the four forms

shown in Fig. 34.
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The results of the tests are shown in figures from 38 to 43.
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Fig. 35. Details of the 3b and 3 ¢ wings.
Fig. 34. The mocdel wings. The span is
75 cm for all wings.

(i) Lif¢ coefficient. As the present tests were made for purpose
of comparing the characteristics of the wings with various cutaway
sections, so the discussion on the results was made regarding only the

aerodynamic coefficients based on the dimensions of the original wing.
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Fig. 36. Variation of the maximum Fig. 37. Variation of the minimum
1ift coefficient with the fairness in the drag coefficient with the fairness in the
cut end, plotted against the depth-chord cut end, plotted against the depth-chord
ratio <. ratio 7.

The lift coefficient is plotted against the angle of incidence in Fig.
38, where the curves for the “3” and ‘“3a” wings are brought from

the results of the preceding tests.
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The lift coefficient of the ‘“3b” wing increases so considerably at
the angles of incidence from 2° to 13°, that a protuberance occurs on
the lift curve. And the maximum lift coefficient increases than that of
the ““3a” wing though it is smaller than that of the wing without

fairness in the cut end.

The lift coefficient of the ‘‘3c” wing decreases considerably as
compared with the other wings and its curve plotted against the angle
of incidence has a sudden rise at about +1° angle of incidence, which
seems to be led by an abrupt change of the flow past the wing. The
comparison of the values of the maximum lift coefficient of these wings

is illustrated in Fig. 36.

(ii) Drag coefficient. The drage coefficient is plotted against the
angle of incidence in Fig. 39. The drag coefficient of the ‘“3¢” wing
is smallest of all and that of the ‘“ 3a” wing is secondly small, and the
former increases abruptly at about +1° angle of incidence at which the
lift coefficient also increases suddenly. It is to be noticed that the drag

coefficient of the ‘“ 3b” wing is larger than that of the ‘“ 3" wing.

The variation of the minimum drag coefficient with the fairness in

cut end is shown in Fig. 37.

(ili) Moment coefficient and centre of pressure coe_[]‘idem‘. The mo-
ment coefficient is plotted against the angle of incidence in Fig. 40.
The moment coefficient of the ‘“3¢” wing is smallest in all and it
increases suddenly at about +1° angle of incidence. The curve of the
moment coefficient of the ¢ 3b” wing has a protuberance at the angles

of incidence from 2° to 10°.

The centre of pressure coefficient is plotted against the angle of
incidence in Fig. 41. The centre of pressure of the ‘““3b” wing is
slightly behind that of the “3” or ““3a” wing. And the centre of
pressure of the ‘“ 3¢” wing is in front of that of any other wing.

(iv) LZift-drag ratio. The curves of the lift-drag ratio plotted against

the angle of incidence are shown in Fig. 42. The maximum value of
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this ratio decreases in order of the ‘““3¢”, “3b”, “3a” and “3”
wings. However, the ““3a” wing is superior to the other wings with
regard to the lift-drag ratio at the angles of incidence occurred usually
in flight.

(v) Conclusions. When the cut end is made round with the in-
scribed circle, the lift coefficient somewhat decreases and the drag
coefficient also decreases considerably as compared with the wing whose
cut end is not made fair, so that the lift-drag ratio is relatively large

at the wide range of the angle of incidence.

If the cut end is made fair with the “b” type, the lift coefficient
does not so much increase in comparison with the wing whose cut end
is not made fair except at angles of incidence from 2° to 129, although
this fairness is expected to give an increase of the lift coefficient or

'specially the zero lift angle because the camber of the wing section is

increased.
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Fig. 38. Curves of the lift coefficient.
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Fig. 40. Curves of the moment coefficient.
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Fig. 43. Polar curves.

When the cut end is made fair with the ‘‘¢” type, the drag
coefficient and the lift coefficient likewise decreases considerably. More-
over, in this case it seems to occur a sudden change in the flow around
the wing.

From the above discussions it is concluded that the fairness ‘“‘a”
which is made with the inscribed circle is the most suitable as the

cutaway section in the four forms mentioned.

5. Results of the wind tunnel tests on the
Gottingen 459 wing.©

It has long been known that the effects of cutting the trailing edge

on the wing characteristics varies with the wing section and especially

(6) The data of the tests have been listed in tables in Jour. of Aero. Res. Inst., Tokyo
Imp. Univ. No. 132. 1935. p. 630.
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with the camber of profile. Now, the same tests as the preceding are

carried with regard to the Géttingen 459 symmetrical profile.

L. The cut end is not made fair.

The model wings tested are shown in Fig. 44, the depth of cut-out
being changed in the range from 7 =01 to 0-6. Results of the tests
‘are shown in figures from 49 to

58.

T ] (i) ZLifz coefficient. The lift
/ e —— T=0/  coefficient based on the original

Géttingen 459

2 P . t=02 Wing area is plotted against the
3 /,:’Lw{ s angle of incidence in Fig. 49. The

. — s slope of this lift curve or %c—’
? Qw——i o decreases continuously with i(:l—
5 ] t7%  creasing the depth of cut-out and
6 __—— ] . t=os the rate of decrease for this case

L-——.’iO——J

Fig. 44. The model wings. Tee span is Gottingen 593 wing, which can be
75 cm for all wings.

is the same as for the case of the

represented by equation (1). It can,

thus, be seen that the variation of the value of % with the depth of
a

cut-out is independent of the camber of profile.

The stalling angle increases and the lift coefficient at angles of
incidence beyond the stalling angle decreases with increasing the depth
of cut-out. The maximum lift coefficient decreases at the smaller rate
with the depth of cut-out than for the Gottingen 593 wing, as is shown
in Fig. 45. It can, thus, be concluded that the smaller is the camber
of profile, the rate of decrease of the maximum lift coefficient with the
depth of cut-out becomes smaller.

The lift coefficient based on the actual wing area is plotted against

the angle of incidence in Fig. 55. The slope of the lift curve increases
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and the maximum lift coefficient also increases with the depth of cut-out,

as is shown in Fig. 45.

(i) Drag coefficient. The drag coefficient based on the original
wing‘ area is plottéd against the angle of incidence in Fig. 50. The drag
coefficient increases with the depth of cut-out at angles of incidence
below the stalling angle but it decreases at angles beyond the stalling
angle. The minimum drag coefficient increases at the greater rate with

the depth of cut-out than for the Géttingen 593 wing, as is shown in
Fig. 46.
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Fig. 46. Variation of the minimum
Fig. 45. Variation of the maximum drag coefficient with the depth-chord
lift coefficient with the depth-chord ratio ratio 1. ¢y Is based on the original wing
T. ¢ is based on the original wing area, area, and ¢/ based on the actual one.

and ¢,/ based on the actual one.

The drag coefficient based on the actual wing area, which is shown
in Fig. 56, increases strongly with the depth of cut-out both at small
angles and at the angles beyond the stalling angle.
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(iii) Moment coefficient and centre of pressure coefficient. The moment
coefficient based on the wing area and chord length of the original
wing decreases with the depth of cut-out, but that based on the actual

ones increases on the contrary.

The centre of pressure coefficient based on the original chord length
decreases with the depth of cut-out, as is shown in Fig. 52. The value
of this coefficient at +10° angle of incidence is plotted against the
depth-ghord ratio r in Fig. 47, the rate of increase of the value of ¢,

with 7 being slightly smaller than that of the Géttingen 593 wing.
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Fig. 47. Variation of the centre of 0 02 04 0.6
pressure coefficient at +10° angle of ) T
incidence with the depth-choerd ratio t. Fig. 48. Variation of the maximum
¢p is based on the original chord length value of the lift-drag ratio with the
and ¢,/ based on the actual one. depth-chord ratio 1.

(iv) ZLift-drag ratio. The lift-drag ratio, which is plotted against
the angle of incidence in Fig. 53, decreases with the depth of cut-out.
And the maximum value of the lift-drag ratio decreases at the greater
rate with the depth of cut-out than for the Gottingen 593 wing, as is
shown in Fig. 48. The angle of incidence at which the maximum
value of the lift-drag ratio occurs increases with the depth of cut-out,
and it coincides approximately with the stalling angle when the depth

of cut-out is sufficiently large.
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Fig. 49. Curves of the lift coefficient based on the original wing area.
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Fig. 50. Curves of the drag coefficient based on the original wing area.
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Fig. 54. Polar curves. The coefficients are based on the actual wing area.
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Fig. 57. Curves of the moment coefficient based on the actual
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II. The cut end is made vound with the inscribed circle.
Next, the tests were made with ragard to the case in which the
cut end is made round with the inscribed circle. The model wings are
shown in Fig. 59, and the results

Gomingen 459 .
of the tests are shown in figures
0 =0

M—‘,s‘"’//:] from 65 to 74.

/a wa T=o (i) Zift coefficient. The lift
24 o—__———————~ _ z-0- coefficient based on the original
E——

wing area is plotted against the
3a N _,  T=03

[ —— R angle of incidence in Fig. 65. The
S — P ™ wvariation of the curve of the lift
6.0

coefficient with the depth of cut-

Fig. c9. The model wings. Th i
ig. 59 e model wings e span is out has, on the WhOlC, the same

75 cm for all wings.

tendency as for the case in which

the cut end is not made fair, and the lift curves for these two cases are
compared in detail in Fig, 6. It indicates that if the cut end is made

round with the inscribed ‘circle the maximum lift coefficient decreases
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Yig. 60. Comparison of the curve of the lift coefficient of the
wing whose cut end is made round with that of the wing whose cut
end is not made fair.-
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and the stalling angle increases in comparison with the case in which
the cut end is not made fair, the local increase of the lift coefficient

occurring at small angles of incidence. The decrease of the maximum

lift coefficient with 7 is shown in Fig. 61.

_The lift coefficient based on the actual wing area is plotted against

the angle of incidence in Fig. 71. Both the value of ((i;; and the

maximum lift coefficient increase with the depth of cut-out, similarly as

for the Gottingen 593 wing.
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Fig. 62. Variation of the minimum

Fig. 61. Variation of the maximum drag coefficient with the depth-chord
lift coefficient with the depth-chord ratio
1. ¢z is based on the original wing area,
and ¢,/ based on the actual one.

rotio 1. ¢z is based on the original wing

area, and ¢/ based on the actual one.

(ii) Drag coefficient. The variation of the curves of the drag
coefficient plotted against the angle of incidence with the depth of
cut-out has, on the whole, the same tendency as for the case in which
the cut end is not made fair, but the values of the drag coefficient
decreases, of course, considerably throughout all angles of incidence.

The minimum drag coefficient increases with = as shown in Fig. 62.
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The drag coefficient based on the actual wing area is plotted against
the angle of incidence in Fig. ;2.

(ili) Moment coefficient and centve of pressure coeffictent. The moment
coefficient based on the wing area and chord length of the 6rigina1
wing decreases with increasing the depth of cut-out as shown in Fig.
67, and that based on the actual ones increases on the contrary, as is
shown in Fig. 73.

The centre of pressure coefficient based on the original chord length
decreases with fncreasing the depth of cut-out as shown in Fig. 68.
And the variation of this coefficient at +10° angle of incidence with =,
which is shown in Fig. 63, coincides quitely with that for the case in

which the cut end is not made fair,
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Fig. €3. Variation of the centre cf 4 0 0.2 0.4 0.6
pressure coefficient at +10° angle of _T
incidence with the depth-chord ratio . Fig. 64. Variation of the maximum
¢p is based on the original chord length, value of the lift-drag ratio with the
and ¢,/ based cn the actual one. depth-chord ratio .

(iv) Lift-drag ratio. The lift-drag ratio is plotted against the angle
of incidence in Fig. 69. The variation of the lift-drag ratio with 7 has,
on the whole, the same tendency as for the case in which the cut end
is not made fair, but the value of this ratio decreases strongly. The
variation of the maximum value of the ratio ¢,/¢, with 7 is plotted in
Fig. 64. The angle of incidence at which the maximum value of the
ratio ¢,/c, occurs is for this case greater than for the case in which the

cut end is not made fair,
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Fig. 65. Curves of the lift coefficient based on the original wing area.
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Fig. 66. Curves of the drag coefficient based on the original wing area.

This document is provided by JAXA.




388 T. Okamoto.

Cm
oA 0.2
or— [~
™~
PN N =
;;’:Mgégg%g 0/
™=
—_—
\%\‘
“i6 | iz | -8 | -4 0%% 8 22 | 6 | 20 | 24
(67
661459 Jou NS '
NN SN _A—
o 0 RS T
o]0~ A
n /a -02 *Mﬂmim
~a
o]
a 2a N
+ 3a - -03
x 4a
Fig. 67. Curves of the moment coefficient based on the wing area
and chord length of the original wing.
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Fig. 68. Curves of the centre of pressure coefficient based on the
chord length of the original wing.
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Fig. 70. Polar curves. The coefficients are based on the original wing area.
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Fig. 71. Curves of the lift coefficient based on the actual wing area.
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Fig. 72. Curves of the drag coefficient based on the actual wing area.
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Fig. 73. Curves of the moment coefficient based on the actual
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III. Comparison of the characteristics of the wings

with vavious cutaway sections.

From the preceding two tests the difference between the characte-
ristics of the wing without fairness in the cut end and those of the
whose cut end is made round with the inscribed circle could be known.
Now, we shall test the characteristics of the wings whose cutaway sec-
tions are designated by 3b and 3¢ in Fig. 75 with regard to the case
of + = 0-3, and from these results we shall choose the most suitable
section in the four sections shown in Fig. 75. The results of the tests

are plotted in curves in figures from 79 to 84.

. 7=0.3
3 ===
45—
/5
P — T=0.3 \Q‘e,
-"’4—4.5—4 =
3 T=0.3 s
b t 70 4, 5l
M 4_5__1 s o
=03
30 2 ; 013
S~ L——4‘5—-l
Fig. 76. Details of the 3b and
Fig. 75. The model wings. The span is 3¢ wings.

75 cm for all wings.

(i) Lift coefficient. As the present tests were made for purpose
of comparing the characteristics of the wings of various cutaway sections,
the discussion on the results was done regarding only the aerodynamic
coefficients based on the dimensions of the original wing.

The lift coefficient is plotted against the angle of incidence in Fig.
79. The tendency of the variation of the curve of the lift coefficient
with the cutaway section is, on the whole, similar to that of the Got-
tingen 593 wing. The variation of the zero lift angle with the cutaway
section is so small that it can be approximately neglected.

The lift coefficient of the ‘“3b” wing increases so strongly at angles

of incidence from about 2° to 10° that a protuberance occurs on the
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lift curve at this range of angle of incidence. The maximum lift coefficient

of this wing is somewhat smaller than for the ‘34’ wing.

The lift coefficient of the ‘“3¢” wing is smaller than for the other
wings, and hence the maximum lift coefficient for this wing is smaller
than for other wings.

The comparison of the values of the maximum lift coefficient of

these wings is illustrated in Fig. 77.
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@ Fairness Q i
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/
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b
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0 o2 o4 06 o] (op= O~ 0.6
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Fig. 77. Variation of the maximum
lift coefficient with the fairness in the
cat end, plotted against the depth-chord

Fig. 78. Variation of the minimum
drag coefficient with the fairness in the
cut end, plotted against the depth-chord

ratio t. ratio 1.

(ii) Drag coefficient. The drag coefficient is plotted against the
angle of incidence in Fig. 80. The variation of the drag coefficient
with the cutaway section is not so large as that of the Gottingen 593
wing. The values of the minimum drag coefficient of these wings are

plotted against + in Fig. 78. Cxpi, of the ““3b” and ‘“ 3¢” wings are

3]

approximately equal to that of the ‘‘3” wing whose cut end is not
made fair.
Fig. 81

shows the curves of the moment coefficient plotted against the angle of

(iii) Moment coefficient and centve of pressure coefficient.

incidence. The moment coefficient of the ‘“ 3¢” wing is smallest in the

This document is provided by JAXA.



394 T. Okamoto.

four wings, and in the case of the ‘*“ 3b” wing the moment curve has
a protuberance at angles of incidence from 2° to 10°, similarly as in the

lift curve.

The centre of pressure coefficient is plotted against the angle of
incidence in Fig. 82. The centre of pressure coefficient of the ““3b7”
wing is larger than for the other wings, which indicates that the air
forces on the portion near the trailing edge increases in this case, and

it varies considerably with the angle of incidence.

If the cut end is made fair with ““¢” type, the air forces on the
portion near the trailing edge seems to decrease.

(iv) Lift-drag ratio. The lift-drag ratio is plotted against the angle
of incidence in Fig. 83. From the standpoint of the maximum value
of the lift-drag ratio the fairness of “ b’ type is most desirable and the

fairness of ““ @ type is secondly efficient.

(v) Conclusions. 1f the cut end is rounded with the inscribed
circle, the maximum lift coefficient somewhat decreases still more and
at small angles of incidence the lift coefficient does approximately not
differ in comparison with the case in which the cut end is not made
fair. And in this case the drag coefficient decreases strongly, which
leads to the increase of the lift-drag ratio.

If the cut end is made fair with ““b" type, the drag coefficient
decreases, and the lift coefficient increases considerably at the angles of
incidence from 2° to 10° as compared with the case in which the cut
end is not made fair. And thus the lift-drag ratio increases considerably
in this range of the angle of incidence-

When the cut end is made fair with “¢” type, the lift coefficient

decreases and the other characteristics are also unsatisfactory.

From the above discussions it is concluded that the fairness of ‘‘ a’
type must be chosen for the cutaway section of the wing with cut-out
in the four types tested, although the fairness of ““b” type gives locally

some satisfactory characteristics.
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Fig. 79. Curves of the lift coefficient.
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Fig. 80. Curves of the drag coefficient.
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6. A theoretical discussion on the lift of the wing
whose trailing edge is cut away.

From the preceding wind tunnel tests we have known that if the
trailing edge is cut away the lift coefficient” decreases, the rate of
which depends strongly on the camber of profile, and the slope of the
curve of the lift coefficient plotted against the angle of incidence also
decreases, the rate of which is independent of the camber of profile.
And in the case of thc non-cambered profile or the symmetrical profile
the angle of zero lift does not be altered with cutting the trailing edge,
but for the cambered profile it decreases. with the depth of cut-out.

Now, we shall discuss theoretically such properties which are depen-
dent on the camber of profile, confining the problem to the thin wing
in two dimensions. And for the sake of simplicity of consideration we
shall represent the cambered wing by the circular arc, and the non-

cambered wing by the straight line.

¢
K
[
f [
A s 0
o7 \
v

Fig. 85 Fig. 86

2

It is well-known that the circle K whose centre is at the point
2z =1f in the z-plane is transformed into a circular arc ABC in the
&-plane by the transformation

2
P z+_a_),
2 V4

(7) It will be taken the lift coefficient based on the original wing area.
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where a is the radius of the circle, as is shown in Fig 85. And hence
the potential flow around this circular arc can, as is well-known, be
obtained from that around the circle. Determining the circulation around
the circular arc by the condition that the flow must leave smoothly the
trailing edge, then the lift on the circular arc is

@®)

b

F = 'prz sin (2+ 8)
cos B

=mpt’sina(1+ocota), (s5)

where p is the density of air, ¢ the chord length, v the velocity of the

flow at infinity, a the angle of incidence, and ¢ = L 2 fT .
c

In the case of the circular arc the cutaway section is still a circular

I

arc whose maximum camber decreases to f/, the chord length to ¢/,
and the effective angle of incidence® becomes o/ = «— 0, where @ is
the angle between AB and AB’ as is shown in Fig. 86. Hence the

lift of the wing whose trailing edge is cut away becomes
F,=awpt'v?sind (1+¢ cota) (6)

Next, we shall express ¢’, « and t' as the functions of ¢ and ¢ of
P

the original wing and 7¢ the depth of cut-away.

The equation of the circular arc is 22+ (y+yo)?2 = 72,

2
I—0o I +o'2
where Yo=C——— and r=c- .

20 20

From Fig. 86 we have Y= Vri—aZ —y.

(8) See R. GrRaMMEL, Die hydrodynamischen Grundlagen des Flages. S. 73.

(9) The effective angle of incidence is used in this case to mean the angle between
the line connecting the leading edge with the trailing edge of the mean camber line and
the direction of flow.
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Denoting the ratio of the.depth of cut-out to the chord length with =,

then + = -2—% | Therefore, we have 2;,=c (1—2 7).
2¢

Hence o= —— [1/(1—62)2+ 16 o® 7 (1—7)—(1—@)] =% 5,
20

20

where @ = 1/(1——0'2)2-{- 16 6% 7 (I-—-r)-—(I—aQ) . (7)

The angle 9 between AB and AB’' is

0=t —Y =ty P2 .
ct+x 7 40 (1—7)
Therefore, d=a—0=a—tg7' —— P . (8)
40(1—7)

The chord length ¢’ = 2¢’ and the maximum camber f’ of the

wing whose trailing edge is cut away are written in the forms

2¢ =2¢(1—7)secld, fl=r—1vr—c*.

i4 .
Hence d = % = =V yF—1,
) (9)
where : :\I,- = L, = M .
c 20 (1—7)
/
And i— = (1—7) sec 6 (10)

The values of @ and ¢’ are shown as the functions of = in Figs. 87
and 88, respectively. And these curves may be considered to be the
straight lines, as is seen in the figures.

Substituting the values of o/, ¢’ and t’[t expressed by the equations
(8), (9) and (10) into the equation (6), we can calculate the lift on the
wing whose trailing edge is cut away.

When the angle of incidence and the camber of profile are small,

we can obtain the approximate formula. In such a case we have sin
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a==a, cos q==1, t'|t = 1—7 and moreover ¢’ = o (1—7), 6 = m o7 as

is seen in Figs. 87 and 88, where m = 1-982 when 6 is in radian.
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Therefore, the lift coefficient of the original wing is
¢. = 2m (a+ o) » (11)

and that of the wing whose trailing edge is cut away is

— o
Cz—z'n'—t—(a +d),

basing on the wing area of the original wing.
Hence, from the above two equations we have

tl
b

Cz:[éz— 2 (9+o*—o*')]
ato .

Let ¢,, = 2ma or ¢, denotes the lift coefficient of the original wing at

0° angle of incidence. Then we have
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~[e—e -7
Cz‘— Cz_Czo I1— _i‘—,
g

= [az—(1+m)-rézo](1—7)- (12)

In the case of the plate wing we have ¢,, = 0, and hence

These equations prove that the slope of the curve of the lift coef-
ficient plotted against the angle of incidence decreases with the depth
of cut-out, being independent of the camber of profile, and the zero lift
angle does not be altered with cutting the trailing edge for the non-

cambered wing, but it decreases for the cambered wing.
1

The equation (12) is also written in the following form
¢ = [Ez——n Ezo]Lm : (13)

It is to be noticed that this equation (13) is of the same form as the
empirical formula (4) which has been established with regard to the
Géttingen 593 wing in the limit of < o0-5, although the aspect ratio is
unequal for the both cases. (see p. 353)

In the empirical formula ¢, is the lift coefficient for the wing of

the aspect ratio of 5, and

Lo =1—1-55 724045 7°,

n = 1-647

And the calculated values for the circular arc wing of the infinite length
are
Lz =1—71,
n = 29821 .

The difference between these quantities depends, of course, on the
discrepancies in the thickness of the wing, the shape of the mean

camber line, the aspect ratio and the properties of the fluid.
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7. Photographs of the flow past the Gottingen 593
wing whose trailing edge is cut away.

The variation of the lift coefficient due to cutting the trailing edge
can be divided into the decrease of the value of de¢./da and that of the
angle of zero lift. The former depends upon the depth of cut-out,
being independent of the camber of profile, and the latter depends both
upon the depth of cut-out and upon the camber of profile.

The effects of the decrease of the chord length is unavoidable and
so we must minimize the decrease of the angle of zero lift as possible.
But, since the rear spar is usually placed at 50~60 per cent of the
chord length behind the leading edge, it has usually been performed in
practice to leave the cutaway section just as the original one is in the
range from the leading edge to 50~60 per cent of the chord length.

The cases of (ii), (iii) and (iv) shown in
(i) @EEEE};;E;. Fig. 89 are the types commonly used to the

fairness in the cut end, which have been

(ii) @:5555;;}» described in the preceding tests.
(iif) P — S If we consider the line of the mean

camber in place of the wing section, the

(iv) é::b/w camber-chord ratio and the effective angle of
Fig. 80 incidence for the case of (ii) are equal for

(i), and those for (iii) is greater and those
for (iv) is smaller than for (i) or (ii). And hence, from the theoretical
discussion mentioned above it is expected that the angle of zero lift for
(ii) is equal for (i), and that for (ii) is greater and that for (iv) is
smaller than for (i). Especially, the angle of zero lift for (iii) is

expected to be nearly equal to that of the original wing.

Although this expection is based on the crude assumptions, it is
true to some extent as is seen in the experimental results shown in

Fig. 9o, except the case of (iii) in which the angle of zero lift becomes
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nearly equal for (i). This disappoint for (iii) must depend on the discrep-
ancy between the assumed flow which leaves smoothly the trailing edge
as is designated with (a) in Fig. 7 and the actual flow. Namely, it is easily
(2) seen that in the actual flow the separation
/’—/q\ will occur at a point on the upper surface
R —— as indicated in Fig. g1 (b) because the
pressure along the upper surface increases
considerably at this place.

For purpose of discussing the f{low

around the wing section whose trailing edge

Fig. g1

is cut away, the flow patterns have been
obtained by photographing the surface of the water in the 30mx 1-5 m x
1-5m water tank of the institute after having scattered aluminium powder
on it. The camera is mounted on the carriage having the model wing.

The velocity of the camera is about 147 cm/sec and the chord length
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of. the original model wing is 40cm. And the Reynolds’ number based
on the original chord length is about 0-45 x 10° which is about 15 per
cent of that of the wind tunnel tests. The time of exposure of the
camera is about 1/10 sec.

" The photographs obtained are shown in figures from 92 to 111. It
can be seen that, if the trailing edge is cut away, the stall occurs at
greater angle of incidence than for the original wing. In the case of
(iii) the separation of flow occurs at a point of the upper surface near
the rear edge, which must lead to the decrease of the angle of zero
lift. In the cases of (ii) and (iv) the wake behind the wing is very
small. Especially, in the case of (iv) the region of the wake is consi-
derably small, and hence if the cut end is made fair with this type the
tail buffeting and other effects of the wake on the tail surface can be

diminished.

Fig. 92. The normal wing (Géttingen 593). The angle of incidence

a = — 69, which is nearly equal to the angle of zerc lift.
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Tig. 93. The normal wing (Gottingen 593). o = 0°.

Tig. 94. The normal wing (Gotlingen 593). o = +6°.

The lift ccefficient increases yet with the angle of incidence with

the linear relationship.
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Tig. 95. The ncrimal wing (Géttingen §93). 2 = + 20°.
The wing is perfectly in the condition of stall, and the separation
of flow cccurs near the leading edge,

Fig. 96. The “3" wing, a = —6°,
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Fig. 97.
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The “3a”l wing.

o = —6°.
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Iig. 99. The “3¢” wing. a= —6°.

(2]

wing, @ = 0,

¥ig. 100. The “3
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Fig. 103. The “3¢™" wing. a = 0"

Cig, 104, The “3

411
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Fig. 106.
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The “3b" wing.

a = 46°,
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Fig. 107. The “3¢” wing. o= +6° The region of
the dead water behind the wing decreases considerably com-

pared with the other wings.

Fig. 108. The “3" wing. a = 420°. The wing whcse

trailing edge is cut away is not yet in the cenditien of
stall, although the original wing is in stall at this angle of

incidence.
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Fig. 109. The “3a” wing. a = 4+20°. The
behind the wing decreases compared with for the

region cf the dead water

© 4N
J

and “3b" wings.

Fig. 110. The “3b” wing. a = +20° The
g 3 g

”»

regicn of the dead water

behind the wing is similar to that of the “ 3" wing.
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Fig. 111. The “3¢" wing. a = +20”. 1In this case the wake

of the wing is considerably small.

8. Conclusions.

In the case in which the cut end is not made fair, the value of
de./da'® decreases with the depth of cut-out, the rate of decrease being
independent of the camber of profile. The angle of zero lift also decre-
ases with the depth of cut-out and the rate of decrease depends much
on the camber of profile. Namely, the variation of the angle of zero
lift does not occur for the non-cambered profile by cutting the trailing
edge. If the trailing edge is cut away, the maximum lift coefficient
decreases, and the stall occurs at the greater angle of incidence than
for the normal wing. The drag coerficient increases with the depth of

cut-out, which leads to the decrease of the ratio of the lift to the drag.

When the cut end is rounded with the inscribed circle, which is in

f »

the present report called the ““a’' type of fairness, the maximum lift

coeificient decreases still more compared with the case in which the

(10) The aerodynamic coefficients used in this chapter are based on the wing area of

the original wing.
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cut end is not made fair, but the lift coefficient at small angle of inci-
dence is not varied so much. The drag coefficient for this case is
smaller than for the above case and the wake behind the wing is

considerably small.

When the upper corner of the cut end is made fair, which is in
the present report called the ‘b type of fairness, the lift coefficient
does not increase and the drag coefficient tends to increase compared
with the case in which the cut end is not made fair. And moreover,
the wake behind the wing for this case is as great as for the case in
which the cut end is not made fair. From these reasons this type of

fairness is unsuitable for the cutaway section of the wing with cut-out.

When the lower corner of the cut end is made fair, which is in

(X1

the present report called the ‘“¢” type of fairness, the lift coefficient
decreases considerably, and the eddy region behind the wing also de-
creases, which leads to the diminution of the effects of the wake on

the tail surface.

But it is impossible to prevent the decrease of the angle of zero
lift as long as the types of fairness mentioned above are used. It is
seen that the cutaway section must be made similar as the original
profile or may be made with the profile of higher camber in order to

avoid the decrease of the angle of zero lift.

In conclusion the author wishes to acknowledge his best thanks to
Prof. Dr. K. Wada for his cordinal guidance and to Messrs. T. Fukui

and K. Yosida for their labour in assisting experiments.

The Wind Tunnel Department,

The Aeronautical Research Institute,
Tokyo Imperial University.
September, 1935.
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