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Abstract

The purpose of this investigation is to consider the effect due to the tip clearance,
such as in turbomachine blades, on the aerodynamic characteristics of the blade. An
experimental study was made on a stationary wing (whose plan form was rectan-
gular: chord length ¢=70 mm, blade span b/2=290~300 mm) with the clearance
formed between the side wall of a wind tunnel and a wing tip which was placed in
the boundary layer developed on the side wall. The measurements were carried out
in forty-two cases of seven clearances and six angles of incidence. The thickness of
the side wall boundary layer was about 16 mm in the upstream of 1.5c¢ apart from
the leading edge of the wing. An aspect ratio (b/c) of the wing was about 8.43.
Chordwise pressure distributions on the wing surface were measured at twenty span-
wise positions. The measured pressures were integrated graphically to obtain the lift
and drag at each spanwise position.

The results obtained were as follows. Increases in lift and drag in the region
adjacent to the tip result from the predominant suction pressure due to the clearance
flow, and are affected by the angle of incidence. Decreases in lift in spanwise po-
sitions, beyond about 0.l1c¢c from the tip, result from the suction pressure weakened
near the leading edge due to the clearance flow and side wall boundary layer. By
the side wall boundary layer, the lift and drag are diminished in the inside and in
the neighborhood of the layer.

1. Introduction

When we design axial flow machines, we have only a small amount of infor-
mation about the complicated field of flow passing through the machine. For
example, we know little about energy losses in the flow with the interaction of
the tip clearance flow and the secondary flow, those losses are essential in esti-
mating the energy losses in the flow passing through the machine.

Let us take an isolated, stationary wing of an untwisted, rectangular form,
whose tip is within a non-uniform flow (its example is the boundary-layer flow
developed on the side wall facing the wing tip). Even in this simple case
mentioned above the disturbances due to the effects of the clearance flow and the
so-called secondary flow, make it difficult to predict the wing characteristics.

The theoretical results hitherto obtained for a wing with small tip clearance
scarcely agree with experiments even in a uniform flow®. On the other hand,
there are many experimental studies of an isolated wing with tip clearance or
secondary flow. The wing characteristics, however, based on the pressure distri-
bution on the wing surface, especially in the neighborhood of the tip, have not
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been investigated in detail taking into account the many factors (e.g. the aspect
ratio, the angle of incidence etc.) which have to be considered.

The present investigation was intended to clarify experimentally the problems
mentioned in the above paragraph. The authors measured in detail the pressure
distribution on an isolated, stationary wing of an untwisted, rectangular form,
whose tip is within the boundary layer developed on a side wall (facing the tip)
of a low speed wind tunnel. The effects of the side wall boundary layer and
clearance flow on the wing characteristics were considered in relation to the tip
clearance and the angle of incidence.

Symbols
¢ : chord length
Cpt Zd/(—é—,uUZC), drag coefficient

A Z//<%2—0U§C), lift coefficient

Cpr = (P—po)/(%pUé)

d : drag per unit span

! : lift per unit span

p: pressure on wing surface

po: reference static pressure in working section
ps: static pressure

Py: total pressure

s : tip clearance

u# : velocity in side wall boundary layer

U : free stream velocity

Us: =vVZ(Pr—po) /o
x, z: co-ordinates (see Fig. 4)

¢ : distance from wing tip

« : angle of incidence (angle between lower surface of wing and direction

of uniform flow)

& : thickness of side wall boundary layer

6*: displacement thickness of side wall boundary layer
,7: co-ordinates, y=y,-+s, (see Fig. 2)

o 1 air density

Yy

First suffixes Second suffixes

[ : lower surface a: rear part of maximum thickness of wing profile

u: upper surface h: front part of maximum thickness of wing profile
max: maximum [ : local

i ¢ induced

2. Apparatus and Procedure

Fig. 1 shows the low speed wind tunnel used. This has the bleed-off (1.2)
around a section of the tunmel duct which is placed in the downstream of the
contraction section (1-3). The total pressure of the tunnel stream is measured
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with a total pressure tube (1.4). Fig. 2 indicates the details of the working
section used. The angle of incidence « is set up by a side plate (2.4) and the
tip clearance s is set up by thickness gauges. The wing (2-3) can move along
a guide (2-2). Two taps (2:6) are the measuring taps of reference static pres-
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sure (mentioned later). The velocity distribution over the tunnel section where
the wing is to be mounted is almost uniform, except in the regions of the wall
boundary layer.

Fig. 3 shows the details of the wing construction. This is an untwisted, rec-
tangular wing and consists of a base wing (3-1) and additional wing segments
(3-2). Their profiles are RAF 6 with a chord length of 70 mm. Their co-ordinates
are given in Fig. 4, together with the co-ordinates of the pressure holes.
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F1G. 4. Wing section used and pressure holes.

The base wing can not be separated into wing segments. The base wing
has twenty-two static pressure holes, 0.3 mm in diameter, at the distance of 1
mm from the tip. The wing segments and the major part of the base wing are
made of brass, and the other part of the base wing shown by the dotted lines in
Fig. 3 is made of epoxy resin. There are pressure tubes in the base wing. The
pressure for the each hole is transmitted through the pressure tubes (0.7 mm in
outer, and 0.5 mm in inner diameters) to a multi-tube manometer.

A series of wing segments is mounted on the tip of the base wing so that
the distance between the pressure holes and the tip can be varied. The spanwise
dimensions of the wing segments allow the pressure hole positions to be moved
at 1 mm intervals within the span. A shaft (3.3) is used to fix the wing seg-
ments on the tip of the base wing.

The flow formed by the boundary layer developed on the side wall of the
tunnel, was used as the “non-uniform flow”.

The Reynolds number based on the wing chord was kept about 1.4 x10° (Up=
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30 m/s) at the working section throughout the experiments. The velocity distri-
bution of the side wall boundary layer used is shown in Fig. 5. These data were
obtained at the center of the side wall in the upstream of 1.5¢ from the leading
edge of the wing. This is close to the 1/7th-power law, and varied scarcely in
the range of a and s covered in the experiment.
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Fig. 6 shows the mean values of static pressures obtained along the center line
of the upper and lower walls of the tunnel. It is evident from this figure that
neglecting a deviation in pressure of about 0.2 mmAgq from the mean value, the
mean static pressures maintain approximately a steady value in the region - (1/2)
<(&/c) <(1/2) irrespective of the angle of incidence. Taking this into consider-
ation, we selected the static pressure at the center of the working section (£/¢=0
in Fig. 6) as the reference pressure po, and calculated the mean dynamic pressure
at the working section as pU;/2 = Pr— po. At an angle of incidence above about
a=13°, the results in Fig. 6 do not hold true.

The experiments were made over a range covering a=6, 3, 0, —2, —4, —6°;
s=0,1, 2, 3, 5, 7, 10 mm, for a side wall boundary layer thickness of about 16
mm (illustrated in Fig. 5) and an aspect ratio (b/c) of about 8.43. The chord-
wise pressure distribution data were taken at twenty places along the span.
Pressures were recorded by photographing the water columns of the multi-tube
manometer. The pressure distributions were integrated by means of a planimeter

. 1 3 1 2 ‘
to obtain exn=N (‘*2‘ onC) and ¢ =C (—2“ onC>, where N = S (pu _pl)dx, C=
[

Zmax
g (Pua—pur)dz. Thus we were able to get ¢, and ¢p as follows:
Y0

CL=Cx COSa@—¢¢ Sina, ¢cp=cy Sin a-+c¢c COS .

The values of ¢, and ¢p are directly proportional to local lift and drag, re-
spectively. The local lift- and drag coefficients based on local dynamic pressure
can be calculated by the expressions ¢y = ¢, U3/ (U? or o), and ¢pr = cpUs/(U? or ),
respectively.
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Fig. 7 shows the comparison”between
some wing characteristics obtained from
our experiments and those of the two-
dimensional aerofoil with the same profile
as we used. According to Fig. 7, the above
method of calculating the wing character-
istics from the experimental results is
justified. Although there is some small
discrepancy between the experimental and
two-dimensional values of ¢p in Fig. 7,
this can be explained as follows: « varies
only in a small angle (ws/U) with induced
secondary velocity ws due to the side wall
boundary layer. This leads to a new value

of lift /’=7.cos (ws/U)=1 and to the ad- -08

ditional induced drag di=1-sin(ws/U)=/. F1G. 7. Two-dimensional characteristics
(ws/U). Therefore the new value of drag of RAF 6 aerofoil used (R.=1.8~3.3x105;
d' amounts to d-d;. === ¢, 2222 ¢p), and comparison be-

Finally the authors make a remark tween those and present experiments (s=
that the aerodynamic effect of the upper 0 ¥¢=150 mm, Re=14>10° @ ¢;, O c»).
and lower walls of the wind tunnel can
be neglected in the type of tunnel used in our experiment because of ref. (9).

3. Results and Considerations

3.1. Chordwise pressure distributions
3.1.1. The positive angles of incidence

Fig. 8 (a) gives an example of the variation of chordwise pressure distri-
butions against « and s at various spanwise positions. Since at y,=180 mm,
there is little influence due to the tip clearance and side wall boundary layers
on the pressure distributions, the pressure distributions at y;=180 mm serve as a
standard in comparing with other distributions at any y..

(a) The upper surface of the wing

There are two peaks in the pressure distribution near the tip. One is near
the leading edge and approaches to the leading edge as s decreases. The other
is near the trailing edge and draws closer to the trailing edge as s increases.
The causes of these phenomena are not the same. The former is due to such
suction pressure as in the neighborhood of the leading edge for two-dimensional
aerofoils, while the latter is due to the separation of the clearance flow at the
sharp corner formed by the upper surface and the end plane of the wing. The
peak suction pressure of the latter develops with increasing « and s. The
generation of the suction pressure in the rear part of the wing profile leads to
an increase in drag.

It is also seen that in s=(3~5) mm, the suction pressure near the trailing
edge and in the portion at y.<5 mm increases suddenly. This phenomenon indi-
cates that the clearance flow develops suddenly between s=3 mm and 5 mm. The
magnitude of the suction peaks near the trailing edge and near the tip (about
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FIG. 8 (a) Chordwise pressure distributions at various spanwise positions
(—— a=6° ---- a=3° - -~ a=0°).

180

;<5 mm) increases with an increase in «. But the peak of the negative pressure
near the leading edge for s=0 is larger than the peak for sx0 at any y:.

Further, the peak near the trailing edge is always smaller than that near the
leading edge, except in cases of about y;<5 mm and s>5 mm. In cases of about
y:<5mm and s>5 mm, the peak near the trailing edge seems to have a maximum
value at a certain value of s, and is always larger than that near the leading
edge. When y: and s are increased, there is a marked effect of the clearance
flow which appears first at about y;=3 mm and s=2 mm.

Considering the pressure distribution around y;=(1~2) mm, we find that an
indent at about the mid-chord position has a tendency to move towards the trailing
edge as s increases. The movement of the indent can be explained from the
fact that the clearance flow drifts along with the main stream flowing in the
clearance, and consequently the area of the suction pressure due to the clearance
flow is also moved towards the trailing edge.
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F1G. 8 (b). Chordwise pressure distributions at various spanwise positions
(---- a=—2°% — a=—4°),

(b) The lower surface of the wing

The pressure distributions on the lower surface change only mildly with s, «
and y; in comparison with those on the upper surface. As s increases, the (po-
sitive) pressure on the lower surface near the tip changes gradually into a weak
suction pressure (see Fig. 8 (a), y»=1mm and s=(3~10) mm), which disappears
suddenly as y; increases. The region in which the above mentioned reduction of
the pressure exists (the region within v:=(1~3) mm), extends towards both the
leading and trailing edge from the mid-chord position near the tip.

3.1.2. The negative angles of incidence (see Fig. & (b))
(a) The upper surface of the wing
The suction pressure on the upper surface is weakened with increases in s,

and the suction pressure due to the clearance flow around the trailing edge is
weakened with increases in |a|.

(b) The lower surface of the wing

In the region of about y;=(1~10) mm, the pressure distribution has a main
sharp suction peak which appears between about (x/¢) =0.04 and 0.33 (the pressure
hole No. 22 and No. 18, respectively), and especially at a = —4° (—6°), irregularity
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is introduced by a second suction peak which appears on the slope of the rear
side in the main sharp suction peak. The irregularity develops with increases
in s and, at the same time, makes the main sharp suction peak grow sharper and
sharper. It seems that the clearance flow which develops with increases in s and
which passes through the clearance from the vicinity of the leading edge on the
upper surface to the region between about (x/c) =0.04 and 0.33 (the pressure hole
No. 22 and No. 18, respectively) on the lower surface, makes the above irregularity
take place. The present data lead to the conclusion that there is a clearance flow
even around the angle of the zero lift, provided that the pressure distribution has
local unbalance between the upper and lower surfaces of the wing near the tip.

3.1.3. The effect of the side wall boundary layer

(a) The positive angles of incidence

With a positive angle of incidence the effects caused by the side wall boundary
layer to the pressure distributions on the wing surface are as follows. Comparing
the pressure distributions at y:=1 mm with those at y;=180 mm in the case of
s=0 mm, we find that the effects from the side wall boundary layer are slight
on the lower surface, but great over the upper surface, especially the suction
pressure near the leading edge is weakened considerably. This results in the
reduction of lifting force. It can be seen from c,~ (z/c) curves in Fig. 9 that the
side wall boundary layer reduces remarkably the (positive) pressure between
about (x/c)=0 and 0.01, i.e. between No. 1 and No. 2 pressure holes. The above
tendency accompanied by the ¢,~ (z/c) curves is quite similar to the case of the
negative angles of incidence (mentioned next paragraph). This results in a de-
crease in drag.

(b) The negative angles of incidence

With negative angles of incidence, the effects of the side wall boundary layer
on the pressure distribution can be found from the distributions for s=0 in Fig.
8 (b) as follows.

[ ) -2

o
w
(2}

FIG. 9. Pressure distributions for s=0 on a plane perpendicular to the chord at
various spanwise positions and angles of incidence. (Underlined figures show the number
of pressure holes on the wing surface.)
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On the upper surface the suction pressure in two regions (between about
(#/c) =0.07 and 0.44 and between about (x/c)=0.85 and 0.93) is weakened at any
a by the side wall boundary layer.

On the lower surface, when |« is small («= —2°), a sharp suction pressure
between about (x/c)=0.04 and 0.21 develops with increase in y;, while the other
portion of the pressure distribution keeps its original form with slight pressure
rises with increase in y;. In the case of large |« | (that is, a=—4° (or —6° which
case is not shown in the figure)) a region with a very sharp suction pressure
occurs between about (x/¢)=0.04 and 0.33 in the side wall boundary layer. On
the other hand, out of the side wall boundary layer (see the case of y,=180 mm),
the very sharp suction pressure mentioned above is weakened considerably in
comparison with that in the side wall boundary layer. In addition to this pheno-
menon, the pressure on the front part of the lower surface (about x/¢<0.20)
except in the immediate neighborhood of the leading edge reduces considerably
out of the side wall boundary layer.

Let us consider why the change of pressure distributions mentioned above
occurs in the case of large |a|. When |«| is large, the air flow along the wing
surface turns abruptly from the upper surface to the lower surface around the
leading edge. The effects due to the turning flow mentioned above are different
between the inside of the side wall boundary layer and the outside of the layer.

Firstly, let us consider the turning flow in the side wall boundary layer. We
can see from Fig. 8 (b) that the very sharp suction peak, which is followed by
a steep adverse pressure gradient, occurs within a short distance from the stag-
nation point. Though the boundary layer around the very sharp suction peak
mentioned above will be most likely a laminar one which separates easily from
the wing surface under a positive pressure gradient, the disturbance due to the
side wall (turbulent) boundary layer will force the wing-surface boundary layer
to make a transition from laminar to turbulent state. This will suppress the
laminar separation of the layer from the wing surface, and will keep the very
sharp suction peak near the leading edge.

a7
i3 \\__
W 0 .
b (a) e i F1G. 10. Measurement of fluctuating
/’47—-—— turbulent component (a) at positien of 1.5 ¢
° X=5mm” . .
. R upstream of leading edge of wing (a=
rsmm ! —4°, s=0), {b) at various span- and chord-
/;;Omm wise positions of about 0.7 mm from lower
SRS Y/ G A N surface of wing (a= —4° s=0). Root-mean-
m»/// square of lomgitudinal fluctuation ~/(4U )3,
-7 = local mean velocity U
= s
*centER UNE
} OF WIND TUNNEL
00 7 pm 150

Secondly, out of the side wall boundary layer, the factors to make a transition
of the wing-surface boundary layer from laminar to turbulent state are not so
predominant. This causes the laminar boundary layer on the wing surface to
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separate from the surface, and so the height of the very sharp suction peak de-
creases. After the separation, turbulent mixing increases, and then the flow once
more attaches itself to the wing surface. These processes in the flow along the
wing will produce the pressure distribution mentioned above in the case of large
la|. Fig. 10 (b) which shows the measurement of a fluctuating turbulent com-
ponent at positions of about 0.7 mm from the lower surface of the wing, supports
the above explanation of the effect from the side wall boundary layer.

3. 2. Spanwise distributions of lift

Fig. 11 indicates the variations of ¢, against 4 obtained by the integration of
the pressure distributions.

3.2.1. The case of positive lift

There is an increase in lift in the region y:(=7—s) < (5~7) mm?®. This is due
to the suction pressure caused by the clearance flow. Of course, it is near the
trailing edge on the upper surface that the suction pressure mentioned above
exists. This additional lift increases with increase in s and «. We do not know
whether lift exists at the tip (y=s) or not. The phenomenon of the lift in-
creasing in the immediate neighborhood of the tip, occurs also on a wing of finite
length in free air'. '

It seems that the reduction of lift at y:(=7—s)>(5~7) mm is caused by the
facts that 1) the suction pressure due to the clearance flow is restricted within
the immediate neighborhood of the tip; 2) the clearance flow forces the pressure
to rise in the upper surface of the wing, except in the immediate neighborhood
of the tip (see Fig. 13); and 3) the effect of the secondary flow due to the side
wall boundary layer extends beyond the thickness of the side wall boundary layer.

At about «>(0~3°) and in the region of about y:(=7—s)<3 mm, the lift co-
efficient ¢, increases with increase in y: within about y;<2 mm and decreases
with increase in y; (for 2 mm<y;<3 mm). It seems that this change of ¢, comes
from the decrease in pressure into suction pressure on the lower surface in the
immediate neighborhood of the tip (Fig. 8 (a) and Fig. 13).

On the other hand, at a=-—2° the change of ¢, mentioned in the above
paragraph probably does not exist (see Fig. 11). This seems to mean that the
effect of the clearance flow near the tip differs from the cases of a>(0~3°).

3.2.2. The case of negative lift

Let us consider the reason why, at @« =—4° (or —6°) and in a region of about
3:<70 mm, a maximum value of ¢; exists (see Fig. 11). In the neighborhood of
the tip, the suction pressure on the lower surface is weakened with increase in y:
except around the leading edge (Fig. 8 (b)). This leads to increase in lift and
a maximum value of c; is obtained. Further increases in y; cause the suction
pressure around the leading edge in the lower surface to weaken in some degree,
but there is considerable drop in pressure on the other parts of the wing surface
(Fig. 8 (b)). This leads to decrease in lift. These facts explain why c.-curves at
a=—4° (or —6°) have the maximum value near the tip. Of course, the pheno-
mena mentioned above are due to the clearance flow and side wall boundary
layer. The pressure distribution on the upper surface changes very little with
increase in 7 or y: and therefore contributes very little to c.
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Fi1G. 11. Spanwise distributions of lift at various tip clearances
and angles of incidence.

3.2.38. The effect of the side wall boundary layer

It is necessary to consider the effects of the side wall boundary layer on c;.
In this case we confine ourselves to the consideration of c¢.-distribution for s=0.
The decrease in ¢, near the tip is due to the side wall boundary layer, whose in-
fluence on ¢, has a tendency to increase as |« | increases. The region of decrease
in ¢, extends to the outside of the side wall boundary layer. This can be ex-
plained qualitatively from the fact that there is a reduction of lift resulting
from downwash due to the secondary flow, which arises because of the side wall
boundary layer.

3. 3. Spanwise distributions of drag coefficient
The drag obtained by the integration of the pressure distribution is equal to
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the sum of the induced drag and profile drag. Fig. 12 shows the variation of ¢,
against ».

3.3.1. The positive angles of incidence

Though ¢p increases steeply with a and s in the region about y(=7—s)<c/2,
the increase in c¢p saturates at a certain value of s, and this s tends to increase
as «a increases. The variation in ¢p against 3 in the region of (3—s)>¢/2, is
very mild and saturates also at a certain s. These seem to mean that the in-
crease of the effect of the clearance flow with s ceases at a certain s. Of course,
the rapid increase in ¢» with decrease in % is attributed to the suction pressure
which is due to the clearance flow on the upper surface in the neighborhood of
the tip. The reason why the region of rapid increase in ¢» with decrease in 7 is
small, can be explained from the fact that the strong influence of the clearance
flow is confined to a narrow area along the tip. At a=3° and 6°, the drag co-
efficient ¢, increases with increase in 7 within (—s)<2 mm. The explanation
for this is quite the same as in the case of ¢;.

3.38.2. The negative angles of incidence

The decrease in ¢» with decrease in 7 in the neighborhood of the tip is not
so great as in the case of positive angles of incidence. In particular, ¢p main-

tains almost the same value over the whole span at about a= —2° except when
s=0.

3.3.3. The effect of the side wall boundary layer

Let us consider the effects of the side wall boundary layer in the case of s=
0 (see Fig. 12). The decrease in ¢p in the vicinity of the tip can be attributed
mainly to the side wall boundary layer and this decrease tends to reach a mini-
mum near the angle of zero lift (approximately «=—45° in RAF6 aerofoil). The
range of decrease in ¢p extends to the outside of the side wall boundary layer.
This can be explained from the downwash due to the secondary flow caused by
the side wall boundary layer.

3. 4. Contours of pressure (isobar) (see Fig. 13)
3.4.1. The upper surface

The contours of pressure near the leading edge shrink remarkably towards
the mid span of the wing because of the clearance flow, and the region with the
predominant suction pressure due to the clearance flow drifts towards the trailing
edge with an increase in s. Even in the case of s=0 the contours have lost their
two-dimensional characteristic in the spanwise direction because of the effect of
the side wall boundary layer. The contours around the tip in the case of s=0
are nearly equal to those in the case of s=1 mm, except some discrepancy in
areas having the predominant suction pressure around the leading edge in the
neighborhood of the tip. (The same tendency appears on the lower surface.) In
other words, the clearance flow is predominant near the leading edge where great
pressure difference exists between the upper and lower surface, while the effect of
the clearance flow on other areas is small, It seems that this is due to the fact
that the motive force generating the clearance flow is equal to the difference be-
tween the force due to the pressure difference |p,—p,| near the tip and the re-
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sistance force due to the viscous effect of air in the clearance.

3.4.2. The lower surface

The region with the suction pressure in the immediate neighborhood of the
tip spreads with an increase in s, and at the same time the suction pressure also
develops. The contours at large s (about s>3 mm) diverge on the surface within
0<y:<c from a corner formed by the leading edge and the tip-chord line, and
have the form of parallel lines to the »-axis within y;>c¢. The contours in the
vicinity of the corner mentioned above are approximately independent of s except
at small s (about s<2mm). In the case of s=0, the contours tend to be distorted
slightly on account of the side wall boundary layer within about 0<y:<¢. In the
case of s=(1~2) mm the contours begin to curve towards the corner mentioned
above in the vicinity of the tip, maintaining the tendency mentioned in the case
of s=0 at the remainder part.

4. Conclusions

The pressure distributions on the wing surface near the tip depend upon the
clearance flow and side wall boundary layer, to be more precise, we can say as
follows:

(1) The predominant suction pressure due to the clearance flow occupies a
narrow area near the tip section, and the region of the above suction pressure
moves towards the trailing edge with increase in s. The suction pressure and
its region depend upon a. Further, the predominant suction pressure causes an
increase in lift on the wing surface within a short distance from the wing tip,
and also an increase in drag on the wing surface within the region about 0<
ye<c/2.

(2) In the case of positive lift, the reduction of lift with increase in s on the
wing surface adjacent to the region with the additional lift mentioned in (1), is
mainly due to the fact that the clearance flow greatly prevents a development
of the suction pressure (corresponding to the suction pressure near the leading
edge in a two-dimensional aerofoil) near the leading edge on the upper surface.

(3) In the case of s=0, the side wall boundary layer makes the lift and drag
decrease on the wing surface not only in the inside but also in the outside of
the layer.

(4) The clearance flow exists even around the angle of zero lift, because the
pressure distribution around the tip has local unbalance between both surfaces
of the wing.
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