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Wind Tunnel Investigations of the STOL Airplane, with
Attention to the Relations Between the Aerodynamic
Characteristics and the Wake Structure”

By
Norio INUMARU**, *Kiyomi KITAMURA**, Nagakatsu KAWAHATA**,
Hitoshi TAKAHASHI** and Tomoaki SUZUKI**

SUMMARY

Wind tunnel measurements have been carried out extensively on the flow field
behind a powered model of the twin-propeller deflected slipstream STOL airplane.

By the use of new equipments in the measurement, spacial distributions of the flow
velocity, down wash angle and side wash angle were obtained. Consequently the ex-
traordinary deformation of the slipstream boundaries, and also the complicated move-
ments of wake vortex systems have been recognized in the flow field. Furthermore by
changing the direction of the propeller rotation, marked influences of the rotating flow

on the flow field have been exhibited.

These observed experimental facts seem to have some connection with the nolinear

aerodynamic characteristics of such a type of STOL airplane.

The aerodynamic

forces and moments of the model have also been obtained by the use of a sting type

balance.

1. INTRODUCTION

It is well known that there are many types
of configurations for the STOL airplane.
Among these types we had chosen the twin-
propeller deflected slipstream configurations as
the subject of our study. Then, wind tunnel
tests of this type of STOL airplane had been
carried out successively. The results of these
tests were presented in our previous reports, ¥
In view of our results, we supposed that for
the practical use of this type of airplane
several difficulties might exist in its charac-
teristics. Some of those difficulties, namely the
nonlinearities of several stability derivatives,
could not be removed even though we had
adopted counter rotation of the twin propellers.
Of course, the power-off model did not exhibit
those nonlinearities. It was supposed that
those difficulties should be attributed to the
effects of the slipstream.

In this work we have intended first to clari-
fy the spacial developments of the wake flow

* Peceived Decmber 24, 1969
*»* V/STO Division

Then, the probable relations among the relevant facts are discussed.

field to the extent of the region from right be-
hind the wing to the tailplane position. Second-
ly we have also intended to reconfirm the non-
linearities. Then, we have given our attention
to the relations between those nonlinearities
and alterations of the wake field.

2. MODEL AND WIND TUNELL

The airplane model used in this investigation
was the same one used in the previous work,
having a high wing and a conventional tail-
plane. The whole span of the wing was equip-
ped with leading edge slats and double slotted
flaps, and was covered with the propeller slip-
stream. A description of this model is pre-
sented in Table 1. A schematic drawing of the
model showing three views is presented as fig.
1. The measurements were conducted with a
tail-less model configuration for the sake of
convenience in traversing the measuring sen-
sor.

The wind tunnel used was the NAL large
scale low speed tunnel which had the closed
test section of 5.6 m width and 6.5 m height.
In the test section, the location of the model
was the same as in the previous investiga-

This document is provided by JAXA.



2 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-197T

tions»»?,

Table 1. Description of model

Wing span 1.965 m
Total length 2.508 m
Height 0.3376 m
Max. Width of

fuselage 0.300m
Wing area 0.774 m?
Aspect ratio 5.0
Taper ratio 0.6
Dihedral angle 2.0 Degrees
Wash-out 3.0 Degrees
Mean aerodynamic

chord 0.402m
Airfoil section MOT(ip I}g%,cﬂ% ©
Wing incidence angle 4.0 Degrees

(Root)

Leading edge slat Whole span 15%, 25

Degrees
Flap Inner flap Double slotted flap
Outer flap Double slotted flap
Position of C.G. M.A.C. 25%
Propeller Diameter 0.60m

Number of blade 3

Description of propel- | NASA TN D-318,
ler No. 1

Engine(Electric motor)] 10 Psx2

3. MEASURING SYSTEMS AND
DATA REDUCTION

An outline of the measuring systems and the
methods of processing the data are as follows;
(1) Velocitymeter with the Automatically

Tracking Sensor

This velocitymeter was a new type of mea-
suring system designed for surveying the
spacial distribution of three flow parameters;
flow velocity, down wash angle and side wash
angle. The tracking sensor (a pyramid type
pitot tube) can move in any direction around
its pointed pitot head. In its working condi-
tion the pitot tube points continuously and
automatically to the flow direction. This work-
ing condition is realized in cooperation with
the whole systems including the amplifiers,
servo motors, transducers ete. ..

2507.9
975.7 ,/’1}\1‘
~641.3— HIGH TAIL/.L——g—i‘—»g
MID. TAIL" S
= VY
L TOW TAIL =
I 1w <
C.G.
Fig. 1. Three views of the model

In this way the pitot tube detects the dyna.
mic pressure of the flow. Also the direction of
the pitot tube indicates the flow direction at
the point of its head. Then, the flow para-
meters are finally obtained as electrical output
signals. For more detailed explanation of
this velocitymeter, the reader is referred to
the separate report® written by the developer.

The idea of this velocitymeter was presented
by Dr. Kobashi, Professor of Hokkaido Univer-
sity, who had developed this instrument with
collaboration- of Mr. Kawahata (one of the
authors) and others.

(2) Traversing Apparatus

To survey the wake field we needed an ap-
paratus for traversing the velocitymeter in the
flow field. A longitudinally (in z direction)
traversing system was designed and produced
for this investigation. The laterally (in 3, 2
direction) traversing systems were available

This document is provided by JAXA.



Aerodynamic Characteristics of STOL Airplane Model and Wake Structure 3

in the accessory of the wind tunnel. The
traversing systems were available in the ac-
cessory of the wind tunnel. The traversing
systems were joined together so that only one
person working outside of the test section was
able to control the measuring position. The
coordinates .of the measuring positions were
detected and transformed into electrical signals
by the use of potentiometers.

(3) Recording and Processing of the Data

The traversing survey was carried out along
several planes (the vertical cross sections of
the wake field) which were perpendicular to
the free stream direction. On traversing the
senser, we took the way of continuous travers-
ing in y direction (along the horizontal line).
Then we had put the electrical signals into
a pen-writing oscillograph.

Afterwards, the continuously recorded data
were translated manually into the physical
quantities. Finally, the distributions of the
flow parameters in the measured planes were
put into the form of contour maps.

(4) Systems for the Supplementary Measure-
ments

The nonlinear aerodynamic characteristics
of the model were pointed out in our previous
works.?:® To confirm those nonlinearities
again, the measurements of the six ecomponents
of aerodynamic forces and moments of the
tail-less model were also conducted. For these
measurements the “six components sting bal-
ance” had been installed in the model fuselage.
The model had been set up through the balance
on the single strut which stood vertically in
the tunnel test section. The aerodynamic co-
efficients were obtained through the AD con-
verter and finally through the digital computer.

Measurements of flow turbulence were also
conducted for the confirmation of the turbul-
ence level in the two regions; inside and out-
side of the slipstream. The constant tempera-
ture hot wire anemometer was used and tra-
versed together with the velocitymeter senser.

4. COEFFICIENTS AND SYMBOLS

X,Y, Z cartesian coordinates

a angle of attack

B angle of side slip

Ct, Cp,Cy lift, drag, and side forece coeffici-

ent

rolling, pitching and yawing mo-

ment coefficient

és angle of flap deflection (A/B: A
and B indicate the deflection
angle of inner flap and outer flap,

Cl, Cm: Cn

respectively.)

flow velocity

free stream dynamic pressure
down wash angle

side wash angle

wing area

propeller thrust (per one engine)
=T/qS

<

NN WS o

o

5. CONTENTS OF THE
MEASURMENTS

(1) Selection of the Measuring Conditions

The free stream velocity was settled at 18 m/ -
sec, with the exceptions of propeller-off con-
ditions. The Reynolds number was about
5 % 10°* based on the wing aerodynamic chord.
In the cases of propeller-off conditions the
free stream velocity of 20 m/sec was adopted.

The rotational speed of the propellers were
4,500 rpm, and the pitch angle of each blade
was 20 degrees, throughout the investigation.
Then, the value of 7. was about 1.0 in the
cases of the powered tests. Usually the direc-
tions of the propeller rotation were symmetri-
cal as shown in Fig.1. Additional tests were
conducted with reversed rotation on the left
propeller, to make sure of the rotational flow
effects.

On the deflection of the flaps, the two cases

I ki =
xQ Q —
.-\—-——*~+\, {PLANE OF WAKE SURVEY X=14000S
| | =
YN 5
' =3
] (5]
— _/"J [t
=4
1
) (PLANE OF WAKE SURVEY Xz900)~
! ! .
TR —g
|

| )

\ ; CEXTER OF ROTATION (8), X=0 £

i

RV (PLANE_OF WAKE SURVEY X3400)
| A
I

!

[H

‘.\‘ 7 CENTER OF ROTATION (a ), X=~10mn g
(74mm AFT OF %M.A.C.) \ -

400

200

Fig. 2. Position of the model (X Coordinate)
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a =() degree

y 1,4{00 1,200 1,000 800

600 400 200
T T t

— 400+ |

- 200(- ]

982.5—

2001

400

6001

800

Fig. 3.

(0 degree and 60/20 degrees) were selected
for the measurements.

In the wake survey the attitude of the model
was held to be 0 or 8 degrees in «, and 0 or
+6 degrees in 8.

(2) Planes Selected for the Wake Survey,
and Data Representations

The cartesian coordinates X, Y, Z had been
set in space. The relative positions of the
model in the space are given in Fig. 2 and in
Fig.3 (at a=0 degree). In these figures the
centers of rotation of the model in taking «
and g are also given. Then, we took three
vertical planes (Y-Z planes) fixed in the
space, in which the wake survey was con-
ducted. The X coordinates of those planes

C.G

VA 20/ -

o //’

CENTER OF ROTATION (@), Z = 14/5

Position of the model (Y, Z, Coordinate)

were about 400, 900 and 1,400 (inmm) vre-
spectively.

The distribution of three flow parameters V,
¢ and ¢ were presented in the form of contour
maps. In other words, each selected condition
had three vertical planes, and in each plane
the three kinds of contour maps in V, ¢ and 6
were obtained.

(8) List of Selected Conditions in the Wake
Survey

The list of measurement conditions selected
for this investigation is given in the last part
of this report. (APPENDIX)

(4) Force Tests and Turbulence Measure-
ments

As already explained in section 3. (4), the

Fig. 4. Upstream \}iew of the model andm the senser J
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Aerodynamic Characteristics of STOL Airplane Model and Wake Structure 5

force tests were conducted in order to confirm /‘~\
the aerodynamic characteristics of the model. — \‘:_
As usual, the variations of six aerodynamic co-
efficients were obtained with sweeping of « and — (

—_—t

B. The main parts of the results are presented =
and discussed in the section 9 of this report.

Supplemental measurements were carried \ SY%M&T&&%AL _
out for the examination of the turbulence level \ :
in the wake field. A hot wire probe was put -
on the head of the traversing apparatus, apart
a little from the senser of the velocitymeter. .
Then, it was traversed together with the ROTATIONAL FLOW
velocitymeter senser, throughout the wake s .
survey. The results are presented in a later TP é)f{_'l:Eh WAF_E OF NACELL
section.

The upstream view of the apparatus is pre-
sented as Fig. 4.

6. DEFORMATION AND ROTATION
OF THE SLIPSTREAM
BOUNDARY

In this report, one of our aims is to confirm
the deformation and development of the slip-
stream. There are many papers concerning

the effects of the slipstream on the wing  Fig. 5. The deformation and rotation of the

a=(" a=8"

PROPELLER,
+SAME DIRECTION

N,

characteristics. In the theoretical work, the slipstream cross section. (5;=0, Left wing)
deformation of the slipstream boundary is

customarily neglected.” Therefore, the defor- clude the slipstream. So that, we have little
mation cannot be predicted. In the experi- information on this matter. Although our

mental work, there are few papers which have model has a specific type, the trends of our
investigated the flow field around the wing or results may exist at least latently in the gen-
behind the wing. Also there are many eral cases.

papers concerning the rolling up of the wake (1) In the Case of Clean Configuration

sheet. But there are few papers which in- The total pressure of the flow in the slip-
4= SN NSO Y YPROPA—I i

SAANNNYNLY Pyl
& \:\\3:\\\\‘\\ I
g o ITINANNNY b
N R R 4;};‘
N SN\ Vi
2 NN\ \ S T
5 R ) ‘A
£ A\ ' v
H N ENFA
C \ SNRER
e \ i
s i y i‘ ‘;
i 2 ¥
3 Al )\‘/1‘
g UAIVA
@ » Ly NN W
a e + i(: \I\Q‘L

e 1y
—6— 4»——//; T L N Jg?\m Scal f'\ t)l ‘r t l/ N =
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//:i':// b’ )’ ‘ L’ rectors [ /‘}/‘5 A \‘:‘\ \\:\\& \\‘\\:l‘
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|IDeviation, deg | | | | !
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Fig. 6. Deformation of the slipstream boundary (Sweberg®) «=6.9 deg
0y=>50 deg. T.=0.06 At the tail plane position
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Aerodynamic Characteristics of STOL Airplane Model and Wake Structure

stream is higher than in the free stream. The
slipstream boundary separates the flow field
into two regions. Through the boundary the
velocity is discontinuous, but the pressure must
be continuous. If the wing penetrates this
boundary, a pressure difference between the
two regions must arise, because of the altera-
tion of the velocity field. Therefore, the
boundary must deform around the wing any-
way. Then, behind the wing the deformation
may be observed in the wake survey. In view
of our results, the deformation and rotation
are considered to be of the form shown schema-
tically in Fig. 5.

The wing cuts the slipstream cross section
into two parts. The upper part becomes nar-

rower, and the lower part becomes broader.
These trends were early supposed by V. J.
Stuper®, and also expected by the author. The
same experimental facts are also found in
the paper of H. H. Sweberg® (see Fig.6).
Further more, the theoretical prediction of the
deformation have recently presented in ref. 7.

The degree of the deformation and of the
rotation are considerably altered by changing
the angle of attack and the direction of the
propeller rotation. At the small angles of
attack, the rotation of the boundary cross sec-
tion is in the same directions as the propeller,
probably because of the rotational flow in the
slipstream, Increasing the angles of attack
acts to rotate conversely, probably because of

Prop, L3 B X
Count. ] 1] [ 913
z I
‘];\/"_‘ € deg| Sy
3 A | )
& /\ 1\\\\ *
'DOWN WASH P } r‘;"/\ 10 :
Y k1 I _C#_ v e R -
v 7 ' o| O
Vi ‘RUP b i
SR’ | ST 0| o
. SR T s | v
2 7 \\ J 20 | %
\M Y d 17 o5 25| T
— \ | +
. | . 35| ©
) R 0| e
| Deformed Bouwsdary
Peak .
Limit X
1200 500 106 %00 =300 100 500 50
¥
Fig. 10(a)f¥Down wash}field (in the case of Fig. 7)
TVeen 6 |« 8] X
7z Count. [0 [ 0] 0 [a1s
100l , ¥ de Sym.
. ] -0 X
2 N 125 | @
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o9y G :/ o 0T Fiow ™ S -5 v
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¥

Fig. 10(b) Side wash field (in the case of Fig. 7)
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the effects of the vortex sheet including the
tip vortex. If we change the direction of the
propeller rotation, the rotation is the same
direction with the tip vortex in the left half
of the wake field. Then, severe deformation
and rotation of the boundary cross section are
observed (see Fig.5). The corresponding re
sults of measurements are given in Figs. 17, 8,
9, for examples.

By the way, the mutual interference must
be considered between the slipstream and the
free stream in the wake field. In the present
cases (8y=0) the deformation and rotation are
still smaller than the other cases (the cases of
flaps deflected). In the slipstream, the cir-
culating flow is verified in the distribution of
¢ and 5. For example, the contour maps of ¢
and ¢ in the case of Fig.7 are given in Fig. 10
(a), (b). Although the representation of the
contour maps is not intuitive, the circulating
flow due to the propeller rotation is obvious.
Furthermore, the gradient of ¢ at,the top side
of the boundary cross section is small in both
sides. The gradient of ¢ at the upper and
lower extremes is also small. Then we can
also conclude that the slipstream is flowing
Jjust like a solid mass in almost the same direc-

|
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tion as the outer flow, and the mutual inter-
ference may be not so apparent in this case.

(2) In the Cases of Flap Deflection - (6,=60/
20 degrees)

In these cases, the inner flaps (double slotted
flaps) are greater than the outer flaps (also
they are the double slotted flaps) in their
chord length and deflection angles, and have
a higher lift force. Fig. 11 shows the sche-
mati¢ drawing of the flow field and develop-
ments of the slipstream boundary cross sec-
tions. At the inner part of the slipstream the
strong down wash field is observed. Then,
from the lower side of this part, the inflow
arises toward the plane of symmetry (Fig.11
(a)). By this inflow the lower part of the
boundary seems to be extended toward the
plane of symmetry. In this way, under the
model fuselage, the extended edges of the
boundary combine with each other and form a
sheet of high speed flow (Fig.11(b)). At the
forward station of the wake field, nearly sym-
metrical flow field is observed around the plane
of symmetry. However, in the region of
further downstream this symmetry fades away
successively, and complexities of the flow field
arise.

(57=60/20)

566.4

(a) GOUTER FLAD

DOWN WASH

INNER FLAP

INFLOW

[SYMMETRICAL ROTATION]

LOW SPEED ey
<~ HIGH SPEE
PART Pai

(b)
<

NEAR BEHIND THE WING

?’1‘ HIGH SPEED PAPT

FAR BEHIND THE WING

[SAME DIRECTION OF ROTATION]

N

{c)
HIGH SPEED PART

Fig. 11,

D>

The deformation and rotation of the slipstream cross section
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Aerodynamic Characteristics of STOL Airplane Model and Wake Structure

In the cases of flapped configuration, the
high speed regions which have been cut off by
the wing into two parts, do not coalesce again
into a single high speed region. There remains
a low speed flat region between the two high
speed region instead, in the initial phase of
the wake development. This low speed region
must be a flattened wake of the nacelle. The
deformation and rotation of the boundary cross
section is markedly severe. According to
the successive development of the wake, the
separated two high speed cores rotate clock-
wise to each other as shown in the sketch of
Fig.11(b). If we change the rotation direc-
tion of the propeller of the left wing, the de-
formation and rotation become more severe.
In this case the high speed core which has
passed below the wing, is more extended and
sometimes may be split into two parts as in-
dicated in Fig.11(c). The experimental data

corresponding to the above discussion are given
in Figs. 12, 13, 14, 15. In Fig.12(a) we see a
strong down wash field due to the inner flaps.
In Fig.12(b) we can also point out the inflow
region sketched in Fig.11(a). Fig.13(a),
(b),(c) show us a successive development of
high speed region in the case of symmetrical
propeller rotation, corresponding to the sketch
of Fig.11(b). In the same way, Fig.14(a),
(b),(c) show us the results of measurements
in the case of same rotational direction of pro-
pellers. The marked deformation and rotation
of the slipstream can be seen. On the other
hand, in the right hand side of Fig. 14(c), the
similar velocity distribution as Fig.13(c) can
be seen. Therefore, it is likely that the change
of the rotational direction of propeller does
not affect much influences beyond the plane of
symmetry. Fig. 15 is one of the similar data
corresponding to the sketch of Fig.11(e).
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7 1 ]
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Fig. 12(a) Down wash field due to the inner flap (sym. rotation)
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7. INTERNAL STRUCTURE
AND DIEFUSION OF
THE SLIPSTREAM

(1) In the Case of Clean Configuration (5y=
0 degree)

Generally speaking in this case, the region
of the high speed sipstream has a nearly cy-
lindrical shape. The velocity gradient in the
shear layer of its boundary is steep. The
thickness of the shear layer is comparatively
thin. Then, the velocity distribution is nearly
flat in its cross section, except for the center
part. In the center part of the cross section,
there exists a low speed region which cor-

T Same | 0 | 8 | 0 |1405

responds to the wake of the nacelle. Diffusion
of high speed flow can be observed in the
results of measurements. The area of the high
speed region expands to some extent, and so
does the low speed center area too, with flowing
downstream. In the cylindrical high speed
region, the circulating flow around its center
is confirmed by the inspection of the data.
This trend has been already discussed with
reference to Fig.10, in the section 6, in the
case of symmetrical rotation. In the case of
same rotational direction of propellers, we can
also point out the circulating flow. Fig.16
(a), (b) show us the distribution of ¢ and ¢
in the case of Fig.9. The trend of circulating
flow due to propellers can be found. Some-
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Fig. 17. Diffusion and development of the Slipstream (cf. Fig. 7)

times a few peaked region of the velocity field
appear in the cylindrical field with the pro-
gress of the diffusion, as it can be seen in Fig.
17. But the cylinder itself does not exhibit a
marked horizontal movement (in Y direction).
(2) In the Case of Flapped Configuration
(0,=60/20 degrees)

In this case, as already explained in the sec-
tion 6. (2), there arise severe transitions of
the wake field. The mechanism of the transi-
tions is far from analysis. But the trends of
those complicated flow field can be pointed out.
At the station of X=—400, the flattened wake of
the nacelle separates the two regions of the
upper and lower high speed cores (see Fig.13
(a)). Instead of the circulatory cylindrical
flow of the previous case (3;=0 degree), rapid
diffusion and rotation of the slipstream take

place successively. But in each separated high
speed region, the partially circulating flow is
still observable. With reference to Fig. 13, the
diffusion is supposed to be more rapid in the
lower region (which past below the wing) than
the upper region, because of its trend of ex-
tension.
(3) Increased Turbulence in the Slipstream
In the free stream, the turbulence level in
AV/V is less than 19%. In the slipstream the
velocity and turbulence are considerably higher
than that of the free stream. Fig. 18 indi-
cates the order of increased turbulence level
in the slipstream. The more increased tur-
bulence in the case of a flapped model can be
seen. But the increment of turbulence due
to the deflected flaps is not so remarkable
compared with the influence of propeller.

This document is provided by JAXA.



14

X=13895 B=0
® ° 6] 0

8 0°

8 60/20
87 60/20

e &
>

<

[eg
o
<3
o

>» O
1
*

FREE STREAM VELOCITY

TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-197T

1

30.0

{m/s)

T ITTTITITI7 7

FIT 7777

A
Ih e
. .
A &
A A -y & A

a A

10.0

FREE STREAM TURBULENCE—{1.0

(Tl 77 777 77777777777 77777

1 1

!
20.0 15.0

4Y (%)

10.0

5.0

Fig. 18. Increased Turbulence level in the Slipstream

In Fig.18 the region of low speed (less
than the free stream velocity 18 m/sec.) and
high turbulence level (more than 1%) may
correspond to the wake region. The upper
limit of the fluctuating frequency guaranteed
by the tracking velocitymeter is about 0.2-
0.3 cycle/sec.> On the other hand, hot wire
anemometer used is guaranteed for the frequ-
ency higher. than 2 cycle/sec. The questions
may be arisen about the frequency of fluctuat-
ing velocity in our measurements, and about
the steadyness of the flow field. However, in
the cases of collected data in Fig.18, the
marked flow separation cannot be observed on
the wing surface. And the distribution of the
turbulence level has a similar type of plateau
just as the velocity distribution, across. the
slipstream. Furthermore, the tracking senser
of the velocitymeter (pitot head) does not ex-
hibit the marked oscillation in the wake field,
except for the boundary of the slipstream
where a thin shear layer exist. Then, it is
convincing that the rotating propeller increases
the turbulence, and that the measured flow
field may be at least quasi-steady. The in-
creased turbulence may affect the wing char-
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Fig. 19. Contour maps of .the vortex
filament and wake sheet
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acteristics and the wake flow, but further
discussion is out of our aims.

8. WING TIP VORTEX AND
ROLLING UP OF THE
WAKE SHEET

The contour maps are less intuitive com-
pared with such representations as the velocity
vectors in Fig. 6. However, for the quantita-
tive analysis of the flow field, and for the in-
spection of the correspondence between the
actual wake field and the model of flow pat-
terns of the imaginable vortex systems, the
contour maps may be more useful. Then, we
consider some of the typical patterns of con-
tour maps with reference to the vortex sys-
tems.

At first we suppose a single vortex filament
perpendicular to the vertical plane of wake
survey. The contour maps of ¢ and ¢ must
be as will be seen in Fig.19. If we suppose
the vortex wake sheet instead of the vortex
filament, the contour maps must be as the last
sketch of Fig.19. For example, in our resulis
of Fig.20 we can see the similar arrangement
of contour lines corresponding to the tip
vortex.

With the considerations explained above, we
can point out the position of the tip vortex
readily in the contour maps. In all cases of
our results, the lateral position of the tip
vortex is about Y=800~900 mm. In some
cases the tip vortex is joined in the region of
the slipstream, but the circulating flow around
the tip vortex is still definitely observed. Fig.

€ deg

1w

j ~10
~§

10
15

20
25
30
35

40

-]
lu@+na0b0r maxd kil

Peak

b4 .

Limit

6 T 13
Pt
800

1200

—200 —i00 —600 —800

Fig. 20(a) Down wash fleld of tip vortex (power off condition)

. Prop, dy o B X
.Non (6020 8 ¢ 1400

z 1
-400) 3 : . T v ] O deg | Sym.
\i \\J / [ —.15.: @
T -125 | @
} o — -100§ *
~75] ¥
/‘ \ ’ ~1s |y
_7f§ \ { —-25) A
* 501 O
2 4 \ / ‘ 10| W
A d \\ i
N 1115 @
4 : \ < / 200 8
N 1 Peak .
i AN (\‘;X\n X J { l Limit § X
i !
1 ]?‘ﬁ 3015 5170 400 ° - —-400 - - 800

Y

Fig. 20(b) Side wash fleld of tip vortex (power off condition)

This document is provided by JAXA.



16

Prop,

TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-197T

& a Y-} X
Count.. | 60/20| § -6 § 930

d l f i v ay! Sym.
4 Y
| *
I 5 v
2 ! 0 |.
2 : 15§ a
20 [e]
TIP VORTEX__ |/ 4 % | a
<3\ . % lo
P ’ 35 v
j i [j/7 © | =%
g ({ T
» N \ K I
2 / ®
g'—\_)'/ 1 2
’ ) \, Na . ™ L L™ 61 ™ beas o 4] o a & || Peak} ©
i Limit} X

T200 1000 800 0 400 700 %00 40 =800 0

Y
Fig. 21(a) Tip vortex involved in the high speed region (velocity field)

Prop,
Caunt.

4]l e s x
s0/200 8§

w
¥

.,
. a@«—«z}anp'o»-c*o

Peak

Pimit | X

ANETT
? [ =
G/ \’\\J ’\\\'V} §>{
RSN
N J\&{ ! :\\y(\\"\_‘\;\;,m- s 2 conmi @ e v |la & b
600 o106 50 500 ) 7% R R R ——Tde

Fig. 21(b) (Continued) (down wash field)

Prop,

O goy | Sra-

-150 ) X

-125 ) &

108} *

j-sl v

-50| ®m

~-25! a

o] O

251 &

50| o

15| ¢

100 ¥

25| T

50| +

s o a0 as a0 v o(p o st G

- 00| &

Peak

L Limit -T »

1200 1000 800 600 400 200 260 400 ~ 600 —500 o0 G T

Fig. 21(¢) (Continued) (side wash field)

21 is one of the examples of these cases.

The movements and rolling up of these tip
vortices are not so obvious in the measure-
ments. The position of the wake vortex sheet
is not clear, because of the existence of the
slipstream. But it is supposed that the wake
sheet may be on a line joining the tip vortex,
and the center of the nacelle wake with inner

edges of the stretched slipstream cross section.

Anyway, in our problem it must be inade-
quate if we assume the usual wake sheet, be-
cause the nonuniformity and complexities are
severe in the flow field. Now, instead of as-
suming the usual wake sheet, we have to give
our attention to the mutual movements of the
vortex systems in the wake field. In the fol-
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lowing sections we shall discuss the several
nonlinearities in the aerodynamic coefficients
of the STOL airplane model, with attention to
the movements of the vortex systems in the
wake field.

9. ON THE NONLINEAR AERO-.
DYNAMIC CHARACTERISTICS
OF POWERED MODEL

(1) Longitudinal Characteristics

The longitudinal static instability was pre-
sented in our previous reports.D-» It was
considered that the instability might be due
to the ineffectiveness of the tail plane. For
example Fig. 22 shows these results. In our
present measurements the supposed position of
the mid. tail plane is about X=1,230, Z=—175
(mm) at a=0 degree. At a=8 degrees the
position is about X=1,260, Z=16 (mm). The
length of semispan of the tail plane is 458
(mm). In consideration of such dimensions,
we must inspect the down-wash angle in the
tail plane position. The contour maps of the
down wash field are given in Fig.23(a), (b),
(c), (d). Then, we can see the increase of
down wash angle with increasing angle of
attack. At «=0 degree, the down wash angle
is about 15-20 degrees, but it becomes about
20-30 degrees when a is increased to a=8
degrees, at the position of mid. tail plane.
Therefore, it is conceivable that the static
longitudinal instability depends mainly on the
variations of the down wash field around the
tail plane. In other words, the increase of
down wash angle in the tail plane is of the
same order as the increase of the angle of at-
tack, in the unstable region of Cn. Thus, the

2.0
Cu PROP : COUNTER ROTATION
SYMBY T [SYMB| T,

6 [033] o 2.6
o 1061 & 3.2

1.0 :
e 1120] + 3.9
o [1.95

—1.0

—2.0F

Fig. 22, Variation of Cp,. (6;=60/20 degrees,
blade pltch angle 20 degrees, low tail,
reference 2); complete model

ineffectiveness of the tail plane and the in-
stability must arise in these conditions.

On the other hand, the down wash angle is
less in the upper region of the tail plane.
Then, if we take the higher tail position, the
pitching moment of the model must be more
negative (nose down). The related results of

. our previous report are given in Fig. 24. This

trend can be supported by Fig. 24.

The possibility of precise estimation of the
tail contribution may be still doubtful, because
of the complexities of the wake field.

%
g

. im@-»-w«ia POP AR

Peak

{imit

Fig. 23(a) Down wash field near the tail position (=0, X=930 mm)
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Fig. 24. Effects of tail position (3,=60/20
degrees, reference 2)

(2) Lateral Characteristics (with the sym-
metrical rotation of the propellers)

In view of our previous results, one of the
nonlinear stability derivatives is the side slip
derivative Cis. Its nonlinearity arises at the
higher angles of attack. The mechanism of
this nonlinearity is usually explained in taking
acount of the lateral movements of the slip-
stream due to side slip. Then, we shall dis-
cuss the rest of nonlinearities.

Even in the cases of symmetrical propeller
rotation, there still remains the nonlinearity of
Cpp. It arises when a is small, and in the
range of 8—=5~—5 degrees, and only in the
flapped configurations. Fig. 25 is the related
data of our previous report. The results of
our present measurements are given in fig. 26

(a), (b), (c), confirming our previous results.
In Fig.26(a) (a=0.1 degrees, dy=0 degree;
clean configuration), we can see the linear
variation of aerodynamic coefficients. But in
Fig. 26(b) (a=1.0, 3,=60/20 degrees; flapped
configuration), we see the similar nonlineari-
ties of Cy and C, evidently even in such a
tailless configuration. In Fig. 26(c) where «
is increased (a=9.4 degrees), the prescribed
effects are more less observable,

Now, we should turn our attention back to
the corresponding wake field i.e. to the contour
maps. Generally speaking, at first we suppose
the symmetrical arrangement of the vortex
systems and contour maps as given in Fig. 27.
However, the results of our measurements do
not indicate such a strictly symmetrical ar-
rangement. There arises an asymmetric flow
field as already pointed out. Across the plane
of symmetry, the flow region of each side
protrude alternately from each side. Con-
sequently the arangement of vortex systems
are less symmetrical near the plane of sym-
metry. For example, Fig.28 shows us the
alternate change of flow direction of side wash
in the plane of symmetry. These results sug-
gest that the symmetrical flow may be rather
unstable in the actual cases especially near the
plane of symmetry. In the schematic sketch of
Fig. 29(a), first we suppose the symmetrical
pair of vortices A, B beside the plane of sym-
metry. But in taking account of those results,
it seems to be unlikely that such a symmetrical
arrangement of A, B can be a stable one.

On the other hand, in the case of slight side-
slipping conditions, the flow pattern seems to
be settled like the sketch of Fig.29(b). The
fuselage seems to be involved in the vortex B,
and the circulation seems to be arisen around
the fuselage. Thus, in the down wash field of
the wing, the additional force and moment
must be experienced by the fuselage. We can
suppose that those additional force and mo-
ment are the possible sources of the prescribed
nonlinearity. The corresponding contour maps
are given in Fig. 30. Although it is something
like the diagnostics to find out the vortical
flow patterns corresponding to the vortex sys-
tems sketched in Fig.29(b), we can indicate
such patterns in the contour maps (see
Fig. 30). If the sign of 8 is reversed, the flow
pattern is also reversed. For the inspection,
reader is referred to Fig. 31 and Fig.32. In
these figures the reversed direction of the
alternate distribution of side wash can be
seen in the plane of symmetry. At the higher
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Remarks: This mark represents the
existence of vortical flow corresponding
to Fig. 29(a), in the following figures.
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Fig. 33(b) (Continued) (side wash field); X=1400 mm, =6 degrees, a=8 degrees

angles of attack, probably the vortical flow
around the fuselage may be degenerated, and
the nonlinearity may fade away. About this
argument, reader is referred to Fig.33. In
Fig.33 (a=8 degrees), we can also find out
the vortical flow corresponding to the vortex
B of Fig.29(b), but it is more less remarkable
compared with the case of Fig.31. The pre-
scribed explanation of additional force and
moment, which is deduced from the wake sur-
vey, is feasible for the interpretation of the
force test results (Fig. 25 and 26) of the non-

linear variations of Cy and C,.
(3) Lateral Characteristics (with the same
rotational direction of the propellers)

Now, we shall discuss the nonlinearity of
C, which arises in the case of the same rota-
tional direction of propellers. In this case it
was indicated in our previous results that the
asymmetric yawing moment might arise in-
tensively even in the case of 8==0 degree. The
results are given in Fig. 84, for example. For
the confirmation of our previous results, the
data of our present measurements are pre-
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sented in Figs. 35 and 36. In the case of clean
configuration (Fig.35), the marked shift in
C;, and C; are observed, compared with
Fig. 26(a). But there is no apparent shift in
C,. These trends are also verified in our
previous report in the case of the complete
model. Therefore, it is supposed that these
shift must arise not from the tail and the aft
part of fuselage but from the forward part
of wing-fuselage combination. The mechanism
of the shift in C, and C; is not obvious, and it
is out of our present discussion because the
forward part of flow field is not measured.
In the case of flapped configuration (Fig. 36),
we also find the shift of Cy and C;. Moreover,

{?;q;._."'af_._! 'R
. Same; 6020, 5 | 0 1400 ]

we also find the similar nonlinearities already
discussed in the paragraph (2), especially in
the variation of Cy. Furthermore, the con-
siderable shift of C, in the same direction with
Fig. 84 is found. The shift of C, seems to
have the possibility of its origin in the similar
mechanism of paragraph (2). However, the
more data should be required for further dis-
cussions. Although the direction of shift is
the same as Fig. 34, but the order of shift is
sometimes smaller than that of complete mod-
el. Then we can suppose that sometimes the
vertical tail may have certain contributions
on the shift.

Now we should have our attention to the
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Fig. 37(a) Flow pattern in the case of same rotational direction
(down wash field); =8 degrees, =0, X=1400 mm

[P T =] x]
7ls.nlwn[§|o]x4wi .
1. D
AR NS
~N sya
o : / ) L 9 geg| Sem.
= I L N T S o
200 > P l ~100 | *.
= -l 3
/ JI\\J\_/‘ /\;\l\\ pINFLOY “1s] a
NN :.5 o
S ' n HE
AR i
: N7 v 3 : N i
& G‘\"\gj'”( AEE
A 1 — . i
] =300 - e p= pe

Fig. 87(b) (Continued) (side wash field); «=8 degrees, =0, X=1400mm

This document is provided by JAXA.



28 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-187T

contour maps. The special feature of the flow
field is suggested by the inspection of contour
maps. As it is seen in Fig. 29(c), the vortical
flow pattern develops extensively at the station
of midspan of the left wing., This vortical
flow corresponds to the vortex shedding from
the outer edge of the inner flap. Moreover,
from the upper part of this flow, the apparent
inflow arises towards the left side of fuselage
or towards the bottom of fuselage (see also
Fig.11(a) for the comparison). It is sup-
posed that the rotating flow may play an
important role in this development of vortical
flow. Thus, obviously the rotation of propeller
must have marked influences on the whole flow
field. Unfortunately, we have no contour maps

[(tro [ Talsrx
|

Same |66/20) ©
[_Same Jowno] 0 ]

around - the vertical tail. But it is supposed
from :the above discussion that the -flow field
around the vertical tail may be asymmetrical,
and may cause a certain shift of yawing mo-
ment. Figs. 87 and 88 correspond to the flow
pattern sketched in Fig.29(e). On the other
hand, it should be also noticed that the meas-
ured shift of G, in Fig. 34 show us the wide
range variation. In the previous measure-
ments  the, repeated experiments' gave us the
scattered - data on the shift of C,p, even in
the same series of measurements. The fact
suggests us that the flow field around -the
vertical tail and aft part of fuselage may be
more less stable in this case.

In addition, the drag force of this case is
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Fig. 89. Lift-drag polar in the force test

greater compared with the case of symmetrical
rotation, with the same lift force. The fact
is shown in Fig.89. It is supposed that the
increment of drag force may arise only on the
left wing, because the flow field must be
changed mainly on the left side. The supposi-
tion is supported by the comparison of contour
maps between :Fig. 40 and Fig.14(c), and also
between Fig.14(¢c) and Fig.13(c). In the
figures the similar velocity fields are found
corresponding to the right side flow region of
Fig.14(c). Therefore, the increment of the
drag force is supposed on the left wing, and

Yrop,
Counts | 60/26] © -6

it may cause the negative shift of Cy.

Consequently we can suppose that the nega-
tive shift of C, and,its nonlinear variation
may arise from the circulation around the aft
part of fuselage, from the asymmetric flow
field around the vertical tail and also from
the asymmetric increment of the wing drag
force. The break down of the whole effects
into each contributions still should be avoided.
Because those contributions may be closely
related with each other, and moreover the flow
field around the model is considered to be less
stable in this case. For the more conclusive
descripition of the phenomena, the theoretical
survey must be needed in the future. Also,
the more simplified and detailed experiments
must be needed in order to investigate the
mechanisms further.

10. CONCLUSIONS

In order to investigate the mechanisms of
the nonlinear aerodynamic characteristics of
the STOL airplane, we have measured the flow
patterns in the wake field of the powered
model. Contour maps are obtained in many
cases. The inspection and qualitative analyses
of the results yielded the following conclu-
sions:

(1) The cylindrical surface of slipstream
is deformed extensively by the penetration of
the wing, by the rotational flow of itself and
also by the vortex systems in the whole flow
field.

(2) The rotation of propellers affects the
intense influences on the flow field through the
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Fig. 40. Velocity contour (cf. Fig. 14(c)), X=1400 mm
(symmetrical, i.e. counter rotation)
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rotating - flow in the slipstream. Then, the
complicated movements of the vortical flow,
namely the movements of the vortex systems
are realized in the wake field.

(3) The nonlinear aerodynamic character-
istics of the model are confirmed again by the
force tests. The mechanisms of these charac-
teristics are verified through the analyses of
contour maps. Then, the qualitative under-
standing of the relations between the charac-
teristics and the wake field are achieved to a
certain extent.

(4) The development, the diffusion and the
increment of turbulence level of thg slipstream
are presented. Then, it is considered that the
viscous effects have no remarkable influences
immediately on the nonlinear characteristics of
the model. And in the future the possible pre-
dictions will be expected on the nonlinear
characteristics through the dynamies of the
vortex systems, even in those complicated and
nonuniform wake fields.

There are many papers concerning the aero-
dinamic characteristics of the deflected slip-
stream STOL airplane. For example, some of
them treated the slipstream by the momentum
theory,” and fair agreement is exhibited with
experiments. However, concerning the non-
linear characteristics of the airplane, it is
necessary for us to understand the state of
affairs in the complicated wake field. There
are another many papers showing the results
of wind tunnel tests or flight tests on the
several types of STOL airplane. However, the
survey of flow field related to its characteristies
is not found. Then, in this report we have
clarified the complexities of this flow field to
some extent, with attention to the relations
between the aerodynamic characteristics of the
model and the structure of the wake field. Of
course the wake field of those complicated cases
still remains as a ‘“black box” on the whole.
We suppose that in the future it is necessary
to investigate the dynamics of vortex systems
in the nonuniform flow field with the presence
of fuselage or any other objects.
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APPENDIX

List of measurment and contour maps

No. of Fig.
th‘ of dr Prop. a B X mm
st
14 € °

A 11 0 Symmetry 0 0 414 17

A 12 0 Symmetry 0 0 918 7 10(a) 10(b)
A 1-3 0 Symmetry 0 0 1405 17

A 21 0 Symmetry 8 0 414

A 22 0 Symmetry 8 0 918 8

A 2-3 0 Spmmetry 8 0 1405

A 33 0 Symmetry 0 6 1405

A 33 0 Symmetry 0 —6 1405

A 43 0 Symmetry 8 6 1405

A 4-3 0 Symmetry 8 —6 1405

B 2-3 0 Same Direc 8 0 1405 9 16(a) 16(b)
C 13 60/20 None 0 0 1400

C 2-3 60/20 None 8 0 1400 20(a) 20(b)
D 11 60/20 Symmetry 0 0 414 13(a) 12(a) 12(a)
D 12 60/20 Symmetry 0 0 930 13(b) 23(a)

D 13 60/20 Symmetry 0 0 1398 13(c) 23(c) 28
D 21 60/20 Symmetry 8 0 415

D 22 60/20 Symmetry 8 0 930 23(b)

D 23 60/20 Symmetry 8 0 1400 23(d)

D 31 60/20 Symmetry 0 6 415
D 32 60/20 Symmetry 0 6 930 30a) 30(b) 30(c)
D 3-3 60/20 Symmetry 0 6 1400 31(a) 31(b)
D 3-2 60/20 Symmetry 0 —6 930

D 3-3 60/20 Symmetry 0 —6 1400 40 32(a) 32(b)
D 41 60/20 Symmetry 8 415

D 42 60/20 Symmetry 8 6 930

D 43 60/20 Symmetry 8 6 1400 33(a) 33(b)
D 42 60/20 Symmetry 8 —6 930 21(a) 21(b) 21(e)
D 4-3 60/20 Symmetry 8 —6 1400

E 2-3 60/20 | Same Direc. 8 0 1400 15 37(a) 37(b)
E 3-1 60/20 | Same Direc. 0 6 416 14(a)

E 3-2 60/20 | Same Direc. 0 6 930 14(b)

E 3-3 60/20 | Same Direc. 0 6 1400 14(c) 38(a) 38(b)
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