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Note: The research on airfoils at low Reynolds numbers as occur for sailplanes revealed the
importance of laminar separation bubbles. The paper reprinted next describes an empirical
correlation with Reynolds number of the angle at which a laminar separation streamline leaves
the wall. This research has laid the foundation for incorporating separation bubbles in airfoil
design, including the phenomenon of bursting.
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SUMMARY ' '

For the development of & calculation method for the laminar part of separation bubbles in two-
dimensional incompressible flow, it was found necessary to gather empirical information on the angle y
at which the separation streamline leaves the wall.

On seven different models in three different low speed windtunnels the angle vy has been determined
from smoke photographs teken with & camera which was specially built for this purpose. The flows which
were investigated are:

(a) plane stagnation point boundary layer flow; separation induced by means of & forward facing

step. :

(b) e cylinder (diameter 70 mm) with a tail; "natural" separation on the cylindrical nose part.

(¢) a cylinder (diameter 400 mm) with & tail; "natural" separation on the cylindrical nose part,

(@) a long cylinder with rounded nose, aligned axially with the wind; separation induced by a

forward facing step.

(e) & short flat plate, separation induced by means of auxiliary airfoils.

(f) the same flat plate as in (e); separation induced by a forward facing step.

(g) a long flat plate; separation induced by a forward facing step.

The measured angles y are plotted as a function of the Reynolds number %ﬂ at separation = (Re)sep. The
investigations cover a range of (Re)sep from 35 up to about TO0. All measured points fall reasonsbly
well on & single curve. :

NOTATION
B constant in Eq. (3)
c reference length, radius of cylinder for confs. (b) and (c)
h step height
P static pressure
us
RG -~ s
Ut
R sas
c v
u velocity component parallel to wall in boundary layer
U velocity component parallel to wall at edge of boundary layer
U, reference speed
3 u
U
bt U
v U=
b'e distance slong the wall
Yy distance normal to the wall )
Y angle at which the separation streamline leaves the wall (defined in Fig. 5)
] /¥ W(1 - T) dy,momentum loss thickness
o
v coefficient of kinematic viscosity
T, wall shear stress

Subscript sep denotes conditions at the separation point.
1. INTRODUCTION

It is not necessary to stress in this paper the importance of the laminar separation bubble for the
subject of aircraft stalling. It is well known that an overriding influence on the stalling behaviour is
excerted by the type of flow in the separation bubble, that is to say whether or not the separated flow
will reattach to the surface after it has become turbulent. Our own interest in the subject is related to
the development of & computer program for the design of airfoil sections (Ref. 1,2). We can distinguish
three main topics in the investigation of separation bubbles. (Fig. 1)

1) the laminar flow leaving the wall,

2) transition to turbulent flov in the separated shear layer,

3) resttechment or failure to reattach of the fturbulent flow.

Topic 3 is discussed by Horton in Ref. 3 where & method is described which enables us to determine whether
turbulent reattachment will occur. To apply this method, the position of transition in the separated flow
has to be known.

Our own research is mainly concerned with topics 1 and 2. The second topic will be the subject of an
investigation which will be started later this year. It is intended to try and extend the second author's
transition prediction method for attached flows (Ref. 4,5) to the case of separated flows. In this method
the amplification of wunstable disturbarces in the laminar flov, as calculated by means of linear stability
theory, is used to predict transition. A similar method has been.developed independently by Smith and
Gamberoni (Ref. 6).

The present paper deals with the first topic: the investigation of the separated laminar flow field.
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2. SOME THEORETICAL CONSIDERATIONS

Calculating the separation point by means of laminer boundary layer theory has been the subject of
many investigations; & review of this work may be found in the article by Brown and Stewartson (Ref. T).
When the pressure distribution is prescribed, generally & singularity will occur st separation such that
the wall shear stress T tends to zero like

won (g, - )} (1)

This was shown first by Goldstein (Ref. B); Eq. (1) is confirmed by accurate numerical solutions of the
boundary layer equetions, such as given by Leigh (Ref. 9) and Terrill (Ref. 10). With these numerical
methods it was impossible to calculate through the separation point; in fact the step size for the
ecalculation in x-direction had to be reduced to very small values when approaching the separation point.

It seems that the question has not yet been answered whether the boundery layer equations can describe a
separating flow if the true (measured) pressure distribution is used. One might find however that already
small deviations from the true pressure distribution would ceuse the difficulties to arise egain. Moreover,
it is difficult to determine a priori the pressure distribution which will occur. .

Some light is thrown on the real behaviour of the flow in the neighbourhood of the separation point
by the work of Legendre (Ref. 11) and Oswatitsch (Ref. 12). By using & Taylor series expansion for the
solution of the Navier-Stokes equations around the separation point, they proved that the separation
streamline leaves the wall at an angle y which is given by

dt
o

dax
tan(y) = = 3 Y (2)\
9x
The right-hand side of Eq. (2) has to be evalusted at the separation point. In this equation 7, denotes
the wall shear stress; x is the distance along the wall and p is the static pressure which (because
Eq. (2) is based on the full Navier-Stokes equations) msy be a function of x and y.
According to Eq. (1) accurate boung$ry layer calculation methods, when not epplied to the actual

pressure distribution, tend to lead to —3% + - w at separation so that Eq. (2) would predict a separation
angle y of 90°; this is in contradiction with experimental evidence. Therefore, if we want to cal-
culate the separated flow, we have to use one of the following approaches.

j. Investigate whether boundary layer calculations based on the actual pressure distribution lead
to a useful result; this would still leave us with the difficulty of providing this pressure
distribution,

2. Use the full Navier-Stokes equations in the neighbourhood of the separation point and match the
result to those of boundary layer calculations farther away.

3. Use some empirical information of a sufficiently general nature so that simple calculation
methods might be used for the separated flow.

The third approach was followed in our work, The simple calculation method, which will be outlined in
section 4, employs an empirical relation between the separation angle y end some parameter vhich can be
found from & boundary layer calculationugpstream of the separation point. It seems appropriate to choose
for this parameter the Reynolds number = &t seperstion, denoted by (Re)sep. This parameter will not be
influenced too much by deteails of the flow in the direct vicinity of the separation point. Therefore it
can be expected that a boundary layer calculation, based on a prescribed pressure distribution, will give
(Re)sep with sufficient accuracy.

To get an idea about the type of relation to be expected between (Re) and vy we will make the
- N . sep

following (questionable !) assumptions.

(1) Boundary layer theory remains valid at separation.

(2) The non-dimensional pressure distribution around a given body at a given angle of attack is

independent of the Reynolds number R,.
These assumptions lead to the following relation
B
tan(y) = P (3)
v ‘sep

in which B is a constant for a given body at a given angle of attack. In view of assumption (2) it follows
that the "constant" B in Eg. (3) may be different for separation bubbles developing on different bodies or
on the same body at different angles of attack. )
It may be argued that B should be the same for all bubbles, developing under different nondimensional
pressure distributions, if the following additional essumptions (3) and (k) are made.
(3) The flow can be described by & one-parameter boundary layer calculation method such as
Pohlhausen's.
(L) Tne greaph of the velocity U at the edge of the boundary layer as & function of x has & point
of inflexion at separation. (Some evidence in favour of essumption (L) seems to follow from
our experiments).
Although the asssumptions (1) through (L) may be questionable, it was thought that Eq. (3) might be a
good reference frame in which to place our experimental results.

3. THE EXPERIMENTAL APPARATUS AND SOME RESULTS

Measurements have been performed on seven different model configurations (a) through (g) in three different
lov speed windtunnels. These configurations have been indicated schematically in Fig. 2. Some details

about the models and experimental techniques have been collected in Table 1. In sll cases considered, the
ghape of the front part of the laminar separation bubble has been determined photographieally. From the
photographs the angle y between the dividing streamline and the wall at the separation point could be
determined. Examples of flow pictures for configurations (b) and (d) are shown in Fig. 4. The angle y is
defined in Fig. 5.
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The flow has been made visible by means of tobaceo smoke introduced into the separation bubble. A narrovw
region around the plane of measurement has been illuminated by means of a small electronic flash with
1/900 sec flash duration.

In situation (a) the flash was installed inside the model and the light passed through two diafragms with
nerrov slits (0.3 mm wide) and through the transparent (perspex) front plate of the model.

In the situations (b) through (g) the flash-with-diafragm was installed outside the tunnel; in these
cases long-focus lenses have been used to focus the light in the front part of the separation bubble in

& narrov region around the plane of measurement. . )
Flow pictures have been taken with rather long camera's especially built for the purpose; in fact in all
cases the pictures on the film were larger than the original flow phenomena so that rather fine flow
details can be distinguished. A schematic draving of the photographic equipment as used with configuration
(g) is shown in Fig. 3.

The main results of the present investigation are shown in Fig. 6 where measured values of tan(y) are
plotted vs. the corresponding value of the Reynolds number at separation (R « In all cases & rather
large number of photographs was taken for each flow situstion.
With respect to the upper end of the range of (Ra)sep it should be noted that at high Reynolds numbers the
boundary layer will become turbulent so that no laminar separation will occur. Along a flat plate in a
stream of low turbulence,transition will occur for U.8 between 1100 and 1300. With an adverse pressure
gradient transition will occur earlier; hence (Re)sep = 1100 is an upper limit for a plot like that of
Fig. 6. In that figure no points for (Re)$e > T20 have been given because in that region the introduction
of & sufficient amount of smoke without dis urbing the flow gave severe problems. Moreover the angle y in
that region is so small thet good accuracy of the measurements can hardly be expected.

For most of the configurations tested the Reynolds number has been varied by changing the wind speed. In
configuration (d) also the length x over which the boundery layer developed could easily be changed. In
fact measurements have been made at x = 150 mn; 550 mm and 950 mm. However, only the results for x = 150 mm
have been given in Fig. 6. The results for configuration (d) at x = 550 and 950 mm, which were included
in the pre-print of the paper, have been left out now. Already in the pre-print some doubt had been ex-
pressed with regard to the validity of these results: "the flow at separation was not very steady and
not very two-dimensional around the circumference of the central body". Since then additional detailed
measurements have shown that one should read here: "at large values of X for configuration (d) the flow
at separation was not two-dimensional st all".

With respect to the steps used in the experiments, the following remarks can be made. In order to obtain
a situation which sufficiently resembles "natural” separation, the step height h should not be too small;
h should be such that the step generates an adverse pressure field which extends over a distance normal
to the wall which is larger then the boundary layer thickness. If the step height is chosen too small

the angle y is found to increase. Several series of measurements with different step heights in the
configurations (d), (f) and (g) showed that in these cases it was certainly sufficient to make h equal to
three times the boundary layer thickness at separation.

The results shown in Fig. € for the configurations (a), (f) and (g) all refer to situations in which the
steps were sufficiently high. For configuration (&) the influence of h has not been measured; the step
height used in that case was L mn, which, at all speeds was more than the boundary layer thickness at
separation. However, in the light of the observations given above h may have been & little too small at
the lovest wind speed. If this is true, the points given in Fig. 6 for the lowest values of (Rg)gep might
be somewhat too low. -

3)sep

In generel, it can be seen from Fig. 6 that the measurements indicate a reasonably unique relation between
y and (Re)sep' The value of the "constant” B in Eq. (3) is about 15 to 20.

Some results of pressure distribution measurements on configuration (c) are shown in Fig. 7 in the form

of dimensionless velocity U at the edge of the boundary layer. The values of U have been determined from
the measured pressure distribution along the wall by assuming that p is constant across the boundary layer
and applying Bernoulli's theorem outside the boundary layer. The measured distributions show & characteris-
tic flattening especially when the Reynolds number is low. This flattening is reproduced by the calcwlation
method to be described in section L.

L. APPROXIMATE CALCULATION OF THE LAMINAR FLOWFIELD DOWNSTREAM OF SEPARATION

A calculation method has been developed which cen approximately predict the laminar flowfield down-
stream of separation. This method employs the von Kérmén momentum integral relation and the first
"compatibility condition" of the boundary leyer equations. This condition relates the curvature of the
velocity profile at the wall to the streamwise pressure gradient. The following edditional assumptions
are made.

1. The angle Yy can be determined from (Re)sep by an empirical relation such as Eq. 3.

2. The "separation streamline" as defined in Fig. 5 remains straight over the full length of the

laminar part of the bubble.

3. The reverse flow velocity profiles can be represented by the Stewartson second branch solutions

of the Falkner-Skan equation.
In view of our experimental results assumption 2 seems to be reasonable. It would not be difficult however
to extend the method to curved separation streamlines.

It shouwld be observed that the pressure distribution in the separated region is not given a priori
but it follows from the calculations. In other words: the pressure distribution is determined such that
the assumed shape of the separation streamline (for instance straight) is compatible with assumption 1
and 3 and with the equations used.

Initial conditions which are required to start the calcuwlation at the separation point are 6 and U,
These conditions follow from the boundary layer calculation upstream of the separation point.

Details of the calculation method will not be given here but will be published in a later paper by
the second author.

Bome preliminary results of the method are shown in Fig. 7 where the caleulated pressure distribution
is compared to results of some measurements on configuration (e).
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configuration

separation induced
by

pressure distribution
obtained from

6 obtained from

(2)

plane stagnation point flow
on flat nosed sirfoil.
LOO x LOO mm tunnel.

forward facing step

orifices in flat nose

(v)

70 mm dia.cylinder with tail
(to suppress fluctuating
wake ).

400 x 400 mm tunnel.

(c)

400 mm dia.cylinder with
teil (to suppress
fluctuating wake).

1810 x 1250 mm tunnel.

natural separation
on cylindrical nose.

orifices in
cylindrical nose;
detailed pressure
distributions
obteined by rotating
nose part.

calculation by means
of Thwaites-type
method using the
measured pressure
distribution.

(&)

106 mm dia.cylinder with
rounded ncse; aligned axial-
ly in a windtunnel with
cross section 300 mm §;

by moving the central pipe
in streamwise direction
w.r.t. the tunnel and the
measuring apparatus, the
length x over which the
boundary layer had developed
before separation could be
varied. -

forward facing step
(flet disk).

orifices in surface
of central pipe.

flat plate
LOO x 40O mm tunnel

suxiliary airfoils

flat plate
400 x LOO mm tunnel

flat plate
1810 x 1250 mm tunnel

forward facing step

orifices in surface
of plate.

measured velocity
profiles. (totel head
from traversing
flettened total head
tube; static pressure
from orifice).

Table 1:

Some details about the experimental apparatus (see also Fig. 2).
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Fig. 1: Schematic diagram of flow field
and pressure distribution in a
laminar separation bubble.

mw fibres

500w

lamp 92L1.2
e

electr. flash

L lens

D diefragm with
narrov slits

M  mirror

S shutter

L-illuminated
test area

{ \test section

flash illumination
continuous light
projection of
reference lines

in camera

Fig. 3: Schematic diagram of photographic
equipment used with configuration

(e).

2-5

detail A of model (a)
s ————— o

~ =i

T ————

(a) flat nosed 2-dim. model
tunnel 400 x 400 mm

~——
R §iﬁg=sﬁ=i+§jo mm

e ————

{b) cylinder: ¢ 70 mm, Length 400 mm
tunnel 400 x 400 mm

)
g 1810 mm
—Ug -
=
=1

(c) cylinder: ¢ 400 mm, length 1250 mm
tunnel 1250 x 1810 mm

= el A =34 #106 mm

e —
R0 x(variable) .

(d) long body
tunnel ¢ 300 mm

g auxiliary aerofoils 5\ 7“" blocking
L - S = 7
! 1
“Ix=412mm “x=412mm "
. okl

(e) (f)
flat plate with sharp L.e. tunnel 400 x400 mm

flat plate 1810 mm

il

(g) flat ptate with step,tunnel 1250 x 1810 mm

Fig, 2: The experimental configurations.

(plane of measurement in middle
of tunnel, S = laminar separetion
point ).
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» smoke in
separation
bubble

reflection
r in eyl.
surface

surface of cylinder configuration (b); (Re)sep = 76
(70 mm @) ;
reference lines N
3.2 m
cm—
_———’-
B
smoke in
; separation
7 bubble
¥

wall, ‘ configuration (d); (Re)sep = 387

surface of cylinder
in configuration (4)

Fig. 4: Examples of flow pictures.

(real) separation "separation
streamline strea.mline"\
separation \\ = K
point S \ t
VA N 7 7
L =

Fig. 5: Definition of the separation angle y for a curved wall.
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Jgg NN\, v (a): flat nosed aerofoil
0.50 \\\» ° gbgzzgomm dc;a. cytln.nc;er
60 |+ « (c): 400mm dia. cylinder
tan(y) \z\' T (d):long body,x.y150mm
040 | & (e): short flat plate
: (aux. aerofoil )
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[»]
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—n
=

- short flat plate

V§\ (step)
® (g): long flat plate

E {step)
\\
02} x\\

8

A
01f \\\;\}\

~N T —

%0 100 200 300 400 500 600 700

— (Rg)sep

Fig. 6: Separation angle y as function of the Reynolds number at separation .(Re)sep.
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—_—

4+ 8 X ®

measured at different\speeds

(configuration c¢)

~--- B=30
— 20} calculated
L=z 15 |'
70° 80° gQ° 100°

10°

——p angular distance from stagnation point

Fig. T:

Some pressure distributions for configuration (c).
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