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ABSTRACT

This paper gives an overview of research on laminar separation bubbles
at Delft University of Technology in relation to low Reynolds number
airfoil aerodynamics. Results of flow visualisation studies are used to
define an empirical retation for tme angle y at which the separation
streamline leaves the wall. The e transition prediction method is
extended to. separated flows. It 1is shown that a simple bursting
criterion is provided by Stratfords limiting pressure distribution for a
sero skin friction turbulent boundary layer. A universal description of
the laminar part of the bubble is proposed, resulting in a simple bubble
prediction method. The effect of tripping devices to decrease the
adverse effect of the bubble on drag is discussed. Finally some results
of low Reynolds number airfoil tests are reported.

1. INTRODUCTION

At the Low Speed Laboratory (LSL) of the Department of Aerospace
Engineering of the Delft University of Technology a tong term research
program has been going on concerning the analysis and design of airfoil
sections for low speed flow. The program was started in 1966 by the
first author while spending a sabbatical year at the Lockheed Georgia
Research Laboratories. First results of a computer program, which used
computer graphics as a novelty, have been published in [1,2,3].

This prototype program used some -at that time - readily available
methods for the calculation of: the potential flow pressure distribution
(conformal transformation due to Timman [4]); the laminar boundary layer
(Thwaites [51); transition (e method due to Smith and Gamberoni [6] and
Van Ingen [71); the turbulent boundary layer (Heads entrainment method
(81},

Very soon it became apparent that also accurate methods to calculate
laminar separation bubbles were required for predicting the character-
jstics of airfoils at low Reynolds numbers. Research at Delft then was
concentrated for some time on the laminar separation bubble [9,10,111.

A schematic description of the flowfield and the pressure distribution
in the bubble region is given in fig. l. It contains the definition of
some bubble related parameters.

The present paper will focus attention on the separation region {around
$):; the laminar part of the bubble (S-T); transition (T) and reattach-
ment {R). As in most engineering calculation methods we will treat the
pressure distribution in the bubble as a Tocal perturbation only of the
pressure distribution curve SR which would occur for a ‘turbulent
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Fig. 1: Schematic diagram of flow
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boundary layer. Hence the laminar separation point S and the reattach-
ment point R are thought to be on the turbulent curve. In reality a
s1ight undershoot is often noticed, both upstream of S and downstream of
R. When the flow downstream of the separation point fails to reattach, a
large adverse effect on the drag and/or stalling behaviour of the
airfoil is noticed. Hence an accurate prediction of this ‘'bursting
process' is necessary.

The present status of the LSL airfoil analysis and design program may be
found in [12,13]. It is being used extensively for sailplane applica-
tions [14,15,16,17].

It has been found that the effect of the laminar separation bubble on
the airfoil characteristics is also due to its influence on the down-
stream development of the turbulent boundary layer. This effect may be
noticed at chord Reynolds numbers as high as 5 x 106.

In recent years attention has been given to means to provoke earlier
transition in the bubble, such that its detrimental effects are reduced.
Besides conventional tripping devices, the so-called pneumatic turbu-
lators, first used by Pfenninger [18] and rediscovered by Horstmann and
Quast [19], were studied extensively in close cooperation between LSL
and DFVLR Braunschweig [20].

In the present paper we will review this research at LSL related to
laminar separation bubbles and its effects on airfoil characteristics at
low Reynolds numbers. To keep the size of the paper within reasonable
1imits, the reader will have to be referred to the original papers for
detailed information.

2. SOME USEFUL RELATIONS FOR SEPARATING LAMINAR FLOW

In a small neighbourhood of the separation point, where the inertial
forces may be neglected, the Navier-Stokes equations admit a simple
analytical solution (see [21,22,23]). Important results are:

The separation streamline leaves the wal at an angle y (fig. 1) which is
determined by: :
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dt
tan{y) = -3 "/?£ (1)

dx DX

where all quantities in (1) are evaluated at the separation point.
The equation for the streamlines {¢ = constant) reads:

y2(x tan y - y) = constant (2)

where x is the distance downstream of separation.
The shear stress is zero at y = Y1 for which:

1
yp =3 X tany (3)
The velocity component u equals zero at Yo for which:
Yo = %—x tan y

Hence ({when Y3 denotes the distance to the wall of the separation
streamline): _

Yy P ¥p tyy T 1:2:3 (3)

The pressure gradient is at an angle 1/3 y with the wall and hence for
thin bubbles, where y is small, the pressure gradient normal to the wall
js small so that the boundary layer equations might still give a
reasonahle result.

If we start from the boundary layer equations and assume small values of
u and v we can also arrive at the previous results. Here it is assumed a
priori that ap/ax is indepent of y. The result (3) also follows from the
expression for the velocity profile in the form:

u_ ¥, Lon?

T stz (g | (4)
which is valid for a sufficiently small neighbourhood of the wall, not
necessarily near the separation point only. From (4) it follows that the
stream function ¢ is given by:

iRt SEC I LIO] ®
From (5) we find that ¢ = 0 for y = 0 and for:

y3/8 = -32/m (6)
furthermore:

yp/e = -28/m | (7}

yi/8 = -2/m (8)

Hence eq. (4) reproduces (3). In what follows we will sometimes use g =
y./6 as shape factor for the velocity profiles with reversed flow.

AR analogous behaviour is shown for solutions with reversed flow of the
Falkner-Skan equation:
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F' + FF" + B(I_FIQ) =0 (9)

This equation describes the similar solutions corresponding to the
pressure distribution:

™
U= uy x (10)

where Uy and m, are constants (x is here measured from the origin of the
flow.

In (9) F is the non-dimensional streamfunction, primes denote differen-
tiation w.r.t. non-dimensional y; B is the pressure gradient parameter
related to m by

2 my
B ='ﬁﬁ;ﬁ;—fy (11)

For B > 0 equation {9) only allows solutions with positive skin fric-
tion; for 0 < g < -.198838 solutions with positive and negative skin
friction are possible; B = -0.198838 represents the separation solution.
Extensive tables of solutions with positive skin friction may be found
in [24]. Some of the reversed flow solutions have been calculated first
by Stewartson [25]. Table 1 gives some improved results obtained at LSL.
It follows from the table that with a good approximation y2/y3 = 2/3 and

g = y3/e = -32/m as for the velocity profile (4}. It should be noted
that at the end of the table, corresponding to velocity profiles which

Yo Y3 31

B 2 m H L v, = - =
-.198838 0 06815  4.029 .8218  .667 0 0

-.18 -.0545 .05601  5.529 .7343  .667 2.917  2.920

-.10 -.0545  .01503 12.625 .3308  .678  10.665 10.000

-.05 -.0258  .00283 28.096 .1190  .698  25.748  27.350

025 -.0106 .00051 59.821 .0418  .721  56.478 62.353

Table 1: Some results for reversed flow solutions of eg. (9).

are found far downstream in a separation bubble, extremely large values
of the shape factor H occur. This is due to the strong increase in &*
which in turn follows from the thick region with reversed flow. Because
the velocities in the separated region remain very small it may be
expected that eq. (2} remains valid within a separation bubble at
appreciable distances downstream of separation. This is illustrated by
fig. 2 in which measured streamlines from a smoke picture of a separa-
tion bubble [10] are compared to results of a calculation using eq. (2}.
It should be noted that the streamlines can only be calculated when y is
known. In this case the value of y was taken from the smoke picture.
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o> Fig. 2: Streamlines from smoke pic-
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3. RESULTS OF FLOW VISUALIZATION STUDIES OF
LAMINAR SEPARATION BUBBLES

When a boundary Tayer calculation is performed for a prescribed pressure
distribution, generally a singularity will occur at separation for which
the wall shear stress T, tends to zero like the square root of the

distance to separation (Goldstein, [26]1). In this case eq. (1) would
predict a separation angle y of 90 degrees, which is obviously in con-
tradiction with experimental evidence. Usual ways to proceed with the
calculation through the separation point, are to use the Navier-Stokes
equations or at least a strong interaction model coupled with the
boundary layer equations.

An alternative way was followed at LSL, in order to develop an engineer-
ing method for the calculation of separation bubbles. An extensive
series of flow visualization studies was made in the hope that a
sufficiently general empirical relation might be found from which the
separation angle y can be determined as a function of the boundary layer
characteristics upstream of separation. Once y is known the separated
flow might be calculated using simple methods.

A first series of results has been reported in [9]. Measurements were
performed on seven different model configurations in three different low
speed windtunnels. The flow was made visible by means of tobacco smoke
introduced into the separation bubble. The shape of the front part of
the bubble was determined photographically, from which the separation
angle y could be measured.

The results are shown in fig. 3, where measured values of tan(y) are
plotted vs. the corresponding value of Re at separation. It follows that

a reasonably unique relation exists between y and (Re)Se which can be
approximated by P

tan(y) = B/(Re)Sep (12)
with a value for the ‘constant' B of about 15 to 20.
Later [107, similar experiments have been performed on a Wortmann FX 66~
S-196V1 airfoil (series 1 in chapter 7); results are given in fig. 4.
For these experiments the chord Reynolds number was reduced to such low
values that bursting of the bubble occurred. It follows from fig. 4 that
even after bursting relation (12) remains valid. In the LSL airfoil
computer program, equation (12) is used with a constant mean value for B
equal to 17.5.
When the separation streamline for a curved wall is plotted in boundary
layer coordinates, where distances are measured along and normal to the
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Fig. 3: Separation angles from [9]..Fig. 4: Separation angles from [10].

wall, respectively, the dividing streamline in the laminar part of the
bubble is reasonably straight or slightly curved Upwards (fig. 2). This
finding has been wused [9,10,11] to develop 'a simple calculation
procedure for the separated laminar flow. This method employs the Von
Karman momentum integral relation and the first ‘compatibility condi-
tion' of the boundary layer equations. This condition relates the
curvature of the velocity profile at the wall to the streamwise pressure
gradient. The following additional assumptions are made.
- The angle vy can be determined from (Re)se by an empirical rela-
tion such as {12) with B = 17.5. P :
- The 'separation streamline' has a prescribed shape in the laminar
part of the bubble.
- The reversed flow velocity profiles can be represented by the
Stewartson second branch solutions of the Falkner-Skan equation.
It should 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 is compatible with the other
assumptions and with the equations used. Initial conditions which are
required to start the calculation at the separation point are g and U.
These conditions follow from the boundary layer calculation upstream of
the separation point.
The above mentioned method has been used for some time in the LSL
airfoil computer program. The resulting pressure distributions were
always found to be very similar, showing the characteristic flattening
in the laminar part of the bubble (fig. 1). At a later stage, the
pressure distributions have been directly derived from a universal
relation which is based on a combination of experimental evidence and
calculations (see chapter 4}.

4. A POSTULATED UNIVERSAL DESCRIPTION OF THE LAMINAR
PART OF THE BUBBLE

In order to arrive at a universal model of the laminar part of the
bubhble we start from the boundary layer equation:
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du au _ 1 dp d%u '

RO A T (13)
and the continuity equation:

du , OV _

a.-yda_y. 0 (1_4)

It seems reasonable to assume the validity of (13) even within the
separated region if only we refrain from prescribing the pressure
distribution. The pressure gradient term in (13) can be related to the
velocity U at the edge of the boundary layer using the Bernoulli equa-
tion.

We now make (13} and {(14) non-dimensional by using esep as a character-

istic length and Usep as a characteristic velocity. Taking again x as
the distance downstream of separation we now define:

(Re)sep = (Usep esep/v)
y = y/esep u o= u/USep U= U/Usep {15)
£ = x/(0 R ) v=1{(vR y /U
sep esep esep sep
Note that in non-dimensionalizing x and v a factor (R.) has been

- 8’ sep
used. This is to obtain values of £ and v with a reasonable order of
magnitude and moreover to arrive at the following equations which do not
contain the Reynolds number explicitly:

- AU - Al il 2%
u%g+v9:=u§—g+9-_—” (16)
e =0 (17)

If now we make the following assumptions:

a. U =U/l is a universal function of £ downstream of separa-
tion. Sep ‘

b. A1l velocity profiles at separation are the same when plotted as
ufusep Vs y/esep'

Then equations (16) and {17} and the corresponding houndary conditions
are always the same leading to a universal solution. From this it would
follow that

g = U/USe 6 = e/esep, y3/9Sep and g = y3/e

p’
are universal functions of r. It should be stressed that the available

experimental evidence to support assumption {a) is scarce and scattered.
Moreover the assumption (b) may be questioned, because the various
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separation profiles certainly show a variation of the shape factor H
[10,27]. Nevertheless we will proceed on this line because it will lead
us to a useful frame of reference to present further experimental
results.

If g = y3/9 is a universal function of £, then we find (note that g = o

at separation}:

dg
tan = (ij."_/_:"_) = .(_.j..y_‘?lg_é = (di)gz(} ' (18)
YU Ndx x0T Vg dx/x=0 T TR.T__
0'sep
With (%g)a=0 equal to a universal constant, say B, we retrieve our

experimental relation (12}).

From a limited number of experiments we derived the following relation
for U as a function of £:

- - 2
0.978 + 0.022 "2 8 - 2.5 4 (13333
(19)
0.978 £ > 1.3333

g = U/USep

1]

Using the momentum integral relation and some relations between charac-
teristic parameters for the Stewartson boundary Tayers, we derived the
following relation for & in the bubble:

5= 0/0gy, = [1+1.52 (1~ (1 -0.75 31525 0 ¢ < 1.3333
, {20)
5 - 1.1935 £ > 1.3333

Both equations (19) and (20) are at present used as a standard in the
LSL airfoil analysis and design program. Because these relations are not
based on sound theoretical or experimental evidence, it is planned to
investigate the subject of the present chapter in more detail in the
future. ‘

5. THE e" METHOD FOR TRANSITION PREDICTION

The e" method for transition prediction for attached flows was developed
in 1956 independently by Smith and Gamberoni [6] and Van Ingen [7]. The
method was extended by Van Ingen to the case of suction [28] and
separated flows [10,11].

The method employs linear stability theory to calculate the amplifica-
tion factor o for unstable disturbances in the laminar boundary layer
(c is defined as the natural logarithm of the ratio between the ampli-
tude of a disturbance at a given position to the amplitude at neutral
stability). It is found that at the experimentally determined transition
position the calculated amplification factor for the critical disturb-
ances attains nearly the same value (about 9) in many different cases
for flows with low free stream turbulence Tevels. To include the effects
of higher free stream turbulence levels, the critical amplification
factor was made dependent on the turbulence level by Mack [29] and Van
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Ingen [10,11].
To obtain the critical disturbance, calculations are made for many
different disturbance frequencies; the envelope = of the o-x curves for

these different frequencies is used as the critical amplification factor
controlling transition. Denoting the value of % at transition by n, it

follows that the calculated ratio of the amplitude a of the unstable
disturbances to the neutral amplitude 2, is given by:

a/a0 = g (21)
This of course explains the name of this semi-empirical method. It is
customary at LSL to use 9, instead of n.

In Tinear stability theory a given two-dimensional Taminar main flow is

subjected to sinusoidal disturbances with a disturbance stream function:

For the spatial mode w s real and o« is complex o = @, + i L7 This
' -0t. X

leads to a factor e ' in the disturbance amplitude and o follows from:

X
g = j -C[.i dX (23)
X

0
where X5 is the streamwise position where the disturbance with frequency

w 1s neutrally stable.

A1l stability data obtained from [30,31,32] and some additional inviscid
stability calculations at LSL [10]} (fig. 5), have been reduced to a
table containing about 300 numbers.,

Using this table, the amplification rate -~a; can easily be obtained for

any velocity profile, as soon as the critical Reynolds number is known.
At LSL a boundary layer calculation method is used [10] which for
attached flow is similar to Thwaites' method. It contains an extra para-
meter however, which makes the prediction of the separation position as
accurate as for Stratford's two-layer method [33]. In separated flows an
integral method is used in which the shape of the separation streamline
is prescribed. Both for attached and separated flow the primary profile
shape parameter is m/msep. The critical Reynolds number is a function
of m/msep; this function is assumed to be equal to that obtained for the
Falkner-Skan sotutions.
It is clear that o is a function of x and w for a given boundary layer;
o can be calculated as soon as stability diagrams are available for the
velocity profiles for successive streamwise positions x.
Since transition occurs in a region rather than in a point, Van Ingen
introduced two values of LA namely 9 and ay [10] corresponding to

beginning and end of the transition region. The values of =) and Ty
depend on the free stream turbulence characteristics.

Although it is clear that the initial disturbances cannot be sufficient-
1y characterised by the r.m.s. value of free stream turbulence alone, it
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Fig. 5: Inviscid dinstability for Hartree's and Stewartson's velocity
profiles. For attached flow -«.8 +» 0 for g » 0, for comparison the
viscid instability is shown for B L 0 and -.10 when Re is about 1000.

may be attempted to find a relation between oy, o, and the r.m.s. free
stream turbulence Tu (in %).

In many different papers relations between Tu, R, or RX at transition

8
have been given for the flat plate. The measured transition positions
may be converted to oa—va1ues. Then 9 will decrease when Tu increases;

fig. 6 shows a collection of these data; for Tu > 0.1% the relation used
by Mack in fig. 3 of [29] can be approximated by:

o = 2.13 - 6.18'10g Tu (22)
while for oy @ reasonable approximation is:
oy = 5 - 6.18""log Tu (25)

For values of Tu < 0.1% there is much more scatter because in this
region sound disturbances may become the factor controlling transition
rather than turbulence. We may also use the relations (24) and (25) for
Tu < 0.1%; but then we should define an 'effective' value for Tu. Of
course this does not solve the problem because we can only define an
‘effective Tu' for a wind tunnel after transition experiments have been
made in that same tunnel.
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Fig. 6: Relations between S1» Op
and Tu for the flat plate.
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In the LSL airfoil program we use the mean value of 0 and 0o which is
catied Sturb to predict a ‘transition point' where the turbulent

boundary Jayer calculation is started.
The value for Tu which is used, is based on calibration calculations

using available transition experiments in different wind tunnels and in
free flight of gliders.
At present we use values according to table 2 [12].

FaCj11ty Tu (%) %% urb
NACA LTT and similar tunnels 0.10 9.75
Advanced Tow turbulence tunnels 0.06 11.2
such as at LSL

Free flight of gliders 0.014 15.0

Table 2: Tu used for different facilities.

Application of the e" method requires the evaluation of eq. (23) for a
range of reduced frequencies wv/Ui; this is done on a routine basis in
the LSL airfoil program. For separation bubbles a short-cut method was
developed [10,11] which is thought to provide a reasonably accurate
first estimate of the transition position in the . separated flow at
rather Tow values of the Reynolds number, where no appreciable amplifi-
cation occurs prior to separation. This short-cut method will be
described in the remainder of the present chapter.
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Starting from (23) and using the non-dimensional coordinate £ we can
write: _

.0
f - (Re)sep f7— dg (26)

sep

Q
1!

The non-dimensional frequency w8/U may be written as:

w0/l = (o 8y /U M (678 VU ) (27)

Then, using the results of chapter 4 that U/Usep’ e/esep and the shape
factor may be taken as universal functions of 2, it follows that for
each frequency the integral in (26) is a universal function of &. Then,
also the envelope of the integrals for the different frequencies is a
universal function of g. Hence we can write:

0, = (Rg)geq FIE) | (28)
where F{£) is a universal function of £ which may be determined from the
known relations between ¥, g, B and the various stability data.

A simplified calculation can be made when it is assumed that in first
approximation in the laminar part of the bubble o, U and Re are constant

and equal to their values at separation. Then constant values of wv/U2
also mean constant values of wd/U. Furthermore it may be assumed that
downstream of separation g is proportional to ¢ according to

g=B¢g (29)
Hence (26) can be written as

(R.) '
o= —22 [ (~q.0) dg (30)

In [10] a different parameter z was used according to

z=g% Meep (31)

so that (30) leads to:

(R}
o= 107" ﬁ—éﬁ-ﬂ [10% | (-a;0) dz] (32)
sep

The powers of 10 have been introduced to obtain values for the integral
of a suitable order of magnitude. Similarly we can over a short interval
upstream of separation, assuming £ to be proportional to Xeap %o perform
the integration w.r.t. 2 instead of x. P
Now we make the further assumption that the Reynolds number is so high
that the stability characteristics are given with sufficient accuracy by
the limiting values determined from the inviscid stability equation.
Then -a;6 only depends on the value of wd/U and the profile parameter B

or z. Hence the integration w.r.t. z in eq. (32) can be performed once
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for all independently of (Re)sep or the pressure distribution for

different values of we/U. A similar result holds for the integration
w.r.t. 2 upstream of separation.
The inviscid instability for different values of g is shown in figs. 5a

and 5b. Values of 104 f (-aie) dz are shown in fig. 7 for different

values of wd/U together with the envelope giving the maximum value I of
the integral as a function of z. Hence the maximum amplification factor
A follows from (32) in the form: '

(R.)
5 = 10—4 8’ sep I (33)

a B'msep

Values of z and I for reversed flows may be found in table 3. According
to previous experience with the transition prediction method it may be
expected that transition will occur in practice as soon as the cal-
culated value of T, exceeds a critical value which is of the order of 9,

but will depend on Tu. Assuming a c¢ritical value of Ty the transition
position may be found as follows. From the known values of (Re)sep’
msep’ B and the critical value of o, We find from eq. (33} the value of

I at which transition will occur. Then table 3 gives the corresponding

1500

| h
I ynk ) "
T 1=10%ft- i )dz - 8 229,y 1
1250 //
' a -.198838 0 127
/’4/ - -.198 042 145
1000 ,,// -.197 .061 154
%.05 7 e -.195 .088 167
/ / =01 -.190 134190
750 Log pd -.180 199 225
/o7 / -.160 .307 285
/ S -.150 .360 315
so0 : -.140 420 348
ayd -.120 .556 422
// -.100 .682 483
250 -.075 1.107 659
// -.050 1.864 883
-.025 4,249 1331
00 1 2 3 4 5
|1
= 739 'msep=-3Wp
Fig. 7: Amplification integral. Table 3: z and I as a func-

tion of the Hartree shape
parameter g for reversed
flows.
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value of z = g * Msaps then eq. (29) and (31) determine the distance

between the separation and transition points.

At LSL we use this short-cut method to obtain a first estimate of the
transition position only. Subsequently we always perform the full ampli-
fication calculation where also the upstream influence is taken into
account. This may lead to a shorter bubble than follows from the short-
cut method.

Comparing {28) and (33) it follows that the function F(g) is related to
I according to:

4 err)
10" Flg) = 1/(8 * mg, ) (34)

Plots for I and 104 F(z) are shown in figs. 8 and 9. For small values of
£ and z we may use as a good approximation:

10% F(g) = 70 + 530 ¢

(35}
I =122.5 + 530 z
For large values of z and £ we may use:
I = 650 vz
(36)

10% Flz) = 491 v

The linear approximation (35) will be used in chapter 7 as a frame of
reference for some further experimental results.

1500, |
1

-~

' Inlo“f(-ais)dz / g

1250 ! /
/
I=122.5+53Uz\/ / 750 | y
4
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The square root approximation may be brought in a familiar form, which
has been used by previous writers to present their experimental results.
It should be noted that {36) completely neglects the amplification
upstream of separation but is rather accurate for large values of z.
Combining egs. (33), (36) and (29} it follows that the position of

transition Xip follows from (take Xsep = 0):
8
2 2
Xep ) EH 107 B msep i 237 o3 B msep (37)
9 2
sep 650 (RB)Sep (Ra)sep

Using as mean values B = 17.5 and mSep = 0.10 we find:

X 415 &2 4

tr_ . 3 - 0815 2 10 (38)
o a
sep Re Re
sep sep
Horton [35] used the following relation
X 4 .
N (39)
Sep (Re)sep

with values of C ranging from 3 to 5. This range of C values corresponds
to o, values between 8.5 and 11. It should be noted that (36) and hence

{39) can only be used when transition occurs rather far downstream in
the bubble; that means it is a very low Reynolds number approximation.
It would lead to the unrealistic result that, with increasing Reynolds
number the bubble would only disappear at infinite Reynolds numbers. At
the higher Reynolds numbers it should be expected that (35) is a better
approximation. _

It should be stressed again however that all approximations discussed in
this chapter are based on the assumption that no appreciable amplifica-
tion occurs upstream of separation. Only the full amplification
calculation which we use in the LSL airfoil program will give a proper
prediction of transition.

6. POSSIBLE METHODS TO PREDICT BURSTING OF THE BUBBLE

A number of methods may be used to predict whether reattachment of the
shear layer will occur downstream of transition. A few of these methods
will be briefly described in this chapter; some experimental checks will
be given in chapter 7. '

In [47] Crabtree observed that there seems to be a maximum limit to the
pressure rise which a reattaching turbulent shear layer may overcome.
From a number of experiments he deduced that the pressure coefficient

o= 1 - () (40)

103



is nearly constant for short bubbles about to burst; the constant value
he suggested was 0.35. Since it seems better to correlate different
experimental results on the pressure rise between transition and re-
attachment we will use a slightly different coefficient T defined by:

U 2
o, =1 - () (41)
Uy

If eq. (40) or (41) is to be used to predict whether reattachment will
occur, the value of UR at the possible reattachment point has to be

known. In a first approximation this may be taken from the pressure
distribution which would occur without the bubble being present, at the
position x, . (the ‘inviscid pressure distribution').

In [35] Horton gave a method to predict whether and where reattachment

may occur. This method is based on the simple criterion that (g-g%Jr =

constant = -.0082 for ali turbuient shear Jayers.

Gaster [36] defined a bursting 11mit:for the maximum value of the mean
6

pressure gradient over the bubble - sep Al as a function of R (see

fig. 1 and also chapter 8). vooax Osep

A simple criterion for bursting was found at LSL to be provided by

Stratford's zero skin friction 1imiting pressure distribution [34]. This

is the adverse pressure distribution which a turbulent boundary layer

can just negotiate without separation. This limiting pressure distribu-

tion curve, starting at the measured transition point T (fig. 1) can at

Jow Reynolds number fail to cross the ‘inviscid pressure distribution

curve'. This means that the requested pressure rise is more than the

Stratford pressure recovery can provide and hence bursting occurs. For

our experimental results on a Wortmann airfoil {chapter 7) this gave a

very good prediction of the bursting Reynolds number.

In the airfoil design and analysis program at LSL we use at present the

Stratford curve in a standard method to predict bursting.

7. SOME FURTHER EXPERIMENTAL RESULTS

Some further experimental results were obtained on a few different con-

figurations [11]. In what follows these will be referred to as:

Series 1: Wortmann airfoil FX66-5-196 V1, « = 1 degr in a small noisy
tunnel.

Series 2: The same Wortmann airfoil but now on a larger scale in the
lTarge low turbulence tunnel at LSL.

Series 3: A circular cylinder with a wedge-shaped tail in the large
tunnel {one of the configurations of [9%

Series 4: Same as series 3 but noise from the small tunnel recorded on
tape and replayed 1in the test section of the large low
turbulence tunnel.

Fig. 10 shows pressure distributions for series 1 for various chord
Reynolds numbers. Below RC = ,118 * 106 bursting is seen to occur.

Separation angles vy for this case were shown in fig. 4 already. Fig. 11
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Fig. 10: Pressure distributions for Fig. 11: Bursting parameters for
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gives results for series 1, plotted in the way of Crabtree and Gaster;
the figures indicate that a reasonable prediction of bursting would have
resulted from both methods. Figs. 12a and 12b show the pressure
distribution for the highest RC and for the lowest Reynolds number

before bursting occurs. Indicated are predictions with the method
referred to in chapter 3 for B = 15 (note that at present we use B =
17.5). Furthermore the critical curves according to Horton and Stratford
are indicated. Bursting occurs as soon as the critical curves do no
longer cross khe 'inviscid pressure distribution'. It follows that at
R. = .118 * 10" bursting is nearly reached.

The Tength of the laminar part of the bubble (the distance between S and
T in fig. 1) is shown for all series in fig. 13, plotted in a conven-
tional way. There is a large scatter which is partly due to experimental
error but certainly also due to the different 'effective turbulence
levels' Tu in the various experiments. The grid, shown in fig. 13 is
based on equations (28), (35) and (25); it should represent the effect
of Tu. :

A better idea of the experimental scatter follows from fig. 14 where
only the results for series 2 are shown. The vertical bars indicate
errors in Ax of +0.5% chord; hence the total length of the bar corre-

105



1.7 jzevs
£ % T (la 7 I
\tq e,;15 R =638«10 Re=118=10°
16 .%WV -
\ H 16 e
\ b N
-
\i \\ .‘,‘:--.- ectus *¥s B=15
15 o Dt . T
AY 15 3 3
n, 3 |
a’g% S \ °
nc \\ :‘.
14 5 U AN i
W .
vy ] \\
I\ °¢ N Vi
\ 5 \\\ 1* -
13 k o ~ N
\ ° RS
Slrutford'\ \";..._ o 7 . \\ Horton
Y .,
Horton o \k\ .
12 . 12 S
N Stratford ¢
q ..
™~
111 1 : T
._\
10 - 1,
40 50 60 70 80 a0 &0 50 11} 0 B0 or 30
— = x % —=X%
. w 106 ) _ o 106
{a) RC = ,638 * 10", {b) Rc = 118 * 10",

Fig. 12: Pressure distributions and critical curves for bursting for two
cases; series 1.

Ax
%_ Ax
k "Bsep Tul a
300 | o 300 t | f
w§ .01
é\%{% %“:7 4
200 | T
200 1 ~15.5
100 | ® series 1 100 }
O series 2
0O series 3
A series &
—— Resep — Resep
4] " " 0 L i L L L X NI
0 100 200 300 400 500 &00 700 o] 100 200 300 400 500 600 740

Fig. 13: Leﬁgth of laminar part of Fig. 14: Length of laminar part of
the bubble; all series. the bubble; series 2.

106



sponds to 1% chord). With increasing RG the scatter band widens. A
sep

better way of plotting is suggested by the linear approximation,
discussed in chapter 5. As an example fig. 15 shows a replot of fig. 14
but now in the variables of chapter 5. The scatter band now has a more
constant width; moreover the trend appears to be linear in accordance
with the Tinear approximation in fig. 9 and equation (35). In fact this
‘approximation was developed after the results of fig. 15 had been
‘obtained. A compilation of the results for all series in the improved
‘plot “¥s ‘given in fig. 16. Note that, although there remains some
scatter, the -experimental points seem to follow the linear trend for
constant Tu {and hence constant ca} as indicated by equation {35).

0%

L T Tu? a
75} R sep 75 b oot ® series 1 2
. TuZ 09 Rg O series 2 |
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] .5 1.0 1.5 o .5 1.0 1.5
Fig. 15: Results for series 2; Fig. 16: Results for all series;
improved plot. improved plot.

8. SOME CONSEQUENCES FROM THE SIMPLE BUBBLE CALCULATION PROCEDURE

In previous chapters we derived a number of elements for a simple short-
cut bubble calculation procedure using the reduced streamwise coordinate
£. The non-dimensional edge velocity U and momentum loss thickness @
follow from equations (19) and {20). For a given effective turbulence
level Tu, the critical amplification factor follows from o, using
equation {25). Then the value of £ at transition follows from (38) and
(35) for a known value of (RG)SEp' The Stratford Timiting curve starting

at T is uniquely determined by R, at T which follows from U and o at T.

As an example fig. 17 shows results for Tu = 0.1%. If a linear O{z)
distribution is assumed for the inviscid pressure distribution between S
and R, possible bursting conditions follow from tangents to the
Stratford curves going through S. From the points of tangency values for
Crabtree's and Ggsters parameters can be obtained. Note that Gasters
0
s AU

parameter P = el is equal to g%-for the tinear distribution.

=]
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simple procedure.

Repeating this procedure for various values of Tu produced the results
indicated in figs. 18 and 19. Fig. 18 gives the modified Crabtree para-

meter, equation (41), as a function of (Re)sep for wvarious Tu. It

follows that indeed the pressure recovery coefficient is very nearly
constant for a given value of Tu, except at the very high turbulence

leavels.
Fig. 19 gives Gasters parameter for various Tu as a function of (R ;
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the limiting curve given by Gaster in [36] is indicated in the figure.
It foilows that the present method reproduces Gasters curve for Tu about
equal to 0.2%.

9. MORE DETAILED INVESTIGATIONS OF THE BUBBLE FLOW

In applications of the LSL airfoil program it was found that at low
Reynolds numbers the program underestimates the airfoil drag. This is
due to using improper starting conditions for the turbulent boundary
layer calculation downstream of reattachment. Therefore a more detailed
investigation of the flow in separation bubbles was started. Lack of
space does not permit to discuss this in detail. '

Some results of boundary layer measurements with a traversing total head
tube for the Wortmann airfoil (series 1) are shown in fig. 20 [27]. It
is seen that a strong increase of 6 between T and R occurs. It also
follows that early tripping of the boundary layer may reduce the down-
stream value of 6 and hence also the drag. -
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> i
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; %
’ 1 /ll/ H l', A
2 i 2 : -
; //(/ ' n,//
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8 L
t S ! J
PO £ o s
.flfgsﬁ..ﬁ';,r T | ]
0 . ¢
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(a) o{x) for three values of R.s (b) The effect of tripping on 6{x)
0.154 * 106; 0.218 * 105; at Rc = 0.154 * 1086,

Fig. 20: Results of boundary layer measurements for the Wortmann airfoil
(series 1). :

Similar results for the HQ 17/14.38 airfoil, now obtained using a single
hot-wire, and including turbulence intensity are shown in fig. 2la and
21b. A detailed discussion of these results may be found in [20]. Wall
shear stress distributions were also obtained using Preston tubes.
Measurements with cross-wires in a boundary layer channel have shown
[38] that the turbulent shear stress downstream of reattachment is much
larger than would be predicted by the usual mixing length models. A
research program on the development of turbulence through separation,
transition and reattachment is being started at LSL.
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Fig. 21b: Integral boundary layer parameters for the HQ 17/14.38 air-
foil; derived from fig. 2la.

10. SOME TYPICAL RESULTS OF LOW REYNOLDS NUMBER AIRFOIL TESTS

In ‘this chapter some typical examples of experimental results are
described in which Taminar separation bubbles, and the elimination of
them, play an important role with respect to airfoil characteristics.
A11 measurements, ranging from RC = 5 * 105 to 2.5 * 106, were per-

formed in the Low-Speed Low Turbulence Wind tunnel of LSL.

Fig. 22 shows the measured characteristics of a well-known airfoil
designed by Eppler for model airplane application, E 205. The measuring
technique is briefly described in [43]; a model with span 0.75 m and
chord 0.15 m was suspended between two reflexion plates at the tips and
with one tip connected to the wind tunnel balance system. The 1ift was
measured with the balance system, the drag was measured with a wake rake
connected to a sensitive Mensor Quartz manometer. _
0i1 flow patterns and stethoscope measurements show that the flow on the
lower surface is laminar at angles of attack higher than about -2 degr.
At lower angles of attack transition moves forward rapidly and a laminar
separation bubble appears near the nose of the airfoil. Large Taminar
separation bubbles are present on the upper surface of the airfoil. For
instance at o = 5 degr. and RC = 1 * 105 Jaminar separation occurs at

259 ¢, transition at 62% ¢ and reattachment at 70% c. At Rc = .6 * 10°

the separated boundary layer fails to reattach on the airfoil surface
between a = 2 degr and roughly 8 degr (hysteresis). At higher angles of
attack there is a laminar separation bubble on the forward part of the
airfoil and turbulent separation on the rearward part at all Re-numbers.
The flow behaviour and characteristics of this airfoil are very similar
to E 387 [43] which was also measured with a 0.6 mm trip wire positioned
10% ¢ in front of the airfoil and 2.7% ¢ below the chord line. This
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Fig. 22: Measured aerodynamic characteristics of airfoil E205.

position of the wire, which guarantees attached flow at RC = .6 * 105,

was obtained by translating the wire in front of the airfoil at several
angles of attack. Similar results may be expected with a trip wire in
front of airfoil E 205.

Fig. 23 shows some measured characteristics of another low Reynolds
number airfoil, E 61, measured in the same way [44]. Again, the flow on
the lower surface is laminar at angles of attack higher than 1 degr. At
decreasing angles of attack transition moves forward rapidly and a
laminar separation bubble appears on the first 20% ¢ at 0 degr and -1
degr. At -1.5 degr angle of attack a long bubble extending to about 60%
c is present. On the upper surface reattachment fails at angles of
attack below about 6 degr. At 6.5 degr a laminar separation bubble is
present between 50% c and 85% ¢ while turbulent separation occurs at 95%
¢. At increasing angles of attack the bubble decreases in length and
moves forward, as does the turbulent separation position.

To provoke transition, single frequency sound was radiated perpendicular
to the upper wing surface; the sound pressure level (SPL) at the wing
surface was measured at the actual wind speed. At 4.8 degr angle of
attack the sound pressure level and frequency (estimated from boundary
layer instability calculations first) were varied systematically. The
most effective sound frequency was 300 Hz at R_ = .8 * 105 {and 145 Hz
at R_ = .5 * 105}, Fig. 23 shows the effect of Both frequencies and SPL
104 8 on the characteristics. Fig. 24 shows an example of the effect of
the sound pressure level on the 1ift and drag, indicating the sensi-
tivity of the flow and hence the measured airfoil characteristics for
sound disturbances in the tunnel flow.
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In the next examp1es the results were obtained by pressure measurements
with models spanning the height of the wind tunnel test section (height
1.25 m, width 1.80 m).

Fig. 25 shows some results of the Liebeck LA 5055 airfoil [45]. To
prevent ear1y separation near the tunnel walls, suction was applied in a
small reg1on on the walls along the upper surface. The airfoil, des1gned
for C 1.04 at a = 4.82 degr and R 0.6 * 106, has a distinct in-
stab1f1ty region between 27% ¢ and 47% C upper surface, as shown in the
potential flow pressure distributions. However, (detrimental) laminar
separation bubbles are present at R, = 0.5 * 10® {and R, = 1% 106, not

shown here} as shown in the measured pressure distributions. The flow on
the lower surface is laminar at angles of attack higher than 2 degr.

A strip of tape, height 0.25 mm and width 11 mm, positioned at 39.5% c,
shows improvement at 1ift coefficients below 1.25. A zig-zag form, cut
from the same tape {(the idea was to strenghten the tendency of the
Tollmien-Schlichting waves to become three-dimensional by matching the
zig-zags to the expected spanwise wave length) shows a remarkable im-
provement, positioned at 39.5% ¢ and 37.5% c¢. Similar results were ob-
tained at R, =1 * 106, In fact, no better results could be obtained

with tape with digged-in bumps every 5 mm span of heigth 0.65 mm or 1
mm, positioned between 39% ¢ and 47% c.

Finally, it is mentioned that the maximum 1ift coefficient of 1.61 at
Rc =1 * 106 could be raised to 2.27 with semi triangular vortex

generators [46] positioned at 20% ¢, despite of the very steep Stratford
type pressure distribution on the rearward part of the airfoil.

Fig. 26 shows results of measurements on the DU 80-176 airfoil, designed
at our dinstitute for sailplane application [I4]. 0i1 flow patterns
indicated the absence of a laminar separation bubble on the upper sur-
face at practical combinations of Tift coefficient and Reynolds number,
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Fig. 26: Drag polars and potential flow pressure distribution of airfoil
DU 80-176; effect of pneumatic turbulators.
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and the existence of a pronounced laminar separation bubble on the lower
surface downstream of the pressure rise at 65% ¢, as intended. This
bubble was eliminated and the drag reduced, fig. 26, by using pneumatic
turbulators at 65% c, i.e. blowing a small amount of air through
orifices periodically spaced in spanwise direction [20]. They function
like roughness with adjustable height [16].

A slightly more cambered version of this airfoil was applied in
modifying the wing of an existing high performance sailplane just by
adding material to the surface. An air intake nozzle for each wing half
with a diameter of only 6.5 mm was needed for the 870 pneumatic turbula-
tors to do their job. Flight performance measurements before and after
the wing modification showed an improvement of about 5% in glide ratio
over the entire flight speed range.

Several types of high performance sailplanes are provided with pneumatic
turbulators nowadays.

Another airfoil for sailplane application, HQ 35/12.29, designed by X.H.
Horstmann and A. Quast of DFVLR Braunschweig (West-Germany), is shown in
fig. 27. This 12.29% ¢ thin airfoil has a camber changing flap of 13.5%
chord Tength. In actual practice this flap extends along the whole span
of the sailplane wing. Very long laminar flow regions are present on
both the upper and lower surface as shown in the measured pressure
distributions. Due to the stability of the laminar boundary layer and
the pressure rise on the rear of the airfoil, laminar separation bubbles
are present again. Fig. 28 shows the drag decrease obtained with zig-zag
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Fig. 29: Measured aerodynamic characteristics of airfoil HQ 35/12.29
with zig-zag tape at 69% c upper surface and 83% lewer surface.

117



tape, mentioned before, at 69% c on the upper surface and 83% ¢ on the
lower surface, and fig. 29 presents the airfoil characteristics with
these triggering devices at several practical combinations of Reynolds
number and flap deflection. _

The concave corner in the upper and/or lower surface contour at the flap
hinge leads to 1local separation of the turbulent boundary layer.
Systematically filling and rounding of this corner did not result in a
drag reduction. More research is needed to exploit this phenomenon.

11. NOMENCLATURE

The symbols used are the conventional ones. Only a few are mentioned
specifically below. Because the material of this paper is taken from
various existing papers, some symbols have more than one meaning.

constant, eq. ( )
chord length
F{r), eq. (28) and (34)

y3/8; shape parameter

5%/
envelope of 10* [ (-a;8) dz
TOB(UU)

_e
v ax
92

s AU

vl Gasters parameter, fig. 1

UmC/v
ve/v

distance along wall

turbulence level; %

edge velocity -

hypothetical inviscid flow velocity at the surface

-z W4 MO oo

=

o

o]

=

=)
=]

'free stream speed

U/u din figs. 10 and 12; U/U o elsewhere
see”fig. 1 Sep

distance along wall, in general measured from separation
point

non-dimensional distance along chord

sometimes ST in fig. 1

sometimes SR in fig. 1

distance from wal)

y for t =0

8

x>l -0 O
= (]

>
S
(g]

y foru=o0
y for separation streamline

N w
W M = > x

*
97 Msep

+ ja,
o ] ar 10’..I

-0 spatial amplification rate
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} = L]

L=
o

8

O C o —-wn ;0073

P s
=

> X
b
(g}

AX

Subscripts:

S, s, sep
T, tr
R, r

Uwc/v
ue/v

distance along wall

turbulence level; %

edge velocity

hypothetical inviscid flow velocity at the surface

free stream speed

U/U in figs. 10 and 12; U/U elsewhere
see"fig. 1 sep

distance along wall, in general measured from separation
point :
non-dimensional distance along chord

sometimes ST in fig. 1

sometimes SR in fig. 1

distance from wall

yforz=o0

y foru=o

y for separation streamline
*

g msep

+ jo.
ar 'ltx1

spatial amplification rate

Falkner-Skan parameter
separation angle (fig. 1)
displacement thickness
momentum 1o0ss thickness
e/eseP‘

amplification factor; eq. (23)
envelope of o-x

o at beginning of transition
s at end of transition

Crabtree parameter, fig. 1
modified Crabtree, fig. 1
disturbance frequency

: X

8 (R}

sep' 6'sep

separation
transition
reattachment
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B Falkner-Skan parameter
Y separation angle (fig. 1)
&* displacement thickness
9 momentum loss thickness .
9 e/esep
o amplification factor; eq. (23)
%y envelope of o-Xx
% o at beginning of transition
o, o at end of transition
% urb 0.5(01 + 02)
o Crabtree parameter, fig. 1
Top modified Crabtree, fig. 1
w disturbance frequency
X

& 5 (R

sep 6'sep
Subscripts:
S, 5, sep separation
T, tr . transition
R, r reattachment
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