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The structure of laminar separation bubbles is described and methods of

predicting the bursting of these bubbles on the slat of a high-lift wing are

examined. In particular Horton's method is found to give a useful description of

: the growth and bursting of the bubble. A simple method of predicting the burst

| of short bubbles is developed by combining the Crabtree maximum pressure rise

. parameter with the assumption that the separated turbulent shear iayer is an
equilibrium flow. These methods will aid the design of wind-tunnel models and

il form one of the building blocks for the calculation of the viscous flow about

- _ I'4
1 ' high-lift wings. ~ (
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1 INTRODUCTION

The large pressure rises, which occur on multiple-element wings developing
high-1ift coefficients, can lead to the formation of laminar separation bubbles,
particularly at the Reynolds numbers of wind-tunnel tests: the bursting of the
bubble can determine the maximum lift on the wing. The formation, growth and
bursting of the laminar separation bubble are strongly dependent on the Reynolds
number and are usually associated with the Reynolds number obtained in atmos-
pheric wind tunnels rather than those associated with full scale. The extrapola-
tion from wind-tunnel results to full scale can thus be difficult, if not
impossible. In the design of models for wind-tunnel testing a method of predict-
ing the existence and possible bursting of the bubble is required so that it
can be ensured that the flow is similar at test and full scale Reynolds number.
In the new RAE 5m tunnel, tests can be performed at up to three atmospheres
total pressure giving a range of Reynolds numbers which in some cases extend to
full scale. 1In tests performed at different Reynolds numbers a bubble may
burst at low Reynolds number, provcking a stall, whilst at high Reynolds number
the flow will remain attached at the same incidence. As the loading increases
with pressurisation (Ze with increasing Reynolds number) it is important that
this change in the flow can be predicted so that models of sufficient strength
can be designed. The ability to predict the growth and bursting of laminar
separation bubbles is examined in this Report and it is shown that the trends

are well-predicted by the method due to Hortonl.

The prediction of the behaviour of the bubble is most crucial in the
design of the slat of a high-lift model. The application of Horton's approach
to these flows must be treated with some caution as the pressure gradients on the
slat are much larger than those used in the development of the method. Horton's
method and several other parametric descriptions of bubbles are checked against
three sets of results taken from recent wind~tunnei tests. The examples to be
considered are taken from tests on three models: a swept 'tapered' half-model,
a constant chord swept 'panel' half-model and an 'end-plate’ model. All the
models have the same normalised section and are illustrated in Figs 1 and 2, The
tapered and panel models exhibit a marked slat leading-edge stall, whilst the
end~plate model stalls from the trailing edge of the wing. It is found that the
parametric descriptions of the bubble are ambiguous; a slight change to Horton's

method however leads to good agreement with the experimental behaviour,

W00d2 reported that Horton's method failed to predict the development of
the laminar bubble on a NACA 63-009 single aerofoil. This failure is explained




and corrected by comparing the method with results of a two-dimensional

experiment3 on a 12,27 thick RAE 100 section; the stall on this section changes
from leading-edge type to trailing-edge type as the Reynolds number is increased
from 0.55 x lO6 to 1.78 x 106. Horton's method predicts the physical extent of

the bubble and the change in stall behaviour with increased Reynolds number.

In the last section a simple method of predicting a bubble burst is
developed by combining the Crabtree maximum pressure rise parameter with the

assumption that the separated turbulent shear layer is an equilibrium flow.

2 STRUCTURE OF A LAMINAR SEPARATION BUBBLE

The development of a 'short bubble', which does not appreciably affect the
external flow, can be divided into two regions. In the first region the
separated viscous shear layer is laminar and there is a region of constant
pressure on the surface. In the second region, transition to a turbulent layer
is followed by entrainment of fluid into the turbulent layer; this entrainment

process leads to the reattachment of the layer.

Owen and Klanfer4 characterised short bubbles by the Reynolds number based
on the displacement thickness of the layer at separation (Rél)s . For short
bubbles observations show that (Rsl)s is greater than 450, whilst 'long
bubbles' (7e those significantly altering the external flow) are associated
with values of (Rsl)s less than 450, If the adverse pressure gradient is too
steep then the turbulent layer does not reattach and the bubble bursts; the

separated shear layer then merges into the wake.

Crabtree5 observed that there is not in fact a unique value of (Rsl)s
which can be used to predict the change from a short bubble to a bubble burst
(or a long bubble). This is illustrated here by calculating the development
of the laminar boundary layer through the pressure distributions measured on
the slats of the three wind-tunnel models. The boundary layer is examined at
conditions where on the tapered and panel models there is a change from a short
bubble to a burst bubble whereas on the end plate model a bubble-burst does not
occur., From the Owen and Klanfer criterion it might be expected that (Ral)s

would decrease through the value of 450 on the tapered and panel models.

The development of the laminar boundary layer is calculated by the method
due to Thwaites6 and the values of (Rgl)s are given in Table |. For the
tapered model, calculations have been made for a section at 607 semi-span at
@, (incidence 22.60) and a, (22.8%); the bubble is known to burst at a

slightly higher incidence. It is difficult in an experiment to obtain
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sufficient measurements of the pressure on the slat to give a reliable calcula-
tion of the development of the boundary layer. For the a, incidence on the

tapered model extra points have been interpolated in the pressure distribution
to give more accurate results; the change induced by returning to the number of
points used in the experiment is examined later in this section. In an attempt
to investigate the situation that would exist if the bubble had not burst, the
pressure distribution at o, (23°) is constructed by a linear extrapolation

from o, and o As Table | shows the calculated value of (RGI) does not
s

approac; the criiical value of 450. A value of (RGI)S well above 450 is also
obtained for the slat of the panel model which is just below an incidence at
which bursting is observed. The slat on the end-plate model, which does not
exhibit a bubble burst, produces a value of (Rél)s which is comparable to the
values for the other two models. These calculations thus support Crabtree's
conclusion that the Owen and Klanfér criterion is unable to predict the change

from short to long bubbles.

The physical basis of the Owen and Klanfer criterion is considered to be
that, in a flat plate boundary layer, turbulent spots do not grow for Rdl <
450, For a bubble with (Ral)s > 450 the growth of the turbulent spots will
cause a rapid transition to a turbulent layer thus enabling the layer to
reattach and form a short bubble. Crabtree indicated that the pressure
attainable by the reattaching layer is also an important parameter for dis-
tinguishing bubbles. He defined o = (Cpr - Cps)/(l - Cps) where s and r
refer to separation and reattachment respectively. Experimentally it was found
that as the bubble approached the bursting point o reached a maximum value of
0.35. In section 5 it is assumed that the separated turbulent shear layer is an
equilibrium flow: this permits a simple integration of the shear layer equations

which, combined with the Crabtree parameter, gives a simple bursting criterion.

3 PREDICTION OF BUBBLE GROWIH FOR HIGH~LIFT AEROFOILS

The production of a semi-empirical theory for the growth of laminar
separation bubbles by Horton enabled the point of reattachment to be determined,
A short summary of Horton's method is followed by an examination of its ability
to predict the form of the bubble on the slats of the three models. Once the
point of reattachment is known, Crabtree's parameter o can be calculated and
it is shown that o 1is close to its maximum value for bubbles which Hortomn's

method indicates are close to bursting,

Since the processes governing the transition of viscous shear layers are

not well understood, Horton took the length of the laminar bubble, l, » from an




experimental correlation. Owen and Klanfer suggested that (R61) is an
s
important parameter determining 21 . (R5l) is proportional to the Reynolds
s - .
number based on the momentum thickness at separation, (Re)s and in Fig 3 a band

covering the values of 2 from some 40 experiments is plotted against (Re)s .

Horton concludes that the relationship
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with ¢ = 4, is an adequate description of these results. For the prediction of

the development of the turbulent shear layer, Horton found that the reattachment

process could be characterised by the parameter AR = [(e/ue)(due/dx)] where u,

is the inviscid velocity outside the layer. Experimentally the value of the
parameter for reattachment is found to be AR =.-0,0082. Horton assumed that the
velocity varies linearly between transition and reattachment and using constant
mean values for the energy thickness shape parameter and the dissipation
coefficient, he integrated the energy equation of the turbulent layer to give

a locus of possible reattachment positions in terms of the pressure coefficient
and distance. Horton introduced two further empirical constants to give a
complete description of the turbulent layer. Since short bubbles have only a
local effect upon the pressure distribution it is assumed that the reattachment
position is given by the intersection of the locus of possible reattachment
positions with the pressure distribution. An example of this calculation for

the slat of the tapered model at o, 1is given in Fig 4.

1
Calculations using the experimental pressure distributions with the length
of the laminar bubble given by equation (i), with values of ¢ of 4, 5 and 6,
are illustrated in Figs 4 to 7. A bubble burst is indicated by the non-
intersection of the locus and the pressure distribution and it can be seen that
for ¢ = 4 the tapered- and panel-model cases (Figs 4 to 6) are much closer to
bursting than the endplate-model case (Fig 7). This corresponds to the
experimental behaviour noted in the introduction. The sensitivity of the
estimated position of reattachment to the assumed value of ¢ is most evident
in Fig 5 where for ¢ = 5 the reattachment point is further downstream than for
c = 4 and for c = 6 the turbulent layer fails to reattach and the bubble bursts.,
At a, the experimental bubble is on the point of bursting so for this case a
value of ¢ = 5 gives a better description of the growth of the bubble. The
predictions with ¢ = 5 given in Figs 4, 6 and 7 are also consistent with the

observed behaviour.
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The value of the Crabtree parameter, o , is thus evaluated using the
pressure coefficient at reattachment from Horton's method with ¢ = 5, The
results are given in Table 1 and for the tapered model at a,, O is 0.34
which is close to the value for bursting of 0.35. For ay on the tapered model
the value of ¢ 1is disappointingly low and this result is discussed in the next
paragraph. It can be concluded that Horton's method closely approximates the
physical process of the development and bursting of laminar separation bubbles.
The maximum pressure-rise coefficient, o , also predicts the bursting of the
bubble.

These calculations are very sensitive to the shape of the pressure distri-
bution and inaccuracies are introduced by the linear interpolation of the
pressure distribution defined by only a few experimental points. The calculation

for the tapered model at o, with the pressure distribution defined by only a

few points is illustrated ii Fig 8. The separation point has moved forward and
by reference to Table 2 the value of o0 is seen to be uncharacteristically low;
all the usual parameters would suggest that the bubble is not close to bursting.
However on closer examination of Fig 8, the locus of possible reattachment
positions only just intersects the physical pressure distribution and this
suggests that the bubble is on the point of bursting. An examination of the
closeness of the locus of possible reattachment positions to the pressure dis=-
tribution is a better guide to bubble bursting than the parameters of the bubble.
On re-examination of the calculation with the extrapolated pressure distribution
(a3) for the tapered model the misleading values of the normal parameters are
explained by the small number of points used to define the pressure distribution;

in Fig 8 the locus of reattachment points is reasonably close to the pressure

distribution indicating a bubble burst.

4 PREDICTION FOR A SINGLE AEROFOIL

4,1 NACA 63-009 aerofoil section

The work of Gault7 on the NACA 63-009 section forms one of the most
detailed experimental studies of the structure of a laminar separation bubble
and it is natural to use these results to test any theory on bubble growth. In
an extensive parametric study Wood2 found that the experimental characteristics
of the bubble were not predicted by Horton's method. The study used inviscid
pressure distributions and this will give poor agreement for at least two
reasons. At comparable lift coefficients the viscous effects increase the
loading at the leading edge making a bubble-burst more likely., Also in Gault's
experiment the ratio of the chord of the model to ‘the height of the tunnel is
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rather large ((c/h) =}) and the constraint of the flow by the tunnel walls
induces an effective camber in the flow in comparison to the results in free

air, The lift coefficient in free air can be obtained by subtracting a
correction term which is approximately equal to (1r2/2A)(c/h)2(CL + QCm) and takes
the value 0.109 at an incidence of 9 degrees. The effective camber in the flow
is illustrated in Fig 10 where the viscous lift from Gault's experiment appears
to be larger than the inviscid lift at any particular incidence. The induced
camber in the flow is also illustrated in Fig 11 where the inviscid and viscous
pressure distributions around the nose are compared at lift coefficients of 1.02:
in contrast to the expected behaviour, the suction peak for the inviscid

pressure distribution is larger than the peak for the viscous pressure distribu-
tion. Wood2 did not include either of these effects, which explains his

failure to reproduce the experimental behaviour of the bubble. However, if

the experimental pressure distributions are used, then the experimental growth

of the bubble is adequately predicted by Horton's method.

In Fig 11 the predicted points of laminar separation and turbulent
reattachment are indicated for inviscid and experimental pressure distributions
at a lift coefficient of 1.02. The difference is quite marked: the calculation
for the experimental pressure distribution is in reasonable agreement with the
perturbation caused by the bubble; for the inviscid pressure distribution the

prediction of separation is premature.

For this experiment it is difficult to take account of the camber induced
by the tunnel constraint, which masks the usual viscous effects, and to predict
the experimental pressure distribution. As it is not possiﬁle to calculate the
pressure distribution for which the bubble is about to burst, this is a poor test
case for the prediction of bubble bursting. A better test case is provided by
Woodward's experiment3 on a 12,27 RAE 100 section which is discussed in the next

section.

4,2 12.27% thick RAE 100 aerofoil section

The change in character of the stall on the 12,27 thick RAE 100 section
with increasing Reynolds number gives a good test case for the prediction of
bubble bursting. Woodward3 reported that at Reynolds numbers less than
0.60 x 106 the section exhibited a leading-edge stall arising from a bubble-
burst; whilst at Reynolds numbers greater than 0.60 x 106 the section has a
trailing-edge stall (see Fig 16). The prediction of the low Reynolds number
stalling behaviour by Horton's method is examined for the experimental and
inviscid pressure distributions. This method is also checked against the

observed change in stalling behaviour with increased Reynolds number,
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6 shown in Fig 12 exhibits

The lift curve for a Reynolds number of 0.55 x 10
the rapid decrease in lift at the stall which characterises a leading~edge stall.

The inviscid 1ift curve is also shown in Fig 12 and, in contrast to Fig 10,

for this two-dimensional experiment the inviscid lift is larger than the
experimental lift at comparable incidences. In the calculation of the bubble for
the inviscid pressure distributions two values of the constant defining the
length of the laminar bubble have been used: for ¢ = 4 the angle of incidence

at which the bubble bursts is well-predicted but the corresponding lift

coefficient is too large; whereas for ¢ = 5 the incidence for the predicted

bubble-burst is too low but the lift coefficient is in better agreement,

In Fig 13 the comparison of the inviscid and experimental pressure distri-
butions at a lift coefficient of 1,069 (corresponding to an experimental
incidence of 13°) shows the increased forward-loading induced by the viscous

. effects. This difference again leads to a marked difference in the prediction
‘ of laminar separation. The perturbation caused by the bubble has been removed
from the experimental pressure distribution; the straightforward boundary-layer
calculation should then give a more faithful representation of the flow close

? to separation. Close to separation the pressure becomes a dependent variable and
_é the calculation method should then change from a parabolic to an elliptic type.

However for a simple design procedure the parabolic method is considered to be

adequate as long as the experimental pressure distribution is modified. The
{ positions of reattachment for two lengths of laminar bubble are shown in Fig 13

and for ¢ = 4 the prediction for the experimental case agrees well with the

observed bubble., 1In Fig 14 the loci of points of reattachment are given for the
inviscid pressure distribution at a lift coefficient of 1,069 and these should
be compared with the loci for the modified experimental pressure distributions
in Fig 15. This lift coefficient is just below the maximum value and the cal-

culation with ¢ = 5 for the experimental pressure distribution indicates

-

. correctly that the bubhle is about to burst.

Although the calculations for the inviscid pressure distribution are not

so precise it was shown in Fig 12 that with ¢ = 5 bubble bursting is predicted

at a slightly higher 1lift coefficient of 1.19, The inviscid pressure distribu-
tion gives reasonable guidance on the prediction of bubble bursting of calcula-
tions are performed at values of 1ift corresponding to those from experiment

rather than at the comparable incidence.
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The change in the nature of the stall with increasing Reynolds number is

indicated on Fig 16 and the ability of Horton's method to predict this behaviour

= I

45
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is indicated on Fig 17. An inviscid pressure distribution with a lift
coefficient of 1.305 has been selected as this is representative of pressure
distributions which would have occurred if the flow had not separated. For a
Reynolds number of 0.55 x lO6 the bubble bursts, whilst at higher Reynolds
numbers the bubble remains attached. For a Reynolds number of 0.91 x lO6 a
trailing-edge separation would have already provoked a stall. Fig 16 indicates

that at the highest Reynolds number the stall is at 14° incidence and caused by |

NSRS

a trailing-edge separation and in Fig 18 Horton's method used for the modified
experimental pressure distribution predicts a reattaching bubble. However the
location of the bubble does not quite agree with the experimental observations.
This is caused by the poor definition of the pressure distribution arising from
the small number of experimental points and the difficulty in estimating the

shape of the pressure distribution with the bubble removed.

Although Horton's method gives reasonable agreement with the experimental
results it is unsatisfactory that the modified experimental pressure distribu-
tions are used and the bursting prediction cannot be checked precisely. These
problems could be overcome by calculating the viscous flow around the aervfoil

at the appropriate incidences. However this approach is thwarted by the presence

of separated flow at the trailing edge for angles of incidence below the stall,
An 1nverse method8 has been given for calculating the development of a separated
boundary layer but it has not yet been incorporated into a full viscous

calculation.

In conclusion Horton's method gives a reasonable prediction of bubble
growth and bursting when the modified experimental pressure distribution is used.
An inviscid pressure distribution which has been matched to the experimental
lift coefficient gives a less accurate description of the bubble but this

approach could still be useful for a design procedure.

5 ALTERNATIVE PREDICTION METHODS

In the following section the separated shear layer is assumed to be an
8

— el g

equilibrium flow after transition and using some results from East, et al.

a simple algebraic expression for the pressure recovery is derived: the

complicated integration in Horton's method is replaced by the simple algebraic

expression.

If it is assumed that the separated turbulent shear layer develops with

09008
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zero skin friction and if it is further assumed that this layer is an equili-

brium flow, then a pressure recovery may be predicted. In such an equilibrium

flow the momentum will grow linearly (East, et al.s) and approximately




§ = eC + 0.02(x - xc) s (2)

i where ¢ refers to conditions at the start of the pressure rise. For equilibrium :

flows, East, et al.’ also showed that i

du i
0 e :
T 'd—x—- = 0.004 M (3) '
e
thus
du
0
— € ~ -0.2 , (4)

dé
& !

which can be integrated to give

ue 2 es 1 :
() - ()

The pressure rise can then be calculated from Bernoulli's equation in the form

{ u 0
) o = 1 - (ue_s) <—es~) : (6)

The start of the pressure rise is taken to be the end of the laminar portion of

i the bubble which is calculated by the correlation of Horton with ¢ = 5. The
} momentum thickness of the boundary layer has been calculated upto separation and |
v by examination of the momentum integral equation we conclude that this value

o should be used at the start of the pressure rise. The momentum intégral

equation for a laminar boundary layer is

!
A
I$ due Tw d 2
i é Glue = - —p— - ix (ueé) . (7)
o
i For the separated boundary layer we have
L ]
i )
E i , = 0, (8)
' i and
due
H:; 'd-x—‘ = 0 ’ (9)
¥ o thus
v
' =] d 2
8 ax (uee) o ,

which implies that the momentum thickness is constant.




In Fig 19 the pressure rise determined by the assumption of an equilibrium
flow is compared with the locus of possible reattachment points for the modified
viscous pressure distribution on RAE 100 at a lift coefficient of 1.069
(ef Fig 15). The point of intersection of the pressure rise with the pressure
distribution is interpreted as the first possible position for reattachment,

At this point the value of the Crabtree parameter ¢ 1is 0.36 which being

larger than 0.35 indicates that the bubble has burst. In Fig 15 we saw that
Horton's method predicted that the bubble was on the point of bursting. It is
unlikely that the separated shear layer is an equilibrium flow immediately

after transition or before reattachment: Horton found the value of (8/ug) (dug/dx)
at reattachment to be -0.0082 compared to the value of -0.004 for an equilibrium
layer. The departure of the separated shear layer from equilibrium would
account for the discrepancy between the two predictions of bubble bursting.
However the simple method still provides a useful guide to the behaviour of the
bubble. For example in Fig 20 the effect of increasing Reynolds number is
examined by repeating the calculations of Fig 17 for the inviscid pressure
distribution for RAE 100 with a 1lift coefficient of 1.305. For the Reynolds
numbers 0,55 x 106, 0.91 x IO6 and 1,78 x 106, the values of the parameter o
are 0.368, 0.25 and 0.126 respectively; the bubble-bursts at the lowest Reynolds
number but remains attached at the other Reynolds numbers which agrees with the
prediction by Horton's method. It is concluded that the separated turbulent
shear layer is almost an equilibrium flow so that a simple test for bubble

bursting can be developed.
6 CONCLUSIONS

Horton's method gives a useful description of the growth and bursting of
laminar bubbles. An examination of the usual parameters for predicting bubble-
bursting can be misleading and it is recommended that a graphical examination of
the relationship between the locus of possible reattachment positions and the
pressure distribution will give a clearer prediction of the burst. The pressure
distributions must be defined by sufficient points to ensure that the position of
laminar separation is predicted accurately. If the pressure distribution is
defined by a few points and only the simple bubble parameters are examined, then
‘it has been shown that incorrect conclusions will be drawn about the bursting of
the bubble.

The assumption that the separated turbulent shear layer is an equilibrium
flow leads to a simple method of detecting a bubble-burst. This method does not

provide sufficient information for the completion of the calculation of the

09008
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development of the boundary layer after reattachment and Horton's method must be

used for the calculation of a full viscous solution.

The semi-empirical method of Horton provides an adequate description of the
growth and bursting of laminar separation bubbles on two aerofoils at various
Reynolds numbers and the slat of a high-lift wing. It can be used with increased

confidence in the design of high-lift wings for wind-tunnel models.
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; Table 1

COMPARISON OF PARAMETERS FOR LAMINAR BUBBLE

Tapered model _ :
Condition Panel End-plate

model model

| % 3

Reynolds number based

on slat chord normal 184000 184000 184000 190000 439000
to leading edge

6 separation 0.00030 | 0.00035 | 0.00029 | 0.00030 0.00018
| (Ré)) geparation 999 1143 995 1003 1406
(Rg) eparation 270 309 269 271 380
: o 0.14 0.34 0.14 0.16 0.08

Table 2

EFFECT OF REDUCING NUMBER OF POINTS IN PRESSURE DISTRIBUTION

. s S Length of
Condition (c) . o Res bubble
separation
Tapered model a, 0.445 0.34 309 0.074
Tapered model
reduced number a, 0.411 0.15 270 0.059
of points
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LIST OF SYMBOLS

c constant in expression for length of laminar bubble
Cp pressure coefficient
h height of tunnel
i length of laminar bubble = (¢ % 104)/(Reus)
m pressure gradient parameter = (eZ/v)(dU/dx)
Re Reynolds number
R51 Reynolds number based on displacement thickness
Ry Reynolds number based on momentum thickness
u velocity
a angle of incidence
1 displacement thickness of boundary layer
A pressure gradient parameter = (e/ue)(due/dx)
] momentum thickness of boundary layer
p density
a pressure recovery factor = (Cpr - Cps/l - Cps)
Ty shear stress at the wall
v kinematic viscosity
Suffices
e denotes conditions at the edge of the viscous layer
c condition at start of pressure rise
r condition at point of reattachment
s condition at point of separation

15
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