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Abstract

The paper describes a direct scheme for the
prediction of laminar separation bubbles.
hoped that it would provide a criterion for
transition on low Reynolds number aerofoils. The
method was found to be sensitive to the empirical
input of pressure distribution with implied fixed
transition and, indeed, minor physically realistic
modifications to it yeilded significant effects on
the predicted 1ift values. It is postulated that
inverse methods tackling a similar problem will
have comparable sensitivity which renders both
schemes to have an accuracy dependent on the
empirical inputs chosen. The current method has
value in the ease with which future investigations
and postulations of bubble development may be made.

1t was

Nomenclature

(o)) Dissipation coefficient

Cg Skin friction coefficient

Cy, Lift coefficient

Cmq Pitching moment coefficient about
quarter chord

CH Pressure coefficient

D Dissipation integral

H Momentum form parameter 6*/9

He Energy form parameter €/0

L Ordinate of Le Foll's plane

£ Separated laminar shear layer length

Rc Chord Reynolds number

Rg Momentum thickness Reynolds number

S, ¥ Coordinates along and normal to surface

TF Taylors Turbulence Factor

u, v Velocities within the boundary layer in
the s,y directions

u',v' Boundary layer fluctuation velocities in
the s,y directions

Uo Freestream velocity

ug Velocity at edge of boundary layer

X Abscissa of Le Foll's plane

[ Boundary layer thickness

1 Boundary layer displacement thickness
€ Boundary layer energy thickness

] Boundary layer momentum thickness

v Kinematic viscosity

Subscripts

sep Separation
s . Surface distance
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1.0 Introduction

The prediction of aerofoil performance at low
Reynolds numbers is complicated by the need for
accurate transition models. Of particular
relevance is the performance in the region of the
stall where the turbulent boundary layer is very
sensitive to the manner of transition. This
sensitivity is because the development of the
turbulent boundary layer is inextricably linked to
its 'starting' conditions which will differ
depending on the transition model employed.

Physically, the transition mechanisms most
often considered include the laminar separation
bubble, fixed transition by means of a wire trip
or roughness elements and 'natural' transitions.
Each of these mechanisms will generate a different
turbulence structure at the start of the turbulent
boundary layer and so the layers subsequent
development will be influenced by transition
type. This is a result of the so called 'history
effects' in which the layer does not react
instantaneously to local conditions{!s?), but has
within it a carry over from upstream conditions.
Also, as discussed by Head(?), even in conditions
conducive to the development of equilibrium
boundary layers, the layers development is
influenced by starting conditions. For some
equilibrium cases, a divergence towards separation
was evident instead of a convergence to the
equilibrium state.

This phenomena often accounts for
discrepancies between various wind tunnel
investigations of the same aerofoil(s), For
moderate incidences, where there is little
trailing edge separation, the disparities are
small. As the separation penetrates towards the
leading edge, however, the sensitivity of the
transition mechanism is most marked. This may
also be the case for prediction codes and, indeed,
Coton & Galbraith(s) were led to this conclusion
from the results depicted in Fig 1.

This figure illustrates the agreement between
the measured and predicted characteristics of a
NACA 4415 aerofoil for various Reynolds numbers.
It may be observed, that for the lowest Reynolds
number considered, there is a systematic
difference between the measured and predicted
values in the region of stall. One can speculate
that this result may have been influenced by an
inappropriate starting condition for the turbulent
boundary layer.

The particular performance code used in Fig 1
indicated the existence of short leading edge
bubbles at the higher incidences. For this case,
however, transition was fixed at the location‘of
laminar separation with a turbulent boundary layer
starting profile appropriate to the local form
parameter taken from the Coles(®) family. At the
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FIGURE 1. Comparison of calculated lift

coefficients with wind tunnel data for the NACA
4415 aerofoil at three Revnolds numbers.

larger Reynolds numbers, where the bubble may have
been very short, this transition criterion appears
to have had little effect. As the Reynolds
number is reduced, however, the bubble extends and
the calculation may be less valid. The resulting
predicted overestimate of Cy, therefore, may be a
consequence of an inappropriate turbulent boundary
layer starting location and profile; the current
criterion has a fuller velocity profile than that
for re-attachment. If it were possible to
calculate through the bubble and predict more
appropriate starting conditions, then the above
problem may be alleviated resulting in increased
confidence in performance predictions for design
purposes.

The paper describes a direct bubble prediction
code developed for the purposes of investigating
the above speculations with regard to Fig 1. It
is shown that, when compared to the momentum
thickness development obtained by forcing
transition at the location of laminar separation,
the value acquired from the bubble calculation may
be either greater or less, depending on the
particular flow conditions and bubble agsumptions
invoked. In an extreme case the value of
momentum deficit thickness can be as much as three
times that from the simple algorithm. It can be
accepted therefore, that with the bubble algorithm
employed, one could expect significant differences
in predicted aerofoil performance.

The resultant predictions, however, are
inconclusive, save only that they highlight the
great importance of transition modelling within
the free shear layer. With minor and physically
realistic modifications to the transition model,
significant changes to the predictions occur.
Comparing the present direct technique with
several extant inverse bubble calculations!”>
8,39) it is postulated that they too will be
sensitive to the transition criterion in a similar
way. It is felt, however, that the new direct
bubble predictions algorithm offers a tool by
which bubble models and techniques may be
investigated with a clarity hitherto unavailable.
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2. Viscid-Inviscid Scheme with Incorporated
Separation Bubble Calculation

The routines relevant to the modelling of the
separation bubble phenomenon were originally
envisaged as being supplementary to the
viscid-inviscid interaction scheme of Coton and
Galbraith(5)., 1In this way, it was possible to
obtain a fully converged solution of the main
interaction scheme for, say, a calculation with
transition fixed at the point of laminar
separation , before initiating a study of the
effects of any indicated separation bubble. For
higher Reynolds numbers, where the effect of such
a bubble may be expected to be less
significant(‘), the calculation could, therefore,
be terminated after the initial solution was
obtained. This approach offered computational
efficiency since, during the initial interaction
stages, the boundary layer calculation was
considerably faster without the separation bubble
model invoked.

2.1 Description of the Basic Viscid-Inviscid
Interaction Scheme

When separated aerofoil flows are modelled by
means of a viscid-inviscid interaction method, the
boundary layer equations are required to be
'matched' to an inviscid calculation!!® In the
direct mode, this is achieved by iteratively
accounting for the displacement effect of the
boundary layer, either by adjusting the aerofoil
shape or by introducing an equivalent source
distribution into the inviscid calculation; the
sequence of this is as indicated in Fig. 2. It is
the former technique that is employed herein.
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Viscid~inviscid interaction scheme flow



In this method, boundary layer displacement
effects are only included when the calculation
appears to be nearing convergence. This approach
results in a rapid initial convergence followed by
final small corrections, producing consistent
results. The method is capable of assessing the
performance of aerofoils with either turbulent
boundary layer separation towards the trailing
edge or, at low Reynolds number, separations
associated with the laminar boundary layer close
to the leading edge.

Use is made of the algorithm developed by
Leishman et al(“)., which exhibits the essential
features of the method of Dvorak & Maskew(12)
model the inviscid flowfield. In it, the
aerofoil profile is replaced by an inscribed
polygon of vortex panels over which the vorticity

to

varies linearly, achieving piecewise continuity
between adjoining panels. The free shear layers
used to model the aerofoil wake comprise of
uniform strength vorticity panels. The

distribution of these panels is indicated in
Fig.

3.

FIGURE 3. Aerofoil vortex panel distribution for
separated flow

The modelled wake region is assumed to be
inviscid with negligible vorticity and is taken to
have a constant total pressure equal to that at
separation. It is further assumed that the free
shear layers have no significant thickness and can
be represented as streamlines across which there
exists a velocity jump.

Each panel contains a control point at which
the condition of flow tangency is applied. This
is achieved by setting the scalar product of the
induced velocity with the surface normal vector,
to zero. This yields a set of linear simultaneous
equations which, in conjunction with a specified
Kutta condition, may be solved to vield the
strength of the assumed vortex sheets, from which
the required velocity distribution is obtained.

As part of the inviscid procedure, the wake
shape is iteratively obtained from an initial
shape estimate. The degree of correspondance
which exists between the modelled and actual wake
shape influences the acceptability of the final
prediction{1? Dvorak and Maskew(!2) egtablished
that a practical initial wake shape may be
obtained, by representing the location of the
upper and lower free shear layers by parabolic
curves with a common intersection point in the
freestream. The shape of these curves is
constrained by a Wake Factor; defined as the ratio
of the wake length to wake height. During the
iterative process, the free vortex sheets of the
wake are continually adjusted until they fall on a
streamline. Three wake iterations are normally
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required, although up to six may be necessary for
large areas of separated flow, due to the
deterioration of the validity of the initial wake
shape estimate.

The laminar and turbulent boundary layer
calculations are integral techniques based on the
method of Le Foll{!?). This procedure requires
the simultaneous solution of the momentum and
energy integral equations over each calculative
step. These equations are cast in the form of
Assassa and Papailiou(“ and are solved in the
direct mode.

The laminar method utilises relations derived
from the velocity profile family of Head to
provide skin friction and dissipation coefficient

values and to effect closure of the system of
equations.

For the turbulent boundary layer, Coles(s)
velocity profile family, in the more generalised
form of Khun and Neilsen(!%) is used, together
with the Nash #-G relationship<z to provide the
velocity profiles and skin friction at each
station in the calculation and to effect closure.

2.2 Separated Flow Boundary Layer Calculation

Extension of the boundary layer calculation
through the point of laminar separation was
hampered by the existence of the well
documented(14) singularity which results in a .
breakdown of the direct boundary layer calculation
as separation is agproached. Recent
investigations(7'9 have preferred to calculate
through the point of laminar separation by solving
the boundary layer equations in the inverse mode.
When a solution is obtained in this manner, the
velocity distribution is the calculation output
with some parameter such as displacement thickness
taken as an initial specified input. This
approach exhibits no singular behaviour around the
separation point and, a smooth
progression from attached to separated flow is
obtained. For the calculation of separation
bubble effects, the inverse formulation requires a
fully viscid-inviscid interaction type approach
with, generally, the final result particularly
sensitive to the boundary layer and transition
models.

as such,

The recent direct turbulent boundary layer
calculation technique of Assassa and Papailiou€1!4)
has been shown to behave well in the vicinity of
separation and has been used successfully to
calculate small regions of separated flow. The
good performance of this method around the
separation region is principally due to the manner
in which the momentum and energy integral
equations are formulated, with the chosen boundary
layer variables being finite and well behaved near
separation. The ablilty of this method to predict
a reattaching boundary layer(“), indicated it's
suitability for application to the turbulent
portion of a separation bubble. Calculation of
the laminar portion of the shear layer still posed
a significant problem if the direct approach were
to be employed.

The previously discussed direct laminar



boundary layer calculation technique was well
behaved as separation was approached. It was
therefore felt that an investigation into the
possible extension of the method through the point
of laminar separation was warranted by the success
of the above turbulent method. In the calculation
scheme, the momentum and energy equations are
solved simultaneously over each stepwise
increment. These equations (1 & 2), which are
solved in the direct mode, are cast in the form of
Assassa and Papailiou(14)

dq = C,dL. - . dX (1)

eX dx
do

L}

(1 +2C,M) CD e 2CiL

During the calculation, the values of d® and
dq, corresponding to the increment in stepsize
Reynolds number and the velocity gradient
respectivly, are necessary inputs. The boundary
layer development is given by the change in
Reynolds number based on a boundary layer
characteristic length (dX) and the increment in
the value of a profile form parameter (L). The
following definitions apply :-

1 He C¢
CM = G (3)
H -1 2 CD
eue
X = In | —  e2CiL (4)
v
1 dH,
dl. = J— (5
H-1 H
S u,
¢ = ds (6)
o v
Ue
q = 1n 7
UO

The functions L and X are well behaved at
separation which, for both the laminar and
turbulent calculations, is indicated by vanishing
skin friction.

2.2.1 Laminar Boundary Laver
In the attached flow laminar boundary layer
calculation, form parameter relations along with

2)’

skin-friction and dissipation coefficient
functions derived from Head's velocity profile
family are used to effect closure of the above
system of equations. Unfortunately, the velocity
profile family only contained profiles indicative
of attached flow. It was therefore necessary to
extend the range of profiles in order that the
required function relationships could be developed
for separated flow.

To retain consistency between the profiles
developed by Head(!®) and those to be developed
for the separated flow calculation, the same basic
approach that Head used was employed. In it, the
Blasius profile is incremented by varying ammounts
of two functions derived from known profiles. By
adopting this approach, a family of velocity
profiles may be generated.

When considering the problem of separated
flow, it was necessary to have two separated flow
profiles to develop the required functions and to
thus extend the velocity profile family.

Empirical data for separated laminar flows was not
readily available and, until recently, prone to
severe measurement errors. The hypothetical
separated flow profiles of Stewartson(‘o), derived
from solutions of the Faulkner Skan equation,
however, provided ideal examples for the present
purpose since the profiles were well defined and
their derivatives easily obtainable. Two of these
profiles were used to extend the range of the
velocity profile family to include separated flows.

Once the profile shapes, indicative of
separated flow, had been established, it was
possible to obtain all the relevant boundary layer
parameters by integration of the profiles. In
this way, the required boundary layer parameter
relations could be created. The developed form
paramter and dissipation coefficient functions are
shown in Figs. 4 & 5. A similar relation was
derived for skin-friction.
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FIGURE 4. Spline-fit represemtation of the H-He
relation.
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FIGURE 5. Spline~fit representation of the H-20"

‘relation.

2.2.2 Turbulent Boundary Layer Calculation

For the turbulent boundary layer, Coles(®)
velocity profile family ( in the more generalised
form of Khun and Neilsen(!%) ) was used to provide
the velocity profiles and skin-friction values at
each station in the calculation. The value of the
dissipation coefficient is obtained via a
semi—empirical relationship{'*) which was derived
using the n-G relationship. The influence of the
second order terms, i.e. normal stresses, on the
turbulent boundary layer calculatiom is included

by setting the value of the constant C, to 0.83,
i.e.

H -1
Cy = * = 0.85 (8)
H-1
Where
&*
*
]
And
A
L] + L}
o* = o - Y gy (10)
° Ue

The second order terms can be neglected by
agsigning the value of unity to C, in the laminar
boundary layer calculation.

2.2.3 Transition
The model used to predict the transition location
of the separated laminar shear layer is that due
_to Roberts(?? This relation is similar to the
method of Horton(‘e), but takes into account the
effects of freestream turbulence. The correlation
can be expressed as
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27 K log,, [ COTH ( TF x 10 ) ]}

— = (11)
esep Resep

where TF is the Turbulence factor and K is a
constant taking the value 2.5 x 10%. Turbulence

intensity may be substituted for Turbulence Factor
since, during an experiment, it is common to
measure only the turbulence intensity and since,
generally, the macroscale length of flow
turbulence has a very small effect on the value of
the Turbulence Factor. The above relation is
employed in the present technique with the value
of K adjusted to 3.0 x 10* to give improved
agreement with available empirical data.

2.3 Boundary lLayer Calculation Test Cases

The inverse calculation of Gleyzes et al, for the
enlarged leading edge case, provided a test case
for the developed full boundary layer technique.
The pressure distribution calculated via the
inverse scheme was used as the input to the direct
boundary layer calculation scheme. This pressure
distribution was represented by spline-fit through
a number of discrete points. The results of the
direct calculation are compared with the inverse
solution in Fig 6.
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FIGURE 6. Momentum thickness and form parameter

predictions compared with the inverse solution for
the enlarged leading edge case of Gleyzes et al.



It ias clear from the figure that the direct
calculation predicted slightly higher values of
momentum thickness growth, associated with the
turbulent part of the separation bubble, than the
calculation of Gleyzes et a1{??, The associated
rate of decrease from the peak value of form
parameter was also somewhat slower in the direct
calculation. It is of significance, however, that
the general form of the two predictions was very
similar and that no difficulty was encountered at
separation or reattachment in the direct case.

The discrepancies between the direct and
inverse solutions may have arisen from two
sources, the first of which was the quality of the
spline fit representation of the pressure
distribution. It was found that the boundary
layer parameter prediction obtained, in the
separation bubble, was influenced by the
specification of the pressure distribution.
was particularly pertinent to the transition
location where the value of form parameter was
especially sensitive and would often increase
after transition, contrary to experimental
observation{”), if the adverse pressure gradient
was insufficient.

This

The second reason for disparity between the
inverse and direct boundary layer calculations
comes from the empiricism present in the two
methods. It is true, as has been demonstrated for
attached flow, that the empiricism and closure
hypothesis employed in a specific turbulent
boundary layer calculation technique, may produce
results unique to that particular method. For
separated flow, such effects are likely to
strongly influence the obtained result which may
be further affected by the non-equilibrium nature
of the flow.

A comparison was also made with the
predictions of Davis et a1¢{®) for the NACA 66,-018
aerofoil originally tested by Gault'!? As in
the previous test, the velocity distribution
output from the inverse calculation, which was in
close agreement with the measured data, was used
as the input to the direct scheme. In this case,
however, it was found that the direct laminar
boundary layer calculation did not predict laminar
separation at the same location as the inverse
scheme. This result is in agreement with the
findings of Gault(1?) who also carried out a
boundary layer calculation for this aerofoil and
found that the predicted separation point lay well
behind the measured location. As a result of the
previous success of the prediction scheme used by
Gault, it was concluded that the empirical data
should be treated with some caution.

To obtain a comparison, it was, therefore,
necessary to increase the magnitude of the adverse
pressure gradient just prior to the separation
point in order that the predicted direct and
inverse separation points should be consistent.
The adjusted pressure distribution, along with the
original inverse prediction, is presented in Fig.
7. The laminar portion of the adjusted
distribution was taken to have a constant pressure.

1,28,
u/fuo
1,084
Direct input
Inverse output O
0.90
Q.45 0.70 0,93

FIGURE 7. Comparison of the velocity distribution
output from the inverse scheme and direct
calculation input, for the NACA66,-018 aerofoil

case considered by Davis et al.

The results of the direct calculation compared
with the inverse solution are presented in Fig.
B. It was considered that the results from the
direct calculation, although somewhat artificial,
were similar in form to the inverse solution with
the greatest discrepancy occurring over the
ad justed laminar portion of the bubble. The
disagreement between the two attached laminar
boundary layer skin friction predictions was
significant. This may have been due to an
over-prediction by the inverse code which, when
compared to empirical data(s). has been shown
produce higher than expected values of skin
friction.

Considerable agreement was obtained between
the predicted momentum thicknesses. The variation
of form parameter was also of a similar form to
the inverse solution but, due to the adapted input
velocity distribution, did not achieve the
required growth rate in the laminar portion. The
behaviour of the form parameter around transition
was again found to be very sensitive to the
velocity distribution specification.

In the above calculations, no difficulty was
experienced when passing through the separation or
reattachment points.
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boundary laver paramter predictions for the

NACA66 ,~018 aerofoil.

2.4 Incorporation of the Bubble Calculation into
the Interaction Scheme

To perform a direct boundary layer calculation, an
external velocity distribution is required as
input, e.g. in the previous two cases, the input
velocity distribution was provided by the output
from an inverse calculation. To incorporate the
separated flow boundary layer calculation into the
viscid~inviscid interaction scheme, it was -
necessary to develop a method of prescribing the
velocity distribution over the bubble.
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The simple method derived by Horton(1®) to
predict the growth and bursting of laminar
separation bubbles has been demonstrated{!?) to
provide a velocity distribution, over a separation
bubble, similar to that obtained by experiment.

An investigation was therefore conducted to assess
the effect which such a distribution would have on
the subsequent turbulent boundary layer growth as
predicted by the direct calculation scheme.

Once a converged solution of the basic
viscid-inviscid interaction scheme had been
obtained, the size of the separation bubble could
be calculated, from the value of Resep and the
velocity at separation, via Horton's method.
bubble velocity distribution could then be
included into the global velocity distribution,
and a calculation performed to assess the
resultant boundary layer growth. With the new
location of separation, the resultant inviscid
pressure distribution may be calculated and the
process repeated until convergence or movement of
the separation point is within a prescribed
Jimit.

The

In reality, as may be seen from Fig. 9.,
iteration is seldom required.
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FIGURE 9.
bubble included iterations.

Separation point convergence history for

3.0 Results and Discussion

All the results discussed in the paper relate to
the single case depicted if Fig. 1. for the NACA
4415 aerofoil at Rc 1000000. It was found that
these data are particularly useful for
illustrating the results of the present work.

In Fig.
thickness and form parameter development predicted
by the method, with and without incorporated
bubble calculation is given for 14.5 degrees
incidence. The salient features of this result
are that the momentum thickness development due to
the bubble calculation, albeit significantly
different in the bubble region, has a lower growth
rate in the attached turbulent boundary layer than
the simpler case of fixed tramsition at laminar
‘ A similar result was observed by
Gleyzes et al.(7) for some cases, but, in general,
the opposite would be expected(‘). Additionally,
there is a very large form parameter peak at
transition, which is comparable to inverse
calculations. The sharpness of this peak,
however, which is related to the corner on the

10. a comparison of the momentum

separation.



imposed pressure distribution, differs
significantly from the more rounded shape
associated with both inverse calculations and
experiment .
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FIGURE 10. Comparison between the boundary layer
parameter predictijons obtained for the NACA 4415
aerofoil at 14.5 degrees, for transition just prior
to separation, and for the separated flow velocity
distribution given by Horton.

The effect which such a calculation has on the
boundary layer development towards separation is
illustrated in Fig. 11. It may be observed that
the result of the reduced boundary layer
thickness, associated with the bubble calculation,
is to reduce the form parameter growth and, hence,
delay the onset of separation. This reduced
separation, causes an increase in the predicted
lift coefficient which, as may be remembered from
the introduction, is opposite to that expected for
this aerofoil. This, however, does not invalidate
the initial speculation, but, rather, warrants
reconsideration of the underlying assumptions
embedded in the model.
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FIGURE 11. Form parameter development towards
separation for the NACA 4415 aerofoil with three
different transition conditions.

O0f particular importance is the sharpness of
the form parameter peak, associated with the free
shear layer transition, when compared with
experiment and inverse schemes, This feature is a
consequence of the strict adherence to the
pressure distribution of Horton coupled with a
fixed transition point. To investigate the effect
of this constraint, realistic relaxation of the
sharp corner on the pressure distribution was
tried (Fig. 12.) with the fixed transition point
retained.

\

~Cp .

—— HORTON
-~~~ RELAXATION

%

FIGURE 12. Effect of relaxation on the Horton
pressure distribution.

The effect of the constraint relaxation may be
observed in Fig. 1l. where the growth of the form
parameter, towards separation, is enhanced and
thus the expected earlier separation realisged.
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This results in an associated reduction in the
value of 1lift coefficient. If a greater degree of
relaxation is continually introduced until no
shear layer reattachment is indicated, then a
lower limit of calculated 1ift coefficient may be
obtained. This is shown in Fig. 13., where it may
be observed that, although some reduction in the
lift curve is evident, the calculation still lies
above the empirical line. It should, however, be
noted that only a very minor modification to the
bubble pressure distribution produces this change
in lift, and that neither the location of
transition or the length of the bubble length were
altered.
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FIGURE 13. Variation of lift near stall associated
with the different methods of
calculation.

transition

It is clear from the above, that the
specification of the pressure distribution around
the transition region has a significant effect on
the direct bubble calculation and the subsequent
attached turbulent boundary layer development. It
may also be suggested that this finding is equally
as significant for inverse calculation schemes
where the pressure distribution around transition
is strongly dependant on the form of boundary
layer transition model adopted. Whether
transition is considered to occur at a point or
over a specified region, it is clear that the
accuracy of the solution obtained via an inverse
scheme will be strongly dependent on the validity
of the boundary layer empiricism for transitional
flows.

It is conceivable that, by further adjustment
of the bubble pressure distribution, it may have
been possible to obtain good correspondence
between experiment and calculation. Indeed,
ad justment of the pressure distribution around
reattachment, to resemble that produced by some
inverse calculations(’), permits substantially
more boundary layer growth after reattachment and
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would produce values of 1ift below those measured
by experiment. It is considered, however, that,
whilst useful work could be done, such an
investigation is beyond the scope ot this paper,
as a more sophisticated model for the bubble
pressure distribution would be required. More
work is required, however, before such a routine
may be used with any confidence as a design tool.

2.6 Conculsions

l. A direct boundary layer method capable of
calculating through separation bubbles has been
developed. The technique has been demoustrated to
compare well with inverse calculations for a
prescribed pressure distribution.

2. The specification of the pressure distribution
around the separated shear layer transition region
has been demonstrated to be important to the
subsequent development of the attacheb turbulent
boundary layer.

3. It is suggested that the accuraey of inverse

methods is strongly linked to the boundary layer
transition model employed therein.
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