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SUMMARY

Measurements made at a Mach number of 0.18 and a chord-based Reynolds

) number of 4.2 x 106 on a constant-chord model having a NACA 4412 aerofoil section

are described and compared with the results of flow field calculations.

Fw,

Both the experimental arrangement and the difficulties initially experienced
in achieving an adequate approximation to two-dimensional flow above the wing are

briefly outlined.

The measurements include static pressure distributions om the wing surface
and on the wind tunnel walls above and below the mid-span section of the wing.
The main emphasis in the experiment was, however, on defining the development of K

the upper surface brundary layer through separation (at about 20% chord ahead of

the trailing-edge) and on into the wake, making extensive use of laser anemometry.

The flow field calculations are of the semi~inverse kind in which an inverse
momentum-integral treatment of the shear flow, used to avoid difficulties at
separation, is coupled ‘to a direct solution of the inviscid flow problem. The
main .eatures of the method are outlined.
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1 Introduction

It i{s now well established that flows past many
types of bodies on which there are attached bouns
dary layers can be computed in a variety of ways
and intensive efforts are now being made to extend
computational capability to cover flows containing
regions of flow separation. Such extensions will
clearly have considerable practical impact on
aerodynamic design. One exaaple, with which the
present work is concerned, occurs in serofoil pro-
file development where the ability to predict the
stalling behaviour of given serofoils will be most
valuable.

A technique which has proved successful in the
estimstion of the effects of viscosity in the
asttached flov sround serofoils is to metch s
calculation of the outer {nviscid flow with a
calculation of the boundary layer development on
the surface of the serofoil. In a recent paper
WilliameZ has drawn attention to certain obstacles
to the extension of this technique to separated
flows and illustrated ways in which they may be
overcome in calculations for incompressible
inviecid outer flow. Although wost of the impedi~-
mencs are related to the nsture of the calculation
procedurs and have to be tackled by adopting
suitadble strategies in formulating cowputational
sathods, the adequate wodelling of both the
separated parts of boundary layers on serofoils
and of their wakes also presents difficulties.

Informstion obtained from experiment is s pre-
requisite to the solution of thase viscous flow

problems. The first four of the following
Sections are devoted to an experiment designed to
provide such information for the particular case
of an NACA 4412 aerofoil tested st an incidence
close to that for maximum lift. This provides an
example of the type of stall which develops with
increasing incidence by the progressive enlarge-
ment of a region of separated flow on the rear
part of the upper surface of the aerofoil. An
additional reason for choosing the NACA 4412 sec-
tion for the experiment was to create an oppor-
tunity for co-pltigg results with other work such
as that of Wadcock™., Some comparisons, not
repeated here, with Wadcock's work for both theory
and experiment are included i{n Refs 2 and 4.

Ref 4 also gives additional details of the RAE
experiment.

In the second part of the paper a theoretical
method for computing flows containing regions of
separation is described and its predictions are
compared with the experimental results.

2 Experimental Details

The experiment was performed in the 13ft x 9ft

(4 mx 2.74 m) Low Speed Wind Tunnel of the Royal
Aircraft Establishment at Bedford. This facility
is a conventional, closed-circuit, wind tunnel
with excellent flow quality, operating at
atmospheric pressure. The tunnel is large enough
to accommodate models of sufficient size to permit
detailed study of their flow fields.

In this case the model has a constant chord of

1 m, a NACA 4412 aerofoil section and spans the
full width (4 m) of the tunnel. It {s mounted
with its quarter—chord point, about which it
pivots in the pitch plane, on the tunnel centre
line. It is extensively instrumented with static
pressure orifices. Boundary layer and wake
measurements were made at aid-span where the main
chordwise set of 88 pressure orifices is located.

When first tested at an incidence of approximately
14°, the model was found to have strongly three-
dimensional flow over the rear part of its upper
surface; elsevhere the flow was very well-behaved.
Surface oil-flow atudies revealed that the three-
dimensional flow near the surface of the wing was
composed of the kind of cellular entities which
are now recognised to be fairly common® 1in
separated flows. A short leading-edge separation
bubble was also detected, separation and reattach-
mant being roughly at 1% and 1.7% chord respec-
tively. As the overriding consideration in this
expariment was to obtain laser anemometer measure-
ments in two-dimensional, separated, mean flow it
was imperative to take measures to control the
flow without impeding optical access to the aid-
span part of the model.

Further oil-flow studies indicated that the
naturasl flow on the model was very close to being
two-dimensional up to an incidence of 11° where
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separation was at about 90% chord. It was found
that the region of acceptable flow quality could
be extended to 13° by adding judiciously-placed,
streamwise fences running around the leading edge
of the wing and continuing along the front half of
its upper surface. The most important fences were
s pailr symmetrically placed on either side of mid-
span and 1.7 chords apart. Because cellulsr stall
patterns appeared in the spaces between these fen-
ces and the sides of the tunnel, an additional
feance was placed in each of these spaces to eplit
and weaken these outboard cells. The additional
fences were 1.5 chords from mid-span.

It was also considered possible that there might
be irregularities in the leading—edge bubble
separation and reattachment process that could be
partly respounsible for the development of three-
dimensionality f{n the flow further downstresms. To
counter this possibility an unusually wide,
boundary layer tripping band was fitted to the
upper surface. This consisted of densely packed,
0.28 wa diameter (0.011 in) ballotini attached by
a thin layer of adhesive. The band extended 30 mm
along the serofoil cnntour from the leading-edge;
ie to 1.4% chord along the chord line. Transition
was fixed on the lower surface by a similar, bBut
much narrower, band extending from 10X to 11X of
the chord.

A geometric incidence of 12.15° was finally
selected for the msin series of tests so that the
flow would be steadier than at 13°, where con-
tinuous visual observation of developing oil-flow
patterns had indicated that the flow over the rear
part of the wing contained complicated transient
phenomena. The undisturbed free stream speed for
the tests was 61 m/s, stream temperatures (which
are not controllable) were 22 :10° C, while the
Mach and Reynolds nuabers were (.18 and 4.2 x

105 respectively. Apart from the main tests,
there were subaidiary tests at lower incidences to
define the serofoil's 1ift curve.

The main instrument used for studying the boundary
layers and wakes was a two-component, photon-
correlation, laser Doppler snemometer (LDA). This
was operated {n back-scatter and was mounted on s
traverse mechanism situated just outside the tun~
nel and to starboard of the model. PFrequency-
shifting by Bragg cells was incorporated to
resolve directional smbiguities in msasured velo-
cities. The two output signals for each msssure~
ment were fed first to separate autocorrelators
and thence to a digital computer for storage and
procesaing. The end-products were probability
distributions for the magnitudes of the two,
always orthogonal, velocity components that were
being seasured.

The snemomstar {e designed 0 that the orientation
of the pairs of velocity cowponents can be varied.
Components inclined both at 0°, 90° and 245° to
the line of traverse were always msasured. In
principle this should enable the shear and normal
components of Reynolds stress in the plane of the
mean, two-dimensional flow to be avalusted; in
practice difficulties were encountered which are
attributable ultimately to the remoteness of the
anemometer from the msasuring plane coupled with
various practical constraints on the geomstry of
the optical system. Consequently only mean velo-
city data from the LDA are presented here. The

——

measuring region yielding each dats point has an
effective diameter of 2 mm (less than 1/30 of the
thickness of the separated boundary layer) in the
plane of the sean flow and extends about 20 =m
spanwise. Here again the size of the measuring
region is related to its distance from the
anemometer.

The boundary layer and wake were always traversed

along lines normal to the wing surface and to the .
(extended) wing chord line, respectively. The air

strean was seeded with atomised oil droplets

introduced at the downstream end of the working

section of the tunnel.

To compensate as far as possible for the lack of
Reynolds stress data from the laser anemometer,
some additional traverses with hot-wire probes
were made. These probes were mounted or a long
arm projecting forward from a precision traverse
geurs originally built some years earlier for
other work on wakes. The same equipment was used
tc obtain velocity profiles from pitot tube sur-
veys at 20%Z and 40% chord on the upper surface and
at 99.7% chord on the lower surface.

3 Vind Tunnel Boundary Conditions
and Interference

Table 1 lists static pressures measured on the
longitudinal centre-lines of the roof and floor of
the working section. These pressures have been
used in conjunction with the method of Ashill and
Weeks’ to find the tunnel-wall-induced velocity
perturbations midway between the tunnel roof and
floor for plane flow. As well as an average
blockage-induced, velocity {ncrement of 0.0073U
(for an undisturbed flow speed of U ) there exist
both a mean induced inclination of the stream of
about 0.34° and a curvature equivalent to a camber
of -0.28%. Pig 1 shows the induced upwash (wI/U.)
and streamline ordinates (zi/c).

The boundary lsayers on the roof and floor of the
empty working section 3.29 m ahead of the position
of the model's leading edge have the following
characteristics: displacement thickness (5%) =
7.6 om, Reynolds number for momentum thickness

8 = 24400, shape parameter H (H = §#/8) = 1.30.

4 Measured Wing Static
Pressure Distribution

The pressure distribution around the aerofoil pro-

file at mid-spsn is shown in Fig 18 where it is

compared with the results of calculations to be

described in Sections 6 and 7. The measurements : .
do not define the pressure distribution just

behind the leading edge well enough to yield

extremely accurate force coefficients at high

incidencas. It is believed that the lift coef-~

ficiant 1s C, = 1.4610.01 at the incidence of

12.15*° for the main series of tests.

At this incidence, pressures were very accurately
repeatable over the whole of the lower surface of
the wing, vhere the pressure gradients were all
favouradle, and also if x/c was less than 0.45 on
the upper surface (x being measured along the
chord line of length c¢). Further downstream on
the upper surface differences between repeated
weasurements bdegan to appear. These differences
say be attributed to some unsteadiness in the
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flow, for which there was visual evidence as noted
in Section 2. Just shead of separation the
scatter indicated by four repeated measurements is
0,025 in cg. At the same station, x/c = 0.75, the
static pressure data from a spanwise row of
measuring orifices fell within a band whose width
is 0.06 in for stations within $0.6 c of mid-
span. This figure includes both scatter and small
systematic spanwise variations. Although the
chordwise pressure distribution is not tabulated
in detail, values of at boundary layer traverse
stations are included 1n Table 2.

5 Boundary Layer and Wake Msasuresents

Fig 2 gives a general impression of the scope of
the boundary layer and wake velocity profile
measurements. Leading characteristics of the pro-
files are listed in Tables 2 and 3 for the boun~
dary lsyers and wake in turn. As may be seen from
Fig 2, boundary layer separation was found to be
at approximately x/c = 0.8 on the upper surface.
Fig 3 shows four mean velocity profiles obtained
by laser anemometry in the separated boundary
layer on two differeat occasions and with two
laser beam orientations. The later messurements
are rather more consistent because the anemonster
has been progressively improved during the course
of the experiment. Normalised profiles for

0.66 < x/¢c € 0,997 are shown in Fig 4. The velo-
city component parallel to the wing surface (U) is
glven a8 & fraction of U, 1its value at the edge
of the boundary layer; distance (n) normal to the
wing surface is given as a fraction of §, its
7alue wvhen U = 0.995 U_; in the interests of
clarity smoothed profﬂu and not individual data
points are shown. The shapes of the profiles
change in an orderly way as separation is
approached and passed. It is worth noting that
there sre measurable velocity gradients normal to
the wing surface in the inviscid flow outside the
boundary layer.

The presance of these velocity gradients is an
indication that the boundary layers sre too thick
for classical first-order boundary layer theory to
apply and highlights the importance of taking
account of higher order effects in the calcula-
tions which are described in Sections § and 7.
There is the further implication that generalised
definitions of boundiry layer displacement and

us thick should be used in the pre-
sentation of experimental data. It should be
noted that this has not yet been done for the data
of this experiment; ie the quantities p, and U, of
the equivalent inviscid flow (EIF) of Séctions 6.1
and 6.2 have bsen taken to be respectively a
constant (for this low Mach number flow) and U_in
analysing the data. ¢

It may be seen from Fig 3 thst the mean velocity
profiles are subject to some uncertainty, par—
ticularly near the wing surface; this affects the
derived values included in the Tables. Momentum
thickness is the quantity moe’” seriocusly affected.
Exsmination of the data suggests that &, §*, 8 and
H are subject to the following msximum uncertain-
ties: 5%, 3%, 28X gnd 282 respectively.

The mass flow shape paraseter [ll e (8~4%)/0] can
alsc be detersined, Values of H, from this

experiment sre in satisfactory Jru-nt with the
curve of Pig 14 for attached flow; for separated

flow, however, smoothed values of H, appear to
remain constant at H, = 4 when H exceeds 5. In
order to reproduce t'le rising trend in Fig 14,
values of § that gradually exceeded the
experimentally-derived ones would have to be cho-
sen; for example the required increment would be
10Z at H= 7,5. With regard to this observation,
it is worth noting two points. Firstly the curve
passes through H. = 4 at H = 4 which 18 consistent
with a coclnuloi&al wake-like profile if & is
defined to be where U = U, This version of §
exceeds § for U = 0.995U ®by almost S for that
profile, Secondly we ha%e noticed a consistent
tendency for U, if it is very close to U , to
approach U, rather more quickly when, as here, it
is measured by a laser anemometer than when it is
measured by an (intrusive) hot-wire probe and so
the laser—derived boundary layer thicknesses may be
slightly less than those that other instruments
would yield.

Skin friction coefficients for the attached-flow
boundary layers have been estimated by the Clauser
chart method (for a Karman constant of 0.41 and an
additive constant of 5.2 in the logarithmic part
of the velocity profile), though only within
rather broad limits for flows near separation
where the logarithmic parts of the profiles are
very small. If we denote the skin friction coef-
ficient and the value predicted by the well-known
Ludwiag and Tillmann formula by cf and ¢
respectively, the results are well represented

by the interpolation formula -, = 0,985 Cfyp, -

3 x 10~5, This relationship 18 consistent with a
value of 4 for H at separation in this experiment.
The estimates of ¢, are {ncluded {n Table 2,

Reynolds stresses in the outer parts of the boun—
dary layers were measured with a hot-wire anemo-
meter. Comparison of wmean velocity profiles
obtained by the wire and laser anemometers showed
that there were probe interference effects on the
former and so the Reynolds stresses are presented
in Pigs 5 and 6 only for the parts of the boundary
layers where the two types of anemometer yielded
mean velocity profiles of very siamilar shapes.

The dimensionless normal stresses ;7/“2 and vzlllz
progressively incresse in fmportance from x/c =
0.59 to the trailing~edge of the wing. In
contrast the peaks of the dimensionless shear
stresses initislly increase but soon reach a maxi-
mum, at which they remain from at least x/c = 0.66
to x/c = 0.85, before falling slightly near the
trailing edge. Peak shear stress coefficients,

(€) pax ™ (-Zuwlvf)nx. are included in Table 2.
Since the normal stresses are clearly of
i{ncreasing importance to the overall wmomentum
balance of the boundary layer near and beyond
separation, an attespt, recorded in the final
column of Table 2, has been made to estimate their
contribution to the womentum integral equation.
The estimate relies on the assumptions that the

shapes of the distributions of (? - w2 1/0? are
uainly functions of (B—Ho)/! and may be scaled by

using the maximum values of (:i - vz)/Uz. H is
the value of H in a datum equilibrium tlow with
gero pressure gradient at the relevant local value
of "0' The tabulated quantity I/6 is defined by

Lo “
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Its algebraic significance is that one may regard
it as reducing 8 to 6(1 - I/8) in the conventional
momentum integral equation. This may be written ,
with normal stresses (but no other higher—order
terms) included, as

d d 2

&5 102(0-1)] + o= $2(302) = 02 ;
here 1 is the normal stress integral defined
above. Integrating from an initial station x) to

x, and dividing by the value of Ui 9 at X, we
obtain

uf(e-r]

]
1 3 2 e
-] - [ c U -sn=—ldx ;
(u:e)‘ 2(uie)1 x| fe dx ’

1f I 18 negligible at X

A momentum balance for the upper surface boundary
layer is given in Fig 7. A datum st x/c = 0.2 has
been chosen, The positive contribution is

ufe/(ufe]l-l, shown by solid lines. The effect of

modifying 8 to take account of normsl stresses as
just previously outlined is indicated by broken
lines. The balancing contributions (below the x/c

axis) comprise vz
d
1 fx D‘2 []
—— ¢ - &% dx.
2{029)‘ 0.2c| fe dx

The flow is seen to be nearly i{n balance in
general and so should represent a good approxima-
tion to two-dimensional mean flow; however the
scatter of the values of 0 and §* makes it dif-
ficult to draw firm conclusions. Beyond separa-
tion (x/c = 0.8) the contribution of the estimated
normal stresses is significant and it would
clearly be worthwhile to incorporate estimates of
other higher order effects.

The development of the upper surface boundary
layer is illustrated in quantitative terms in
Figs 16, 20 and 21. The displacement thickness
grows steadily along the chord snd does so par—
ticularly rapidly near and beyond separation

(Fig 20). This leads to a rapid increase in H
(Fig 21) over the rear part of the chord because §
(P1g 16) varies comparatively slowly aft of
separation.

The wake has been divided into upper and lower
parts by estimating the position of the msan
streamline separating the flows that have passed
above and below the wing. This was done by con-
sidering the mass flux into and within the lower
and thinner part of the wake on the assumption
that the mean flow was two-dimensional.
Dimensionless velocity profiles for both parts of
the waks, sisilar to thoss givan in Pig & for the
wing boundary layer, are shown in Figs 8 and 9.
Dimensionless velocities at the edges of the weke
and on its internsl dividiag stresaline sre given
in Pig 10.

It can be seen from Fig 10 that there is some
pressure recovery in the nesar wake, to slightly
beyond the value in the undisturded stresm. The
velocities on the dividing streamline at stations
close to the wing are scattered and untreliable

becsuse the velocity gradients are very steep and
80 a very slight change in the position of the
streamline has a disproportionately large effect
on the estimated velocity. Further downstream the
velocity on the dividing stresaline increases as
mixing begins to equalise the velocities within
the wake.

Since the upper and lower parts of the wake are
derived respectively from a very thick separated
boundary layer snd a very thin attached boundary
layer they are initfally very different and both
change markedly just behind the wing. Reversed
wean flow persists in the upper part of the wake
until x/c reaches 1.09. As Fig 11 shows, the
displacement thickness (8%) of the upper wake
fslls and that (5%) of thi lower wake rises in
this region. The corresponding momentum
thicknesses 8 and 8, do not change as smoothly.
The former had a -xi-l. near x/c = 1,2, This {is
tentatively associated with the closure of the
bubble of reverse flow. This Lntetpretat&on is
consistent with results obtained dy Green in an
attempt to model a flow that is qualitatively
similar in some respects - nsmely reattachment
behind a rearwsrd-facing step. BHe found that 6
peaked in his calculations at a point of amaximum
static pressure Just beyond reattachment. The
peak found in this experiment is likewise beyond
bubble closure and roughly where the near-wake
pressure recovery ends (Figs 2 and 10).

The displacemsnt surfaces above the rear part of
the wing and in the wake are included in Fig 2.
Despite the rapid variations in displacement
thicktoess near the crailing edge, the upper
displacement surface is smooth and only slightly
curved. The net effect of the displacement sur-
faces on the outer inviscid flow is equivalent to
a reduction in camber and in incresse in thickness
near the trailing edge. The wake {s noticesbly
inclined to the wing chord line within the range
of the measurements. Table 3 includes the esti-
mated position of the dividing streamline in the
wake,

6 General Description of the Prediction
Mathod for Separated Flow

A viscous~invigcid interaction method is used. It
differs from the type that i{s successful in
treat}ng attached flow, for which it has been
shown  that the effects of viscosity can be esti-~
mated by coupling a solution of the outer inviscid
flow with a direct solution for the boundary
layers and wakes associated with an aerofoil. For
a direct solution of the boundary layer, the
pressure distribution is specified and the displa-
cemant thickness (among other quantities) is
calculated. As the boundary layer approaches
separation the equations describing it become
stif£10 {n the semse that a small change in
pressure distridution leads to a large change in
displacement thickness. This stiffness leads to
nuserical problems in the integration of the
equations, thus limiting the approach described in
Ref 1 to attached flows. If the boundary-layer
equations are solved in inverse form - ie the
pressure distribution is calculated from, say, the
displacement thickness, then close to separation
the equations are no longer stiff and integration
of the equations presents no nuserical dif-
ficulties. An integrsl formulstion of an inverse
turbulent~boundary layer method {s given by East
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et alll and s derived from the direct lag-
entrainment method given by Green et alll: an
extension of this inverse method is used in the
present calculation.

The inverse solution of the boundary layer
equations {s matched to a direct cslculstion of
the inviscid flow by a sgni-inverse scheme of the
sort described by Carter ° gand Le Balleurl“, &
full description of the method 1s given in Refs 2
and 15, but an outline of the method is given in
the following sections. First a description of
the boundary conditions and the calculations for
the outer inviscid flow is given. This is
followed by a description of the boundary layer
equations including some second order termse and
the wodiffcations needed for separated flow.
Finally a description of the semi-inverse scheme
and a relaxation formula derived from a stability
analysis ar: presented.

6.1 Boundary Conditions for the Outer Inviscid
Flow

Ref 1 describes the matching of flows including
the effects of higher—order terms; these terms
become more important in separating and separated
flow. In the matched solution it is assumed that
the flow field can be split into two regions; an
inner region described by the Navier-Stokes
equations (or sose approximation of these
equations) and an outer region described by the
Euler equations, which for {rrotational
incompressible flow are approximated by Laplace's
equation. If an integral formulation is used to
describe the development of the boundary layer
then it is most convenient to match the inner and
outer solutions on the serofoil surface and some
convenisnt line in the wake: the definition of the
inviscid flow is extended through the boundary
layer and wake to this matching line. PFollowing
Lock and Firmin' the new inviscid flow is called
the equivalent inviscid flow (EIF) whilst the name
real viscous flow (RVF) is reserved for the physi-
cal flow. The boundary conditions for the EIF are
obtained by differencing continuity and momentum
equations for the EIF and RVF, (the 'deficit
formulation') and are summarised in Fig 12. The
transpiration velocity Wy, is given exactly by
differencing the continuity equation for the RVF
and EIF, then integrating the difference across
the shear layer, to give

1 d
Hlv-T;Tl' (p1y Uyy &%) o

8
with™ §* -Fi—'%; f: (piui - pU)dn and s, n as

distance along and perpendicular to the surface,
where suffices 1 and v indicate the equivalent
iaviscid flow and conditfons at the surface of the
aerofoil respectively. Other symbols take the
usual meaning, U, W as velocity along s and n, o
as density and &% as a displacement thickness.

By neglecting small terms in the integrated form
of the difference of the normal somentum equation
for the EIF and RVF, a simple numerical approxima-
tion for the difference in nil pressure between
the EIF and RVF (o derived as :

P, -P
A'__'z' - RE(0 + &%) 2)
piw 0“

L™ = T —

7

where X* is the curvature of the displacement sur-~
face and 8 is the momentum thickness of the boun-
dary layer. Thus the pressure calculated in the
EIF has to be corrected before comparison with
experimental values.

In the wake similar boundary conditions apply on a
convenient line dividing the flows from the upper
and lower surfaces of the aerofoil. It ig helpful
in sope ways to regard this line as a vortex
sheet™ in the EIF and refer to it as such. The 1
displacement effect of the wake is given by a jump
AW, in the component of velocity normal to the
:ake. which by analogy with equation (1) is given
a l d (2 [ e
oy :_‘(F (piv ulust) 3
iw

where suffix t denotes the total for the wake
and ¥ denotes mean values.

The pressure variations across the wake in the RVF
and EIF are different. The flows outside the wake
are matched by placing a vortex sheet in the wake
in the case of the EIF. By integrating the dif-
ference forms of the normal momentum equation for
the EIF and RVF across the wake, the pressure dif-
ference across the vortex sheet is found to be:

by = pyy ~ Py

- =
*

- Kwsiw “iw[st + et) ®
where * denotes mean values and K, is the cur-
vature of the dividing streaaline.

6.2 Outer Calculation: Equivalent Inviscid Flow

Although the matching scheme will allow solutions
for compressible flow, for the present low-speed
calculations about a NACA 4412 aerofoil the outer
flow is assumed to be incompressidle and irrota-
tional and is given by a solution of Laplace's
equation. The outer-flow problem is now linear
and a solution of the EIF is obtained without
iteration. Through Green's third identity the
soiution of Laplace's equation can be expressed as
a combination of fundamental solutions distributed
on the surface of the serofoil. In two dimensions
the fundamental solutions are taken as sources and
vortices and are approximated by piecewise con-
tinuous functions defined on the N sides of a
polygon inscribed in the aerofoil (see Pig lS).lGA
numerically stable scheme, developed by Newling ~,
has the source distribution as constant on each
panel and the vorticity varying linearly. The
particular mix of sources and vortices is chosen .
so that the singularity densities on opposite
panels on the upper and lower surface are equal.
The nuaber of unknowns is N+1 of which N are
determined by satisfying a Neumann boundary com—
dicion at the centre of each panel, that the nor-
usl velocity should be given by equation (1). The
final unknown is the strength of the vorticity at
the trailing edge and smooth flow at the trailing
edge is obrained by setting the vorticity om the
asrofoil at the trailing edge equal to the vor-
ticity obtained by approaching the trailing edge
from upstreas through the wake: the value is
obtained from equation (4).

The shape of the stresaline in the EIF from the
trailing edge is calculated by an interactive pro-
cess. An initial guess at the shape of the
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streamline is split into panels and, by sweeping
down the wake, each panel is progressively aligned
with the local flow direction. In the wake the
boundary conditions for the EIF are represented by
constant source panels along the dividing
streanline for the displacement effect and
linearly varying vorticity for the curvature
effects. The strengths of the sources and vor-
tices are derived from equations (3) and (4)
respectively. In the present method it has not
been possible to obtain converged solutions with a
representation of the curvature effects in the
wake, 80 all the calculations reported have the
vorticity in the wake sst to zero.

6.3 Inner Calculation: Shear Layer

A set of integral equations for calculating the
development of a turbulent boundary layer is given
by Lock!. These equations use a normslised
transpiration velocity S = 1/pgy Uy ,a/d8(py Uy 6%)
as independent variable as oppoué to the displa-
cement thickness used by East et alll, Both
integral formulations require a correlstion
between the shape factors

):1 --é- fgpL(hu!—)dn and H, -%- f:—L-ﬂ g dn .

iw iw iw iw

In the integrals above, the upper limit § i{s the
true edge of the boundary layer, not where
U = 0.9950. as in the presentation of the experi-
mental resflts in esrlier Sectious.

The new set of equations based on S perumits the
use of a correlation which has a minimum close to
separation and which consequently accords more
closely with experimpental measurements of
separsting flow. The new equations alu?.l.include
higher order terms as proposed by Weeks . The
four equations are given below.

Streapwise Momentum Integral Equation

49 _ Sf 2, 0 Wy 1 g 2
— - - (H#z-ﬂ ) ——— e aa — 2 -._{p U fe}
ds 7 Uiv ds piwui.vd' v iw

where ¢, is the skin-friction coefficient, M s
the local Mach number; f embodies the gecond order
terms as £ = Kx(8+445*)/20 - (I/O)CT/ctEQ with I as
the Reynolds normal stress integral [:[(uz- wz)/
uzvldn. C, the shear stress coefficient and C_
1*- value in equilibrium conditions. The equEgon
can be reduced to standard form by defining

- 1 4 2
tep =dep - —— 35 loy, Mt -
Ptv'iw

Entrainment Equstion

no%% -Hs - -‘; nznlcg - Cyfn- %«1)
where c! is the entrainment coefficlent and

D =B - BdH/di + (W +2aH /a5,

Lsg-entrainmsent Equation
84Cy 2.8 (. 1} 4 o 9y
ds - r(c!'cfo] ll-ﬂl1 (CT)!QO_ x‘:1') * ('lg ds !)Q

g dU

2
-2 1+ 0,07 (-———-“0'2“2]]
1w (1+0.18%)

where ¢, 1s the skin friction coefficient in
equilib‘?u flov in zero pressure gradient and )
is a scaling factor on the dissipation length.
The suffix EQ denotes equilibrium conditions and
EQ, equilibrium in the absence of secondary
in?luencn on turbulence structure,

Velocity Equation

4u dH an
(+)p o v __1e,1 . (“lnz)g - -1
Ui - 2 °f 5 1
w dH

ds i
- Gyl g’

The extraneous influences on the turbulence struc-
ture are contained in the scaling factor 2 in the
lag equation and the most important influence in
this context is the effect of longitudinal cur-
vature on turbu}ence structure for which ) is set
to 1 + B.R (14M7)/5. Ri 1s the 'Richardson num-
ber' for wﬁich an average value through an equili-~
brium boundary layer is given approximately by

) B
"'E(H"HI)( — +0.3) ;
;8

winy

B, is taken from Ref 12 as 7 on a convex wall and
6?5 on a concave wall while R is the radius of
longitudinal curvature.

The method is completed by the specification of a
correlation between H and H, which can be derived
from velocity profiles. Fo} the calculation of
separated flow velocity profiles must contain
some reverse flow. The two puramterléow speed
velocity-profile family of Le Balleur = and Lock
provides a suitable profile and is represented
by the formula

19

U
T " 1+ Cllogn - Czl’(n)

e
where n = y/8 and F(n) takes the form

F(n) =0 1f 0 < n < ot |
*
F(n) = £((1=3) £ e nc1,
and n* {s zero for attached flows but defined
empirically for separated flows. Lock found that
a close fit to experimental profiles is obtained
if f is taken as Coles' wake function, so that

£(£) = {(l+cosrE)
where £ = (n-n%)/(1-n%),

These profiles can be used to determine a rela-
tionship betvem A and Hl vhich is illustrated in
Fig 14. Green" has argued that the ‘transformed’
shape parameter H might be regarded as the equiva-
lent in compressible flows of the parameter H at
low speeds, thus this (H, H,) relationship can be
used for compressible flows.

6.4 Viscous-inviscid Mstching

A flow diagram for the semi-inverse method of
matching the inner and outer flows is given in Fig
15. An initial estimate of the normalised
traaspiration velocity S {s used {n an {averse
calculation of the boundary layer to give an esti-
mate of the velocity distribution UV in the EIF,
The same estimste i{s also used as a boundary con-
dition in the diruit inviscid method to yleld
another sstimate U: of the velocity in the EIF.
The difference bo:&‘a'cn the two estimstes of the




velocity, UX' -U is used to correct the nor-

1
’

malised ttanspira%!on velocity and the two
simultaneous calculations are repeated. A stabi-
lity nnalygiilof a linearised form of the
equations °* which examines the growth of
errors in the normalised transpiration velocity
and streamwise velocity expressed as Fourier modes
yields a correction formula for S,

v I
aS = —BBO 1 Wy 2 9y
B+BOn/ax UV ds UI ds
iw iw

which proves useful in the full non-linear
problem. The factor BB8/(8+BO%/Ax) can be viewed
as a relaxation factor which varies throughout
the field,of calculation and depends upon

8 = /(1-M"), Ax the panel length in the inviscid
calculation and B = (H+1)D dH/dH , ie quantities
from the boundary layer.

6.5 Outline of the Application of the Method

The method must be given the aerofoil ordinates,
the Reynolds number, Mach number and angle of
incidence. Then the laminar portion of the boun-
dary layer is calculated by a_gompressible version
of the method due to Thwaites ~. The computer
program allows for three different types of tran-
sition to a turbulent boundary layer. Natural
transition }g predicted by Granville's

correlation If the laminar boundary layer
separates before natural transition has been pre-~
dicted then the development of the laminar separa-
tion bubble is calculised by Horton's
seai-empirical msethod® . Transition can also be
fixed at a specified point as long as neither of
the other criteria has been satisfied upstream.

Downstream of transition the development of the
boundary layer and wake are calculated by the
inverse method described in Section 6.3.

7 Comparison Between Theory and Experiment

Calculations of the flow about a NACA 4412 aero-
foll are compared with the experimental results at
a Reynolds nuaber of 4.17 x 106 and a Mach number
of 0.18. In the theoretical calculation the tran-
sition from laminar to turbulent boundary layer ias
fixed at x/c = 0.014 and 0.110 on the upper and
lower surfaces respectively, which correspond to
the downstream ends of the transition trips used
in the experiment. The theoretical method does
not implicitly contain sn estimate of the change
in the state of the boundary layer as it passes
over the trip, but this can be simulated by
increasing the momentum thickness at the trip on
the upper surface: at an angle of incidence of
12.15°, which corresponds approximately to the
saximum 1lift coefficient for the serofoil in the
experimental tests, an increase in the momentum
thickness of the boundary layer of 0.0002 m at

x/c = 0.0l14 on the upper surface leads to reaso-
nable agreement with the somentum thickness
weasured at x/c = 0.2 and 0.4 ss indicated in Pig
16. On the lower surface there is no incresee in
somentus thickness at the trip but the calculated
value of 0.0008 » compares quite well with the
seasured value of 0.00064 m, at the trailing

edge.

In the calculation of the turbulent boundary layer
the effect on turbulence structure of longitudinal

curvature has been included but the second order
effects of flow curvature and Reynolds normal
stress have not. Calculations with the same
increase in momentum thickness at the upper sur-
face trip are repeated for angles of incidence
between 0° and 14.5°: the 1lift coefficlents are
compared with experimental and inviscid values in
Fig 17. Up to an incidence of 12.15%, there is
good agreement with the experimental results.
However the theoretical results extend beyond the
range of experimental values and indicate a
decrease in the 1ift coefficient as the separation
point moves towards the leading edge.

The calculated and measured pressure distributions
at an angle of incidence of 12.15° are compared in
Pig 18, The {nteraction calculation was run for
200 {terations so that it is fully converged in
terms of lift coefficient. The two pressure
distributions are similar except that the experi-
ment fndicates slightly lower pressures in two
regions: from 0.05 < x/c < 0.4 on the upper sur-
face and on the aft parts of both surfaces. 1In
the latter case the shape of the predicted
pressure distribution is, however, correct in the
main and the differences in level may be ascribed
to differences between the measured and predicted
separation positions. Using the experimentally-
supported criterion (Section 5) that a shape para-
meter of four identifies the point of separation
(ie the first appearance of reversed flow in the
time-mean velocity profile), then separation in
the experiment occurs just ahead of x/c = 0.80
whilst in the calculation it occurs just ahead of
x/¢c = 0.90.

There are geveral possible explanations for the
differences between theory and experiment: the
change in momentum thickness at the transition
trip could be fncorrect; the tunnel interference
induces a camber in the flow; the three-
dimensional nature of the flow in the wind tunnel,
and perhaps its slight unsteadiness, might be
equivalent to a change in the effective incidence
of the model; or there may be significant defi-
ciencies in the shear layer calculations such as
the omission of normal stress terms. The impor-
tance of the first three of these possibilities
has been checked by appropriate calculations.

Increasing the momentum thickness at the trip by
0.0003 m instead of 0.0002 m moves the separation
point forward to x/¢ = 0.82 but the 1lift coef-
ficient falls to 1.38 which is some 62 below the
experimental value.

Using Fig 1, the flow curvature and inclination
induced by tunnel interference have been coun-—
teracted by adding an opposing camber to the aero-
foil and slightly increasing its incidence. The
pressure distribution about the distorted aerofoil
at the corrected incidence has been compared with
the uncorrected pressure distribution. Separation
moved forward to x/c = 0.86 and the consequent
reductions in pressure near the trailing edge
contributed to a slight (1.42) {ncrease in lift
coefficient, but there was no noticeable improve-
ment in the pressure distribution closer to the
leading edge.

A calculation at an angle of incidence of 13.5°
(without an induced camber correction) gave much
closer agreement with the experimental pressure
distribution ss shown in Fig 19. The point of
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separation moved forward to x/c = 0.79 and the
1ift coefficient increased slightly to 1.490 which
is still close to the experimental value. The
displacement thicknesses from experiment and
calculation at angles of incidence of 12.15° and
13.5° are compared in Fig 20. The calculations at
the higher incidence much more closely reflect the
trend of the measurements. This is to be expected
in view of the effect of the incidence change on
the pressure distribution. However the measured
tum thick are better represented by the
calculation at the lower incidence (Fig 16) for
the rear part of the wing. In this region the
measured shape paraseter (H), which depends on
both thicknesses, consequently falls between the
calculated results for the two incidences
(Fig 21).

It is suggested that further analysis is required
before the discrepancy between measured and calcu~
lated tum thick can be properly
assessed. On the one hand the effect of using the
generalised definition” to evaluate the experimen~
tal values needs to be estimated and on the other
the effects of Reynolds normal stresses need to be
included in the calculations.

8 Concluding Remarks

The flow near a stalling NACA 4412 aerofoil has
been studied both experimentally and theoreti-
cally. The experimental results yield a fairly
detailed picture of the flow around the aerofoil
and in the upstream part of its wake. The results
emphasise how the shear flow near the rear of the
aerofoil alters the effective thickness and camber
of the disturbance that the aerofoil introduces
into the free stream. They also confirm that the
shear layers near and beyond separation are thick
enough to require a higher order theoretical
treatment than traditional boundary layer theory.

Comparison of the experiment with a semi-inverse,
viscous-inviscid-interaction theory shows that
1ift coefficients for this aerofoil can be pre-
dicted very well up to and rather beyond maximum
11ft. Predictions of detailed pressure distribu-
tions near meximum lift are slightly less
accurate, though the level of agreement with
experiment 1is very encouraging.

Several possible reasons for the discrepancies
between theory and experiment have been advanced
and, in some cases, their likely importance has
been tested by calculstion. However, it i{s not
clear to what extent the discrepancies are attri-
butable to imperfections in the experiment or to
the need for better representations of separating
shear layers in the theory. The further develop~
ment of this empirical aspect of the theory, if
indeed it is significantly in error, will depend
on the availability of suitable experimental data,
such ss those presented here, for detailed
analysis. :

REFERENCES

1 R.C. Lock, M.C.P. Firmin. Survey of tech-
niques for estimating viscous effects in
external aerodynamics.

Numerical Methods in Aeronautical Fluid
Dynamics, ed P.L. Roe, Academic Press (1982).

2 B.R. Williams. The prediction of separated
flow using a viscous-inviscid interaction
method.

ICAS-84-2.3.3 (1984).

3 A.J. Wadcock., Flying hot-wire study of a two-
dimensional turbulent separation on a NACA
4412 airfoil at maximum lift.

Ph D thesis, California Institute of
Technology (1978).

4 R.C. Hastings, K.G. Moreton, R. Clark. Mean
flow properties measured around an aerofoil
close to its maximum lift,

Paper l4-1. 2nd Int. Symp. on Appl. of Laser
Anemometry to Fluid Mechanics, Lisbon
July 2-4 (1984).

5 A.E. Winkelmann. On the occurrence of
mushroom shaped stall cells in separated flow.
ATAA Paper 83-1734 (1983).

6 D.A. Lovell. An automatic wake traverse
system for flow field measurements in large
low-speed wind tunnels.

RAE TR 80078 (1980).

7  P.R. Ashill, D.J. Weeks. A method for deter-
mining wall-interference corrections in solid-
wall tunnels from measurements of static
pressure at the walls.

Paper 1, AGARD CP No 1335 (1982).

8 L.F. East. A representation of second-order
boundary layer effects in the momentum
integral equation and in viscous-inviscid
interactions.

RAE TR 81002 (1981).

9 J.E. Green. Two-dimensional turbulent reat-
tachment as a boundary layer problea.
RAE TR 66059 (1966).

10 S.J. Kline, J. Bardina, R. Strawn,
Correlation and computation of detachment and
reattachment of turbulent boundary layers oan
two-dimensional faired surfaces.
ATAA-81-1220 (1981).

11 L.F. Bast, P.D. Smith, P.J. Merryman.
Prediction of the development of separated
turbulent boundary layers by the lag-
entrainment method.

RAE TR 77046 (1977).

12 J.E. Green, D.J. Weeks, J.W.F. Brooman.
Prediction of turbulent boundary layers and
wakes in compressidble flow by a lag-
entrainaent method.

ARC R&M 3791 (1977), also RAE TR 72231 (1972).

13 J.E. Carter. A new boundary layer inviscid
interaction technique for separated flows.
ATAA-79-1450 (1979).




14

15

16

17

18

20

21

22

23

24

J.C. Le Balleur. Couplage visqueux - non
visqueux: méthode numérique et applications
aux 8coulements bidimensionnels transsoniques

at supersonique.
La Recherche Afrospatiale, 1978-2 (1978).

B.R. Williams. The calculation of separated
flows for a two~dimensional aerofoil at low
gspeed.

RAE TR to be published.

J.C. Newling. An improved two—dimensional
multi-aerofoll prograas.
RSA-MAE-R-FOM-0007 (1977).

D.J. Weeks. RAE unpublished paper.

J.C. Le Balleur. Strong matching method for

computing transonic viscous flows including
wakes and separations on lifting aerofoils.
La Recherche Afrospatiale, 1981-3 (1981).

R.C. Lock. Private communication.

J.E. Green. The prediction of turbulent boun-

dary layer development in compressible flows.
J Fluid Mech., 31, 753-778 (1968).

L.B. Wigton, M. Holt. Viscous—inviscid

interaction in transonic flow.
AIAA~-81~-1003 (1981).

B. Thwaites (Ed).
aerodynamics.
Clarendon Press (1960).

Incompressible

P.S. Granville. The calculation of viscous
drag of bodies of revolution.
David Taylor Model Basin, Report 849 (1953).

H.P. Horton. A semi-empirical theory for the
growth and bursting of laminar separation
bubbdles.

ARC CP 1673 (1967).

Reports quoted are not necessarily available
to members of the public or commercial
otganisations.

Copyright @. Controller AMSO, London 1984.

TABLE 1

TUNNEL ROOF AND FLOOR PRESSURE COEFFICIENTS

*x/e (Cp)Roof (cp)Floor
-1.0 -0.079 +0.106
-0.8 =-0.111 0.127
~0.6 -0.157 0.147
<0.4 | -0.193 0.168 |
-0.2 -0.226 0.188
0 -0.256 0.190
+0.2 -0.288 0.190 |
0.4 -0.282 0.186 |
0.6 -0.270 0.170
0.8 -0.234 0.159
1.0 -0.202 0.131
1.2 -0.166 0.107
1.4 -0.134 0.089
1.6 -0.099 0.040

*Along the tunnel axis, here only.
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Fig 13 \

Constant source strength,oj

Linearly varying vorticity,;

N " /
N, — . *

Constant source strength

N-sided inscribed polygon

Singularities are equal on
upper and lower surfaces

Fig13 Singularity model used in panel method




Fig 12

Dividing
streamline

e
Free stream

Pressure correction
~K*(0+ 5%)

Fig 12 Boundary conditions and corrections for EIF
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Fig 10 Wake edge and dividing streamline
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Fig. 9 Normalised wake velocity profiles
(lower)
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Fig. 8 Normalised wake velocity profiles
(upper)
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Fig 7
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by normal
stress effects

1 WL ”~ o v [A VS |

Scale of (UZ ©), units
o

Contribution
from C¢

'1 -1}

-2 L

Fig 7 First—order momentum balance for
upper surface boundary layer |
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Fig 6 Dimensionless shear stress !
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(a) Longitudinal normal stress

Symbols as for (a)

(b) Outward normal stress

Fig5 Dimensionless Reynolds normal stresses




Fig. & Upper.surface velocity profiles
(x/c = 0.66)
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Fig3 LDA separated flow profile data
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Fig 1
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3 (@) Induced upwash along the chord
:
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-0.01
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(b) Induced camber of flow

Fig 1 Wall interference effects on
tunnel axis
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TABLE 2
BOUNDARY LAYER CHARACTERISTICS
[ r B 1 R i I L 1 |
x/¢ (c.). 8/¢
p¥all | (o/y w0.995] ® 8/c By | Covax| Celeae (1/8)gg,
(Upper Surface)
0.20 ~1.875 0.0085 1.54 0.00119 8455 - 0.00190 0.021
0.40 -1.160 0.0141 1.59 0.00210 } 12920 - 0.00155 _ -
0.59 -0.5863 0.022 - - - 0.0041 (75115)*195 0.027
*0.66 -0.4192 0.0286 2.64 0.00439 |} 21755} 0.0077 (2228)"1(_) 0.036
0.74 -0.2943 0.0420 3.11 0.00618 | 29450 - (622)!10_5 -
0.78 -0.2539 0.0490 3.63 0.006746 | 31560} 0,0078 (3t1)x10 0.053
0.80 -0,2418 0.054 - - - 0.0077 - - .
*0.82 -0,2311 0.0600 4.71 0.00683 { 30350 - - 0.082
0.85 -0.2230 0.0650 4,97 0.00753 | 34430| 0.0079 - 0.104
0.92 -0.2145 0.0814 6.67 0.00786 | 35165| 0.0070 - 0.143
0.95 -0.2100 0.0935 8.13 0.00757 33985 - - -
0.997 -0.190 0.1077 8.72 0.00821 35840 | 0.0062 - 0.184
(Lower Surface)
0.997 -0.140 0.0078 1.275) 0.000636 | 2690 (= cf) 0.00395 -
#Eqrly LDA Profile Data
TABLE 3
WAKE CHARACTERISTICS
xfe | v /U §/c | 8/c z/c u/y,
e = (U/Ue-0.995) C
(above dividing streamline) (on dividing streaaline)
1,003} 1.088 0.1085 8.70| 0.00842 -0.00130 0.417
1.015 1.089 0.1075 9.32) 0.00789 -0.00131 0.160
1.050 1.067 0.1014 7.65) 0.00867 +0,00537 0.170
1.076 | 1.040 0.1052 5.96 | 0.01029 0.0102 0.385
1.200| 0.993 0.0935 2,18 0.01399 0.0352 0.436
1.350| 0.990 0.0960 1.371 0.01092 0.0633 0.631
(below dividing streamline)
1,003 1.068 0.0105 1.57| 0.00093
1.015] 1.073 0.0086 2.44 0.00108
! 1,050} 1.061 0.0152 2,33} 0.00159 .
1.076 1.035 0.0156 1.74] 0.00174 b
1,200} 0.961 0.0580 1.50| 0.00547
1.350) 0.962 0.0665 1.31 0.00756
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Fig. 15 Flow diagram for semi - inverse method
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Fig 17
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