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Abstract

A combined theoretical and experimental
investigation into transonic flows over
aerofoils of advanced design is described.
The experiments have been performed at
high subsonic speeds and over a wide range
of Reynolds number up to 20 million on a
number of aerofoils with rear pressure
distributions of differing form and
severity. Three families of aerofoils
have been studled, all of which are of 14%
thickness and have a high degree of rear
camber. Data for aerofoll pressure
distributions and overall forces are com=-
pared with predictions by a calculation
method based on the viscous~inviscid
interaction concept and including
allowance in the modelling of the turbu-

lent shear layers for effects which become
important as separation is approached.
Predictions of pressure distributions by
this method are shown to be in generally
good agreement with experiment for the
various sectlons tested, and it is
concluded that the method provides a
reliable basis for designing aerofoil sec-
tions with advanced features.

1 Introduction

Computational Fluid Dynamics (CFD)
methods for transonic flows over aerofoils
have been shown to yileld physically
realistic solutions in a number of special
cases generally with fully attached flow.
However, these methods treat the shear
layers approximately and hence further
assessment 1is needed before the concepts
involved can be extended with confidence
to more complex flows. The need for such
an assessment is particularly acute for
flows at high subsonic speed over aero-
folls of modern design having relatively
large rear camber. For such flows, the
adverse pressure gradlents over the rear
of the section can be particularly severe,
leading to a rapid growth in boundary-
layer thickness as the trailing edge is
approached and possibly also to separ-
ation. “Thus flows of this type, which are
of great practical importance, pose a con-
siderable challenge to the accuracy of the
predictlons by CFD methods.

This paper describes a combined theor-
etical and experimental investigation
almed at improving the modelling in a CFD
method of flows approaching separation.
The experiments were performed at high
subsonic speeds in the 8ft x 8ft
Pressurised Wind Tunnel at RAE Bedford on
three families of aerofoills of 14%
thickness and of modern design, some of
which are novel in character.
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Until fairly recently, the method most
favoured in UK for calculating transonic
flows over aerofolls was the viscous ver-
sion of the Garabedian and Korn program
(VGK)1:2, Based on the viscous-inviscid
interaction concept, VGK uses a full-
potential algorithm for the inviscid flow
and integral methods to calculate the
shear layers. VGK gives reasonable pre-
dictions of aerofoil pressure distri-
butions and drag for attached flows but,
where flow separation is approached, the
method 1s less rellable. The inadequacy
of the method for flows of this type stems
in part from the use of the concepts of
first-order boundary-layer theory.

More recent developments have included
methods for solving the Euler equations3,t

in the inviscid part of the flow and
others ylelding solutions of the Reynolds-
averaged Navier-Stokes equationsS:6., The
former class of methods retains the
viscous-inviscid interactlon procedure and
thus needs allowance for effects which
become important in regions approaching
separation; the latter class 1s less
restricted in thls sense but currently
relies on primitive turbulence models?.
Thus methods of this type are not, at
present, sultable for routine application.

In order to remedy the defects 1n VGK
mentioned above, improvements have been
made to the method to allow for 'higher-
order' effects and other influences which
become important in separated-flow
reglons. A first attempt to include these
effects (to give a code known as AVGK) was
not entirely successful because of the
slowness of the numerical convergence of
the 'direct' method (used to couple the
inviscid and viscous flow solutions) as
separation is approached. East et al®8
showed that, in such circumstances, an
'inverse' scheme for calculating the shear
layers 1s preferable. 1In this scheme,
boundary-layer displacement thickness (or

‘'wall' transpiration velocity) 1s assumed

known and the wall streamwlse-velocity
distribution of the inviscid flow is
calculated; thls distributlon is then used
in the inviscid flow elther directly as
the wall boundary-condition or indirectly
via an intermedlate expression to defilne
the wall transpiration veloclty. The
latter 'semi-inverse' procedure 1s
employed in an improved version of AVGK
known as BVGKY9; thus AVGK 1s superseded by
BVGK and so no further mention 1s made of
AVGK in this paper.

The remainder of this paper starts with
a description in section 2 of the aero-
foils studied, follows this with a
discussion of the experiment, including



the test techniques, in section 3, and
continues by describing the main features
of BVGK in section 4. Finally, predic-
tions by VGK and BVGK of aerofoil pressure
distributions and drag are compared with
those of measurement in section 5.

2 Aerofoil Design

As noted in the Introduction, three
families of aerofolls have been tested,
and in this sectlon characteristics of
each family are briefly summarised. Each
family is distinguished by the pressure
distribution or shape of the rear half of
the upper surface. In other respects the
aerofoils, which have a common section
ahead of 65% chord, are similar. Detaills
of section shape and rear pressure distri-
bution calculated by BVGK for selected
aerofolls .are given in Fig 1.
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Fig.1 Families of aer..ls studied
2.1 Convex

The convex family 'of sections is so
named because the pressure gradient on the
upper surface increases monotonically with
streamwise distance between about 60% and
80% chord. Six sections have been
investigated in this family, three with
sharp trailing edges, RAE 5225, RAE 5229
and RAE 5230, and the remainder with blunt
bases. However, only those sections with
sharp trailing edges are considered in
this paper.

Of the three sharp trailing-edge aero-
foils, RAE 5225 has the least tendency
towards separation on the upper surface;
this sectlon 1is designed so that, at a
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1ift coefficlent Cp, = 0.6, a free-stream
Mach number M, = 0,735, a chord Reynolds
number R = 20 x 106 and with transition at
5% chord on both surfaces, separation is
Just avolded near the traliling edge on the
upper surface. RAE 5230 is the most
extreme of the three, having been designed
to have boundary-layer characteristics
near the tralling egge on the upper sur-
face at R = 20 x 10 imilar to those of
RAE 5225 at R = 6 x 100,

2.2 Relaxing

The name relaxing is used for these sec-
tions because the pressure gradient on the
upper surface decreases or 'relaxes' with
streamwise distance between 75% and 90%
chord. This type of section has a
possible advantage over more conventional
sections for wings designed for high-speed
crulse, since the upper-surface shape
between 55% and 75% chord is such that
shocks forming in this reglon are rela-
tively weak at a glven angle of Iincidence.
Of the two relaxing sections, RAE 5236 is
the more severe in terms of proximity to
separation but is less prone to separation
than all the convex sectlions. Desplte
this, RAE 5236 has a higher drag at a
given 1ift at M, = 0.735 than does the
least extreme convex section RAE 5225, as
1s shown later.

2.3 Two Part

The pressure distribution on the upper
surface of the solitary two-part section,
RAE 5234, 1s characterised by a region of
modest, adverse pressure-gradient between
60% and 90% chord followed downstream by a
pronounced increase in pressure gradlent.
A novel feature of this section, which has
a 3% thick base, is that it has a rela-
tively large cross-sectional area aft of
55% chord, offering possible structural
advantages and some freedom to design a
flap with a generous nose radius.

3 Wind Tunnel Tests

3.1 Model and Measurement Techniques

The model was of 0.635 m chord for all
aerofoll sections and spanned the tunnel
working section, giving an aspect ratio of
3.84 and a chord to height ratio of 0.26.
Special efforts were made to seal the two
spanwise extremities.

Boundary-layer transition was fixed by
means of the alr-injection technique in
which air is bled into the boundary layer
through a row of small holes, drilled nor-
mal to the surface, at a rate just suf-
ficient to fix transition. Detalls of the
system are given in Fig 2 which also shows
the construction of the model; further
information is provided in Ref 10 where it
is shown that, above a critical mass flow,
transition is effectively fixed at the row
of air holes at 5% chord on both surfaces,
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Fig. 2 Isometric view of model showing air-injection system

and evidence is presented suggesting that
the spurious drag assoclated with alr
injection 1is negligible.

Surface static pressures were measured
at orifices of 0.5 mm diameter and drilled
normal to the surface both on the model
centre line and at a limited number of
positions on lines about one chord either
side of the centre line. The off-centre
holes were provided as a check on the
spanwlse uniformity of the flow but in
this paper only pressures measured at the
centre~line are considered.

Section 1ift and pitching moment were
determined by appropriate integrations of
the static pressures around the section
cortour. Section drag was determined from
the momentum deficit in the wake far
downstream; this deflcit was inferred from
measurements of total and statlc pressures
made with a rake of pitot and static tubes
located at the vertical plane of symmetry
about two chords downstream of the
tralling edge.

Detalls of the corrections applied to
the data for static-~hole error, tunnel-
wall constraint and model static aero-
elastic distortion are given in Ref 11.
All the data presented in this paper are
corrected for these effects. In particu-
lar, a simple correction for blockage is
applied to free-stream Mach number and
static pressure on the basis that the
blockage increment in Mach number varies
slowly along the aerofoil chord. On the
other hand, a wall constraint correction
to model incidence alone is not justified
because of significant variations in wall-
induced upwash in the region of the model.
Therefore, in the comparisons between
calculation and measurement to be
discussed in section 5, an allowance 1is
made for this variation by a correction to
the aerofoll camber in the calculation,
using the analogy between flow curvature
and aerofoll camber suggested by
linearised aerofoil theoryl2,

The correction for model aerocelastic
distortion arises because the model was
free to rotate in a bearing at one span-
wise extremity while beilng constrained at
the other end by the incidence adjustment
device. This arrangement avoided the
complication of a following mechanism but
meant that the model twisted under

1533

aerodynamic load. The correction to
centre-line incldence was deduced from a
prior static-calibration and from values
of aerodynamic pitching-moment inferred
from the static-pressure measurements.
The same calibration indicated that the
twist over the central 50% span was about
half the change in centre-~line incidence.

Limited checks were made of the spanwise
variation of section drag coefficient by
rotating the wake rake about its axis
through the wake for a number of shock-
free flows. Differences between the
centre-line value and values at between
0.3 and 0.5 chords elther side of the
centre-line were found to be small, typi-
cally from 0.0001 to 0.0002.

An assessment of the effect of various
sources of error suggests that static
pressure and drag coefficlents are
accurate to within #0.002 and x0.0001,
respectively. A high standard of repeat-
ability was achieved in the measurement of
pressure both between and within test
series, static pressure and drag coef-
ficients being repeatable to within $0.001
and +0.0001.

3.2 Test Conditlons

The measurements were made for free-
stream Mach numbers within the range 0.5
to 0.75 and for chord Reynolds numbers
from 6 x 10° to 20 x 10° for all sections
except RAE 5230 for which the maximum
Reynolds number was 17.7 x 106, A1l the
tests described here were made with tran-
sition fixed, established by varying air-
injection mass flow until there was no
further change 1n drag with mass flow.

4 Calculation Method

BVGK contains the same basic procedures
as VGK, including the lag-entralnment
methodl3 for calculating the turbulent
shear-layers, but embodies changes to the
modelling of the shear layers which become
increasingly important as separation is
approached and uses a revised method to
couple the viscous and inviscid flow
solutions.

4.1 Improvements to the Modelling of

Viscous Effects

The changes to the modelling of the
shear layers 1in BVGK are:

(a) Allowance for 'higher-order' effects
in the equations for integrated shear
layer mass and momentum deficit due
to flow curvature and, where
approprlate, second-order Reynolds
stresses.

(b) A revised shape-parameter relation-
ship which is more suitable for flows
with separation.



(c) Modifications to improve the accuracy
of the skin friction and the shape
parameter of the velocity profile at
low local Reynolds number.

(d) Allowance for the effect on turbu-
lence structure of flow curvature (a
correction which is avallable 1in the
lag-entralinment method but not
implemented in VGK).

4,1,1 Higher-order effects

By differencing the respective equations
of continuity and Reynolds-averaged,
Navier-Stokes equations for two flows -
the Equivalent Inviscid Flow (EIF) and the
Real Viscous Flow (RVF) - Eastl% was able
to adapt the equations for integrated mass
and momentum deficit in the shear layers
to include higher-order effects. The
former flow coincides with the latter
where the flow 1s inviscid and is the
smooth continuation of the inviscid flow
within the shear layers. He obtained for
the wall transpiration velocity in EIF

1 4 %
1w 5 (piwUiws*) (1)
where suffixes 1 and w refer to EIF
and to wall (aerofoll contour or rear
dividing streamline) conditions, U 1is
velocity in the streamwise direction s
and

Wiw =

8
* o= o -
8 TR é(piUi pU)dz (2)
1s generalised displacement thickness.
The integration indicated in equation (2)
is performed from the wall (z = 0) to the
outer edge of the shear layer (z = §)
along a normal to the wall.

Defining a generalised momentum
thickness

5
1
o = —-—§—-é[pU(in -U) +

piwUiw
p1U1(Uy = Uyy) Jaz

and ignoring terms which are significant
only when surface curvature 1s large and
the boundary layer grows rapidly, East
showed that the streamwise momentum
integral equation may be expressed as

du C,
de 2 9 iw - " =
gt 2-Ny- g 7
w
d(p, U3 £0)
__1 Piw 1w
0 2 ds
iw iw
2
+ Miw oW dwiw . (3)
2 iw ds
iw
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Here Cg¢ 1s an equivalent skin friction
coefficient, M 1is Mach number and

H = 68%¥/0 . The term f may be expressed
as the sum of two terms due respectively
to flow curvature and to Reynolds normal
stresses.

Equations (1) and (3) differ from the
standard first-order expressions in VGK in
that the inviscld-flow quantities are
defined by wall conditions in EIF rather
than by those at the outer edge of the
shear layer {(which in VGK are inferred
from the wall static pressure of RVF using
the boundary-layer approximation
9p/3z = 0, where p 1s statlic pressure).
Lock and Firminl5 argued that this change
is equilvalent to an increase 1in adverse
pressure-gradient in regions of rapld
boundary-layer growth such as near the
trailing edge. An additional difference
is that the right-hand side of
equation (3) 1s non-zero, 1in general,
whereas it 1s zero in the first-order
equation.

The second term on the right-hand side
of equation (3) 1s generally less import-
ant than the first and 1s thus neglected.
Consistent with this approximation, Uiy

is assumed equal to the surface speed in
EIF, iy = JU§y + Wiy. A study of the
errors in boundary-layer thicknesses
involved in using qi, 1instead of Ujy

suggests that they may be ignored for the
flows considered in this paper.

In a similar way, East derived the nor-
mal momentum-integral equation and from 1t
showed that wall static pressures in the
two flows are related by the expression

% 2 x
Piw Py K pngiw(6 %),

where «¥ 1is the displacement-surface
curvature. For convenlence, this equation
is not used directly in BVGK but is com-
bined with the usual linearising assump-
tions to derive a flow speed corresponding
to py

q, = Uj [l + «<*(e + 8%)] . €

In principle, equation (4) allows a
solution to be obtalned for the inviscid
flow which 1s compatible with the Kutta
condition of smooth flow at the tralling
edge expressed as

(ay)y (ay)1

suffixes u and 1 referring to the
upper and lower surfaces approaching the
trailing edge. However, the conformal
transformation used in the calculation of
the inviscld flow 1s such that the sol-
ution for the flow 1s not defined at the
trailing edge. The method used to solve



this problem within the framework of the
revised treatment of the shear layers is
described later.

Modifications to the entrainment and lag
equations in the lag-entrainment method
consequent on the use of EIF wall quan-
tities in the definition of the integral
thicknesses are described in Ref 9.

4,1.2 Shape Parameter Relationship

In the lag entralnment method, the mass-
flow shape parameter

§
Hl = épUdZ/piniwe

and the transformed shape parameter

$
0

are related by the expression
Hy = 3.15 + 1.72/(H - 1) - 0.01(H - 1)% .

This formula 1s intended to represent a
wide range of aerofoil flows but is biased
towards those with severe, adverse
pressure gradients. The last term on the
right-hand side is intended to ensure that
dHy/dH 1is finite for all positive R
thus avoiding singular behaviour in the
integration of the shear-layer equations
by the direct method.

In BVGK an alternative relationship is
used

#

Hy 2 +1,5/(H - 1) + 0.5(H - 1),
1.3 <H <4

jew}
]

. b4z E -4, 4<H<12 . (5)

Equation (5) displays a minimum in H
at a value of H (= 2.7) close to that
for incipient separation. As implied
above, relationships of this type cannot
be used for the calculation of separated
flows by the direct method normally
assoclated with the lag-entrainment method
but pose no problem when the inverse
method is used. Lock!® showed that an
expresslion simllar to equation (5) is
sultable for low-speed flows, and it would
appear that the same is true of flows at
high subsonic speed except in regilons of
sudden and severe pressure gradient!l’/ (eg
strong shock waves).

1

4,1.3 Skin-Friction Relationship

The skin-friction coefficient Cr 1is
assumed to be equivalent to the standard
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definition but the formula used differs
from that of the lag-entrainment method
in two respects:

(a) Allowance 1s made for the effects of
low Reynclds number on the veloclty
profile of the turbulent shear layer.

(b) A lower limit of -0.0002 is imposed
on the skin friction coefficlient.

The first modification, which is
described in detall in Ref 9, 1is made to
allow for changes 1in the character of tur-
bulent boundary-layers at low Reynolds
number (ie at a momentum-thickness
Reynolds number Ry below about 5000),
relative to that at higher Reynolds
number, originally observed by Colesl0,

According to Prestonl®, a flat-plate
boundary layer with fully-developed tur-
bulence 1s not possible for values of Ry
less than 320 in low speed flows. In view
of this, and in the absence of evidence on
the effects of pressure gradient and
compressibility, this value has been taken
to be the lower limit of Ry Just
downstream of transition, the momentum
thickness there being adjusted accordingly
when necessary.

4,1.4 Curvature Effects on Turbulence
Structure

A method allowing for the influence on
turbulence structure of streamwise flow
curvature 1s described by Green et all3,
This correction with a modification pro-
posed by Bradshaw2? to allow for a lag of
108 can be included in BVGK. The mean
value of flow curvature across the shear
layer used in this correction is taken to
be that of the displacement surface. It
1s doubtful if this approximation is valid
for separated flows where the variation of
flow curvature across the layer 1is likely
to be large. This aspect of the method is
considered agaln in section 5 where calcu-
lation and measurement are compared.

4,2 Viscous-Inviscid Interaction
Procedure

BVGK is semi-inverse in character since
it uses an inverse method to calculate the
turbulent shear layers but applies the
wall transpiration condition in the calcu-
lation of EIF as in the conventional
direct scheme. In both VGK and BVGK the
method of Garabedian and Korn is used to
calculate the inviscid flow with a modifi-
cation Bo the numerical difference scheme
by Lock® to improve the representation of
shocks. However, in BVGK a different
method is used to satisfy the Kutta
condition and this is described later.



4.2.1 Calculation of Shear Layers. and
Viscous-Inviscid Matching

On each surface, the laminar boundary
layer and the turbulent boundary layer to
one grid point downstream of transition
are calculated in the usual direct way.
Further downstream, the inverse method 1is
used whereby &% 1is specified and Ujsy
is determined along with other boundary-
layer parameters, the iteration process
being started with an assumed distribution
of displacement thickness.

Matching between the inverse part of the
solution and EIF 1s accomplished with an
expression due to Carter?!

uv

s#(n + 1) <= 4sx(n) 1 + n(_}l'i_ ) ,
UI
iw

where superscripts I and V refer to

the previous inviscid solution and to the
solution of the shear layers, n 1s the
number of viscous 1iterations and q 1is a
relaxation factor. Wall transpiration
velocity 1s then obtained from

equation (1) with opq4 and Uy, Dbeing
derived from the inverse solution of the
shear layers.

4.,2.2
Wake

Treatment of Trailing Edge and

The conformal mapping used in the calcu-
lation of EIF is singular at the trailing
edge, and thus the solution of EIF is not
defined at this point. Hence, without
further consideration, 1t 1s not possible
either to match the two flow solutions
there using Carter's formula or to satisfy
the Kutta condition directly. The method
used to solve this problem is as follows.
First, a further approximation to &% at
the trailing edge 1s found by a smooth
interpolation of the displacement surface
(Fig 3). For this purpose, the wake
centre line near the traliling edge is
taken to be a straight line, initially
assumed to be parallel to the reference
streamwise axis of the aerofoll. Second,
having determined displacement-surface
curvature at the tralling edge on each
surface by interpolation, flow speeds
corresponding to RVF pressures at the
trailing edge are found using
equation (4). At this stage, the Kutta
condition 1is not necessarily satisfied;
therefore the angle of the wake centre-
line relative to the reference axis, ¢ ,
is adjusted after each shear-layer calcu-
lation until values of &% at the
trailing edge are obtained which are con-
sistent both with the Kutta condition and
the requirement of a smooth displacement
surface.
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Smooth interpolations
of dispiacement
surfaces

Displacement
surface

Wake centre
tine

® Smooth displacement surface

® Kutta condition

Fig.3 Flow conditions to be satisfied at
trailing edge
The condition of zero pressure differ-
ence across the wake centre-line is also
imposed further downstream. As shown
by Lock!®, this condition defines the jump
in velocity across the wake in EIF.

§*
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%
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ol

Fig.b Streamwise variation of shear - layer
thickness near frailing edge of blunt-
base aerofoil

The effect of a blunt base 1s incorpor-
ated in a simple way as follows. As
before, the displacement surface 1is taken
to be continuous at the tralling edge, and
the unique shape-parameter relationship,
equation (5), is retained. Fig U
1llustrates the streamwise distributions
of the shear-layer parameters upstream and
downstream of the tralling edge. Both the
thickness §y and displacement thickness

*
8y of the shear layer above the rear

dividing streamline increase discontinu-
ously at the tralling edge by the amount

h , the height of the trailing edge of the
upper surface above the intersection of
the dividing streamline with the base.

*
This implies that Hy = 6§y/6y Jumps at the
tralling edge by the amount h/g,; , while
*
(Hy)y = (83 - 6&3)/8y 1is continuous there.

A similar argument applies to the shear
layer below the dividing streamline
(Fig 4). Since the value of Hj of



elther shear layer just downstream of the
tralling edge 1s not necessarily con-
sistent with that implied by the shape-
parameter relatlonship, an adjustment is
made to H; where necessary as
1llustrated in Fig 5. The position of the
dividing streamline on the base, which
determines the values of the boundary-
layer thicknesses elther side of the wake,
is unknown; however, overall forces are
found to be insensitive to changes in this
position. Therefore in the calculations
on the blunt-base aerofoil RAE 5234 the

helght h 1s taken to be 90% of base
thickness.

f
)+

77—

—— Hi- H relationship (5)

--=--== Trajectory between points
just upstream and down-
stream of trailing edge

— = Jump_in H to return to
Hy~ H retationship (S}

Hy

+
O SRR

Y

H

Fig.5 Adjustment 10 mass - flow shape
parameter just downstream of
trailing edge

The wake boundary conditions in EIF are
applied on the chordwise extensions of the
edges of the base in the way described by
Lock and Williams22,

5 Comparison Between Calculation
and Experiment

Full details of the calculation pro-

(design) ordinates were used in the calcu-~
lations; the errors in the ordinates are
small with a magnlitude of less than
0.0002¢, where ¢ is aerofoll chord. The
assoclated errors in surface pressure are
calculated to be negligible except close
to sonic conditions.

Drag is calculated using the expression

where

2ef/c

is the viscous drag coefficient, suffix ¢
referring to conditions far downstream.

The wave-drag coefficlent Cpy 1s

calculated by a procedure?3 which ident-
ifies conditions Jjust upstream of the
shock in the flowfield and infers a shock
total-pressure loss from that of a
Rankine~Hugonlot shock of the same Mach
number normal to and Just upstream of the
shock. Wave drag then follows from appli-
cation of the momentum theorem to stream-
tubes downstream of the shock on the
assumptlon of adiabatic, isentropic flow.

5.1 Convex Sections

Calculated and measured pressure distri-
butions are shown in Figs 6 and 7 for
M, = 0.735, Cg, = 0.6 and for two ngnolds
numbers R = 20 x 100 (or 17.7 x 100 for
RAE 5230) and 6 x 10°, These flows have a
supercritical region above the upper sur-
face commencing close to the leading edge
and terminating in a weak shock at about
50% chord. In some cases, re-expansion of
the flow is evident upstream of the shock.

cedure are given in Ref 9. Nominal All the flows are sensitlive to errors in
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Fig.6 Calculated and measured pressure distributions for Convex' sections, Meo=0.735

1537



a* (g Cow a (p Cow o (g Cow
1.2 —— BVGK 2.07 0.01170 0.00065 —— BVGK 2.3 001173 0.00043 — —-BVGK 215 0.01173 0.00024
-C — = VGK 170 0.01050 0.00019 ——CURYV 193 0.01%5 0.00029 ~-CURV 189 0.0M61 0.00031
p ofxpt. 2.2 0.01140 — - VGK 151 0.01115 0.00066 —— VGK 139 00130 0.00072
1.0 o : OFxpt, 2.04 0.01131 . 0.01179
\ S Separation point BVGK

0.8

0.6

0.4

0.2

0
-0.2
-0.4 L L

lal RAE 5225 (C| = 0.600)

b} RAE 5229 (Cy = 0.593)

{) RAE 5230 {C| = 0.599)

Fig.7 Calculated and measured pressure distributions for Convex’ sections, Mgy=0.736, R=6x10

EIF boundary conditions and are thus good
tests of the accuracy of the modelling of
the shear-layer displacement effect. The
calculations are made at the measured 1ift
but the calculated incidence and drag are
compared with the experimental values in
the figures.

BVGK gives excellent predictions of
pressure distributions and angle of
incidence for RAE 5225 at both Reynolds
numbers and for RAE 5229 at R = 20 x 100.
The improvement in agreement with experi-
ment compared with VGK is especially evi-
dent for the two cases with separation
calculated by BVGK to occur at about 2%
chord upstream of the trailing edge on the
upper surface (Figs 6b and 7a). In these
cases, VGK overestimates the rear loading
with a consequent effect on the prediction
of both the pressures in the supercritical
flow region and angle of incidence. For
the flows with separation calculated to
ocecur at between 95% and 97% chord on the
upper surface (Figs 6¢, 7b and 7¢), BVGK
underestimates the rear loading and hence
does not provide as close a prediction of
the supercritical pressures as in the
other flows. This discrepancy is believed
to arilse from the inadequacy of the
correction for the effect on turbulence
structure of the flow curvature in flows
with significant reglons of separation (ie
of chordwise extent greater than about 2%
chord), as foreshadowed in section 4.1.4.
In such cases, a marked improvement in
agreement with measurement is obtained in
respect of the suction levels upstream of
the shock if this correction 1s ignored
(~CURV).

Further validations
butions calculated by
RAE 5225 and 5230 are

of pressure distri-

BVGK for sections
presented in Ref 9.

Comparisons between calculated and
measured overall forces and pltching
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moment for the same Mach number¥ and
Reynolds number of Pigs 6 and 7 are shown
in Fig 8. BVGK 1s seen to give much
improved estimates of overall forces com-
pared with those of VGK, particularly at
the lower Reynolds number. The improve-
ment in agreement in the predictions of

— BVGK

—== VGK

- YRV
x R=6x 100
© R= 20 x 10¢

RAE 5225

} Experiment

!

i
H
t
i
]
i
!
!
1

oV ~

L I i Lo E A—

90 100 110 120 130
o x 10

-0.10  Y0.05 -0.10
%y}

RAE 5229

80 90 100 110 120 130 140 -0.10 X .
D= 10 M ™
Fig.8 Lift, drag and pitching moment, ‘Convex’ sections,
Moo =0.735 R = 6 x 10¢ & 20 x 10¢ (17.7 = 106
for RAE 5230)

# In the tests, Mach number was allowed to
change slightly during incidence tra-
verses but all the calculatlons have
been made at the appropriate Mach

number.



drag by BVGK over those of VGK is
especially noteworthy. For flows without
shock waves, the predictions of drag coef-
ficlent by BVGK are generally within about
0.0001 of the measured value. On the
other hand, at higher or lower incidences
than those for shock-free flow, the esti-
mates of drag by BVGK are not as good.

The discrepancies at higher incidences

(Cy, > 0.6) are especially evident for the
flow with the 1argest region of separation
(RAE 5230, = 6 x 106 ). As noted before,
BVGK underestimates the rear loading for
such flows, and hence predicts higher suc-—
tions than those of measurement upstream
of the shock at a given 1ift with the con-
sequence that the method overestimates
wave drag. Some improvement in agreement
between calculation and measurement 1is
obtained for 1ift coefficients greater
than about 0.6 for RAE 5230 at R = 6 x 100
if the curvature correction to turbulence
is neglected as shown in Fig 8.

Another possible source of error arises
from the assumption of the wave-drag pro-
cedure that the local flow is normal to
the shock. This assumption is likely to
result in an overestimate of wave drag in
real flows where the shock is oblique
close to the aerofoil surface.

5.2 Relaxing Sections

Pressure distributions at corresponding
conditions to those of Figs 6 and 7 are
shown in Figs 9 and 10 for the ‘relaxing
sections, the flows over which are all
predicted by BVGK to be attached on both
surfaces. BVGK 1s seen to gilve accurate
estimates of the pressure distributions
aft about 60% chord but discrepanciles
between predictions by BVGK and measure-
ment are apparent in and just downstream
of the supercritical-flow region on the

a* (p Cow
- BVGK Z 18 000997 0.00139
~== VGK 2.0 0.00937 0.00m7 [
2 2>Expt. 2.34 0.00996

VGK
Expt. 193 0.00910

a’ ¢ Cow
BYGK 1N 0.0890! 9.00022
160 0.00864 0.00029

upper surface. However, BVGK glves
improved estimates of pressure distri-
butions compared with those of VGK, par-
ticularly at the lower of the the two
Reynolds numbers (Fig 10). Figs 9 and 10
show that BVGK estimates of drag are also
significantly closer to the measured
values than those of VGK. Further, more
detailed, comparisons of overall forces
are shown 1in Fig 11 for the nominal Mach
number and Reynolds number of Figs 9

and 10. Fig 11 confirms the improved
accuracy of the predictions of drag by
BVGK compared with those of VGK. For both
sections, BVGK predictions of drag coef-
ficient are within about 0.0001 of the
measured values over the range

0.2 < G, < 0.6. BVGK is also seen to give

—— BVGK

--= V0K
x R =6 x 108
o R =20 x 10

} Experiment

RAE 5235

i
| 1
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10 126“‘~—~ 140 010 Vo1o -015

Faari vy 55707
a
Fig.11 Lift, drag and pitching moment, Relaxing sections,

= 0735, R = 6 x 10% and 20 x 10

« (g Cow
BVGK 2.02 001211 0.00051
VGK 177 0.01081 0.00031
JExar. 219 0.01238

ac  (p Cow
2.4% 0.01337 0.0022
2.25 0.01204 0.0017
2.53 0.01251

0z} |

-0.4 L, R

{al RAE 5235 (CL = 0.604 Mo=0.732)

Fig.9 'Relaxing’ sections, calculated and measured pressure
distributions, R = 20 x 10%

{6} RAE 5236 (i = 0.599Mq=0.735)

(a) RAE 5235 (€| = 0.606Ma=0.735) (b} RAE 5236 {C = 0.597, Mo,=0.736]

Fig.10 'Relaxing’ sections talculated and measured pressure
distributions, R = 6 x 10°
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the more accurate estimates of 1lift at a
given angle of 1incidence and pitching-
moment at a given 1ift.

Comparison between Figs 8 and 11 shows
that RAE 5236 has larger drag at a given
1ift than that of the convex section
RAE 5225, This occurs in spite of the
flow being calculated to be attached on
the former section and separated at 98%
chord on the upper surface of the latter.

5.3 Two-Part Section

Pressure distributions (for M, = 0.73,
Cr, = 0.6) and overall forces and pitching
moment for the two-part section RAE 5234
are shown in Figs 12 and 13. As with the
other sections, BVGK is seen to give
accurate estimates of drag over a range of
1ift coefficients which 1s useful for
design purposes and to provide signifi-
cantly improved predictions of pressure
distributions, 1ift, drag and pitching
moment compared wlth those of VGK.

Overall, the agreement between BVGK pre-
dictions and measurement 1is good for all
sections, except at high and Low 1ift when
strong shocks appear. Attention is drawn,
in particular, to the accuracy of the
estimates of differences in 'subcritical!
drag between the sections of all three
families and between Reynolds numbers for
a glven section. This illustrates the
possible use of the method as a design
tool and also for 'extrapolating' wind-
tunnel data for wing sections to 'full
scale',

6 Conclusions

A combined theoretical and experimental

various rear-~pressure distributions has
been described. In the experiment,
speclal care was taken to ensure that the
data were of sufficient quality to allow
rigorous validation of CFD methods. A
large number of different flows were
studied, ranging from those that were
completely attached to those with regions
of separation.

The data have been used to validate CFD
methods developed at RAE including a
viscous~inviscid interaction method known
as BVGK. This method has been shown to
predict accurately pressure distributions
and section drag for a wide range of flows
including those with rear separation,
suggesting the use of the method as a tool
for designing sections and extrapolating
wind-tunnel data to 'full scale'.

Following extensive validation, BVGK is
currently in use in UK aerospace industry.
Eventually, the method will be replaced by
more sophisticated methods but before they
are accepted as design tools they will
have to demonstrate an accuracy at least
equal to that shown by BVGK.
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