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Abstract

The aerodynamic features of
the thick (¢ = 15; 13; 11%)
swept (fﬁ,SOD) high-aspect-
ratio (AR = 10) wing
incorporating supercritical
second—generation airfoil
sections in transonic flow o
regimgs (M = 0.6 to 0.85,®= -1
to 12 ) Reynolds number up to
Remax = 32*10 are studied on a
large—scale semi-span wing-body
model.

The peculiarities of +he
pressure distribution, lifting
capabilities of wing sections
under Dboth subcritical and
supercritical flow conditions
are examined. Also considered
are distinctive features of
developing local supersonic
region on the supercritical
wing incorporating thick
supercritical second-generation
airfoil sections. Attached and
separated flow regimes as well
as the effect of Reynolds
number on suppressing flow
separation in various wing
sections are investigated.

Nomenclature.

wing section chord;
maximum wing section
thickness—-to-chord ratio;
Cp — pressure coefficient;
Cpcr - critical value of
pressure coefficient;

o o
I

|

Cpt.e. - pressure coefficient
at wing section trailing
edge;

CL - wing lift coefficient;

Cl - section lift coefficient:

CLal. - allowed wing lift
coefficient; v

Clal. - allowed section 1ift

coefficient:
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CLeru., — cruise wing lift

coefficient:

Cly — wing 1ift curve slope;

Cly - section 1lift curve
slope:

M - freestream Mach number;:

Msh - local Mach number in
front of the shock
wave at the wing
surface;

Re — Reynolds number;

A sep. - angle of
attack corresponding to
the onset of flow
separation;

Clsep. — wing lift coefficient
corresponding to the
onset of flow separation;

= x/b - dimensionless
chordwise coordinate:

sh - section chordwise shock
position;:

= 2z/1 - dimensionless
spanwise section
location;

- dimensionless
coordinate of the
trailing edge kink;
zsep — dimensionless

coordinate of the wing
section where separation
originates;
- wing sweep angle.

A

N

=11
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Introduction

The wings of moderate sweep
angles {Xy< 30) and high aspect
ratios {(up to AR = 10 and above)
incorporating supercritical
airfoil sections with various
thickness~to-chord ratios find
extensive application in
designing economically efficient
passenger and cargp transport
aircraft.

The use of supercritical
airfoils particularly the
second—-generation ones, in
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designing swept wings genetrates
an imperative used for flow
conditions close to the
full~scale one to be duplicated
in wind-tunnel experiments The
investigation of the scale
effect is of importance
vpgardimj both the cruise filight
regime ((L/D)max probliem) and

the regime of the onset and
development of boundary-—-laver
separation (problems of CLal.,
CLmax, pitch-up tendenc) &hlcn
exhibit moment versus alpha
curves, and so on).

Investigations using
sophisticated methods of
meagurement and visualization
formerly carrvied out at TsAGI on
the features of transonic (1)
flowfields over classical-type
and supercritical (V.D.Bokser,
G.A.Pavlovets) airfoils at high
Reyvnolds numbers (up to Re =
25*106) have revealed a scale
effect substantially influencing
the development of a local
supersonic region and the
suppression of boundary-lavyer

eparation.

The use of supercritical
airfoil in designing a swept
wing essentially alters the
character of the Reynolds number
influence on its flowfield. It
ig advisable to examine thisg
phenomenon in wind-tunnels on
large-scale semi-span models (23

Flow-visualization studies
performed at TsAGI at transgonic
speeds on supercritical airfoils
with thickness-to-chord ratios
of & = 14.5; 10; 9% using the
large—scale semi-model with the
wing of sfoTﬁﬁen+’v high sweep
angle (y/ 35° 3 and moderate
aspect ratio (AR = 7.5)
identified a number of essential
aerodynamic features which
manifest themselves under high
Reynolds number conditionsf®’

The purpose of the present
work is to investigate the
aerodynamic peculiarities of
thick (¢ = 15; 13: 11%)
second-generation supercritical
alrfeils incorporated in the

wing of mmdezn+e sweep angle

(,y4M~ 30°) high aspect ratio
(BRR = 10) with built-in twists
0t = 0 , -3% and -4° at
transconic flow conditions with
Reynolds numbers of up to Re =
32%10 8

Testing technique.

Experimental study on the
influsnce of Reynolds number on
aerodynamics of a supercritical
wing was carried out in the
transonic wind—-tunnel on the
semi-span wing-fuselage model
with high-density pressure taps
distribution (about 300 orifices
on both the upper and lower
surfaces), Fig. 1. Elevated
Reynolds number wvalues werse
nrovided both by the large model
gize (1/2 = 1724 mm) and by
increasing pressure in the
setting ﬁhamber Po in a range of
(1.1 - 2. Q\*iﬁ Pa. The model was
pressure taped at five spanwise
stations (sections 1 — 5). In
additicn, 11 pressure orifices
were placed on the upper surface
along the model wing trailing
edge (Fig. 1). Pressure orifice
diameters were dor. = 0.5 mm.
Static pressure at all the tap
points was measured
simultaneously with a sampling
rate of fs = 100 chan/s. In s0
doing the total sampling time
was no more than 3s. Pressure
coefficient measurement errors
were kept within d¢px1%. During
the three-second pressure
sampling time mean values of
freestream parameters

(M, g, P, Po) were obtained by
averaging over 17 their current
values.

The experimental study on
pressure distribution over swept
wing section was carried out for
a range of Mach numbers from 0.6
to 0.85, a range of mean
aerodynamic chord Reynolds
numbers Remac from 5 to 20*10
and a range of root chord
Reynolds numbers Rel from 9 to
32%10° Angles of attack
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measured with respect to the
longitudinal fuselage axis of
symmetry varied from -1%to +12°
Dimensionless maximum
cross—section radius was rather
large, 2Rf/1 = 0.094.

Analysis of results.

Lifting characteristics. The
contributions of various
portions of the wing studied to
the total 1ift are not equal.
Thus, with a character of
chordwise pressure distribution
being peak-type, in the
subcritical flow regime maximum
suction level increases in an
outboard direction from Cpmin =
-0.92 at z = 0.114 to Cpmin =
-1.45 at £ = 0.855. In developed
supercritical flow conditions
(M = 0.8) 1ift is defined by the
presence of an extensive local
supersonic region over the
entire upper wing surface
(z > 0.114, Fig. 3). Therewith,
however, a shock wave does not
appear in the root section
despite the large
thickness~to-chord ratio (c =
15% at Z = 0.114) due to the
wing-root effect of a back-swept
wing manifesting itself (4.5)

As a consequence of designing
the wing with the use of
second—generation supercritical
airfoils there i3 a pressure
recovered within a local
supersonic region a the
beginning of the outer wing
panel (the section Zt.e.k. = 0.4
passing through the trailing
edge discontinuity point) and
the presence of two clearly
defined shocks within the middle
of near-root wing part

(z = 0.24, Fig. 3).

Section and wing lift
coefficients, Cl and CL, were
obtained by integrating pressure
distributions over wing sections
and the entire wing,
respectively. It should be noted
that in supercritical flow
condition the maximum lift in
the trailing edge kink secticen

occurs at an angle of attack of

& = 6%, whereas for
the whole wing it dogs not take
place up to K = 12, Fig.4.
Here by the allowed 1lift
coefficient value (CLal) is
meant the one corresponding to
the beginning of the
nonlinearity of a CL(e&l) plot.

The variation of wing section
lifting capabilities in outboard
direction is illustrated in Fig.
5 by the function Clg(2Z ).

As one can see, the lifting
characteristics of wing sections
increase up to the middle of the
wing then they decrease both
under subcritical (M = 0.6) and
under supercritical (M = 0.8 -
0.85) flow conditions. Therewith
in supercritical flow regime the
section lifting capabilities
over the most part of the win
are higher than those of a flat
plate under incompressible flow
conditions (Clg > 2fT). In
subcritical flow condition this
is not observed (M = 0.6,

Clyg< 27C ).

It was shown in(s)numerically
that the influence of
compressibility (including the
cages of developed local
supersonic regions) on wing
section relative lifting
characteristics is practically
absent, that is, Cla/CLy(z) =
const, Using such a
representation of lifting
characteristics as applied to
‘the present experiment, one can
obtain a single plot
Clg /CLy versus z, depicted in
Fig. 5.

Local supersonic region and
shocks. In cruise flight regimes
(CL = 0.4 - 0.6, M >» 0.75) the
appearance of local supersonic
regions in sections of a
supercritical swept wing is
favorable to substantially
improving its lifting
capabilities as compared to
those for subcritical flow
regimes. For exanple, when
increasing Mach number from 0.8

2778



to 0.85 the lifting capability
of the wing increases by 34%
(from CLyg = 4.6 to CLa = 6.15,
Fig. 5).

Taking the section Z = 0.4 as
an example (at CL = 0.5), Fig. 6
demonstrates the significant
alteration of the character of
the flow-field over the upper
wing surface as Mach number
increases from 0.75 (forward
shock position) to 0.85 (shock
shifted behind the midchord).

As is generally known, shock
waves are the cause of appearing
the wing wave drag. The level of
the wave drag can be judged by
shock strength which is defined
by a2 Mach number value in front
0of the shock at the surface Msh,
Fig. 6. The complex character of
the Msh(M) function for the
outer part of the wing (z > 0.4)
is governed by the presence of
large suction peaks on the
forward part of the surface at
M = 0.75, which weakens with
freestream speed (for example,
at z = 0.4). In developed
supercritical flow condition at
the inner part of the wing (Z =
0.24, T = 14.4%) two shocks are
observed due to high pre—-shock
Mach numbers and low trailing
edge sweep angle (‘j(t.e. = 7%,
see Fig. 3), with the forward
one (dashed line in Fig. &)
having Msh > 1.35 and the aft
one having Msh < 1.3,

Based on experimental pressure
distributions, the location the
shock wave front on the wing
surface was determined for two
Mach numbers M = 0.82 and (.85
in the cruise flight (CL = 0.5
and separated flow (CL, = CLal)
regimes, Fig. 7. It should be
pointed out the presence of two
shocks on the inner part of the
wing (2 = 0.24 - 0.388%8) and the
bending of the shock wave front
on the outer part of the wing in
separated flow condition

(CL.o = 0.6, 0.866).
Boundary laver separation. In
the investigation of features of

the flowfield arcund
supercritical airfoll =ections
of the high-aspect-ratio wing,
one of the priancipal items is
the question about the presence
of boundary layer separation, in
particular at cruise conditions.
As evidenced by studies of
two-dimensional flows usin
various sophisticated methods (¥
for determining separation onset
based on the change in the
behavior of the static pressure
coefficient at the trailing edge
Cpt.e. as a function of angle of
attack. This separation onset
criterion was used in the
investigation of
three~dimensional flow arocund
sections of the swept
high-aspect-ratio wing (Fig. 8).
The arrows in Fig. 8 designate
the values & =&{sep. for which
Cpt.e. > 0.

Based on the C(sep values and
the lifting properties of the
wing and its secticns, the wing
1ift coefficient CLsep
corresponding to the separation
onzet conditions is plotted in
Fig. 9 against dimensionless
spanwise location z for
M =0.8. Plotted here are also
the maximum allowed section 1ift
coefficients Clal. (that is,
corresponding to onget of
nonlinearity in the Cl(A)
relationship) as function of
Z for M = 0.60 - 0.85.

It should be noted that the
thickened supercritical swept
wing at the cruise value
ClL. = 0.5 and M = 0.73 ~ 0.853 has
attached flow at Re > 7*108. At
CL&CLal. for a wide Mach number
range of M = 0.75 ~ 0.85
separated flow occurs mainly on
the outer part of the wing
(z » 0.4). On the inner part of
the wing (Z < 0.4, @ = 13 ~ 13%)
at these conditions flow iz
attached up to CLX 0.75 - 0.55.

Analysis of the lifting
properties of wing sections
shows that the location of the
maximum Clal.(Z) at M = const
corresponds to a section
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beginning from which (Z > zsep)
there is separated flow
appropriate to the CL = CLal.
regime (Fig.9).

To summarize the results of
the wing separated flow
investiaations, the CLsep(M) and
zaep(M) relationships are
presen+ed in Fig. 10. It can be
seen that the boundary laver
separation does not occur on the
thick supercritical wing
considered up to CL = 0.70 -
0.41. At CL = 0.55 and M = 0.75
- 0.80 the separation takes
place only on the tip part of
the wing (Zsep > 0.8). At CLz
ClLal and M = 0.6 ~0.83 the
boundary layer separation is
observed only on the outer part
of the wing.

At M > 0.83 the separation
partially occupies the inner
part of the wing as well (up to
Z &~ 0.35 at M = 0.85).

Scale effects. Consider the
effect of Reynolds number on the
distributed characteristics of
the sections of the thick
supercritical swept high-aspect-
ratio wing in regimes of
attached and separated flows at
local chord Reynolds numbers of
Re = (7 - 32) *106

For attached supercritical
flow around this wing (for
example, Z = 0.4, M = 0.82) the
increase in the Reynolds number
in the raﬁge of Re = (10.2 -

17. 2)*10 results mainly in a
shock~wave shift, xsh 0.50 -
0.56, Fig. 11.

The maximum scale effects take
place, as in the case of
two-dimensional flow presence
of boundary layer separation in
various wing sections. It is
clearly observed at a Mach
number close to the cruise value
(M = 0.82) in the regime of a
fully pronounced separated flow
(CL = 0.65 =~ CLal.) in the
section z = 0.4 (Z = 13%) at the
beginning of outer part of the
wing, Fig. 12. It can be seen
that the increase in the

Reynolds number in the range of
R (7.6 ~ 20.5)*10

o

noticeabls suppresses separation
in the rear part (x > 0.7) of
wing section (Cpht.e. = -0.13 1o

+6.11) thus promoting a
downstream shock-wave shift
( axsh =~ 005).

For a substantially
supercritical flow about the
inner part of the wing
(M = 0.85, z = 0.114 ~ ©¢.24) at
CLal. the flow remains attached
at Re = (17 - 22)*10% , Fig. 13.
In a section near the
trailing-edge kink (% = 0.
the influence of the Reyno‘dc
number in the range of
Re = (9.8 - 21)*10 on the
attenuation of separation and
downstream shock-wave shift is
rather noticeable, Fig.13. On
the outer part of the wing
because of an intensive
separation the increase in
Revnolds numberq from
Re = 9.5%10° to 15*10% does not
lead to an improved flow, as it
can be seen in the
two-dimensional case

Fig. 14 presents the
generalized relationships
Cpt.e.(Re) and Xsh(Re) for the
section with @ = 13% at Z = 0.4
for attached (CL = 0.55) and
separated (CL < CLal. = 0.65)
flows.

In the cagse of attached flow,
the increase 1n Reynolds number
from 10.2%10® +to 17.2%108
results in & small pressure
recovery near the trailing edge
(Cpt.e. = 0.13 - 0.15). For the
separated flow case the Reynolds
number increase from 6
Re = 7.6*10 to 20.5%10
practically totally suppresses
flow separation (Cpt.e. = -0.13
to +0.11).

For the attached flow the
shock wave shifts downstream and
its chordwise position
stabilizes already at
Re = 13.7*10%. If the flow is
separated (CL X 0.65, th96
increase from Re = 7.6%10° +o
20.5%10% leads to a gradual
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shift of the shock downstream
(%eh = 0.48 - 0.523).

Conclusions.

1. The experimental
investigation of the transonic
asrodynamics (M = 6.6 — 0.85) of
the thick supercritical swept
high—aspectwratioowing at angles
of attack from -1 to 12%and
Reynolds numbers up to Remax
32*10® was conducted using a
large—scale, pressure tapped
semi—span wing-hody model
{semigspan 1754 mm).

2. In a subcritical Mach
number range of M = 0.75 - 0.85
the supercritical wing tested
has high lifting properties. The
maximum lift coefficient is not
reached up to ol = 12°. It is
shown that there is no
compressibility effects on the
1ift section lifting properties
in the presence of local
developed supersonic zones.

3. For developed supercritical
filows (M > 0.8, CL. > 0.4 on the
inner part of the wing (z < 0.4)
there are two shocks caused by a
high local Mach number on the
surface ahead of the shogks
(Msh > 1.35) together with a low
trailing- edge sweep ( Xip= 7

4. The investigation of
attached and separated flows
showed that at the cruise value
CL = 0.5 the thick supercritical
swept wing under study has an
attached~-flow regime in the Mach
number range of M = 0.75 - 0.82.

5. The regime of nonlinearity
onset for the relationship
CL(ok) (when CL = CLal.} features
boundary-layer separation only
on the outer part of the wing
(Z > 0.4) in a wide Mach number
range of M = 0.75 - 0.85. It is
found that the maximum of
Clal.(z) at M = const is reached
at the section after which up to
wing tip (Z > zsep) there is
separated flow corresponding to
the regime Cl=CLal.

6. The increase in Reynolds
number up to Remax =< 32*10%in

supercritical flow regimes

(M » Mcr) results in a
downstream shock-wave shift
(axsh -~ 0.05) and the
practically total suppression of
boundary laver separation in
certain wing sections. For
example, at z = 0.4, CL = 0.65,
M = 0.82 the increase in 6
Revynolds number from 7.6*10 to
20.5*%106 practically totally
recovers the static pressure at
the trailing edge,

Cpt.e. = —-0.13 fo +0.11.
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