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Fig.2 Variation of C,4 with c.

The results of calculations are presented in Fig. 2. In the
calculations, the local angle of attack of chordwise strip RT
which is taken in Eq. (3) as « sec A was replaced by (a secA—
«; ) where ¢; is the local induced angle of attack determined
from the following relation,

C =Co(asecA—a;) 11)

where C,, is the two-dimensional sectional lift curve slope,
which for the NACA 0012 (Cp,, = 0.006) wing section equals
0.11 per degree. ¢ Also,

Cpi=CpyasecA=Cp a; (12)

From Fig. 2 we observe that the difference between the
present calculation and the experimental data’ increases with
angle of attack. A possible explanation for this deviation is as
follows. In addition to the inherent limitations of the strip
theory, the viscous effects ignored in the calculation become
predominent at high angles of attack. As the stall propagation
for a swept-back wing is from tip to root, the outboard
regions which generate significant yawing moment become
progressively ineffective as the angle of attack increases. Thus
it is obvious that the present calculations compare better with
experimental data than Babister’s result, which ignores the
relative change in dynamic pressure over the wings in side slip.
For this wing (A =45 deg), the contribution of this dynamic
pressure effect to C,, is of the same order of magnitude as the
other term considered by Babister. Further, it is interesting to
note that even zero lift drag makes a contribution to C,,
indicating that some positive directional stability can be
expected from swept-back wings even under cruise condition
when lift coefficient is small but the dynamic pressure is large.
For higher sweep-back angles, this effect can be much more as
shown by Eq. (9) and quite beneficial to the pilot while flying
at high lift coefficients under cross wind conditions.

We have shown that the terms not considered by Babister
are important and their contribution to wing C,s is quite
significant. However, the method of computing C,s used in
the above numerical example can be considerably improved
by using more refined approaches such as the vortex lattice
method with leading edge or side force suction analogies.
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Introduction

N transonic wind tunnel tests of a two-dimensional airfoil,

the growth of the side wall boundary layer and its
interaction with the inviscid external flow distorts the
spanwise uniformity of the flow across the model and con-
sequently induces errors in the measurements. To lessen the
sidewall boundary layer effect, the common practice is to suck
off the boundary layer or reduce its thickness ahead of the
model. It is hoped that the newly developed boundary layer
would be more energetic and therefore cause less trouble in
the interaction with the inviscid flow. This method is not very
effective and will be discussed further in this Note.

A more effective way to control the growth of the boundary
layer is to apply suction at an area of the wall where the model
is mounted. The boundary layer at that area is strongly af-
fected by the large pressure gradients induced by the airfoils
and the variation of the boundary layer thickness is the
greatest. This method is employed in the NAE two-
dimensional test facility.! In the test section of the tunnel an
area of the side walls at ‘which the model is mounted has
surfaces made of porous material through which the bound-
ary layer is bled. Because of the large resistance of the porous
material, the suction velocity is nearly constant at the whole
suction area and is only slightly affected by the pressure
variation around the model. The amount of suction can be
adjusted until the flow over the portion of the model joining
the side wall is parallel to the side wall, and a spanwise
uniform two-dimensional condition is established. The op-
timal condition of suction is determined by observing the flow
visualization on the model surface and confirmed by a direct
calculation of the boundary layer development on the side
wall. In practice, it has been shown that in transonic testing
conditions, a nominal suction velocity v /u, of 0.005 is
adequate for models at maximal lift coefficient. Slight
oversuction has no appreciable effects on the flow pattern or
the force and pressure measurements. Thus this value is then
used for all testing conditions.!
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This Note presents some results of the side wall boundary
layer developments corresponding to the two control methods
just described. The detailed examination provides a better
understanding of the phenomena with which the merits or the
inadequacy of the control methods can be assessed.

Turbulent Boundary Layer Calculations

The side wall boundary layer in a transonic test section is
turbulent and compressible in general. In the vicinity of the
model the boundary layer is also three-dimensional because of
the pressure field induced by the airfoil. The lateral curvature
of the streamline, except very close to the leading edge, is
small due to the slenderness of the airfoil shape. Thus a small
cross-flow formulation can be adopted if the intrinsic
streamline coordinates are used for the boundary layer
calculations. 2 If the suction velocity is large as required by the
optimal control, the cross-flow is further reduced and in
practice only the longitudinal developments of the boundary
layer along the streamline coordinates need be considered.
The compressible turbulent boundary layer is then calculated
by a computer code.? The details of the analysis and the
calculation method can be found in Ref. 4.

Suction Around Model

To demonstrate the boundary layer development on the side
wall around the model, calculations have been performed for
a typical test case of a transonic airfoil.*> The test conditions
are as follows:

Airfoil — 16% thick transonic profile

M, =0.599
a=3.90deg
v,/ =0.00555 (nominal)
Re, =14.54x 108/ ft
C, =0.60

At the test conditions the flow at the upper surface of the
airfoil is supercritical with the local Mach number up to 1.2.
The case is chosen for illustration because of its relatively high
C, and a rapid recovery of pressure at the near portion of the
airfoil providing a severe test condition for the suction device.
Since the maximum thickness of the airfoil is located near the
midchord, the lateral curvature of the profile is still small for
most of the airfoil except around the leading edge. Thus the
boundary layer computation method discussed in the last
section is valid, even for the airfoil with such a thickness.

The suction starts at x/c= —0.767 and terminates at
x/c=0.833 with respect to the midchord point of 15 in. chord
airfoil. The inviscid flowfield around the airfoil is calculated
by the transonic small disturbance theory.® The inviscid flow
parameters along the streamlines at lateral distances of
y/c=0.1and 0.4 above the airfoil are shown in Fig. 1.

The rapid expansion around the leading edge gives a sharp
rise of the pressure gradient parameter 8~ (x/u,) - (du,/dx)
and the gradual recompression downstream induces a
negative 8, reaching a substantial value near the trailing edge.
Away from the airfoil, the pressure decays and the pressure
gradient is less severe as shown along the streamline at
y/c=0.4. The local suction velocities in terms of the mass flux
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Fig. 1 Distributions of pressure gradient parameter and suction
parameter for streamline y/c=0.1and 0.4.
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ratio {pv) ,/ (pu), are also shown. The deviation of the local
values from its nominal one is due to the local pressure
variations.

For the viscous-inviscid flow interaction up to the first
order, the external inviscid flow is affected by the growth of
the boundary layer displacement thickness 6*. The
displacement thickness can be considered as an effective body
added to the original one or its slope as an additional source
distributed on the body surface.” The distributions of &*
calculated for the conditions shown in Fig. 1 for both without
and with suction are shown in Fig. 2.

Without suction, the boundary layer grows gradually
against a weak pressure gradient ahead of the airfoil. Near the
leading edge, 6* drops due to the expansion and then grows
steadily downstream to a very high value near the trailing
edge. This rapid variation of 6*, especially the bulge formed
at the rear portion of the airfoil, induces inflow and outflow
from the wall and distorts the spanwise uniformity of the
inviscid flow required for the two-dimensional test.

When suction is applied, the boundary layer development
changes drastically. Near the airfoil the displacement
thickness drops rapidly at the leading edge area due to the
double effects of suction and the local acceleration of the
flow. Further downstream, the suction inhibits the growth of
6* even in such severe.adverse pressure gradients. The
variation of 6* is more gentle.

For this particular configuration, applying suction
exaggerates the reduction of 6* near the leading edge area.
This undesirable effect can be improved by either extending
the suction area further upstream or reducing the model size.
For a 10 in. chord model, for example, the suction starts at
x/c= —1.15 and the suction and acceleration effects are well
separated. The nominal suction velocity of 0.003 is found to
be adequate. This case is also illustrated in Fig. 2. Thus we
have demonstrated that, by actively controlling the boundary
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Fig. 2 Variations of displacement thickness 6* at different con-
ditions.
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Fig. 3 Recovery of boundary layer after suction.
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layer around the airfoil mounting region, the variation of 6*
in the suction region can be reduced to a minimum and the
inviscid flow outside the boundary layer is now practically
parallel to the sidewall to form a true two-dimensional testing
condition.

Suction Ahead of Model

The common method of boundary layer control is to reduce
the boundary layer thickness by suction ahead of the airfoil.
This method is less effective in controlling the 6* development
as the boundary layer recovers rapidly downstream from the
suction area and reverts to the flat plate type. Thus it reacts to
the pressure field generated by the airfoil in a similar manner
to the case without suction, discussed in the previous section,
and large variations of 6* around the model area result from
this. The reduction of initial thickness of the boundary layer
appears mainly as a scale effect (Reynolds number effect).
The recovery of the boundary layer downstream of the
suction region is demonstrated in Fig. 3. The suction area is
located at x/c=2.7 ahead of the model leading edge.® The
growth of 6* and the variation of form factor H for cases with
suction and without suction are shown in the figure. The
conditions of the external flow are the same as the case
discussed above. The recovery of the suction cases is shown by
the rapid increase of form factor H to the value of the flat
plate a short distance downstream from the suction boundary,
and the 6* grows at a rate close to that without suction.

The scale effect due to the change of initial boundary layer
thickness has been reported by Bernard-Guelle.! He showed
that the normal force and the quarter-chord pitching moment
decrease as the initial thickness of the boundary layer in-
creases. As shown in Fig. 2, the rapid growth of 6* at the rear
part of the airfoil without suction would undoubtedly induce
higher pressure at the upper surface of the airfoil and con-
sequently reduce the normal force and the pitching moment.
The pressure induced by the bulging boundary layer can be
considered as a small perturbation to the external inviscid
flow. Thus the integrated effect of the induced pressure and
the boundary layer thickness & can be correlated linearly. The
normal force correlation can then be written as

C, -7 C (26)
c, I-M?, \ b

N

where C, is the value of C, with zero & and b is the width of
the test section. The constant C is determined from the data of
Ref. 8 and has a value of 1.5, except in the strong interaction
region. When the shock on the airfoil is strong, the side wall
boundary layer separates after interacting with the shock and
the initial thickness has little effect on the flow downstream.

In summary, by applying suction at an area of the sidewall
around the model one can actively control the boundary layer
growth and consequently the inviscid flow outside the
boundary layer can be made practically parallel to the side
wall. Without suction, the large variation of the displacement
thickness, especially at the rear portion of the airfoil upper
surface, causes severe interference to the inviscid flow and
distorts the uniformity of the two-dimensional test con-
ditions. Suction applied ahead of the model is much less
effective in controlling the boundary layer development, as
the boundary layer recovers rapidly after the suction area and
responds to the pressure field in a manner similar to that
without suction.
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Nomenclature
b =lateral distance between two points of the same
actual turbulence intensity
B =profile width at 7, ,, =0.5
C =blade chord
R = Reynolds number
T, =actual turbulence intensity, 7, = la’1/U
T, =normalized actual turbulence intensity,
’ Te,m = Te/ Te,max
T,  =maximum actual turbulence
Uy =freestream velocity
U =mean longitudinal velocity
la’ | =time average of the modulus of longitudinal *
turbulence component
X =streamwise distance measured from the blade
trailing edge
Y =lateral distance
Introduction

HE flow in the two-dimensional wake has received wide
interest of many investigators in the last few decades. The
major part of these studies is experimental, restricted to
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