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SUMMARY

An engineering method for predicting the aerodynamic characteristics of
the Circulation Control Wing is presented. The method has been developed based
on correlations of the available David W. Taylor Naval Ship Research and
Development Center (DTNSRDC) data base, in accordance with the theoretical
basis of circulation control by slot blowing, and the modified theory of the

jet flap for finite span effects.
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INTRODUCTION

The NAVAIRDEVCEN has been developing a V/STOL Aerodynamics/Stability &
Control Manual, reference 1, applicable to a range of V/STOL concepts. That
effort has besn expanded to include prediction methods for the various high-1ift
STOL aircraft concepts. Although as in all aircraft design developments detaijled
testing will play a major role, it is beneficial at the early design stage of
future applications to have engineering prediction methods to study the design and
concept trade-offs.

This report presents results of a semi-empirical prediction technique develop-
ment for the general class of Circulation Control Wing (CCW) STOL Aircraft. The
application of circulation control for high T1ift by tangential blowing over the
bluff trailing edge of airfoils has been carried out principally by the DTNSRDC

beginning in the late 1960's. A large body of two dimensional airfoil data has
been built up with subsequent extension to three dimensional models and finally
to full scale flight demonstrator aircraft. The CCW capability was recently
successfully proven in the Grumman A-6/CCW demonstrator vehicle. Development of
a V/STOL Manual/DATCOM tyrpe of engineering prediction technique is made possible
by the extensive DTNSRDC data base. The approach taken through discussion

with R. Englar of DTNSRDC was to correlate all available two dimensional CCW
data with appropriate geometric and flow variables. The resulting charts will
permit empirical prediction of 2D 1ift, drag and moment characteristics of can-
didate airfoils. Predictions of the complete 3D CCW system, normally having partial
span blowing, then employs application of three dimensional factors, verified
through comparisons with complete vehicle model tests.

The basic approach used to develop the semi-empirical method for the
prediction of longitudinal aerodynamic characteristics of Circulation Control
Wing STOL aircraft is summarized as follows:

1) The theoretical basis of Circulation Control was studied to establish
the fundamental geometric and flow parameters and their relationships which
govern super circulation Tift.

2) The body of experimental data on two dimensional airfoils was correlated
against the driving parameters to establish the correlative coefficients and
exponents of all test airfoils.

3) Three dimensionalizing factors of a modified jet flap theory were applied
and comparisons made with available 3 D CCW data.
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Theoretical Basis of Circulation Control

The theoretical basis of Circulation Control was examined to determine the
parametric relationships governing CCW high 1ift as a means to guide the data
correlations for development of an empirical prediction technique.

A well developed theoretical basis of Circulation Control was conducted by
Dunham, reference 2, applied to a circular cylinder having tangential blowing
over the upper surface to delay aft-upper surface separation. Figure 1 shows the
system considered. A relatively small amount of slot air is used which in principle
only re-energizes the boundary layer. This effect is used to increase 1lift and -
reduce drag. In contrast, a jet flap requires much more blowing air and generates
thrust as well as 1ift.

SLOT WIDTH

FIGURE 1. Circulation Control

2
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The circulation around an airfoil with a sharp trailing edge is fixed by the
Kutta-Joukowski condition. With a rounded trailing edge however it has been shown
that this condition is replaced by the condition that upper and lower surface
separation occurs at the same surface pressure. Thus circulation is increased
when separation on the upper surface is delayed. The ability to move the rear
stagnation point downstream and thus increase circulation 1ift, is maximized by
choosing a circular cylinder. The essence of the theoretical method is the cal-
culation of the boundary layer around the cylinder until a separation criteria
is satisfied. Spalding's theory, as modified for wall jet flow, reference 2, was
used by Dunham to calculate the turbulent boundary layer to the separation point.
The Spalding Velocity profile includes boundary layers with a wall-jet as well as
without one. Spalding assumes a boundary layer profile defined as:

z = Tocal velocity within the boundary layer

Tocal velocity just outside the B.L.

Lo Ing+ 2o + 1/2 (1 - zg) (1 -cos = &)

L

where £ = distance from wall
boundary Tayer thickness

The parameter z, is a shape factor illustrated below, encompassing
the normal boundary ?ayer as well as boundary layers with tangential (wall-jet)

blowing. Z_ is also proportional to the wall-jet to free stream velocity ratio
€., = K (Vg
Vs

1.0

Faad

—44——"

1.0 2.0 3.0
z
BOUNDARY LAYER PROFILES

The factor g in equation (1) is a logarithmic Reynolds Number given by:

, = n 2.6168 Ry Zg
52 (1 +12,) - I

(2)
where Ry is the boundary layer Reynolds number given by:
R =13 g)uRe=_I_1___. 85\ u Re
" (c -1 |\ (3)
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in which § = boundary layer thickness
§,= boundary layer momentum thickness
u = local velocity outside B.L.
free stream velocity

R. = Free stream Reynold number based on chord

e

I, & I, = f (Zg) given in reference 2.

At a slot, the existing boundary layer meets the wall-jet and for perhaps
six slot widths downstream the profile cannot conform to Spaldings assumption.
However, if the circulation control is working, separation does not occur there
so the following procedure was adopted. The mass flow in the boundary layer
was assumed to be the sum of the existing boundary layer mass flow plus the wall-
jet flow.

A pressure gradient separation parameter introduced earlier by Spalding
was then used in the form:

%2 ¢ du

—_——

F2=
u ds; in which &,

§(1; - I2) and (4)

S surface dist.

and a separation criteria due to Stratford was modified to give:

2

(F2)Sep =-.06 7°% (1 - 1) (5)

This criteria can be applied both to boundary layer flow and wall-jet
flow. Sample calculations for a blown circular cylinder gave the typical Z, and
2 values from which the above separation criteria was determined.

Thus separation occurs when:

"2 (Fz)sep

Combining equations 3, 4, & 5 and relating terms to the CCW gives:
~032%, 11, =Ry 1 du
Re u24d(s/r) (6)

in which r = CCW radius



NADC-82186-60

Dunham modified the entrainment law for jet flow (Zg > 1) to account for
wall-jet curvature Teading to an expression for d R_/ds  applicable for all

Ze 5 1 (reference 2). Then considering that Z "‘Q’Jljand that the decay of a
wall-jet from reference 3 is of the form: S

(Vj/Vs) = (Vj/Vs), where h = sTot height,
—— s = wall-jet surface distance
K (s/h)" . N (7)
valid for K(F) B,

and assuming that the exterior flow remains essentially potential until separation
at the angle o around the cylinder or:

U = Uo cos K0 (8)
where 0 is measured from the CCW slot position.

By substituting in Equation (6) and simplifying terms, it can be shown that the
form of the solution at separation is:

Naf\B
f (O)sep B Kl(@o (%)
(G/C + Kz) (9)

Since circulation 1ift is proportiona1 to @sep or Cg ~ 0g (r/c), then:

G/C +1) (10)

The major driving parameters for increased C, are thus seen to be (vj)vw)o, (h/r)
and (r/c) with as yet undetermined exponents.

The denominator factor (s/c) is the boundary layer thickness at the CCW slot and

for the turbulent flow is of the form 6/C=%.1- Thus Cy is also a weak function of
e /5

Reynolds Number i.e. Increasing Rcynolds Number weakly increases Cy-

The equation (10) provided insight for the subsequent 2 D data correlations
to determine the best form for data collapse.
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Development of Empirical Method for 2D Lift

The DTNSRDC experimental data on two dimensional airfoils, reference 4
through 7, was then used in the empirical analysis to determine the parameters
and exponents that provide acceptable correlations of the test data. It was the
general form of the relationship for 2 D Cy shown in the previous section,
equation (10) that provided the most acceptable data fit. CCW airfoil data for
the state-of-the-art airfoils as well as for some of the earlier lower thickness
ratio, t/c, elliptic airfoils (considered for CCR applications) are shown
correlated in Figure 2 against the parameter:

Cer = (V3 /V.0) (11.)1/3
r

@yl

The data correlates with this parameter within an accuracy of approximately
*£10%. The section 1lift coefficient plotted, aCy, is actually the incremental lift
due to blowing obtained from tests as - ACg = (Cp, - C% )
C CR—
H o

One set of test data (starred) for the pure ellipse did not initially
correlate, however it was reasoned that in this case the CCW slot flow had
traversed a distance AX/h before reaching the cylindrical turn. The jet had
grown and decayed to new initial conditions. By using the new initial jet
conditions at the turn, estimated based upon wall-jet growth and decay charac-
teristics of reference 3 as the parameters in the coefficient CKT’ good corre-
lation was obtained. It may be inferred from this that there is no advantage
aerodynamically in placing the slot more forward than the start of the
cylindrical turn.

An important condition to be noted in the data shown in Figure 2 is that
the test data used was obtained with airfoils having a leading edge device which
was extended to prevent leading edge separation; particularly at the higher aC,
values.

A similar correlation to the above was carried out for the supercritical
CCW airfoils data from reference 6. The results are shown in Figure 3. The data-
collapse is not as good as in the previous figure however, it generally falls
within about %127 of a mean correlation line. A leading edge device was not used
on these models since the generous L.E. radius of the 17% thick supercritical
airfoils was less prone to separation. A comparison of the two sets of airfoil
data, state-of-the-art and supercritical (mean line), are also shown in Figure 4,
and indicate similar correlative trends.

Section Lift Curve Slope and szax

The available 2D test data on angle of attack effects indicates that CCW
blowing has a quite small effect on section lift curve slope. The departure from
the standard unmodified airfoil slope due to the cylindrical trailing edge appears
to be very little at no blowing, and to have either zero or a slight increase
with increased blowing. Representative test results for three airfoils are shown
in Figure 5 and the variations of Cg with a over the Cp range for the NACA 66-210
are shown in Figure 6. No consistent geometrical or flow property correlations
with these small changes could be deduced; and further, the differences from the
unmodified airfoil are probably within the accuracy of three dimensionalizing
factors to be applied due to aspect ratio and partial span blowing. Thus a
conservative first guess at section slope would be the basic unmodified airfoil
characteristics.
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FIGURE 6. Section Lift of NACA 66-210/CCW Airfoil (Reference 5)
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The important effects on Cgpy¢ however need to be carefully considered at
the early design selection stage. An insight into the importance of Teading
edge treatment is afforded by the effect of airfoil nose droop on the 66-210/CCW
airfoils shown in Figure 7. Superimposed on the figure are Cypax values for the
17% thick supercritical airfoil, configuration 6, of reference 6. The more
generous leading edge radius of the thicker supercritical airfoils are as
effective in delaying leading edge separation as nose droop angles exceeding
about 30° on the state-of-the-art NACA airfoil. A separate study would be
needed to develop geometric and flow parameters correlations to predict stall
angles of attack and Cy ax Of these diverse CCW airfoils with alternative
Teading edge treatment devices. A further array of model tests would probably
also be required for this purpose.

Three Dimensional Correction Factors/Test Comparisons

The three dimensional factors to be applied to the CCW 2D airfoil powered-
Tift results are those developed by Maskall and Spence for jet flap wings, ref-
erence 8. The factor F which accounts for aspect ratio and blowing quantity is:
F= A + 2 Cu/n
A +2+ .604 (Cu)'> + .876 Cu

Reference 9 provides additional corrections for part span blowing and wing
thickness ratio:

A=51/SW = wing area affected by blowing
wing reference area

\,=:slscg/aa + (s-sl) (BCZ/Ba)sz(%W(acz/Ba)

and the thickness parameter (1 + t/c)
The equation to convert from section 1ift to three dimensional 1ift becomes:
=] + i
CL (1 + t/c) F[A(C!L)Cu + v Cgaa] + (CL) cu=0
a=0 a =0
Utilizing the 1/8.5 scale A-6/CCW wind tunnel model geometry of reference
10, predictions of blowing 1ift were made employing the foregoing 2 D correlations
and 3D adjustment factors.

Model parameters used in the analysis are:

.001125
.03646

h/c
r/c

Swing = 7.32 ft2, sl= 5.4 ft2, t/c=.08
blown span bl=4.1 ft, btot=6-23 ft.

12
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The predicted three dimensional airfoil 1ift values (Cp) 4=0 at each Cu when
added to the unpowered test value of (C|). .o at a=0, are plotted in Figure 8.
Results are compared with the model test vilues for the tail-off configuration
and show good agreement. The tail increments, yet to be included, can be obtained
from standard power-off techniques in DATCOM but must include the power-on down-
wash effects due to CCW blowing. Estimates of tailplane downwash, due to blowing
are not available and will require a separate development, probably encompassing
various classes of distributed jet high-1ift systems.

A similar analysis was conducted for the T-2C/CCW 1/5 scale wind tunnel model
of reference 11. Again the estimated 1ift coefficient due to blowing when added
to the power-off increment, Figure 9, shows good agreement with test results, thus
indicating that the 3 D jet flap correction factors described earlier perform well
for the CCW blowing system.

Center of Pressure Correlations

The center of pressure location of 1ift due to blowing was also determined
from the available 2 D 1ift and pitching moments data. Results for the state-
of-the-art airfoils are shown in Figure 10 and for the supercritical airfoils
in Figure 11. Nearly all of the data falls within about + .05C of the 55
percent chord location as shown. Therefore a reasonable empirical estimate
of the airfoil pitching moments due to blowing 1ift can be made as:

(aCp)e, = --55 aCy
H

Note that these results apply to the increments in 1ift and pitching moment
due to blowing, c, . The 1ift and moment values at no blowing Czc =0 and

b

and Cp, which are to be added, are readily obtained from section 4.1 of DATCOM.

C}r‘

The 0.55C center of pressure location was applied to the blown portion of the
A-6/CCW and T-2C/CCW models and converted to a C.P. location in percent of M.A.C.
and compared with test measurements. Results are shown in the following table.

3D. TEST BASED ON 2D. CORRELATION (.55C)
Kep Xep
tl.-.l Ew

A-6/CCW .63 .53

T-2C/CCW .54 .50

The reason that the 3D test results are 5 to 10% aft of the 2D predicted

results is not clear, however it may be due to a carryover type loading occurring
on the outboard unblown span at a more aft location. In general, however, a
Xcp location of .55C is considered a reasonable estimate at the early design stage.

14
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Drag

o Drag characteristic§ of the CCW system consists of 1) a baseline power-off
minimum drag, CDMIN which is slightly higher than the unmodified airfoil drag

due to the rounded trqi]ing edge, 2) a thrust recovery (negative) drag increment
due to the recovered jet momentum, actp/ acy, and 3) a drag due to 1ift term KCL2

which depends upon span loading characteristics. The general equation can be written:

aCp
+ —a—— CU + CD_i

0 = Courng ¥ (800)e o+ 5,

where CDMINB
(aCp)

= Minimum drag of unmodified wing

cu=0 Drag increment of CCW trailing edge CDMINO

(3CD/8CU) = thrust recovery term
Cp; = drag due to 1ift of the form K (CL-CL° )2

The factor K is actually a composite of drag due to partial span blowing
circulation 1ift and the more uniform 1ift due to angle of attack.

The incremental drag, aCp. .g, due to the modified trailing edge is generally
small and must be treated on an individual design basis. It is not strictly a
drag penalty in the powered 1ift mode since a conventional flap would add a greater
drag penalty, however it does introduce a penalty to the conventional flight
cruise mode drag. Representative values from the 2 D airfoil tests are listed
in the table below:

AIRFOIL r/c (aCp)c,,=0
Supercritical Configuration 5,
Reference 6 .0094 +.002
Supercritical Configuration 1,
Reference 6 .0366 +.010
NACA 66210 .0390 +.012

Thrust Recovery

Values of thrust recovery for several of the 2D airfoils are plotted in
Figure 12 against the parameter h/r. The recovery factor can range from about
.3 to .8 as shown. At high 1ift the recovery term is small compared to drag
due to 1ift and in fact, as noted, is overcome by local separations for cu
greater than about 0.10. At Tower blowing values, however it is favorable and
will help to offset the penalty due to the blunt trailing edge of CCW airfoils.
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FIGURE 12. Thrust Recovery Of CCW Airfoils
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Drag Due to Lift

The drag due to Tift generally conforms with the wing/flap theory of
reference 12, whereby:

CDi = KCZL + KlACLCu

TA + 2 c,

CLo = Lift coefficient at minimum drag.

The factorKK is due to non-elliptic loading = ) and,
Ky = Ky - °f is given in Fiqure 13 from referefice 12.

Ky varies with wing agpect ratio and CCW flap cut-out* and K¢ accounts
for partial span blowing bl/bt "
ot.

Application of this equation was made to both the A-6/CCW wind tunnel model,
reference 10, and the T-2C/CCW model of reference 11, and compared with test
results. The comparison of test data with estimates for a range of cu for o=0
& 10° is shown in Figure 14 for the A-6/CCW and in Figure 15 for the T-2C/CCW.
The factor Ki, was taken directly from Figure 13 for both models. The value of
K used for the T-2C was 1.2 consistent with an e=.83. For the A-6 however a
K=1.1 was required to match the data, indicating an e of about .9 which is
higher than would be estimated for that wing.

The comparisons of estimate with test data are however quite good indicating
that this approach to induced drag prediction is reasonable.

* ratio of distance between inboard ends of flap to total span
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Figure 13. Effect of Aspect Ratio and Flap Span on Induced Drag Factor K
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FIGURE 15. T-2C/CCW Drag Due To Lift
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CONCLUSIONS

1. A semi-empirical engineering prediction technique has been developed for
CCW based upon existing experimental data.

2. Both state-of-the-art airfoils and supercritical airfoils conform with the
developed correlative parameters, when leading edge separation is not present.
Leading edge devices are in general required for the state-of-the-art airfoils
to delay leading edge separation and to extend the a range for higher Cimax.

3. Lift due to CCW blowing acts at approximately the .55C wing location - generally
imposing large nose down pitching moments. A separate test and analysis effort is
required to determine tailplane downwash characteristics for distributed jet

blowing systems in order to define tailplane design requirements and control
characteristics. 2

4. Drag due to 1ift characteristics of the CCW generally conforms with the
modified jet flap theory of references (9) and ?12).
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