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Abstrect

A two-slot circulation control airfoil was analyzed using the two-dimensional,
compressible, mass-averaged, Navier-Stokes equations. The implicit Beam-Warming
approximate factorization technique was used to calculate airfoil characteristics for
a flight Mach number of 0.3 and a Reynolds number near 3 million. The results were

then ccmpared to a previous one-slot solution.

An existing circulation control airfoil was modified to include a second clot.
Different blowing rates were then applied to each slot in various combinations. The
lift generated for a given total blowing momentum for the two-slot airfoil was nearly
identical to that for a single-slot ai.foil when the lowest blowing rate was applied to
the first slot. Although the lift per unit blowing momentum did not increase over
the single-slot case, the maximum lift coefficient was increased due to the increased
momentum available from the additional slot. Separation angle increased when a
small amount of blowing was applied to the first slot, and additional blowing applied
to the second slot. The aicfoil moment followed the same trend as the single slot,
and was less dependent on which slot the flow was applied. Due to the lack of
experimental data, and the difficulty in modeling drag for the circulation control

airfoil, it is difficul to compare Jdrag. 7 .. . -

xii
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COMPUTATIONAL ANALYSIS OF A TWO-SLOT
CIRCULATION CONTROL AIRFOIL

[. Introduction

Aircraft designers are interested in high-lift devices for short takeoff and landing
(STOL) aircraft as well as rotorcraft. One technique for creating high lift is through

airfoil circulation control.

Circulation control incorporates a rounded trailing-edge airfoil with a slot {or
slots) near the trailing edge. High-pressure air is blown from the slot tangential 1o
the airfoil surface, creating a wall jet which wraps around the airfoil. The jet entrains
the airflow from the upper surface around the trailing edge until it finally separates.
This is known as the Coanda effect. The increase in lift is roughly proportional to
the product of mass flow and jet velocity (10:1). The stagnation points near the
front and rear of the airfoil shift toward the center of the lower airfoil surface. By
delaying airflow separation, circulation and lift are increased. [igure 1 shows the
configuration of a circulation control airfoil. Two advantages that the circulation
control airfoil has over a conventional airloil is that a higher lift coeffient. (7. can
be attained at the same flight conditions, and the maximum lift coefficient. ;..
is also increased. This reduces takeoff and landing speeds for STOL aircraft, and
‘ncreases payload for cargo aircraft. Lift can be varied without changing the angle
of attack by varying the blowing rate. Rotorcraft and X-wing aircraft can benefit by
nsing blowing to vary lift and eliminate the need for blade pitching (20:1). Becanse
varving lift is not restricted to angle of attack changes, several flight controls can he

changed by the blowing rates, such as climb, pitch, and roll.




Jet Slot

Coanda Surface

Figure 1. Typical Circulation Control Airfoil

The circulation contol airfoil could replace mechanical flaps but would reuire
additional weight and complexity in the aircraft wing interior. Aircraft performance
would also be affected by energy requirements to provide airfoil blowing and by the

negative pitching moments generated by the circulation control airfoil exhibits,

[.1 Background

Many factors contribute to the difficulty in the flow-field analysis. The airfoil
lift performance is very sensitive to stagnation point locations, therefore the flow
separation point must be accurately determined. The boundary lavers of the flow
after the wall-jets have different length scales, and a free-shear layver forms between
airfoil surface flow and the wall-jet flow. Compressibility is a factor even at low

[rce-stream Mact numbers due to high wall-jet velocities.

Several researchers have applied various techniques to model the nonlinear flow
behavior numerically using the Navier-Stokes equations. Shrewsbury (13, 15. 11) and
Pulliam (11) have had good results using the Baldwin-Lomax turbulence model (3).
with a curvature correction factor suggested by Bradshaw (3). The empirical correc-
tion factored was adjusted to best match expermintal data. \Villiams (19) used the

same type of modeling to predict airfoil performance for various turbulance factors.
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Harvell and Franke (8, 9) found experimentally that if two slots were used near the
trailing edge instead of one, greater lift can be obtained using the same blowiug

moimentuim.

1.2 Objective

The purpose of this study is .0 numerically investigate the effect of blowing
through two wall-jet slots compared to a one wall-jet slot circulation control airfoil.
The objective is to evaluate the airfoil performance at different blowing rates to de-
rermine the effect on hft. drag, moment. and separation. This is an extension of the
work begun by Williams, and similar to Shrewsbury's work. The Beam-Warming
implicit approximate factorization algorithm is used to solve the two-dimensional.
compressible, mass-averaged, Navier-Stokes equations. The Baldwin-Lomax turbu-

lance model is used, with the curvature correction factor by Bradshaw applied.




II. Analysis

The mass-averaged, Navier-Stokes equations have been a very successful tool in

numerically analyzing the flow-field. The governing equations for two-dimensional,

compressible flow are described below, followed by a description of the technique used

to solve them. The boundary conditions, turbulence model. and the grid generation

are then discussed.

2.1 Governing Equations

The equations of motion for the fluid flow-field are based on tlhe conservation

of mass, momentum, and energy. The variable formulation reflects the those used

in the solution technique developed by Dr. M.R. Visbal (16).

coordinates, these equations appear as follows:

Conservation of mass (continuity)

Ip _I(pu)  I(pv) _
0t+ dr t Jdy

Conservation of momentum

(x-direction)

I(pu) = I(pu?) + I(puv) N dp _ O01er
at Oz dy dr Oz

(y-direction)

Bpv)  Blpuv)  B(pv?) Op _ 0rsy
ot T oz T oy toyT s

ATy

dy

Oty

Jy

[n 2-D Cartesian
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Conservation of energy

de  Olew)  dev) I(kT:) O(kT,)

at " oz oy or oy
d(;r;u) N d(;r;v) . ()(;yyru) . 0(;y;v) B d(apzu) B ()(()/;U) "
where:
k=Cylp + pr) 5)

Ter = 2(p + €)uz + Ar(uy + vy)
T*y - T (/J +< )(uy + vr)

Tyy = 2(p + €)vy + Ar(uz + vy)

Other variable relationships are:

<

F4—uTrr+vTry+C( +

Pr Pr,)

e

c

P Prt

G4_urry+v'ryy+C( )

Stokes hypothesis is applied using:

The perfect gas law is applied using:

p=pRT = (7~ 1)[pe - 5p(u? + v7)

(12)

In curvilinear coordinates (£, n), the Navier-Stokes equations can be combined

as follows:

aq G aF 3G
6:6 fyaﬁ n,-., nyJ

=0 (13)
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where:

q= )

pU
pu2 + P— Trz
UL — Try

(pe + p)u — F

pv
puv — T
G = i (16)
pv? +p— 1y
(pe + p)v — G4

The transformation between the physical domain and the computational do-
main is illustrated in Figure 2 adapted to an O-grid. The 2-D physical domain
(x.v) and the computational domain (£,7n) are related using chain rule differentia-

tion (2:252).

£ =¢&(z,y) n=n(z,y) (17)
d d ad
15} ad ad

_=f — — P

= + n. -
dy ~ Y oE T on
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“/n
:
/“)%:_Fs?'
Iy

(a) Physical Plane

0 Y

(b) Transformed Plane (16:47)

Figure 2. Physical to Computational Domain Transformatian

7
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The metrics are determined by:
d§ = €.dz + €y dy

dn = n.dz + nydy

HEENIN
dn —lnz My dy

which in matrix form are:
and

Therefore

-1
£r Ey _ Le Iy =7 Yn —Iy
N Ty e Un —Ye re

8(67 77) 52 fy
J = a(x ) = = fzny - fynz:
'Y Nz My
or equivalently:
J 1 1 l
= 30z, = = —
5%% ze (Teyn — Znye)
Ye UYn
3

(21)

(26)




The 1eualting metrics are:
£z = ynd fy = _InJ

Nr = —YeJ ny = r¢J
Now the Navier-Stokes Equation 13 can be recast as:

0 L OF 0G _

ot * EQ * an
where
oL
q = Jq
. 1
F==(F+¢G)

G = =(n:F +1,G)

To aid in implicit factorization, Equation 29 is rewritten as:

% , 0E, , OE,

ot " oe T on

IVi(4.Ge) | 9Va(q, ¢n) +3W1(é,ff's) 4+ V(4. 4)

o€ o€ dn

where:

p
pu

<)~

pU
pe

P
puld + £rp

=
I
-

pvlUd +§yp
(pe + p)iU

(29)

(31)
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pV
1 uv+ z
E, = ; P NzpP
pvV + nyp
(pe + p)V

0
b1 Ug + b2v€

k. |

bgUg + b3v5

bluuf + b2 vu5 + uvg) + b3vv5 + b4T5

ClUlUy + CQUUy, + C3VU, + CquUy, + 51,

0

CllUug + Cav,

CoUg + Cq¥s

Cruug + CQUUg + C3UVg + Cavvg + sl

0
Uy, + CoVy
Caly + C4lp

0

dyu, + dav,
W, = P T

O

dgu,, + d31),,

druu, + da(vu, + uvy) + dzvv, + 44T,

{{ and V denote the contravariant velocities:

U=2Eu+
V =nu+nv
10

J
J
J
J

(36)

(37)

(39)

(40)
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and the viscous coetficients are b,.c,, and d, :

b= (u+e) (36 +E)

3 !
l
hy = E(;l'f'f)\rsy o
by= (gt o)+ g
)y = 1 <) \IT:B y)
Iz :
by = (p(—,+)—rt)(€§+52)
1
= —{p+ I)(;f:’?: +£y77!/)
2
) = —(ll+:)(.'3"£r’7y—sy’7r) !
2
—£

4
Cy = —(/J + 5)(6:’): + g‘cyr]y)

i JL
cs = Cpof pr + Pr, )zn: + &ymy)

4 . )
di = (p+<)(znk+nl)

3
1
dy = 5(# + 20z Ny
. 4 .
dy = (p+z)(n; + 3n,)
- B 2
dy = C,,(Pr + Pr. J(nz +1y)

2.2 Iinplicit Navier-Stokes Algorithm

The ~Navier-Stokes solver used in the analysis was developed by Do MR
Visbal of the Wright Research and Devlopment Center (WRDC) (16. 17, 18y The
implicit algorithim uses the approximate factorizaion technique developed hy Beam

and Warming (4) to solve the strong conservation Navier-Stokes Equation 33 The

11




Hest-order Euler time differencing scheme in delta form is written as:

[ooa [0 MO 9B N
" 26~ o an o2 =

0 . im0 , - ,

— At

and:

(j"+1 = (}n + A(]" P

where n denotes the temporal index (i.e. ¢* = ¢(n At) ) and the Jacobian matiices

Al

JE IE,
A= (—l B=— v
Jq )q
M _ 0‘4 \, _ ()H”Z '~]
T Dde T iy v

Spatial derivatives are discretized using using second order central differencing.
while explicit and implicit damping terms have been added to capture embedded
shocks. Because a steady state cond.tion is desired, a variable time step may be
used throughout the grid for faster convergence (16:19-21) . The mass-averaged
Navier-Stokes equations have been a very successful tool in numericaily analyvzing
the tlow-field. The governing equations for two-dimensional compressible flow ave
Jdescribed below, followed by a description of the technique used to solve them. The
boundary conditions, turbulence model, airfoil configuration, and the grid generation

are then discussed.

2.3 Boundary Conditions

The conditions on the physical domain boundaries must he related ta the
boundary conditions in the computational domain. This relationship 1s shown in

IFigure 3. The boundary conditions to be met are the inflow and outtlow at the

—
(3]




==

with the wall-jet slots.

Transition_from Inflow to Outtlow

Airfoil

Inflow

\ Outtlow

Giid Cut Line \510[(5)

Transition from Inflow to Outflow

Figure 3. Boundary Conditions

a specified angle of attack. These arc given by:

o

u="U0ycosa

v =Ugsina

13

O-grid exterior. the matching conditions at the grid cut line. aned e airfoil sus e

For the O-grid inflow condition, the air has the reference free-<tream valnes at

ro 1
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For the outflow conditions. the flow is subsonic with no gradients in the x-
lirect] The inflow t fl it] h ' and mini
wirection. e Inflow to outrlow transition occurs near the maximum and minimum
cvordinates of the O-grid in the y direction, see Figure 3. The outllow conditions

are enforced using:

P =Dx b
p
J .
52 | =0 (55)
v

Along the O-grid cut line, the grid is overlapped two points past the cut in
both directions. allowing enforcement of a periodic boundary condition. On the

overlapped grid points, the flow variables are set equal.

The airfoil has two types of boundary conditions, one for the airfoil surface. and
the second for the wall-jet slots. On the airfoil surface, adiabatic, no-slip conditions

are enforced using:

u=v=_0 L56)
N R e
am\ T

The wall-jet slot is modeled using assumptions based on Shrewsbury’s work (15:1).
The flow from the wall-jet slots is assumed to be isentropic, and have constant total
pressure and temperature across the slot exit. The flow from the slot is limited to

less than or equal to sonic velocity. The boundary conditions are enforced using:

dp
oE

LN

14
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=T, (1 + ’T.\IZ) (59)

u=M (‘yRT);' cos ¢ {G0)

(ST

v=M(yRT)?sin¢ (61)

Once pressure is calculated using Equation 58, the Mach number is determined. 'or
the subsonic flow, Equations 60 and 61 are applied to the flow-ficld. For pressure
ratios indicating supersonic flow. the flow is assumed choked and is set to critical
conditions.
The parameter used for measuring slot blowing is the blowing momentum
coctficient:
m, Vs

C,= (62)
9 C

where V] is the velocity the jet would have if isentropically expanded to the free-

stream pressure. For two wall-jets, the total C,. is the sum of cach slot:

Cur=Cu +C, (63)

The drag coefficient is offset by the additional momentum from the wall-jet (7)

by the following relationship:

Ci=Cq +Cq ~Cyy (b1

€y, and Cyq, are the section drag terms due to friction and pressure, respectively.

’
Notice that for high values of blowing momentum, C,, it is possible to have negative

values of drag.

15
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2.4 Turbulence Model

The Bualdwin-Lomax turbulence model (3) was used this analysis. with an
empirical correction factor suggested by Bradshaw (5:68-T1) for convex surlaces.
The algebraic Baldwin-Lomax turbulence model is used because of its accuracy over
a wide range of applications. A modification for curvature effects has been suggested
from theory and from experiment (5). For the Baldwin-Lomax model. the turbulent

eddy viscosity for the inner region is:

wllz (659

('u‘)mner =p

The curvature correction factor suggested by Bradshaw adjusts the mixing length
(1) by a factor:

Fg=1-08 (66)

where

L
%)

aud O 1s an empirical constant. Bradshaw suggested that 6 < © < 11 for a convex

|1u-_l

wall jet and that
1 - (0.03)0 < Fg < 1 + (0.05)0

limits the value of Fg. Williams (19) found that for his analysis, a value of @ = 3.2

matched wind tunnel C; data best. The value of @ = 3.2 was used in this analvsis.

The boundary layer transition is based on the more stringent of two conditions.
the first based on the Pohlhousen method (12) and the second based on adverse
pressure gradient. The most forward location for the two cases is then used as the
boundary layer transition point. This may produce higher drag coeflicients than
experiment because transition may not always occur with a small adverse pressure

gradient.

16
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2.5 Airfoil Configurations

The airfoil used in this study is a modified version of the 103RE circulation
coutrol airfoil designed and wind tunnel tested by the David Taylor Navel Ship Re-
search and Development Center (DTNSRDC) (1). The 103RE airfoil is a modificed
ellipse with a maximum chamber of 1% chord located at 70% chord and a maximum
thickness of 16% chord. The leading and trailing edges have a reduced radius. vary-
ing at the trailing edge from 4.6% chord to 2.8%. The airfoil has one wall-jet slot at
96.833% chord with an operating slot height of (0.0023)c . The trailing-cdge for the

one-slotted 103RE is shown in Figure 4. The research by Havvell and [ranke (3.9)

Figure 4. 103RE One-Slot Airfoil Trailing-Edge

demonstrated that a greater lift coefficient, Cj, could be obtained by dividing the

blowing momentum, C,, between two slots near the Coanda surface. Lift character-

17




istics were determined with the second slot at various locations, with a free-stream
velocity of 100 ft/sec. They found that the first slot was effective in keeping the flow
attached to the surface until reaching the second slot. The second slot produced
higher lift . C;. per unit blowing momentum, C,, at an angle, 3. of 73.5 deg . The
angle J is measured clockwise from was a vertical line through the center of the

circular surface.

The 103RE airfoil was modified to add a second wall-jet blowing slot identical
in size to the original slot. The second slot location was selected graphically on the
trailing-edge at 73 deg from a similarly sized circle. due to the variance in radins of
curvature for an ellipse. The angle 3 for this point was 70.2 deg based on the radius
of curvature at selected point. At the selected second slot location. the existing
airfoil surface between the first slot and second slot was then translated outward
(0.00247)c in the direction normal to the airfoil, as shown in Figure 5. The opening
size of (0.00247)c was due to a slot height of (0.0023)c and a slot opening lip of
{0.00017)c, identical to that of the original slot. This shifted airfoil surface, however,
reduced the original slot height of the first slot. The reduction was determined, and
the airfoil surface preceding the first slot was modified to increase the first slot height
to (0.0034)c. The final first slot height for the two-slot configuration was (0.0023)c
after the airfoil modifications. The resulting two-slot airfoil trailing-edge is shown in

Figure 6.

2.6 Grid Generation

The O-grid for the analysis was generated using the interactive grid-generation

program (INGRID) developed at the Arnold Engineering Development Center (ALDC)

Clliptical smoothing was used to refine the grid into more orthogonal sections. The
O-grid outer boundary is a circle with a radius of 14 airfoil chords from the airfoil .
Figure 7 shows the entire and Figure 8 shows the inner portion. Due to the sharp

corners at the slot exits , the grid is somewhat skewed near these points, as scen in

18




Figure 5. 103RE Airfoil Modification - One-Slot to Two-Slot

[igures 9, 10,and 11. The grid has 254 points along the airfoil, and 20 poiuts normal
to the airfoil. Hyperbolic tangent stretching was used to concentrate grid points in

the regions near the surface and the jet slots.

Williams’ analysis of the O-grid for the one-slot configuration found that a 176
by 30 grid was sufficiently dense to accurately model the wind tunnel results. The
O-grid for the two-slot configuration has the same spacing normal to the airfoil as
the one-slot grid, using 80 grid points. Along the airfoil surface, additional points
are required to model the second jet slot. Grid points were added betwecn the slots
and on the trailing-edge in order to maintain the grid density used in the one-siot
analysis. The addition of grid points was due to the grid angle required to model

the flow near the second slot, as shown in Figure 9.

19




Figure 6. Modified 103RE Two-Slot Airfoil Trailing-Edge
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Figure 7. O-Grid Overview - Complete Grid
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Figure S. O-Grid Detail - Trailing Edge
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Figure 10. O-Grid Detai! - Slot 1

Figure 11. O-Grid Detail - Slot 2
24
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II. Results and Discussion

3.1 Slot Blowing Conditions

The 103RE airfoil has been extensively wind tunnel tested by DTNSRDC (1),
and was analyzed in Williams’ research (19). The test conditions referenced are tfor
Mach number 0.3, and an angle of attack a of 0. The wind tunnel test vesults for the
oune-slot airfoil are designated as Points 33, 35, 36, and 38 for various blowing rates.
The wall-jet slot blowing momentum coefficient, C,. was varied using a relerence total
pressure in the slot plénum, and the measured temperature. The blowing conditions
for Points 33, 35, 36, and 38 correspond to the two-slot analysis conditions of A, 3.
C. and D. Point 37 was used to further investigate lift trends, and was designated

as E. even though the pressure lies between conditions C and D).

The analysis used combinations of the four different blowing rates (A, 13, ('
D) tor each of the two slots. The case designator for each two-slot combination is «
two letter reference, where the first letter is the blowing condition for the first slot,

and the second letter for the second slot.

The blowing rate is varied by adjusting the total pressure and temperature,
but C, will be affected by flow-field conditions. Williams' analvsis had been done
using an effective angle of attach (a.ss) and Reynolds number. Re. adjusted for wind
tunnel effects. Both a.ss and Re were proportional to C;, which is itselt proportional
to C',. Effective values were used in order to adjust for wind tunnel cffcects. allowing
comparison to wind tunnel data from DTNSRDC (1) for o = 0. Because no reference
data existed for the two-slot airfoil conditions being analyzed. linear interpolation

was used to obtain the reference (a.sf) and Re. The linear relationships nsed to

select the reference conditions are:
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Re = [3.12 — 1.8Y1(C,,)]10° oy

ur )

where 7 1s given by Equation 63, and C,, values for Points 33, 33, 36 and 33 were

1sed. Because (71 is dependent on the flow-field solution, an estimate of (', was
made using €, values from the one-slot solutions. These estimates of ', varied
from the final values by 0.033% to 9.31%. The values used as inputs are listed in

’I‘u})le 1.

S22 Results

The results of the analysis at the various blowing rate combinations are dis-

playved in Table 2 and in Figures 12 to 15.

To aid in the result analysis, the cases were grouped with those of constant
first slot blowing conditions (i.e. Cases BA, BB, BC. BD). In Iigures 12 to 15
the solid iines connect cases with constant first slot biowing conditions. allowing
the second slot blowing conditions to change. For comparizon. the dashed Tines
in Figures 12 to 15 connect cases with constant second slot blowing conditions

e, Cases AB. BB, CB . DB), allowing the first slot blowing conditions to change.

The single slot cases are included as a reference. The Mach number proliles,
trailing edge velocity vectors, and C, vs. r/c for the two-slot cases are included in

the Appendix.

The lift characteristics were very dependent on the first slot blowing momentum
coefficient. The lift coefficient, Cy, vs. C, . is shown in Figure 12. For cases without
Llowing from the first slot, (Cases AA, AB), the flow separated before reaching the
sccond slot and lift decreased with additional blowing from the second slot. Cases
AC and AD were not examined because of flow separation. [t can be noted that if
the airfoil has two slots, blowing may be required from the first slot 1 ovder for the

flow to remain attached until reaching the second slot.

The lowest level of blowing considered for the first slot (Cases BACBRB.BC. B

26
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Table 1. Analysis Input Values

‘ i Slot 1 slor 2
' (Case Lany | Re(1078) [ Pr/Py [Tr/Ty | C,, Pr/P. [ TrjT. €,

33 -0.25 | 5.12 110 1.0 0.0000 || n/a n/a n/a
.35 -0.92 { 3.10 1.137 0.956 0.0096 || n/a n/a I nja
|36 —-1.66 | 3.09 1284 | 0.934 |0.0187 || n/a n/a | n/a

33 [l -2.65] 3.06 1573  10.905 [0.0332{n/a  [n/a . n/a

AN || =025 ] 3.12 1.000 1.000 ] 0.0000 [ 1.000 | 1.0o0  0.0un0
T AB -0.94 | 3.10 1.000 1.000 | 0.0000 || 1.137 | 0956 0.0u96
"BA || —0.94 | 3.10 1137 10.956 [ 0.0096 || 1.000 | 1.000 ~ 0.0000
" BB —1.64 | 3.09 1.137 0.956 | 0.0096 || 1.137 T 0.9%6 v.ooug
+BC [ =230 ] 3.09 1137 10.956 [0.0096 || 1.28F 1 0934  0.01x7
' BE [ =2.77 ] 3.06 1.137 [ 0.956 | 0.0096 || 1.432 [ 0.936 ; 0.0253 ¢
"BD || =3.34 1 3.04 1.137 ] 0.956 [0.0096 || 1.573 | 0.905 | .0332 "
| CA || —1.60 | 3.09 1.234 ]0.93¢ | 0.0187 || 1.000 1.000 1 0.0000
1 CB || =2.30 | 3.09 1.284 [0.934 | 0.0187 || 1.000 1.000 | 0.0000
e | -2.95 1 3.05 1.284 [ 0.934 | 0.0187 | 1.284 | 0.934 | 0.0137
D || -4.00 | 3.03 1.234 [ 0.934 | 0.0187 || 1.573 | 0.905  0.0332 .
DA | -2.65] 3.06 1.573  10.905 [ 0.0332 [ 1.000 1000 0.00u0
‘DB [ -3.31] 3.04 1.573  10.905 [0.0332 ] 1.137 10936 000,
1 DC | —4.00 | 3.03 1.573 [ 0.905 [0.0332 [ L.2xt o0t DSt
DD 1] =5.05 [ 3.00 1573 1 0.905 [0.0332 1 1.573 7000 oo
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Table 2. Aralysis Output Values

L( ase '[ C.r [ C ] Cy ] Cm ] Jdeg) ” C. L j
133 1 0.00000 | 0.032}0.01467 | —0.01685 7.9 1 0.0000 | n/a |
135 [0.00956 | 0.553[0.00752 | —0.03794 69.8 || 0.00956 | n/a |
1736 001830 | 1.094 [ 0.00612 | —0.06345 84.6 || 0.01330 | n/a I
1733 0.03315| 1.764 [ 0.00624 [ —0.10150 95.2 [/ 0.03315 [ n/a |
] AA ] 0.00000] 0.040 | 0.01331 | -0.01438 5.6 || 0.00000 | 0.00000 |
TAB 110.01022 | —=0.019 [ 0.00580 | —0.04641 5.6 || 0.00000 | 0.01022°
1 BA 110.00929 | 0.501 [ 0.00658 | -0.03516 57.9 1] 0.00929 | 0.00000 *
BB [0.02058 | 1.149]0.00071 [ -0.05729 [ 112.7 | 0.0101% | 0.01010 |
| BC 1 0.03052 | 1.609 | 0.00252 | —0.07510 | 134.0 || 0.01017 ! 0.01936
TBE 110.03315| 2.093 | 0.01018 | —0.08489 | 163.7 || 0.01121 | 0.02691 .
1BD || 0.04454 | 2.353 ] 0.01496 | —0.09787 | 173.0 || 0.01153 | 0.03301 '
1 CA [[0.01852 0.635] 0.00295 | —0.05841 67.1 || 0.01852 | G.00000 .
i CB 1 0.03003] 1.446 | —.00733 | —0.07710 96.1 [ 0.01331 [ 0.01122 ¢
1 CC 003975 ] 1.965| —.00860 | —0.09810 | 120.9 || 0.01940 | 0.02035 |
| CD ]0.05263 ] 2.55810.01424 | -0.12143 | 172.3 || 0.01964 | 0.03299 |
I DA |] 0.03309 | 0.738| -0.01062 | —0.09165 70.7 [ 0.03309 | 0.00000

DB 004472 1.580 | —0.02042 | —0.10658 90.5 || 0.03310 ' 0.01162
[ DC [0.05345 | 1.932 [ —0.01086 | —0.13239 | 109.0 || 0.03316 | 0.02029 I
DD ] 0.06676 ; 2.353 | —0.02053 | —0.17282 120.9 1 0.03316 | 0.03302

[}
28
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demonstrated approximately the same lift characteristics for a given C,,. as the single

uT
slot case. The lift curve is extended farther because a higher C,_ is available hecause
of the two slots. This may be an advantage if slot height causcd choking, as it does

i the higher blowing cases.

At intermediate levels of blowing from the first siot, (Cases CA. CB. CC. CD).
additional second slot blowing did increase C;. However, the increase in blowing
from the first slot was not as effective as increasing the second slot blowing instead.
Consider, for example, the initial condition for Case BB. If additional blowing is
added to the first slot (Case CB), C; increases from 1.149 to 1116, with (", =
0.03052, shown in Figure 12 as a dashed line from BB to (3. If the additiona)

blowing is instead applied to the second slot (Case BC), C; increases from [.119 1o

1.609. with C,,. = 0.03005, shown in Figure 12 as a solid line from BB to BC.

At the highest level of blowing for the first slot, (Cases DA, DB, DC, DD), lift
only increased marginally for Cases DA and DB, and actually decreased for Cases
DC and DD. This appears to be due to flow separation. Additional first slot blowing

can actually reduce lift in these cases.

For comparison to the one-slot configuration, consider the cases where no hlow-
ing i1s applied to the second slot (Cases AA, BA, CA, DA). Notice in Figure 12 that
for the same total blowing momentum, C,., the lift is less for these two-slot cases
than for the one-slot configuration. This would indicate that lift and flow separation
angle for a circulation control airfoil is very sensitive to to the airfoil smoothness
at the trailing-edge. Small protrusions could cause premature flow separation and

dlecreased lift.

The drag characteristics were influenced by the first slot blowing momentum

cocfficient. The drag coefficient, Cy4, vs. C,. is shown in Figure 13. The drag

ur
id decrease enough to become negative at intermediate blowing rates, but drag
increased for higher blowing momentum. For the cases in which drag increased

(Cases BC. BD. BE, CD, DC), single precision computations were nsed. This may
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have influenced the drag values more than the other values because the drag term,

C,. is small compared to the lift coefhicient, C|.

The moment characteristics were dependent on the total blowing momentum.
The moment coefficient, Cr,, vs. C,. is shown in Figure [4. For all cases. except
those with no blowing on the first slot, the moment had a smaller magnitude than
the one-slot airfoil. The lowest level of first slot blowing produced the smallest
magnitude for moment coefficient. The difference in moment depends more on the

total blowing momentum than on how the blowing is divided between the two slots.

The flow separation angles were influenced by the total blowing momentum
and how the blowing was divided between the two slots. The separation angle. .3

vs. C,, 1s shown in Figure 15. For the same blowing momentum, C,_, the two-slot

ur
configuration had significantly higher separation angles. The exceptions were for the
cases with no blowing from the first slot (Cases AA,AB). In these cases, the flow
separated immediately after reaching the first slot. If the blowing momentum for

the first slot increases past condition B, the separation angle decreases for cases witl

constant second slot blowing.
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Figure 12. Effect of Blowing on Lift Coefficient, (C;) vs. (C,)
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Figure 13. Effect of Blowing on Drag Coefficient, (Cyq) vs. (C,)
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Figure 14. Effect of Blowing on Moment Coefficient, (C,,) vs. (C,)
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Figure 15. Effect of Blowing on Separation Angle, (3) vs. (C,)
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3.3 Discussion

The lift coefficient did not increase for the same total blowing momentum
coetficient for the two-slot case, which did occur in the research by Harvell and
Franke (3. 9) with a different airfoil and Reynolds number. The lift characteristics
were quite similar to those found by Harvell and Franke. The first slot blowing
was important in keeping the flow attached until reaching the secound slot. Once
attached. the lift was increased and separation delayed primarily by the sccond
slot. When the two-slot case is compared to Williams’ one-slot analysis (19). the
lift characteristics showed the same trends. The lift curve was extended to higher
maximum lift values, Cy,,,,, because a higher total blowing momentum was reached
nsing two slots. However, because of the different trailing-edge and interference

between slots, increased first slot blowing did not effectively increase lift.

The drag results were typical of what Williams found (19). that the model
overpredicted the drag. In cases where the blowing was closest to experimental

values, the drag for two slots was less thau a one slot case for the same blowing.

3.4 Computer Resources

The primary computational tool for the analysis was the Aeronautical Systems
Division CRAY XMP-12 through the sponsorship of Dr. Joe Shang \WWRDC/FIN\IL
Lach run was approximately 2500 iterations, with change in C; determining con-
vergence. For Cases BC, BE, BD, CD, and DC some computation was required
at AFIT's computer facility on the ELXSI-6400. The CRAY computations were in
double precision, and averaged 3.3 x 10~® (seconds)/[(grid point)(iteration)]. The
[ELXSI computations were in single precision with a performance level of 3.6 x 107?
(seconds)/[(grid point)(iteration)]. The data was transferred to the AFIT computer
-vstems and post processed using the DI-3000 softwarc package. Data transfer and
storage was difficult to say the least, and the DI-3000 software package is no longer

being supported at AFIT.
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IV. Conclusions and Recommendations

4.1 Conclusions

‘The Navier-Stokes analysis of a two-slot circulation control airfoil demonstrated
that the maximum lift coeflicient, C;_,,, can be extended over that of the one-slot
aivfoil, but the lift per total blowing momentum coeflicient did not increase over
the one-slot airfoil. The lift coefficient,C, and angle of separation. .3. show greatest
increases as additional blowing is applied to the second slot, provided the first slot
blowing has sufficient blowing to maintain flow attachment flow between slots. \When
no blowing is applied to the first slot, separation occurs before reaching the second
slot. Thus, if two slots exist, some blowing must be applied to the first slot. \When
no blowing is applied to the second slot of a two-slot airfoil, lift and separation angle
are significantly less than for the same blowing applied to a onc-slot cirenlation
control airfoil. This indicates that lift and flow separation arc very sensitive to sinall

protrusions on the trailing-edge.

Drag showed similar characteristics to that of the one-slot configuration, but no
conclusion can be drawn from the trends. The moment coefficient was less dependent

on which slot blowing was applied.
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Recommendations

Based on the analysis, these recommendations follow:

Investigate what minimum level of blowing is required for the flow to remain
cttanbad Lataianen alatn ~and bae.
1il\a a2

on " . + . Ter AT, L. e~ L
attached between slets o ow onscus ficc-stream conditions afect attach-

ment.

["se the Navier-Stokes code to model existing two-slot airfoil data. The present

method may not be able tc model flow below Mach numbers ol 0.25.

Analyze various flight conditions, such as Mach nimber or angle of attack. in
order to evaluate the effect on the airfoil aerodynamic characte i tics. Analvsis
can be done on the influence of the effective angle of attack, and analysis done

without using effective values.

Investigate the effects of a different O-grid generation prograin, and il the
skewness of the grid near the slots could be reduced, improving analysis.

Investigate a configuration the could be analyzed both experimentally and

computationally for a two-slot, elliptical airfoil.
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Appendix A. Cases with Slot 1 at Condition A

4.1 Case A4 Data

B

/

Figure 16. Case AA Mach Contour - Overview
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Figure 17. Case AA Mach Contour - Trailing Edge
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Figure 18. Case AA Trailing Edge Velocity Vector Field
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Figure 19. Case AA Pressure Coefficient (C,) vs. x/c
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A.2 Case AB Data

Figure 20. Case AB Mach Contour - Overview
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Figure 21. Case AB Mach Contour - Trailing Edge
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Figure 22. Case AB Trailing Edge Velocity Vector Field
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Figure 23. Case AB Pressure Coefficient (C,) vs. x/c
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Appendix B. Cases with Slot 1 at Condition B

Case BA Data

Figure 24. Case BA Mach Contour - Overview
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Figure 25. Case BA Mach Contour - Trailing Edge
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Figure 27. Case BA Pressure Coefficient (Cp) vs. x/c
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B.2

Case BB Data

Figure 28. Case BB Mach Contour - Overview
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Figure 29. Case BB Mach Contour - Trailing Edge
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Figure 30. Case BB Trailing Edge Velocity Vector Field
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B.3 Case BC Data

Figure 32. Case BC Mach Contour - Overview
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Figure 33. Case BC Mach Contour - Trailing Edge
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Figure 34. Case BC Trailing Edge Velocity Vector Field
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B.4 Case BE Data
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Figure 36. Case BE Mach Contour - Overview
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Figure 37. Case BE Mach Contour - Trailing Edge
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Figure 38. Case BE Trailing Edge Velocity Vector Field
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Figure 39. Case BE Pressure Coefficient (C,) vs. x/c
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Figure 40. Case BD Mach Contour - Overview
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Figure 41. Case BD Mach Contour - Trailing Edge
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Figure 42. Case BD Trailing Edge Velocity Vector Field
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Figure 43. Case BD Pressure Coefficient (C,) vs. x/c
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Appendix C. Cases with Slot 1 at Condition C

C.1 Case C4 Data

S

Figure 44. Case CA Mach Contour - Overview
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Figure 45. Case CA Mach Contour - Trailing Edge
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Figure 47. Case CA Pressure Coefficient (Cp) vs. x/c
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Figure 48. Case CB Mach Contour -
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Figure 49. Case CB Mach Contour -
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Figure 50. Case CB Trailing Edge Velocity Vector Field
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Figure 51. Case CB Pressure Coeflicient (C,) vs. x/c




C.3 Case CC Data
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Figure 52. Case CC Mach Contour - Overview
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Figure 533. Case CC Mach Contour - Trailing Edge




K3 Il B G & B O B e =

Figure 54. Case CC Trailing Edge Velocity Vector Field
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Figure 55. Case CC Pressure Coefficient (C,) vs. x/c
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Figure 56. Case CD Mach Contour - Overview
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Figure 57. Case CD Mach Contour - Trailing Edge
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Figure 58. Case CD Trailing Edge Velocity Vector Field
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Figure 59. Case CD Pressure Coefficient (C,) vs. x/c
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Appendix D. Cases with Slot 1 at Condition D

! Case DA Data

N

Figure 60. Case DA Mach Contour - Overview




Figure 61. Case DA Mach Contour - Trailing Edge
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Figure 62. Case DA Trailing Edge Velocity Vector Field
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Figure 63. Case DA Pressure Coefficient (C,) vs. x/c
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D.2 Case DB Data

Figure 64. Case DB Mach Contour - Overview
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Figure 65. Case DB Mach Con..r Trailing Edge
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Figure 66. Case DB Trailing Edge Velocity Vector Field
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Figure 67. Case DB Pressure Coefficient (C,) vs. x/c
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D.3 Case DC Data
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Figure 68. Case DC Mach Contour - Overview
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Figure 69. Case DC Mach Contour - Trailing Edge
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Figure 70. Case DC Trailing Edge Velocity Vector Field
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Figure 71. Case DC Pressure Coeflicient (C,) vs. x/c
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Figure 72. Case DD Mach Contour - Overview
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Figure 73. Case DD Mach Contour - Trailing Edge
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Figure 74. Case DD Trailing Edge Velocity Vector Ficld
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