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I Abstract

I 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 slot.

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 increased9 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 airfoil 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 difficult to compare ,rag.

I ..

I
I
I
I
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COMPUTATIONAL ANALYSIS OF A TWO-SLOT

CIRCULATION CONTROL AIRFOIL

I
I. IntroductionI

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.

I Circulation control incorporates a rounded trailing-edge airfoil with a slot mrt,

slots) near the trdiling edge. High-pressure air is blown from the slot tangential to

the airfoil surface, creating a wall jet which wraps around the airfoil. The jet elntraini

the airflow from the upper surface around the trailing edge until it finally separate-s.

This is known as the Coanda effect. The increase in lift is roughly proportional to

the prodiict 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. B3y

delaying airflow separation, circulation and lift are increased. Fi'gu re I shows I he

Cunfiguration of a circulation control airfoil. Two advantages that tlhe circ iilt n

control airfoil has over a conventional airloil is that a higher lift coeffient.. ('. can

be attained at the same flight conditions, and the maximum lift coefficient. C .... ,

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

I of attack by varying the blowing rate. Rotorcraft and X-wing aircraft can benefit hV

ising blowing to vary lift and eliminate the need for blade pitching (20:1). Becausc

I varying lift is not restricted to angle of attack changes, several flight controls call he

c:hanged by the blowing rates, such as climb, pitch, and roll.

I
I



I
I

Jet Slot

I C ,

Coanda Surface

Figure 1. Typical Circulation Control Airfoil

The circulation contol airfoil could replace mechanical flaps but would require

additional weight and complexity in the aircraft wing interior. Air craft perfornance

would also be affected by energy requirements to provide airfoil blowing awl by lie

negative pitching moments generated by the circulation control airfoil exhibiits.

S.I 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 layers of the Ilow

after the wall-jets have different length scales, and a free-shear layecr forms bet \wee

airfoil surface flow and the wall-jet flow. Compressibility is a factor even at low

free-stream Mac 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 (5). lie empirical cot ,'-

:.ion factored was adjusted to best match expermintal data. \Villiaims t19) used the

same type of modeling to predict airfoil performance for various turbulance factors.

!2
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U [larvell and Franke (8, 9) found experimentally that if two slots were used nt lie he

trailing edge instead of one, greater lift can be obtained using tie same lowilg

moment urn.I
1.2 Objective

I The purpose of this study is Lo numerically investigate the effect of blo%:iig,

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 (Ie-

termine the effect on lift, 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-Lornax turbu-

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

I
I
U
I
I
I
I
I
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3 , I1. 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 genei-l on

are then discussed.

2. 1 (;oerning Equations

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

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

in the solution technique developed by Dr. M.R. Visbal (16). In 2-D Cartesian

3 coordinates, these equations appear as follows:

(onservation of mass (continuity)

Op + D(pu) + (pv)

a t ax ay

Conservation of momentum

(x-direction)

O(pu) O(pu2) O(puv) Op r-1  Or1.Ot + + -- + -- 1

it- ax y Ox 'x Oy

(y-direction)

O(pv) O(puv) 0(pv2) + L rP (3)t ++ 
+ o )at ax Dy D9y Ox

I
I4
I
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U Conservation of energy

3 de O(eu) O(ev) _(kT,) d(kT9)
Ot + z 5y1 Ox Oy

V (rrri) D(r,v) +(r.u) D(r"v) D(pu) O(pu)

Ox ax D9y Dy ax y

3 where:
__{__ ).5)k = Cp( + Er

SPr Pr,I
x= 2 (P + -)u. + AT(u. + vV) (b)

I = (L + )(u& + vt) K)

3 = 2 *(p + E)v + AT(U. + v ) )

IOther variable relationships are:

F 4 = ur.. + v7y + Cp(+ " + -

G4 = ury + Vry + Cp(- 7r + ( 10)U Pr (10)

3 Stokes hypothesis is applied using:

* 3

Tie perfect gas law is applied using:

p p=pRT=(-t -1)[pe - Ip(u2 + v,)] (12)

3 In curvilinear coordinates (, ri), the Navier-Stokes equations can be combined

as follows:
Oq + F G + F 0G

I5
I



I

Ul where:
I p

Pu

I PUq = t

pe

I Pu

pu 2  + p -

j

Puv - 7,

(pe + p)u - F4

Pv

I puv - r1 Y

pv 2 + p - ry

I (pe +p)v - G4

5 The transformation between the physical domain and the computtatioia (I()-

main is illustrated in Figure 2 adapted to an O-grid. The 2-D physical domlmlil

(x.y) and the computational domain ( ,rq) are related using chain rule differeltia-

tion (2:252).

=(Xr )  7 = (x,y) (17)

0 9 0

I (S
- + - ( 8)

dy ~ ~ i

II
I
I
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FIF

IT

(a) Physical Plane

X Xor 77A

I max fl4* / J JL

** j+1fI F

0 0

(b) Transformed Plane (16:47)

I Figure 2. Physical to Computational Domain Transfor-n.-t.,

I 7
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U The metrics are determined bv:

I~d = (,dx + Vdy(2)

I dr1 = r77dx + r, dy 21)

which in matrix form are:

* dc1 =~ I dx] (22)

I an 1(

d y Y ;:]21 (23)

Therefore

r77Z 17Y Y Y17 -y z

where the Jacobian (J) is:

O(, 77) y (9,5)

or equivalently:

I J l(26)

3( ,7) x x, 7  
2 )

I Y1 y7

* 8
I
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I The i,!-,-iliting metrics are:

I = y 7J y = -xJ (27)

q = -Y J ri = XrJ

Now the Navier-Stokes Equation 13 can be recast as:

I at aP ovo 9 )0- + cp+ O 0 (29

where

- = ( F + c G)

I1
G= -(F + 77yG)

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

I 4 + OE+ aE2

at a + a077
A( + a- + C -  +

where:

P

I I u. p(.,
El = u + -

pvU + {lP

(pe + p)U

I9
I



I PV

E2=- V+ 7- (u6)

(pe + p)V

* 0

= -biu + b2vt .3 7)

b2Ut + b3Vt

bluut + b2 (V?. + UV ) + b3 VV + b4T

0

V2 = 1CIU77 + C2V77
J c3u?1 + C41)?7

CU,7 + C2 UV,, + C3 V Uf + C4VV, + cs7T,

CIUU + C2vu + C311V + C4vv + C5i

0

d2U?7 + d3V??

d, uu,7 + d2 (VU,7 U uV,7) + d3 V V, + d4 T,

11 and V denote the contravariant velocities:

I ~U = . + (1)

V = 7thU + 77V (42)

I 10



1 11d the viscous coefficients are b,,c,, and d,

I' C2
- (= u + 6)( ', + ~

* -3

t, ( __ + -_)c + 2

I Pr # Pr, Y)+

I
4

-(it + )( -,' + 'Yrl)
.3

C, -i I( I'7 " qXI c ( + C(-?~ ~h i

I 4

C5= . -P(#i + -)G7+ y)

4 
2 2I +

(1Cp:(I + 17 xy17y

P(Pr PrId(Z = ( + )( + 17 )

I 2.2 b2plicit .Vavier-Stokes Algorithm

The .'a.ier-Stokes solver used in the analysis was develope'l l)V Dr. >IAI.

\'ikbal of the Wright Research and Devlopment Center (W\\I)C) ( 1I6. IT. i,). I li

implicit algorithm uses the approximate factorizaion teclhni 1 lue developed lv le iin

atjld Warming (4) to solve the strong conservation Navier-Stokes Equiation 33. IlieI

I



N !ir t -o)rdlr Elier tim~edifferenciiig schem~e in dlelta forni is writteli 1"

___a,__nO~ 0 2A~

F3 2 a7 .12I - At [~_(E 1  V) + - ll -11'jHi

q 't+ q4 + TL~

v2Ier'e n1 denotes the temporal index (i.e. 4' = 4(n At) ) and the Jacobian nitrli-0S

o41  0E1

0 IA dI V

Spatial derivatives are discretized using using second order central (liffereliclIII

while explicit and implicit damping terms have been added to capture embedded

shocks. Because a steady state cond,'cion is desired, a variable tiune step mna% be

used throughout the grid for faster convergence (16:19-21) .The riaiss-averaged

Navi-er- Stokes equations have been a very successful tool i uuWr'Ii1V a11m117111'

the flow-field. The governing equations for two-dimensional coipiessilble llow re(

los rbed below, followed by a description of the technique used to solve theml. lu

bounidarv conditions, turbulence model, airfoil configuration, and the grid generation

tre then discussed.

2.. 13 8oundary Conditions

Ilie Crnditions on the physical domain boundaries inwi't hc teliefd !,)Hi

h1 nioarv conditions in the computational domain. This r elationship is ,lw II I

F~igure T. The boundary conditions to be met are the inflow and outflow at thle



I0-gridl~ exterior. the marching conditions at the gid cut line, ril ! iii,11'1i

W:h thec wall-jet slots.

Transition from Inflow to Outflow

Figure 3. Boundary Conditions

For the 0-grid inflow condition, the air has the reference free-treami vahlw' i~t

_61 a ~fified angle of attack. These arc ;"iven ky:

I~ = U sino a

I 13



U p = p 73

3 For the outflow conditions, the flow is subsonic with no gradients in tle X-

,lirection. The inflow to outflow transition occurs near the maximum and iniInI

coordinates of the O-grid in the y direction, see Figure 3. The out low (o, ,1 ,i(s1L

are enforced using:

O x it 0 7 ,") ,

Along the O-grid cut line, the grid is overlapped two points past the cut in

both directions. allowing enforcement of a periodic boundary coi,,l1tiou. 01n th,

oVeIrlapped grid points, the flow variables are set equal.

The airfoil has two types of boundary conditions, one for the airfoil surface. ;IIl

the second for the wall-jet slots. On the airfoil surface, adiabatic, no-slip conditiolls

ire enforced using:
I u =v =0 7,i/

The wall-jet slot is modeled using assumptions based on Slirewhsbirv's work 1 5:4).

J he flow from the wall-jet slots is assumed to be isentropic, and have constant total

3 pressure and temperature across the slot exit. The flow from the slot is irmitcd to

less than or equal to sonic velocity. The boundary conditions are enforced uisin'

I p 0

3 14
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T = Tt ( + -- 2 .Y

= Al (yRT)2 cos P uiO)

3 v M (TRT)d sin 0((U)

Once pressure is calculated using Equation 58, the Mach number is determined. For

the subsonic flow. Equations 60 and 61 are applied to the flow-ield. For pressure

Sratios Indicating supersonic flow. the flow is assumed choked and is set to fil i'al

conditions.

I The parameter used for measuring slot blowing is the blowing inoinelllt til

Soctfh ci en t:

c c C. m Vj (62)
qoc

3 where V, is the velocity the jet would have if isentropically expandled to Ihe fIe-

stream pressure. For two wall-jets. the total CT is the sum of ach( slot:I
C'T = CIA + C, 2  f 63)I

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

I by the following relationship:

C =Cd + Cd, -C ii)

I C,1 and CdP 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

I values of drag.

I
I

I
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I .4 JTurbulence Model

3 The Baldwin-Lomax turbulence model (3) was used this ainalysis. with in

empirical correction factor suggested by Bradshaw (5:68-71) for convex surfacs.

I [he algebraic Baldwin-Lomax turbulence model is used because of its accuracV 0%'o[r

a wide range of applications. A modification for curvature effects has been suggested

I frorn theory and from experiment (5). For the Baldwin-Lomax model, the turbiilent

eddy viscosity for the inner region is:

The curvature correction factor suggested by Bradshaw adjusts the mixing length

I (1) by a factor:

FB= 1 -OS (C'(-)

where

I ain 0 is an empirical constant. Bradshaw suggested that 6 < 0 < 1-4 for a convex

wall jet and that

1 - (0.05)0 < FB < 1 + (0.05)0

I limits the value of FB. Williams (19) found that for his analysis, a value of 0 = 3.2

matched wind tunnel C, data best. The value of E = 3.2 was used in this analY'sis.

I The boundary layer transition is based on the more stringent of two couditious.

the first based on the Pohlhousen method (12) and the second based on adverse

I pressure gradient. The most forward location for the two cases is then used as the

boundary layer transition point. This may produce higher drag coefficients than

3 experiment because transition may not always occur with a small adverse pressure

gradient.

I16



2.5 Airfoil Configurations

hFile airfoil used in this study is a modified version of the 103l{E circulaIlIol

control airfoil designed and wind tunnel tested by tile David Taylor Navel Shi) lke-

3 search and Development Center (DTNSRDC) (1). The 103RE air'foil is a lmodified

ellipse with a maximum chamber of 1% chord located at 70% chord and a maximm

I 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%.S8% chord with an operating slot height of (0.0023)c . The trailing-edge for' i he

one-slotted I03RE is shown in Figure 4. The research by ha rvel i Va11l(,a ii .. )

'
I
I
I
I
I
I
U

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

demonstrated that a greater lift coefficient, C1, could be obtained by dividing the

3 blowing momentum, C,, between two slots near the Coanda surface. Lift charact'r-

I17



istics were determined with the second slot at various locations, with a free-streatn

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

3 higher lift , C1, per unit blowing momentum, C., at an angle, 3. of 73.5 deg . Ihe

angle 3 is measured clockwise from was a vertical line through the center of tie

circular surface.

The 103RE airfoil was modified to add a second wall-jet blowing slot identical

I 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 varianuce in radi, of

curvature for an ellipse. The angle 3 for this point was 70.2 (leg based oil the radius

of curvature at selected point. At the selected second slot location, th c.xist lug

airfoil surface between the first slot and second slot was then translated ouLtward

3 (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, howcver.

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

I The 0-grid for the analysis was generated using the interactive grid-general ion

program (INGRID) developed at the Arnold Engineering Developncuut (enter (AIl)') (h).

Elliptical smoothing was used to refine the grid into more orthogonal sections. Ilie

I 0-grid outer boundary is a circle with a radius of 14 airfoil chords from the airfoil .

Figure ' shows the entire and Figure 8 shows the inner portion. Due to the sharp

corners aL the slot exits , the grid is somewhat skewed near these points, as seen in

*18
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Figure 5. 103RE Airfoil Modification - One-Slot to Two-Slot

I Figures 9, 10,and 11. The grid has 254 points along the airfoil, and 80 points 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 80 grid was sufficiently dense to accurately model the wind tunnel results. The

I 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 bctwecn the slots

and on the trailing-edge in order to maintain the grid density used in the one-slot

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.
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Figure 6. Modified 1O3RE Two-Slot Airfoil Trailing-Edge
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I Figure 7. 0-Grid Overview - Complete Grid
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Figure 8. 0-Grid Overview - Interior Section
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i Figure 11. 0-Grid Detail - Slot 2
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III. Results ard Discussio.n

3. i Slot Blow'ing Conditions

The 103RE airfoil has been extensively wind tunnel tested by DTNS RDC (I),

and was analyzed in Williams' research (19). The test conditions referenced are for

Mach number 0.3, and an angle of attack a of 0. The wind tunnel t(,st results for the

one-slot airfoil are designated as Points 33, 35, 36, and 38 for various iblowill rats.

Tile wall-jet slot blowing momentum coefficient, C,. was varied using a refereice wtutal

I pressure in the slot plenuim, and the measured temperature. The hlowiug coinlit ions

for Points 33, 35, 36, and 38 correspond to the two-slot analysis conditions of A, 13.

C. and D. Point 37 was used to further investigate lift trends, and was desiignated

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

The analysis used combinations of the four differentt blowi ,u vim, B. .

5 D) for each of the two slots. The case designator for each two-slot o oiiiat I, 1w

two letter reference, where the first letter is the blowing condition for the fi'st 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' analysis had been done

u ising an effective angle of attach (arff) and Reynolds numlber. Re. aldusted for wi(!

tunnel effects. Both aelff and Re were proportional to CI, which is itself proportional

to C',. Effective values were used in order to adjust for wind tunnel eIf(cts, allowinlg

comparison to wind tunnel data from DTNSRDC (1) for a = 0. Because no reference

data existed for the two-slot airfoil conditions being analyzed, linear interpolation

was Used to obtain the reference (aejj) and Re. The linear relationsllips used to

I('lect the reference conditions are:

I a j =-.25- 72.3(C,r) (is)

I 25
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Re = [3.12- 1.81(C,,,)]101

I ere ('.-r is given by Equation 63 , and C,. vallies for Pol'its 33.3.. : I (t.:\V

t. B ecause ('-r is dependent on the flow-field solution, an estmiiate of (',, was

iiele using C, values from the one-slot solutions. These estimates of C"%T varied

ftom the final values bv 0.033% to 9.31%. The values used as inputs are listed in

JI'le 1.

U *Y . U It S

The results of the analysis at the various blowing rate clllilit otills alc ,lis-

Jplaved in Table 2 and in Figures 12 to 1.5.

I 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). [n Figures 12 to 15

tie solid lines connect cases with constant first slot ilowing c(onditions, allowing

tle second slot blowing conditions to change. For compariswn. tlI( ,lasliel 11is

in Figures 12 to 15 connect cases with constant second slot Ilowing coiiditions

I i.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 prot-iles,

trailin-g edge velocity vectors, and Cp vs. x/c for the two-slot cases are included in

the Appendix.

I The lift characteristics were very dependent on the first slot blowiiig nionieill lu

S,,,et ficient. The lift coefficient, C1, vs. CrA is shown in Figure 12. For cases witIiniit

Ilowing from the first slot, (Cases AA, AB), the flow separated before reaching the

Ss.cond slot and lift decreased with additional blowing from the second slot. Cases

.\( and AD were not examined because of flow separation. It can be noted that if

Slite airfoil has two slots, blowing may be required from the first slot in order for lie

flow to remain attached until reaching the second .,lot.

The lowest level of blowing considered for the first ,lt (Ca1''> I ,A. I ,. IC. IMl)

I 26
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Table 1..Analysis Input V'alues

C'ase, 11__ __ Re( 10- 6) 1PT/P_- _TTT C4 PT/P_ I'T /7'
33 -0.25 3.12 1 .0 1.0 0.0000 n/a nia !n/a

37) -0.92 3.10 1.137 0.956 0.0096 n/a ri/a i/a
36 -1.66 3.09 1.284 0.934 0.0187 n/a n/a n/a

.5 3.06 1.573 0.905 0.0332 n/a ii n/a
.AAk { -0.2.5 3.12 1.000 1.000 0.0000 1.000 1.{)o} ().(wml
AB -0.94 3.10 1.000 1.000 0.0000 1.137 0.),ii (.w,;

IA -0.94 3.10 1.137 0.956 0.0096 1.000 1.000 0.01,))
B B -1.64 3.09 1.1:37 0.956 0.0096 1. I 7 13 6.! i n 1
B C -2.30 3.09 1.137 0.956 0.0096 1.28.1 0i.93-1 .I.),ST
B E -2.77 :3.06 1.137 0.956 0.0096 1.432 0.956 :1 0.02.53
BD -3.34 3.04 1.137 0.956 0.0096 1.573 0.905 o.033,2
CA -1.60 3.09 1.284 0.934 0.0187 1.000 1.000 0.0000
CB -2.30 3.09 1.284 0.934 0.0187 1.000 1.000 0.0000

CC -2.95 3.05 1.284 0.934 0.0187 1.284 0.934 0.0187
(D -4.00 3.03 1.284 0.934 0.0187 1.573 [ 0.90. 0 1"2

! ).A. -2.65 3.06 1.573 0.905 0.0332 1.000 1.)() ( ).tii0l
DB -3.34 3.04 1.573 0.905 0.0332 1.137 J0.9,0 ) 0.(),-9,,

DC I -4.00 3.03 1.373 0.905 0.0332 1. 2,,<. 1.
)D -5.05 3.00 1.573 0.905 0.0332 1..7,7: 1 o!

I
I
I
I
I
I
I
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fable 2. Aralysis Output Values

Case C, C1I Cd Cm 3(deg) C L> __0(2

33 0.00000 0.032 0.01467 -0.01685 7.9 0.0000 n/a

35 0.00956 0.553 0.00752 -0.03794 69.8 0.00956 n/a
36 0.018S0 1.094 0.00612 -0.06345 84.6 0.01880 n/a

:38 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
.\B 0.01022 -0.019 0.00580 -0.04641 5.6 0.00000 0.01022

BA 0.00929 0.501 0.00658 -0.03516 57.9 0.00929 01.0000

BD 0.02058 1.1,19 0.00071 -0.05729 112.7 0.0118 0.010.10
IBC 0. 0:31-52 1.609 0.00252 -0.07510 o,. 1 W010 1 ) -).0 G
B BE 0.031815 2.098 0.01018 -0.08489 163.7 0.01121 0 .0F2W) 1

IBD 0.04454 2.353 0.01496 -0.09787 173.0 0. 011.531 O.t3301

CA 0.01._82 0.635 0.00295 -0.05841 67.1 0.0_1852 ( _00L
CB 0.03003 1.446 -. 00733 -0.07710 96.1 0.01881 0.01122

CC 0.03975 1.965 -. 00860 -0.09810 120.9 0.01940 0.02035
CD 0.05263 2.558 0.01424 -0.12143 172.3 0.01964 0.0:3299

DA 0.03309 0.738 -0.01062 -0.09165 70.7 0.03309 0.00000
DB 0.01472 1.580 -0.02042 -0.10658 90.5 0.03310 0.0 t112
DC 0.05345 1.932 -0.01086 -0.13239 109.0 0.03316 ().02029

I DD 0.06676 2.353 -0.02053 -0.17282 120.9 0.0:13 1 0.0:1:12

I
I
I
I
I
I
I
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I demornst rated approximately the same lift characteristics for a given C "T as the single

slot case. The lift curve is extended farther because a higher C,, is availabl,' because

Of t he two slots. This may be an advantage if slot height causel chlolking, as it does

i tiie higher blowing cases.

At intermediate levels of blowing from the first siot, (Cases CA. CB, CC. C)).

additional second slot blowing did increase C1. However, the increase in blowilng

from the first slot was not as effective as increasing the second slot blowing instead.

I Consider, for example, the initial condition for Case BB. If additional blowing is

added to the first slot (Case CB), C1 increases from 1.149 to .1-16. w tit C,-

I 10.030,52, shown in Figure 12 as a (lashed line fromn BB to ('13. It' hew a Id IitIolm

Iblowing is instead applied to the second slot (Case BC), C, increases foin 1.1 !) to

1.609. with CAT = 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

oiilv increased marginally for Cases DA and DB, and actually decreased for Cases

IDC and DD. This appears to be due to flow separation. Additional first slot blowillg

c'ai actually reduce lift in these cases.

I For comparison to the one-slot configuration, consider the cases where no hlow-

ing is applied to the second slot (Cases AA, BA, CA, DA). Notice in Figure 12 that

for the same total blowing momentum, CA,, 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

(lecreased lift.

The drag characteristics were influenced by the first slot blowing inomientiimII

coefficient. The drag coefficient, Cd, vs. CAT is shown in Figure 13. The drag

I ,did decrease enough to become negative at intermediate blowing rates, but drag

increatsed for higher blowing momentum. For the cases in which drag increasedI
'ases BC. BD, BE, CD, DC), single precision computations were nlM'd. Thiis iav

*29
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I have influenced the drag values more than the other values because the drag term,

C.1, is small compared to the lift coefficient, C1.

The moment characteristics were dependent on the total blowinig flOmlelitIII]).

Th'lie moment coefficient, C,, vs. C AT is shown in Figure 14. For all cases. exc 1 )Pt

those with no blowing on the first slot, the moment had a smaller magnitude tatn

I 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 nonuernItuln

and how the blowing was divided between the two slots. The separation angle. .1

vs. CAT is shown in Figure 15. For the same blowing momentum, CAT, the two-slot

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 Cor cases wit Ii

constant second slot blowing.

I
I
I
I
I
I
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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, (Cd) vs. (C,)
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I 3.3 Discussio n

The lift coefficient did not increase for the same total blowing momentii

coelficient for the two-slot case, which did occur in the research by f-arvell and

Franke (S. 9) with a different airfoil and Reynolds number. The lift characteristics

were quite similar to those found by Harvell and Franke. The first slot blowirg3 was important in keeping the flow attached until reaching the second slot. Once

attached, the lift was increased and separation delayed primarily bv tile secondU slot. When the two-slot case is compared to Williams' one-slot analysis (19). tile

lift characteristics showed the same trends. The lift curve was extended to higher

maximum lift values, Ci.., because a higher total blowing momentum was reached

u ,sing 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). 1t the muc lni

overpredicted the drag. In cases where the blowing was closest to exI)CriIlmieltal

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

.3.. Computer Resources

The primary computational tool for the analysis was the Aeronautical Systemns

Division CRAY XMP-12 through the sponsorship of Dr. Joe Shang \VRDC/FI. Il.N.

Each run was approximately 2500 iterations, with change in C, (letermirlilig o011C-

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

[-LXSI computations were in single precision with a performance level of 3.6 x 10
- 3

(scconds)/[(grid point)(iteration)]. The data was transferred to the AFIT compiter

3 .vstems and post processed using the DI-3000 software package. Data taiisfer ;ad

storage was difficult to say the least, and the DI-3000 software )ackagc i, 1i luhutc,

3 being supported at AFIT.
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IV. Conclusions and Recommendations

.1 Conclusions

The Navier-Stokes analysis of a two-slot circulation control airfoil demonstrated

l at the maximum lift coefficient, C_,,,, can be extended over that of the one-slot

aitltoil, but the lift per total blowing momentum coefficient did not ilcrease' .r (I

the one-slot airfoil. The lift coefficient,Cl, and angle of separation. 3. show grea? .t

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

.arc significantly less than for the same blowing applied to a one-slot cirilatiol

control airfoil. This indicates that lift and flow separation are very setsitive to small

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

,lm which slot blowing was applied.

I
I
I
I
I

I



i

I Recomendations

Based on the analysis, these recommendations follow:

1. Investigate what minimum level of blowing is required for the flow to remain

attachcd' b~v.-Con S!C1z and, I-v fis,fc-etrcam conditions aff-.ct attach-

ment.

2. Use the Nt,,, ir-Stokes code to model existing two-slot airfoil data. The pi('s(,It

I method may not be able to model flow below Mach numbers of 0.25.

:3. .-\nalvze various flight conditions, such as Mach ,itnh, •! or ,gle of a! !!,. I

order to evaluate the effect on the airfoil aerodynamic charactc.ii cs .. Aia!.,,sis

can be done on the influence of the effective angle of attack, and analysis done

without using effective values.

1. Investigate the effects of a different 0-grid generation program, ald if the

skewness of the grid near the slots could be reduced, improving analysis.

S.5. Investigate a configuration the could be analyzed both experimentally mid

computationally for a two-slot, elliptical airfoil.

I
I
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Appendix A. Cases with Slot I at Condition A

.4.1 Case .4.4 Data

II
I\

Figure 16. Case AA Mach Contour - Overview
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i Figure 17. Case AA Mach Contour - Trailing Edge
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I Figure 18. Case AA Trailing Edge Velocity Vector Field
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I .4.2 Case .4B Data

I
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U
I

Figure 20. Case AB Mach Contour - Overview
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I Figure 21. Case AB Mach Contour - Trailing Edge
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Appendix B. Cases with Slot 1 at Condition B

B.I Case BA Data

I
I
I
I

I
U
I

i Figure 24. Case BA Mach Contour - Overview
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I Figure 25. Case BA Mach Contour - Trailing Edge

I

I
I
I
I 4

I



'Oi
I1

IZ

Fiue2.CsIATala Eg eoiyVco il

I4



I
I
I

I

I t ~-. CC'

i - -- 4.02

I - .',

* -- 1 0" O

I -2.0,

-0.20 0.0 0.20 0.4o0 0.6 0. o 1 ''C

3 Figure 27. Case BA Pressure Coefficient (C,) vs. x/c

4
I
I
I

1 4



I
I B. 2 Case BB Data

I
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Figure 28. Case BB Mach Contour - Overview
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I Figure 29. Case BB Mach Contour - Trailing Edge
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I Figure 31. Case BB Pressure Coefficient (C,) vs. x/c

I
I
I
I
I 53I _ _ _ __ _ _ _



I
I B. 3 Case BC Data
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Figure 32. Case BC Mach Contour - Overview
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1 B.4 Case BE Data
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Figure 36. Case BE Mach Contour - Overview
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I Figure 37. Case BE Mach Contour - Trailing Edge

I

I
I
I
I 

5

!



I
I
I
I
I

~ \\ \\
I / / / / J//I/~ ~ ~ / 1~

' I I' "'

I
<'N N N" " N N N

"'N NZZ
2
2> NN N N

'N ">~ .~N 'N

I "N
'N,, 'N, -S -- S

'N-
-- ~-~-Zz> N.

"'--.. ~KzZSZ> -S

-5- -S

I Figure 38. Case BE Trailing Edge Velocity Vector Field

I
I
I
I
I 60

I



I
I
I
I
I
I
I ___________________________

I

I -~

I
I

-, 1 -

-, I F

x/c

I Figure 39. Case BE Pressure Coefficient (Cr) VS. X/C

I
I
I
I
I
I
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Appendix C. Cases with Slot 1 at Condition C

C. 1 Case C4 Data
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I Figure 44. Case CA Mach Contour - Overview
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I Figure 45. Case CA Mach Contour - Trailing Edge
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I Figure 48. Case CB Mach Contour - Overview,
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3 Figure 49. Case CB Mach Contour - Trailing Edge
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I C.3 Case CC Data
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Figure 52. Case CC Mach Contour - Overview
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Figure 53. Case CC Mach Contour - Trailing Edge
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I C.4 Case CD Data
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Appendix D. Cases wi'th Slot 1 at Condi'tion D

D.1 Case DA4 Data
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I Figure 61. Case DA Mach Contour - Trailing Edge
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U D.2 Case DB Data
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Figure 64. Case DB Mach Contour - Overview
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I Figure 65. Case DB Mach Conk r Trailing Edge
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L).3 Case DC Data
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. two-slot circulation control airfoil was analyzed using the tvo-Ime:nsional,

,o:x,,:ressible. ma::s-averaged. Navier-Stokes equations. The implicit Beam-%Var:nin I
,:'oximate 'actorizar. on t echnique was used to calculate airfoi characteSis,:; for

a ":1ht M[ach number of 0.3 and a Reynolds number near 3 million. The results were

:.:n compared to a previous one-slot solution.

-\n existing circulation control airfoil was modified to include a second slot.

D:.r;-rent blowing rates were then applied to each slot in various combinations. The

lift generated for a given total blowing momentum for the two-sot airfoil was earl,

identical t ) that. for a single-slot airfoil when the lowest Yiow* ra, yeas appie, to
:: .ust Athough t'he lift per unit blowing momentum dii tot ocrease over

I nl-slot case, the maximum lift coefficient was increased due to the increasec

monnenturn 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 airfoil moment followed the same trend as the single slot.

and was less dependent on which slot the flow was applied. Due to ,he lack of

experimental data. and the difficulty in modeling drag for the circulation control

airfoil, it is difficult to compare drag.
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