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FOREWORD

This research on a unique lift-augmentation concept was performed

wider Contract No. N00014-72-C-0237 for the Office of Naval

Research. Mr. T. L. Wilson was Technical Contract Monitor for

Aeronautics, Code 461. Tiie results are reported in the following

volumes.

VOLUME I - EXPERIMENTAL RESEARCH

VOLUME II - THREE-DIMENSIONAL THEORY FOR VORTEX-LIFT
AUGMENTATION
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SUMMARY

An attempt is made in this volume to develop and demonstrate an analyti-

cal procedure by which the phenomena of vortex-lift control, using spanwise

blowing or mass/momentum addition, can be predicted to a useful degree of

accuracy. The approach is predicated on the assumption that the simplest

conceptual and heuristic reasoning is to be used where alternatives of more

complexity may possess equal or greater plausibilty. Within this context

a measure of success was achieved in terms of understanding the physical,

viscid and inviscid, mechanisms of coaxial jet-and-vortex augmentation and

entrainment as the pair are swept outboard and aft over a lifting surface.

As anticipated, limitations in the theory became apparent in early stages;

but even these results are useful in pointing out the requirements for

future research, as well as suggesting even broader vortex theory applications

such as possible techniques for controlling or modifying the growth and dis-

sipation of potentially hazardous wing tip vortices.

The theoretical analysis applies two-dimensional, potential flow

solutions using conformal mapping to obtain vortex-sink strengths as starting

conditions for a three-dimensional vortex lattice simulation. This latter

computer program Is modified to account fo., source/sink and viscous vortex

interactions with a crossflowing jet. Nearly optimum conditions for vortex-

lift augmentation are selected for emphasis in the simulation. Thus, an

under-expended (supersonic) jet is assumed to issue, over a wing at stall

attitudes, from a nozzle pointed in an approximate spanwise direction at a

chordwise position known to allow a sizeable Helmholtz flow to normally

persist due to leading edge separation. The boundary conditions result In a

iii
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vorte. forming above and aft of the leading edge, as discussed In the experl-

mertal work (Volume 1); and the three-dimensional solution provides vorticity

augmentation through a Stokes' Integration of the Jet-boundary layer (wall-

Jet) shear profiles. Empirical hypotheses, such as the Polhamus' leading

edge suction analogy, are Introduced to Justify a rapidly converg!ng

iterative procedure which yields numerical solutions.

Definitive results are obtained on wing lift and corresponding pressure

distributions for comparison with the test data presented In Volume i.

Certain scale or Reynolds Number effects are formulated, particularly con-

cerning the prediction of flow stability such as vortex burst over the wing

or in the near wake. The preliminary results indicate that, possibly, such

instabilities are less likely to occur for vortex lift control in full-scale

flight. In other respects the differences between model and large scale

theoretical predictions are found to be negligible, as is generally confirmed

by the high Reynolds Number tests (Volume I).

iv
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1. INTRODUCTORY DISCUSSION

The search for a greater understanding of vortex flows very likely

provides one of the most persistent historical goals of fluid mechanics

research. The elus-ve character of vortices, forming and dispersing In

sometimes perturbing and often beneficial conditions, is largely dependent

upon the stabilizing or destabilizing characteristics of the local flow

environment. Basic analytical and experimental research on the mechanisms of

vortex flows in bluff body wakes, as described in Reference 1, have resulted

in specific means for controlling vortex growth and stability. It is

demonstrated t.herein that the Strouhal frequency in the Von Karman street can

be predicted theoretically if, and only if, the three-dimensional viscous

Navier-Stokes equations are utilized so that axial vortex flow can be con-

sidered. Various means were used in tests (Ref. 1) for modifying the axial

mass-flow and vorticity propagation characteristics for vortices forming in

near-wake or separated flow regions. Such modifications resulted in elimi-

nation of the periodic vortex shedding and restoration of the Foppl vortex

pair behind bluff bodies at supercritical Reynolds numbers. Further experi-

ments at that time, reported in References 1 through 5 demonstrated that

either suction or blowing parallel to the axis of vortices in cavities, or

separated flow regions, could stabilize and "lock" an augmented vortex in

position so as to produce direct lift increments. Subsequently, many

practical applications have been found and published (Refs. 2, 6-8) concern-

ing both lift and drag as well as stability and control implications.

The present research program extends the earlier research by showing

more generalized dependence of the flow control mechanisms upon the Rossby
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number (ratio of linear-to-angular momentum) and Radial Inflow Reynolds

Number previously discussed in Reference 1. For example, the vortex growth,

persistence and stability are of obvious importance to the spanwise blowing,

vortex momentum exchange phenon:enon. Thus, stability criteria and effective-

ness parameters are developed which allow preliminary estimates to be calcu-

lated for vortex-lift augmentation applied to more general aircraft

configurations. However, future research is required for complete resolution

of this problem for final design purposes.

z



2. TWO-DIMENSIONAL POTENTIAL FLOW ANALYSIS

2.1 BASIS FOR THE MATHEMATICAL MODEL

2.1.1 Experimental Observations

The extensive smoke flow visualization experimernts on spanwise blowing

have been studied for a wide range of flow conditions. A typical flow

pattern is shown in Figure 2 of Volume i. This photograph shows the flow

structure in a chordwise vertical plane near the wing root with a jet blowing

into the region which would be fully separated at this incidence if no

blowing were present. A distinctly discrete vortex is seen downstream of the

leading edge separation point but forward of the lateral jet flow. Fluid is

observed to spiral in toward the vortex center, suggestiny the presence of a

sink as viewed in two dimensions. Whatever the complex three-dimensional

interaction may be between the jet and the stalled flow field, it seems

apparent that the jet causes a vortex to appear and to maintain its existence

by inducing an axial flow in the vortex. The apparent sink strength is

sufficient to duct fluid iness out the wing span at the same rate at which it

is entrained from the leading edge and freestream. The flow downstream of the

jet centerline is steady and appears to reattach somewhere along the chord aft of

the centerline. For some conditions there are multiple stagnation points

along the upper surface of the chord. In every case the flow near the

trailing edge is well behaved so that the Kutta-condition may be applied as a

necessary condition in the potential flow model. However, these observations

of flow pattern apply primarily for angles of attack above the stall angle of

the air,'oil section being conside, ed. Based on the preceding visual evidence,

a mathematical model is formulated as described below.



2.1.2 Mathematical Formulation

Since the leading edge detachment is present in practical cases, a flat

plate approximation of the airfoil is considered to be reasonable. This leads

to a simpler mathematical representation In the complex plane while retaining

the essential vortex lift augmentation effects demonstrated for the wing L'Ider

test. The other elements of the flow are a vortex, a source/sink at the center

of the vortex, and a source to represent the jet. The vortex feeding sheet

from the leading edge is not represented In the present model; this leads to a

more tractable mathematical solution and is considered to be justified in a

first attempt to assess the effects of the more notable flow mechanisms. Also,

the representation of the jet in two dimensions ds -. source requires careful

physical interpretation and this subject will be deferred for later discussion.

Conformal mapping techniques are convenient for representing the two-

dimensional flow field. The airfoil is taken aiong the real axis in the Z-

plane between (-2, +2) as shown in Figure 1. The jet position, Zj, and its

source strength, mj, are assumed to be known. To represent typical chordwise

sections, this implies a priori knowledge of crossflowing - jet phenomena as

discussed in the section on three-dimensional methods. The vortex center is

located at Zv, and it has a circulation strength, Kv; a source/sink, mv, is

also located at Zv (whether a source or a sink is present will be determined

by the sign in the solution). The freestream is set at angle a, as shown in

the figure, and ;t has a vPI)city magnitude, V.,. Finally, there is airfoil

bound circulation of strength Ka.* The Z-plane is mapped into the circle

plane or c-plane by,

*For convenience a factor 27r is included in the m's and K's, thus the source/
sink strength in vol./sec./ft. is 2rm and the circulation in ft. 2/sec, is 27rK.

~ ~..............



-2 +2 + II+
I I_ __z

Voo

Z- PLANE 4'- PLANE

z =4+

Figure 1. Conformal Mapping Coordinates in Transform Planes
for the Two-Dimensional Analysis of Vortex-Lift Augmentation.
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z +

and the complete potentl,! for the c-plane Is found by adding the complex

potentials of each of the elements (Reference 9) as follows:

w() = V ( eic + 1_ e-lc) + I Kv[In(-v) - ln(_ )v Zv

+ Ind1 - mj [In (z- j) + ln( -1 - ln ] - mv[ln(z-?v)
&J

+ ln( - lnrJ + I Ka In . (1)

The bar denotes complex conjugate and v and j are the vortex and jet

positions in the c-plane (Figure i).

Two kinematic conditions are available for solution of the problem:

(1) as noted earlier, the flow appears to be attached in the neighborhood of

the trailing edge, so that the Kutta condition of potential flow theory may

be applied; (2) for the "actual" flow the vortex is stationary with respect

to the airfoil; therefore, the potential flow musc have a stagnation point

at the vortex center when the singularities at that point are removed. The

first condition generates one equation since the trailing edge of the air-

foil transforms into a point on the real axis in the c-plane. In general

the vortex location 4v, will be complex and will generate two equations.

Thus, the following results,

- -
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dwlk= -1 0 = Vc(eit-e - i c) + i K - + 1 )

0 1.( 1+ v

S+ -

mI + m + 1) - iKa
+i 1j 1+

v

or

2(1 + Re(;v))
Ka + v2  2 V., sina (2)I + 2 Re( v) + l~vli

and

dwI v =0 = v(e i s -- v e 1ti) +i Kv (L. I)

v v -

Mv )  mv  7- ' T I v ) + Ka T:v = 0 (3)

-- ma-

where, in the last equation, the singular parts at C c. have been

removed. The real and imaginary parts of this equation are set to equal to

zero so that, along with equation (2), there are three equations which may

be used to determine Ka, Kv, and mv, with mj assumed to be known.

2.1.3 Limitations of the Moel

The difficulties associated with this model are that leading edge

separation Is not represented, with the attendant large reduction In flow

speed over the upper surface of the plate; and that a uniquely determinable

position does not exist for the vortex. Regarding the second of these points,
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if the condition, (refer to Figure 1 for definition of variables):

dw (4)
= 0

is expanded mthematically with ;v = rve iev , the resulting equations involve

rv to the sixth power. This implies that at least one of the quantities, Ka,

Kv, or mv must be quite sensitive to vortex position, with all other condi-

tions unchanged. This will be discussed further in the section on numerical

solutions. It seems clear from flow visualization experiments that super-

position of the several potential flows will not fully represent the true

flow field due to the detached flow condition at the leading edge. The

inclusion of a vortex feeding sheet from the leading edge to the vortex

would allow a better approximation and, in addition, would provide a dynamic

condition for uniquely determining the vortex position. In lieu of this

complicating feature, a modified condition for stagnation at the vortex

center is used. The region where the trapped vortex is finally established

is otherwise a fully separated wake. Fortunately, results are available from

surveys of the velocity distribution in the near-wake of a stalled flat

plate, for a wide range of angle of attack above stall, indicating that the

mean "cavity" velocity is about .1 V (Refs. 6, 10, and 11). Thus, in place

-f freestream velocity in equation (3) for vortex stagnation, the value

Vcav  (5)

is used herein. A similar reduction of upper surface velocity magnitude is

computed more analytically In the three-dimensional solution because more

complete knowledge of the "cavity" flow reversal properties is then available.

4
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2.2 IMTHOD OF SOLUTION

Once a zuass flow rate is established for the jet at a given angle of

attack ana free stream speed, the following procedure is used to obtain

solutions, Since the "actual" locations of the vortex is not known, a

matrix of positions of the vortex must be computed and the resulting

solutions for sink strength, vortex circulation, and airfoil circulation

are then examined on physical grounds to determine the range of most

reasonable vsiues. While sucn analyses are valuable in providing an

unaerstanding o; thie nature oi the flow interactions, they will not yield

unique solutions since only one location of the vortex, unaiown because

the problem as posed is under-dietermined, corresponds to reality.

The two-dimensional representation of the jet as a source is intuitively

appealing. However, the metnou. for deriving an equivalent strength from

three-dimensiona. data (Volume I of this report) is not entirely clear.

For tne results presented here, the entrainment rate from laser-doppler-

velocimeter (LDV) measurements was used to compute tne rate of expansion

ol the jet along its axis. This expansion then was equated to a source

out-flow in cubic-feet-per-second, per foot ck length. For IV= .46, the

experimental value chosen for the most detailed theoretical calculations,

the jet source strength is found to be mj = 2.16. The actual value used

for the following computations was rounded off to 2.0.
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2.3 SAMPLE COMPUTER RESULTS

Figure 2 presents results for the jet positioned at .25c chordwise and at

.075c above the airfol. The vortex is placed at .10c, .15c and .20c chord-

wise. The position above the airfoil in percent-of-chord is the abscissa.

For this case the outer free-stream speed is 100 fps. and a = 25 degrees.

Clearly, Ka and Kv are not as sensitive to chordwise vortex position as is

the vortex sink strength m . No criteria exist in the model to select the

correct vortex position in this solution array; however, an argument can be

made for bounding values on physical grounds. The vortex cannot have source

flow at the core since this is an unstable (or non-sustainable) condition

(Ref. 1). Therefore, a lower bound on vertical vortex position is indicated

in Figure 2 for each chordwise position. The lower dotted line denotes the

circulation strengtn at the given angle of attack for a fully stalled flat

plate (Rafa. 6 and 12), and it seems reasonable to assume that K will not De

less than this value. The upper dotted line denotes the potential flow

circulation limit for the airfoil alone. The lines above this level are the

sums, a + K , for the three chordwise position solutions. It is interesting

to note that circulation augmentation declines to zero for about the same

vertical vortex position for which vortex sink strength tends to zero. Also,

the total circulation is not very sensitive to chordwise vortex position, but

the required vortex sink strength is quite sensitive.

The effect of moving the jet chordwise is demonstrated by Figure 3. Here the

jet is located at .40c and the vortex at .20c, .25c, and .30c respectively.

Comparing Figures 2 and 3, it is seen that a chordwise shift of the jet and

vortex, keeping the relative chordwise spacing about the same, has little
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effect on the overall behavior with vertical spacing. In every case, placing

the vortex and the jet closer together causes increased sink-strength in the

vortex, a result to be expected physically since the jet axial flow induces

axial core flow in the vortex.

Figure 4 presents a composite of C£ versus a data. The dashed curve is tae

theoretical lift curve from thin airfoil theory. The measured CL for a flat

plate is shown as indicated, and the curve resulting from the present two-

dimensional model is also shown. In this case the jet is at .35c chordwise

and .075c vertical and the vortex is at .25c chordwise and at .125c vertical.

The jet strength is aga.n mj = 2.0, slightly lower than the equivalent value

calculated from three-dimensional experimental data at CA = .46. Comparison

of the theoretical values for plain potential flow relative to that for

vortex augmentation predicts, for example, at a = 250 a lift augmentation of

about 12%. It should be noted that the lift in both cases is computed from

circulation only. Thus, in the vortex augmented case, the lift coefficient

is computed from

C =------

V c + (6)

Also snown in the figure are several two-dimensional values of lift coefficient

as computed from experimental results for Cp = .46. To arrive at these values,

the incremental-lift data due to blowing over the wing, as given in Figure 26

of the experimental part, Volume I of this report, was converted to equivalent

two-dimensional values by use of the simple formula,

.* ~c1J (7)
La
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These increments were then added to the potential flow theoretica curve

without spanwise blowing. Thus, it is implicitly assumed that the vortex

increment for a flat plate would be the same as for the three-dimensional

airfoil section. The agreement between theory and exper-ment is seen to

be reasonable, but withi a different slope in the data. This diference in

slope is probably caused by the change in the actual position of the vortex

relative to the airfoil surface as a function of angle of attacK.

It is observed in smoke flow results that the vortex moves up relative to

tne airfoil with increasing angle of attac. , and slightly forward. An indi-

cation of the movement of the vortex with angle of attack can be obtained

from the data of Figure 4 by determining the ve.Ltical shift of vortex position

required in order to give a theoretical value o. lift matcnin6 the values

derived from test data. The results for verticai vortex position versus a

is shown in Figure 5, and an approximately linear relationship wita a for

the higher angles of attack can be seen for each value of mj. The

compatible variation of K for the vortex is given in Figure 6. Also,vO

for the more optimum jet and vortex positions, shown in those figures and

as indicated by the test results of Volume I, tLue vortex sink magnitude

tends to be on the order of twice the resultant jet source strength.

Jote tnat, for constant vortex heights, tue magnitude of K ctanges veryv

little in the two-dimensional solutions for a factor of 10 range of mJ(C).

This implies tnat optimizing the vortex location is of great importance

for minimizing the spanwise blowing energy. The K 's in Figure 6 arev

normalized to a reference value, Kve, at a given vortex location,
ref
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Y, = .125c, and at an attitude a = 25, which is sufficiently hign that

the flat plate results shou-ld apply to the tested wing, since full

separation would be expected for both surfaces without any blowing momentum

input. Figure 5 indicates a further reduction in Yv as the stall a is

approached for a given airfoil "apparent" camber and thickness increase due

to the jet displacement thickness over the wing. As CP approaches zero the

actual incipient stall angle (14 degrees) for the tested airfoil (cf. Vol. I,

Figure 29) is indicated, as expected. For any value of C the flow tends to

reattach below trie natural stall angle, making discrete vortex fonation

unlikely as indicated in Figure 5. There is also an upper limit angle for

each CP beyond whicu stall is bound to occur because of insufficient blow-

ing momentum. These points will vary with configuration; but the preliminary

analyses show that vrtex burst at some station on the wing will indicate that

this augmented-lift stall is being initiated. Fortunately, most test data

(Refs. 3, 7 and 8) show that even past this point the maximum lift does not

decline very rapidly.

Finally, the estimated circulation, K , corrected for finite wing camber,
e

thickness and m j(C P) as well as incidence angle, can be obtained by cross

plotting (e.g., for mj = 2.0) data in Figure 3 with incidence,a , from

Figures 5 and 6 to determine the variation of effective sectional circulation,

K , with vortex height, yVc as shown in Figure 7. At lower mj 's the reduced
e

displacement thickness of the jet on the upper surface allows a smaller forward

airfoil "cavity" depth for a given angle of attack, so the vortex has much

less strength and is much closer to the surface than for higher jet momentum

coefficients.
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Figure 7 thus can be used to obtain preliminary estimates of the two-

dimensional Kv and vortex locations for input to the three-dimensional

viscous analysis at any spanwise location in the vortex feeding sheet

formation region. For other wing sections with significantly differont

leading edge radii or shapes, these predictions at lower angles of attack

may not be very accurate since the average height of the vortex can be

affected as discussed in Section 5.2.4, Volume I of this report. However,

X
changes such as in thickness or camber of the wing section may be approxi-

mately accounted for if the natural (CO 0) incipient stall angle for tne b"

airfoil is known. In that case, the assumption is made that t. i vortex

height at high incidence is not greatly affected; but tne slope of the low

CA curve in Figure 5 changes to conform with the intercept on the abscissa,

which shoulc be the stall angle for the new airfoil.
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3.0 THREE-DIMENSIONAL THEORY FOR VORTEX-LIFT AUGMENTATION

3.1.0 INTRODUCTION TO THE THREE-DIMENSIONAL ANALYSIS

The analysis of spanwise blowing for vortex-lift augmentation must ultimately

resolve the problem of regions of high energy jet and vortex flows in close

proximity to a wing surface, as characteristic of many powered lift systems.

Ideally, a mathematical model should include three-dimensional boundary

layer interactions with the jet and vortex flow field. However, the present

research objective was to obtain a physical understanding of the various

flow phenomena involved. Detailed pressure measurements, flow visualizations

of the leading edge and trailing vortex systems and LDV measurements of a

jet issuing tangent to a plate, were used to gain an insight into the flow

mechanisms required; but at present the relative importance of eacn of these

flow fields can be established only by analysis until more detailed measure-

ments are made, particularly concerning mixing in a cross flow. In the

analytical model, the wing, the augmented leading edge vortex with a feeding

sheet, and the jet centerline are represented by singularities consisting of

source-sinks and vortex (lattice) distributions. Appropriate boundary

conditions are imposed to determine the singularity strengths on the surface.

The principal empiricisms reqaired are associated with the trajectory and

enhancement of the spanwise blowing jet imbedded in the decelerated cross-

flow region over the leading-edge of the wing upper surface. These formulas

are taxen with minor modificat-ons from existing literature and discussed in

Appendix A.
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3.2.0 i-YPOTHESIS FOR STABILIZATION OF THE LEADING-EDGE VORTEX

The lift augmentation phenomena described herein are most pertinent to wing

angles-of-attack where highly separated flow from the leading-edge is normally

present. Experimental evidence is sufficient to prove that, with spanwise

blowing, a steady vortex will form in the lee of the separation region; so

tne analysis cmi proceed without further comment. However, an hypotnesis can

be made for the mechanism of leading-edge vortex stabilizat-on, based on purely

analytical arguments. Without rigorous proof, a brief argument is presented

in the interest of possible better understanding of vortex stability.

Without spanwise blowing, at higher Reynolds Numbers, a wing experiences buffeting

caused oy quasi-periodic shedding of vorticity and breakdown into turbulence

in the near wake. The methoas of Refs. 1 and 6 have been proven to be capable

of predicting the dominant spectral frequencies in the wake. In particuiar,

the Struuhal frequency and its harmonics are derived in closed-form using tne

liavier-Stokes equation as summarized from Reference 1 in Appendix B. The solution

is shown to be largely dependent upon the Hossby number, R0 , (ratio of linear-

to-angular momentum) and the Radial-inflow Reynolds number, RN . From the

form of the equation of fluid-dynamic motion, it is apparent that stable, but

periodic vortex modes are predicted when R, is negative, so that the outer

vortical layers of the separation region supply net radial inflow in a sustained

manner. Under natural conditions, the vortex w.l contilue to grow until the

core axial flow accelerates to a burst condition (Ref. 13), or until the

wake pressure defect can no longer restrain the vortex, so that a fully

separated wake forms with periodically shed vorticity.

_|_A



-23 -

However, spanwise blowing is known to prevent these previously described

oscillatory conditions. Tc understand this, one must recognize that the

transformed equation (Appendix B) will indicate stable formation and axial

growth patterns if R is positive. This is only possible in the upper

part of toe "cavity" flow region, as sketched in Figure 8, where the outer

vortical layers of the leading-edge feeding sneet begin to swirl in towards

the vortex core. However, simultaneously the co-rotating jet induces

velocities which oppose those just behind the vortex. This reverses the

entrainment process at the vortex periphery, and could be interpreted as

vortex radial outflow. The mechanism for stabilizing the outer vortical

layers, and preventing the periodic form of vortex shedding is thereby

provided. As discussed in the two-dimensional analysis, the jet also acts

as a source, providing flow toward the inner core of the vortex. This two-

fola character of the jet is also described in Section 5.3.1, Volume I by

using test observations on the high spreading rate at the core of the

spanwise jet. These lateral-spread, wall-jet velocities combine with the

feeding sheet elements over the wing surface, as observed in Figure 9(a),

to entrain mass and momentum into the underside of the vortex. The jet

thus augments the vortex core strength in a two-dimensional sense. In tests,

however, it has been observed that excessive jet velocity can blow the vortex

off the wing. Therefore, an equilibrium must be established wherein the

detrainment (outflow) from outer vcrtical layers must balance the entrain-

ment (sink effect) at the vortex core. Three-dimensionally, then, it is

prcbable that there is a net reduction in the amount of fluid wnich would

otherwise accelerate ii to the core and spiral out the vortex axis. This also

explains the delay in vortex burst, caused by spanwise blowing, until the

vortex curves aft to coalesce with the flap outer-edge or wing-tip vortex.

~ - ~~ ~-~___ a
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The vexiation of vortex strength caused by increased entrainment in the
mixing region is tractable by a method similar to that of Owen (Ref. 14),

where the hard core is bounded by a finite annulus characterized by a time-

dependent turbulent shear stress and the cascadir g of energy with frequency.

This will be discussed in more detail in a later section on three-dimensional

stability and viscous effects.

It

The form of equation used in Reference 1 for axial motion is probably not

the most suitable for aperiodic flows where the leading-edge vortex is

growing rapidly and approaching burst conditions. Also, the axis of the jet,

and hence the vortex core, assumes a rearward trajectory on the wing surface

becaase of the high local crossflow velocity. The general problem of a free

jet penetrating a cross-flowing stream has received much study recently

(Refs. 15, 16 and 17), but modifications to account for skewed impingement

tangentially on a lifting surface are derived semi-empirically herein since

no suitable analytic methods appear to be available.

3.5.0 OBSERVATIONS ON THE JET-VORTEX INTERACTIQN

3.3.1 Backgrcund Analyses and Tests

Reference to Figure 8 whicl was deduced from current experiments, shows

in more detail how the primary vortex and the jet interact beneficially.

Although some approximate solutions are available for either a jet in a

cross-flow (e.g., Refs. 15 and 18) or for a viscous vortex forming in a near-

wake (Refs. 1 and 5) or leading-edge separation region (Ref. 6), no solutions

are available for a combination of these two issuing coaxially from a wall

.a,
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(fuselage) and parallel to a surface (wing or flap). The Laser Doppler

Velocimeter (LDV) measurements shown in Figure 11 of Volume I indicate that

the jet velocity profile behaves much like a wall jet past the under-expanaed

region where Coanda type reattacnment occurs. Visual evidence consisting of

photographs of the jet erosion pattern over the upper surface during the LDV

tests, reveais that the jet spread angle I is about 4 times larger than thaL

for a free jet, largely due to increased entrainment due to mixing with the

rather thick, decelerated inner region of the boundary layer. A purely

theoretical approach to describe such a complex, mixed flow region is beyond

the scope of the present work. Detailed numerical solutions for -wall-jezs may

be conceptually possible but the cross-flow and vortex and bounaary-layer

viscous terms would require a higher order theory. For the present purpose,

a more intuitive formulation of the problem is employed to test the validity

of the hypothetical flow mecnanisms above the wing surface. Direct measure-

ments to substantiate the velocities in this region must await tests using a

backscattering laser-doppler or similar, non-interfering measuring system.

Flow visualization has been helpful, but only the surfacb pvrssure measure-

ments are quantitative. Thus, a semiempirical descriptive analytical model

is used, calling upon available formulae whenever possible. The flow

augmentation observed, however, indicates that the coefficients in sucL

formulae are likely to need mouification.

A literature survey has been made on the aforementioned topics, and a summary

of those semi-empirical formulae applied herein is given in Appendix (A).

Detailed justifications for each equation selection are not always given

since in many cases alternative expressions are available, but the
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differences in numerical results from a variety of references are

considered minor, in most cases.

5.3.2 Jet Trajectory

Two primary assumptions are made. First, the presence of an image-plane

due to the jet over the wing upper surface would cause some jet/vortex

cross-sectional distortion (e.g., Ref. 18), but this is considered to be a

higher, order effect, so the variation of maximum axial local velocity, Um,

and the trajectories of a circular jet issuing from a vertical wall in a

cross flow are assumed to apply in basic form. It is recognized that sucn

a jet forms a plume consisting primarily of a pair of counter-rotating

vortices which curve towards the mainstream direction. However, it is observed

in the case of spanwise blowing, conceptually shown in Figures 8 and ), that

only one swirling jet issues in close proximity to the wing upper surface,

but curving aft behind the leadng edge vortex. As the jet profile develops

in the spanwise direction, its characteristics, revealed by the preliminary

LDV measurements, approach those of a wall-jet. The upstream, spreading

component of velocity is terminated by a dividing streamline, separating the

jet and vortex, yet revealing a path for the jet lateral velocity components

to provide mass flow into the core of the primary vortex.

Thus, for a reasonable fluid dynamic analogy, the assumption must be made

tnat the counter-rotating partner of the swirling jet is imbedded in an

image plane formed by the wing upper surface as sketched in a cross-section

of Figure 8.
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3.3.3 The Leading-Edge Vortex

For a finite wing leading edge at high angle of attack, a feeding sheet

fo'ms somewhat as sketched in Figures 8 and 9(a). The data of Reference 3

gives substantiation of t0he assumption that the vorticity emanating from

4the wall (fuselage) region of jet formation curves forward over the upper

surface, under the jet and "unbound" vortex and then is abruptly turned

upwards at a fairly sharp angle. The curved sheet is approximated by a

straight vortex-element sheet as sketched in Figure 9(b). The vortex elements

are assumed to pass from the leading-edge to the primary vortex center in the

manner assumed by Brown and Michael (Ref. 19). However, much improvement

in results is obtained, e.g., for delta wings, using this greater detail of

the formation region over the wing surface. A sample comparison of this

method, for C 0, with that of Polhamus (Refs. 20 and 21) for an aspect

ratio 2.0 delta wing is shown in Figure 10. The agreement in lift partially

substantiates the selected feeding sheet arrangement.

For a surface of infinite extent, a wall-jet tends to accelerate in the

favorable pressure gradient created under a vortex of proper sign, as exists

in Figure 8, but it may not greatly affect the strength of the vortex above

the surface. The test data (Figure 10 of Volume I) indicate that normally

the jet spreads at a much greater rate than does a free jet, probably due to

surface friction effects and entrainment with a highly turbulent boundary

layer. In this case, however, the presence of a strong feeding sheet at the

wing leading edge will decelerate the forward latcral-spread component of

the "wall-jet" abruptly, eventually resulting in a streamwise separation

profile near the surface and a conversion of its vorticity in the process.

Some acceleration of the feeding sheet velocity must occur as the jet velocity

is turned upward approximately normal to the free stream direction.
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KEY: (Leading edge vortex lift is in all CLTOTAL values).

0) Present theory withCLpotential including leading edqe vortex
induced velocities.

without induced velocities fromI Present theory using CLpotential

a feeding sheet.

Polhamus' theory (Ref.21) using CLpotential from lifting

surface theory.
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FIG. 10 COMPARIS14 OF LEADING-EDGE VORTEX CO:TRIBUTION TO TOTAL LIFT USIIG A DELTA WING
CASE FROM PRESENT THEORY FOR COHPARISON WITH THAT FROM POLIIAMUS' THEORY FOR
VARIUS FEEDING SHEET ANd P0ElITIAL THEORY ASSUMPTIONS Oil NORMALIZATION.
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Concurrently, as described in Polhamus' leading-edge suction analogy, Refs.

20 and 21, the thrust force of this turning across the feeding sheet region

results in momentum exchange causing a lift increment of equal magnitude.

The vorticity involved is converted to added circulatory lift by augmenting

the strength of the leading-edge vortex suspended in the low pressure region

ahead of the jet and behind the feeding sheet. The simplifying assumption

is made that only the positive (lift-contributing) increment of the lateral

jet profile circulation need be considered in estimating the vortex

augmentation, A

3.3.4 Secondary Vortices

Presumably the negative vorticity components contribute to the formation

of many turbulent secondary vortices in a highly viscous region very near

the base of the feeding sheet. Here, wind tunnel tests indicate likely

presence of one or more small, counter-rotating secondary vortices forward

of the primary lifting vortex as sketched in the sectional view of Figure 8.

Probably, a series of such minute eddies dissipates the energy of the lower

side of the wall jet profile.

3.4.0 WALL-JET VORTEX PROPAGATION AND DECAY

3.4.1 Leading-Edge Vorticity Estimation from Jet Profile

The LDV measurements, Figure 13 of Volume I, indicate that the part of the

wall-jet profile U (xty,z) above the maximum velocity point, Aym, (adapting

terminalogy from Ref. 17) can be approximated by a straight line. Using

the coordinate system in Figure A.1 of Appendix A, commonly accepted for a
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jet in a cross-flowing stream (Refs. 15 and 16), the linear portion of

the lateral jet velocity profile just beneath the vortex axis may be

expressed approximately as

dw 1 Uv
dy v-

6J1
zv .

ni

where: (Refer to sectional sketch in Figure 9(b))

zv designates the chordwise location of the n' link of the
ni

primary vortex at the ith spanwise section (at xi).

U is the jet axial velocity component at the above vortex locationni

(see Appendix A).

^1 is the jet spread half-angle (Figure 9(b)).

ei  is the trajectory angle of the jet centerline, relative to the

cross-stream direction, at section i.

and

is the effective depth of jet beneath the vortex at the dividing

streamline (see Figures 8 and 9(b)), above the level Ay
m

Since no data are available for a jet with these boundary conditions, the

LDV measurements (Figure 11 of Volume I) are used to justify a value of

j =1.7 D or approximately a constant times the nozzle diameter, Do, asJ 00

sufficiently accurate since the unaccelerated wall jet profile is vanishing

near Ay = 6. Note that D is an effective diameter (Appendix A).
'I

Finally the vorticity must be integrated over each interval, Az n

from the wing leading-edge to the vortex chordwise position,
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Az = z - x.tan A (9)
ni ni

to yield the wall-jet vorticity available for vortex augmentation.

3.4.2.0 Vortex Augmentation and Decay

3.4.2.1 Atu&mentation

With T as the vector velocity across a line element dIs the contour integral

for the jet augmentation of vortex circulation, Ar due to viscous spreading

in the boundary layer at a section transverse to the vortex centerline may

be expressed as a Stokes' integral:

Ar (curl~ r

Jni J
o w 3v

fi 5 dydz (10)

of 0

Within the accuracy of the jet profile data on the chordwise gradient in

proximity to the stagnation streamline (Figure 8) the assumption may be

made that 6v1 ,< jwf. For the higher blowing momentum coefficients, the

boutding and stagnation streamlines remain at a nearly constant position

relative to the wing leading edge. Thus, the jet is restrained from

penetrating any farther forward, and it must expend its energy in entrain-

ment with the vortex above the surface. The dominant gradient for this

effect is w although _v has implications with respect to vortex

stability (burst) as will be discussed later.

Substitution of equation (8) into (10), with _v o, yields
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AzT

Ari -- U
-- Vni tanY cos 0 i dydz (1

)i

W.thin the accuracy required for this purpose, it is assumed that
ni.

is approximately constant over each chord:wise increment of integration,

Azni, princ-pally influenced by only the nt primary vortex link. Thus, to

simplify the integration, Uv  and Oi are not considered as functions of
ni

y and z, particularly for the cases of most significance where the primary

vortex is formed very near the leading-edge feeding sheet. The reBult may be

expressed in the forn.

Arj U ni (z - x tanA) tan Ycos 0i) (12)
ni ni ni

This equation provides an estimate of the increase in circulation above

that predicted by the 2-dimensional theory (27TK) which is used as the

starting value for the vortex at the first inboard wing station beyond the

under-expanded jet distance, x., from the fuselage sidewall or nozzle. At

each spanwise station, xi,the cumulation of circulation increments from the

primary vortex links, given by equation (12) is added to the two-dimensional

values.

3.4.2.2 Vortex Decay

It was found that for the above rather high vortex strengths the vortex

"ages" rather rapidly according to Professor Owen's theory (Ref. 14), as

described in Appendix A. Previous successful experience with this metnod over

a wide Reynolds Number range, (Ref. 25), encouraged its application herein.

The tame varying turbulent eddy viscosity resulting therefrom decays
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the vortex strength in a somewhat linear manner to values typically 1/3

of those predicted by the two-dimensional potential theory. An iterative

calculation procedure is thus indicated; but it was found that the rule-of-

thumb first estimate of the reduced vortex strength and trajectory vari-

ations resulted in convergence for practical purposes in one or two

iterations.

3.5.0 THE VORTEX-LATTICELSOURCE-SINK PROGRAM

3.5.1 The Computer Simulation Model

The above equations, along with the semi-empirical formulations for jet ana

vortex growth, entrainment, and viscous dissipation found in Appendix A,

provide the basic elements necessary to simulate vortex-lift control as

depicted in Figure 9(b). However, the application of such elements in a

vortex lattice program (e.g. Refs. 15 and 22-24) for powered/augmented lift

analysis, as delineated in Figure 11, is more complex and extensive than was

originally intended in this research program. The phenomena are so highly

three-dimensional and viscous that the limitations of the two-dimensional

theory became evident early in the analysis. Nevertheless, the 2-) theory

is essential to provide starting conditions for logical vortex locations

and strengths and source/sink effects.

Ideally, the singularity distributions from the jet, vortex feeding sheet

and lifting surface should all be included simultaneously in the computation

of mutual induction effects while satisfying the flow tangency boundary con-

ditions at collocation points throughout the wing. This objective is

attempted in the final steps as shown in Figure 11; but certain non-linearities

present in such a viscid/inviscid interaction process, particularly in the

event of vortex burst, imply tliat assumptions of superposition must be made
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at 4ntermediate steps in the program calculations. Hopefully, iterations

on all or part of the steps in Figure 11 compensate and lead to minimum

errors. For example, the jet trajectory is dependent upon the mean upper

surface crossflow velocity. This is, in turn, related to the vortex strength

variation since the circumferential velocity creates a backflow component

tangentially, close to the surface (e.g., see the Figure 8 typical cross-secticn).

but tne vorteA strength depends on the jet strength and entrainment variation

in the boundary-layer/"wall-jet" region; so an iteration is indicated in the

flow diagram of igure 11 with a convergence check on the jet and vortex paths.

If tne leading-edge vortex strengths vary significantly from those for

prevous steps, the feeding sheet is modified accordingly, and new induction

effects are calculated to enforce the boundary conditions again.

Fortunately, the pressure coefficients did not vary significantly on the

average, so few iterations were required for the optimum cases studied.

In this respect, the peogram is not sensitive to the distributed sink strengths

except at low attitudes where close proximity of the unbound vortex elements

to the wing surface induces some locally high velocities. Such cases are

not optimum for vortex lift augmentation, and thus siiould not be of great

concern. However, the problem was found to be much alleviated by applying

smoothin6 techniques or spline curve-fitting tcchniques to the most severely

fluctuating induced velocities in the previous iteration before proceeding

to the next simultaneous equation solution. Such methods are recommended

(Refs. 27 and 28) where finite-element, singularity-distribution methods

are employed. The solution convergence is much more rapid for optimum

smoothing (Ref. 29), and the mathematical possibility of introducing

non-unique solutions is minimized.
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In the future, a solution is conceptually possible by a more direct

,terative approach combining the time/spacially varing lattice of Ref. 15

with tme-dependent turbulent boundary layer methods (Ref. 30); but the semL-

empirical method proposed herein is more feasible at this time since it

employs approximate, closed-form expressions for viscous and entrainment

processes along with the well known and proven vortex-lattice tecaniques.

M.ore detailed descriptions of the latter programs are given in References

15, and 22 through 24.

3.5.2 Input Conditions for the 3-D Solution

The program sequence is shown in the fLow diagram of Figure 11. The

coordinate locations for each panel of the wing, flaps, or other portions of

the airplane are computed automatically irn the vortex-lattice (V-L) computer

program by merely specifying the corner points of each major section which

does not have either chordwise or spanwi°9 discontinuities. Thus, it is

convenient to first make a V-L run at the desired attitude,a, to obtain the

coordinates of the load points, through which the spanwise bound vortex link

of each panel passes, and the collocation (control) points where the exact

tangency boundary conditions are imposed in the matrix solution. This

provides a check against the unpowered lift, or poten-..al flow solutions.

Also, these coordinates are required as input for the solution of tne viscous

jet-vortex (J-V) equations (Appendix A) in a cross flowing stream.

The chordwise coordinates and initial strengtns of the vortA-: and jet for a

given C, and a are specified from the two-dimensional solution at a char-

acteriBstic spanwise station. This may be either at the wing root or at any

position for outboard spanwise blowing. The jet and vortex velocities and
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trajectories are computed for as many nozzles as are present. The jet

augmentation (equation 12) and viscous dissipation from Owen's theory,

Ref. 14, are accounted for in obtaining an improved vortex strength variation,

Kni , wita span which is ten input to the V-L program, properly accounting

for the cross-flow trajectory of the vortex centerline. As discussed previous-

ly, the unbound, locked vortex feeding sheet is assumed to emanate from the

fuselage wall and boundary-layer region by means of equally-spaced discrete

vortex elements which are assumed to be bound in the surface parallel to the

local sweep angle, and coincident with the nearest quarter-panel-chord bound-

vortex leg to minimize potential interactions of two singularities in proximity

to each otner (e.g., see Ref. 15). These vortex links, having strengths

consistent with the previously determined spanwise r variation, are then

assumed to extend spanwise until they are turned forward by the backflow

veiocity components approximately beneath the jet or locked-vortex centerlines,

as appropriate from the wing geometry and J-V trajectory printout. They are

then swept forward to the wing leading edge and thence back up to the unbound

vortex to simulate the 'Leading edge feeding sheet represented somewhat in the

manner of Brown and Micheal, Ref. 19. Continuity of vortex lines is ensured

by allowing some of the local vorticity to be shed into the wake at an angle

&/2, based on experience with V-L methods, Ref. 22-24, and the remainder to

propsaate out the wing span and aft to eventual'y merge with the wing tip

vortex.

The additional entrainment expected from the finite wing leading edge

conditions seems to be derived naturally from the two-dimensional solution for

the range of practical attitudes and momentum coefficients shown in Figure 5.

- - -, ~ -l
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On the average, the vortex sink strength m varied less than plus or minus
v

25 percent from the relationship

and the variation above stall was not consistently increasing or decreasing

with a for tne range of momentum coefficients, .0464C4.46 . Thus, within

the accuracy of the two-dimensional assumptions, equation (13) was used as

sufficient for starting conditions in the V-L program. The J-V program computes

values of dw./dx, volumetric mass flux change with wing span as discussed in

Appendix A, and these can be used to obtain more accurate values for mj if

this is desired.

ior a given C. , values of Kv versus a can be established for constant jet and

vortex locations which are very much like those shown in Figure 6. However,

based on earlier discussions in Figure 6 it is also necessary to account for

the reduction in Kv with lesser values of Yv as shown in Figures 2, 3, and 7.

as angle of attack decreases, the vortex clings closer to the upper surface,

and the separation (cavity) region is smaller, so vortex strength reduces

typically as shown in k'igure 7. The usual procedure is ,. select an attitude

such as 25 degrees, sufficiently above natural stall for a given airfoil

that the vortex strength (tnen called K vRef. ) and heignt determinod trom the

flat-plate tneory will be adequate for a fully separated flcw Then tne two

factors from 'urves su.ch as Those in Figures 6 and 7 are both applied to

unnormalize the Kv and Yv for lower values of a .

The 3-1) program has the option oi computing tne jet velocities ouT of a

singularity distribu+.on, but the "lumped parameter" distribution of these
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sources was not available in an economical manner from any theory or tests;

so an alternative procedure was devised using jet vector "supervelocities"

from Appendix A formulas, multiplied by an empirical factor prior to application

at grid collocation points, as discussed in the next section.

5.3.5 Solution Objectives and Modifications

5.53. 1 Sumir of Loads Com-utation Method - The puxvose of zthe tree-

dimensional program is to combine the effects of jet-vortex interactions,

along with vortex persistence and stability, to obtain the resultant velocities

over an arbitrary wing surface represented by a vortex lattice. Thus ±t is

possible to compute the incremental pressure coefficients, ACp, associated wita

the jet and vortex source/sink systems, and with the vortex lattices for the

wing and the feeding sheet.

in general, the total force at a local station on the wing according to

potential theory can be expressed in the form,

Total Lift = p(VvL + VS) ( rVL + rv)AL (14)

where,

VVL are veiocities which lie in vertical streamwise planes and

are induced, at the load points, by the basic vortex lattice sy tin

system in the wing.

VS  are superposed velocities, in streazwise vertical planes,

caused by feeding-sheet elements, by sources and by sinks

in the field. (There is also a fuselage-body thickness

correction included (Ref. 51), in most cases.)
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'V-L are the local circulations determined after all mutually-

induced and all supervelocities have been applied at the

collocation points. The effects of the feeding sheet

are included explicitly.

I'v  are the local circulations in the wing which join the

leading-edge feeding sheet and ultimately form the

separated vortex above the wing. These eventually trail

downstream to infinity.

and,

AL is the cross-stream projected length of a given bound

vortex element.

A difficulty is created by the cross-product terms of equation (14), since

these imply that simultaneous solution of the inviscid (V-L) and viscid (J-V)

equations is required to obtain mathematically consistent loads. The

assumption is made that the iterative convergence tests are sufficient to

satisfy the necessary compatibilizy and uniqueness conditions.

3.5.3.2 Semi-eppirical ModLfications to Surface Suervelocitiee for Reduced

Crossflow - Experience with vortex-lattice methods reveals that the matrix

of influence coefficients is adequately determined for most conventional wings

by consideration of only the potential velocity field beyond the boundary

layer. At most, a classical thickness and/or camber correction may be necessary

to account for an effective wing thickness increase due to boundary-layer

displacement thickness. In the case of "boundary layers" consisting of

- 1
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thick wall-jet profiles, where velocity defects are significant at large

distances from the wing surface, available literature does not indicate any

simple correction that has been successfully tried. This situation is

aggravated by the tanger.tic1 velocity gradients, created by the unbound

"leading-edge" vortex, , merge with the jet velocities as shown in

Figures 8 and 9 at even greaver distances in the separated flow region.

If an effective, mean upper-surface (cavity) flow velocity is defined as

V, then we may express the cross-flow velocity ratio for the jet as

R- /V (15)

It already has been shown (Equation 5 and Refs. 6, 10 and 11) that the

velocity in this region may be as little as 10 percent of tne free stream

velocity, V, . Thus for a sonic jet, as found to be optimum in Volume I

of this report,

R >> 1 (16)

A similar argument can be made for the ratio of the effective "streaming-

flow" component, Ve, divided into the maximum wall-jet velocity at station i

in the laterally spreading direction just beneath the nl unbound vortex

element, given as

U vncos . tan'
Vni I > 1 (17)

V
e

In that case it is shown in Reference 26 that only about 8 percent of the

resultant jet velocity remains effective at the profile position equivalent

to the boundary-layer displacement thickness. Similar factors are derived in
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Reference 17. Thus, on a somewhat intuitive basis, the incremental

contribution to the local pressure coefficient, caused by the effective

"cavity" velocities over the bound legs of the vortex feeding sheet, can

be computed by modifying that portion from Equation (14) as follows:

-2TpKij L.si. + o0
Pni~ vni sij i8j

k vo (18)

where: q is the dynamic pressure; K is the final augmented circulation
n..

strength of the nn vortex element at span station i, and ALij is the

corresponding bound vortex link length; and j is the area of the wing
lattice panel affected by Ki. The factors kcand are required by a

V-L representation because of the extreo differentials in effective outer/

inner and upper/lower-surface, respectively, flow velocities. The kci

adjusts for the effective velocity sensed by the bound-lattice network in

the upper surface due to the velocity gradient normal to the surface in the

cavity backflow region. This gradient is related to the depth of the cavity

formation region, proportional to sin& , over which the velocity change

occurs. If an "effectiveness factor" is defined, based on Ref. 26 data, as

e U .08, then

k e[(V- V )sina4 (19)

and

C= Average velocity over the upper surface ,:- (20)
V02

in the case of augmented lift with reattached flow over much of the upper

surface.
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The factor e is also applied in determining the effectiveness of the

wall jet-like profile when it is penetrating the forward airfoil region

of greater backflow velocity due to the vortex tangential component, V

Tn.s amounts to a reduction in effective free stream cross-flow velocity,

explaining in part tne concluding results in Equations (5) and (15). The

available empirical formulas only allow a mean cross-flow velocity, Ve, to

be applied to the jet velocity and trajectory computations. However, as

snown in Appendix A, after this initial approximate pattern is establisned,

experience indicates that improved values of Ve can be obtained at each span

station i vy using the relationship

V V, cos (0 +A) - eoV (21)
e. 0 0

across the wing span. The vortex tangential velocity V0ni at a distance

(rn, + 8j) below the "locked" or suspended leading-edge vortex axis (refer

to Figures 8 and 9) is approximated as,

V i  Kni/(rni + 8) + K i/r (22)

with

K

Kl e
Knj

and

KJn i = Ihi/27r (24)

as the jet circulation augmentation from equation (12)

Finally, the vortex effective radius ri is defined in Appendix A along with

a discussion of tne viscid method for computing, Kh the final circulation

strength variation.
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3.5.3.3 Jet-Vortex Viscous-Stabilit Effects - The J-V viscous effects

program also computes vortex burst criteria as delineated in Appendices A

and B. For wing stations past the critical stability points, highly

turbulent, separated flow is predicted. Thus the values of C , lift and momentP

from potential theory must be modified. Fortunately, scientists at the

Lockheed-Georgia Research Laboratory devoloped (in Reference 12) a modified

Helmholtz theory more generally applicable to stalled lifting surfaces.

Basically, the method employs the procedure described in Reference 9; but

it uses a modified upper surface suction pressure, logically deduced from

known drag characteristics in the presence of extensive separated flow over

airfoil sections. Similar crossflow drag concepts have been adopted saccess-

fully for nonlinear lift representation in References 32 and 33. The assumption

is made that the revised average near-wake pressure applies in the separated,

turbulent flow region created by vortex burst. Then the ratio of the

Helmholtz lift to the potential lift, from Reference 12, is as follows,

H = sin(2 c')/(4 + 1Trsin ce) sin a (25)
8

This factor is multiplied times the C from the potential, vortex- lattice
PV-L

solution as influenced by the appropriate supervelocities. At high angles of

attack this method is remarkably successful as shown in Section 4.0,

THFAIREICAL RESULTS AND COMPARISON WITH TPlSTS.

At lower angles of attack, when vortex burst occurs in the stall-transition

region, an improved correction can be obtained by taking the ratio of

Helmholtz-to-potential-flow lift directly from Figure 4 at the given angle.

At high incidence, when the jet and vortex are swept aft quite severely



- 48 -

because of too little mass-momentum injection, the primary vortex may be

weak and too small to prevent a large separation region from forming (due to

secondary-vortex/turbulence) forward of it and aft of the leading-edge.

Preliminary calculations at C = .115 indicate that it is pertinent to apply

the modified Helmholtz factor in this region, as well as outboard of

burst-critical stations, prior to the addition of the incremental pressures,

AC , from the vortex feeding sheet analysis.
pv

For some cases at higher incidence and Cp , the Owen's time/spacially varying

eddy viscosity formulation (Refs. 14 and 25), combined with the Rossby number

stability criteria (Appendix A and Ref. 34) seems to be capable of predicting

some conservation of angular momentum after burst occurs. As the aging

process re-initiates, the vortex again re-coalesceses into a coherent

rotating fluid mass. If this occurs on the wing, it is possible that the V-L

computed pressures are again satisfactory past the region of burst recovery.

Additional confidence is gained in the viscous methods employed by comparing

the calculated time-dependent turbulent eddy viscosity vT with available

test data and with recent, more sophisticated methodology. Figure 12 shows

that the turbulent eddy viscosity ratio, 'j/v, predicted herein agrees

favorably with wing vortex wake data summarized in Ref. 35 as a function of

vortex Reynolds Number, F/Iv. The analytical point is for the 8-degree angle-

of-attack case where the leading-edge vortex quickly leaves the wing upper

surface, and penetrates about one wing span into the near wake, just before

vortex burst occurs. Similarly, comparisons were made with wake vortex radius

growth predictions using boundary layer turbulent shear-stress concepts by
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Dr. J. F. Nash (Conaultant to Lockheed, Hof. 36). Again, qualitatively

good agreement wau obtained on intermediate wake vortex growth rates since

both methods showed similarly significant differences from the classical

"square-root-of " variation, depending upon model-scaie effects.



4.0 THEORETICAI RESULTS AND COMPARISON WITH TESTS

4.1.0 LOW INCIDENCE RESULTS OF VORTEX-LIFT CONTROL THEORY

A distinct difference in the character of jet-vortex interaction occurs

depending upon the presence of leading-edge separation. The mathematical

formulation was primarily baeed upon test flow visualization (Refs. 2, 3, 7

and 8) at high airfoil incidence where separated flow exists as sketched in

Figure 5 (inset view for stalled/Helmholtz flow) or in Figure 8. However,

at low incidence,leading-'edge separation is either non-existent or too

insignificant to sustain a vortex. As discussed in Section 5.3 (and visualized

in Figures 30 and 31) of Volume I to this report, even at low angle of attack

the high cross-flow shear layer above the jet propagates vorticity which

causes the jrt region to develop a high swirl rate as it is swept aft over

the win . Note that the analysis is limited to wing root blowing cases.

4.1.1 Cross-Flow Jet and Vortex Trajectories

The mean trajectories of the jet and vortex (center of swirl) were estimated

from the flow visualization photographs cited previously and plotted in

Figure 13. The corresponding jet and vortex paths, as approximated in

Appendix A, are shown in the figure to be in very good agreement with the

test data as interpreted for CIA c.4 and a = 8.5 degrees. Surprisingly, the

simplified vorticity integration performed herein predicts that the mean

path of concentrated vorticity crosses over and aft of the jet apparent

trajectory for an angle of attack below that for natural airfoil stall. The

analysis makes the arbitrary assumption that the vortical layer extends aft

from the wing apex, or the junction of the wing leading-edge and fuselage

sidewall. This is not apparent in the test results except, perhaps, at high
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angles of attack (c.f. Volume I, Figure 27).

4.1.2 Differential Pressures

At low incidence, the accuracy of the basic vortex-lattice (V-L) program

is examined in Figure 14(a). At C 0 and a = 8.5 degrees, the flow is

naturally attached and, as anticipated, the differential pressures from

Volume I measurements agree quite well with the analysIs. The leading-edge

singularity is cnaracteristic of all lifting surface theories. Although

approximate corrections could be made for the finite-radius leading-edge of the

wing and for the minor thickness or camber effect observed at about mid-

chord position in the tests, this was not deemed to be of sufficient

importance for the objective of predicting power-augmented :.ift effects.

For a spanwise blowing momentum coefficient, C = 0.46, the comparison of

chordwise differential pressure variations at 36.4 percent of span, as in

Figure 14(b), indicates that the theoretical simulation generally predicts

lift increment trends like those measured in the wind tunnel tests. The

effective thickness/camber increase over the aft chord region, under the jet/

vortex path, is similar in distributed form to that from the tests, but is

slightly deficient in C magnitude and locations of pressure peaks. SomeP

of this way be due to the relatively coarse spanwise grid spacing (5 spanwise

and 10 chordwise collocation stations) used in the lattice (V-L) program to

minimize computer time. In the case of highly curved trajectories, the jet

and vortex induced velocities were diagonally distributed over a wing

collocation panel, in close proximity to lattice singular points. A

smoothing process described in Section 3.5 minimized the possible errors

caused by such a "lumped-parameter" system, but some biased weighting is
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inevitable in the correction formulas employed. It is more likely that the

approximations in vortex strength and jet displacement thickness cause the

major discrepancies observed in this non-optimum case, In the optimum lift

augmentation cases, with a highly separated flow region and less effective

cross-flow velocity, the error in calculated jet displacement thickness is

probably less significant to the overall lift predictions.

4.2.0 HIGH INCIDENCE RESULTS OF VORTEX-LIFT CONTROL THEORY

Leading-edge or primary vortex-lift augmentation is shown in Volume I to be

effective in increasing maximum lift for attitudes above normal stall and for

wing root blowing momentum coefficients greater than about 0.1. Lesser amounts

of CP do, of course, provide lift augmentation by other means, as discussed

in Section 4.1.0. A high CA value of 0.46,above the optimum, was selected

for most of the analytical studies since it was desired to emphasize the

strong vortex formation and control mechanisms.

4.2.1 Cross-flow Jet and Vortex Trajectories

The experimental jet and vortex trajectories are presented in Figure 15,as

interpreted from oil flow photographs in Figure 30 of Volume I at a slightly

lower value of C. . The analytical approximation for reducing the effective

V
cross-flow velocities, ei, across the span yields very good agreement with

the test observations for both vortex and jet paths. The jet effective

spread angle, Y = 30 degrees used in the analysis is not directly determinable

from the surface flow pictures. But, as pointed out in Volume I, if the jet

direction and spread rate is not proper, the vortex will not be positioned

properly behind the wing leading-edge. For the oval nozzle used in these
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tests (see Volume I), the geometric exit angle of 12 degrees aft relative

to the wing leading-edge sweep angle was not the observed initial jet

trajectory angle, 00 ,in the photographs. Further study is needed on the

effects of nozzle wall and orifice unsymmetries. For this analysis, the

initial angle was adjusted to match that in the photographs in order to

ensure reasonable starting conditions. Fortunately, no other adjustments in

coefficients for the semi-empirical trajectory solutions presented in

Appendix A were required to achieve the good agreement in Figures 13 and 15

for vortex location versus span over the range 8.5' a < 270 and 0.1( C < 0.46.

4.2.2.0 Stall/Burst/Reynolds Number Effects

Vortex burst was predicted, accompanied by a rapid increase in apparent

vortex radius, at about 80 percent of span, using the Rossby number

criteria (Appendix A). The oil streak lines in Figure 30 of Volume I also show

a sudden divergence in this outer span region. Simultaneously, the pitching

moment for similar C and angle of attack (270) in Figure 29 of Volume I

shows a sudden reversal in trend, toward nose-up conditions. Thus the tests

indicate the possibility of partial wing-tip stall initiated by vortex burst.

This same case was later rerun with a factor of twelve increase in wing-scale,

and the Rossby number did not predict vortex burst. Yet the differential

pressures, prior to modification for burst/sepaxated flow at small-scale, as

described in Section 3.5.3, showed only minor changes with scale. Professor

Owen's dissipation analysis employed herein (Appendix A) does predict changes

with scale in the vortex ageing process. This predicted improvement in

spanwise blowing at large scale is partially substantiated by larger scale
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model tests discussed in Section 5.2.1, Volume T, since slightly less

momentum coefficient seems to be required for a given lift increment.

Unfortunately, some differences in configuration existed in these Lockheed-

funded tests, so no firm conclusions can be drawn.

Some discussion of the effects of the natural stall angle for a given air-

foil (in this case, 14 degrees), on the two- and three-dimensional analyses

has already been given in Sections 2.2 and 3.5. Also, the starting-vortex

strength limitations of Figures 5-7 must be kept in mind. Then the vortex-

ACLv, variations withangle of attack for two extremes of C (0.13 and

0.46) can be calculated from the 3-D simulations, pre iented as dashed lines in

Figure 16. The "unstalled" limit angle is again shown; but, in addition, the

vortex-burst initiated, partial wing stall region is approximately indicated.

This effect occurs at high incidence where the C is only marginally sufficient

to entrain fluid and propagate fully through the leading-edge separation

region, causing local chordwise reattachment. The test points in Figure 16

at similar C. 's (0.155 and 0.46) show the tendency, as hypothesized in the

analysis, to reach an asymptotic ACL  limit as this burst/stall condition
V

is approached. At lower angles of attack, the differences relative to theory

are a result of the difficulties in separating out, from the test data, the

lift increment due to the vortex alone, as estimated for Figure 32 in Volume I

of this report. This problem is even more complex when combined inboard and

outboard spanwise-blowing jets are used.

4.2.2.1 Lift Increments and Causes - The total lift from potential, vortex

lattice theory (Refs. 22-24) compareswell with the test data prior to stall,
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as shown in Figure 17(a) at C = 0. This does imply compensating effects,

concerning the natural wing camber and thickness corrections for this

Lockheed super-critical airfoil, for middle range a's, since the V-L method

does not include these. A non-planar wake is considered, however, giving

some nonlinear induction in the lift.

Obviously, any powered-lift technique which reattaches the flow at above-stall

angles will yield significant ACL increments, shown as "Indirect Augmentation"

in Figure 17(b). This probably consists largely of a boundary layer control

effect related to the spanwise blowing jet spreading over the upper surface

aft of the reattachment zone. Essentially, this re-establishes the potential

flow character, with the addition of some effective camber due to the jet

displacement thickness, shown by the dotted line in Figure 17(b). Refer to

the upward, nearly parallel shifts in the CL versus a curves, at zero incidence,

in Figure 29 of Volume I.

The increase in the slope of the lift curve above the stall is directly

attributed to the vortex and its induction effects through the elements of

the feeding sheet (dashed line in Figure 17(b)). Actually, most of the

lift above the mean stall level exists due to the reattachment caused by

the formation of at least a small vortex near the leading-edge, so the above

is an arbitrary division of augmentation increments due to the vortex.

At very high angles of attack, the vortex-burst-created stall over part of

the span causes some lift loss (dot-dashed line, Figure 17(b)), and this

agrees quite well with the test stall character above a= 25 degrees (solid

line in the figure).

4.
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4.2.2.2. Differential Pressures - The previously discussed wing tip stall

p1cuomeorotn is revealed in part by the non-potential flow character of the

aft- o rd C distributioni, at 91 percent of fiemi-span, shown in the top part
p

, Pigure 18. The nearly flat aft distribution is more like that for Helmnoltz

:iLow, used to modify tnie V-L simulation for wing regions encompassing the

,idicatiori of v~rtex burst (See Section 3.5.5).

At (2.[ percent f semi-span, the aft-chord differential pressures are again

1 a ireement between test and theory. There is some indication that the

;I':mulation under-predicts the leading-edge vortex strength at this station;

but, unfortunately, at critical chordwise stations the pressure measurements

were consistently unreliable, as indicated in the figure.

At 36.4 percent of semi-span, the vortex induced peak is predicted quite

accurately; and tnese C 's probably would improve if the wing leading-edge
p

singularity, from the V-L method, were corrected for a finite leading-edge

radius. Other minor differences may also improve if a greater number of

collocation panels are selected, as discussed relative to Figure 14 (Section 4.1).

Similar agreement between test and analysis is shown in Figure 19 for an

iutermediate angle of attack, a= 21 degrees, and C= 0.44. At this outboard

spati station the simulation seems to over-predict the jet-cross-flow super

velocity effect over aft chord sections, and a smoother transition between

the vortex and jet-swirl pressure peaks is indicated than that measured in the

wind tunnel model tests.

The pressure distributions in Figures 14 and 18 reveal some interesting fea-

tures of the flow over the upper surface of the wing. For spanwise blowing

at low wing incidence, the aft-chord jet swirl peak is very apparent. But,
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at high attitudes, the influence on the pressure coefficient caused by the

vortex and feeding sheet near the leading-edge is much more dominant. The

increased suction is partly attributable to the higher upwash velocities

forward of and at the vortex center within the "cavity" or decelerated mean

flow region. As the reattachment point is approached, aft of the vortex for

the most inboard station shown in Figure 18, the pressure increases rapidly

due to downwash velocity components from both the vortex and jet impingement

on tne surface forward of the nozzle. However, the jet wake provides a

cross-flowing super-velocity to elements of the upper surface vorticity

feeding sheet which then causes another, smaller, suction peak to form

iartner aft on the chord. These effects are less pronounced, but are still

apparent at more outboard stations. The finite displacement thickness of

tne jet suggests a local camber effect; but the AC 's are higher than couldP

oe expected purely by this mechanism.

The three-dimensional simulation uses a feeding sheet with vortex elements

which can allow the jet to produce pressure variations qualitatively consistent

with the above experimental observations. Since quantitative agreement of the

modeling technique witn Poihamus' leading-edge suction analogy for delta wugs

(Rcfs. 2u and 21) has been shown (Figure 10), future research would be

desirable to deterMilLe if some combinat.Lon of these methodologies could be

used to predict the pressure distrioutions (and pitcning moments) qia t,.tatively

for more General planforms either witn or without powered l1't i-ftects.

4.3.0 SPANWISE LiTE, DISTRIBUTIONS AND TTAL L10T

Tne ch tnes in spanwise lift distrib.tion caused by vortex-lift augmentation

are apparent in Figure 20. The potential (V-L) theory at high incidence,

a= 21 ° , arbitrarily assumes attached flow to give a classical, near-



elliptic distribution. As normalized to thi Maximum C in each case, and
L

using a blowing momentum coefficient, Cu = 0.46, the outboard lift drops

relative to that at inboard sections. Part of this is due to wing-tip
c

stall, as previously discussed. But the calculated inboard C)- Uc

peak is partly due to the vortex augmentation and partly due to thrust

recovery. For example, an integration uf the test pressure data at 36.4

percent of semi-span yields only the normal force coefficient C and

the inboard hump is not apparent in this value. The leading-edge thrust and

the drag at that wing station are difficult to obtain because of the few

pressure taps available. Thus a rough calculation was made for the lift-

vector components of thrust and drag from the theory, and then combined witni

the vertical-component of test normal force at a = 270. This estimated

test point is shown in Figure 20 as a dotted circle. Relatively good agreement

oetweon test and analysis is then indicated. However, the fuselage correction

in the simulation is very approximate (See Section 3.5.3), so the most inboard

part of the curve should not be used quantitatively. Intuitively, a decline

of Cs in this region would be expected at these high angles of attack.
C

Comparison ot test and analysis for C versus CI in Figure 21 shows very

gcod agreement. Empirical adjustments to the two-dimensional starting

conditionsshould be recalled, however, so t s to not give misleading con-

clusions on the state-of-the-art in this vortex-lift augmentation theory. Also,

it is fortunate that the classical camber and thickness correotions apply so

well to these test cvnditions. k'or other model configurations, the modified

vortex-lattice program (Figure 11) has no basic limitations. But a more

analytical formulation of the cross-flowing jet and viscous/boundary-larer

affects is still nece.ssary for more general applications.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUDING REMAKS

The three-dimensional analysis for vortex-lift control, presented herein,

is admittedly very empirical in nature. However, the presence of each of

the hypothesized elements of the phenomena inherent in spanwise blowing is

strongly indicated by the experimental evidence delineated in Volume I of

this report.

A previous analytical solution for viscous vortex flows, verified by idealized

experiments, also has been presented in revised form so as to show character-

istic dependence on radial-inflow Reynolds Number and Rossby-number concepts.

This describes a fundamental physical mechanism for causing an organized vortex

to grow from an upstream, separated shear-layer and to be stabilized. In

addition, if a separated flow region exists or can be created adjacent to this

feeding sheet, then adverse pressure gradients may prevent any major (periodic

or steady) streamwise shedding from a predominantly-spanwise vortex. Such

adverse pressures may be created, for instance, by aspanwise jet just down-

stream of the vortex formation region. Over a wing upper surface, this

results in a strongly sheared three-dimensional wall-jet velocity profile.

An appropriate Stokes' integration of this wall-jet vorticity, in planes

oriented so as to yield increased circulation to the primary vortex, provides

the correct amount of vortex-lift augmentation in comparison with experimental

data. The ensuing viscous dissipation, calculated using a realistic and time-

dependent turbulent eddy viscosity, does not significantly reduce this lift

augmentation at high angles of attack.

I
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The prediction method for vortex-lift augmentation derived herein requires

initially a two-dimensional source-sink/vortex model for locating the leading-

edge vortex. In addition, a first estimate is made for this vortex circulation

strength consistent with the appropriate boundary conditions and momentum

coefficients. Then, with available, approximate cross-flowing-jet solutions

for trajectory and entrainment, the spanwise distribution of the equivalent

two-dimensional singularities are estimated. These induction effects are

combined with those from a spatially varying, finite-element vortex feeding

sheet emanating from the wing leading edge. Subsequently, the combined

supervelocities are employed in a vortex-lattice solution for general wing

configurations. The total forces and aerodynamic coefficients are compared

witn the corresponding test data from Volume I, and relatively good agreement

is obtained. Optimum mass-momentum injection conditions can be predicted

using this method, for initial design estimates. Famrable Reynolds Number

effects are also possible since a large scale model showed less tendency

for the augmented vortex to burst, and corresponding flow separation over

sections of t~e wing is less likely to occur. Otherwise, lift coefficients

predicted for small scale models are substantially the same as those for large

scale models, similar to the conclusions from scaled tests in Volume I of this

report.

The combination of nonlinear viscid and inviscid matiematical elements used

in this initial formulation require that an iterative and semi-empirical

procedure be employed for solution. Now that the heuristic objectives of this

research program have been satisfied (i.e., to obtain an improved physical

understanding oi the numerous flow mechanisms in spanwise-blowing/vortex lift

augmentation), more sophisticated viscous flow theories are required to

- ~ ~'-
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reduce the degree of empiricism and thereby to enable application of the

above methods more widely and with greater confidence.

5.2 RECOMMENDATIONS

The following tasks are recommended for future research to advance current

understanding of the spanwise-blowing phenomenon:

1. Develop a rational analysis of jet flow in a cross-stream witn a

parallel wall. This should involve both mathematical and experimental

investigation of jet structure, to incorporate measured turbulence

parameters in an analytical framework for predicting jet spread rate

and decay using three-dimensional boundary layer methodology.

2. Further refinement of the two-dimens-onal theory, incorporating a leading-

edge feeding sheet for the vortex and inclusion of rigorous crite:ia

for selecting vortex position uniquely for Lach flow condition.

3. Basic research is needed on the phenomenon of vortex bursting,

especially in the presence of a lifting surface.

4. Finally, the results of items (1) - (3) should be used to refine the

present vortex-lattice scheme for three-dimensional loads to the

point that optimum design studies can be made.

I!
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APPENDICES

APPENDIX A: Summary of Approximate Jet/Vortex Viscous Flow Methods.

The physical problem discussed in this report poses so many complex flow

interactions thnat theoretical analyses of even sub-elements of the formulation

(as outlined in Figure 11 of Section 3.0) have only been accomplisned in part,

or semi-empricaLly. The purpose of this Appendix is to summarize approximations

obtained from available literature and employed witn minor modif'ations elsewnere

in tne text.

General Formulas for Jets and Vortices

The free-jet in a cross flow is still usually treated semi-empirically, although

numerical or finite-element methods (e.g., Refs. 15 and I) are recently mucii

improved. Unfortunately, these methods are cumbersome and lacking in consider-

ation of the boundary-layer, viscous wall-jet interaction most essential to this

problem. On this basis, the momentum entrainment theory developed by McAllister

A(Ref. 16) seems most appropriate, yet simple in form. Using the momentum

theorem and specific mass-momentum flux data, he showed that the entrained

mass flux, q, carries tne undisturbed cross-flow velocity, V into the jet in

such a way that it adds the momentum, QV,, to the jet flow. A principal

modification employed herein is the replacement of V, by Ve, the effective

cross-flow velocity (Equation 21 in Section 3.5), defined as

Ve  V cos (00 +A) - e V QA.1)
O00
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where

6 is the initial jet trajectory angle, as shown in Figure A.1,

V is the initial tangential velocity of the first unbound (leading-

edge) vortex element, at a height, (yv - rl)' above tne wing

surface,

A is the win6 sweep angle, ana eo is a surface-induction effective-

ness parameter, as discussed in Section 3.5 in this Volume.

(Refer to the Nomenclature Section for quantities in the text

but not redefined here.)

For starting conditions in the wing root region it is necessary to estimate

the value of equivalent vortex radius, r,, corresponding to the initial two-

dimension circulation strength, K . The data in Figure 11 of Volume I shows
v ethat, past the underexpanded jet length, x s (determined as Yn from Figure 13,

Volume I) the spanwise jet decays much the saae as a fully expanded jet, for

the same pressure ratio, P . If the initial axial coordinate for the jet,am
is defined in terms of wing coordinates as in Figure A.1, then,

x =x./X cos (A+ 0) - xs/x m  (A.2)

where xm is the wing semi-span length (c-b/2). For consistence with the

terminology of Reference 16, the jet "set-back" factor, a 0.8, for a virtual

origin is assumed to apply. Also, the cross-flow velocity ratio, redefined as

R = V J /V, is used to obtain a best-fitted relationship for the jet spreading

factor Kj (11) from test data in Reference 16 as

K (R) = + (A.3)

- 3
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ThenMcAllister's equation for jet wake depth can be written as,

h. - (2aDo + Ao ,Xm)Kj(R )  (A.4)

This is modified in two ways. D is the effective jet diameter at the beginning0

of the fully expanded region given by

1

D 0  (E /am) do (A.5)

where d is the true orifice diameter with P and P as the jet exit ando E am

ambient fluid densities, respectively. Also, A is an empirical growth
0

coefficient for a wall jet which reattaches over a curved surface. From the

LDV measurements (Volume I), and some data in Reference 17, Ao c 0.04 is a

reasonable estimate for present purposes. Since the jet depth tends to size

the leading-edge "cavity" region, a first approximation is

r i /2 (A.6)

for '1,

so that, r t--a1Do  (A.7)

This is not critical, since the r. are recalculated more accurately later.
I

A good curve-fit of data on jet trajectories in Reference 16 can be obtained

by the expressions,

z. = zj + x sin(0o+A)+7rX[- cos 1/2(4AO
I J 0 I, 4i I(A.8)

+ x. tan(o+A)

and

0. = Arctan(dzi/dxi) (A.9)
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where

z. is the streamwise deflection of the jet relative to the nozzle

exit at distance z j from the wing origin, at wing stat:Lon i

and

0 is the jet turning angle at the same station i.

Sunilar adjustment of the expression (Ref. 16) for the local maximum jet

velocity, UrM results in

U-V
= D s (A.10)

UJ Ve si + D~s

where D ='(i) (A.11)

for the jases studied.

The axially propagating velocity profile, as derived by G6rtler (Ref. 37)

for a free jet, is assumed to be appropriate, since it is based on the hypozhesis

that the eddy viscosity vT is constant along a crosE-section of the flow, and

this is consistent with initial assumptions on viscous effects in vortex

flows. The equation is of the form:

U

V. sech A(zvn zi, A.m e 2  kixrnJ

for >0o

where tne argument for the sech is modified to include the additional jet

spreading, while turning over a surface, observed in flow visualization tests

(Volume I). A2 7/2 appears to be a good approximation for these cases.
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Additional equations are adopted (Ref. 16) with minor modifications. The

volumetric mass flux, Qi, is

( Cos 0)(an6. tan 0 + (A.13
Qo 7Ue ) t0 B DO0

where

B :-_ (A.14)
V~ [ R19 +1J

and

2
qo -o (A.15)

The momentum flux J. is approximated as
1

Ji cos 0o- 10 Cf inti o) (A.16)Jo -Co o s

where

J Uj o (A.17)

and the last term in equation (A.16) is based on a similar expression by

Newman (Ref. 17) to account for a finite friction coefficient, Cf, for a

wall jet. Equation (A.17), in particular, can be improved upon by using the

gas laws for compressible flow; but these expressions were found to be useful

for first estimates.

For vortex dissipation effects, an initial estimate of axial flow velocity,

V * in outer-core regions, is approximated as follows:

Vx.C- UV cos O ° - V e sin 0o (A.18)

Note trat, from this, a leading-edge vortex trajectory angle 0 vi can be

estimated,
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0v1 + oei cos (
OviLcA+ o YJ zi + tan [Ve CoBX ( + /v] (A. 19)

Using Equation (22) of Section 3.5 in Volume II, a first order correction to

tne vortex augmented strength, Kvi, is calculated as,

K V i (A.20)

Then Owen's (Ref. 14) aging parameter, Ai(t), can be approximated (in the

range of interest) by the expression,

A1 (t) 1 og (10 ti/r) (A.21)

where

k=i 1t, k (xk -X(k-1)) (A.22)

-R= 1 Vx  cos (A+.0
vk

and

r 1  (r1 + v (A.23)

The widtn of the turbulent mixing or entrainment region 6. as sketched ini

Figure (A.2) presents a complex problem. The turbulence in this rate-of-strain

environment must increase as the product of circwferential velocity V0  and r.
i 2

increases, according to Rayleigh's stability criterion (Ref. 38), thus causing

tLe radius and the mixing region to grow outward into the more stable region

where the product V . r. tends to decrease. To avoid an "eddy viscosity"

which is variable with scale (radius of curvature), Owen (Ref. 14) defines

i = i i (A.24)



-85

ZERO RATE OF STRAIN

TURBULENT INTERACTION REGION

(4- ~ IRROTATIONAL ZONE

Vel

V ONTN

Ve 6 CC

IICC

r.r D*

FI UR A->O T X D C Y O E RF 4

ai



-86 -

and

A = il (A.25)
I

where 2 .s the local average, mixing length which varies along the vortex axis.

Tae primary vortex strength (Equation A.20) is augmented by the spreadir.g jet

front as it advances, the net effect of which can be simulated as descr-bed

in Sectzon 3.5 w-tn tne vortex lattice program. However, simultaneously the

turbulence develops a Reynolds shearing stress which modifies the mean

(irrotazional) motion, generating vorticity and allowing the extraction of

kii.6tic energy. if the relation (Ref. 14) between the rate of dissipation and

the turbulent velocity q, is accepted as:

2 (2V2
dt =(A.26)dt

where K is a proportionality constant of order unity, integration of the

equation for the rate of cnange of turbulent energy wfth respect to r results in

an expression for ttue turbulent energy balance at section i as given in

Reference 14. Subsequently, it is shown that for

i  _ (A.27)
V i2

The corrected iner core radius rci (=riin Figure A.2) is given as

and

1 =i c. (A.29)
I C.

Then tne circculat~on strength, corrected for vortex aging, is approximately,
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-314 /rJ .A.2 (tKni ra KVtiA~t) (A.30)
i i

For an efficient spanwise blowing case, the vortex radial growth is quickly

stabilized. For turbulence possessing an unobtrusive radial component of

velocity, Professor Owen hypothesizes that K-1/V/F, and X ; 5. Since

= X. r (A.31)

then, the scale of turbulence is about, Ii c- 5 rc , indicating that the
1

zurbulent eddies may be predominantly axial in charactur in the mixing region.

This seems reasonable in view of the high axial shear flow created in outer

vortex layers by the coaxial jet in the case of spanwise blowing.

The point souice-sink representation for velocity components is of standard form,

taken directly from Reference 39, so further elaboration here is unnecessary.

_______ .
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StabilitL Criteria

£iumerous vor'tex burst nypottieses oz criteria have been studied, since 1 was

aut.c.pated ttat sucn instabilities would have a significant effect on the

Aredcted vortex lift augmentation. The most consistent criterion was fould

to be tne Rossby number, or the ratic of linear (inflow)-to-angular momentum

iii tzue vortex (Refecences 1, 34 aid 40). eference 34 gives a part.culariy

good discussion of thls parameter (more generaily used .Ln meteorologicai

studies); and, for a great variety of flow conditions the critical evei -s

snowL, to be,

0 0.261 kA.3 2 )

wnere a adsti.ct uhange ±n tne viscid/inviscid ctaracter o1 tne flow occurs.

i1s -10 mantude is qu-ite well veiAfied by exper-ments in References 34 and 40.

.ittiou± n for complex Ilow situations the matnematical expression is subject to

interpretatioiz, for present purposes tne iRossoy number is caiculated as a

funct-on of position, i, along the vortex axis as follows:

R = (% )ei (A.33)
27rc x K-ni

Tn.s was found to be qu.te successful in predicting vortex burst as observed in

the test data, as discussed in Sections 5.5 and 4.2 of this Volume.

Another criterion, by Lamboulne and Bryer (Ref. 41), tended to predict burst

at a simiiar wing station using tne formula

(VO1  v- v(i+1) >1

v 2
\ vi absolute (A.34)
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Unfortanately, multiple bursts were somet.mes predicted, at unlixely wng

stations. Te problem may arise from the difficulty -n selectkn, the proper

"stream-tube" radius, by this concept, for calculating V0 . Also, many critei -a

-.re bdsed on cr±ticality concepts applicable to other tran burst conditions,

as discussed aptly by Hall (Ref. 42).

Zute scale-effects were predicted using the Radial (inflow) Reynolds 1,u'umer, as

±N- .1. 0 (A.35)
3. 2fl'x:

*" is defined as negative for inflow.

.Finally, the vortex Reynolds Number is given by

P,. C . (A.36)

$V
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hPPEEDL' B: Background Analysis for Wake Vortex StabilLzat:on Concept

ieierence 1 presents a theoretical, viscous analys s of the hiavier-_.toKes

equatiiis lor an axisymmetrc vortex forming in a near-wake or separated flow

reb.Lon. by means oi a transformation of the equat-ons and a vortex-growtn

simiiar±ty concept, nonlinear solutions are found in terms of vortex

staoJLzy modes. In particular, tue Strounal frequency, S, is der_ved in a

cosed analytical form as follows:

TrVsO \ ro"IE I

di.ere, for purposes nerein, we estimate the character.stic rad.al dimension,

r is related to tne waice width (Refs. 6 and 43) approximateiy by,

r 0 sina
2

= 1 1/6(5)

arid

Foi vortex sneddin6 Jn tne wake of a cylixzder, the boundary conditons, along

witn the Von Karman spacing-ratio (0.281), enaole determinaton of Ve  .77 Vc,

and the axiai growth proportionality, 'o .36, as shown ,n Reference 1. The

variable-separable form of solution obtained nas recently been verified, during

the growth period (prior to vortex breakdown), at least partially by the

analysis in Reference 13.
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Use of a Caucriy stretching transformation in the independent variable, r(t),

jointly wzta a transformed stream-function P(tqr) of mixed character in the

orig-nal dependent and independent variables, results in th3 eQuatLon

d 61 P Nyo 2  a2 3  R N Y° +

d6pRNY° P + aIP +a 2 P ..... 2+f(t) (3.:)

2or radial .nflow (see Appendix A), which is characteristic of a growing

watce vortex, R,- is negative. Thus, the linearized form of Equation (B.),

dropping ail but the firsL term in brackets, results in eigenvalues corresponding

to spatially periodic form for particular roots of 1t in Equation (B.3). Wit,-

LLe hypothesis of characteristic vortex modes (dipole, quadropole, etc.), the

Reference 1 analysis reduces Lquation (B.I) to a form for S purey as a

Lunotion of Reynolds Aumber wnicn agrees quite well wita test data for vortex

snedding behind ecylndrical bodies.

necause of the nature of the transformations made in Reference 1, the soiurion

-s pr.Lmarily valid in outer vortical layers, or for radii beyond tne hard core.

it is rin this outer region where tne dscusson in Sect.Ion 3.2 of this Volume

nypothesizes that it may effectively correspond to outflow, 1L>O. in tuat

.ase, no osc..llatory e.genvaiues exist for Equation (b.:), and characterstLc

soutiouis w-il tend to grow w±tnout bounds. Conceptually, then, tais could

amount to a ne(iessarj, but peihaps noc sufficient, coudition for vortex burst

to o..cur.


