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MODELLING CIRCULATION CONTRCL BY BLOWING

M.M. Soliman, Resoarch Fellow, Scuthampton Univorsity
R.V. Smith, Chief Projoct Engineur, Westiand Helicopters, Yeovil
1.C. Choesoman, Profossor of Helicoptor Enginooring, Southampton University, UK.

SUMMARY

AThls paper describos a now thecretical roprosentation of circulation control based on discrete vortex AR
modelling techniquos. The application of discrote vortex modelling to the prediction of circulation control is initially s -
presonted for the Coanda flow of a wall Jot around a circular cylindor in a froe stream. Tho docay in the jot
momentum, jue to vistous and enti ainment effects, has been represented in the model by decaying tho strength of each
vortox 1s it flows downstream from tho slet. The modol's application has then boen extended to predict the effect of N
circulation contro! on other she os of acrofoil. The paper includos tho application o* the modol to an olliptic section as o
an oxample of any aerofoil section that can bo represented in a potential flow. The model has had considerable success Y . Q
in predicting the lift praduced fro--) sucn bodies duo to the jet, but information about the drag requires additional e
modailing of th. surface bou:.dary layer. A similar technique has beon used to reprosent the boundary layer by discrete
vortices and doubleta, Tno modol's pradiction has been compared with the oxperimental data of an unblown circular
cylinder, ‘{L,

b

C . Chord Wb

oy ¢ Lift conflicient La e
Cp t  Drag coefficient oL T
Cy +  Jet momentum coefficient T
d t  “ortex distance Tt
K t Arbltrary decay constant NI

a +  Tangential velocity o

Ro ¢ Radius of the eylinder .

Py + Radial pesition of a vartex

R} + Radlal position of an iinage vortox

Rp + Radial distance of the outer edge of boundary layer

Ry + Radial distance of the outer edge of displacement thickness

t +  Age of a vortex

ti t  Slot thickness

ljg t Free stream velocity

Y 1 Vertex strength

Yo t Initial vortex strength

8 t  Displacement thickness

8 INTRODUCTION

The concept of circulation control for high lift genaration was developed In tha early 1960' at the National
Gas Turbine Establishment and has since been Investigated by a number of researchers. Early work in the subject had
investigated the lift and drag characteristies of two-dimensional eireular and elliptic cross-sections with circulation
control (References 1-4), Later work extended the application of circulation cantrol concept to halicopter rotors
(Refereaces 5-6). The main cyr-enl research effert i3 the X.wing, being developed for thoe US Navy snd DARPA
{Referonces 7-9).

Cireulation control relies for lift generation on the ability of a wall jet to control the separation point at
the bluft trailing edge ot an aerofoll, Conventional aerafoils feature a sharp trailing edge which effectively dotermines
the location of the rear stagnation point. The rear stagnation polnt of an aorofoll with a non-sharp tralling edge s not
constralned in this mannar, and ite location can be controlled by a wall jet. Control of the aeretall eleculation resulla
in, what lg known as, “circulation control by blowing®,

The relationship between the lift generated by a clrculation contral aerafoil and the wall jet rmomentum
supplied reflects a complox interaction of tho acrofoil design parameters, Factars influencing performance include the
acrofoll shape, leading and tealling edge design, blowing slet width and the number of slots as well as alot(s) positien,
The pertormance of an arbiteary circulation control aerofoll ls dotermined by the interaction of those design

parameters. If a theoretical model does not correctly represent the effocts of those parameters, it will fall to model an ._ .
arbitrary clreulation control acrofoll. The lack of a gencralized performance prediction method has rostricted RIS
circulation contral dovelopment and applications despite its promising performance. :.-.:;-?_ ~.:;.
21 CONVENTIONAL CIRCULATION CONTROL MODELLING :Z--‘_}‘,'.:.’.;
\‘. '.o..'._;.l
There have been several efforts to predict tho performance of an arbitrary circulation control aerofoil, all AL
based on & conventional boundary layer approach to the problem. This approach was developed initially by Dunham ST
(Reference 10) to predict the flow about a circular o linder fitted with a wall jet exhauating near tangentially to Its -,_‘_...,'__‘
surface. Dunham's mathod relled on the conventional boundary layer and wall Jet caleulations to decldo the pressures at M

tho separation points on the upper and lower surfeces. A solution was reached whon a certaln jet strength satisfied RO
Thwaites condition (Reforonce 11) of equal soparation pressures at the upper and lower surfaces. NCACREAC




The model's accuracy of prediction depended on the assumptions made regarding the wall jet
representation, flow entrainment from the outer flow to the jet, and the separation criterion. Dunham's model
satisfactorily predicted circulation control performance trends at low momentum coefficients (Figure 1). However, the
numberical accuracy became poor at high momentum coefficients with small siut widths or when analysing single slot
models. This accuracy reflected the sensitivity of the model to the treatment of separation and entrainment. These
became significant considarations when the length of the surface batween the blowing slot{s) and the separation point
was large, either at high momentum coefficient, or when only one slot was employed at a position far from the
separation point.

Similar methods have been developed (References 12-13), but all these methods relisd on successful
development of semi-empirical expressions to treat turbulent boundary layers and wall jets over curved surfaces in the
presence of an arbitrary pressure gradient. Although esncouraging results have been obtained using this technique, a
more fundamental approach is desirable. It is desirable that such an approach should be sufficiently general to allow
treatment of the many applications of boundary layer control and Coanda flows in contemporary aerodynamics. A new
model is developed, and described below, which is based on a discrete-vortex approximation to the shear layer external
to a wall jet under an external stream.

22 OISCRETE VORTEX MODELLING OF CIRCULATION CONTROL

Discrets-vortex modelling consists of the representation of a shear layer, by a number of discrete vortex
filaments surrounded by an inviscid, irrotational flow. Deformation of the sheet is calculated by evaluating the velocity
induced at each eleament by the remaining elements and satisfying the boundary conditions of the initial flow. Discrete-
vortex modelling has been applied to a wide range of flows which include shear layer(s). Rosenhoad (Reforence 14)
applied this technique to the shear layer formed between two uniform streams of flow with equal speed In opposite
directions. The same technique was used to represent the two shear layers separating a stream from an exterior atream
flowing with equal speed in the opposite direction (Reference 15). Gerrard (Reference 16) adapted this approach to
model the wake shed by a bluff body, the shear layer at the wake boundary oeing represented by discrete vortices
introduced into the flow at successive time steps.

The application of this technique to circulation control was developed Initially for circular cylinders
(Reference 17), then extended later for other forms of aerofoils (Reference 18). Several modificationa and
developments have been Introduced since, and the latest form of the models is presented balow.

31 MODEL DESCRIPTION

Initially, the flow about a circular cross-gsection in a uniform stream Is modelled with zero circulation, The
clreular boundary is formed by introducing a doublet into the uniform stream. The shear layer formed at the edge of
the jot is represented by a series of discrete vortices, The shear layer ls formed as the jet emerges from the slot, 30
the vortices are intraduced progressively to simulate the growth of tha jet as it leaves the slot and flows downatream,
The tirst vortex is introduced at a point above the elrcular boundary where the slot is located. The distance of this
point from the baundary is the slat width, The vortex Is accompanied by an lmage vortex inside the baundary, with the
same strength but oppasite sense of rotation. The position of the image vortox ls decided by the equatlom

Rle b Rzo (1)
where Ry 1 Radlal distance of the vortex

R} 1 Radlal distance of the image vartex
Ryt Radius of the circular boundary

The reason for Intreducing the image vartex ls Lo preserve the shape of the clreular baundary by ensuring LI
the absence of any normal velocity at the circular boundary. The external vortex moves a specifled distance step after e
calculating the induced velocities on this vortex by all elements of the flow field, including its Image. The image
vartex position s readjusted according to equatl .n (1), while a new vortex is introduced at the slot lip with ita naw
image. The process is repeated, allowing each vortex to move a distance proportional to the time taken by the initial
vartex to move aver the fixed distance-step, and also te the local velocity ot the vortex in question. After each step, a
new vartex/image is introduced et the slot lip. The process leads eventually to a sheet of discrete vortices as shown n
Flg.a.

32 JET DECAY

In the real flow, the jet momentum decays due to viscous and mass entralnment effects. As a segment of
the jat mass flow leaves the slat and flows downstream, a gradual loss of its momentum cccurs due to viscosity and
entralnment from the external flow. This loss In momentum may be represented In the madel by the use of a time
dependent vortex decay. The rate of loaa of momentum s expectad to be ln proportion ta the initial Jet momentum and

the external flow momentum. Therefore, an arbitrary form of decay has been adopted in the model by reducing the e
vortex strength as it flows from the slot. Assuming that the initial strength of the vortex is {(), then its strength will OGN N
be reduced to the value ROt
,\‘,w.:,-.

v(t) = o BXP(~ Kluyat/d) (2) ;-\._,«\.‘,:.

where Uat Free stream velocity
d 1 Distance step
t : Time age of the vortex
K 1 Arbitrary constant
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The value(y,/drepresents the circulation per unit length of the shear layer when the jet leaves the slot, hence it can be
used as a measure of the jet momenturn. The value y, is a measure of the momentum of the external flow. The chosen
form .of decay obeys the observed conditicns that the strength of the vortex becomes zero as its age incroases
indefinitely and that its decay is most rapid, when the vortex age Is small and the shear Is greatest.

3.3 CALCULATION OF THE LIFT AND JET MOMENTUM COEFFICIENTS (C_snd C3)

The lift coefficient (Ci) Is calculated by integrating the normal local pressure coefficients (G on the
circular boundary, determined as usual from

Gy, = 1 - (U, /002
where U, = local velocity induced by all the flow elements.

The jet mass flow rate (i ) is defined as oV b3, where V3 Is the mean jet velacity at the slot exit, ty is the
jet thickness at the slotV, is calculated in the model as the surface velocity beneath the slot lip and defined as V4. The
jot momentum |s then defined as the product of rh and the increment In surface velocity beneath the slot(aV)due to the
presence of the jet. In defining this jet momentum, a primary consideration is that the momentum coefficient
predicted should be zero when no air is supplied to the blowing system. Therefore the jet momentum coefficient is
calculated as:

Cy = (Vg AV :j)/(uf Ro)

vhere Vg is the total surface velocity at the slot and AV is the velocity induced at the surface by the
vortices only.

4.1 MODEL CONVERGENCE AND SENSITIVITY TO VORTEX SPACING
The lift and momentum coefficients will be reliably pradicted when the following conditions are met:-

1) the geomotry of the jet sheat should stabilise so that the intreduction of additional vortices have no
eftect on it

2) the vortex spacing used to model the jet shaet should not affect the lift and momentum coefficienta.

In the previous sections it has been shown that the process of introducing vortices at the slot lip eventually
led to & fixed geometry for the jet sheet which waa unatfected by the Introduction of further vortices at the slot lip,
thus satisfying condition (1) above.

Condition 2 was tested by evaluating C|_ and C for different values of the vortex-distance ratio (¢ = d/R)
far appropriate Initlal vartox strengths y, determlneta s0 thaty o/dll, remained constant. Figures 3 and 4 show that the
predicted values of C and Cg is strongly dependent on the voriex-distance ratio d'. Tho curves of bath figures suggest
that there are unique values of Ci_ and C) when d¢' = O. Tha curves do not continue to d* = 0 bacause the etfect that ono
vortex induced on ita immediate nelghbours became very large at wnall d* and the resultant motions of the sheet are
best described as ehaotie. To solve this problem, a vortex splitting process has been adopted, as oxplalned below.

4.2 VORTEX SPLITTING

In order ta study the convergence of the model's prediction, further reduction in the vortox distance is
needed, without altering the contour of the vortex sheet. Reduction of the vortex distance la posalble by splitting the
vortices after the sheet's contour haa been established, Each vortex in the sheet is divided Into a group of sub-vortices.
The sub-vartices are spread alongte line separating this vortex from the naxt one. The strength af each sub-vortex s
calculated in proportion with the general decay of the sheet as expressed in equation (2), provideJ that the total
strength of a group of sub-vartices aquals the streagth of the ariginal vortex which was split.  This has similarities to
Maskew's work (Ref.19).

The splitting pracess allows an Indefinite reduction in the vartex distance without altering the contour of
the vortax sheat, o the circulation,

Figures $ and 6 shaw the resulta abtained by introducing the splitting process to the model, The tigures
show that both €| and C) eontinue to converge towards ultimate values, aa suggested befare by Figures 3 and &, A
wider range of lnvestigation an ditferent clroular cylinders has concluded that if the vortex distance s eventually
reduced te 0.1 per cent of the cylinder’s radius, the predicted Cy and C3 values will converge to within 0.5 per cent of
its ultimate values. The ultimate values are those expected It the vortex distance ls reducalto zero, Le. when the
vortex sheel becomes 3 continuous sheet of vorticity., The model, In this form, has successfully represented a
continuous sheet of vorticity by a discrete vortex model.

5.1 COMPARISONS WITH EXPERIMENTAL DATA

The mathe atical model has been applied lo @ wide range of circular cylinders and its predictions
compared with the corr=sponding experimental data. The applicatica has covered different circular eylinder designe
and flow conditions. A v arlety of circular eylinders have been tested wud reported in Ref.(2). Two of those madais have
been chosen to demonstrate the vortex model's prediction capabllity. Flgure 7 shows the comparison for a single slot
model (ROMNEY MODEL 2 BUILD 4) at two angles of attack. Figure Ta represents the case whon the slol was
located at the top dead centre, with the wind tunnel speed at M.= (L2, In Figure Tb tha alot was maved (P aft trom top
dead contre, while the tunnel spoed was 8l My = (L34, The prediction has been calculated in each case for different
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values of the arbitrary constant 0<), defined in the decay equation (2). The model gives an excellent prediction of the
experimental results when K = 0,165, Despite the differences in free stream velecity and siot position, the same value
of K has produced equally good agreement with the experiment shown in the second case (7b).

A different model (ROMNEY MODEL 2 BUILD 2) has been used for further comparison. The model
employed two slots, one at top dead centre and the other at 30° downstream, while the wind tunnel speeds were M, =
0.2 and 0.32, as shown in Figure (8). The discrete vortex model has been applied in this case by introducing vortices
from the two slots simultaneously, Both sheets have the same intensity of vorticity, the total jet momentum
coefficient is the sum of both jet momentum coefficients. The motion of each \ortex is decided by the velocity induced
on this vortex by all vortices in both sheets. Figure 8 shows that the prediction is consistent with that produced in the
single slot model, since the value of K remains virtually unchanged. The comparison of the discrete vortex model's
prediction with other circular cylinders has produced the same conclusion. The value cf K remains near constant in all
cases, regardless of the modei's dimension, slot(s) position on free stream velucity. A similar conclusion has been
obtained when the model is epplied to cross-sections other than circular. An example of this application is shown
below,

5.2 APPLICATION OF THE MODEL TO ELLIPTIC-SECTIONS

The discrete-vortex modelling may be used to represent a jet on othetr cross-sections. The modelling can
be applied to any section provided that it can ba represented by potential flow elements such as doublets, sinks, sources,
etc. This representation is essential because it is used as a starting point for the discrete vortex modelling. However,
an alternative mathod to predict the performance of a specified cross-section Is to use the conformal transformation.
If the required section can be produced by a suitable conformal transformation from a circular section, then the
velocity distribution, 83 predicted from the model uiscussed above, can be transfeemed to predict the performance of
the required secilon. This methad has been used to predict the performance of an elliptic-section. The Kutta-
Zhukovsky transformation has been used to calculate the velocity distribution on the elliptic boundary which allows the
calculation of ooth lift and jet momentum coefficients of the ellipse.

A comparison with exparimental results ia shown in Figure 9. The experimental model is Allcock's elliptic
section 10/A (Reference 3), the section has a thickness chord ratio of 20%, with tha slot located at a position of 0.84C
from the leading edge, C being the cherd of the ellipse. Figure 9 shows a similar result to that demonstrated for tho
circular section. A value of K within the range of 0.15-0.165 brings the model's prediction into very good agreement
with the experimental data, further supporting the thought that K may be a constant irrespactive of section.

6.1 BOUNDARY LAYER MODELLING 8Y DISCRETE-VORTICES

The provious discussion has shown that the discrete vortex modelling of the jot's shear layer successfully
predicts the lift produced from an erbitrary aerofoil section with circulation control. The model In its present form
cannot provide a prediction of the drag produced frem such an aerofoll. An aceurate prediction of the drag requires
additional modelling of the surface baundary layer. The syrface boundary layer Is a shear layer which forms on the
aerofoll boundary due to the “non-slip* condition at the surface. The surface shear layer is formed between a zero-
velecity surface and an external flow of non-zero velocity, while the jet shear layer is formed between a high velocity
jet flow and an external slower velocity flow. Therefore the surface shear layer can be considered as a sheet of
vorticity similar to that of the Jut but with the opposite sense of circulation, While the jet sheet speeds up the flaw at
the upper surface, the boundary Jayer sheet tends to slow the flow down. Therefore the circulation in the two sheets
will be oppasite, A discrete vortex model of the boundary layer on an unblown circular section has been developed prior
to combining it with the jet madel in order to predict bath lift and drag,

6.2 UNBLOWN CIRCULAR SECTION BOUNDARY LAYER MODEL

A modal of discrete vortices, which represent the bounxdary layer, must satisfy the boundary eenditions of
the tlow in this layer. The velocity profile inside the boundary layer should satisfy the two basie coaditions of zero
velacity at the surface and a veloelty at the outer edge of the profile equal to that of the potential flaw, The presence
of the vartices shauld create a velocity field which, when combined with the patential flow field, leads to a velocit
profile similar to that measured in the boundary layer. Figure 10 explaine how a pair of vertices (vortex +» image
create a velocity profile that alters tho potential flew profile into one similar to that of a boundary laysr. The
magnituda of the veloeities in the vortex profilo depend on the strength and position of the vortex relative 10 the
clreular boundary, as well as the angular distance of the vartex from the eontrol point A,

To calculate the strength of the vortex, consider a8 control area as shown in Figure 11. The area lles
betweon two arbitrary angular pasitions (91, 82), its internal edge is the circular cylinder surface and the outer edge
lies in tha flow just outsida the boundary layer. The total eirculation boyndsd by this dapea 1o calevlated an

Y'fqu

where q = the veleeity tangential to the area's boundary
und da = element of distance along the area's boundary

Since q = U along the circle surtace
82 % Ry
I%z‘”“"[“u;d’

q ! Poteatial flow tangeatial velocity
Qqn ¢ Normal velocity inside the boundary layer
8 1 Angular position measured from the leading adge

wlere
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Assuming that the change in the normal velocity between positions 8 ande; s negligible, i.e. g, ~ %2
82
Y= J qe d0 &)
Ry oy ¢

The circulation calculated in this way satisfies the conditions of zero surface velocity, snd that the
velocity outside the boundary layer is that of the potential flow. However, if equation (3) Is applied for the vortices at
positions ‘ §590°, the calculated circulation will decrease as o increases because of the reduction in g . This is not
physically . ceptable, since the boundary layer vorticity has to increase because it represents the momentum destroyed
by the surface. Therefore it has been assumed that the vortex strength remalns constant for the region 8 >90°. The
complete modelling of the boundary layer starts by dividing the layer along the surface into (n) control aress of equal
angular width. The circulation within each box Is celculated according to equation (3) or according to the assumption
mentioned above, then each calculated circulation is concentrated in s single vortex at the middle angular position
between 81 and 65 (Fig.11), The distance of each vortex from the circular surface is decided by applying the condition of
zero velocity at (n) control points on the circle. The control points are chosen at the intermediate snyular positions
between the vortices. These points are used as reference points for calculating the velocity profiles across the
boundary layer. The application of zero velocity condition leads to (n} algebraic oquations which cen be solved to
calculate the exact positions of the vortices. The model adopts two groups of (n) discrete vortices to represent the
boundary layer at the upper and lower surfaces, but only (n) algebraic equations are solved because of the symmetry of
the flow on both surfaces. The velocity profile has been calculated at each control point, and the outer edge of the
profile (Rp) is considered to be reached when the calculated velocity equals that of the potential flow,

The calculsted velocity profile has been used to calculate the displacement thickness st each control point.
The displacement thickness is calculated from the equations:

%o

whore dy : distance element along the radial direction
84 t Displacement thickness
P# denotes the original potential flow
BL denctes the boundary layer due to vortex flow

ol (el ([Pao], wmnenes

This equation s driven from the definition of the displacement thickness as the distance by which the
potential flow streamlines are displaced by the presence ot the boundary layer.

The preasure coefficiont at this polnt ls then defined s

Cpsl- (wg/W?

where gy is the tangential potential flow velocily at the distance R4 The pressure coefficient distribution along the
surface s used to correlate the model's prediction with the experiinental data. To complate modelling the flow around
the circular cylinder, It is necossary to model the separated flow region bohind the cylinder. The position of the
separation paint is decided from the caleulated velocity profiles hy uaing the definition of soparation. The separation
paint is defined as the point where the surface shear stroes vanishes, Lo, when the tangential velocity gradient at the
surface becoines zoro (/3,5 0. This gradient has been calculated from the velocity protilo at each contral paint until
its valun reaches zero. The separation is consldeted to oceur at this position and the separation pressure coafticient ls
taken aa tha pressuyre coefficient of this peint, Since the soparated flow reglon has constant pressure, it is simulated by
intradueing @ number af doublets on the surface between the separation poimte. The streagth af thesa doublols are
docided by applying the condition of constant scparation premure at the control pointa in the saparated area.

The model's prediction of the preasure coetficient distribution has been compared with Acheahach's deta
(Refaerence 20) for a supercritical flow, i.e, the turbulest houndary layer is fully developed. Figure 12 shows t'e
comparison butween experlment, potontial flow and model's prediction. The figure shows how the mumber af vartices
has affected the predicted separation position and pressure. It has beon found, as suggested by the figure, that the
prodiction converges rapidly as the number of vorticos increases. If the munber i3 increased more than 6, there s
little offect on the predicted position and premure at separation. Apart from the on botweon @ B3° and 108°, the
prediction haa produced a very good agreament with the esperimontal data. The deficlency In the prediction in this
region ia probably due to the assumption of constant vortleity in the reglon of 8> 0% The modalhs prediction la
expacted to improve If the vortieity increases in this reglon rather than remaining constant. Further invostigatian is
required to find a farmula governing the growth ot varticity in this region. The deag coefficient Cp has been calculated
by integrating the predicted pressure distridution, and compared with the experimental value. The peedicted pressure
distritution gave & valun of Cpy = 0,768, white the correspondiing exparimontal value was Cpy s L7393, that s, an errer of
loss than 2%. The noticable errar in the model's prediction of the Cg distridution in the reglon of 105 29 > 85° has, 8
expocted, & vory small contribution to the calculated value et Cp.

A CONCLUSIONS

A thaarelical model has heen developed to predict the performance af an arditrary sovofoll whose
cireulation (s controlled by blowing, Tha model relics on reprosenting the éxisting shear layee(s) by shoat(s) of discrete
vortices rethar than using the conventional boundary (shwar) leyer enalysin Initially, a model has deen develaped to
prodict the lift end jet momentum coafficients of s section equipped with 8 alot which discharges s wall jet
downstream. The shear layor betweon the jor anc the external flow has boon represonted by a saclos of vortices
emnarging from she aot. The model has employed s form of vortex time dacay (o simulate the real jot dstny due
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viscous and entrainment eoffects. It has been assumed that the strength of docay is in proportion to the oxternal flow
momentum, the jet momentum and an arbittary constant of decay. In comparison with experimental data, the modol's
prodiction has shown that tho valuo of this arbitrary constant is approximatoly fixed despite the wide variations in
model gcomatry, number of siots and oxtornal flow velocity, In order to predict tho drag of the circulation controilod
scrofoil, & sccond modol has beon developed to represent the boundsry layor on an unblown circular acrofoil, as an
Initial step towards combining the two modols for the prediction of both lift and dreg. The boundary layer, as a shoar
layer, has boen roprasonted in the modol by a sorios of discrote vortices, whilo tho separatod flow reglon has been
simulated by s group of doublots. Tho strongth of vortices/doublots has boen calculated using the boundsry conditions
applicablo to tho boundary layer and soparation criteria. Tho modol's prediction of the pressure distribution around the
surface has producod reasonable agreemont with tho oxperimental data of tha unblown circular soction. The
oxporimental drag coofficient is prodicted thooretically, with an orror of only 2%.

A combination of tho jot and tho unblown modols is oxpocted to rosult in a genoralized reprosentation
which predicts both Jift and drag coofficionts of an arbitrary circulation controllod acrofoll. 1t is also oxpacted that by
combining tho jot and the boundary layer sots of vortices, an oxplanation for tho ncarly constant value of docay in the
jot modol may bo posaible.
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