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Unsteady Aerodynamic Characteristics
of Airfoil with Moving Spoilers

C. Xu*and W. W. H. Yeung®
Nanyang Technological University, Singapore 639798, Republic of Singapore

A discrete vortex model is developed for simulating unsteady separated flow around an airfoil with a conventional
or base-vented spoiler when the spoiler is deployed at a finite speed. The airfoil and spoiler are discretized by linear
segments. A linear distribution of vortices and a constant source are used to represent each segment, forming the
basis of the present method. Discrete vortices are shed from each separation point. A new sharp-edge condition
is formulated such that the location and strength of the nascent vortex near a separation point are determined
by means of the continuity equation and the momentum principle. A method to model the moving surface is
also presented. The no-slip condition and a diffusion scheme were incorporated into the numerical simulation for
simulating the flow around the base-vented spoiler. The computed results are compared with those of other methods
and with experimental results for the conventional spoiler. The computation of a base-vented spoiler shows that
base venting can reduce the adverse effect when the spoiler undergoes rapid deployment. The comparison indicates

that the present method provides reasonable results.

Nomenclature

influence coefficients
coefficients for series

B,,, B;}q = influence coefficients

L = lift coefficient

Cra adverse lift coefficient

pressure coefficient

influence coefficients

= chord of the airfoil

= domain

= influence coefficient

length of element

number of shed vortices

number of nodal points

= normal unit vector

= number of terms in series

= pressure

= total velocity

= Reynolds number

radius

= radius of vortex blob

= control surface

nondimensional time

time reach onset of lift

= time to reach maximum lift

= time

= freestream velocity

= global coordinates

= length of nascent vortex sheet

= distance between two vortices

= airfoil incidence

= half-angle of trailing edge

circulation of vortex

strength of vortex

difference

spoiler deployment angle

error of calculation

= local coordinates
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complex term

kinematic viscosity
density of fluid

= source strength

= velocity potential

vortex shedding angle
stream function

vorticity or angular speed
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Subscripts

/.
L, J.P.q
N,N -1

airfoil

running indices

upper surface elements at trailing edge
shed vortex

tip of the sharp edge

w wake

0 = nascent vortex or initial time

1,2 = lower surface elements at trailing edge
00 = freestream
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I. Introduction

N the development of new aircraft, much attention is given to

the time-dependent aerodynamic characteristics of the control
surfaces. Time-dependent separated flows with moving boundaries,
such as the flow around an airfoil with a moving spoiler, are gener-
ally difficult to compute by using the Navier-Stokes equations.! To
obtain engineering solutions for these types of flow problems, sim-
pler mathematical models are often used. The panel method is one
of the most economical models for separated flow calculation. In
this study, the panel method has been extended to solve the moving
spoiler problem.

Recently, Tou and Hancock® used the panel method to model
the unsteady flow around an airfoil with a stationary spoiler. How-
ever, their method was found to be unsuitable for the flow around a
moving spoiler, as concluded in the study. Computed results of the
lift variation with time are highly irregular when the deployment
angle of the spoiler is small, mainly because the method cannot
satisfactorily deal with reattached flow behind the spoiler. Bearman
et al.’ used conformal mapping to study the stationary and moving
conventional spoiler problems. However, the conformal mapping
method is difficult to extend to three-dimensional flow simulation.
Developing a panel method to simulate the unsteady flow around
an airfoil with a conventional spoiler is still a challenge to aerody-
namicists. The objective of the present investigation is to develop
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numerical methods to study the unsteady flow around an airfoil with
a conventional or base-vented spoiler.

Models combining the panel method and the discrete vortex
method are developed for unsteady separated incompressible flow
around an airfoil with a conventional spoiler. Special features in
the two present models include the introduction of a nascent vortex
sheetat each sharpedge for vortex shedding, splitting of the vortices
when the distance between two neighboring vortices is greater than
five times the distance between the trailing edge and its nascent vor-
tex, and the introduction of the vortex-blob concept to include the
transient and viscous effects. The shed vortices form the wake be-
hind the spoiler and airfoil trailing edge are convected downstream.
This method tracks the trajectory of each vortex as a function of
time since its creation in the flowfield. The calculated results show
that when the spoiler is extended, qualitative trends of the lift C;
are similar to the results of experimental measurements*> The in-
fluence of the spoiler deploymentrates on the transientlift has also
beeninvestigated,and the flowfield behind the spoiler was obtained.

The adverse lift effect may be significant even in the case of a
moderate rate of spoiler rotation. It can be as large as 50% of the net
changeinlift.’ This effect may influence the aircraftbehaviorduring
landing. A methodis proposedto reducethisinitialincreasein liftby
creating another starting vortex whose sense of rotation is opposite
to that created by the conventional spoiler. This can be achieved by
simply introducing a gap between the spoiler and the airfoil such
that a counter-rotating vortex pair is shed from the upper and the
lower tips of the spoiler. The initial increasein lift on the airfoil will
diminish because of the reduction in net circulation of the vortex
pair. Although some experimental investigationassociated with the
unsteady flow around a base-vented spoiler has been conducted, as
reported by Yeung et al..® the computational aspect of this kind of
flow is limited in the literature.

The flow around an airfoil with a base-vented spoiler is more
complicated than flow past a conventional spoiler because the flow
that separates from the lower tip of the spoiler may be strongly in-
fluenced by the boundary-layerseparationon the airfoil upstream of
the spoiler. The construction of the present numerical model takes
this aspect of flow into consideration. The no-slip vortex scheme
was developed to solve the flow around an airfoil with a base-
vented spoiler when a spoiler is opened at a finite speed. The com-
puted flow patterns with different time steps were obtained, and the
computed results are compared with experimental results and flow
visualizations’

II. Mathematical Model

A. Method of Solution

The computational method presented here involves four stages.
The first stage is the potential flow calculation,in which the surfaces
of the airfoil and spoiler are discretized into panels. Each panel is
represented by a linear piecewise vortex and a constantsource, with
their strengths determined by satisfying the normal flow condition
at the control point. Then, the unsteady separated flow associated
with an airfoil and a rapidly extended spoiler is calculated by using
the discrete vortex method involving the other three stages, namely,
vortex shedding, convection, and diffusion. To establish the con-
dition of normal velocity at each point, the velocity potential and
velocities influenced by singularities need to be constructed.

The influence at point P(§,, n,) from a vortex distribution of
strengthy locatedbetween&, and&, | | is anintegral of the influence
from this element g. Therefore,
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Consideralinear vortex distributionalongthe & axis.Ifits strength
varies from y, at & to y,4 at & 1, its influence at point P is
obtained by integrating Eqs. (1-3). As a result
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These equations were used in the present numerical analysis in
representing the airfoil surface. Similarly, the velocity components
and velocity potential at point P for a source of strength o located
at (&, 0) in Cartesian coordinates are

®, = (1/27)0 b (5, — £ + 12 @)

1 gt
u, = 2710—(5,, _5)2_’_)7% 8)
! i ©)
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Considerthe sourcedistributionalongthe £ axisinalocal coordinate
system (&, ). The influence of this distribution at point P is an
integral of the influence of the continuous source from Eqs. (7-9):

1 §g+1
®) =5 § 0 ba /(&) — ) + 1 dE (10)
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The boundary condition of zero normal velocity is imposed at the
control point of each panel. The velocity formulas in Egs. (8), (9),
(11), and (12) are used to calculate the induced velocity. A system
of linear equations results:

N+ Ny N
Z quyq +UZqu :_(Uoo"_uwvvoo—’_vw)'np (13)
1

q= g=1

The velocity components induced by the wake vortices u,, and v,
can be calculated by
Uy = vam

Uy = E upmv
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where

WL Yp = Y }
e " 27 (xp - xm)z + (yp - ym)z

b = _I L Xp — Xy i|
e '"27_[ (xp_xm)2+(yp_ym)2

In addition, Kelvin’s theorem has been used for keeping the sum of
the circulation around the body and wake constant. That is

d_r _ A(Fairfoil—spoiler + lﬂwake)

= =0 15
dr At (15)

The advance of each free vortex in locationis calculated from the
following finite difference equations, as suggestedby Clements and
Maull®:

x(t+ At) = x() + L5Atu(t) — 0.5Atu(t — At)  (16)

y(t 4+ At) = y() + 1.5Atv(t) — 0.5A1v(t — At)  (17)

B. Sharp-Edge Conditions

The usual assumptionin inviscidanalysis to deal with sharpedges
is that the net force cannot be sustained across the fluid element
joining the sharp edge and its concentrated vortex, as employed by
Edwards and Cheng.? This enables the determination of the position
and strength of the concentrated vortex. Hsu and Wu'® introduced a
scheme forshed vortexinteractionbased on the momentum principle
in the study of the blade-vortex. The present study employs the
assumption in Ref. 9 and extends the model in Ref. 10 to separated
flow.

Consider the case of the conventional spoiler in Fig. 1. To deter-
mine the positionof the nascent vortex sheet near the sharpedge, the
flow directionand velocity along the vortex sheet downstream of the
sharp edge should be determined. Suppose that the flow separates at
the sharp edge and the boundary layers of finite thickness are repre-
sented by a vortex sheet of zero thickness. The flow approachingthe
trailing edge on both surfaces of the sharp edge will tend to zero in
the direction normal to the sheet. In the unsteady separated flow, the
wake vortex sheet is, in general, not parallel to either the upper or
lower surface of the sharp edge. Applying the momentum theorem
to an infinitesimal control volume in Fig. 2 gives

/pQ(Q-dS) =0 (18)

Equation (18) can be written as two scalar equations in the & and n
directions.

Qu

Fig. 2 Control volume near the trailing edge.

If the net force across the sheet is zero, the momentum equation
on an infinitesimal control volume in the 1 direction is

u%lsinz(ﬂ—w)—uzm sinz(ﬂ—l—(p) =0 (19)

where uy and ury are the tangential velocities of the flow at control
points 1 and N, as indicated in Fig. 2. The quantities 28 and ¢ are,
respectively, the sharp-edge angle and inclination of the nascent-
vortex sheet with respect to the angle bisector of the sharp edge.

If ur; sin(B — @) —ury sin(B + ¢) =0, then

tang = [(ur; —ury)/(ury + ury)]tan g (20)
But, if u7; sin(8 — ¢) +ury sin(8 + ¢) = 0, then
tang = [(ur, +ury)/(ur —ury)]tanp 21

Equation (20) (for ¢ < B) is reduced to Eq. (21) (for ¢ < B) ifury
is negative. Therefore, either Eq. (20) or (21) can be used.

For a sufficiently small control volume, the continuity equation
can be written as

/,oQ-ds=0 22)

Applying the continuity equation to a sharp edge yields
Ug) + gy = ry cos(B + ¢) + ur; cos(f — @) (23)

Using the fact that the nascent vortex sheet moves with the local
velocity of the shear layer, the length of the sheet is given by

I = (us; + Mgz)Af/z 24)

The strength can be expressed as a function of the tangential veloc-
ities across the sheet, and is equal to

ury = (Yyn-1 +yn)/2 (25)
ury = (y1 +y2)/2 (26)

Equations (20) and (24) permit the inclination and length of the
nascent vortex sheet to be determined. It is important to point out
that the present sharp-edge flow model is established based on a
viscous flow analysis. It cannot be obtained on the basis of potential
flow analysis.

C. Unsteady Kutta Pressure Condition

After determining the inclination and length of a nascent vortex
sheet, the unsteady Kutta pressure condition is used to determine
its strength. In the present analysis, the sheet having a circulation
[0 is allowed to change with time. This requires the feeding of
vorticity, and results in a nonvanishing pressure across the sheet. If
the length of the nascent vortex sheet is 2Z, the force on the sheet
according to Ref. 9 is given by

dl,0
dr

F=—p Z=pV'Tu=0 27
where V* is the velocity of the local flow at the midpoint of nascent
vortex sheet. Therefore,

[MZ + (ylip + J/wo)gi| = ()/lip + ywO)V* (28)
dr dr
where lﬂmO = ZZ(Vnp + ywO)'

At each time step, it is necessary to invoke a Kutta pressure con-
dition linking the pressures at the spoiler tip and trailing edge. The
outside and inside of the wake element at the airfoil trailing edge
are numbered 1 and 2, respectively, whereas 3 and 4 are for those
at the spoiler tip (Fig. 1). From the unsteady Bernoulli’s equation
between 1 and 3:

0D,

3D,
P+ = pQ2+p7—pz+ pQ3+p7 (29)
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Hence,

(Q3+Ql)(Q3—Q1)+8((D3_q)I) (30)

2 ot

pP3—P1=—p

Applying Bernoulli’s equation from side 4 to side 2,

[(Q4 + 02)(04 — Q) I (P4 — D)) |

—p, =— 31
Ps—pr=—p I > T B
The Kutta pressure difference condition can be written as
P3—P1=Ps— D2 (32)

Equation (32) is a nonlinearequationinvolving y and o, and can be
solved by using the Newton-Raphsonscheme.!! Equations (28) and
(32) permit the strength of a nascent vortex sheet to be determined.

In the calculation by Kim and Mook,!? the condition of vortex
strength at the sharp-edge pointis equal to zero and a wake vortex of
unknown strength is placed there. This implies that their algebraic
equations require an optimization technique to produce a determin-
istic system. Here, this conditionis replaced by a new condition that
the velocity gradients along the upper and lower surfaces are the

same, i.e.,
dy dy
2} =< 33

The second-order backward-differencing scheme is used to solve
Eq. (33).

D. Moving Surface

The following describes the mathematical formulation of a body
with a moving surface. The continuity equation in terms of the
velocity potential ® is

Vip =0 (34)

Note that Eq. (34) does not include the time derivative, but is intro-
duced through the boundary condition. Let the coordinate system
(X, Y) be fixed to the airfoil, and the spoiler rotation rate in the air-
foil frame be w. The position vector from the spoiler hinge point to
any other point on the spoiler is r. The normal boundary condition,
which requires zero normal velocity at each point P on the body, is
satisfied by the following equation:
V& —-wxr),-n,=0 (35)
The incompressiblecontinuity equationin the integral form states
that the change in mass within a closed boundary is zero:

/deD-nds=0 (36)

Sp

If the surface S, representsa solid surface, then the internal mass is
unchanged, i.e.,

Cbin - 0 (37)

A discontinuity in the velocity field may be represented by a
source distribution. In this way, the moving surface can be seen as
a distribution of sources in which the velocity component normal
to the surface is determined by the strength of the source at that
point. In other words, the velocity componentnormal to the moving
surface at a given point determines the strength of the source at
that point. If the speed of the moving surface can be represented by
velocity potentials outside (®) and inside the body (®;,), then the
strength of a source distribution can be written as

0D 0®d;,
On = ‘<a—n ~ on ) (38)

Substituting Eq. (38) into Eq. (35) yields
On =—(wXr), n, (39)

where d®;,/dn = 0 from Eq. (37) is used. In this way, the moving
boundary condition can be represented by the addition of sources.

E. Combining Vortices

Two or more vortices may be amalgamated into a central vortex
in numerous ways for a number of reasons,'>!* namely, to limit
the unrealistically large velocities induced in each other, to simu-
late more closely some merging that occurs naturally, and to reduce
the computational time. Amalgamation is an approximation and
there is no correct way to performit. In addition, it is often difficult
to assess the more elusive effects of merging on the numerical pre-
dictions because the problem is highly nonlinear. The consequences
are intermingled with those of many other parameters and ad hoc
assumptions. It has been customary to amalgamate two or more vor-
tices into a single vortex of strength placed at the center of vorticity,

given by
z:Zr,z,/Zr, (40)

In the presentcalculation, the total number of discrete vorticesin the
wake is kept at 4000. In other words, when more than 4000 vortices
are present, some vortices are combined into one vortex by using
Eq. (40).

F. Splitting of Vortices

In the calculation, the complete flowfield is represented only by
discrete vortices. When one vortex is far away from another vortex,
there is no information to represent the fluid motion between the
two vortices. The method of vortex splitting is applied to gain more
information about their trajectories. Mook et al.!> suggested this
method to improve the accuracy of simulating the unsteady wake
behind an airfoil. The vortex splitting method used in Ref. 15 con-
sists of splitting two vortices into three. The procedure of vortex
splitting used here is illustrated in Fig. 3. Let d be the separation
distance between two vortices of strengths I'; and I'; at time 7, be-
cause d is larger than a specified critical length d, (here d, is five
times the distance between the trailing edge and its nascent vortex).
Before time ¢ + At is reached, two vortices of strengths I'; and I',
are split into five vortices of strengths equal to

' =T/3, 'y =T/3, Fp=({+T2)/3
(4D
Iy =T,/3, [y =T15%/3
at locations as shown in Fig. 3. This scheme is implemented in the
computation.

G. Zonal Decomposition Algorithm

A disadvantage of the discrete vortex method is that its computa-
tional costforupdatingthe flowfield rises as the square of the number
of discrete vortices. The reason is that when the time step is small

)0 I
\1/ \} Original
d
T Tio T T2 Ty Modified
v >\} 2
/1 a2 U de a2 U dn

Fig. 3 Vortex splitting scheme.
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and the number of vortices is too large, each vortex is influenced by
the others. There are two methods for tackling this problem. One is
to design a zonal decomposition algorithm'®!” to reduce the oper-
ational cost of each time step. The other is to design a program to
run on parallel-processinghardware to gain the performance ben-
efits. In this research, the zonal algorithm was used to reduce the
computational time.

Following Clarke and Tutty,'” N, vortices are assumed to be con-
tained within a domain D. When sufficiently far away from D, the
velocity induced by all N, vortices may be calculated by using a
Laurent series of n, terms, where n, depends on the accuracy re-
quired. “Sufficiently far” in this case is relative to the maximum
distance from any vortex to some arbitrary point in D. This maxi-
mum distance is termed the “radius of a zone.” The coefficients of
the Laurent series can be calculated in advance of the summation
relative to this arbitrary center point A. Hence, beyond a certain dis-
tance from the center, the series can be used. And, if N, is large,
work is saved in comparison with direct summation over each vor-
tex. The formulas for the coefficients, velocity, and convergence
condition are

Np

G=Y T — 1" (42)

j=1

ne

1
W@ =@ ==Y ak-0F+0E) 43

k=1
provided that
|z = Al > h(n,e)-sup(lz; —Al:j=1,...,N,) (44)

where a, are the coefficients for the zone; I';; and z; are, respectively,
the strengths and positions of the vortices in the zone; X is the
complex center point of the zone; & is a function depending on n,,
the number of terms used in the series; and ¢ is the accuracyrequired.

H. No-Slip Condition

For simulating the flow around an airfoil with a base-vented
spoiler, as shown in Fig. 4, a suitable numerical should develop,
which can represent separation both upstream and downstream of
the spoiler tips. Because viscosity may play an importantrole when
the gap size is small, more careful considerationabout the boundary
conditions is required. Here, a method is developed to incorporate
the no-slip condition on the airfoil surface.

To satisfy the no-slip condition in the calculation, an extra con-
dition is imposed as follows:

Vo .- 7=V¢o+Vep+Ve,) - 7=0 (45)

where T is a vector tangent to the airfoil and spoiler surfaces. Ad-
ditional singularities represented by a vortex pair (I'), —I'}) have
been added to both sides of each panel at a distancer, away from the
control point C, as shown in Fig. 5. Because of the opposite sense
of rotation of this vortex pair, no additional tangential velocity is
introduced at the control point, but their unknown strength allows
Eq. (45) to be satisfied. In addition, this vortex pair provides zero
additional circulation. Note that because the velocity at the control
point of each panel is zero, the surface pressure of the airfoil cal-
culated from the unsteady Bernoulli’s equation is evaluated at the
point where I', is located.

By substituting all induced velocities calculated as discussed in
Sec.II.A and making use of boundaryconditions[Eq. (45)], two sys-
tems of linear algebraic equations for boundary vortices, shedding

o a0 Q
b &

Fig. 4 Separated flow model for airfoil with base-vented spoiler.

@F‘px

To

£, c b G

o

T, -, Tet

Ty

Fig. 5 Surface singularities.

vortices, and a uniformly distributed source on the airfoil surface
are obtained in the following forms:

2N + Ny AN -1 N1
AT+ Y ALTI+0 Y B,
g=1 g=1 g=1
= _[U(t)+u11:7 V(t)—’_vw]'np (46)
2N + Ny AN - 1) N1
D Culut ) Culy+o ) Dy
g=1 g=1 g=1
= _[U(t)+u11:7 V(t)—’_vw]"rp (47)

_ _ F_m yp — Ym
(uw)p - Zul"" - Z 2T [(xp — xm)2 + (ym - yp)2i|
RN e
(vw)p - Upm = 2 (xp —xm)2 + (yp - ym)z

where m =1, ..., Ny, and N; is the number of the shed vortices.
U () and V () include the freestream velocity components and the
velocity components of the moving spoiler.

(48)

I. Convection and Diffusion of Vorticity

The Navier-Stokes equations show that the velocity of a flowfield
can be consideredas the balance between convection and diffusion.
The convectioncan be calculatedby the influence of bound vortices,
shed vortices, and sources in the flowfield. The convective compo-
nentsof the velocity at (x,,, y,,), due to a point vortex of unit strength
at (x,, y,), are given by

U[‘mn - _ (ym B yn) (49)
27 [ = )2 + G — )7
Van = - (xm — x”) (50)

2 [(xm — %)%+ O — )’n)z]

The velocity components at (x,,, y,) by a point source of unit
strength at (x,, y,) are

(xm - xn)

U(fmn =
2w [(xm —x)2+ O — yn)z]

(5D

(ym B yn)

V{fm’l =
2w [(xm =X, + O — )’n)z]

(52)
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The convection of a vortex at (x,,, y,,) may thus be calculated from
all influence in the field as follows:

2N + Ny Ny N
Uc = Z FnUan + Z lﬂm Urmn + ZUUomn + Uoo (53)
n=1 :;1:/ n=1
2N + Ny Ns N
Uc = Z Fn Van + Z lﬂm Vrmn + Zavnmn + Voo (54‘)
n=1 n=1 n=1
nEN

In the presentcalculation, the diffusive componentof the velocity
is also considered. Following the idea of Lewis,'® the Navier-Stokes
equations may be written as

ow ad v dw 0 Vv 0w
—_—+ — - —— — - —— =0 (55
81+8x [(u w8x>wi|+8y |:<U a)8y>wi| (53)

The diffusion velocity (u,, v,) may be written as

ad
Ug = _i_a) (56)
w 0x
a
Vg = _L_a) (57)
w 3y

where v is the kinematic viscosity of the fluid.
The simplest viscous vortex is the Lamb vortex'* of which the
distribution of vorticity is given by

o = (T /4w vt) exp(—r? /4vt) (58)

The tangential velocity of the vortex is maximum at ro=
2.242,/(vt), and this value is usually considered as the core of
the vortex. Equation (58) is the exact solution of the Navier-Stokes
equations for a single viscous vortex in an unbounded incompress-
ibledomain. The vorticityw at(x,, y,), dueto a systemof distributed
vorticesof circulationT,, placed at (x,,, y,, ), can be approximatedby

w,=—

X — X))+ (Y — yp)2:| (59)
nr

r, exp|:— 5

o

Therefore, (1,4, v;) may be calculated, and the velocity of each dis-
crete vortex is the sum of convection velocity and the diffusion
velocity, i.e.,

U=uc + uy (60)

v =uvc + vy (61)

J. Separation from Smooth Surface

The flow visualization in Ref. 7 shows that a separation bubble
is located upstream of a spoiler. For the conventional spoiler, this
separation only forms a recirculation region on the upper surface.
This region has only a slight influence on the overall lift. Most pub-
lished results indicate reasonable estimates without considering the
bubble.>1¢ In this study, the upper surface separation is ignored
in the conventional spoiler computation. In the base-vented spoiler
case, however, the separationbubble will influence the flowfield be-
hind the spoiler and its characteristics,and the overall circulation of
the airfoil-spoiler configuration. Calculations show that the location
of the separation point (sp) and the inclination 6, of the separation
streamline leaving the separation point are important parameters.
The location is generally a function of the Reynolds number and
geometry of the airfoil-spoiler system. It may be estimated by ei-
ther flow visualization or a criterion of boundary-layer separation.
Although the position of separation may be influenced by the wake
and becomes time-dependent, reasonableresults can be obtained if

itis assumedto be fixed on the airfoil surface upstreamof the spoiler.
In the present calculation, according to our flow visualization, the
location is chosen to be between 0.5¢ and 0.65¢, depending on
the angle of attack and the gap size of venting. The inclination of
the separation streamline leaving the separation point is chosen to
be 45 deg measured with respect to the airfoil surface. If flow sep-
arates at the separation point with a local velocity vy,, then a vortex
sheet for shedding discrete vortices into the flowfield continuously
has a strength equal to

Ysp = Vsp (62)

where the velocity is calculated at the point that is ry away from the
surface. The length of the vortex sheet is equal to the length of the
panel nearest the separation point.

III. Results and Discussion

The nondimensional time step AT = At Q. /c of shedding vor-
tices, which strongly influences the computational accuracy, was
chosen to minimize error of the simulations. In the computations, it
was selected to be between 0.005 and 0.01 for conventional spoiler
cases, depending on the deployment rate of the spoiler, and to be
0.005 for all base-vented spoiler cases. The computational tests
showed that any further reduction in the computational time step
did not reduce the computational error.

A. Conventional Spoiler

At the first step, an 11%-thick Joukowsky airfoil fitted with an
upper surface spoiler of 10% chord in length and hinged at 70%
chord measured from the leading edge of the airfoil is considered.
For comparing results of the present computation with the previ-
ous computations, as well as with experimental measurements, the
cases of slightlyraised and fully closed spoilerare assumed. Various
spoilerdeploymentrates have been investigatedin the present study.
The nondimensionaltime between the startand finish of deployment
To =190 /c falls in the range 0.1-5.0. These rates correspond to
w =500 deg/s of aircraft at high subsonic speeds. For testing the
reliability of the present method to solve the problem with arbitrary
airfoil shape, the NACA 0012 airfoil with a 10%c spoiler hinged at
70%c is also considered. In all studies, a constant angular velocity
was assumed.

InFig. 6, the presentcomputed flow patterns are compared at vari-
ousinstants with computationalresultsin Ref. 3 at the same tip speed

Present Bearman ¢t al.
5=40°, T=0335
I R

e

8=60°, T=1.000

5=380", T=1.665

5 =90° T=2.000

5=90", T =3.000

I A N 4

5=90% T =5.000

Fig. 6 Computed flow patterns at various times (§ = 30 deg— 90 deg,
a =0 deg, and u;p/Q0 = 0.05236).
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ofthe spoileron theinitial flow developmentbehind the spoiler when
it moves continuously from § =30 to 90 deg at a spoiler tip veloc-
ity s,/ Qo =0.05236 and o = 0 deg. The computed flow patterns
from presentcalculationsare similar to the published results. Again,
viscous effects and diffusion of vortices may be the causes of the
difference. The computational patterns show that the shed vortices
diffused more randomly than the previous computations? In gen-
eral, the flow patterns show that a strong vortex, which is made up
of vortices shed from the spoiler tip, grows until it starts to inter-
act with the trailing edge. The vortices from the trailing edge start
to spread into the region behind the spoiler, and eventually disrupt
the vortices from the spoiler tip and cause the spoiler vortices to
be shed.

Figures 7 and 8 show the flow patterns at « =0 deg, when the
spoiler angle § changes from 10 to 30 deg at uy,/ Qo =0.0174,
and when § changes from 0 to 50 deg at i,/ O = 0.37. The flow
development downstream of the moving spoiler is similar to that
of the sudden deployment of a spoiler. The moving speed and the
final inclination of the spoiler determine the strength of the gross
vortex caused by spoiler deployment. The larger the spoiler angle
and the faster the spoiler deployment rates, the stronger the vortex
shed. Figure 9 shows a long-term-averaged pressure distribution
compared with experimental mean pressure.”” The measured and
computed results are in good agreement.

Figures 10 and 11 show the transient variations of lift for the
cases when § changed from 10 to 30 deg, with u,/Q, =0.0174
and o =0 deg by the present method and Ref. 3, respectively. The
general trends of the lift histories are similar to the experimental
results 2’ in which lift is found to increase before decreasing to its
steady-statevalue. Because the presentmethod can easily reproduce
the initial separated flow condition as found in the experiments, the
presentcomputationalresultis closer to the experimentalresult. The
C; reported by Bearman et al.? in Fig. 11 is about 0.2 higher than
that from experiments. Note that the experiments®® had a starting
condition in which the spoiler was slightly raised with a preestab-
lished separated flow before development.

Figures 12 and 13 show the transient variations of lift coefficient
when the spoileris deployed from 10 to 30 deg at i, / Qo = 0.0174
and o =12 deg, and when § is from 10 to 50 deg at ug, / Qo =0.37
and o =0 deg. A short period of adverse lift is induced before the
intended reduction in lift occurs. The lift history at this high rate of
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Fig. 7 Computed flow patterns at various times (6 = 10 deg— 30 deg,
a =0 deg, and u;p/Qc =0.0174).
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Fig. 8 Computed flow patterns at various times (§ = 10 deg— 50 deg,
a =0 deg, and u,/Qc0 = 0.37).
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Fig. 9 Long-term pressure distributions (6 = 10 deg— 30 deg, o =
12 deg, and u;,/Qc0 = 0.0174): , present, and O, experiment.!’
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Fig. 10 Time variations of lift (§ = 10 deg — 30 deg, o = 0 deg, and

Up/Qoo = 0.0174): , present, and - - -, experiment.

spoiler deploymentis similar to that of a suddenly deployed spoiler.
Figure 14 shows the computed transient variation of the lift coef-
ficient compared with measured results’ for a NACA 0012 airfoil
when the spoiler is rotated from 0 to 90 deg with u;,/ Qo = 0.25 at
o =0 deg. The computation agrees qualitatively with experimental
measurement. Again, the phenomenon of adverse lift is predicted
during the spoiler deployment.

Figure 15 shows some typical lift time histories when spoiler is
opened from 10 to 50degat 7, = 0.190,0.358,and 4.00 ate = 0 deg
to indicate how the adverse lift and the time to reach the maximum
adverse lift both depend on the spoiler deploymentrate. In addition,
the integration of the pressure distribution over the spoiler alone
only contributes a small amount of lift (C, ~ —0.0023) after the
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Fig. 12 Time variation of lift (6 = 10 deg— 30 deg, o = 12 deg, and
uip/Q0 = 0.0174).

Fig. 13 Time variation of lift (6 = 10 deg— 50 deg, o = 0 deg, and
uiip/Qo0 = 0.370).

10

Fig. 14 Lift histories for NACA 0012 (6 = 0 deg— 90 deg, o = 0 deg,
and up/Q0 = 0.25): , present, and - - -, experiment.

spoiler deployment, because the suction force between the spoiler
and airfoil can be counterbalancedby a similar downward force on
the spoiler. The unsteady flow induced by the moving spoiler is the
formation of a vortex behind the spoiler, causing a region of suction
on the rear upper surface of the airfoil. The strength of this vortex
depends on the spoiler deployment speed and angle. The growth of
this concentrated vortex causes the lift to increase, i.e., adverse lift,
until the vortex stops growing and starts to convect downstream,
thus resulting in the loss of lift. The flow pattern then repeats with
the development of another vortex from the spoiler, but it is less
concentrated, causing another smaller rise in the lift, etc.

1 L 1 1 L
0 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9 1
T

Fig. 15 Time variations of lift at different 7y (6 = 10 deg— 50 deg,
and o = 0 deg): , Ty =0.190; - - -, Ty = 0.358; and ---, Ty = 4.00.

T
Fig. 16 Time delays in lift.
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-

o
o

4.5

Fig. 17 Variations of time delays with spoiler deployment rate: @,
T,/Ty present; x, T,/Ty experiment®; +, T),/T present; and 0, T,/T,
experiment.?’

Calculationsshow that there is some delay about the changein lift
when the spoileris rapidly opened. This delayinlift can be measured
with two delay times: one is time to reach the onsetof lift change 7,,,
and the otheris time to reach the maximum adverse lift 7, as shown
in Fig. 16. The computed values of 7,/T, and T, /T, are plotted
against the nondimensionaldeploymenttime 7 and compared with
the experimentalresults? in Fig. 17. The trends of 7,/ Ty and T}, / T
are very similar, althoughthe latteris largerin magnitude,in general.
From computations, if T is greaterthan 0.8, 7, / Tj, is usually smaller
than 1. This means that the maximum adverse lift is reached before
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the end of the spoiler motion. Computations show that the time
to reach the maximum adverse lift depends on the velocity of the
spoiler tip.

The computations show that the interaction between shedding
vortices from the spoiler tip and airfoil trailing edge gives rise to a
highly turbulentoscillatory wake, which may affectthe performance
of the airfoil. The most important effect is the adverse lift induced
by the spoiler motion. One possible way to reduce the adverse lift
is to introduce a gap between the spoiler and airfoil, as indicated by
the flow visualizationpicturesin Ref. 7. Because the gap introduces
another separation point near the airfoil surface, the computational
model presented here requires some modifications to simulate this
special kind of flow.

B. Base-Vented Spoiler

A NACA 0012 airfoil fitted with an upper surface base-vented
spoiler of 10%c in length, and hinged at 70%c measured from
the leading edge of the airfoil, is considered here. Because the re-
sults are compared with flow visualizations and results of force
measurements,’ the Reynolds number used in the calculation is
chosen to match the experimental values, which are 1.2 x 10* and
4 x 10° in Ref. 7.

Figure 18 shows the computed flow patterns compared with
visualization’ when the spoiler is rotated from 45 to 90 deg at
Uip/ Qo = 0.053. The development of the flowfield around an air-
foil with a moving base-vented spoiler can be described as follows.
When the base-vented spoiler is opened, the shear layers from both
tips of the spoiler grow asymmetrically downstream of the spoiler.
The shear layer from the upper tip of the spoiler develops faster
than the shear layer from the lower tip of the spoiler. The sepa-
ration from the airfoil trailing edge in the case of the base-vented

8=57° T=0.425

§=66", T=0.685

§=84° T=12 W
¢ _:‘{
5=90°, T=125

spoiler is similar to that of the conventional spoiler. With an asym-
metric growth of the two primary shear layers behind the spoiler,
two vortex patches are formed behind the base-vented spoiler and
are convecteddownstream, leaving a steadier separated region. The
numerical flow patterns obtained with the discrete vortex method
are in fair agreement with the results of the flow visualization as
shown in Fig. 18. The differences may be due to the fact that the
spoiler rotational speed was not constant in the experiments. In
addition, the finite thickness of the spoiler is not modeled in the
computation.

Figure 19 shows the computed flow patterns around a base-vented
spoiler with g/c = 5% at @ =0 deg when the spoileris rotated from
0 to 90 deg with uy,/ Qo =0.37. The calculations show that for a
slowly deployed spoiler, the shed vortices from the lower tip of the
spoiler may not roll up as compared with that of the fast-deployed
spoiler. The separated flow from the lower tip of the spoiler through
the gap is similar to the flow from a jet. This kind of flow provides
fewer interactions between the shed vortices and the airfoil surface.
Because the vortex roll-up is not very strong, the adverse lift is
smaller than that of fast-deployed spoiler.

Figures 20 and 21 show the lift histories compared with mea-
sured results for a 10%c spoiler with g/c =2% and g/c=7% at
a =0 deg, when § is changed from 0 to 90 deg at ug,/ Qo =0.30
and ug,/ Qo = 0.43. The computed and measurement lift histories
show a fair agreement. The computed results show that the adverse
lift decreases when the gap size is increased, confirming that the in-
troduction of the gap reduces the adverselift of the airfoil. Figure 22
shows the increase in C; from the initial state to maximum adverse
lift C;, with different gap sizes. The result shows that, when the
gap size is increased, C;, decreases. When the gap size increases to
about 5%c, which is equal to half the spoiler length, the adverse lift

Fig. 18 Computed and flow visualization flow patterns at various times (6 = 45 deg— 90 deg, o = 0 deg, g/c = 3%, and ujp/Qo = 0.053).
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Fig. 19 Computed flow patterns at various times (5 = 0 deg— 90 deg, o = 0 deg, g/c = 5%, and u;p/Q = 0.37).
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Fig. 20 Variations of Cz (6 =0deg— 90deg, o =0deg,g/c=2%,and Fig.22 Variation of maximum adverse lift with gap size at o = 0 deg,
uip/Qo0 = 0.30): ——, computed, and - - -, experiment.’ and ugp/Q o = 0.30.
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Fig. 21 Time variations of lift (§ = 0 deg— 90 deg, o = 0 deg, g/c = Fig. 23 Variation of adverse lift with gap size at o« = 0 deg, and
7%, and ug;p/ Qo = 0.43): , computed, and - - -, experiment.’ tp/ Qoo = 0.30.
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is negligible. This phenomenonis different from the case of sudden
deploymentof the base-ventedspoiler, where the maximum lift does
not vary much with the gap size.” This is most likely due to the fact
that the flow at the low tip of the spoiler, does not develop fast
enoughin the suddenly deployed spoiler. The variations of adverse
lift with the gap size are shown in Fig. 23. The variations of adverse
lift, ACy, i.e., Cp =0) — Cr( = ), decrease almost linearly with the
increase of the gap size.

IV. Conclusions and Recommendations

A discrete vortex model has been developed to predict the un-
steady separatedflow behinda conventionaland base-ventedspoiler.
The predictions in flow patterns, forces, and pressures are in rea-
sonable agreement with experimental measurements. In the present
model, the location and strength of the nascent vortices are de-
termined separately. It clearly shows that there is an adverse lift
caused by the starting vortex shed from the tip of a rapid-rotated
conventional spoiler. Research in the field of viscous flow around
an airfoil with a conventional spoiler is still very limited in the lit-
erature. There are two ways to simulate the viscous flow. One is to
use the vortex cloud modeling, and the other is to use the computa-
tional fluid dynamics solver of the Navier-Stokes equations. Further
research in these two aspects should be interesting.

The computed results of an airfoil with a base-vented spoiler
show that the adverse lift is reduced when the gap size is increased,
inreasonableagreement with experimentalresults. The flow pattern
behind a base-vented spoiler is found to be quite different from that
of the conventionalspoilerbecause of the presence of the gap thatal-
lows a starting vortex to form during the rapid rotation of the spoiler.
The flow through the gap acts like a jet in the long term, such that
the regular vortex shedding pattern behind the conventional spoiler
is disturbed. Future work should include the Navier-Stokes compu-
tations of flow patterns behind conventional and base-vented spoil-
ers to compare with the predictions from the discrete vortex model.
However, the developmentof efficient mesh-generationmethods for
movingboundariessuchas the spoileris necessary.Finally, an exten-
sion of the present two-dimensional study to the three-dimensional
study will be an importantcontributiontoward the modeling of tran-
sient aerodynamic characteristics of spoilers.
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