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The transient response of an airfoil to a rapidly deploying spoiler is numerically investigated using the turbulent
compressible Navier–Stokesequationsin two dimensions.ThealgebraicBaldwin–Lomaxmodel,Wilcoxk–! model,
and shear stress transportk–! turbulence modelswere used to calculate the unsteadyseparated � owdue to the rapid
spoiler deployment. The spoiler motion relative to a stationary airfoil is treated using an overset grid bounded by a
dynamic domain-dividingline, which has been devised by the authors. The adverse effects of the spoiler in� uenced
by the spoiler location and the hinge gap are expounded. The numerical results are in reasonably good agreement
with the existing experimental data.

Introduction

A SPOILER deployedon the upper surfaceof a wing is normally
actuated in a very short time. It forces the � ow to separate

with a resultant loss of lift and an increase of drag. The spoiler
has a variety of current and potential uses as a control device for
aircraft.1 For instance, active � ow control technology (AFC) has
received much attention due to the capability of relaxed stability,
suppression of � utter, and reduction of vibration levels.2 However,
there is a strong adverse aerodynamic effect in the initial stage of
the spoiler deployment. Its strength depends not only on the � ight
conditions such as angle of attack and � ight speed but also on the
spoiler deploying rate and spoiler location. The time delay due to
the adverse lift can pose considerable dif� culty in the design of
a proper feedback control system.3 To reduce this adverse effect,
various spoiler/hinge gap con� gurations have been proposed.1 The
adverse lift, on the other hand, can be useful if it were utilized as a
dynamic lift for the AFC.4 An example is gust alleviation through
periodic deploying and retraction of the spoiler.4

Only a few experimental studies have been conducted on the
rapidly deploying spoiler. Mabey2 advises that time delay and
adverse lift of a spoiler should be expressed as a function of
nondimensional deploying time Ut=c. Consigny et al.3 concluded
that signi� cant amount of adverse lift and time delay can result
from the spoiler even at a moderate rate of rotation. Yeung et al.5

have shown that the adverse lift can be reduced using a base-vented
spoiler in which the spoiler vortex is alleviatedby the counterrotat-
ing vortex generated by the through � ow.

A numerical study on the rapidly deploying spoiler was con-
ductedby Xu and Yeung,6 who used thecombinedpanelanddiscrete
vortex method to simulate the base venting experimentally inves-
tigated earlier.5 Recently, the present authors7 conducted Navier–
Stokes � ow computationon the rapidly deploying spoiler using the
Baldwin–Lomax turbulencemodel.8 They7 investigatedthe genesis
and the mechanismfor the generationof the adverselift as a function
of the deploying rate of the spoiler.
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In the present computational study, the k–! turbulence model,
the Wilcox k–!, model and the shear stress transport (SST) k–!
model, are consideredadditionallyto the algebraicBaldwin–Lomax
model8 to demonstrate the improved accuracy. The result from the
experimentalstudyby Yeunget al.5 arenumericallyreproduced.The
two signi� cant features of the spoiler, the adverse lift and the time
delay, are analyzed parametrically in terms of the spoiler location
and the hinge gap size for base venting.

Governing Equations
The two-dimensionalunsteadycompressibleNavier–Stokes equ-

ations can be written in an integral form on a moving grid system.
For an arbitrary grid cell Ä with its boundary @Ä, they are
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where V is the cell volume, Q is the conservative variable vector,
and F.Q/ is the inviscid � ux vector represented by
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where nx and n y are the Cartesian components of the surface
unit vector n normal to the boundary @Ä and u and v are ve-
locity components of U in the x and y directions, respectively.
NU is the normal component of the relative velocity, de� ned by
NU D n ¢.U Ug/ D Un Ugn , where Ug is the grid velocity.The vari-

ables ½ and e are density and total internal energy per unit volume,
respectively.The viscous � ux vector is
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The shear stress ¿ and heat � ux q are written in tensor form as
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The Prandtl number Pr is taken for air as 0.72, and the turbulent
Prandtl number Prt is 0.9. The laminar coef� cient of viscosity, ¹,
is described by Sutherland’s law.

Numerical Method
The basic solution algorithmfor the Navier–Stokes equations (1)

is the second-order fully implicit scheme with a subiterative time
stepping procedure.9 In delta form, we have
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where R.Q/ is the residual vector obtained by summing up the
inviscid and viscous � uxes on the four faces of a cell. In Eq. (4),
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the n and n 1 terms are evaluated from previous time levels, and
after iterating p times the solution at time level n C 1 will be taken
from the most recent Qp C 1 . The parameters # and ’ avail choice of
different schemes: � rst- and second-order implicit schemes.

We solve Eq. (4) using the point symmetric-Gauss–Seidel (SGS)
relaxation scheme (see Ref. 10). The inviscid � ux terms are com-
puted using Roe’s � ux difference splittingupwind method; second-
order spatial accuracy is obtained by the MUSCL approach using
the � ux limiter of Venkatakrishnan.11 The viscous � ux across each
cell face is determined by averaging of the two cell center values
of the adjacent cells. Equation (4) can be applied to an overset grid
system by simply inserting the hole-point � ag ib into the equations.
The solution Qn C 1, obtained on one of the overset grid systems, is
interpolated bilinearly to assign boundary values on the other grid
system. During the point SGS relaxation procedure, data transfer
for the variable 1Q is also performed by the bilinear interpolation
made both ways. Using this approach, it was possible to elevate the
Courant–Friedrichs–Lewy (CFL) number up to the level of a single
grid (see Ref. 7).

Turbulence Modeling
In this study, the algebraic Baldwin–Lomax8 turbulence model

and two k–! models are used. Although there are some modi-
� ed versions of the Baldwin–Lomax model (see Refs. 12 and 13),
the original model8 is used in the present study. The most popu-
lar nonalgebraicturbulencemodels for engineeringapplicationsare
the two-equation eddy viscosity models such as the k–" and k–!
models.14 These modelshave,however, shortcomings:lack of sensi-
tivity to the strong adversepressuregradient and dependencyon the
freestream.14;15 To overcome these de� ciencies, the baseline (BSL)
k–! model has been developedin Ref. 15 by combining the k–" and
k–! models. The BSL k–! model was further modi� ed to the SST

k–! model15 to improve � ow sensitivity to the strong adverse pres-
sure gradient. The nondimensional BSL k–! equations are written
in integral form as
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where QT is the conservativevariablevectorfor k and ! and FT .QT /
is the � ux vector:
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The diffusion terms GT .QT / are represented by
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The source terms ST .QT / consist of production and destruction
terms,

The turbulent shear stress terms are, in tensor form,
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Fig. 1 Spoiler on the NACA 0012 airfoil.

Fig. 2 Rotation of the spoiler with a 5% hinge gap.
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Fig. 3 Grid around airfoil and spoiler at an instant; hole-cutting
boundary shown.

Fig. 4 Surface pressure coef� cient of the RAE 2822 airfoil (case 10:
M 1 = 0.75, ® = 2.81 deg, Re = 6:2 £ £ 106).

a) Time-averaged surface pressure coef� cient

b) Flow streamline

Fig. 5 RA16SC airfoil with the spoiler stationary at ± = 20 deg, (M1 =
0.3, ® = 0 deg, Re = 1:9 £ £ 106 ).

The constants in the BSL and SST models, for example, Á, are
determined by blending the constants in the Wilcox k–! model,
for example, Á1, and those in the standard k–" model, for example
Á2, by setting Á D F1Á1 C.1 F1/Á2, where F1 is a blend function
(see Ref. 15). The equationsfor the turbulencequantitiesare solved
separately, that is, not coupled with the mean � ow equations, us-
ing the same numerical procedure used for solving the mean � ow
equations (1).

Geometry and Grid
The NACA 0012 airfoil with a 0.1c spoiler located at 0.7c on

the upper surface is shown in Fig. 1. From this BSL con� guration,
we will consider two more spoiler locations, namely, 0.5c and 0.3c.
Here, the hinge gap is de� ned as the distance, in percent, from the
rotationcenter to the spoilerBSL. Figure 2 shows a spoilerdeployed
to 90 deg with a 5% hinge gap. The case of 0% hinge gap means
that the rotation center is identical with the position of the leading
edge of the spoiler. In our solutions, a very small gap (0.0001c) is
allowed in the hinge (Fig. 1), to facilitate the use of an oversetgrid.7

The airfoil grid and the spoiler grid were � rst generated indepen-
dently and then overlaid in a time-dependent manner by the algo-
rithm of domain connectivity.The major airfoil grid and the minor
spoiler grid have 301 £ 65 and 101 £ 41 C-type grids, respectively.
The minimum grid spacingat the wall is 0.00002c. Because an over-
set grid was used, we need to search for the hole points to exclude
them from the � ow� eld computation and for the fringe points to
avail data communication. With the geometry having a very small
gap at the spoiler hinge and a very small initial clearance between
the airfoil and the spoiler at zero de� ection angle (necessary to

Fig. 6 Aerodynamic response to a rapidly deploying spoiler (! =
620 deg/s).
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prevent a vacuum state from being generated by the deployment
of the spoiler), the conventionalchimera grid would not be suitable
becausea hole-cuttingboundarywill have to be locatedat a distance
inside the body. To overcome this dif� culty, we devised a dynamic
domain-dividingline (DDDL) for the hole-cuttingboundary,which
is made of a curve halving the distance between the airfoil and the
spoiler plus a tangent line (Fig. 3). The tangent line is a straight
line that is tangentially connected to the DDDL passing through
the hinge gap. Joining the outer boundaries of the spoiler grid, the
DDDL, and the tangent line at the intersectionpoints,we have com-
pletelyde� ned thehole-cuttingboundaryof thechimeragridsystem.
Figure 3 shows both the airfoil grid and the spoiler grid generated
this way. With rotation of the spoiler, DDDL and the tangent line of
the spoiler grid system are regenerated at each time step, whereas
the outer boundary is just under the solid body rotation.

Results and Discussion
Steady Flow Around an RAE 2822 Airfoil

Pressure predictionsusing three turbulencemodels are compared
for the RAE 2822 (Ref. 16) airfoil in Fig. 4 for steady � ow, case 10
(M1 D 0:74, ® D 2:81 deg, and Re D 6:3 £ 106), where � ow sep-
aration is caused by shock/boundary-layer interaction. A C-type,
261 £ 51 grid is used with 201 grid pointson the airfoil surface.The
� ow� eld is assumed fully turbulent with no consideration of � ow
transition. For steady � ow, we used a CFL number of 10 and local

Fig. 7 Flow development with spoiler deployment (! = 620 deg/s,
spoiler location = 0.7c, hinge gap = 0%): left pressure distributions and
right streamlines.

time stepping.In Fig. 4, it is observed that the Baldwin–Lomax8 and
the Wilcox k–! models give almost identical results, both overpre-
dicting the strength of the shock with a more aft location. The SST
k–! model, in contrast, results in good overall agreement with the
data, particularlyfor the shock positionand the pressuredistribution
on the lower surfaceof the airfoil.The pressureon the upper surface
downstream of the shock has some deviation.

Unsteady Flow Around a Stationary Spoiler

In this case, a 0.15c spoiler is hinged at the 0.52c position of
the ONERA supercriticalairfoil (RA16SC).3 We consider subsonic
� ow with M1 D 0:3, Re D 1:9 £ 106 , ® D 0 deg, and a spoiler angle
± D 20 deg. Here, a time-accurate calculation is necessary because
periodic vortex shedding is encountered. Figure 5 shows the com-
puted surface pressure coef� cients time averaged over a period and
� ow streamline resulted by the SST k–! turbulence model. For
the Baldwin–Lomax8 turbulencemodel, a large discrepancy is evi-
dent near the trailing edge due to the vortex. A similar discrepancy
has been found in other reports17;18 using the Baldwin–Lomax tur-
bulence model.8 With the Wilcox k–! and SST k–! models, this
discrepancy near the trailing edge has disappeared.

Rapidly Deploying Spoiler

We now calculate the adverse effects caused by a rapidly deploy-
ing spoiler. Here, the freestream velocity is 12 m/s (M1 D 0:035),

Fig. 8 Flow development with spoiler deployment (! = 620 deg/s,
spoiler location = 0.5c, hinge gap = 0%): left pressure distributions and
right streamlines.
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Reynolds numberD 3:5 £ 105 based on the airfoil chord length,
and the peak deployment angle of 90 deg are taken following the
experimentof Yeunget al.5 The spoilerhas a ramp like motiongiven
by

±.t/ D ±0 C 1
2 .±1 ±0/f1 cos[¼.t t0/=.t1 t0/]g (9)

where ±0 D 0 deg, ±1 D 90 deg, and t0 D 0. The constant t1 is the
deployingtime set to 145 ms to yield a deploymentrate of 620 deg/s.
In this case, the spoiler hinge is at 0.7c, and the hinge gap is zero.
The unsteady calculation is started using the steady-state solution
obtained for zero spoiler de� ection angle. In this initial state, the
maximum value of yC along the � rst grid points of the wall is 0.5.

The lift, pitching moment, and drag coef� cients are compared in
Fig. 6 with the experimental data. We de� ne the adverse lift CLa

as the maximum lift overshoot and the time delay ta as the time
up to the instant of maximum adverse lift. As seen, the adverse ef-
fect in the aerodynamic coef� cients is well captured by all of the
three turbulence models. However, the adverse lift and the time
delay are somewhat overpredicted by the Baldwin–Lomax model8

as compared with the experimental data. Best agreement is again
seen for the SST k–! model. After full deployment of the spoiler,
the oscillatory lift coef� cient decays to a steady state in the exper-
iment, whereas the predictions indicate that a periodic oscillation
with characteristic amplitude and frequency is sustained.Although
the amplitudes and the mean values of the oscillationspredicted by

Fig. 9 Flow development with spoiler deployment (! = 620 deg/s,
spoiler location = 0.3c, hinge gap = 0%): left pressure distributions and
right streamlines.

Fig. 10 Transient aerodynamic response depending on the spoiler lo-
cation (stn) (! = 620 deg/s, hinge gap = 0%).

Fig. 11 Transient aerodynamic response depending on the size of the
hinge gap (! = 620 deg/s, spoiler location = 0:7c).
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the three turbulence models are different, the frequency is almost
identical for all three models. Note that the Baldwin–Lomax model
gives thehighestoscillationamplitude,and theSST k–! modelgives
the lowest. The mean value of oscillation is higher than the experi-
mental value for all of the three turbulencemodels consideredhere.

The pitching moment coef� cient shown in Fig. 6 suggests a con-
siderable amount of initial nose-down (negative) moment, which is
muchhigherthan the meanvalueof thequasi-steadyoscillatorystate
after full deployment of the spoiler. For the drag coef� cient, com-
parisons with the measured data are, in general, favorable, except
in the initial stage where the peak values are overpredicted.

The � eld pressures and the instantaneous streamlines calculated
usingtheSST k–! model are shown in Fig. 7. With the rapiddeploy-
ment of the spoiler, a starting vortex with strong suction pressure is
formed behind the spoiler. Most of its effect, however, is canceled
by the local positive pressure buildup immediately upstream of the
spoiler and by the pressure recovered downstream of the bubble. It
attributes to the initial sustaining of lift observed in the lift curves
(indicated by the number 1) of Fig. 7. With the spoiler angle further
increased, the adverse lift increases to a maximum where the vortex
bubble extends to the trailing edge of the airfoil: See the case when
the phase angle is Á D 98 deg in Fig. 7. This phenomenon is con-
sistent with Mabey’s observation4: The reattachment point of the
bubble reaches just the trailing edge in the time delay ta . Follow-
ing the maximum adverse lift, a new vortex started from the trailing
edgeof the airfoil grows rapidlyand interactswith the spoilervortex
as observed in the case Á D 112:5 deg in Fig. 7.
Effect of the Spoiler Location

Based on the earlier � ight tests at low speeds, Mabey suggested
that largeradverseliftcouldbe attainedbymovingthe spoilertoward

Fig. 12 Flow development with spoiler deployment (! = 620 deg/s,
spoiler location = 0.7c, hinge gap = 2%): left pressure distributions and
right streamlines.

the leading edge of the airfoil.4 To investigate the details of this
phenomenon, two more spoiler locations, at 0.5c and 0.3c, were
simulated.

The pressuremap and the instantaneousstreamlinesare plotted in
Fig. 8 for the spoiler location0.5c and for 0.3c in Fig. 9. From Figs. 8
and 9 it is evident that the more upstream the spoiler is located, the
larger are the size and the strength of the vortex bubbles triggering
the higher adverse effects. The aerodynamic coef� cients in Fig. 10
show that higher peak values and larger time delay are obtained for
the spoiler located at 0.3c near the leading edge. As seen, for the
spoiler at 0.3c, the quasi-steadyoscillation after full deployment of
the spoiler has a higher amplitude and increased period.

Effect of the Hinge Gap

The hinge gap (see Fig. 2) is used to reduce the initial adverse
effects of the spoiler. Following the experiment made by Yeung
et al.5 again, we investigated three cases representing three hinge
gaps: 0, 2, and 5% of the airfoilchordlengthwith the spoilerlocation
� xed at 0.7c.

The lift coef� cient in Fig. 11 shows that the adverse lift and its
time delay are signi� cantly decreased as the width of the hinge gap
is increased. This tendency is in agreement with the experimental
� ndings.The quasi-steadyoscillationafter the peakvalue is reached
also decreases with the larger hinge gap. Note that the oscillation
becomes almost � at with the 5% hinge gap. Similar trends are also
evidentwith the curves representing the variationdrag and pitching
moment coef� cients.Figure 11 indicatesthat theadverseeffect, time
delay, and oscillationare all reduced by the use of a large hinge gap.

Fig. 13 Flow development with spoiler deployment (! = 620 deg/s,
spoiler location = 0.7c, hinge gap = 5%): left pressure distributions and
right streamlines.
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The hinge gap can be increased by extending the arm of rotation
of the spoiler (see Fig. 2). Comparing Figs. 12 and 13 plotted for
the spoiler location at 0.7c, we observe that the spoiler tip vortex
due to the sudden deployment of the spoiler is reduced in size by
increasing the hinge gap from 2 to 5%: Compare the maximum
adverse lifts at the instant labeled 3. It is due to interaction with
the new vortex generated by the base venting of the spoiler. This
base vortex has a sense of rotation that is in a direction opposite
to that of the spoiler vortex thereby canceling its in� uence. From
Figs. 12 and 13 one can concludedthat the base-vented� ow through
the hinge gap increases the downstream convection velocity of the
spoiler vortex. This conclusion is supported by the reduced time
delay seen in Fig. 11.

Conclusion
Among the three turbulencemodels utilized, the SST k–! model

gave thebest agreementwith theexperimentaldata.The oversetgrid
with the DDDL approach has contributed to the successful compu-
tation of the rapidly deploying spoiler with base venting through
the hinge gap. The calculated aerodynamiccoef� cients have shown
that the transient adverse effects are reasonably predicted and are
in agreement with the existing experimental data. The maximum
adverse lift is obtained when the reattachment point of the sepa-
ration bubble due to the deployed spoiler just reaches the trailing
edge of the airfoil. As the spoiler location is moved forward along
the chord, the adverse lift and its time delay are more pronounced.
The effect of the hinge gap is to reduce the transient behavior of the
aerodynamic coef� cients. Results of this study should be useful to
the designers of a spoiler-basedactive � ow control system, as well
as to the developers of a feedback control system for the spoiler.
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