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Introduction

HIS investigation is primarily focused on the poststall vortical

structure over delta wing with a 75-deg sweep angle and its
transient- characteristics in response to various kinds of blowing
perturbation issuing from the apex of the delta wing and along the
vortex core (Fig. 1a). Some important results on the time constant
of the vortex breakdown recovery process and its dependence on the
angle of attack and blowing rates, as well as the type of blowing,
will be addressed.

Control of vortical structure over delta-wings can be attained in
many respects. Tavella' and Wood and Robert? found that direct
control of the vorticity fed as a result of the separation from the
leading edge exerts a significant inflience on the vortical structure
up to an angle of attack (AOA) of 60 deg. Moreover, Bradley et al.3
and Campbell* showed that spanwise blowing can also generate a
large increase in lift at high. AOA ‘at Mach numbers 0.35 and 0.75
for a lower sweep angle. Shi et al.’ and Visser et al. demonstrated
the importance of the location and orientation of blowing in deter-
mining the position of vortex breakdown: Recently, Parmenter and
Rockwell” addressed the restabilization of the leading-edge vortex
over the delta wing by transient suction at a location downstream of
breakdown. The hysteresis of the vortex response and the time lag
for restabilization of the vortex core are reported.

Studies of the dynamic behavior of the leading-edge vortices on
a delta wing undergoing oscillatory motion reveal that breakdown
location exhibits a hysteresis loop and is frequency dependent. A
general transfer function of the vortex core condition and the ex-
ternal perturbation, however, still remain unclear. Therefore, the
purpose of this investigation is to understand the transient behavior
of the vortical structure over a delta wing subjected to along core
blowing issued from the wing apex. The time constant of the vor-
tex breakdown recovery process is found to depend strongly on the
AOA and blowing rate, as well as the type of blowing. Furthermore,
. the vortex core in response to blowing along the vortex core is also

. frequency dependent and behaves like a low-pass filter.

Experimental Setup

The experiments were conducted in a low-speed water channel
with cross section of 40 x 40 cm? and 250 cm in length. The flow
conditions are controlled to reduce turbulence intensity down. to
a level of 0.46% at a Réynolds number of 2 x 10%. The nonuni-
formity, based on the difference between the maximum and min-
imum of the freestream velocity distributions measured by laser
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Doppler anemometer (LDA), is around 1.2%. The blockage ra-
tio of the half-wing model varies between 0.024 and 0.031 for
different AOA: The momentum coefficient of blowing is defined
as €y = (V,/Ux)? (A p/Aw), where V;, and U, are the velocities
issuing from the blowing slot and in the freestream and A, and A,,
are the areas of the blowing slot and the half-wing model, respec-
tively. In this study, the momentum coefficient varied in the range
of 0.025-0.181, and the reduced frequencies vary between 1.25
and 5.0.

Figure 1a shows the direction and location where the blowing
perturbation is applied. In Fig. 1b, the half-delta wing model, with
75-deg sweep and 25-deg upward-beveled leading edge, is situated
on a platform having an elliptic leading edge profile with a ma-
jor/minor axes ratio of 5:1. The model is located within the region
where the static pressure indicates only a negligible streamwise
pressure gradient in presence of the platform. A circular disk is
designed to rotate relative to the wing model to align the blowing
direction with the vortex core above the wing surface. A hole is
drilled through the thickness of the circular disk to align with the
vortex core direction when viewed from the wing upper surface.
Fluid issues from this blowing slot, 0.5 mm inner diameter, into and
along the vortex core driven by a stepping motor pumping system.
The AOA can be altered simply by screwing each hole to the wing
model with the wing tip as a rotating center. Food-coloring dye,
flowing naturally from another tiny slot very close to the wing apex,
has been used as a tracer in the vortex core to identify the tran-
sient location of vortex breakdown during and after each blowing
event. The vortex breakdown is qualitatively characterized by the
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Fig.1a Closeup of blowinglocation and orientation near the wing apex.
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Fig.1b Installation of half-delta wing model.
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appearance of an abrupt divergence of the core diameter. Moreover,
a scale accurate to % of the root chord is used for more precise
measurement using a video monitor. Blowing rate and duration are
controlled through a personal computer-based control- module by
programming different numbers of output pulses to the stepping
motor driver. Furthermore, with proper installation of two one-way
valves, the blowing can be performed as a single, a periodic, or a
continuous event.

Results and Discussions

Single Blowing

Here, single blowing means that the blowing is maintained at
constant rate for a period of T* =T U,,/C = 0.4. The normalized
maximum distance X,/ C of the vortex breakdown over the station-
ary half-delta wing after the cessation of blowing at various blowing
rates and for different AOA is shown in Fig. 2. The vortex break-
down location at zero blowing rate represents a long time-averaged
unperturbed position that varies for different AOA. As can be seen,
vortex breakdown is further delayed whenever blowing is applied
through the wing apex and along the vortex core. Since blowing
rate is defined as the rate of change of linear momentum, a higher
blowing rate represents larger -external force input into and along
the vortex core. The large external force input can overcome the
adverse pressure gradient along the vortex core, near the vortex
breakdown region, and hence substantially delay:the vortex break-
down. Moreover, it is evident that the slopes in Fig. 2 for o = 45
and 40 deg are larger than that for @ = 35 deg when C,, < 0.10.
Simply, the flow physics are that the vortex core is shorter and the
vortex breakdown position is closer to the apex of the wing at higher
AOA. Therefore, the momentum addition per unit time (force) issu-
ing from the apex can be efficiently transferred to the vortex core to
overcome the adverse pressure gradient along the vortex core, es-
pecially near the breakdown region. From a practical point of view,
C, < 0.10 might be a good threshold of blowing rate at which
the delay of vortex breakdown is much more sensitive at higher
AOA within the poststall regime when undergoing a single blowing
perturbation.

Periodic Blowing

In these experiments, periodic blowing is controlled by the same
mechanism, and the reduced frequencies f, = fC/U arebetween
1.25 and 5.0, as shown in Fig. 3. The periodic blowing is also ap-
plied to and along the vortex core for several cycles and stops at
the moment when vortex breakdown shows little movement. All
of the recovery time sequences are recorded from this steady po-
sition to minimize the error due to the unsteady nature of vortex
breakdown. The dependence of maximum vortex core length prior
to breakdown on the reduced frequency is shown in Fig. 3. The
vortex breakdown can be effectively delayed, especially at low re-
duced frequency. This implies that the response of the vortex core
to adjust itself to the environmental change is a slowly varying pro-
cess. The maximum vortex core length decreases monotonically as
the reduced frequency gets higher. At higher reduced frequencies,
the vortex core does not have enough time to adjust to the per-
turbation, and hence can get only little benefit from the supplied
momentum.
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Fig. 2 Maximum vortex core length in relation to blowing coefficient
at various AOA subject to a single blowing.

Table 1 Dimensionless time constant of vortex breakdown
recovering from the instant of blowing cessation

Single blowing, t* = tUy/C

AOA,deg  C, =008 C,=0131 C, =0.181
@ =40 1.932 2.20 26
o =145 1.884 2.12 2.52
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Fig. 3 Farthest location of vortex breakdown as function of reduced
frequency: D—Cy, = 0.00, o = 40 deg; E—C,, = 0.00, o = 45 deg;
A—Cy = 0.06, o = 40 deg; B—C, = 0.088, o = 45 deg; C—C,, = 0.06,
o = 45 deg. .

Moreover, as seen in Fig. 3, the delay of vortex breakdown is
also dependent on the blowing rate and the AOA. When blowing at
fixed f, for o = 45 deg, the higher the blowing rate is, the further
the delay of the vortex breakdown location. Careful examinations
of the data reveals that for fixed AOA the delay for higher blowing
rate at higher reduced frequency is not so efficient as that for a
lower blowing rate applied at lower reduced frequency. This result
also suggests the practical importance of small blowing rates in
combination with 'small reduced frequency to control the vortex
structure over a delta wing. In addition, the delay, when perturbed
at the same blowing rate, is more effective for « = 40 deg than
for « = 45 deg. Furthermore, the output/input ratio, in terms of
(Xp — X;)/X;, tends to be zero (i.e., approaches to the level of
unperturbed core length X; as can be seen by the dash lines D-or E
in Fig. 3 for different AOA) at higher reduced frequency; however,
it leads to finite value at lower reduced frequency. This fact implies
that the vortex core behaves like a low-pass filter when perturbed
periodically along the vortex core.

Characteristic Time Scale

The transient time sequences of vortex breakdown recovery all
exhibit a monotonic upstream motion toward the unperturbed lo-
cation without any discernible oscillatory behavior. Therefore, the
time constant 7 is an important characteristic governing the vortex
breakdown recovery process. This characteristic time scale deter-
mines the response of the vortex core to various kinds of blowing
perturbation and will provide a guide of control of the vortex core
over a delta wing, especially within the poststall AOA range. Within
the trailing edge, the monotonic decrease of the transient behavior
of vortex breakdown after cessation of blowing has similar charac-
teristics to the exponential decay solution. With condition at large
time, corresponding to an unperturbed core length, and at cessation
of blowing, corresponding to the maximum vortex core length, the
characteristic time constants of these transient time sequences can
be found by fitting all data points onto each exponential decay curve.
The results are listed in Table 1 for the single blowing perturbation.
It is evident that the dimensionless time constant t* = tUy/C
decreases as AOA increases. This implies that at higher AOA there
exists a stronger adverse pressure gradient along the vortex core
and near the breakdown region; thus vortex breakdown has stronger
tendency. to recover to its unperturbed position. For fixed AOA,
however, the characteristic time constant gets larger as the blowing
rate increases. For cases under periodic blowing, listed in Table 2
for different AOA and blowing rate, it is evident that the time con-
stant at small reduced frequency is much larger than those at large
reduced frequency. Moreover, the effect of AOA on 7* is substan-
tially enhanced at low reduced frequency.
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Table 2 Dimensionless time constant of vortex breakdown
recovering from the instant of blowing cessation

Periodic blowing, t* = tUs/C

AOA, deg f,=125 f,=25 £ =375 f =50

a =45 C, =0.06 2.52 1.86 1.28 0.84

o =45 C, =0.088 3.04 2.56 2.16 1.68

a =40 C, =0.06 32 244 1.72 0.96
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Introduction

ANEL methods are the most efficient of numerical schemes

to -obtain solutions to linear potential flow problems. The ef-
ficiency of these methods arises primarily from the fact that, in a
panel method, the effective dimensionality of the problem is one
less than the spatial dimension of the flowfield. This is because the
problem of solving the governing partial differential equation for
the field is transformed into an equivalent problem of solving an
integral equation for the surface. Panel methods solve this integral
equation numerically. The efficiency of these methods makes them
useful tools in tradeoff studies in aircraft design.

Numerical solution of the integral equation using a panel method
gives rise to fully populated linear systems, in general. This is in
contrast with the finite difference, finite element, and finite volume
techniques employed in computational fluid dynamics where each
linearized step in the solution algorithm gives rise to a sparse linear
system. When the flow past a complicated configuration is analyzed
using a panel method, it is difficult to ensure any specific struc-
ture to the matrix of the linear system. Often, diagonal dominance
cannot be assuréd. Therefore, when solving such systems, most clas-
sical iterative schemes are slow in convergence. Many panel codes
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use Gaussian elimination [lower-upper (LU) decomposition] as an
alternative.! This requires O(n>) floating point operations where n
is the order of the matrix. An iterative scheme requires only O(n2)
floating point operations. Therefore ‘it is desirable to have robust
iterative schemes, especially for situations where the order of the
matrix is large, such as would be the case when analyzing flow past
complex configurations.

A variety of conjugate gradient type methods have evolved as po-
tential linear system solvers. The conjugate gradient squared (CGS)
method is one that has been proposed for nonsymmetric and non-
positive definite systems.? The present paper examines the use of
this scheme for systems of linear algebraic equations encountered
in panel methods:.

Present Panel Method

A low-order panel method for subcritical flows has been used
in the present study. The governing flow equation is the Prandtl—
Glauert equation for the velocity potential ¢:

(1= MZ) e + by + e =0 )

Here subscripts denote partial differentiation; M, is the freestream
Mach number. Using a stretching transformation, this equation is
reduced to the Laplace equation:

¢xx + ¢yy + ¢zz =0 (2)

The Laplace equation is transformed into an integral equation using
Green’s theorem. For a-point P,

4np(P) = /[¢]G1dS + /[grad¢ -7A1GLdS +4nd  (3)
s s

The brackets [] refer to a jump in the enclosed quantity across the
boundary S; 7 is the unit normal to surface S; ¢, is the freestream
potential. It may be noted that G is Green’s function for a doublet
and G, is Green’s function for a source. The corresponding jump
quantities in Eq. (3) can therefore be considered as doublet and
source strengths. These are the unknown quantities to be determined
in a panel method that solves Eq. (3) numerically.

In the present method, the source strength is prescribed a priori
as the negative of the component of the freestream velocity vector
normal to the surface. A Dirichlet boundary condition on the inter-
nal perturbation potential is applied to obtain the unknown doublet
strength. To numerically evaluate the integrals in Eq. (3), the sur-
face of the configuration is divided into n flat panels. The centroid
of each panel is chosen as the panel control point, where boundary
conditions are applied. The influence (in terms of thé induced veloc-
ity potential) on the control point on each panel i, of unit constant
strength singularity distribution on each panel j, is calculated. For
the source distributions, this influence is denoted by B;;. For the dou-
blet distributions, the influence is A;;. Application of the boundary
condition (of zero internal perturbation potential) at a control point
i, using Eq. (3), gives rise to the equation

D Aynj+ Y Byo;=0 @
i J

where o; and u; are, respectively, the source strength and the dou-
blet strength on the jth panel. Since the source strengths o; are
prescribed, writing down Eq. (4) for each panel i gives rise to a
linear system :

Ax=b &)

The solution of this system determines the unknown doublet
strengths that uniquely determine the flowfield. Further details of
the present method may be found in Ref. 3.

CGS Algorithm and Present Implementation

. Conjugate gradient (CG) algorithms are known to be very effi-
cient for solving symmetric, positive definite linear systems. The



