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Fig. 2 Contours of CT in y-z plane, circular and slot jet, A = 8:
a)*/</=2.0;b)jtA/=7.5.

different downstream locations. Similar results for the cir-
cular jet are provided for comparison. It is seen that the slot
jet has a distinct thin region behind the jet near the surface of
the flat plate. Temperature contours in the plane of symmetry
indicate that the mixing, at least near the plane of symmetry,
is more intense in the region just downstream of the slot jet
than it is for the circular jet. This thin region behind the slot
jet persists at least to x/d=3.5, and disappears by x/d=1.5
(Fig. 2b). By x/d= 1.5 the shape of the slot jet in the y-z plane
is not very different from that of the circular jet.

Concluding Remarks
The flowfield associated with a slot jet in crossflow differs

in several respects from that of a round jet. Immediately
downstream of the exit, the mixing of the jet and freestream
fluid is much more pronounced for the slot jet than for the
round jet. Also, the relative positions of the temperature and
pressure centerlines are different for the two jets.
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Introduction

THE vortex wake of an oscillating airfoil has long been
studied,1 and it is now well known that under certain

conditions strong nonlinear interactions can develop.2-3 This
appears in the form of agglomerations of vortex elements
resulting in discrete concentrations of vorticity which can then
be analyzed as separate vortices.4

In this Note, we present a simple and rapid numerical
technique for calculation of the time-dependent growth and
evolution of wakes. The parameters influencing the rollup are
examined and the ranges of reduced frequencies for which
such instabilities occur are determined.

Analysis
A thin airfoil moving along a curved path in an in-

compressible inviscid fluid is analyzed. Pitching and heaving
motions, as well as finite rigidity of the foil can cause
displacement h(x,t) of points on the foil from the average
trajectory (Fig. 1). This motion is limited in the present
analysis to cases where the local angle of attack including
effects of angular motion u is always in the linear part of the
lift slope curve, and the displacements are such that hlc<\
(where c is the chord length).

The velocity potential 0 of the flow can be written, and
solved, in two parts -as a result of the linearizing limitations
above. Thus the disturbance potential due to the foil motion
00 is separated from the wake potential 0W .

In order to deal with arbitrary, nonsteady planar motions
of the foil, the wake potential 0^, is given in the form of a row
of adjacent discrete vortices (Fig. 1). At any given time the
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Fig. 1 Schematic description of model.

strengths of the wake vortices (or <t>w) are known from
previous steps except for the latest vortex yn - which is
defined as the vorticity shed during the latest time step. The
strength of this vortex is determined by Kelvin's Theorem:

dT
dt

= 0 (1)

where Tf is the instantaneous circulation of the wing and y]t
y2, ...7,, are the wake elements.

Further simplification of the nonsteady problem is obtained
by its solution in a coordinate system attached to the foil's
leading edge, where the x direction is locally tangent to the
flight path.5 Here the only unknown is the latest wake vortice
yn and the foil circulation which is found by a two-
dimensional analytical technique described below. The above

-10- without wake distorsion
— — — with wake distorsion

Fig. 3 Influence of wake distortion on the normal force coefficient
in oscillatory motion.

method considerably simplifies the numerical solution of such
problems, compared to "fully numerical" techniques such as
doublet lattices, or vortex lattice methods.3'6

The boundary condition for the downwash IV is stated now
on the foil surface z = h(x,t) where V(t) stands for the in-
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Fig. 2 Comparison of experimental and calculated wake patterns for various reduced frequencies.
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stantaneous flight velocity and

d<t>0 dh d(f)w

a*
The solution for the foil vorticity distribution 7, assuming

the existence of the Kutta condition, is analogous to classical
wing theory7

(3)sm0

where the chordwise coordinate is x = (c/2)(l - cos0), and the
Fourier coefficients^^ are found as

-1
7T

W-
V

2 f * W-\ -
7T J0 V

(4)

The momentary lift L is found by integrating the pressure
difference along the foil:

where d<t>0/dxon the foil is y/2 and

a0 a

Results and Discussion
The rollup of the wake of an oscillating airfoil in heaving

motion is shown in Fig. 2. The calculated vortex con-
figuration is practically identical to Bratt's2 experimental
results, proving the validity of the present method. Similar
results were obtained by Giesing3 and Djojodihardjo and
Widnall,6 using the doublet lattice method. The present
calculation of the wake vortex sheet was done using much
shorter time intervals, enabling fuller study of the details of
the rolling up process, while requiring much shorter
calculation times. Comparison of the time-dependent
variation of lift on the foil including the deforming wake,
with results of a calculation where the wake was not allowed
to deform (Fig. 3), shows no significant difference. This is due
to the fact that the wake deformation increases with the
distance behind the foil, in a symmetric manner. Therfore the
overall wake influence of the momentary lift is not seriously
affected.

Figure 2 indicates that vortex sheet breakup occurs within
the first period when the reduced frequencies are larger than a

Q == !L, = 015)-£- = 3 (path amplitude)
<X0 = 5° /p i tch ing amplA

\relative to path/
Fig. 4 Wake distortion in large amplitude oscillating motion.

certain critical value:

This breakup prediction proved to be in excellent agreement
with Bratt's2 experimental results. The effect of such breakup
and agglomeration on the lift calculation was negligible, thus
justifying simplified point vortex models of the wake4 of
oscillating airfoils. When considering large amplitude
trajectories (Fig. 4) the small disturbance restriction limits the
reduced frequency. In these cases vortex rollup does not take
place in the vicinity of the foil (Fig. 4), and the wake follows
the trailing-edge trajectory.

In conclusion, this Note presents a rapid, efficient method
for calculating wake configurations (the calculations for Fig.
2 took 4 s of CPU time on an IBM 370/168 computer),
showing that for lift calculations one can almost always take
the wake to stay on the trailing-edge trajectory. The rollup of
the wake and its breakup into discrete vortices was shown to
be dependent on the reduced frequency.
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