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Characteristics of Excited Shear Layérs

M. Nallasamy*
Sverdrup Technology, Inc., Brook Park, Ohio 44142

Numerical simulations of the two dimensional turbulent mixing layer subjected to controlled excitation leading
to turbulence suppression are carried out using a vortex-in-cell method. Details of the flow characteristics, in
terms of the contours of vorticity, stream function and Reynolds stress are presented and discussed. The results
of an experimental study of an axisymmetric mixing layer subjected to high amplitudes of excitation are also
presented. The experimental results support the numerical finding that at high amplitudes of excitation the
maximum turbulence suppression occurs at a frequency higher than the maximally unstable frequency predicted

by the linear theory.

Introduction

HE instability characteristics of shear layers have been
extensively studied employing acoustic excitation. The
mixing layers formed by merging of two streams initially sep-
arated by a thin surface are known to be dominated by quasi-
two-dimensional structures that develop initially from the Kel-
vin-Helmboltz instability of a vortex sheet. One can manip-
ulate the downstream development of a mixing layer using
acoustic excitation. This possibility of modifying the evolution
of large scale structures in the initial region of jets and mixing
layers has attracted much attention because of its practical
importance. From an application point of view two sets of
excitation conditions can be identified: 1) excitation condi-
tions resulting in the augmentation of turbulence intensities
and 2) excitation conditions resulting in the reduction of tur-
bulence intensities. For a recent review of the subject of per-
turbed mixing layers see Ref. 1. In the present paper, we are
concerned with the reduction in turbulence intensities in the
initial region of mixing layers due to controlled excitation.
The phenomenon of turbulence suppression (reduction in
turbulence intensities) due to controlled excitation was first
observed by Vlasov and Ginevskiy? and Petersen et al.® at
certain frequencies of excitation. The first detailed study of
turbulence suppression in free shear flows, however, was due
to Zaman and Hussain.* They investigated the turbulence
suppression due to controlled excitation in a number of ex-
perimental facilities circular jets, a plane jet and a single
stream plane mixing layer. They observed: a) turbulence
suppression only when the exit boundary layer was laminar
and b) turbulence suppression in shear flows was maximum
when the shear layer was forced at around the maximally
unstable frequency, i.e., St, = 0.017.5 Here, St,(=f0,/U,) is
the excitation Strouhal number, fis the forcing frequency, 6,
and U, are the exit boundary layer momentum thickness and
free-stream velocity, respectively. The experiments were car-
ried out with amplitudes of excitation in the range of 0.3 to
1.0 percent of u;/U,, u; and is the rms velocity at the fre-
quency of excitation. From the flow visualization and con-
ditional sampling studies, they surmised that forcing the shear
layer at St, = 0.017 produced the fastest growth and roll up
of the shear layer, which resulted in early saturation and
transition of structures and inhibited the formation of large
vortices. As a consequence, the large fluctuation intensity
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otherwise caused by the passage and interactions of large
vortices was reduced.

Zaman and Hussain* claimed that the maximum suppres-
sion obtained due to controlled excitation was as high as 80
percent. This claim was based on a point measurement at a
specific spatial location of the flow. It should also be noted
that the amplitude of excitation was in the range of 0.3 to 1.0
percent.

In an effort to further investigate and understand the phe-
nomenon of turbulence suppression a numerical simulation
of excited shear layers was undertaken by Nallasamy and
Hussain.® The numerical simulation showed that at low am-
plitudes of excitation the maximum suppression occurs at a
Strouhal number corresponding to the maximally unstable
frequency consistent with the experimental observation.
However, for high amplitudes of excitation the above Strouhal
number preference is lost. That is, the maximum turbulence
suppression no longer occurs at the maximally unstable fre-
quency, but occurs at a higher frequency.

In this paper we present the results of further numerical
and experimental investigations of the phenomenon of tur-
bulence suppression. Details of the flow characteristics in terms
of the contours of vorticity, stream function, and Reynolds
stress obtained from the numerical simulation are presented.
The recent experimental results of high amplitude excitation
of an axisymmetric mixing layer are presented and discussed.

Numerical Simulation

Controlled excitation studies of jets and mixing layers sug-
gest that the sensitivity of the normally turbulent flows to
external forcing is related to the rotational inviscid behavior
of these flows. Then the representation of turbulence as a
superposition of interacting vortices appears to be a valid and
useful idea. Several investigators have used the idea and sim-
ulated the mixing layers by a system of discrete vortices. Most
discrete vortex methods fall in one of two categories: 1) the
simulation of a spatially developing mixing layer as in a lab-
oratory. In this method, vortices are shed one every time step
such as at the end of a virtual splitter plate.”® The strength
of each vortex is determined by the velocity difference AU.
The velocity of each vortex at any time step is calculated by
directly summing the velocity field induced by individual vor-
tices in addition to the contribution of the convection velocity.
This method is very time consuming for a large number of
vortices. 2) the simulation of a temporally developing mixing
layer. Here, the mixing layer is replaced by a system of point
vortices, distributed in a finite region under the periodic
boundary condition, and the -coordinate system moves with
the convection velocity. The temporal development of the
distribution of vortices is studied.*!° Use of the vortex-in-cell
method results in less computing time than the direct sum- °
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Fig. 1 Vortex roll-up and pairing in a plane jet subjected to sym-
metric disturbance.

mation method. The advantage of the vortex-in-cell method
is that the amount of computation is linear in N (the number
of vortices), whereas in direct summation it is quadratic in N.

In the present paper, we study the temporal evolution of
the shear layer employing the vortex-in-cell method. The de-
tails of the method are described in Ref. 6. We superimpose
a 128 X 128 grid on the shear layer represented by 4096 point
vortices, with periodic boundary condition in the x direction.
The adequacy of the time stepping accuracy has been verified
on both the evolution of the single shear layer and the evo-
lution of two shear layers with symmetric sinusoidal disturb-
ance (simulating the “puffing” instability of a plane jet). Al-
though smoothing procedures!! could be employed to extend
the useful evolution time no such procedure was attempted
in the present simulation. Figure 1 shows an example of the
vortex roll-up and pairing in a plane jet subjected to a sym-
metric disturbance (the positions of the point vortices are
shown). The computation can be carried out up to the second
stage of pairing before the symmetry is broken due to nu-
merical errors that result from the increased size of the vortex
after mergers in relation to the width of the computational
domain and time stepping. The detailed characteristics of an
excited shear layer were examined at different frequencies
and amplitudes of excitation. Contours of vorticity, stream
function, velocity fluctuations and Reynolds stress were ex-
amined.

CHARACTERISTICS OF EXCITED SHEAR LAYERS 785

A/X = Q.05

S
il —-— 0008
— o017

08

=

06

i 2 3 4 5
T

Fig. 2 Computed variation of turbulence suppression at low ampli-
tude (A/A = 0.05) of excitation: Effect of St,.
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Fig. 3 Computed variation of turbulence suppression at high am-
plitude (A/A = 0.2) of excitation: Effect of St,.

Experimental Investigation

The experimental study was carried out in a large axisym-
metric mixing layer. An initially laminar mixing layer of a jet
of diameter 27 cm was subjected to high amplitude excitation
at each chosen frequency. A periodic disturbance of the given
frequency and amplitude was applied through an axisym-
metric slit at the jet lip.!? The excitation was induced at the
initiation of the shear layer without forcing the bulk of the
flow. Data were taken using a miniature x-wire probe tra-
versed by a computer. Velocity signals were digitized by an
A/D converter at the rate of 51 kHz and then the mean and
fluctuating components were computed. The rms values of
the streamwise velocity fluctuations u, were measured using
a spectrum analyzer (Spectroscope SD 335). For the mea-
surements reported in this paper, the initial boundary layer
was laminar, the mean velocity profile agreeing with the Blas-
ius profile.

The initial conditions (namely, the profiles of mean and
fluctuating velocities) and the amplitude of excitation were
measured at x/f, = 20. The frequency and the amplitude of
excitation were varied at a constant exit velocity (U, = 15 m/
sec) of the jet. The exit boundary layer momentum thickness
was 0.374 mm. Four amplitudes of excitation, namely, u +1U,
= 0.5, 2.5, 3.5, and 4.5 percent were considered. The fre-
quency (St,) of excitation was varied from 0.006 to 0.25.
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Fig. 4 Structure of unforced mixing layer.
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¢) Reynolds stress contours

Fig. 5 Structure of the forced mixing layer at low amplitude (4/A = 0.05) excitation, St, = 0.017.
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Fig. 6 Structure of forced mixing layer at high amplitude (4/A = 0.2) excitation, St, = 0.034.
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Fig. 7 Measured variation of turbulence suppression with forcing frequency: Effect of forcing amplitude.

Results and Discussion

Numerical Simulation

For a given set of initial conditions the temporal evolution
of the shear layer is computed. At each time step of the
simulation the position of the vortices and velocities on the
grid points are known. The mean velocity u is obtained as x
average

u(y,t) = fu(x,y, H)dx

The mean velocity @ goes to a constant value AU/2 well
above the shear layer and — AU/2 well below the shear layer.
We compute the momentum thickness as

() = §(0.25 — (WAU)?)dy.

The momentum thickness is computed at every time step.
At regular intervals the properties of coherent structures were
examined. The time averaged profiles of turbulence intensity
and Reynolds stress were computed. The typical interval for
the time averages were such that the momentum thickness
increases by about 5 percent. The ratio u_ /u,, of the peak
longitudinal velocity fluctuation at a section with excitation,
i, to the peak longitudinal velocity without excitation, u,,
is defined as the suppression factor. The excitation frequency
St, in the numerical simulation is expressed as St, = 0.50,/A
where 6, is the initial momentum thickness of the undisturbed
shear layer and A is the wavelength of the disturbance. In the
simulation we vary the wavelength A to obtain the desired
frequency, St, of excitation. The amplitude of excitation is
defined as A/A where A is the amplitude of the sinusoidal
disturbance and A is the wavelength of the disturbance. Pre-
liminary results of the numerical simulation were reported in
Ref. 6. The main results of that paper will be first discussed
for clarity.

We digress a little here to discuss the level of success of the
numerical methods in predicting the turbulence intensities. In
most simulations the absolute values of the velocity fluctua-
tions are higher than those found in the experiments.”-1%-13

Ashurst’s simulation’ incorporated viscosity twice, using both
the random walk and the viscous increase of the size (aging
of the discrete vortices), in an effort to match the computed
intensities to the experimental ones. With the viscous effects
included, he could match only the longitudinal velocity fiuc-
tuations. Aref and Siggia'® found that the velocity fluctuations
in their large simulation (256 x 256 grid and 4096 vortices)
were high compared to the experimental values. Also, the
transverse velocity components were larger than the longi-
tudinal ones though the reverse is true for the high Reynolds
number flows of the simulation. Action'® found that the sim-
ulation produced velocity fluctuations much higher than the
measured ones, which is also true in the present simulations.
Recently, Inoue,® in his simulation of the spatial evolution of
the shear layer, similar to that of Ashurst’s, but with a first
order time integral scheme, obtained a correct ratio of the
longitudinal to transverse velocity components though the
absolute values of the individual components which were higher
than the data by about 100 percent. Since in the present
simulation, we are considering only the ratio of the longitu-
dinal fluctuation intensities with and without forcing, it is
believed that the trends of the results of turbulence suppres-
sion are correctly predicted.

The suppression factor u . /u,, as a function of time is shown
in Fig. 2 for three Strouhal numbers, for an excitation am-
plitude (A/A) of 0.05. It is seen that the maximum turbulence
suppression occurs for a Strouhal number of 0.017, the the-
oretical maximally unstable frequency. The suppressions for
St, = 0.008 and 0.034 are less pronounced. This is in agree-
ment with the experimental results of Zaman and Hussain.*
One aspect of the numerical simulation is that the curves are
not smooth as in the measurements. A larger simulation (more
rolled up vortices) and an ensemble average of large samples
may produce a smooth variation of the suppression factor.™

Next, it is of interest to examine the effect of amplitude of
excitation on the suppression factor. The results obtained for
three Strouhal numbers for an excitation amplitude (A/A) of
0.2 are shown in Fig. 3. It is seen that with this amplitude of
excitation, the maximum turbulence suppression no longer
occurs at St, = 0.017, but occurs at a higher Strouhal number.
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In an effort to understand the turbulence suppression, the
coherent structure properties were examined. The contours
of vorticity, stream function, and Reynolds stress were ob-
tained for each of the cases considered. Here we present
results for three cases: 1) unforced mixing layer (2) low am-
plitude, A/A = 0.05, forced mixing layer at Sz, = 0.017, and
3) high amplitude, A/A = 0.2 forced mixing layer at St, =
0.034. Figures 4(a)—-4(c) show the vorticity, stream function
and Reynolds stress contours, respectively, of the unforced
mixing layer. The initial conditions for the unforced mixing
layer include an extremely small random displacement of the
position of point vortices, to enable ensemble average. This
results in the observed non-uniformity in the initial vorticity
distribution. The contours of vorticity and stream function at
later times clearly depict the vortex roll up and pairing pro-
cesses observed experimentally. For a low amplitude forcing
at St, = 0.017 (Fig. 5), the rate of roll up and pairing is
increased. The coherent Reynolds stress contours at the cor-
responding time levels indicate the emergence of dominant
regions of counter gradient transport, during pairing.

The contours of the large structures at a high amplitude
(A/A = 0.2) forcing are shown in Fig. 6. The vorticity contours
show that when the amplitude of excitation is higher, the
“debris” produced during the roll up and pairing are higher
compared to that of low amplitude excitation. Changes in the
rate of roll up and pairing and the extent of the regions of
counter gradient transport can be observed. The process in-
volved in the shifting of the frequency of maximum turbulence
suppression from St, = 0.017 at low amplitude excitation to
a higher frequency at high amplitude of excitation is not clear
and the quantitative estimate of the changes is difficult.

The results of the experimental investigation described be-
low, however, supports the high amplitude forcing resuits of
the numerical simulation. A high initial amplitude together
with the fast transition for frequencies larger than the maxi-
mally unstable frequency seem to produce a higher suppres-
sion.

Experiments

As in the numerical simulations, the suppression factor is
calculated as the ratio of maximum longitudinal velocity fluc-
tuation at a section with excitation u,, to that without exci-
tation u,, at the same section. In the experiment, the fre-
quency of excitation is varied at constant values of the jet exit
velocity U, and the momentum thickness 6,. The amplitude
of excitation is expressed as u;/U, where u; is the rms value
of the longitudinal fluctuation at the frequency of excitation.
The variation of the suppression factor with the amplitude of
excitation is shown in Fig. 7. The figure shows suppression
factor at a distance x/6, = 200 where the turbulence suppres-
sion was found to be the maximum. (The maximum turbu-
lence suppression was found to occur at the same downstream
distance of 200 8, for all Strouhal members considered.) We
see that at an amplitude of 0.05 percent the maximum suppres-
sion occurs at the maximally unstable frequency predicted by
the linear theory, St, = 0.017, as in the experiments of Zaman
and Hussain.* However, the magnitude of the maximum
suppression in the present study is only about 12% in contrast
to 80% in their study. This difference in magnitudes stems
from the definition of suppression factor. They define
suppression factor as the ratio of longitudinal velocity fluc-
tuations at a point with and without excitation. The suppres-
sion of 80% was found at a point x = 10 cm in the jet and y
= 0.5D — 1.27 cm (D is the diameter of the jet). Such a
definition of the suppression factor based on the intensities
at a single point may not adequately characterize the turbu-
lence in the near field for the following reasons: when a shear
layer is acoustically excited, the vortical structures are dis-
placed in radial, axial directions, pairing of vortical structures
is induced, the location of the vortex pairing is changed, etc.
It is thus possible that the intensities at a point with and
without structure are quite different. The suppression factor

J. PROPULSION

defined on the basis of peak intensities at any section with
and without excitation as in the present (numerical and ex-
perimental) study better represents the turbulence suppres-
sion. Reverting to Fig. 7, with the increase in the amplitude
of excitation to 2% the maximum suppression occurs at a
higher Strouhal number of 0.0194. For an amplitude of 3.5%,
the maximum suppression still occurs at Sz, = 0.0194. With
a further increase in the amplitude of excitation to 4.5%, the
maximum suppression shifts to St, = 0.022. Thus, we see that
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Fig. 8 Measured longitudinal velocity spectra along the line U/U, =
0.7, St, = 0.

L
U L i [
MJ‘.LI L1 3 [

134

L'\M\\-\\i-

200

L\\_is_.

33 |

0.0 5.0 kHz

Fig. 9 Measured longitudinal velocity spectra along the line U/U, =
0.7, Sty = 0.017, u//U, = 0.5%.
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Fig. 10 Measured longitudinal velocity spectra along the line U/U,
= 0.7, St; = 0.022, u;/U, = 4.5%.

the maximum turbulence suppression shifts to higher Strouhal
numbers as the amplitude of excitation is increased, in the
range of amplitudes studied. This confirms the observations
of numerical simulation at high amplitudes.

An examination of the longitudinal velocity spectrum at
different x along the straight line corresponding to U/U, =
0.7 showed that a higher amplitude forcing can hasten tran-
sition to turbulence only when the excitation frequency is
greater than the maximally unstable frequency. The transition
was taken to be complete when the peaks in the spectrum
disappear and resembles that of a fully turbulent flow.** Typ-
ical spectra obtained at no forcing St, = 0, 0.5% amplitude
forcing at St, = 0.017 and 4.5% forcing at St, = 0.022 are
shown in Figs. 8—10. High amplitude forcing at frequencies
greater than the maximally unstable frequency is seen to result
in earlier saturation, lower level of saturation, and faster tran-
sition to turbulence. These nonlinear interactions seem to be
responsible for the observed turbulence suppression at high
amplitudes of excitation. It appears that the nonlinear inter-
actions in the turbulence suppression can not be explained by
employing a simple extension to the linear theory.?

Concluding Remarks
Numerical simulations of the two-dimensional turbulent
mixing layers subjected to controlled excitation leading to
turbulence suppression were carried out using a vortex-in-cell
method. For low amplitudes of excitation, the maximum tur-
bulence suppression occurs at the maximally unstable fre-
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quency, St, = 0.017. At high amplitudes of excitation the
maximum turbulence suppression occurs at a frequency higher
than the maximally unstable frequency.

An examination of the details of the large scale structure
properties show the dependence of the roll up, rate of pairing,
and the emergence of regions of counter-gradient transport
on the forcing frequency.

The results of the experimental study of an axisymmetric
mixing layer subjected to controlled acoustic excitation were
presented. The results show that at low amplitudes of exci-
tation the maximum turbulence suppression occurs at St, =
0.017, as in the previous study.* At high amplitudes of exci-
tation, the maximum turbulence suppression occurs at a fre-
quency higher than the maximally unstable frequency, de-
pending on the amplitude of excitation, as in the present
numerical simulation.
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