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The contract AFOSR-84-0054 was for a one year period, and a 'bare

bones' budget of $46,994 was awarded. Some significant work was completed

during this period which severed as a basis for a presentation at the 1984

APS Division of Fluid Dynamics Meeting. A brief description of the work is

as follows.

In the previous final report, we presented results from experiments

where we externally imposed sinuous waves on a fully turbulent wake behind

a flat plate. A manuscript based on these results has been accepted for

publication by The Journal of Fluid Mechanics. We showed that although the

sinuous disturbances represent the predominant mode of instability from

linear stability theory, the varicose disturbances (those which are sym-

metrical about the wake centerline) may play a role in determining the

nature of the large coherent structures observed in the far wake. Varicose

disturbances have relatively smaller amplification rates and are usually

neglected in a parallel flow analysis. The varicose mode, however, may at

times dominate the shape of the large structures (Papailiuou and Lykoudis,

1974) and even when the prevailing instability is mainly sinuous in nature,

a small varicose component was shown to alter the gross behavior of the

calculated streakline patterns (see last years report). The latter pro-

vided the initial motivation for the current work which is to investigate

the significance of the varicose mode in two-dimensional, small deficit

turbulent wakes. It should be noted that the varicose mode has not been



investigated experimentally in either laminar or turbulent wakes and its

existence was by no meL.s assured, particularly in a fully turbulent

environment.

~6~T~U~UA 4W VARIW SE

In this report, we will present the results of our attempts to force

varicose waves. Sinusoidal disturbances, symmetrically distributed about

the wake centerline, were generated by oscillating two small flaps 1800 out

of phase. The flaps were placed symmetrically above and below the flat

plate, as indicated in Figure 1. It is extremely difficult to generate

purely symmetrical disturbances because the spatial amplification rates for

the varicose mode are as much as two orders of magnitude smaller than those

for the sinuous mode. Any lack of symmetry in the generating mechanism

resulted in a combination of modes. The results of one attempt to generate

a pure varicose mode are given in Figure 2. Data on the lateral

distributions of u2 /u2 for downstream location in the range 100 jx/ b 400
0

are shown. The flaps were driven in phase at 35Hz and a rake of 9 hot

wires was used to obtain the data. The data indicates that flow is self

preserving, but the self preserving distribution for this case differs from

that for the unforced case which is shown in Figure 3 for comparison. In

particular, the ratio of u2.Uax in 0.76 for the unforced case and 0.80 for

the forced case.

The mean velocity distributions for each wake are self preserving,

although the wakes developed at different rates in the downstream

2
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direction. The streamwise development of the characteristic scales uo and

Lo can be expressed as:

(~2 x ~
w2 E

(A 2 A

where W o0 and AO are constants for a given self preserving wake. The values

of WO and Ao for the unfoced wake are 1.68 and 0.304, respectively, while

those for the varicose forced wake are 1.62 and 0.312, respectively. The

mean field is therefore affected slightly by the forcing. The self

preserving mean velocity profiles are, however, effectively identical for

the two wakes. That is, plots of the self preserving function f(Ij),

defined by

* - U(x,y)
f(q) =

- u (x)
U0W

for the two wakes are identical to within the experimental uncertainty.

Therefore, the mean and turbulent fields are affected by the forcing.

The distributions of the amplitudes and phases of the velocity

perturbations associated with the varicose waves are shown in Figure 4(a)

and 4(b) for five downstream locations. The data, shown by the symbols,

were obtained by recording the velcotiy signal together with the sinusiodal

signal activating the flaps. The velocity signal was phase averaged over

100 cycles of the flap motion and the Fourier transform provided the
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amplitudes and phase estimates of the spectral elements of the velocity

field. The estimates were quite free from the random turbulent fluctua-

tions present in the original signal. The absicca in both figures is

dimensional y which covers the range -4Lo(y<4Lo. The ordinate in Figure

4(a) is the amplitude uf , the subscript f denoting the forcing frequency

and in Figure 4(b) the ordinate is relative phase shift, A. The results

are displayed to indicate the downstream evolution of the forced wave. The

solid lines represent the theoretical results computed from linear

stability theory using the measured mean velocity profiles. The

theoretical amplitude is plotted versus y and the only adjustment is that

the area under the theoretical curve is matched to that under the measured

data. There is reasonable agreement between the experimental and

theoretical results, although not quite as good as that obtained for the

sinuous mode. Some of the fine details such as the minor lobes closest to

the centerline shown in the theoretical curves are not evident in the

experimental results. This is undoubtedly caused by viscous effects which

would tend to eliminate such regions of high velocity gradient. (This will

be investigated further by attempting to solve the Orr-Sommerfeld equation

for the wake. See next year's report for results.) The maximum measured

amplitude of the varicose wave at each downstream location is plotted

versus x/ in Figure 5. It appears that the value of umax is nearly

constant in the far wake, but more data at larger x is required. At large

x, a notable lack of symmetry sets in. This cannot be attributed to probe

interference problems, but rather is caused by the presence of the sinuous

mode. The difficulty encountered in generating a purely symmetric distur-

bance wave indicates the flow is very sensitive to even the slightest

8
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asymmetries which might be present in the experiments. As the amplifi-

cation rates of the antisymmetric sinuous mode are much larger than those

for the symmetric varicose mode, these asymmetries are preferentially

amplified resulting in the eventual destruction of an initially prominent

symmetric wave. It was evident, therefore, that the total phase averaged

signal should be decomposed into its symmetric and antisymmetric modes in

order to study their downstream evolution.

JEWOMPOSITION PRO R

To decompose the phase averaged data into modes, we will take

advantage of the fact that the sinuous and varicose modes are odd and even

functions of y, respectively, for the u component of the velocity

perturbations. Therefore, if we separate the measured perturbations into

odd and even parts, we may have a means of separating the sinuous and

varicose modes. The amplitude and phase distribution of the separated

parts would then have to be examined and compared to the theoretical dis-

tributions of the sinuous and varicose modes.

The decomposition procedure gives as follows. First, we measured the

lateral distribution of the phase averaged u component using an array of

nine hot wires. Typically. 36 points were used to define a distribution.

The phase averaged data for each y position was Fourier transformed to

determine uf, the u component of the velocity perturbation associated with

the forced wave at the forcing frequency. The lateral distribution of the

real and imaginary parts of uf are shown in the upper plots of Figure 6,

for some example data. -The triangles and squares represent the data. The

10
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scales of the ordinates for uf,r and uf i are not the same. The subscripts

r and i represent real and imaginary, respectively. The absiccas are all y

with ranges -4L o to +4L o. Then, to obtain the odd and even parts, the

location of the wake centerline, y-0, was established from mean velocity

measurements. Next, as we generally did not have data at exactly the same

_+ y locations, we fit a curve to the measured data. A Fourier series in y

was fit to the real and imaginary parts separately. The fit curves are

shown by the solid lines. The Fourier series fit to each was separated

into its odd and even parts shown in the lower plots of Figure 6. The odd

and even parts or modes were then formed according to

uf,e = uf're + iuf,r

Uf,o - uf,ro + iufro

where the subscripts o and e refer to odd and even, respectively. The

lateral distributions of the magnitude and phase of the odd and even modes

were then determined and plotted. The results for the example data are

shown in the plots of Figure 7. Next, a check was performed on the

results. From the measured data, we determined the magnitude and phase

angle of uf for each measurement location y, shown by the triangles and

squares in the upper plots of Figure 7. Then, we estimated the same

distribution from the curve fits to the real and imaginary parts. The

results, shown by the solid lines, agree well with the data. Note, for the

example data, the amplitude distribttionhas a large even component al-

though it is asymmetric.
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OCDUDM ROM VOR XW Of WAKE

By applying a small phase difference to the relative motion of the two

flaps, a sinuous component was also introduced. This provides a means of

simultaneously forcing the wake with both modes to study their interaction.

The results of combined forcing at a frequency of 28 Hz in terms of the

lateral distributions of are shown in Figure 8. The flow is self

preserving, but the u distribution is asymmetric. The asymmetry

depends on the phase relationships between the modes.

The measured amplitude and phase distribution of uf for five

downstream locations is shown in Figure 9. Each plot is displaced

vertically for display purposes. The ordinate for each is the dimensional

amplitude of uf. The absicca is y and in the same scale for each plot.

The wake growth with x is evident. The amount of asymmetry changes with x

but appears to remain nearly constant in the far wake. These

distributions, were plotted in terms of their real and imaginary parts and

then decomposed into the odd and even parts. The resulting odd part for

each downstream location is plotted in Figure 10(a), designated by

transfer. The ordinate is the dimensional amplitude and the absicca is y

again. The solid lines represent the amplitude of the theoretical sinuous

mode computed from linear, inviscid stability theory, using the measured

men velocity profiles. The amplitude of the theoretical sinuous mode was

adjusted by a constant determined by matching the integral under the

theoretical curve to that under the measured data. The comparison between

the theoretical and measured phases is shown in Figure 10(b). The agree-

ment between the measured odd parts and the theoretical sinuous mode is
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quite good. Thus the measured odd part undoubtedly corresponds to the

sinuous mode of linear, stability theory.

The amplitude and phase distribution for the even parts for each

downstream location are shown in Figure 11(a) and (b). The solid lines

represent the theoretical varicose distributions where again the amplitude

was adjusted by a constant determined by matching the integral under the

thoeretical curve to that under the measured data. The agreement is quite

satisfactory and the even part indeed corresponds to the varicose mode of

linear stability theory.

The relative intensity of the two modes was obtained by integrating

the amplitude distributions across the flow for each mode znd taking the

ratio of the two. The downstream evolution of the ratio is shown in Figure

12. Initially, the amplitude of the varicose mode is about twice that of

the sinuous mode, but in accordance with linear theory the sinuous mode

eventually dominates and an equilibrium ratio is reached for x/ >1000, at

least for this particular experiment.
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CONIaUSIONS

It is possible to generate a nearly pure varicose mode of instability

in the wake. The sensitivity of the flow to asymmetric disturbances,

however, makes it a difficult experimental tatk. Even the slightest

asymmetric disturbance can be preferentially amplified as the growth rates

of sinuous disturbances are much larger than those for varicose

disturbances. Therefore, contamination of the varicose mode by the sinuous

mode is difficult to avoid, especially over large downstream distances.

A decomposition technique was developed to separate a phase averaged

distribution into its symmetric and antisymmetric components. The

measurements show that these components agree well with their corresponding

theoretical counterparts, that is, the varicose and sinuous modes from

linear stability theory. The relative strength of the two modes at any

downstream location can then be determined by integrating the amplitude

distribution across the flow for each mode and taking the ratio of the two.

The model decomposition technique was applied to a case of combined

excitation. The relative strength ratio measurements show that initially

the varicose mode was twice as strong as the sinuous mode, but the sinuous

mode eventually became dominant because of the larger amplification rates.

An equilibrium ratio was approached in the far wake for x/ >1000.

21
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