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ABSTRACT

The effect of large amplitude forcing on the growth of a high speed two-
dimensional jet has been investigated experimentally., Two forﬁing techniques
were utilized: mass flow oscillations and a mechanical system, The mass flow
oscillation tests were conducted at Strouhal numbers from 0.00052 to 0,045,
and peak-to-peak amplitudes up to 50 percent of the mean exit velocity. The
exit Mach pumber was varied in the range 0.15 to 0.8, The corresponding
Reynolds numbers were 8,400 and 45,000, The results indicate no significant
change of the jet growth rate or centerliine velocity decay compared to the un-
disturbed free-jet. The mechanical forcing system consists of two counter-
rotating hexagonal cylinders located parallel to the span of the nozzle.
Forcing frequencies up to 1,500 Hz were tested. Both symmetric und antisym-
metric forcing can be implemented., The results for antisymmetric forcing
showed a significant (75 percent) increase of the jet growth rate at an exit
Hach number of 0.25 and a Strouhal npumber of (.019, At higher rotational
speeds, the jet deflected laterally. A deflection angle of 39° with respect

to the centerline was measured at the maximum rotational speed,
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NOMENCLATURE

Jet exit width

Excitation frequency

Mach number

Pressure

Reynalds number

=fed/Vax, Strouhal number

=fes /UG , local Strouhal number
Downstream velocity component
Downstream velocity component rms value
Hot-wire voltage output
Downstream coordinate

Lateral ceoordinate

Jet deflection angle

Velogity profile width
Viscosity

Density

Cylinders' rotational speed

Subscripts

i

ex
o

pp

rus

Centerline condition
Nozzle exit condition
Nozzle stagnation condition
Peak-to-peak value

Root mean square

Static condition

Total conditicon
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1. INTRODUCTION

It has been shown in a number of experimental investigations that the
growth rate of a two-dimensional turbulent jet can be increased by the action
of a superposed acoustical field or other forcing techn1ques.1'5 This in-
creased growth rate is of considerable interest in a number of practtcal prob-
lems where rapid mixing of mass, momentum or energy of the jet with its sur-
roundings is important, Most investigations on forced two-dimensional jets
have been limited to small amplitude excitation of low speed jets., These in-
vestigations focussed on the turbulent structure of the jet.i=3 A few inves-
tigations have also been conducted with large excitation amplitudes, They are
limited, however, to low fregquencies due to limitations of the forcing systems
used,*»5

# schimatic diagram of the two-dimensional jet is shown in Figure 1. The
non-dimensional parameters characterizing this flow are the Reynolds number Re
= (pU)exed/u, the Strouhal number St = fed/Uax and the Mach number Mgy. In
addition, the symmetry of the disturbance field plays an important role in the
subsequent development of the jet.2 Two different forcing modes are apparent:
a symnetric forcing node in which the traverse velocity component of the dis-
turbance is symmetric with respect to the geometrical plane of symmetry of the
flow, and an antisymmetric forcing mode where the disturbance is antisymmetric
with respect to this plane. Available data indicates that symmetric forcing
of a two-dimensional jet results 1in significant growth rate increases for a
Timited range of Strouhal numbers, 0,25 ¢ St < 0.5.3 These results were ob-
tained with small amplitude acoustical excitation. The behaviour of the jet

under large amplitude symmetric excitation has not been documented.,  Axisyn-
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Figure 1. The two-dimensional jet.
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metric jets do show significant growth rate increases under large amplitude
mass flow oscillations at a wider Strouhal number range.® Furthermore, invis-
cid stability analyses predict growth of both symmetric and antisymmetric dis-
turbances,’ Antisymmetric forcing of two-dimensional jets results in large
increases of the growth rate? at moderate Strouha) numbers (5t<0,02), The
large growth rates, however, do not necessarjly imply increased small scale
mixing.2 At very low Strouhal numbers, the entire jet flaps with the local
width of the free-jet.4

In the present investigation, we address the effect of forcing technique,
frequency and amplitude of the excitation on the far-field development of a
high speed jet. Pitot tube profiles were obtained at several downstream loca-
tions, jet exit Mach number and at various frequencies and amplitudes of the
oscillations. In a second series of experiments, the effect of large ampli-
tude antisymmetric forcing on the jet flow field was investigated, Because of
the low excitation amplitude attainable by acoustical forcing, we opted for a
mechanical system. Uur design objective was to reach excitation frequencies
of the order of 1,000 Hz and amplitudes comparable to those used in References
4 and 5. This was accomplished by using a pair of counter-rotating hexagonal
cylinders located parallel to the nozzle edges. However, at the high rota-
tional speeds necessary to achieve the design frequency, the interaction be-
tween the cylinders and the jet resulted in lateral deflection of the jet,
This new phenomenon prevented us from conducting systematic parameter varia-
tions, Therefore, a preliminary evaluation of the flow field was conducted

and measurements of the main features of the flow are reported,
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2, FLOW FACILITY AND INSTRUMENTATION

The experiments reported here were conducted in the facility shown in
Figure 2. A schematic diagram of the facility is presented in Figure 3. The
facility uses pressurized shop air as working fluid. The high pressure air is
first regulated down to the operating pressure by a remotely operated dome
regulator. An orifice plate downstream of the regqulator is used to monitor
the mass flow through the system., An accumulator and a pneumatic oscillator
are located downstream of the orifice plate; both are needed for the mass flow
oscillation tests, The two-dimensional jet nozzle is located downstream of
these components, Air enters the nozzle through two perforated tubes along
the entire span of the nozzle. A perforated plate and honeycomb section are
used to reduce the turbulence level and non-uniformity of the stream. They
are followed by a 20 to 1 two-dimensional contraction. The nozzle exit has a
cross-sectional area 2,54 mm by 169 mm, with the large dimension being along
the span direction. The flow was confined in the Spanﬁise direction by two
end-plates. The plates were made of lucite for shadowgraph flow visualiza-
tton. The end-plates extended.o.ﬁl m downstream of the nozzle exit. The fa-
cility can be operated up to a maximum pressure ratio of 2.0, 1.g., Mex = 1.0,
A number of validation tests were conducted at exit Mach numbers cf 0.3, 0.5,
0.7 and 0.9, The results are reported in the next section.

The mass flow oscillations were introduced with the help of an electro-
pneumatic oscillator located upstream of the nozzle as shown in Figure 3, The
oscillator is driven by a wave generator and a power amplifier. It modulates

the mass flow through the system at the desired frequency and amplitude by
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Two-dimensional jet facility.
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means of a variable area orifice, In the large amplitude mass flow oscilla-
tion tests, the mean mass flow was kept constant in order to provide a good
reference for comparison, The accumulator was needed to isolate the measured
pressures on the orifice from the pressure fluctuations induced by the mass
flow oscillations. |
Tests were conducted to characterize the operation of the system with
mass flow osc{l]ations. For a fixed exit velocity as the frequency was var-
ied, several system resonances were observed. They were characterized by hot-
film measurements of the velocity at the nozzle exit., The results, summarized
in Table 1, were the maximuim rns value of the fluctuation normalized with the

local mean, The results presented are at the resonant frequencies and three

Table 1

Flow Facility Resonances

Mex=0.3 Moy=0.5 Mg y=0.68
f{Hz) Vems/V Vruns/V Vems/V
56 0.032 0,01 —--
270 0.036 0.011 ‘ -
356 0,031 0.011 -
‘397 0,018 -—— -
480 0.013 0.0049 0.0058
572 0.01 0.0047 0.0065
642 0,009 0.0047 0.0058
768 - - 0.0005
846 0.004 - 0.0004
- 7-




exit Mach numbers. The maximum normalized ampiitude at various resonant fre-
quencies decreases as the frequency or Mach number 1is increased. Based on
these results, the test conditions indicated in Table 2 were selected, Both
the rms value of the velocity fluctuation, u', and the peak-to-peak amplitude
normalized with the mean velocity are given in Table 2. Note that at the
highest Mach number and at the highest frequency, only the low amplitude exci-

tation could be tested.

Table 2
Summary of Tests

Mass Flow Oscillations

Mey=0.15 Mex=0.5 May=0.8
f(Hz) u'/U Upp/t u'/u Upp/l u'/U Upp/U
0 0,002  --- 0,002 --- 0.018 ---

56 0.030  0.09 0.031  0.09 0.023 ~0,06
0,150  0.43 0,060 0.17 .- .-

325 0.030  0.09 0,032 0.09 0.020 ~0,05
0.1756 0,49 0.053 0,15 -—- ---

900 0.032  0.09 0.008° 0.02 0.019 ~0.05

A number of tests were also conducted with a mechanical forcing system,
The design objectives of this system were to achieve excitation frequencies of
the order of 1,000 Hz and as large an amplitude as possible, The system con-
sists of two counter-rotating hexagonal cylinders located parallel to the noz-

zle edges as shown in Figure 4, As each vertex of the hexagon moves into the
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Jet, it introduces a disturbance, Thus, a rotation of the cylinders results
in a periodic disturbance of the jet. Further, the six vertices per turn sig~
nificantly reduce the rotational speed necessary to reach a given frequency,
It was felt that the maximum amplitude of the disturbance would be obtained by
arranging for the side of the hexagon to remain outside of the jet while the
vertex moves into the jet shear layer., Based on this assumption, the geomet-
rical parameters given in Figure 4 were chosen. This mechanical system was
attached to the nozzle. A picture of the attachment is presented in Figure 5,
Front and side view pictures of the facility with the attachment mounted are
presented in figures 6 and 7, respectively.

The cylinders were driven with a variable speed DC motor, A gear box was
used to increase the rotational speed by a factor of six. The actual maximum
rotational speed tested was 15,000 rpm which corresponds to an excitation fre-
quency of 1,500 Hz. This speed is significantly lower than the first mechani-
cal resonance of the system, estimated at 40,000 rpm. The cylinders could be
rotated in both directions, always counter-rotating with respect to each
other, The direction indicated in Figure 4 is the preferred (positive) direc-
tion because the cylinders and the fluid move in the same direction during the
interaction, thus minimizing the load on the system, A few exp]oratory‘tests
were conducted with the cylinders rotating in the negative direction., With
this system, the relative phase between the two cy]inders could also be var-
ied. The phase shown in Figure 4 corresponds to antisymmetric forcing because
the maxfmum disturbance in one shear layer corresponds to minimum disturbance
in the other, Symmetric forcing can be obtained by rotating one cylinder 30°
with respect to the other from the position depicted in Figure 4. Only a few
tests were conducted in the symmetric confiquration. The tests conducted in

this systém were primarily exploratory tests aimed at characterizing the

- 10 -
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interaction between the rotating cylinders and the jet, Shadowgraph pictures
and velocity profiles were obtained to document, the main aspects of this in-
teraction, These measurements were limited to an exit Mach number of 0,25,
The instrumentation used in this investigation consisted of strain-gauge
pressure transducers and a hot wire anemometer. The range of the pressure
transducers was selected for maximum sensitivity consistent with the maximum
expected pressure. The Pitot tube profiles were obtained with a X-Y recorder.
The sensors used in hot wire velocity measurements were cylindrical film sen-
sors 25 pm in diameter by 0,51 mm long. Their frequency response was at least
one order of magnitude higher than the excitation frequency. The sensors were
calibrated in the same facility by locating them at the nozzle exit and vary-
ing the exit velocity. A linearizer was used to obtain an output voltage pro-
portional to the velocity, Except for the results presented in Table 1, all
the results obtained with the hot wire anemometer used the linearized output,
The components of this system are commercially available and will not be des-
cribed here, flow visualization by the shadowgraph technique was used in this
investigation, In order to increase contrast, pure carbon dioxide gas was

mixed with air for the flow visualization tests,

- 14 -
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3. RESULTS

3.1 Free-Jet

A number of tests were conducted on the undisturbed free-jet to obtain
base data for comparison with forced jet results and with the results of other
investigators as well, These tests consisted of Pitot tube traverses on the
mid-span piane at several downstream positions and exit Mach numbers, The jet
exit Mach numbers tested and the carresponding Reynolds numbers are given in
Table 3. From the Pitot tube profiles the centerline total pressure evolution
was obtained. These results are presented in Figure 8, In this figure, the
nozzle total pressure divided by the centerline total pressure is plotted as a
function of downstream distance. It is apparent that the jet exit Mach number
does not influence this parameter. For a self;similar jet, a linear increase
of this parameter with downstream distance is expected. The results, pre-
sented in Figure 8, show this linear trend for x/d>10, A straight line fit to

the data downstream of this position gives
(Po - Pg)/(P¢G - Pg) = 0,216 (x/d-17.56)

The standard deviation from this line is 0,859 for all the data, at various

Mach numbers,

Table 3

F ree-Jet Test Conditions
Mex 0.3 0.5 0.7 0.9

Re{x10-4) 1.7 2.8 3.9 5.0

- 15 -
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The results on the free-jet growth rate are presented in Figure 9. In
this figure, the profile width, & (see Figure 1 for its definition), normal-
ized with the nozzle exit width, is plotted as a function of normalized down-
stream distance. Here again, self-similarity requires a linear dependence of
6 on x. This behavior is found in the far field x/d>10. Mach number effects
are within the scatter of the data., A straight line fit to the data gives

6/d = 0,179 (x/d) + 0.25

The standard deviation from this line is 0.445,

These results are 1in good agreement with the results of other
1nvestigat10ns.3'10 Therelis, however, considerable scatter among those re-
sults (see, for example, Reference 10 for a compilation of two-dimensional jet
results), Only the velocity virtual origin, x/d=17.56, 1is somewhat higher
than reported values., Yet values for this parameter, from 13 to -13, can be

found in the literature,l0

3.2 Mass Flow Oscillations

Systematic variation of various parameters was conducted to determine the
effect of mass flow oscillations on the mean flow field., These tests included
changes of the jet exit Mach number, oscillation frequency and amplitude. The
conditions tested are given in Table 2. The Strouhal and Reynolds numbers
corresponding to these conditions are given 1in Table 4, For each of these
conditions, total pressure profiles were obtained at three downstream Toca-
tions. Throughout these tests, the mean mass flow at each Mach number was
maintained constant. At the lower Mach numbers, the pressuré readings on the

metering orifice were maintained within 2 percent. At Mgy=0.8, the imposed

mass flow oscillations altered the operating point of the facility, resulting

in a 10 percent scatter of the orifice pressure readings.

- 17 -
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Table 4
Mass Flow Oscillation Tests

Non-dimensional Parameters

Hex 0.15 0.5 0.8
Re(x10-%) 0,84 2,8 4.5
f St St St
56 0.0028 0.00084 0.00052
326 0,016 0.0048 0.0032
900 | 0.045 0.013 0.0084

The amplitude of the velocity fluctuations at the jet exit were varied
from 10 percent to 50 percent of the mean (Table 2). At low amplitudes, the
velocity variation, with time, approached a sinusoidal waveform, At high am-
plitudes, significant departures from the pure sinusoidal waveform were found,
No attempt was made to characterize these departures. The velocity signal was
free from high frequency noise at the lower Mach numbers. At the highest exit
Mach number, however, the high frequency noise amplitude was comparable to the
excitation amplitude.

The results of several pitot traverses at x=25 cm and exit Mach number
0.15 are presented in Figure 10. Two traverses obtained at the same condi-
tions are superimposed on each graph. Comparison among the various curves in
this figure shows no significant effect of mass flow oscillation frequency or
amplitude on the pitot tube profiles. The results at different Mach numbers
and downstream positions are presented in Figures 11 and 12 for thg centerline
total pressure and the profile width, respectively. In these figures the re-

sults obtained at different frequencies and amplitudes for each Mach number

- 19 -
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are shown as a single point, Also plotted 1in these fiqures are the fitted
lines obtained from the free-jet data, [t is apparent from these results that
mass flow oscillations have no significant influence on the two-dimensional
jet growth rate at Strouhal numbers St<0.05 even at excitation amplitudes 50

percent of the mean,

3.3 Mechanical Excitation

Because of the lack of sensitivity of the two-dimensional jet to symmet-
ric excitation shown by the mass flow oscillation results, the main emphasis
of this part of the research was on the antisymmetric forcing mode, A measure i
of the excitation amplitude of the antisymmetric mode is the deflection of the
jet caused by the cylinders under static conditions., These results are pre- L ;
sented in Figure 13. The two limiting cases are shown in this figure as Case é -
A and Case B, respectively. Case A is characterized by the cylinders having
sides parallel to each other forming ah angle of -15° with the downstream
direction, while in Case B the angle is 15°, The hot wire velocity profileé
at x=25 cm for the free-jet, Case A and Case B are shown in this figure. It

is apparent that the significant effect of the cylinders is a lateral deflec- o

tion of the jet in the negative or ponsitive y-direction for Case A or B, re- t

spectively. The width of the jet or centerline velocity are not significantly

- T

modified by the presence of the cylinders. The effective deflection angle, «, .

TiTRA B

can be defined from these profiles as
a=arctan (Ymax/X)

where ymax is the location of the maximum velocity. Using this definition we

find « = ~12" and a = 16° for Case A and B, respectively, These values can be

compared to the values of +30° used in Reference 4.
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The effect of positive rotational speed (w>0) at x=25 c¢m is presented in
Figure 14, At low speeds of the cylinders, say 5,000 rpm, the velocity pro-
file 1s typical of a forced jet, that is, the maximum velocity in the profile
1s considerably lower than the value for a free-jet while the width of the
profile is increased significantly., At higher rotational speeds, 10,000 rpm
or 15,000 rpm, the flow field changed entirely with the maximum velocity now
located at y = =17 cm and -20 cm, respectively. These values correspond to
lateral deflection angles a = 534° and -39°, respectively. The apparent pref-
erence for negative displacements was somewhat troublesome. However, the ve-
locity profiles at 10,000 rpm and 15,000 rpm show increased velocity fluctua-
tions at y = 7 cm and 17 ¢cm compared to the centerline, respectively. Flow
visualization revealed the flow configuration depicted in Figure 15, The jet
splits on the mid-span plane with the upper half deflecting toward the posi-
tive y-direction and the lower half toward the negative y~direction. It was
also found that small movement of the cylinders relative to the nozzle will
alter the direction of the jets. It was, in fact, demonstrated that the en-
tire jet could be deflected in either direction‘by smali changes of the cylin-
ders' position, of the order of a few tenths of a millimeter.

The rotational speed for the onset of jet deflection was dependent on the
jet exit velocity. As the jet exit velocity was increased, the rotational
speed for onset was also increased. Jet deflection was not observed with the
cylinders rotating in the negative direction, that is, when the cylinders'
direction is opposite to the jet flow direction at th; point of contact.

The jet deflection phenomenon distracted us somewhat from the main objec-
tive of this investigation. The velocity profile at 5,000 rpm (500 Hz) in
Figure 14 shows a significant increase in jet growth rate. Exploratory tests

-~ with w<0 confirmed this result. However, when a symmetric configuration was
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tested, no significant growth rate increase was found. No quantitative data
were obtained in these cases. Shadowgraph flow visualization pictures of the

free-jet, Figure 16, and of the excited jet, Figure ./, at Mpx = 0,25, St =

|

0.019 (500 Hz), show the growth rate increase 1n the latter. Furthermore, i
l

there is no evidence in this picture of a wavy jet structure found at lower |
¥

{

Strouhal numbers,4

Comparison of these results with free-jet data is presented in Figures 18
and 19 for the centerline velocity decay and velocity profile width, respec-

tively. For this comparison 1t has been assumed

(Po = Pg)/(Pt@ - Ps) = {Uex/N Q)2 .

s 7 - i N S WSO ST

Also plotted in these figures are the results for the free-jet measured with

the same equipment as the excited jet as well as the straight line fit found

in the free-jet tests, Figures 8 and 9. The centerline velocity decay is re-

duced by 35 percent as compared to the free-jet, The profile width is in-
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creased by 75 percent,
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4, DISCUSSIOM

The effect of large amplitude forcing of a two-dimensional jet is seen to
depend strongly on the symmetry characteristics of the excitation. Large am-
plitude mass flow oscillations do not alter the mean fiow evolution in the
Strouhal number range from 0.00052 to 0,045, On the other hand, antisymmetric
forcing does result in a large increase of the jet width at comparable Strou-
hal nqmbers. Thts Strouhal number is based on jet exit conditions. A better
indication of the dynamics of the flow can be obtained from the local Strouhal
number, Stl = fe5/UG . This parameter is related to the jet exit Strouhal

number by the expression
St] = CeSte(x/d)3/2

where C = 0,083 from our free-jet data. In this equation we have neglected
the location of the virtual origin; thus the equation is valid for x/d>>1.
Strong interaction between the excitation and the jet turbulence can be expec-
ted to occur at values of the locai Strouhal number of order one. The range
of local Strouhal numbers covered in.these tests is from St1<<1 to St;~1 at
values of x/d~100. Therefore, the conditions for strong interaction were es-
tablished for symmetric and antisymmetric disturbances. Our measurements in-
dicate that only antisymmetric disturbances result in such a strong interac-
tion. The selective amplification of antisymmetric disturbances by the two-
dfmensionél jet is ah indication of a large scale structure constituted by an
axisymmetric vortex street., This possibility was first proposed in Reference
11, A characteristic local Strouhal number of 0,22 was reported for the lafge

scale structure in that investigation., For the results presented in Figure

-3l -
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14, f = 500 Hz, St} = 1.5 at x/d = 100 and, using the above equation, S5t =
0.22 at x/d = 27 are consistent with the observations reported in Reference
11,

It is interesting to compare our results with the predictions of stabil-
ity theory. Results from stability theory have been used to describe the dy-
namics of the large scale structure in turbulent mixing layers.l2 However,
for the two-dimensional jet, inviscid stability analysis predicts growth of
both symmetric and antisymmetric disturbances at local Strouhal numbers below
0.,3.7 Maximum values of the amplification rate are found at local Strouhal
numbers from 0.13 and 0.2, depending on the velocity profile chosen. Yet the
present measurements indicate damping of symmetric disturbances. The results
for antisymmetric forcing are consistent with inviscid stability fheory. This

conflict between inviscid stability theory and our results raises some ques-

tions as to the general applicability of the former to excitation of turbulent

shear flows,

Using the counter-rotating cylinders in this investigation proved to be a
valuable technique for two-dimensional jct forcing, The measured growth rate
"increases are larger than those found using acoustical forcing.2 They are
comparable to the ones obtained with the "fllp-flop" no;z]e5 with the addi-
tional advantage in this case of improved small scale mixing at large Strouhal
numbers. The possibility of self-induced excitation caused by releasing the
cylinders from the driving mechanism was also demonstrated. The cylinders ro-
tated freely under the action of the jet. The rotational speed was of the or-
der of 1,000 rpm (100 Hz). The speed increased with the jet exit velocity.
This self-excited condition is analogous to the operation of the "flip-fiop"

nozzle. In this case, however, the rotational speed is determined by balance
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between aerodynamic friction on the surface of the cylinder and mechanical
friction,

The jet deflection phenomenon observed at high rotational speeds is un-
doubtedly accompanied by rotation of the axis nozzle thrust, Although the
thrust of the system was not measured, the thrust rotatifon angle should be
comparable to the angles measured in the velocity field. The jet splitting
phenomenon described in relation with Figure 15 is the result of the simulta-
neous interaction of both cylinders with the jet. If a single cylinder is
considered, it can be expected that all the geometrical parameters as well as
the jet exit velocity and its rotational speed will influence the jet deflec-
tion angle. Among these, the significance of the hexagonal shape of the cyl-
inders needs to be determined, For a fixed geometry the relevant non-
dimensional parameter is the ratio Up/Uax, where Ut is cylinder surface velo-
city. This parameter had a maximum value of 0,61 in these tests. At onset of

the deflection its value was Ur/Uex = 0.2.
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5. CONCLUSIUNS

Several conclusions were clearly established by the present investiga-
tion. Yet more tests of the mechanical system used in this investigation are
required to fully evaluate its characteristics and potential applications,
The matn conclusions of this investigation are:

1. Symmetric forcing of a two-dimensional jet does not result in an in-
creased growth rate at Strouhal numbers 0,00052<{5t<0,045 and amplitudes up to
50 percent of the mean velocity.

2. Antisymnetric forcing does result 1in 75 percent increase of jet
width. At the non-dimensional frequency tested in this investigation, St =
0.019, the growth rate increase is'accompanied by increased mixing.

3. The use of two counter-rotating cylinders located at the jet exit is
a unique technique to interact with the jet turbulence. HNot only a signifi-
cant increase in jet growth can be realized, but also significant jet deflec-

tion can be obtained.
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