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ABSTRACT 

An air jet emanating from a rectangular conduit with exit 

plane dimensions 7.62 cm x 1.27 cm (aspect ratio 6:1) is 

forced using four piezoelectric actuators mounted along the 

long sides of the jet opening. Excitation is effected via 

amplitude modulation of the resonant carrier waveform. 

Although the flow is not normally receptive to excitation at 

the actuator resonance frequency, if the excitation amplitude 

is high enough, spreading of the forced segments of the jet 

shear layer can lead to a significant deflection of the jet 

column. When the amplitude modulated excitation is high 

enough, the input waveform is effectively demodulated by a 

nonlinear process related to the formation and coalescence of 

nominally spanwise vortices. The resulting effect is the 

spatial amplification and attenuation of the modulation and 

resonant wavetrains, respectively. The choice of different 

spatial/temporal wavetrains can result in the excitation of 

spanwise and streamwise instabilities of the jet column. 
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1.INTRODUCTION 

Noncircular jets appear in a number of applications in 

aeronautics and engineering. Nozzles of rectangular shapes 

have been tested in conjunction with thrust augmentation as 

well as in several types of combustors (Sfeir 1979). The 

combination of large and fine scale motions in jets emanating 

from noncircular nozzles are important in the mixing of 

combustion reactants and numerous types of chemical reactions 

(Koshigoe et al. 1989). 

A number of researchers have studied noncircular jet 

geometries. Krothapalli et al. (1981) studied the mixing of 

a rectangular air jet. Quinn and Militzer (1988) studied a 

jet emanating from a square orifice, Sfeir (1979) a 

rectangular orifice jet, and Tsuchiya and Horikoshi (1986) 

several types of rectangular nozzle jets. Gutmark et al. 

(1985) studied several noncircular nozzle shapes including 

ellipsoid, triangular and rectangular. 

The present experiments focus on a forced rectangular 

air jet with an aspect ratio of 6:1. The forcing is 

accomplished using piezoelectric actuators. The technique 

used to force the jet was developed by Wiltse and Glezer 

(1991) and used to manipulate the shear layers of a square 

air jet. The use of piezoelectric actuators for flow 

excitation has been limited because they respond within a 

narrow frequency band. The forcing technique that overcomes 
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this limitation is to amplitude modulate the input carrier 

waveform to each of the piezoelectric actuators. The 

rectangular jet is forced using four actuators placed along 

the long sides of the jet exit. 

The purpose of the present experiment is to exploit the 

forcing of the shear layers on the long sides of the jet in 

order to induce strong instabilities of the jet column. It is 

anticipated that such an effect on the evolution of the jet 

column will have important applications in thrust vectoring, 

mixing, and combustion. 

Streamwise and cross stream velocity measurements of the 

forced and unforced jet are taken using single and X-wire 

probes. Measurements are taken in planes parallel and normal 

to the direction of flow. Section 2 describes the 

experimental facilities and excitation technique. The 

experimental results and conclusions are presented in 

sections 3 and 4, respectively. 
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2. EXPERIMENTAL APPARATUS AND PROCEDURE 

2.1. Jet Facility 

The jet facility is shown in figure 1(a). The jet is 

constructed from several sections of round duct. The main 

part of the facility is 15.24 cm in diameter and has a total 

length of 2.39 m. The jet is driven by an axisymmetric blower 

(325 cfm) mounted upstream of the entrance plenum and is 

powered by a DC motor. A variable power supply controls the 

motor with a maximum output of 8 amps. The duct is fitted 

with foam, honeycomb material, and steel screens placed 

downstream of the plenum to reduce swirl and velocity 

fluctuations. An electric heating strip is positioned at the 

entrance to the blower for use in Schlieren flow 

visualization. This facility was used by Wiltse and Glezer 

(1991) for square jet experiments. 

The main modification of the facility was the 

construction of a rectangular conduit measuring 1.27 cm x 

7.62 cm x 60.96 cm long and constructed from aluminum 

(figure 1(b)). The aspect ratio of the jet is 6:1. The 

entrance to the conduit is fitted with a tapered bell mouth 

constructed of wood to provide a smooth transition into the 

conduit entrance and reduce secondary flow in the corners. 

The jet conduit is mounted at the downstream end of the jet 

duct with approximately 20 cm of the conduit protruding out 

of the end plate. 
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The jet duct has a 0.9 cm uniform open slot around it's 

perimeter. This slot is designed to create nearly uniform 

streamwise flow around the conduit entrance. This design 

eliminates the need for a contraction section. In the present 

experiments, the slot width was decreased to compensate for 

the 33% reduction in the cross sectional area of the 

rectangular jet (compared to the square jet). Flow velocities 

of 8 m/s and a Reynolds number of 5900 (based on jet exit 

width), can be realized with this facility. The streamwise 

turbulence intensity at the jet exit plane is approximately 

0.4% of the centerline exit velocity (U0). In what follows, 

the streamwise, cross stream, and spanwise directions are 

along the x, y, and z axes, respectively. 

2.2. Piezoelectric Actuators 

The jet is forced using four piezoelectric actuators 

mounted along the long sides of the jet exit plane. The 

actuators can be mounted either normal or parallel to the 

flow direction. In the present experiments, the actuators are 

mounted normal to the flow 0.64 cm downstream of the exit 

plane. The actuator tips are at the elevation of the inner 

upper and lower duct surfaces so that virtually no flow 

disturbance is created when they are not operational. 

The actuators consist of a thin sheet of stainless steel 

measuring 0.013 cm partially sandwiched between two 
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piezoelectric plates measuring 3.81 cm x 1.9 cm. Each 

piezoelectric plate is entirely covered by a thin conducting 

electrode. The actuators are cantilevered at the edge of the 

piezoelectric plate so that approximately 0.68 cm of the 

plate is attached to the aluminum mounting. When AC voltage 

is applied across the actuator, near it's resonance 

frequency, the blade tip oscillates. In the present 

experiments, a resonance frequency of 500 Hz is used. The 

amplitude of the tip motion is nominally 0.8 mm peak to peak. 

For a small portion of the experiments, the tip motion is 

increased to approximately 1.6 mm peak to peak. The tip 

motion diminishes substantially when the input frequency is 

outside of the actuator resonance bandwidth. A typical 

resonance bandwidth, at a resonance frequency of 500 Hz, is 

approximately ±10 Hz. 

2.3. Schlieren System 

The jet flow is visualized in the x-y plane using a 

double pass Schlieren system centered 3 inches downstream of 

the jet exit plane. If desired, the optical system can be 

translated along the jet axis. As mentioned in section 2.1, 

the fluid can be heated up to 11° above the ambient 

temperature. The induced density gradients are sufficient for 

Schlieren visualization. The Schlieren system is shown 

schematically in figure 2. The optical components include 2 
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primary, double convex lenses 8 cm in diameter having focal 

lengths of 8.5 cm and 55.0 cm, 2 flat mirrors, a 15.24 cm 

diameter spherical mirror with a 152.4 cm focal length, a 

plate beam splitter, and a 0.34 mm diameter pinhole. 

The entire optics platform is mounted on hard rubber 

pads for vibration isolation. The optical components are 

mounted on magnetic bases or sliding tracks to allow for easy 

adjustment. The jet facility can be rotated about the x-axis 

and can be viewed at virtually any plane containing the x-

axis. 

The light source for the Schlieren system is either an 

electronic strobe or a high intensity halogen light fixture. 

The strobe light can be phase-locked, with a variable delay, 

to the computer output forcing signal. 

2.4. Data Acquisition and Electronics 

The cross stream and streamwise velocity components are 

measured simultaneously using an X-wire probe. The streamwise 

component only is measured using a single sensor. The sensor 

wire diameter is 10 nm. 

The single hot wire sensor is calibrated using a pitot 

static probe placed in the center of the jet exit. The 

calibration curve for the single wire sensor is a forth order 

polynomial fitted to 7 measured velocities between 0.2 and 7 

m/s. The calibration is checked at various times during the 
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data acquisition by comparing it to the current pitot static 

tube velocity measurements. The wire is re-calibrated once 

the error exceeds approximately 1.25% of the centerline jet 

exit velocity (U0). A typical calibration curve is shown in 

figure 3(a). 

The X-wire probe is calibrated using a technique 

developed by Peterson (1976) and used by Marasli (1989). The 

sensors are calibrated with respect to velocity and yaw 

angle. The calibration is performed in an adjacent jet 

facility equipped with a goniometric arc which is capable of 

rotating ±12° with a resolution of ± 0.1°. Both sensors are 

positioned and rotated in the horizontal plane. The probe is 

calibrated using four velocities (0.2 - 7.0 m/s) and three 

yaw angles (-10°, 0°, 10°). Marasli (1989) used three yaw 

angles and three velocities due to the smaller velocity 

variations in his experiments. Experiments conducted on the 

calibration procedure found that using four velocities gave 

an accurate calibration throughout the velocity range, 

including the low velocity, nonlinear portion of the curve 

(U < 1.25 m/s). The procedure to be described takes 

approximately 50 min. and the addition of another velocity 

would add about 12 min. to the calibration time. 

The U and V velocity components are computed using an 
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equation of the form: 

U - ̂ jV = Pj(EJ) 

for each sensor (j = 1,2). U and V are the streamwise and 

cross stream velocity components, Ej is the anemometer bridge 

voltage, and Pj is a second order polynomial given by: 

PjiXj) = * J =1'2 

11=0 

The instantaneous velocity components, U(t) and V(t), are 

then computed from: 

V(t) = Pi(-y ~_^(Ei) . mt) = > + A3#1v 
3̂.2 3̂,1 

Once the calibration procedure is completed, the sensors 

are moved to the rectangular jet facility and connected to 

the anemometers using different cables having approximately 

the same length and resistance. The centerline velocity is 

compared with the X-wire reading and the calibration curve is 

offset slightly to allow for the small difference in voltage 

drops across the different anemometer cables. The required 

voltage shift is normally below 0.1 volts (about 2% of the 

voltage corresponding to U0). The centerline velocity is 

checked periodically to verify the calibration accuracy. The 

calibration offset is checked after each data set is taken 

and adjusted as necessary. 
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The hot wire probe output is measured phase-locked to 

the forcing signal so that phase averaged data can be 

obtained over the entire forcing cycle. Each anemometer 

output is sampled at 2560 Hz and each data record contains 

1280 samples. At each spatial measurement station, a total of 

40 and 20 records are obtained for the forced and unforced 

jet, respectively. 

The probes are positioned using a three axis traversing 

mechanism. Motion in the y-z plane is computer controlled to 

within 0.1 mm accuracy using stepper motors. Traversing along 

the x-axis to within 0.8 mm is achieved using a manually 

operated DC motor. In the cases where higher accuracy is 

desired in the x-axis direction, a distance indicator is used 

with a dial accuracy of approximately 0.025 mm. 

A microphone is used to tune the actuators by adjusting 

their amplitudes individually. The microphone is positioned 

2 cm downstream of the center of each blade tip. 

2.5. Amplitude-Modulated Excitation 

In the present experiments, all actuators are driven at 

the same resonance frequency using four channels of the D/A 

converter which allows for different modulating waveforms: 

e«(t) = Arsin(co^t) [l + eisin(o)/t + <t>i)] 
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where: 

A* = amplitude of the carrier signal 

ei = degree of modulation , (0 * ed z 1) 

i 
vj = —=• = carrier frequency 

2ft 

<}>i = tie phase of ej(t) , (at the modulation frequency) 

Excitation is effected by the streamwise motion of the 

actuator tips which induce streamwise velocity perturbations 

into the jet shear layer. Glezer and Wiltse (1991) found 

that, provided the velocity perturbations induced by the 

actuator tips are large enough, the excitation waveform is 

effectively demodulated by exploiting flow nonlinearities. In 

the present experiments, the tip motion of the actuators is 

nominally 0.8 mm and, with a resonance frequency of 500 Hz, 

the maximum streamwise velocity perturbation is approximately 

2.5 m/s. The input signal to the actuators and the 

corresponding microphone output are shown in figure 4(a) and 

(b), respectively. Figure 4 was taken from Wiltse and Glezer 

(1991) and is at a modulation frequency of 16 Hz. The degree 

of modulation of the input signals and the microphone signals 

are e = 1.0 and 0.44, respectively. The reduction in e is due 

to the inherent dynamic response of the actuators. 
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In the present experiments, with a amplitude modulation 

frequency of 20 Hz, the degree of modulation is e = 0.48. 

Wiltse and Glezer (1991) found that the characteristic rise 

time, in response to the application of a unity step in the 

modulating waveform, is approximately 35 ms. The dynamic 

response is dependant on the physical characteristics of the 

actuator. 

2.6. Experimental Conditions 

In the present experiments, flow speeds of 6.5 m/s are 

used. The flow speed corresponds to a Reynolds number of 4800 

based on jet exit width. Cross stream (y) profiles of the 

streamwise velocity component are taken at 40 stations for 

0 < x ^ lOh (h is the exit width of the jet) . Cross stream 

velocity profiles are also measured at x = 0 and 6h for 

-4.8h < z < 4.8h with AZ = 3.0 mm. Three excitation programs 

are used; PI: carrier waveform (i.e. e = 0) using actuators 

3 and 4 only, P2: amplitude modulation with the top and 

bottom actuator pairs taken to be at the same frequency but 

180° out of phase, P3: same as P2 except that the modulating 

waveform of actuators 2 and 3 is 180° out of phase relative 

to the modulating waveform of actuators l and 4. 
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3. EXPERIMENTAL RESULTS 

3.1. The Unforced Jet 

Flow visualization has shown that for x < 4h the jet is 

laminar. At x « 4h the jet shear layers roll up into large 

spanwise vortices and natural transition to turbulence begins 

at x « 6h. Schlieren visualization in the x-z plane suggests 

the appearance of streamwise vortices just upstream of the 

transition to turbulence. The streamwise vortices result from 

small nonuniformities within the rectangular duct. 

Contour maps of time averaged streamwise velocity, 

U(x,y), U(x,z), and U(y,z), are shown in figures 5(a-d). The 

lowest contour is 0.1U0 and the contour increments are 0.1U0. 

In figure 5(a) the contours are in the x-y plane at z = 0. 

The jet begins to spread in the cross stream direction 

approximately where the spanwise vortices are formed at 

x « 4. The spreading is accompanied by a decrease in 

centerline velocity. Contours of mean streamwise velocity in 

the x-z plane at y = 0 are shown in figure 5(b). Similar to 

the x-y plane, the jet begins to spread in the x-z plane 

downstream of the formation of the spanwise vortices. 

Figure 5(c-d) are contour maps in the y-z plane at x = 0.5h 

and 6.Oh, respectively. The exit plane of the jet is depicted 

by dash lines on the y-z contour plots. Except for narrow 

regions at y < -2.5h and y > 2.5h the streamwise velocity 

distribution is almost two dimensional. 
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Cross stream profiles of the streamwise velocity, U(y), 

measured at 10 equally spaced x stations, lh < x < lOh, are 

shown in figure 6. The first five profiles correspond to the 

laminar region of the jet, x < 5h, while the remaining 

profiles correspond to the transition and turbulent regions. 

For U(y) < 0.05Uq an exponential curve of the form: 

u = 

is fitted to the data, where C2 and C2 are determined using 

a least square method. The resulting exponential curve is 

used for calculations of volume flux within the jet. 

Figure 7 shows the corresponding V(y) profiles. Upstream 

of the transition region, x < 6h, the" profiles are 

antisymmetric with respect to y = 0. When transition occurs 

the profiles become distorted for y > 0 due to the appearance 

of a streamwise vortex at this spanwise station. Note that 

the cross stream velocity is generally an order of magnitude 

smaller than the corresponding streamwise velocity and thus 

is more susceptible to nonuniformities within the flow. 

Figures 8(a-c) show contour maps of vP, v7, and u'v', 

respectively, in the x-y plane. The minimum contour level for 

figure 8(a-b) is 0.01U0 and contour increments are 0.01U0. 

These distributions are calculated using a high pass 

filtering technique (Wiltse, 1989) in order to eliminate 

spurious contributions from low frequency disturbances in the 



25 

flow. The cutoff frequency is 80Hz. Figure 8(a) shows an 

elongated peak in the streamwise domain corresponding to the 

appearance of the spanwise vortices (4h < x < 6h) . Contour 

maps of v"(x,y) in figure 8(b) also show peaks which are 

connected with the appearance of the spanwise vortices. These 

peaks occur at y = ±0.5h and indicate the symmetry of the 

rollup. In figure 8(c), the levels of the Reynold's stress, 

u'v' (x,y), are higher for y > 0 ostensibly due to the 

asymmetry of the transition in the upper and lower shear 

layers. In this figure the minimum contour levels are 

±0.005Uq with contour increments of 0.01U0. The shaded region 

in figure 8(c) marks negative values of u'v1(x,y). 

Figure 9(a-b) show streamwise velocity profiles (z = 0) 

in the x-y plane using similarity variables y/x and u/Ucl, 

where Ucl is the centerline velocity at each corresponding 

streamwise station. Initially, the jet profiles change 

rapidly with downstream distance (figure 9(a)). In figure 

9(b), in and beyond the transition region, the jet approaches 

self similarity. The jet similarity is indicated by the 

reduction of profile variation with downstream distance. 

Figure 10(a) is a plot of Ucl(x) for lh < x < lOh. The 

centerline velocity does not begin to decay significantly 

until transition to turbulence occurs at x « 6h. The 

potential core of the jet appears to extend through x « 5h. 

The axisymmetric decay region is apparently not reached in 
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the measurement domain used (x,,^ = lOh). This region would be 

characterized by a further increase in the decay rate with 

downstream distance and equivalent increase in jet spread 

along both the y and z axes. Figure 10(b) is the cross stream 

volume flux per unit width, Q(x). The laminar region, rollup 

of the spanwise vortices, and transition to turbulence 

roughly correspond to changes in the slope of Q(x) . The slope 

is nearly zero prior to the rollup region, indicating minimum 

spreading and entrainment of ambient fluid into the jet. The 

rollup region has an apparent slight increase in entrainment. 

The turbulent region shows a larger increase of volume flux 

with streamwise distance. Momentum flux per unit width is 

depicted in figure 10(c). Assuming that pressure changes 

within the jet are negligible, the jet momentum should be 

conserved. Cross stream integration does not account for 

fluid moving into the plane z = 0 in the spanwise direction. 

3.2. Forcing at the Resonance Frequency 

Although the jet is not normally receptive to forcing at 

the resonance frequency of the actuators, it can have a 

significant effect on the flow. For excitation program PI, 

the actuator tip displacement is approximately 1.6 mm 

(corresponding to a P2 tip displacement with c = 1.0). Only 

the bottom actuators (3 & 4) are used. The data acquisition 

is phase-locked to the resonance frequency (vr = 500 Hz). 
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Figures ll(a-b) are contour maps of U(x,y) and V(x,y). 

For figure 11(a) the lowest contour level is 0.1U0 and the 

contour increments are 0.05U0. The plot shows a significant 

deflection of the jet column away from the operating 

actuators. The jet is deflected approximately 11.6° relative 

to the x-axis. There is also an increase in the velocity at 

the lower edge of the jet exit in front of the operating 

actuators which is presumably created by the large 

perturbations induced by the actuator tip. The Schlieren 

visualization shows the presence of small spanwise line 

vortices that rollup near the actuator tip at the resonance 

frequency (vr = 500 Hz) . The size of these vortices scales 

with the tip displacement and their formation may cause the 

flow in front of the blade. The deflection of the jet is due 

to significant spreading of the forced segments of the jet 

shear layer. Figure 11(b) is a contour plot of the V(x,y) 

velocity. Negative regions are shaded. The minimum contour 

levels are ±0.01U0 and contour increments are 0.02U0. The 

small negative velocity region in front of the actuator 

surface is a result of the vortex shedding at it's tip. 

Figure 12(a) shows profiles of U(y) of the forced jet 

measured at five equally spaced streamwise stations for 

2h < x < lOh. The corresponding profiles of the unforced jet 

are shown at the same location for comparison (figure 12(b)). 

The deflection of the jet is apparent as well as a 
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significant decrease in it's centerline velocity compared to 

the unforced case. There is a relatively small increase in 

the cross stream spreading of the jet with downstream 

distance. 

Figure I3(a-h) are contour maps of the streamwise 

velocity phase-averaged relative to the resonance waveform at 

eight equal time intervals during the excitation cycle. The 

major part of the jet column deflection is invariant over 

time. This is due to the high frequency of the forcing to 

which the flow cannot respond appreciably. Of particular 

interest is the section close to the exit plane. 

Figure 14(a-h) contain a similar set of plots depicting 

phase-averaged cross stream velocity. The small negative 

velocity region (shaded) varies as a function of the tip 

motion. For the major part of the jet, the cross stream 

velocity is also invariant over time. The contour levels for 

figures 13 and 14 are the same as in figure 12(a) and (b), 

respectively. 

Contour plots of u1 (x,y) and T® (x,y) are shown in 

figures 15(a) and (b), respectively. The minimum contour 

level is 0.002U0 with contour increments of 0.001U0. Each of 

these plots shows significant peaks downstream of the 

actuators along the jet column. These peaks may be the result 

of the merging of the forced shear layer (at the bottom) with 

the unforced shear layer on top. 



29 

Figure 16(a-h) are contours of phase-averaged streamwise 

turbulence in the domain for 0 < x <2h. The effect of the 

actuators is seen at the lower edge of the jet opening. 

Figure 17(a-b) are contour maps of U(y,z) and V(y,z) at 

x = 6h. The contours show the deflection of the jet away from 

the operating actuators (bottom). Note the slight crescent 

shape of the contours and the velocity peak at the center of 

the jet (y > 0). The cross stream contour map (figure 17(b)) 

is similar in shape to the streamwise contours. There are no 

negative values of cross stream velocity at this downstream 

location. 

Figure 18(a) shows Ucl(x) plotted along the centerline 

of the deflected and unforced jets. The centerline velocity 

is invariant for 0.75h < x < 1.5h and then decreases almost 

linearly, similar to a turbulent unforced jet. The cross 

stream volume flux per unit width, Q(x), is shown in 

figure 18(b) with the unforced case included for comparison. 

There is an increase in Q(x) near the actuators compared to 

the unforced case. At x « 1.5h, Q(x) increases and appears to 

be approaching an asymptotic value of about 2 at x « lOh. 

Note that Q(x) of the unforced jet increases with downstream 

distance and becomes comparable with the forced jet at 

x « lOh. 
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3.3. Velocity Spectra 

Streamwise velocity spectra were calculated using a fast 

fourier transform. Figure 19(a-c) shows spectra for the 

unforced flow and the flow forced with PI and P2 at x = lh, 

4h, and 8h. The data is measured at the center of the jet 

exit (y = 0, z = 0). Note the difference between the spectra 

of the unforced flow and of the flow forced with excitation 

PI at x = lh. There is a substantial spectral peak at 500 Hz 

in the latter and a substantial increase of high frequency 

(small scale) components. The spectrum for P2 shows the 

presence of the modulation frequency at 20 Hz accompanied 

along with a number of higher harmonics. The resonance 

frequency is also present with a number of strong sidebands. 

At x = 4h the unforced spectrum has a strong peak at about 

125 Hz and a higher harmonic at about 250 Hz. This is the 

passage frequency of the spanwise vortices. When the flow is 

forced with PI the spectrum becomes almost featureless. Note 

that the spectral peak at 500 Hz is completely attenuated. A 

similar attenuation is exhibited when the flow is excited 

with P2. At x = 8h the spectrum for PI is almost unchanged. 

The spectrum for P2 shows an attenuation of the spectral 

peaks at the modulating frequency and it's higher harmonics. 
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3.4. Amplitude Modulated Excitation - X-Y Plane 

Excitation Program P2 

Figures 20(a-b) are contour maps of U(x,y) and V(x,y) 

for excitation program P2, respectively. The minimum contour 

level for figure 20(a) is 0.01U0 with and the contour 

increment is 0.05U0. The minimum contour level in 

figure 20(b) is ±0.01U0 with contour increments of 0.02U0. 

There is a significant increase in mean spreading compared to 

the unforced jet. The cross stream width of the forced jet at 

x = 10 is nearly 2.5 times that of the corresponding unforced 

jet. The centerline velocity decays more rapidly than in the 

unforced case. The contour map of the cross stream velocity 

(figure 20(b)) is quite similar to that of the streamwise 

velocity. The increased spreading of the jet is consistent 

with the increase in entrainment of the surrounding fluid. 

Figures 20(c-e) are contours of \P, v7, and u'v1, 

respectively. The minimum contour level in figures 20(c-d) is 

0.01U0 with increments of 0.05U0. The minimum contour level 

for u'v1(x,y) is ±0.001U0 with contour increments of 0.002U0. 

The concentrations of turbulence intensity on the jet 

centerline, x/h « 1.5h, are the result of the sweeping motion 

of the jet as will be shown in figure 21 below. Note that 

u'v"(x,y) is slightly higher for y > 0 but the cross stream 

spreading is symmetric relative to y = 0. 

Figures 21(a-h) are contour maps of phase-averaged 
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streamwise velocity during one period of the modulation 

wavetrain. The phase-averaged data is plotted at eight equal 

time intervals and the contour increments are the same as in 

figure 20(a). The sweeping motion of the jet in the x-y plane 

is quite apparent. In figure 21(a) the amplitudes of the top 

and bottom actuators are at the minimum and maximum, 

respectively. In figure 21(e) the amplitudes of the top and 

bottom actuators are reversed, and the jet column begins to 

move away from the top actuators. Of particular note is the 

asymmetry of each pair of contour maps (a-e, b-f, c-g, d-h). 

Note that, although the core of the jet is displaced 

substantially during the forcing cycle, the 0.1U0 contours at 

x = lOh remain almost unchanged over the entire cycle. The 

reason for this may be that at this streamwise domain the jet 

flow is not locked to the excitation waveform. 

Figure 22(a-h) are contour maps of phase-averaged cross 

stream velocity with contour increments as in figure 20(b). 

The negative cross stream velocity regions are shaded. During 

the forcing cycle negative and positive concentrations of 

velocity are alternately shed into the flow. Note the 

asymmetry relative to y = 0. Both figures 21 and 22 suggest 

the presence of large coherent vortical structures downstream 

of the exit plane due to coalescence of the line vortices at 

the modulation frequency. 

Contours maps of phase-averaged streamwise turbulence 
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intensity are shown in figures 23(a-h) (contour increments as 

in figure 20(c)). Turbulence concentrations closely match the 

motion of the jet column through the forcing cycle. These 

turbulence concentrations begin to disappear about halfway 

through the measurement domain (x/h « 5) presumably due to 

the appearance of subharmonic frequencies. 

Contours maps of phase-averaged turbulent shear stress 

are shown in figures 24(a-h). The shaded regions mark 

negative values. The strong shear stress induced by the 

actuators is evident on these plots. Concentrations of 

u'v'(x,y) develop in front of the actuators and are convected 

downstream. Although there is a small difference in the 

levels of u'v'(x,y) above and below y = 0 the general 

features of the distribution are quite similar. 

Contours of phase-averaged spanwise vorticity, 

q _ dv _ du 
dx dy 

are shown in figures 25(a-h). Negative regions of vorticity 

are shaded in the figure. The streamwise velocity profiles 

are piecewise fitted in the cross stream direction using a 

third order polynomial for the calculation of the velocity 

derivatives. The streamwise derivatives of the cross stream 

velocity is calculated using a linear fit to data measured 

upstream and downstream of a given position. Concentration of 

vorticity corresponds closely to the concentrations of 
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turbulence. Regions of concentrated vorticity are shed from 

each operating actuator pair in the form of large coherent 

structures. The vortical structures that are formed in the 

jet top and bottom shear layers alternate in sign and become 

larger and stronger as they are advected downstream. 

Figure 26(a) shows velocity profiles of U(y) for the P2 

forced jet measured at five equally spaced streamwise 

stations for 2h < x < lOh. The corresponding profiles of the 

unforced jet are shown at the same location for comparison 

(figure 26(b)). The large spreading of the jet is apparent as 

well as a significant decrease in it's centerline velocity 

compared to the unforced case. The jet spreads by 

approximately 320% relative to the unforced jet at the 

farthest downstream station. 

Figure 27(a) is a plot of the mean streamwise velocity, 

U(x). The previous cases, unforced and PI, are also shown for 

comparison. The streamwise velocity decays significantly for 

x/h < 6 and then levels off to nearly a constant value, 

indicating a substantial increase in jet spreading. Plots of 

the volume flux per unit width in the spanwise direction are 

shown in figure 27(b). The flux for excitation program P2 

increases almost linearly over the domain of measurements. At 

the farthest downstream station there is approximately a 175% 

increase in the volume flux over the unforced case. We note 

that for x > 6h the centerline velocity does not decrease 
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substantially, even though volume flux is continuing to 

increase with downstream distance. 

3.S. Amplitude Modulated Excitation - Y-Z Plane 

a) Excitation Program P2 

The effect of excitation programs P2 and P3 was measured 

in the y-z plane for x = 6h. A contour map of U(y,z) for P2 

excitation is shown in figure 28(a). The lowest contour level 

is O.IUq and the contour increment is 0.05U0. The distribution 

of U(y,z) is quite symmetric relative to y = 0 and z = 0. The 

mean profile is nearly circular at this downstream station. 

There is a 260% increase in the cross stream span of the 

forced jet compared to the unforced case. 

The time-averaged streamwise turbulence intensity is 

shown in figure 28(b). The lowest contour level is 0.01U0 

with 0.005Uq increments. These contours are almost 

axisymmetric and resemble a jet emanating from a circular 

orifice. Note that radial gradients of u'(y,z) appear to be 

azimuthally invariant. 

Contours of maps of the phase-averaged streamwise 

velocity are shown in figure 29(a-h) (contour increments as 

in figure 28(a)). Of particular note is the variation of the 

flow in the spanwise direction. The flow forms a crescent 

shape at the maximum deflection regions with the outer edges 

of the jet acting as "nodes". The formation of this structure 
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can be compared with the fundamental mode of a vibrating 

string. The motion of the jet, during the excitation cycle, 

is not spanwise uniform. 

Figure 30(a-h) are contour maps of phase averaged 

streamwise turbulence intensity corresponding to the previous 

figure (contour increments as in figure 28(b)). The crescent 

shape is similar to the streamwise velocity contours. 

b) Excitation Program P3 

Figure 31(a) are contour maps of mean streamwise 

velocity. The contour increments in the present section are 

the same as for corresponding figures in the previous 

section. The jet has a more oval shape and the maximum 

deflection in the cross stream direction is reduced by 

approximately 25%. A velocity peak which is apparent at the 

center of the jet is absent for the P2 case. This peak is the 

result of the alternating positive and negative motion of the 

jet on either side of the y-axis. 

Figure 31(b) is a contour map of the streamwise 

turbulence. The peak at the jet center, also seen in the 

streamwise velocity, is quite evident. 

Contour maps of phase-averaged streamwise velocity are 

shown in figure 32(a-h). The jet deflection is reminiscent of 

the next higher mode of a vibrating string, with a node at 

each spanwise edge and one at y = z = 0. This suggests that 
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various instabilities of that jet in the spanwise, as well as 

the streamwise direction, can be excited by this type of 

forcing. 

Figure 33(a-h) are contours of phase-averaged streamwise 

turbulence intensity. The shape of these contour maps closely 

match the streamwise velocity contour plot. 

3.6. Schlieren Photographs 

Photographs were taken of the jet flow using a high 

speed photography system. The photographs were taken at 2000 

fps. Figures 34(a) and (b) are the unforced jet in the x-y 

and x-z planes, respectively. The streamwise dimension of the 

figures roughly correspond with the contour maps presented 

earlier. Note the spanwise vortex and the transition to 

turbulence in figure 34(b). Figures 34(c) and (d) are the 

forced jet (excitation program PI) with the bottom only and 

top only actuators operating, respectively. Note the 

deflection of the jet column away from the operating 

actuators. 

Figures 35(a-d) are the jet forced with excitation 

program P2. The views correspond approximately with figures 

21(a), (c), (e), and (g). Note the motion of the jet column 

at different points in the forcing cycle. A line vortex near 

the top actuator tip can also be seen in Figure 21(c). The 

actuator locations are outlined in each photograph. 
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4. Discussion and Conclusions 

A rectangular air jet is manipulated by piezoelectric 

actuators. Streamwise velocity perturbations are introduced 

into the jet shear layer by the motion of the actuator tips 

when driven at their resonance frequency. At low excitation 

levels, the flow is normally not receptive to forcing at the 

resonance frequency and velocity perturbations induced by the 

actuators rapidly attenuate with downstream distance. 

Although the amplitude of the actuator displacement is small, 

the magnitude of the tip velocity is proportional to the 

product of the its displacement and resonance frequency. 

Hence, if the resonance frequency is high enough, the 

magnitude of the induced velocity perturbations can be of the 

order of the jet exit velocity. At these excitation levels, 

spanwise line vortices rollup in the jet shear layer near the 

tip of the actuator at the resonance frequency. The vortices 

cross sectional dimensions scale with the magnitude of the 

tip displacement. 

Downstream from the actuators, these vortices coalesce 

and rapidly lose their identity leading to velocity spectra 

that are virtually featureless. The formation of these 

vortices lead to a significant cross stream spreading of the 

forced segments of the jet shear layers which cause a 

deflection of the jet column away from the actuators. 

When the resonance waveforms of the actuators are 



39 

modulated, jet instabilities can be excited at low 

frequencies. Because the formation of the line vortices only 

occurs above a given level of the excitation amplitude, 

groups of vortices are formed at the modulation frequency 

which rapidly coalesce into larger vortical structures whose 

passage frequency is equal to the modulation frequency. As a 

result, the modulation and resonant frequencies are amplified 

and attenuated, respectively, with downstream distance, 

leading to jet column instabilities at the modulating 

frequency. 

The present results suggest that various instability 

modes of the jet column can be excited through the proper 

choice of spatial and temporal variations of the excitation 

waveform. Significant increase in the spreading of the jet 

leads to a large increase in the amount of entrained fluid 

into the flow. The introduction of high frequency 

disturbances at the resonance frequency result in a 

significant increase in small scale motions which lead to 

rapid mixing at the small scales. The present technique 

suggests itself as a powerful means for control of combustion 

and other chemical reactions. 



40 

air filter 
plenum 

jet conduit 

loam material 

shroad 
heat strip diffuser 

honeycomb material 

a) Air Tunnel Facility 

actuator mounts 
conduit entrance 

mounting brackets 
jet exit 

bell mouth 

actuators 

piezoelectric materia 

blade. 

b) Jet Geometry 

Figure 1 



spherical mirror 

jet exit 

flat mirrors test section 

video camera 

pinhole 

light source 

knife edge 

condenser lens 

convex lens 
beam splitter 

Schlieren System 

Figure 2 



42 

I "I I" 'T" I 1 1 t - I" "I 1 I 

» • ' • 

U (•/«) 

a) Single wire calibration curve 
A calibration points 

—. 
• 

> 
rvj 

f 
9 

Ez (volts) 

—. 
• 
W 

> 

rt i 
S> 

E1 (volts) 

b) Z-vire calibration curves 
A probe 1 
• probe 2 

Figure 3 



< • >  1 / 4  

a) Input excitation waveform 

*0 <•> 1/4 

b) Actuator output waveform 

Figure 4 



The Unforced Jet 
Streamvise Velocity Contours 

0 . 7 5  

0 . 7 5  

x-y plane 
x-i plane 
y-s plane, 
y-z plane. 

*/h 

x = 0.5h 
x = 6.Oh 

0 . 7 5  -

- 0 . 7 5  

10 Figure 5 



Streamvise Velocity Profiles 

<1 X/H = I • X/H = 6 
X/H - 2 • X/H = 7 

O X/H = 3 • X/H r 8 
• X/H = A • X/H = 

9 

o X/H = 5 < X/H = 10 

I 
« • 

i-% 

i 

% 

4 

•4 • 

• '* 
< 

 ̂• „• 
V • $ 

-V & »«• . 

-4 

•*« 

*>• •« 

• 4 

.-V o • 
V • v o 
• • , 

• • 

0' 
V .•o _ 
Qf)' 
, D£ 

4 
• •« 

\v« 

•%V!i 

y/h 

Figure 6 
VI 



Cross Stream Velocity Profiles 

<3 X / H  = 1 • X / H  = 6 
V X / H  s 2 • X / H  = 7 
O X / H  = 3 • X / H  = 8 
• X / H  = 4 T X / H  = 9 
o X / H  = 5 < X / H  = 10 

0.1 

s3 

-o.i 
-4 

« T  • . <  *£• 

•* • 

AT « 

V * ** • •• 

«• A "• 

• 

y/h 

Figure 7 * 
01 



Turbulence Intensity Contours 



! 

Streamwise Similarity Velocity Profiles 

<  X / H  =  1  
•  X / H  =  2  
• X/H = 3 
• X/H = 4 
•  X / H  =  5  

T 

< •< \ 

• • 

p 
0 • 

• 4  X / H  =  6  
•  X / H  =  7  
•  X / H  =  8  
•  X / H  =  9  
•  X / H  =  1 0  

-1 y/* 

*) 1 5 X/h < 5 
b) 6 < x/h < 10 

Figure 9 



1.2 

Velocity Decay, Volume and Momentum Flux 

2 

a) Btraanwis* Velocity Decay 
b) Volume Flux 
c) Momentum Flux 

Figure 10 



I 

Streamwise and Cross Stream Velocity Contours 

a) Streamwise velocity 
b) Cross Stream velocity 

Figure 11 w 

o 



Streamwise Velocity Profiles 

< X / H  = 2  
• X / H  = 4 
• X / H  = 6  
• X / H  = 8  
• X / H  = 1 0  

& 

3 

0 
-6 

T"3 

• • «v 

< • • »•?. 

.• "•* • • • 

* * 4 T • v«V 

A « • 
V • • 

V 
*m\ 

r/i» 

a) Forced profiles 
b) Unforced profiles 

Figure 12 w 
H 



Phase-Averaged streamwise Velocity Contours 

•) 0» •) 180° 
b) 45° f) 225° 
c) 90° g) 270° 
d) 135* h) 315° 

-1 
x/h 0 2 

Figure 13 w 
M 



Phase-Averaged Cross Stream Velocity Contours 

MMMBMI 

») o» •) 180° 
b) 45° * >  225° 
c) 90° 9) 270° 
d) 135° h) 315° 

Mg.-'.jjViS 

liW 

SSS5sa« 
•»miii'v, , i;, j:ftfT""*-I"'* 

:v2>N_: 

Figure 14 w 
w 



Mean RMS Turbulence Intensity 

a) Btreaawise turbulence intensity 
b) Cross stream turbulence intensity 

Figure 15 w 



Phase-Averaged Turbulence Intensity Contours 

a b c 

a) 0° •) 180° 
b) 45* £) 225° 
C) 90* 9) 270° 
d) 135° b) 315° 

a 
x/h 0 2 

£ 9 

Figure 16 



Streamwise and Cross Stream Velocity Contours 

.75 */h 3.75 

a) Streamwise velocity 
b) Cross stream velocity 



Velocity Decay and Volume Flux 

2 

0 
10 x/h 0 x/h 10 0 

a) Centerline Velocity Decay 
•* unforced 
• forced, deflected centerline 

b) Volume Flux 
•« unforced 
• forced Figure 18 Ul 

«4 



Streamwise Velocity Spectra 

TTTTJ 11 m 
x/h=l x/h=8 

in I llll * 1 •"•l I I I llll 
10000 10 1 1000 100 

f (Ha) 

Figure 19 m 
» 



Amplitude Modulated Excitation - x-Y Plane 

a) Mean streamwise velocity 
b) Mean cross stream velocity 
c) Mean streamwise turbulence 
d) Mean cross stream turbulence 
e) Mean turbulent shear stress 

Figure 20 w 
to 



Phase-Averaged Streamwise Velocity Contours 

e) 180° 

b) 45 

f) 225 

c) 90 

g) 270 

d) 135° 

h) 315° 

Figure 21 2 



Phase-Averaged Cross Stream Velocity Contours 

a) 0° 

e) 180s 

b) 45 

8 

f) 225° 

c) 90 

g) 270° 

'& 

d) 135° 

h) 315° 

Figure 22 2 



Phase-Averaged Streamwise Turbulence Contours 

8.7 

L 

e) 180 

b) 45 

f) 225 

c) 90 

9) 270 

d) 135 

Figure 23 



Phase-Averaged Turbulent Shear Stress contours 

a) 180° 

0 

b) 45 

f) 225° 

c) 90° 

$11 

g) 270° 

d) 135° 

h) 315° 

Figure 24 0k 
w 



i 

Phase-Averaged Spanwise Vorticity Contours 

e) 180* 

c) 90° 

g) 270° 

"0 

d) 135° 

h) 315 

Figure 25 



Streamwise Velocity Profiles 

< X / H  = 2  
• X / H  - 4 
• X / H  = 6  
• X / H  = 8  
• X / H  = 1 0  

* 

/ • • • 
V f J v 

i; • • 
7% 

3?^ 
•v •:• 

JUL 
y/h 

a) Forced, excitation P2 
b) Unforced 

Figure 26 «* 
u< 



Velocity Decay and Volume Flux 

1.2 

x/h 10 

5 

0 
x/h 10 0 

a) Centerline Velocity Decay 
4 unforced 
• forced, excitation PI 
• forced, excitation P2 

b) Volume Flux 
• unforced 
• forced, excitation PI 
• forced, excitation P2 Figure 27 



Btreamwise Velocity and Turbulence Contours 

5.1 

i/h 3.8 

a) Btreamwise velocity 
b) Btreamwise turbulence Figure 28 A 



Phase-Averaged Streamwise Velocity contours 

b) 45 c) 90 

g) 270 h) 315 

Figure 29 A 



Phase-Averaged Streamwise Turbulence Contours 

Figure 30 <* 



Streamwise Velocity and Turbulence Contours 

-5.1 

5.1 

a 

a) Streamwise velocity 
b) Streamwise turbulence 

Figure 31 
o 



Phase-Averaged Streamwise Velocity Contours 

Figure 32 



Phase-Averaged Streanwise Turbulence Contours 

b) 45° c) 90 d) 135 

0) 180 f) 225° g) 270 b) 315 

Figure 33 vl 
M 



Schlieren Photographs 

a) Unforced, x-y plan* c) Excitation PI, 
b) Unforced, x-s plane d) Excitation PI, 

bottoa actuators 
top actuators Figure 34 u 



I 

Schlieren Photographs 

Figure 35 



75 

References 

Koshigoe, S., Gutmark, E., Schadow, K.C., and Tubis, A., 
1989, "Initial Developement of Noncircular Jets Leading to 
Axis Switching," AIAA Journal, Vol. 27-4, pp. 411-419. 

Krothapalli, A., Baganoff, D., and Karamcheti, K., 1980, "On 
the Mixing of a Rectangular Jet," J. Fluid Mechanics, 
Vol. 107/ pp. 201-220. 

Marasli, B., 1989, "Spatially Traveling Waves in a Two-
Dimensional Turbulent Wake," Ph.D. Dissertation, Department 
of Aerospace and Mechanical Engineering, University of 
Arizona, Tucson. 

Peterson, R.A., 1976, "Shear Layer Structure of a Low Speed 
Jet," Ph.D. Dissertation, University of Southern California, 
Los Angeles. 

Quinn, W.R., and Militzer, J., 1988, "Experimental and 
Numerical Study of a Turbulent Free Square Jet," Phys. 
Fluids, Vol. 31, pp. 1017-1025. 

Sfeir, A.A., 1979, "Investigation of Three-Dimensional 
Turbulent Rectangular Jets," AIAA Journal, 78-1185R, pp. 
1055-1060. 

Tsuchiya, Y., and Horikoshi, C., 1986, "On the Spread of 
Rectangular Jets," Experiments in Fluids, Vol. 4, pp.197-204. 

Wiltse, J., 1989, "On the Utilization of Piezoelectric 
Actuators for the Manipulation and Control of Turbulent Shear 
Flows," M.S. Report, Department of Aerospace and Mechanical 
Engineering, University of Arizona, Tucson. 

Wiltse, J., Glezer, A., 1991, "Manipulation of Free Shear 
Flows Using Piezoelectric Actuators," Submitted to J. Fluid 
Mechanics. 


