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ABSTRACT 

An axially symmetric water jet was designed and 

constructed to compliment an existing air jet facility. 

The water jet operates at Reynolds numbers, based on nozzle 

diameter, up to 50,000. The jet is forced at high levels 

by a reciprocating Scotch yoke mechanism. By using an 

output signal from the Scotch yoke as a phase reference, it 

is possible to obtain either phase-locked hot film data or 

phase-locked photographs of the dye-marked coherent 

vortical structures in the shear layer. By assuming zero 

azimuthal velocity, continuity allows reconstruction of the 

vorticity field from the data obtained traversing the jet 

using a single straight hot film probe. Thus the 

phase-locked photographs and the phase-locked data sets can 

be compared. The close agreement of the reconstructed 

vorticity with the photographs gives credence to the 

assumption of zero azimuthal velocity, and shows that the 

dye injection method of flow visualization accurately 

represents the vortical structure of this flow. 
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SECTION l: INTRODUCTION 

This experiment was designed and constructed to 

complement the vertical air jet experiment already in 

operation in the Department of Aerospace and Mechanical 

Engineering at the University of Arizona. It was desired 

to construct a water jet facility because flow 

visualization is difficult in air, and also because it is 

easier to force a water jet at very high levels. The 

capacity to force the jet simultaneously with either flow 

visualization or hot film data acquisition allows 

phase-locked flow visualization studies to be compared with 

phase-locked velocity surveys. 

To complement the air jet experiment, the jet needed 

to operate over a range of Reynolds numbers, based on 

nozzle diameter and exit plane mean velocity, from 25,000 

to 50,000, and it was decided that the forcing level should 

be adjustable from weak to strong. In the cylindrical 

geometry in water, it was thought that circumferential 

heating strips near the jet exit plane would have a good 

chance of success of forcing the flow at low levels. High 

level axisymmetric forcing is most easily accomplished by 

perturbing the mass flow rate, and this is accomplished 

here with a reciprocating scotch-yoke mechanism. At this 

time, only the high level forcing mechanism has been fully 

developed. 
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SECTION 2: LITERATURE REVIEW 

Crow and Champagne (ref. 3) measured the response of 

an axisymmetric jet to a number of forcing levels and 

frequencies. They found that the dominant frequency at the 

end of the potential core was f = 0.3Uo/D, where U0 was the 

mean exit speed and D the nozzle diameter. This frequency 

corresponded to the passage of the large vortex structures 

showed by flow visualization. They called this frequency 

the "preferred mode" and postulated that it was a global 

instability of the entire jet column. This was thought to 

be an instability fundamentally different from the 

shear-layer, or Rayleigh, instability. The preferred mode 

scaled with the nozzle diameter, whereas the shear layer 

instability scaled with the local shear layer thickness. 

At the time of their experiment, the only 

theoretical framework for understanding these instabilities 

was the temporal stability theory of Batchelor and Gill 

(ref 1). This theory was unable to explain the existence 

of the preferred mode, so Crow and Champagne were forced to 

conclude that they had excited a different mode of jet 

instability, which linear theory could not explain. Their 

data clearly showed that under low forcing levels and near 

the nozzle exit plane the instabilities grew exponentially, 

and that eventually non-linear effects caused the 
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amplitudes of the disturbances to saturate. They concluded 

that "the preferred mode having a Strouhal number of 0.30 

is in some sense the most dispersive wave on a jet column, 

the wave least capable of generating a harmonic, and 

therefore the wave most capable of reaching a large 

amplitude before saturating". 

Shortly after Crow and Champagne's original 

research, Michalke formulated a spatial linear stability 

theory. Spatial stability theory does predict the 

existence of the preferred mode by calculating the 

amplification of various frequencies in the flow as a 

function of downstream position. The linear theory does a 

good job of predicting the phase distribution of 

instabilities in the shear layer of the jet, and accurately 

predicts the shape of the amplitude profile. However the 

linear theory, which assumes not only linearity, but also a 

parallel flow, overestimates the total amplification of a 

disturbance. Recent work in stability theory includes the 

divergence of the flow, which is inherently non-linear 

since it is the result of Reynolds stresses, as well as the 

non-linear exchange of energy between various modes and the 

mean flow. This more recent work gives results much more 

in line with experimental results. 
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Crow and Champagne reported that the preferred mode 

occurred at a Strouhal number, based on nozzle diameter, 

St = fD/U0 = 0.3. As reported by Gutmark and Ho (ref 4), 

other researchers have found the preferred mode to occur 

between Strouhal numbers of 0.24 and 0.51. Two reasons are 

given for this large spread of reported strouhal numbers: 

1) uncertainty in the spectral measurements, and different 

analytical methods, and 2) - different initial conditions 

existing in different facilities. Gutmark and Ho found 

that a spatially coherent disturbance in the plenum with a 

magnitude of only 10~5 U0 could significantly influence the 

downstream development of the jet. 

Flow visualization in an axisymmetric jet commonly 

shows the initial shear layer rolling up into a series of 

discrete vortices. Spatial stability theory predicts that 

both axisymmetric and helical disturbances will be 

amplified in the initial region of the jet, but that far 

enough downstream only the first helical mode will remain 

amplified. That these spinning modes are not frequently 

observed in low-speed laboratory jets can be attributed to 

the Helmholtz resonance of the jet plenum-nozzle assemblies 

used in laboratory jets. This resonance will emphasize the 

axisymmetric mode, and as pointed out by Gutmark and Ho, 

only a very small spatially coherent disturbance in the 

plenum is needed to strongly influence the downstream 
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behavior of the jet. 

Care is needed when interpreting flow visualization 

representations of the flow. This is due to the fact that 

streaklines shown by flow visualization are dependent on 

the location at which the dye is injected. Wygnanski and 

Weisbrot (ref 12) calculated the streaklines for a plane 

mixing layer with the origin of the streaklines at two 

different downstream locations. The resulting flow 

patterns do not show the same effects. For example, 

depending on the location of the origin of the streaklines, 

the same flow could either show or not show vortex pairing. 

Since the dye is typically injected into the jet inside the 

nozzle, and since the resonance of the jet initially 

emphasizes the axisymmetric mode, it is not surprising that 

flow visualization typically does not show the helical 

modes. The downstream changes in the amplification rates 

of the various modes is clearly shown by Cohen and 

Wygnanski (ref 2) in their figure 3.3. Here it is seen 

that the axisymmetric mode (m=0) and the first helical mode 

(m=l) are amplified at 4 nozzle diameters downstream, when 

all other modes are damped. 

Winant and Browand (ref 9) the vortices merging with 

one another, producing larger vortices with halved passage 

frequencies. This process, called "pairing", plays an 

important role in the spreading of the jet. There is some 
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disagreement over whether the vortex coalescences cause or 

are caused by the divergence of the jet, but the processes 

are clearly related. Despite the fact that non-linear 

effects, such as the feedback of pressure variations from 

the pairing interactions, or jet divergence, are certainly 

important in the evolution of the jet, Wygnanski and 

Weisbrot (ref 12) were able to reproduce the pairings 

observed in a plane shear layer using a linear model. They 

filtered the data from a shear layer facility to consider 

the effects that various frequencies in the flow had on 

vortex pairings. After filtering, they calculated 

streaklines for the filtered flow. They found that at 

least 3 frequencies must be present in the flow for pairing 

to occur: A fundamental fH, the subharmonic fs, and the sum 

of the two, fsum = % + fg. The superposition of fsum and 

fH was what produced the pairing. None of the frequencies 

alone gave a result which approximated the observed flow. 

Ho and Huerre (ref 6) were able to cause three or four 

vortices to coalesce simultaneously by choosing the 

frequencies in the flow carefully. 

No theoretical framework exists which can adequately 

explain vortex pairing, but interesting observations have 

been made by many researchers. Ho and Huang (ref 5) showed 

that the momentum thickness of a plane shear layer reaches 

a plateau immediately after a pairing has occurred, and 
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that pairing interactions occur at the downstream location 

where the subharmonic frequency attains a maximum. They 

theorize that the original subharmonic wave will continue 

to amplify until the shear layer thickness has grown to the 

point where the wave is neutrally stable, at which point 

another subharmonic wave becomes the most amplified wave, 

which grows until it, too is neutrally stable. By 

suppressing the subharmonic, vortex merging was greatly 

delayed. Thus, the subharmonic is seen to be the catalyst 

rather than the product of vortex pairing. 
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SECTION 3: FACILITY, CONSTRUCTION DETAILS 

Figure 1 (plate 1) shows the water jet facility. 

The jet was made horizontal to allow easy access of hot 

film probes, pitot tubes, and other instrumentation. 

Following is a brief description of the major components of 

the jet facility. The jet is shown schematically as figure 

2 .  

3.1 NOZZLE AND PLENUM 

The nozzle shape is a 5th order polynomial with zero 

slope and curvature at both inlet and exit planes. This 

shape was chosen because it has been empirically shown to 

produce good quality flow. The nozzle length is 1.5 times 

the inlet diameter, and the contraction ratio is 25 to 1. 

The inlet diameter is 25.4 centimeters and the exit 

diameter is 5.08 cm. The nozzle profile is shown in figure 

3, and the derivation of the profile polynomial is included 

in the appendix. 

The water jet speed and nozzle exit diameter were 

chosen such that the water jet matched the Reynolds number 

of the air jet at moderate water speed, and also so as not 

to be too small to conveniently manipulate heating strips 

near the nozzle exit plane. 

The nozzle was fabricated of laminated plexiglass 
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rings and turned on a tracer lathe. The maximum deviation 

from the 5th order polynomial is about 0.005 cm. It was 

originally intended to build the nozzle from solid round 

acrylic stock, but the decision to use laminated rings was 

dictated by the high cost of the solid rod material. In 

retrospect, the cost of cutting and laminating the rings 

probably more than offset the lower material cost. 

Additionally, the glue used in the laminations changed the 

material properties at the glued interface, resulting in an 

internal surface with ridges which are perceptible to the 

touch. Therefore anyone building an acrylic nozzle of 

moderate size would probably be well advised to use solid 

round bar stock. 

The plenum was constructed of a 61 cm length of 25.4 

cm I.D. plexiglass tube with 1.27 cm thick walls. In order 

to facilitate installation of screens and honeycombs, and 

to allow for changing the placement of the screens, the 

plenum was cut into 5 sections of varying lengths, and the 

sections connected by bolted flanges. 

The honeycomb was made by packing plastic drinking 

straws tightly into a wooden frame and then dipping the 

assembly in low viscosity solvent glue (3 M #4693) . After 

drying, the straws were cut to 6.4 cm length with a hot 

nichrome wire. 

The stainless steel screens were stretched tightly 
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and uniformly and spot welded to stainless steel rings 

which match the hole pattern of the plenum flanges. The 

rings assure that the screens remain taut and flat, and 

also make the screen-plenum joints much more resistant to 

leaks. The screen Reynolds number, based on wire diameter 

is below 15, so that the screens do not shed vortices. The 

plenum arrangement is shown schematically as figure 4. 

3.2 NOZZLE EXTENSION FOR DYE INJECTION AND LOW-LEVEL 

FORCING 

A 2.54 cm long nozzle extension, carefully machined 

to precisely match the nozzle exit diameter, was 

constructed to allow the boundary layer to be dyed and to 

hold circumferential heating strips. The nozzle extension 

is shown in figure 5. 

The dye enters the flow through 8 0.008 cm wide 

overlapping slits cut around the circumference of the 

nozzle extension. A small reservoir behind the slits is 

fed dye through 4 independently valved tubes to minimize 

non-u-hiform dye distribution around the circumference of 

the jet. The dye used is easily bleached by chlorine, so 

keeping the chlorine concentration in the water at about 3 

parts per million prevented dye buildup. The nozzle 

extension was also recessed to hold a heating strip which 

can (hopefully) be used to excite the flow at low levels. 
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A stainless steel strip 0.75 cm wide and 0.002 cm thick, 

with an electrical resistance of about 1 ohm, was secured 

to the delrin substrate with epoxy cement. Two versions of 

the nozzle extension were produced, one with straight 

cylindrical walls, and one with walls which diverge 0.15 

degrees. This diverging extension was produced in order to 

provide a slight adverse pressure gradient which should 

slightly destabilize the boundary layer in the hopes of 

making it more receptive to perturbations. The angle was 

chosen to double the boundary layer thickness at the nozzle 

exit plane. The heating strips were driven by an amplified 

signal from a sine wave generator. At the time of this 

writing, the heating strips have not been fully developed, 

and all results presented herein are obtained using the 

Scotch yoke high level forcing mechanism. 

3.3 HIGH LEVEL FORCING MECHANISM. SCOTCH YOKE 

In order to allow forcing of the jet at high levels, 

the tube supplying water to the plenum was made of flexible 

polyvinyl tubing. A reciprocating Scotch Yoke mechanism 

partially restricts this tube, producing perturbations in 

the mass flow rate. The amount of restriction is 

adjustable, as is the forcing frequency. This device, 

driven by a speed-controlled D.C. motor, introduces some 

mechanical vibration into the table on which the jet rests, 
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so in order to keep the forcing frequency low (and 

vibrations correspondingly less), it was decided to operate 

the jet at 50 cm/s, which results in a preferred mode 

frequency of about 3 hz. This corresponds to a Strouhal 

Number, based on the exit velocity and nozzle diameter, of 

about 0.3, and a Reynolds number of about 25,000. 

3.4 TANK 

The jet empties into a tank 127 cm long, 102 cm 

wide, and 102 cm high. The tank material is 1.9 cm thick 

clear acrylic sheet, and the corner and bottom joints are 

mortised. A steel frame surrounds the tank edges to 

relieve the stress on the tank walls and joints. The tank 

empties through a 61 cm diameter fiberglass contraction 

flanged to the tank. 

3.5 PUMP 

The flow is driven by a 3 phase, 3/4 horsepower 

centrifugal pump. The pump and motor are magnetically 

coupled so that the shaft does not pierce the water jacket. 

This was desired to prevent leaks and to prevent the 

possibility of the pump sucking air through the shaft seal. 

The pump is speed.controlled by a Toshiba speed controller 

which may be operated either manually or by computer. 

Computer control results in automatic calibration and 
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increases speed repeatability. The speed controller 

setpoints produce the same mean centerline jet velocity to 

within about 0.1 cm/s. Before obtaining the speed 

controller, regulation of the jet speed was done with 

throttle and pump bypass valves. The valve settings needed 

to produce low jet speeds caused substantial cavitation in 

the valves, and this produced higher turbulence levels at 

the jet centerline. 

3.6 INSTRUMENTATION 

A Validyne DP103 pressure transducer is connected 

between the plenum and the tank. Mean exit velocity is 

calculated as a function of the pressure difference using 

Bernoulli's equation. 

A single TSI hot film probe is used to traverse the 

flow and to gather high frequency data. The probe is 

carried on an X-Y traversing mechanism designed and built 

in-house. The transverse flow direction ("Y") is 

controlled by a stepper motor driven by the computer. 

Transverse position repeatability is within 0.002 cm. The 

streamwise flow direction ("X") is not computer controlled, 

and positioning accuracy is about .08 cm. 

All data acquisition is done with a Masscomp 5500 

series computer with 16 channels of analog-to digital input 

with 12 bit resolution, and 16 channels of digital to 
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analog output, also with 12 bit resolution. 

3.7 DATA ACQUISITION AND EXPERIMENTAL TECHNIQUE 

In order to provide a known velocity for hot film 

calibration, a pressure transducer is connected between the 

plenum and the tank. By assuming that the plenum pressure 

represents the total pressure and that the tank reading 

truly represents the nozzle exit static pressure, the mean 

exit velocity can be calculated from Bernoulli's Equation. 

The assumption that the plenum reading, taken with a static 

type pressure tap, represents the total pressure in the 

plenum, assumes that the plenum velocity is zero. This is 

not true, of course, but error analysis shows that the 

error in exit plane mean velocity is on the order of the 

inverse of the contraction ratio squared, in this case 

about 1/625, or about 0.16 percent. 

The pressure transducer is calibrated at 8 different 

known pressures from 0 to 5.3 cm of water. These pressures 

are precisely produced by connecting a water manometer to a 

machinist's height gauge with an accuracy of 0.002 cm. The 

pressure transducer output voltage is sampled by the 

laboratory computer and a 2nd order polynomial is fitted to 

the data using a least squares routine. 

The hot film is calibrated using 10 speeds between 

100 cm/s to less than 1 cm/sec. The voltage output of a 
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constant temperature anemometer is sampled by the 

laboratory computer, and a 4th order polynomial is fitted 

to the data in software. The calibration routine returns 

the polynomial coefficients to a data file which is used by 

all other programs which use the anemometer output. 

Immediately after calibration the accuracy of the 

calibration is checked by comparison with the 

pressure-derived mean velocity. The relative error, 

defined by: 

upitot ~uhot film 
ERROR = — (1) 

upitot 

is within about 1% immediately following calibration. 

Calibration drift is about 1 percent per hour, increasing 

the error to about 4 percent after 4 hours. Thus it is 

felt that the maximum allowable data run without 

recalibration is about 3 hours. 

The temperature of the laboratory is 

thermostatically controlled to within ±1 degree Celsius, 

and the temperature of the water in the facility is 

monitored and varies by less than 0.4 degrees Celsius in 8 

hours. Temperature sensitivity calculations based on 

King's Law show that a 0.1 degree Celsius change in water 

temperature will result in about a 1.4 percent error 

between the true velocity and the calculated velocity. 

Thus temperature variation of the water in the jet is not 
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felt to be a problem, since this source of error is less 

than the calibration error. Temperature effects may well 

be one of the factors limiting the amount of time between 

recalibration, however. 

The forcing frequency is measured by using an 

optical switch which senses the passage of the 

reciprocating arm of the Scotch Yoke. The output is a TTL 

compatible square wave which is sampled by the laboratory 

computer. Using this signal as a phase reference allows 

phase-locked data acquisition. Phase-locked data is 

acquired by using the square wave output from the forcing 

mechanism as a constant phase reference and recording the 

square wave along with the hot film data. Each period of 

the forcing mechanism is divided into 128 parts, and each 

hot film datum is assigned an index between 1 and 128. The 

index is set to 1 whenever the square wave signal crosses 

zero with a positive slope. All data points with equal 

indices are summed and means taken. Thus there are 128 

phase-locked velocity samples per data buffer. The length 

of the buffer is variable, as are the number of buffers 

taken to achieve statistical stationarity of the 

phase-locked velocities. The amount of data necessary to 

achieve statistical stationarity varies with streamwise 
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distance, increasing as the time scales in the jet become 

shorter with downstream distance. The sampling time is 

defined by: 

Sample Time = N * E * T , 

where N is the number of radial positions, E is the number 

of ensembles per forcing period, each ensemble being equal 

to some integer number of forcing periods, and T is the 

forcing period. The time limit imposed by calibration drift 

means that the maximum downstream distance for which 

phase-locked data can be acquired is less than 8 nozzle 

diameters, if the number of radial positions is to remain 

high enough to resolve the radial velocity profile 

adequately. 
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SECTION 4 RESULTS 

4.1 HAPPING THE UNFORCED FLOW 

A fundamental indicator of the quality of the flow 

in any fluid flow test apparatus is the turbulence level. 

In this jet facility, the turbulence level at the 

centerline of the exit plane is on the order of 0.5%. 

As the jet progresses downstream, fluid is entrained 

from the surroundings. Since this jet flows into a 

confined tank, and since the amount of fluid leaving the 

tank equals the amount entering, the jet must de-entrain 

all the liquid which it entrains. This means that the jet 

will have only a finite length before it loses mass and 

momentum. 

An ideal jet has constant momentum flux, defined as: 

Momentum Flux = 2np u2r dr (2) 

and so the momentum flux is a good parameter to measure the 

"useful length" of the jet. Figure 6 is a plot of mass, 

momentum, and energy fluxes with downstream position. Both 

pitot tube and hot film data are shown for comparison. The 

pitot data is the only reference beyond 4 diameters, since 

the sampling times at the farther downstream positions 

exceed the time limit imposed on hot film sampling by 
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calibration drift, and since these data represent the 2nd 

and 3rd powers of velocity, any drift has substantial 

effect. Note that the fluxes are normalized by the 

"top-hat" fluxes, which would be the fluxes at the exit 

plane if the exit plane velocity were constant across the 

entire jet, and equal to the centerline velocity. The mass 

flux increases approximately linearly until 14 diameters 

downstream and the momentum flux is fairly constant until 

about 10 diameters. The energy flux decays steadily from 

the exit plane. Thus the jet appears to have a useful 

length of at least 10 diameters. By 14 diameters the 

momentum flux has fallen off sharply, indicating that 

recirculation is affecting the edges of the jet. 

In order to show that the jet is symmetrical about 

the centerline, a pitot tube was used to traverse the jet 

at a number of downstream distances, and the resulting 

velocity profiles were then folded about the centerline to 

show that the two halves of the jet are the same. Figure 7 

shows the velocity profiles of the near field, plotted in 

near field similarity coordinates. These coordinates are 

X/D versus (R-Rj>)/0, where X and D are the downstream 

distance and nozzle diameter respectively, R is the nozzle 

radius, R^ is the radius at which the mean velocity is half 
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defined as, 

9 = 2 IT 
r «(r) 

UC1 

u(r) 
1 

u, cl 

dr . (3) 

It is apparent that the near field jet is indeed 

symmetrical, since the two sides of the velocity profile 

plot on top of each other. 

Figure 8 shows the far-field jet plotted in 

far-field coordinates X/D versus Y/X, where Y is the 

distance from the jet centerline, X is the downstream 

distance, and D is the nozzle exit diameter. This plot, 

also representing pitot tube traverses of the jet, is also 

seen to be self-similar. 

Figure 8 also shows a solid line, which represents 

the data of Wygnanski and Fiedler (ref 10) in the far field 

beyond 4 0 diameters downstream. Wygnanski and Fiedler 

concluded that even though the jet profiles are 

self-similar as far upstream as 10 diameters, the jet is 

not truly fully developed and self-preserving until much 

farther downstream, when all three turbulent velocity 

components of velocity become self-preserving. Although 

the streamwise component of turbulence becomes 

self-preserving at about 40 diameters downstream, the 

radial and tangential components do not become 

self-preserving until at least 70 diameters. This is when 
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the jet becomes truly self-similar. 

The useful length of this jet facility is thus seen 

to be at least 10 nozzle diameters, but less than 14 

diameters. This is enough to study the development of•both 

the core and also the transitional mixing region, that 

portion of the jet where the jet is approaching its 

fully-developed profile, but beyond the potential core 

region. The unforced jet is symmetrical and in two 

different regions, exhibits self-similarity. 

Addressing the question of where the jet becomes 

turbulent, figure 9 shows velocity power spectra from l/8th 

to 4 diameters downstream. The spectra were all taken at 

the edge of the nozzle, that is at r/D = 0.5, and the jet 

is unforced. The dashed line shows a -5/3 slope which is 

the predicted inertial subrange. It is readily seen that 

the -5/3 slope begins to emerge at about 1/2 diameter. 

Several naturally occuring frequencies are present in the 

flow at l/8th diameter, but by 1/4 diameter downstream all 

but the 25 and 50 hz peaks have nearly disappeared. This 

is probably indicative of several vortex interactions 

occurring very close to the nozzle exit plane. The 50 hz 

peak goes from being nearly as powerful as the 25 hz peak 

at 3/8 diameter to being almost non-existent at 1/2 

diameter. These spectral peaks correspond to a Strouhal 

number, based on the momentum layer thickness and 
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centerline velocity, of 0.05 and 0.10. The 25 hz peak is 

the most persistent, being present up to 2 diameters 

downstream. The halving of frequency in the flow is 

usually attributed to vortex pairings, so it would appear 

that a strong vortex pairing occurs between 3/8 and 1/2 

diameter downstream. 
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4.2 THE FORCED JET 

Early experiments with forced jets were undertaken 

as a means of "tagging" the flow to allow phase-averaged 

measurements, but it was quickly apparent that even fairly 

low levels of forcing significantly changed the overall 

shape of the jet. Thus there are two main philosophies of 

experimenters who work with forced jets: 1) to try to 

merely tag the flow so that its natural structure may be 

more easily studied, and 2) to try to change the jet's 

shape, mixing rate, etc by using higher forcing levels and 

differently shaped nozzles. This last approach is used in 

the hope of creating technologies which will improve 

combustion, suppress jet noise, change exhaust heat 

signatures, and so forth. This is the method of the 

current experiment. 

The experiments reported in this section were taken 

with the jet forced with the scotch-yoke mechanism adjusted 

to produce a turbulence level at the centerline of the exit 

plane of approximately 10%. To maintain, the same forcing 

level for all experiments and to compensate for mechanism 

wear, the amplitude of the phase-averaged velocity at the 

centerline of the exit plane was periodically checked and 

was maintained at about 5.5 cm/sec in a 50 cm/sec base 

flow. This is a more sensitive measure of the jet forcing 

level than the exit plane turbulence level. This is a very 
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high level of forcing and was chosen simply because the 

photographs obtained with this forcing level were clearer 

than those obtained with either higher or lower forcing 

levels. This does not imply that this level has any 

significance, simply that it was convenient. 

An optical pickup was attached to the reciprocating 

arm of the scotch yoke forcing mechanism, and the 

square-wave output read simultaneously with the anemometer 

output. Phase-locking of the data was accomplished by 

dividing the forcing period into 128 parts and setting the 

data point index to 0 whenever the forcing mechanism output 

signal passes zero volts with positive slope. All data 

points with the same index were averaged and the mean 

phase-locked velocities were written to a data file. The 

number of cycles per radial position varied from 2 00 near 

the nozzle exit plane to 900 at 6 nozzle diameters 

downstream. The data record thus contains information 

about both the mean and phase-averaged velocities and the 

phase angle between data points. 

Forcing the jet, especially at such a high level, 

substantially changes the mean jet profile. This is shown 

clearly in figure 10, which compares the profiles of the 

forced and unforced jets from 1/4 to 6 diameters 

downstream. Throughout the potential core region, that is, 

up to about 4 diameters, the forced jet is wider, 
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indicating that more fluid is being entrained. Beyond 4 

diameters, the shapes of the forced jet and the unforced 

jet are about the same, and although the outside of the 

forced jet at 6 diameters appears a little slower than the 

unforced jet, this data is somewhat unreliable due to 

approaching the sampling time limit at 6 diameters. Figure 

11 shows the same data plotted in near-field similarity 

coordinates, as defined when describing the behavior of the 

unforced jet. The upper plot in figure 11 shows the 

unforced jet, and is the same as figure 7. The lower plot 

shows the forced jet at 1/4, 1/2, 1, 2, and 4 diameters. 

Near the outer edges of the forced jet there is more data 

scatter than in the unforced jet. In the center of the 

jet, u/U and v/U are of approximately the same magnitude, 

while at the edge of the jet v may be larger than u, with 

the result that the anemometer signal at the edge of the 

jet is more contaminated than near the center line. The 

larger entrainment of the forced jet accentuates this 

effect, resulting in the need for longer sampling time to 

achieve statistical stationarity at the edges of the forced 

jet. This effect may also be accentuated if there is 

stronger reverse flow in the forced jet. 

Figure 12 shows iso-velocity contours for the forced 

and unforced jets. The unforced contours were derived from 

traverses of the jet at 1/4, 1/2, 1, 2, 3, 4, 5, and 6 
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diameters while the forced contours represent data sets 

taken every eighth diameter from the exit plane to one 

diameter, and every quarter diameter from 1 to 6 diameters 

downstream. Each contour level represents an increment of 

5 cm/sec, the lowest contour in each figure being 5 cm/sec 

and the highest being 50 cm/sec. The most prominent 

difference between the two plots is the persistence of the 

high speed core in the forced jet much farther downstream 

than in the unforced jet. This is a real effect, despite 

the fact that it is not possible to set the jet speed to 

precisely the same value for each data run. The forced jet 

profile represents 29 data sets, so the effect is not 

attributable to small discrepancies in true centerline 

velocity from one data set to the next. The disappearance 

of the high-speed core between 4 and 4h diameters is also a 

real effect since it was duplicated with several different 

data sets. It is also apparent from this figure that 

higher velocities also persist farther downstream at the 

edges of the forced jet. This can also be seen in figure 

10, where the forced jet is seen to have a higher velocity 

at any given radius, especially during the first 4 nozzle 

diameters downstream. 

The fall off of centerline velocity is shown in 

figure 13, which shows centerline velocity, measured by the 

hot film probe, normalized by the pressure-derived exit 
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plane mean velocity. Plotted in log-log coordinates, the 

velocity appears to fall off linearly beyond the potential 

core. 

Figure 14 compares the normalized mass, momentum, 

and energy, fluxes. The fluxes are normalized by the 

"top-hat" profile fluxes, that is, the fluxes which would 

be obtained at the nozzle exit plane if the exit plane 

velocity were a true "top hat" with velocity equal to the 

exit plane centerline velocity. Looking at the mass flux, 

it is obvious that the forcsd jet entrains more fluid in 

the potential core region, as is also shown by the velocity 

profiles of figures 10 and 11. Figure 10 showed that the 

forced and unforced profiles had become nearly the same by 

4 diameters downstream, and here it is shown that the mass 

flux is also about the same at 4 diameters. Momentum flux 

in a jet is theoretically constant. In real jets the 

momentum flux is typically constant for some distance, and 

then falls off as recirculation effects change the velocity 

profile at the edges of the jet. The momentum flux in this 

jet is anomalous and interesting. For the unforced jet the 

momentum flux is well behaved, and is approximately 

constant, being between 99 and 101 percent of the "top-hat" 

value. For the. forced jet, however, the normalized 

momentum flux is well in excess of unity, being about 123 

percent of the "top hat" value at its maximum. No 
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explanation of this is given, although it seems possible 

that the radial inflow associated with the jet's greater 

entrainment causes a pressure gradient in the axial 

direction, or that the radial inflow associated with the 

forced jet's greater entrainment causes the product v/U to 

approach u/U. The energy flux of the unforced jet falls 

off more quickly than the forced jet. 

The downstream evolution of frequency is shown 

clearly by figure 15, the power spectral densities of the 

forced and unforced jet from near the nozzle exit plane to 

4 diameters downstream. These spectra are taken along the 

inner edge of the shear layer, that is, along a -7° ray 

which starts r/D=0.5 at the exit plane and ends at r/D=0 at 

4 diameters. Near the exit plane the forced jet exhibits a 

wide range of harmonics of the 3 Hz forcing frequency, but 

by 1 diameter downstream the magnitude of the higher 

frequencies is greatly reduced. Even by a half diameter 

downstream, the forced spectrum is changing, with fewer 

peaks in the high frequencies. The jet acts as an 

efficient band-pass filter, with the pass band frequency 

changing with downstream distance, and the frequency 

selection of the forced jet closely approximates the shift 

in the spectrum of the unforced jet with downstream 

distance. By four diameters downstream, both the forced 

and unforced jets have only a single dominant peak, at 3 
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Hz, which is the preferred mode frequency. The spectral 

peak of the forced jet is much narrower and higher, 

however. 

Typically, forced jets are different from the 

unforced jets in that the forcing binds much of the energy 

of the jet column into the excitation frequency, with the 

result that the forced jet has less energy in the higher 

frequencies than the unforced jet. That this is not the 

case for this jet, as shown in figure 15, is probably due 

to the high level of forcing. Also in this experiment, the 

initial spectrum shows that many frequencies are excited by 

the forcing mechanism used. This is probably due to the 

nature of the forcing mechanism which produces a 

non-sinusoidal pattern of excitation. The spectrum near 

the exit plane is reminiscent of the spectrum of a 

square-wave, which consists of odd harmonics which fall off 

rapidly with increasing frequency. Experiments in air 

typically show a "cleaner" excitation, with only a few 

spectral peaks being excited. It should be noted that 

mechanical excitation in water is more difficult than in 

air. 

Figure 16 shows the same data plotted as a function 

of the local Strouhal number, that is: 

St = 27T*f*e/U, (4) 

where f is the frequency in hertz, 8 is the local momentum 
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thickness, and U is the local centerline velocity. The 

unforced jet has an initial instability near St= 0.15, 

which is the commonly reported value. By 2 diameters, the 

only remaining peak in the unforced spectrum is at about St 

= 0.3, and this doesn't change much with downstream 

distance. The spectrum of the forced jet changes 

throughout the potential core, with the strongest frequency 

increasing gradually from St = 0.15 near the nozzle to 0.28 

at the end of the potential core. 

The initial instability of the shear layer is very 

susceptible to background noise, and the wide band of 

frequencies at the nozzle exit plane serves as the initial 

condition of the jet. Wygnanski and Weisbrot (ref 12) 

concluded that the flow must contain at least 3 frequencies 

to produce vortex pairing: the fundamental Ff, the 

subharmonic Fs, and the sum of the fundamental and 

subharmonic Fs. The fundamental is distinguished in this 

case by a larger amplitude than the other two frequencies, 

and need not be the most locally amplified frequency. In 

this flow the exit plane centerline has a spectral peak at 

3 Hz as well as a large number of powerful harmonics. Any 

of these could serve as the fundamental, subharmonic, or 

sum, and so it is reasonable to assume, based on the 

criterion of Wygnanski and Weisbrot that there should be 

several vortex interactions before the end of the potential 
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core. 

Figure 17 is a series of phase-locked photographs 

showing the evolution in time and, space of dye marked 

vortex rings, the vortices being shown by the dark areas. 

These photographs were made by feeding the signal from the 

reciprocating arm of Scotch Yoke forcing mechanism through 

the time-delay gate of an oscilloscope, and using the 

delayed signal to trigger a strobe light. The light 

from the strobe is passed through the rear side-wall of 

the tank, and projects an image of the vortices on a mylar 

sheet attached to the front side wall of the tank. This 

image is photographed. Each frame is a time exposure of 

100 flashes of the strobe, so only the phase-locked 

components of the flow are seen. Each frame is delayed by 

one-tenth of the forcing period, starting at the top of the 

figure with zero delay, and one complete period is shown. 

The forcing frequency was 3 Hz, which corresponds to the 

passage frequency of the vortex puffs at the end of the 

potential core. This gives a Strouhal number, St = f*D/U = 

0.30, where f is the forcing frequency, D is the nozzle 

diameter, and U is the mean exit plane velocity. This 

value is well within the range of values usually associated 

with the "preferred mode", as outlined by Gutmark and Ho 

(ref 4) . Several vortex interactions are clearly seen. 

For example at 0.4 period delay the two rings seen at 3/4 
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and 1 diameters are seen to merge by 0.6 period delay. 

This "coalesced vortex structure" then begins to merge with 

another vortex ring at about 0.9 period delay, and 

following this structure back to the top of the figure, the 

merging is complete by about 1.2 periods delay. Inviscid 

vortex kinematics predicts that two point vortices which 

are near each other will "leapfrog" downstream, with the 

downstream vortex growing larger and slowing down as the 

upstream vortex gets smaller and faster and passes through 

it. Although this is an inviscid effect, it is very 

clearly observed visually when taking the photographs that 

the upstream vortex sometimes passes completely through the 

downstream vortex. This behavior does not appear clearly 

on the photographs, probably due to less strong 

phase-locking, but looking closely at the merging structure 

at 2 diameters downstream at 0 phase delay, and by 

following that process downstream, at 0.3 and 0.4 period 

delay, the upstream structure seems to be coming through 

the center of the downstream vortex. It is also visible at 

0.2 and 0.3 period delay at 1 to 1.5 diameters downstream, 

as the structure which has previously merged appears almost 

to break into 2 rings at 0.4 period delay. It is clearly 

seen at X/D=2 and 0.9 period delay that the downstream 

vortex of an about-to-merge pair grows larger and the 

upstream vortex gets smaller just before merging. Although 
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inviscid kinematics predicts that the leap-frogging would 

continue indefinitely, viscosity serves to eventually cause 

the two vortices to become amalgamated into a single 

structure. 

The information contained in figure 17 is presented 

in another form in figure 18. Figure 18 is a plot of 

vortex ring position as a function of time. This plot was 

made by measuring the position of each vortex ring in the 

photographs of figure 17, and following the rings with 

time. For clarity, the plot was extended for 2 periods of 

the forcing frequency. The exact position of a vortex ring 

in figure 17 is open to some interpretation, as is the 

point at which two vortices may be said to have merged, but 

figure 18 clearly shows the interactions of the vortex 

rings. The slope of the lines gives the phase speed of the 

vortex rings. Although, as noted, some interpretation of 

the photographs was inescapable in the process of producing 

this plot, it is interesting that the downstream vortex is 

seen to slow down and the upstream vortex speeds up just 

prior to each merging. Since the interaction which occurs 

at 0.1 period and 1 diameter is the same one which is 

plotted at 1.1 periods and 1 diameter, the vortex structure 

which is convected downstream past the potential core is 

really the result of 3 separate events: a "tripling", a 

pairing, and then a pairing of the two structures produced 
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by these earlier collective interactions. Thus the 

structure convected downstream is an agglomeration of 5 

vortex rings. Thus the vortices are shed from the nozzle 

lip at 5 times the frequency at which the flow is forced. 

By continuing the paths of the vortices backward to the 

exit plane, it can be seen that the vertical distance 

(time) between each ring at the origin is about a fifth of 

the distance (time) between rings at 4 diameters. It also 

appears that the vortices are convected downstream at about 

0.8 of the mean velocity. This is in line with the linear 

stability calculations of Petersen arid Samet, (ref 7, 

figure 7) who calculated that the phase speed of the 

preferred mode at the end of the potential core is about 

0.8U0. 

It should also be noted that dye visualization tends 

to show the vortices as becoming completely amalgamated 

into one unified structure. This may not actually be the 

case, the two vortices being capable of separate existence 

even though in very close proximity. 

Phase-averaged velocity contours are shown in figure 

19. The figure shows regions of high velocity phase 

coherent flow originating near the nozzle exit and being 

convected downstream. Some of the high-speed structures 

merge, reminiscent of vortex pairing. Although this figure 

does not purport to show vortices, the regions of 
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high-speed phase-coherent flow shown here do correspond in 

space and time to the vortices shown in the phase-locked 

photographs. 

Although all the data was taken with a single wire 

probe, by assuming that the azimuthal velocity is zero, it 

is possible to reconstruct the vorticity field from the 

phase-averaged velocity data shown in figure 19. This 

assumption is reasonable due to the axisymmetric forcing, 

and is also borne out by the symmetrical nature of the jet 

profiles shown in figures 7, 8, 10, and 11. Since the 

conditional sample data sets contain information about both 

the mean and phase-averaged components of velocity, it is 

possible to reconstruct either the mean or phase-averaged 

vorticity. This is done by decomposing the velocity field 

into components: 

A 

u = U + u + u', (5) 

where U is the mean component, the "hat" denotes the 

phase-locked component, and u' is the phase-incoherent 

component. Since vorticity is not directly measured, but 

is derived,, it is called "pseudo-vorticity" here. The 

derivation follows, where the bracket, <>, denotes the 

ensemble average of the phase-locked component. The 

streamwise velocity component is denoted by u, and the 

radial velocity component is denoted by v. 
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Phase-averaged vorticity is given by: 

<"<*,> = 
a a 
— <v> - — <u> 
d x  d r  

Phase-averaged continuity is: 

( 6 )  

a  i d  
— <u> + [r <v>] = o 
ax r 3r 

( 7 )  

This can be integrated to give: 

r<v> = - r' — <u> dr' 
ax 

( 8 )  

And this can be differentiated to give: 

r 
a l 
— <v> = 

r 
ax 

a2 

r' <u> dr' 
a2x 

Substituting this expression gives the phase-averaged 

vorticity: 

<«$> = H —<u> + -
a 

ar 

( 9 )  

<u> dr' 
a2x 

(10) 

The data was processed through a 5-point digital 

filter for spatial smoothing. 

Figure 20 is a plot of the "total pseudo-vorticity", 

and was derived from the conditional sample data sets using 

equation (10). The data was put through a 5 point spatial 
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filter before calculating the pseudo-vorticity, in order to 

smooth out the "rough edges". The format of this plot is 

the same as the phase-locked photographs, with the 

horizontal axis being downstream distance, and each frame 

being delayed from the one above it by one-tenth period. 

The term "total pseudo-vorticity" is used to denote the 

fact that this data was calculated from the mean 

phase-averaged velocity profiles at each point in time, 

rather than the instantaneous phase-averaged velocity. 

Figure 20 clearly shows the vorticity layer rolling 

up and vortex rings convecting downstream and pairing. It 

also confirms that the coalesced structure still shows 

indications of two discrete vortex cores even after the two 

rings have "paired". The "pairing" seen in the photographs 

is the co-location of the two structures, but some time is 

required for the vortices to amalgamate. Figure 21 shows 

the total pseudo-vorticity plotted on top of the 

phase-locked photographs. it is seen that they agree very 

well. 

Of course, the reconstruction of vorticity from a 

single straight film probe is an unreliable process. 

First, the assumption of zero tangential velocity is 

unproved, although reasonable, and secondly, producing 

derivatives from data is unreliable. It is also argued 

that photographs of dye streaks are not necessarily 
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indicative of the nature of the vorticity in the flow, due 

to the fact that dye shows streaklines, and streaklines are 

dependent on the location at which the dye is injected. 

Further, it is argued that .the dye may show the structure 

of the vorticity in the initial region of the jet, but as 

the vortices rearrange, the dye may not accurately reflect 

the changed vorticity field. Thus neither the phase-locked 

photographs, or the pseudo-vortex plots can be trusted by 

themselves, but figure 21 shows that they give very similar 

results, which validates both processes. 

Due to spatial filtering, the pseudo-vorticity 

analysis was not able to pick up the fine detail at 

distances less than one diameter downstream, but the vortex 

interactions farther downstream are clearly shown, and 

happen at the same time and position as shown in the 

photographs. This tends to validate the belief that the 

dye streaks shown in the photographs accurately represent 

the flow, and also to demonstrate that the assumptions made 

in deriving the pseudo-vorticity plot were' valid; namely 

that the tangential velocity (swirl) is zero and that the 

data are smooth enough that derivatives can be accurately 

approximated from the discrete data points. Figure 20 does 

in fact show fine detail near the nozzle exit, but it is 

not possible to assign a distinct identity to a single 

vortex core and to follow it downstream. 
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Figure 22 shows the conditionally sampled velocity 

at various downstream stations. In these plots, the 

horizontal axis is time, each trace showing the 

phase-averaged velocity over one forcing period. The 

number of samples representing the mean varied with 

downstream position, from about 200 near the nozzle exit 

plane to about 800 at 4 diameters. The oblique axis is 

radial position, starting at the jet centerline in the 

front of the plot and proceeding to the edge of the jet in 

the back of the plot. The vertical axis is velocity 

normalized by the exit plane mean velocity, with the small 

scale showing the range of 0 to 0.15. This figure shows 

very vividly that the frequencies dominating the flow 

decrease quickly with downstream distance. By counting the 

peaks occurring in the shear layer during one period, the 

initial frequency is seen to be the 5th harmonic of the 

forcing period, but by the end of the potential core the 

forcing frequency corresponds to the dominant frequency. 

When these plots are made for downstream distances beyond 4 

diameters, the frequency content of the flow remains the 

same, but the magnitude of the phase-locked velocity is 

greatly reduced. This is expected, since the centerline 

velocity falls off beyond the potential core. 

Figure 22 shows the raw phase-locked data sets from 

which all other phase-locked information is derived. 
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Figure 23 was derived from these data sets, and shows 

profiles of filtered phase-averaged velocity with 

downstream position. The Fourier coefficients were 

calculated using: 

2tt T 
1 

Fmn(r) = 
2tiT 

<u(r,</>,r)> exp i 
2itnT I 

xatj, _ L drd̂  (11) 

o o 

where the brackets "<>" denote the phase-averaged component 

of velocity, r denotes the delay time, <f> is the polar 

angle, T is the forcing period, and m is the mode number, 

in this case equal to 0. The left plot shows 3 Hz content, 

the middle plot shows 6 Hz information, and the right plot 

shows the 9 Hz content of the flow. The horizontal axis of 

each plot is the radial position, starting with the 

centerline at the left, and the oblique axis shows 

downstream position. Each of these plots was constructed 

from data sets taken at 29 downstream positions, the 

streamwise distance between data sets being one eighth 

diameter for the first diameter, and every quarter diameter 

from one through six diameters. It is clear that the 

higher frequencies, which dominate the flow near the 

nozzle, are quickly attenuated, while the 3 Hz frequency 

dominates the flow by 1 diameter. 

Figure 24 is a plot of the momentum thickness versus 

downstream position. The momentum thickness here is based 
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on a velocity profile truncated when the velocity falls to 

0.1 of the mean exit plane velocity. This was done to 

reduce the error associated with possible recirculation 

effects at the edge of the jet, and because the relative 

error in the velocity measurements in this very low-speed 

region is potentially larger than in the higher speed 

regions of the jet. 

It should be noted that the momentum thickness 

increases in a different fashion when the flow is forced. 

The momentum thickness of the unforced jet grows in an 

approximately linear fashion, while the shear layer grows 

in a more step-wise fashion in the forced jet. This same 

growth pattern is also reported in plane shear layers. Ho 

and Huang (ref 5) and others have reported that plane shear 

layers stop growing at the positions where vortex pairings 

occur. The same phenomenon is seen here at about one 

diameter, and again less clearly at three diameters. 

Figure 21 shows that the vortex pairings in this jet occur 

at these positions. Ho and Huang report that the vortex 

pairing positions coincide with the location at which the 

subharmonic frequency saturates. This occurs when the 

shear layer has grown wide enough that the subharmonic is 

no longer unstable, and the required width is dependent 

upon frequency. At this point, the subharmonic becomes 

neutrally stable, and the new subharmonic becomes the most 
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amplified wave. This process of the growth and saturation 

of a series of subharmonics is termed "subharmonic 

evolution". Thus it seems probable that shear layer growth 

is not due to vortex merging, as is often held, but rather 

that vortex merging is caused by shear layer growth, which 

results in saturation of the subharmonic. 
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SECTION 5 CONCLUSIONS 

This experiment allows several conclusions to be 

made about the axially symmetric jet. 1) The jet facility 

is of good quality, with a useful length of at least 10 

nozzle diameters. Beyond this downstream distance, 

recirculation within the tank changes the jet profile near 

the edges of the jet, and the momentum flux diminishes 

rapidly. 2) The jet is forced axisymmetrically, and the 

axisymmetric modes are very dominant in the flow. This is. 

shown by the symmetry of the velocity profiles. 3) When 

forced at a sufficiently high level the momentum flux in 

the potential core region is in excess of the momentum flux 

at the nozzle exit plane. This is anomalous and needs 

further study to explain. 4) Although dye marking of 

streaklines is not necessarily a trustworthy and reliable 

method of seeing what is actually happening in the flow, 

for this facility, forced at this high level by the Scotch 

yoke mechanism, dye marking of the vortex, sheet inside the 

nozzle does accurately show the pattern of vorticity in the 

flow. 
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SECTION 6 FUTURE WORK 

The most important work which should be undertaken 

with this facility is the development of forcing the flow 

by heating strips. Work done in the plane shear layer 

facility in the Department of Aerospace and 

Mechanical Engineering at the University of Arizona 

indicates that this is a feasible and practical method of 

forcing the flow without introducing mechanical vibrations 

to the system, as the current scotch-yoke mechanism does. 

Barring this, an oscillating butterfly valve in place of 

the scotch yoke would probably result in a "cleaner" 

excitation. 

This report does not report any stability analysis 

for the reason that the attempts made to match the jet to 

linear stability theory were not met with success. 

Probably this is due to the high level of forcing used. 

Therefore it is recommended that the experiments reported 

here be repeated with lower levels of forcing. Using the 

scotch yoke mechanism, this is easy to do, and the results 

should be compared with linear stability theory. 

A further interesting point that could be easily 

addressed using this facility is the effects of screens on 

the flow. Some experimenters do not believe that screens 

are desirable in a water tunnel, and this facility is con
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structed in such a manner that the screens are easily 

removable. This experiment could be easily done by taking 

power spectra and comparing unforced turbulence levels at 

the nozzle exit plane with and without screens. 
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FIGURE 8. Unforced Profile in Far-field Coordinates. Pitot Tube Traverses. 
Solid line represents the data of Wygnanski & Fiedler. 
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FIGURE 9. Power Spectra at r/D = 0.5 
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FIGURE 12. Iso-velocity Contours. Unforced Jet 
(left) and Forced Jet (right) 
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FIGURE 13: Centerline Velocity vs. Downstream Distance. 
0= pitot tube traverse (unforced); 
• = hot film traverse (forced) 
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FIGURE 15. Spectra of Forced and Unforced Jet on 
Inner Edge of Shear Layer 
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FIGURE 16. Spectra of Forced and Unforced Jet on 
Inner Edge of Shear Layer. Strouhal 
Number Scaling. 
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FIGURE 17. Vortex Ring Phase-locked Photographs 
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FIGURE 20. Total Pseudo-vorticity 
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FIGURE 21. Pseudo-vorticity Contours Superimposed on 
Phase-locked Photographs. 
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FIGURE 22. Phase-locked Velocity as a Function of 
Radial Position and Time at Several 
Downstream Stations. 



FIGURE 23: Phase-locked Velocity Amplitude Plotted as a Function of 
Frequency and Radial and Streamwise Positions 
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