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ABSTRACT

The research performed in this thesis concentrated on the design and analysis

of a fluidic oscillator for the provision of a continuously pulsed output. Wall at

tachment theory was used as the basis for design specifications. A plexiglas model

was constructed and tested in the University of Tennessee Space Institute water

tunnel. Qualitative appreciation of the flow characteristics was gained using dye

injection as a method of flow visualization. A second model was machined out of

aluminum for testing with air. Quantitative measurements of the flow parameters

were obtained with various instrumentation while a qualitative assessment of the

flow was performed using surface oil flow visualization technique.

The overall results indicate that fluidic oscillators may be used as a source of

unsteady flow. This study confirmed that frequency of oscillation is a linear func

tion of supply flow rate for water and air vmder non-choked nozzle conditions. The

design tested in this study did, however, demonstrate unacceptable total pressure

losses. Further research into different design configurations is recommended.
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NOMENCLATURE

b  - Power nozzle width

B  - Offset distance from nozzle to side wall

J  - Power jet momentum flux per unit height

Ji - Momentum flux per unit height moving downstream

J2 - Momentum flux per unit height into the separation bubble

5c - Control flow rate

5e - Entrained flow rate

5r - Return flow rate

qsup - Supply flow rate

R  - Radius of jet curvature

s  - Distance along curved jet centerline

52 - Distance along curved jet centerline to wall attachment point

u  - Jet velocity

xr - Distance along wall to attachment point

y  - Dimension perpendicular to jet axis

yA - Value of y corresponding to the attachment streamline

a  - Angle of inclination of the attachment wall

S  - Angle extended jet centerline mahes with the attachment wall

p  - Density

(Te - Spread factor
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CHAPTER I

INTRODUCTION

Background

In an effort to advance aerospace technology, researchers have devoted much

time in developing efficient propulsion methods for aircraft to fly faster and farther.

One of these efforts has been concentrated on the Supersonic Combustion Ramjet

(or Scramjet). A major problem in its development has been achieving a high com

bustion efficiency. The problem stems from the inability to gain adequate mixing

between fuel and oxidizer by conventional techniques. If the fuel is introduced as

a constant cross jet into the supersonic flow fleld, the resultant shock wave com

plicates the situation further and imposes unacceptable heat transfer conditions

to the surrounding materials. Vakili et. al.[l], however, has successfully demon

strated the enhanced mixing characteristics of supplying a pulsating cross jet into

a subsonic flow. It is envisaged that this same result is possible if the pulsating

input is provided to a supersonic cross flow.

To compliment this approach to the design of a supersonic combustion cham

ber, the requirement for a device that produces a continuous pulsating flow becomes

evident. In keeping with the need for an efficient and reliable device, the focus of

this thesis is the design and analysis of a fluidic oscillator with no moving parts for

the provision of a pulsing output.

Fluidics

Dming the 1960's, fluidics gained an enormous amount of attention for their

ability to control forces. To date, significant research has been done in the area of
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fluidics and a large variety of fluidic devices have been built. Fluidics have been

used as amplifiers, logic devices as well as oscillators. Unfortunately, the onset of

electronic components, which are distinctively smaller and faster, diminished the

level of interest in fluidics. Modem technology, however, has created many different

environments which favor the use of fluidics and their ability to withstand severe

temperatures, high vibrations, mechanical and thermal shocks, as well as their

inherent capability to withstand hostile electronic coimtermeasmes. Thus, fluidics

have, once again, found application in current technological advancement. Beale

and Lawler[2] have developed a wall-attachment fluidic oscillator for application as

a flow metering device. As well, S. M. Riddlebaugh[3] has presented a study of a

fluidic oscillator to measure fuel-air ratios of combustion gases.

Statement of Objective

The research in this thesis concentrates on the design and analysis of a fluidic

oscillator with no moving paxts for the provision of a pulsed output. This study is

divided into four main sections. The first section provides a brief introduction into

the theoretical background upon which the operation of a fluidic oscillator is based.

This is followed by the qualitative analysis of a plexiglas model in a water timnel.

The next section analyzes the performance characteristics of an aluminum model

when it is operated with air as the mediiun. Finally, the results and conclusions

are discussed in the last section.
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CHAPTER II

TECHNICAL REVIEW

Wall-Attachment Devices

The Coanda effect is the fundamental principle that governs the operation

of wall-attachment fluidic devices. The effect is named after Henri Coanda who,

in 1932, was the first to observe that a free jet emerging from a nozzle tends to

follow a nearby surface. The fiow attaches itself to the surface if the curvature or

angle of inclination of the stirface is not too great. The phenomenon is explained

through the process of entrainment. When the free jet emanates from the orifice,

nearby fiuid particles are entrained. If the fiow is close to a solid surface, the

amount of fiuid particles is limited and a low pressure region is developed. The

jet consequently moves toward the low pressure region. As illustrated in Figure

2.1, when the jet becomes attached to the siirface, the low pressure region becomes

closed. This area is called a separation bubble. Particles are continually entrained

from the separation bubble by the jet but are, also, replenished by the jet near the

point of wall attachment. Whether or not the separation bubble remains depends

on the rate of particle depletion versus the rate of their replenishment.

To be able to control or switch the jet attachment from one sturface to another,

a configuration as presented in Figure 2.2 can be employed. Considering the supply

jet attached to the left boundary, the output fiow results through Channel 01. To

change this condition, positive pressure is applied to Control Cl, increasing the

pressure within the separation bubble. When the pressure inside the separation

bubble exceeds that on the other side of the jet, the jet detaches itself from the

left boundary wall and re-attaches itself to the right. The output results through

- 3 -
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Channel 02. Switching the jet back to the left boundary wall necessitates a similar

control flow through Control C2.

The attachment of the jet c£in be made to oscillate continuously between walls

by the use of feedback loops. Referring to Figme 2.3, as the flow is attached to

one side of the element, its momentxim forces some of the flow into the feedback

loop. This results in a pressure pulse being transmitted through the feedback loop

to the separation bubble. When the pulse is large enough, the jet is forced to the

opposite wall. A similar process now occurs on the opposite side of the device and

a sustained oscillation results. It has been shown that the frequency of oscillation

is determined by the following factors;

a. The time required for the fluid to flow back

through the feedback loop;

b. The time required for the control jet pressure

to produce wall separation; and

c. The delay time required for the fluid to traverse

the distance between the walls.

The work performed by W.H. Delashmit, Jr.[4], concludes that in order to

increase the frequency of oscillation, the flow volume of the feedback loops should be

decreased. A linear relationship between oscillation frequency and inverse feedback

loop flow volume has been demonstrated. In Beale and Lawler's[2] hydrodynamic

study of a wall-attachment fluidic oscillator applied to volume flow metering, the

results show that frequency of oscillation is a linear function of fluid supply flow

rate. A further conclusion of the study shows that the pressure drop across the

oscillator is, also, proportional to the supply flow rate. The experiments performed

-5-
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by S. M. Riddlebaugh[3], using various gases, demonstrates a similar relationship

whereby pressure drop is proportional to frequency of oscillation until a choked

nozzle condition is established. Under choked flow conditions, frequency becomes

pressiure independent.

Wall Attachment Theory

The fundamentals of wall attachment theory can be applied to fluidic oscil

lators. Since the feedback loops transmit some of the main flow to the control,

the control flow is merely a function of the supply flow. A number of simplified

models have attempted to relate the geometrical and fluid parameters to the jet

attachment point and the separation bubble pressiu:e[5]. Most analyses assume

that the jet centerline moves like that of a circular arc commencing at the cen

ter of the orifice and terminating at the wall attachment point. Good agreement

with empirical data has, also, been achieved assmning a sinusoidal curve for the

jet path. The actual shape of the jet path is not completely understood and serves

to distinguish different theoretical approaches in the design of fluidics. This study

makes the circular arc assumption.

The designs of most fluidic devices are either planar (two-dimensional) or

axisymmetric. In most two-dimensional fluidic devices, the aspect ratio, defined

as the ratio of the channel height to the nozzle width, is small because of the

need for low power consumption, miniaturization and low noise. Dohta et. al.[6]

have examined the effects of aspect ratio on the static behavior and switching of

an attaching jet. The results indicate that for large control flow rates, there is a

remarkable increase in attachment distance when the aspect ratio is increased. It is

suggested that due to the longer distance, the influence of the boundary layer on the

bounding plates becomes dominate and an increased control rate is required. For
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a decreasing aspect ratio, it follows that a decreased amount of switching control

flow is needed. In devices of small aspect ratio, however, the jet flow cannot always

be regarded as two-dimensional due to the existing boundary layer on the top and

bottom plates and the secondary flow resulting from a bounding jet. A value of

two for aspect ratio has generally been used as an acceptable value and is the value

used in this analysis.

Kirshner and Katz[7] present measurements of the velocity profile that indi

cate, even near the point of attachment, eaeh half of the jet has almost the same

half profile shape as that of a free jet. The spread factor (<Te), which is defined so

that increased spreading is reflected in a reduction of the spread factor, is different,

however, for the attached side of the jet compared to the unattached side of the jet.

Examination of the spreading of two-dimensional jets indicate that boimded jets

spread less than a free jet. The decrease in spreading is due to the restriction of the

lateral entrainment flow caused by the friction on the bounding plates. Increasing

the area of the top and bottom plate increases the resistance and causes the jet

to spread even less. Furthermore, the spread factor is largest near the nozzle and

reduces asymptotically to a constant value (approx. = 10). Most theoretical

analyses, however, tend to use a constant spread factor in the design analysis. Ki-

noshita and Murakimi[8] in their study of the effects of curved walls in the design

of fluidic devices use a value of ctc = 7.2. Romiti[9] states that for small slopes and

offsets, a value of cTg = 6 is more suitable. The free jet approximation, <Te = 7.67,

is normally used for straight wall devices and is the value used in this study.

Governing Equations

The following derivation of governing equations follows that developed by Kir

shner and Katz[7]. Consider the two dimensional, inviscid, incompressible flow

- 8 -



case of jet attachment as it pertains to the device illustrated in Figure 2.4(a). The

supply flow, (qaup), emerges from a nozzle of width b and attaches to a straight

wall inclined at an angle a. The wall is off-set from the nozzle at a distance B.

The control flow, (jc), is applied from the feedback loops of width b. Figure 2.4(a),

also, shows the mean resultant streamlines. The entrainment streamhne, (I), is

forced away from the wall by the control flow. The attachment streamline, (II), is

projected from one side of the control nozzle to the attachment point. Since the

flow does not cross a streamline, the flow between streamlines I and II is qc- By

examining the attached-side velocity profile in Figure 2.4(b), the flow between ys

and j/oo can be defined as the entrained flow (qe), whereas, the flow between yA

and t/oo is the return flow (g^)- Thus, qc is, merely, the difference between the two

flows;

qc ~ qe ~ qr

In order to obtain a relationship between qc and qsup, the following equation must

be solved;

Qc _ _9e qr

9«up Qaup Qaup

From the velocity profile in Figure 2.4(b), which represents only half the entire

velocity profile, q^ can be defined as follows;

rcx>

qe = hj u(s,y)dy--^ (2)

-9-
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where h is the depth of the nozzle and u(s, y) is the fluid velocity at a given point

on a streamline, (s), and a perpendicular distance away from the streamhne, (y).

Similarly, qr is defined as;

yOO
qr = h u(s,y)dy (3)

Jva

Approximating the jet velocity profile and applying the inviscid flow assump

tions, the wall friction forces are neglected. The velocity profile model used in this

analysis is that developed by Bovuque and Newman[10]. It is a modified Goertler

profile[7] for a turbulent two dimensional free jet as follows;

u{s,y) = kasedi^ikiy) (4)

where;

his) = I ZJ(Te

p{s + So)

k,{s) =
{s + So)

and J = pu^b, the momentum flux out of the nozzle per unit depth.

The origin of the flow is assumed a distance, sq? upstream of the nozzle exit

plane so that q,up can be estimated by a free jet. Referring to the illustration in
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Figure 2.5, the constant, sq, can be calculated by projecting the velocity profile to

the supply nozzle exit plane (s = 0), such that the entire velocity distribution is

due to Qaup only. Therefore, the velocity profile can be integrated to find qsup at

5 = 0 as follows;

q,up = 2h f u{s,y)dy
Jo

r°°
= 2h fc3(0)sech^(A:4(0)y)dy

Jo

h{0)
= 2h

h{0)

Hence;

V  )
(5)

Using the modified Goertler profile at the point s — sq, the same result is

obtained. However, the point so is inside the channel and such a volume fiow due

to a uniform flow distribution can be simply expressed as the product of the flow

velocity and the channel cross sectional area. Thus;

<l»up = (6)

By equating equations (5) and (6);
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uobh = h(^^\^
V P<^e J

Recall J = pu^b ,the momentum flux out of the nozzle per unit depth. Hence,

solving for soi

So =
(T.b

(7)

Substituting this back into equation (4), the flnal form of the velocity profile is

given as;

= 2
3J<7e

sech
2 / y<^e

S +
(8)

As can be seen from Figme 2.5, the extension of the circtdar arc made by the

jet center line occurs when s — S2. Substituting equations (5) and (8) into equation

(2) for s = S2, the following is foimd;

-i^= ri
Qaup Jo 2

3<7e

Ks2 +
sech

y<^e

52 +
6(7,

dy -

To integrate use the relation, f sech^(ax)dx = Thus;

ge

9«up

1 [^2 + ̂1
1  1
2

1

2 ber^
— i

3

(9)

The same integration process can be applied to equation (3) to get the following
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result for the return flow;

Qr

9«up

1

2

S2 + -t
I
3

h<T0

3  J

1 — tanh
(TtVA (10)

Finally, by substituting in equations (9) and (10) into equation (1), the equation

of the attachment streamline can be foimd as follows;

gc

Qaup

1

2

S2 + -t
bcr,t
3

tanh
52 +

btr*
-1 (11)

Equation (11) cannot be solved explicitly as there are too many imknowns.

Another equation comes from examining the momentum flux surrounding the at

tachment point. Applying Bourque and Newman's[10] approach, assume that the

momentum flux is conserved in a volume surroimding the attachment point. Ne

glecting the effects of pressure, the average angle of the input momentum flux, J,

is essentially the same angle made if the centerline were extended (refer to Figure

2.5). Thus,

Jcos (0 -h a) = Ji — J2

where;

J2 = P
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Ji and J2 can be calculated using equation (4). The resulting equation is;

(12)^  3cos [0 + a) = - tanh I 1 - ■xtanh^ 'S2+^l 3

Three further equations can be found through geometrical considerations. By

assuming the jet moves with a constant radius of curvature, it can be seen from

Figure 2.5 that the following relationships exist;

(13)
\  cos a J 2

R{a + 9) = S2 (14)

XR + -T^ = il(sin 9 + cos 9 sin a) (15)
sin 9

where, xr is the distance along the wall to the attachment point.

To determine the attachment distance, the values of B, b, a, <7e, and must

be specified leaving the desired 5 equations with 5 unknowns. The unknowns axe

the geometrical constraints, 9, xr, S2, and R. In order to solve for attachment

distance as a function of equations (11)-(15) were algebraically manipulated

down to two equations with two unknowns; 9 and xr. Since 9 had to be solved

implicitly, a Newton Raphson iteration technique was employed. The computer

program enclosed as Appendix A was constructed to solve for a = 12° and Ue =

7.67 for a range of Refer to Figure 2.6 for the effect of the control flow on
?»up

attachment distance.
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Understandably, the results obtained using wall attachment theory cannot

be directly applied in the design of every fluidic device. The geometry of the

devices will, for most part, dictate the suitability of application. Especially for

fluid oscillators, where the actual value of is not defined. In this study, the

results obtained from wall attachment theory for a range of were considered

as being somewhat conservative and the attachment distance used for the design

of the fluidic oscillator was twice that predicted by the maximum value of

calculated.
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CHAPTER III

QUALITATIVE ANALYSIS

Experimental Method

This phase of the experiment was carried out in the water tunnel. A plex-

iglas model was constructed, the design of which was based upon results of wall

attachment theory. Refer to Appendix B for the design specifications of the plexi-

glas model. Several configurations were tested 8ind analyzed. Figure 3.1 shows the

different variations examined.

A schematic illustration of the experimental set-up is provided in Figure 3.2.

Throughout the experimental procedure, the model was submerged in the water

tunnel and fixed in place. This allowed for flow visualization and eliminated voids

and bubbles in the system. A flexible water hose was connected to the input of

the device to provide the supply flow. The input flow rate was measured using a

flow meter. Flow visualization was performed by injecting dye into ports on the

model surface. The locations of the dye ports are shown in Figure 3.2. The dye

was made from a mixture of food coloring, milk and alcohol to achieve the desired

specific gravity of one. The water tunnel was rim at a speed sufficient to carry the

dye downstream of the test section so that it would not obstruct the visualization

technique.

Water Tunnel Results

When the initial configuration, shown in Figmre 3.1(a), was tested, the fluidic

device did not fimction as an oscillator as expected. Based upon the analysis

of the flow visualization, it was determined that the wall attachment point was

- 19-



(a) (b)

(c) (d)

Figure 3.1. Plexiglas Model Configurations : (a) Initial Configuration,

(b) Modified Feedback Loop Entrance, (c) Wedge With One Degree Of Freedom,

(d) Fixed Wedge.
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Figure 3.2. Experimental Set-Up Of Water Timnel.
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occurring well before the entrance to the feedback loop and, as such, the pressure

pulse that was provided through the loop and felt in the separation bubble was not

strong enough to cause switching of the jet. Since it is known that wall attachment

distance increases with increased supply flow rate, it would have been possible

to increase the supply flow rate until such a point that wall attachment occurred

precisely at the entrance to the feedback loop and perhaps the momentum of the

attaching flow may have been sufficient to sustain oscillation. However, since the

supply of water was restricted, the model configuration was modified.

The modification made to the model was designed to take advantage of the

momentum of the supply flow regardless of where wall attachment occurred. If,

however, it was required that the fluidic oscillator have frequency optimized, it

would have been essential that the wall attachment point be made to occur at

the entrance to the feedback loops. The design of the entrance to the feedback

loops as shown in Figure 3.1(b) does ensure flow oscillation for all supply flow

rates. Visualization of the continuous flow process clearly illustrated the oscillatory

behavior of the fluidic device. Referring to the photograph in Figure 3.3(a), the

dye emanating from the supply nozzle shows the flow attached to the upper side

wall. This photograph, also, shows dye emanating from the center of the lower wall

which is following the flow downstream and getting trapped by the entrance of the

lower feedback loop. In the photograph of Figure 3.3(b) the dye coming from the

supply nozzle shows the flow in the process of switching sides. The dye coming

from the center of the lower wall now illustrates a reverse flow along the wall as

well as the forming of a separation bubble. The dye that was previously trapped

by the entrance to the feedback loop is now shown as it is being forced through the

feedback loop. It is this pulse of fluid that increases the pressure in the separation

bubble and causes jet switching. By introducing dye into various combinations of
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Figure 3.3. (Continued)
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the other dye ports, it was possible to see the entire switching phenomenon. It

was very interesting to note that the output of the flow appeared to occur entirely

on one side of the exit plane while the other side of the exit plane demonstrated a

reverse flow or suction. This phenomenon lent credibility to the apjdication of the

fluidic oscillator as a device to provide a distinct pulsed output.

The configuration, shown in Figure 3.1(c), was devised to achieve an assess

ment of the frequency of oscillation. The wedge was, only, held in place by one

pin thus allowing it a single degree of freedom. The frequency of oscillation was

calculated by counting the number of times the wedge returned to its original po

sition in a fixed period of time. A plot of frequency verses supply fiow rate is

provided in Figure 3.4. An approximately linear relationship is shown to exist be

tween frequency and supply flow rate. A similar linear relationship was found in

the experiments on fluidic oscillators performed by Beale and Lawler[3]. The slight

nonlinearity of this study's results can be attributed to minor leaks of the bond

ing material in the model structure and to the inaccurate method of the model's

construction. The photograph in Figure 3.5, demonstrates a benefit of having a

moving part. While the wedge is attached to one side it is able to completely close

the flow on one side of the output while allowing for the entire flow output through

the other side.

The final configuration that was tested is shown in Figure 3.1(d). A rigid

splitter wedge was located along the axis of symmetry. The position of its apex was

varied from being close to the supply nozzle to being at the model exit. Test runs

were carried out to determine whether or not installing a flow separating device in

the design of the fluidic oscillator would influence the flow behavior. Through the

flow visualization technique, it was found that when the wedge apex was situated

by the entrance to the feedback loops and fmther downstream toward the exit
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plane, the oscillatory behavior of the fiuidic device was not noticeably affected. In

fact, as shown in the photograph of Figure 3.6, a distinct pulse of fluid flow is being

forced through one side of the output while the other side remains clear. As the

apex of the wedge was moved closer to the supply nozzle, however, the influence of

the wedge became more profound and eventually caused the oscillatory behavior

to cease.

Conclusions

The results of the water tunnel experiment were encouraging. The linear re

lationship foimd between frequency and flow rate added credibility to the design

specifications. The plexiglas model, however, could not be used to acquire accurate

quantitative results. The model was not built to very small tolerances and there

were leaks in the bonding material. A new model, machined to precision, was

therefore constructed out of aluminum. Since it was found that placing a wedge in

the flow field had an influence in the flow's behavior, which merely complicated the

flow, the wedge was not included in the new design. The design specifications of

the aluminum model were the same as the plexiglas model (enclosed as Appendix

B). The purpose of building the new model was to get an accurate assessment of

frequency of oscillation and to gain a better understanding of the output charac

teristics.
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CHAPTER IV

QUANTITATIVE ANALYSIS

Test Program

In this final portion of research, an aluminum model was tested with air as

the medium. The photograph in Figure 4.1 provides an illustration of the model

that was tested. The top of the model was made out of a removable piece of

plexiglas. This allowed for flow visualization and facilitated easy access to the

model's interior. A large number of bolts were used in attaching the plexiglas top

to the model to ensure its structural integrity and rubber o-rings were employed

around the entire perimeter of the device to ensure its air-tight nature. To assist

in providing a smooth flow to the supply nozzle, two segments of honey-comb were

installed in the center region of the stilling chamber. The model itself was rigidly

connected to a heavy metal stand to minimize vibrations. Air was supplied to

the model by two inch diameter low pressure hose. The photograph in Figure 4.2

illustrates the overall experimental set-up.

The placement of instrumentation used for data collection is outlined in Fig

ure 4.3. A total pressure probe was located in the distilling chamber and a static

pressure port was situated in the nozzle throat. Through simple application of

compressible flow relations, the nozzle throat velocity was calculated. In the en

trance of one of the feedback loops, a dynamic pressure probe was mounted flush

to the model floor. A Spectrum Analyzer was linked to the output of the dynamic

pressure probe so that the frequency of oscillation was monitored. At the exit

plane of the model, a traversing mechanism was incorporated that allowed a total

pressure probe to be moved across the exit plane.
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Figure 4.1. Aluminum Test Model.
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To visualize the flow, a surface oil flow technique was employed. This involved

applying a matrix of paint dots to the surface of the model as the photograph of

Figure 4.4 demonstrates. The paint was mixed with kerosene to enable the mixture

to follow the flow more easily and to allow for the repeatability of the technique.

When the model was provided with supply air flow, the paint that was spread in

the direction of flow preserved the mean flow characteristics.

Results

In analyzing early experimental results, it was discovered that there existed

an unsteadiness in the flow. By using the surface oil flow technique in the stilling

chamber, it was discovered that the production of vortices from the flow negotiating

the large turning angle from the air hose to the stilling chamber may have been

asymmetric. The photographs in Figture 4.5 clearly illustrate the forming of a

vortex in one comer of the stilling chamber while it is difficult to ascertain the

present of a similar vortex in the other. To help resolve this problem, the comers

of the stilling chamber were filled. While the flow angle may still have been very

large, the effects of vortex production was reduced. The photograph in Figure

4.6 shows the flow fleld during the transition from the supply hose to the stilling

chamber after the corners were fllled. To further assist in straightening the flow

provided to the supply nozzle, the two pieces of honey-comb in the stilling chamber

were pushed together and a fine mesh screen was situated between them.

From the Spectmm Analyzer, frequency was recorded as nozzle supply flow

rate was increased. A graph of frequency verses supply flow rate is provided in

Figure 4.7. A linear relationship similar to that foimd in the water tunnel tests of

the plexiglas model resulted. The highest frequency response recorded was WQHz

at a nozzle supply flow rate of 560ft^/sec (M « 0.98). Unfortunately, this was the
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limit attainable by the low pressure air hose.

In order to obtain a snapshot of the mean output conditions, the traversing

mechanism was used to place the total probe at a fixed location across the exit

plane. The fluidic device was operated at several different nozzle flow rates at each

location. During the test runs, a six second burst of data was collected for each

nozzle flow rate. The eight hundred pieces of data collected were then averaged

and the mean value and standard deviation was recorded. From preliminary test

results it was determined that the fluidic device provided a symmetrical output

and so final test results are shown only for half the output. The test procedure

was repeated for each quarter inch interval across the face of the output starting

at one edge and terminating in the center. Referring to Figure 4.8, a graph of

total pressure verses distance across the exit plane is provided for an increasing

nozzle supply flow rate. To ensure accuracy of test results, the instrumentation

was re-calibrated a number of times. The length of the tubing from the total probe

to the pressure transducer was then minimized without an appreciable change in

results. Finally, the total probe was exchanged for a dynamic pressure probe. The

results showed many fluctuations in the output conditions but the mean values

were consistent with the results obtained from the total probe. Overall, the results

show that there is a significant loss in total pressure from the stilling chamber to

the output conditions. These results are consistent with the studies of both Beale

and Lawler[2] as well as S.M. Riddlebaugh.

To obtain a better understanding of the characteristics of the output flow, the

surface oil flow visualization technique was employed. As previously discussed, a

matrix of paints dots was applied to the base of the fluidic device. The photograph

in Figure 4.9 illustrates the mean resultant flow behavior at a nozzle supply flow

rate of 400/<'/sec. It is evident from this picture that, as the fluid flows past the
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entrance to the feedback loops, there is flow separation. The flow visualization

was repeated for a nozzle supply flow rate of 200/t^/sec and 480/t /sec with

similar results. The supply nozzle is not yet choked so that it is unlikely that

there are losses in the flow field due over-expansion. The separated flow is a major

contributing factor to the loss in total pressure. The only other mechanisms for

losses downstream of the nozzle are frictional effects and the imsteadiness in the

flow that supports the flwd oscillations.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

The piirpose for using wall attachment theory in this study was to assist the

designing of a fluidic device that was suitable as an oscillator. Because of the

design of the entrance to the feedback loops in the test model, the wall attachment

point coidd have been anywhere prior to the entrance to the feedback loops and jet

switching would have resulted. The ideal location for the wall attaxdiment point,

however, is the entrance to the feedback loops such that there is minimal time

delay in transferring the fluid pulse that causes jet switching and hence, frequency

of oscillation is optimized. To better apply the theory of wall attachment as has

been presented in this study, a more indepth imderstanding of the relationship

between the supply flow rate and the control flow rate is required. It has become

profoundly obvious that the geometrical design of the entrance to the feedback

loops dictates the amount of the supply flow captured in the feedback loops. It is

recommended that a future study be undertaken to determine the relationship.

The results of the water tunnel test and the experimental proceedings with air

have proven that a fluidic oscillator can, indeed, be used to provide a continuous

pulsating output. From the two experiments, a linear relationship has been shown

to exist between supply flow rate and frequency of oscillation. The highest fre

quency recorded in the air tests was WQHz with a supply flow rate of 560/t^/sec

(M w 0.98). As has been previously discussed, however, the frequency of oscillation

can be influenced by the volume of the feedback loops and so a higher frequency

response can be obtained by merely modifying the feedback loops. Also, the test

model was constructed to be large enough such that flow visualization was possible

and instrumentation was feasible. The size of the model would affect the frequency
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of oscillation so that higher frequencies could be obtained with a smaller model.

It is recommended that further studies be carried out on a scaled down version of

this study's test model to determine the scaling relationship and the magnitude of

frequency response obtainable.

Before any enthusiasm is generated for the use of ilmdic oscillators in the de

sired application, there is a serious downfall in performance that must be corrected.

The results of this study have shown a significant total pressure drop across the

device. From analyzing the flow through visualization techniques, it appears that

the method in which the entrance of the feedback loops were designed caused se

vere flow separation downstream of the feedback loops to the device's output. It

would be of paramount importance to initiate a study on the existing model that

examines better means of capturing the output such that the drop in total pressure

across the device is minimized.
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c  c c c c- c
c
c  FORTRAN PROGRAM

C  ̂ ^ C - - - C- ~C  c c c c O

IMPLICIT REAL*8(A-H,0-Z)
REAL LHS,N,M

=  ̂
C

C  VARIABLES
C

C A - Angle Of Inclination Of the Attachment Wall
C B - Offset Distance From Nozzle To Side Wall
C R - Radius Of Curvature Of Flow Jet
C RCS - Ratio Of Control Flow To Supply Flow ^ ^
C  S2 - Distance Along Curved Jet Center Line Wall To Attachment Point
C  SE - Spread Factor _ ^ ^
C  TH - Angle Extended Jet Center Line Makes With The Attachment Wall
C XA - Distance Along Wall To Attachment Point
C YA - Distance Perpendicular To Jet Axis Corresponding To Attachment
C  Streamline
C W - Power Nozzle Width (b)

C  c C C C C-—
C

C  INPUT

^  TYPE*,' PLEASE ENTER THE BASIC DIMENSIONS OF THE FLUIDIC DEVICE'
TYPE*,' ENTER THE POWER NOZZLE WIDTH, b'
READ(*,*)W
TYPE*,' ENTER THE OFFSET DISTANCE FROM THE NOZZLE TO THE

ISIDE WALL, B'
READ{*,*)B
TYPE*,' ENTER THE ANGLE OF INCLINATION OF THE ATTACHMENT
1 WALL IN RADIANS, ALPHA'
READ(*,*)A ^ ,
TYPE*, ' EINTER THE ASSUMED SPREAD FACTOR, SIGMA
READ(*,*)SE

C

C  c c c c c
c

DO 400 J = 1,30
C

RCS = J/100.

C  c c c c c
c

c  NEWTON-RAPHSON ALGORITHM
C

P = A + 0.01

C
DO 100 I = 1,50
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c

c

c

c

c

c

c

c

LHS = DCOS(P + A)
S = 0.5*DABS(DCOS(A))*(2*B + W)*(A + P)/
1  (DABS{DCOS(A))-DABS(DCOS(P)))
H = W*SE/3
T = (1 + 2*RCS)*DSQRT(H/(S + H))
RHS = 1.5*(T - ((T)**3)/3.)

F = RHS - LHS

PB = P

P = P - F/4.

ERR = DABS((P - PB)/P)

IF(ERR.LT.0.0001) GOTO 200

100 CONTINUE

C  c C C C
c

c

200 TH = P

S2 = 0.5*ABS(COS(A))*(2*B + W)*(A + TH)/(ABS(COS(A))-
1 ABS(COS(TH)))
n = <;9 / f A + THi

T = (1 + 2*RCS)*SQRT(H/(S2 + H))
YA = 0.5* ((S2 + H)/SE)*LOG((T + l.)/(l. - T))

^  XR = R*(ABS(SIN(TH)) + ABS(COS(TH))*ABS(SIN(A))) -
1 yA/ABS(SIN(TH))

C
XRW = XR/W

C  C c C c
c

C  OUTPUT

C
WRITE(4,250) RCS,XRW

250 FORMAT(IX,2F10.4)
C

400 CONTINUE

C

C
STOP

END
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Model Design Specifications

Design Parameter Design Value

OfF-Set Distance Prom Nozzle To Side Wall, B 0.25 in.

Supply Nozzle Width, b 0.50 in.

Width Of Feedback Loops, b 0.50 in.

Angle Of Inclination Of Attachment Wall, a 12 "

Aspect Ratio Of The Supply Nozzle 2

Spread Faetor, cTg 7.67

Length From Nozzle To Exit Plane 15.5 in.

Length From Nozzle To Feedback Loops 8.0 in.
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