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ABSTRACT 

An experimental Investigation was conducted on the use of 
corona wind in air as a means of triggering a fluid "flip-flow" 
amplifier element.   The study centered on the ability to minia- 
turize the device previously shown possible in other work under 
the contract.    Specific emphasis was also given to the nature of 
the connecting lines and plenum for the lateral control ports. 
The results of the investigation indicated that the miniaturized 
units required very small currents to flip the primary Jet, and 
that the units were very sensitive to the configuration of the 
plenum and lateral lines. 
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I.    INTRODUCTION 

GENERAL OBJECTIVE 

TTrs investigation is designed to study the use of an electrical-to- 
fluidic transducer with no mechanical motions.    Many electrical-to-fluidic 
transducers axe available that require the electrical signal to produce 
a mechanical motion to control the fluidic device, but for direct con- 
version of an electrical-to-fluidic signal, the corona wind technique nay 
offer a possible approach. 

With the corona wind setup, a plenum chamber is attached to the 
large amplifier in an attempt to control the control port air flow and 
possibly result in a lower current for flipping.1 

The large amplifier has been run successfully with open control 
ports.1   The work done on this amplifier is the foundation of this inves- 
tigation. 

Miniaturizing is an important problem to overcome.    Building a small 
amplifier to test the effects of miniaturization is the basic concern in 
this investigation.    The addition of a plenum chamber is also possible 
for comparison with the large amplifier. 

The small amplifier will also be designed with different geometries 
to test the effects the interaction width and channel angles will have 
on the flow. 

. 

HISTORY OF WALL ATTACHMENT ANALYSIS 

It was noted by a Hungarian inventor, Henry Coanda, in 1933» that a 
thin Jet sheet spewing into an unbounded region was deflected toward an 
adjacent wall. When the wall was reasonably close to the jet axis, the 
jet attached "co and flowed along the wall2 (see Fig. l). 

Other early notable work was done by McMahan in 1938» using a fluid 
dynamic control concept to control the flow of air through ducts or fan 
housings, and by Kline in 1958 with a wide-angle diffuser in demonstrating 
that the flow would separate from one wall and attach to the other or 
possibly flow in a stable position between the walls if they are too far 
apart,2 This is the basic principle of the fluid amplifier ..n this inves- 
tigation. 

After the initial impetus was set forth in i960 by the announcements 
from Harry Diamond Laboratory and Massachusetts Institute of Technology 
of their developments in fluid amplifier technology , several companies 
immediately entered into basic fluid amplifier research. The field has 
grown steadily since then with over 100 companies involved in actual 
production and research,fc 
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Attachment Point 

Fig, 1 - Velocity distribution along wall 

Figure 2a shows a free jet emerging from a nozzle and dragging the 
ambient air along on both sides.    When a wall is brought near the free 
Jet, Fig. 2b, the flow will deflect toward the wall because of the lower 
pressure on that side of the Jet.    The lower pressure is a result of 
cutting off the entrainment flow on the wall side of the jet.    As the jet 
deflects, the entrainment is reduced even further and a greater deflection 
occurs.    With the proper geometry the flow may deflect far enough to attach 
itself to the adjacent wall, Fig, 3a.    When attachment does occur, a 
closed region is formed with the jet and walls as boundaries and is com- 
monly called a separation bubble.    With low pressure existing in the 
closed regior. and ambient pressure on •ehe other side of the jet, the pres- 
sure gradient thus holds the jet against the wall indefinitely. 

Now to put this principle of wall attachment to use in a fluid ampli- 
fier, two control ports are added, Fi^. 3b.    When air is forced through 
the control ports into the bubble region, the ir^rease in pressure, if 
sufficient, detaches the jet from the wall and switches it to the other 
side where it is in a stable position until the process is reversed, even 
though the air-may stop flowing in the opposite control port.    By regu- 
lating the flow in the control ports, the simple wall attachmeat device 
now becomes a basic fluid amplifier. 

To point out a few principles of attachment, assunr the flow attaches 
itself to the left wall of the amplifier, Fig, k.    Air is continuously 
flowing through the control port to replenish entrained air and there is 
also a backflow of air through the right channel.    When the main flow is 
increased, the reattachment point moves downstream and more air is en- 
trained from the higher mass flow of air.    Since the jet requires more 
air for entrainment in the bubble than is available, a lower pressure 
results.    With a larger pressure gradient across the jet, the flow is now 
harder to switch.    Just the opposite effect occurs when the main flow is 
decreased,   A typical fluid amplifier geometry is shown in Fig, 5. 
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Fig, 2 - Behavior of a free jet 
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Fig. 3 - Behavior of a free Jet 
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Attflchment Point 

Left 

Fig. •* - Attachment in a fluid amplifier 

Fig. 5 - Typical fluid amplifier geometry 
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ELECTROSTATIC FORCES 

An electric field can be used to move charged particles and can also 
affect neutral particles as well. Small body forces resulting from the 
movement of the uncharged particles may be sufficient to affect the flow 
attAchment. 

One method of moving the air Is the electric wind phenomenon shown 
in Fig. 6. At the point of a highly charged needle a very Intense elec- 
tric field exists that is known as a corona discharge. The air around 
this poin'; Is highly ionized from the collision of electrons with neutral 
particles. The Ions created in the region are always seeking a lower 
potential and, therefore, move away from the needle to the negative elec- 
trode where the field strength is lower.3»4»9 Appendix I gives a detailed 
analysis of the corona discharge and the resulting corona wind. 

The high acceleration of ions away from the corona point causes a 
negative pressure gradient from the control port inlet to the corona 
point causing air to flow in the port to the corona point where it replen- 
ishes the air that is flowing toward the negative plates. During this 
process there is a momentum exchange between the ions and neutral parti- 
cles downstream of the point which causes a local mass motion or wind on 
the macroscopic level. 

The operation of the electric wind phenomenon is limited to the 
power requirements needed to produce sufficient wind and the potential 
that can be applied before breakdown (sparking) occurs. This mass motion 
should be sufficient to flip a stream of air in a fluid amplirier if the 
proper conditions exist. 

II. EXPERIMENTAL APPROACH 

EXPERIMENTAL APPARATUS 

To study the general objectives of this investigation, a fluid 
amplifier constructed of Plexiglas was used in the experimental setup 
shown in Fig. 7. The details of this apparatus are follows. 

Air Inlet Nozzle 

For each amplifier the air inlet is a rectangular 0.1+0 x 0.25- 
inch hole with two wire screens placed across the channel to smooth out 
the incoming air flow. The nozzle narrows to a 0.20 x 0,25-inch outlet 
where the flow is approximately one-dimensional. 



to 
0) 

+> 
CD 
H 
0, 

• 
> 
•H 
+*                     1  
to 
UK 

Ä         V    ^                 it CO 
• 

•3 
ü 

a    a) 
O      rH 
M       O 

•      2 

►      H 
•H       CC 

i                                             i 

4*         M 
«H      +> 
n     3 
0      0)           _ 

1 a.    S5 

m 

«      (0 
•p 

o 
,0+3              — -   > 

H 

1 •o    o 
ß      -H 

•H 
pq 

i w 
H       M 

>      r-i 
0      H 
IT       0 

0) 

f \W/ i \ 

/ 

1 

• 
> 

■H 
+> 
^4 
n 
o 

1 

I 

o 
Ü 

I 

i 

i 



1. 

I. 

n o 

> ft w 

0) 
H 

8 

(0 

ft 

s 

-p 
H 
O 
> 

•H 

d 
c; 
a> 
a 
a <u 
o 

ft w 
-p 
03 

■P 
W 
v 
-p 

o 

B 

u 
u 

^   OJ 
0) 
p 
G 
<D 
O 

3 

I 
H 
O 
> 

•H 

% 
■P 
W 
O 

p 
o 
(U 
H 

sss 
I 

■H 



Flow Channel 

Three different configurations eure used for the fluid amplifier 
(see Figs. 8-13), each one varying in interaction width or diverging 
angle. The large amplifier previously tested1 is shown in Figs. Ik  and 
15. Each configuration la characterized by a number, i.e., Amplifier 
No. 1, No* 2, or No. 3. A splitter is inserted in the channel to give 
a better distinction of wall attachment and is positioned one inch down- 
stream of the nozzle outlet. The distance of the flow channel from the 
nozzle outlet, b, is held constant at O.15 inch for each amplifier. 

Control Port 

For each amplifier the control ports are identical. The outlet 
is 0,15 inch wide, which corresponds to the distance b from the nozzle 
to the flow channel. The control port inlet is one inch wide and tapers 
at a 30° angle to a O.UO-inch width (see Fig. 9). 

Electrode Configuration 

The positive electrode of 0.008-inch steel wire is used for 
all tests. Several sewing needles were tried, but their tips quickly 
burned out and inconsistent results were obtained. The positive electrode 
is centered horizontally and vertically in the control port and its dis- 
tance from the negative electrode, A, can be varied from one-half inch 
to outside the port if needed. The negative electrodes consist of two 
plates, l/k  x 3/16 x 1/32 inches, mounted on each side of the control 
port as shown in Figs. 8 and 9» 

Power Supply 

A Sorensen high-voltage power supply is used to supply the 
voltage to the positive corona wire. The output voltage is ripple free 
within the measurements of a cathode-ray oscilloscope, about one-half of 
one per cent. One problem is encountered with the voltage scale selector; 
with each Jump in voltage on the large scale (3000 volts) the current 
sometimes changes for the same voltage from the sudden increase in volt- 
age. By waiting a short time or adjusting the small-scale knob, the 
current readjusts to the previous value. This is only true at high volt- 
ages when the current is more sensitive to voltage changes. 

Overall Test Setup 

The overall test setup includes a Sorensen high-voltage power 
supply, an electrostatic voltmeter, a microarameter 6ad an inclined manom- 
eter that are described in Appendix II. There is also a control console 
and mounting board shown in the overall test view (Fig. 7). 

The amplifier is held in position by four brackets attached to 
the board. Likewise, each corona wire mount is positioned by four brack- 
ets, but the mount is capable of sliding left or right to position the 
corona point. 
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The air supply is brought to the amplifier by a 3/8 0. D, 
Tygon tubing and held in place by a support block. The air flow can be 
regulated by the two valves shown in Fig. 7. Figure 8 and 16  show photo- 
graphs of the experimental arrangement. 

The electrical connection on the left and right corona wires 
is made through a screw to give a positive connection to the small wire. 
The two high-voltage wires are connected to a single-pole, double-throw 
switch, mounted on the control console, that in turn is connected to the 
power supply. There are two other switches on the control panel, one for 
cutting the ammeter in and out of the circuit; the other to ground the 
negative plates past the ammeter. The ground wires extend from the top 
of the amplifier and connect to one common wire so either set of plates 
is grounded at all times. The electrostatic voltmeter is connected 
between the voltage source and ground. 

Flow Measurement 

The total pressure at the nozzle outlet was measured with the 
total pressure probe in the micrometer traverse. The pressure was prac- 
tically constant across the outlet, thus indicating an approximate con- 
stant velocity profile. The velocity measured in the center was used 
for Reynolds number and flow-rate calculations. 

A plot of the Reynolds number for various pressure readings is 
shown in Fig. 17. 

Large Amplifier 

The large amplifier used for initial plenum chamber tests was 
extensively tested in a previous Investigation.  The amplifier as shown 
in Fig. 15 was built to incorporate four hoses attached from the control 
ports to the plenum chamber. 

EXPERIMENTAL PROCEDURE 

For the large amplifier a series of tests were run with various 
stages of the plenum chamber attached, i.e., hoses, hoses hooked together 
(see Figs 18 and 19), and hoses hooked to plenum chamber. These tests 
were to determine if the large amplifier can be made bistable when the 
control ports were attached to a plenum chamber. Each test consists of 
running at a certain nozzle Reynolds number and attaching the flow to 
the top plate then increasing the voltage until the current is sufficient 
to flip the flow. The same procedure is repeated in the other direction. 

The small amplifier was built with interchangeable flow channels to 
achieve different geometric configurations for testing. Five tests were 
run with one of the three configurations designated Amplifier No. 1, No. 
2, or No. 3. 
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The procedure and purpose of each test was follows | 

Test 1 - Using Amplifier No. 1, record the current and 
voltage required to flip the flow from right 
to left and left to right, calculate the power 
required, and measure the pressure distribution 
at the channel outlet for various Reynolds num- 
bers. The purpose of this test is to record 
the performance of Amplifier No, 1 for compar- 
ison with other tests (see Figs, 20-26), 

Test 2 - The same procedure and purpose used in test 
1 is followed here only for amplifier No, 2 
(see Figs, 27-3U). 

Test 3 - The same procedure is used only the purpose 
in this test is to also compare the effects 
of a skewed channel on the current and power 
requirement for Amplifier No, 3 (see Figs, 
35-te). 

Test k  - Amplifier No, 1 is used for testing plenum 
chamber effects on performance. Separate 
runs are made to record current, voltages, 
and pressures with different parts connected 
to the control ports (see Table I and Figs, 
U3 and kk). 

Test 5 - This test is an experimental study of the 
corona wind to determine velocities in the 
control port. For currents of 1,00, 1,25 
and 1.50 microampere, the total and static 
pressure is measured along the control 
port (see Figs. U5-53). 

Figure 16 shows the switching procedure used for all tests. Con- 
sider the flow attached to the left wall, to flip it to the right the 
switch Is thrown to the "left on" position. This puts the corona dis- 
charge on the left side and creates a wind blowing from left to right. 
When the wind is strong enough, the flow flips to the right.  The re- 
versed procedure Is used to flip from right to left. 

Therefore, "right on" Indicates flipping from right to left, "left 
on" from left to right. Any data marked as right means the right elec- 
trode is on and the flow is flipping from right to left. 
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Figure 20 

Description of Test 1 

Positive Electrode 

Negative Electrode 

Distance between Electrodes, A 

Amplifier 

Flow Channel Angle 

Interaction Width 

Splitter Position, s 

Current 

Voltage 

Reynolds Number 

0,008-inch steel wire 

1/U x 3/l6 x 1/32-inch 
brass plates 

3A and 1 inch 

No. 1 

20° 

0,20 inch 

1,0 inch 

0-3 microampere 

0-23 Kilovolts 

1750-3000 
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Figure 27 

Description of Test 2 

Positive Electrode 

Negative Electrode 

Distance Between Electrodes, A 

Amplifier 

Flow Channel Angle 

Interaction Width 

Splitter Position, s 

Current 

Voltage 

Reynolds Number 

31 

0.008-inch steel wire 

l/k x 3/l6 x 1/32-inch 
brass plates 

3/U and 1 inch 

No. 2 

10° 

0,20 inch 

no splitter 

0-3 microampere 

0-22 kilovolts 

2800-^00 
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Figure 35 

Description of Test 3 

Positive Electrode 

Negative Electrode 

Distance Between Electrodes, A 

Amplifier 

Flow Channel Angle 

Interaction Width 

Splitter Position, s 

Current 

Voltage 

Reynolds Number 

0.008-inch steel wire 

1/1+ x 3/lß x 1/32-lnch 
brass plates 

3/U and 1 inch 

No. 3 

20° 

0.30 inch 

1.00 inch 

0-3 microampere 

0.19 Kilovolts 

2800-3650 
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Fig. 36 - Current voltage relation.   A = 1 inch 
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Figure U3 

Description of Test k 

Positive Electrode 

Negative Electrode 

Distance between Electrodes, A 

Amplifier 

Splitter Position, s 

Current 

Voltage 

Reynolds Number 

Hoses 

Plenum Chamber 

0,008-inch steel wire 

l/U x 3/16 x 1/32-inch 
brass plates 

1 inch 

No. 1 

1.00 inch 

0-1.5 microampere 

0-l8 Kilovolts 

2150 

Tygon tubing,  3/8 inch O.D. 
l/h inch I.D., 12-1/2 inch 
long 

Quart can with removable 
top 

1,7 



Table I. Current and Voltage Required to Flip Flow 
(Reynolds Nuiriber = 2150) 

Control Port 

Condition 

Left 

Current     Voltage 
(microampere) (kilovolt) 

Right 

Current Voltage 
(microampere)    (kilovolt) 

Open, Fig. 8 0.90 15.1 0.55 12.9 

Hoses, (not 
connected) 1.20 17.^ 0.87 15.2 

Hoses 
(connected) 
Fig. 18 1.10 16.8 0.80 Ik,6 

Hoses and 
Plenum 
(Top closed) 
Fig. 19 1.30 18.0 1.50 16.7 

Hoses and 
Plenum 
(Top open) 1.30 17.8 1.U5 16.5 
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Fig. UU - Diagram of plenum chamber 
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Description of Test 5 

Control Port Velocity Test 

Positive Electrode 

Negative Electrode 

Distance between Electrodes, A 

Current 

0.008-lnch steel wire 

l/k x 3/15 x 1/32-lnch 
brass plates 

1 Inch 

0.75, 1.00, and 1.25 
microampere 

50 
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Fig. kf - Total and static pressure variation along 
control port at various currents 
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Fig. 52 - Positions of negative electrodes 
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EXPERIMENTAL CALCULATIONS 

Nozzle Reynolds Number 

The Reynold» number based on the nozzle width, w, and the mean 
nozzle velocity, Vn, is given by 

Re 
pVnw 

(1) 

From Bernoulli's equation 

pt - ps - l/2(pVn
2) 

Vn -vteCpt - ps)/p 

(2) 

(3) 

Combining Eqs, (l) and (3) 

Re =-N/2(pt - ps)p w 

Channel Velocity 

The same procedure was used here as in the Reynolds number 
calculation. 

V =>/2(pt - ps)/p (5) 

where p-t is the total pressure at the channel exist. 

Calling the maximum velocity in the channel VQ, plot the 
dimensionless parameter. 

^ - r 
Vo   V 

Pt - Ps 

Pto - Pso 
(6) 
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III. RESULTS OF EXPERIMENTAL INVESTIQ/VTION 

lARGE AMPLIFIER 

1 
! 

i 

The large amplifier was modified from Its Initial design, Fig. Ik, 
to incorporate the addition of a plenum chamber. The hoses and plenum 
chamber were added to the existing amplifier, Fig. 15, as a means of 
regulating the flow of air through each control port. A five-gallon can 
was used for the chamber with two one-half inch pipe nipples welded on 
the side for inlets. To seal off the amplifier, two wooden nozzles were 
made to contour fit the existing parts for a tight seal. One-half inch 
rubber hoses were used to connect the control ports and plenum chamber, 
and valves were mounted to regulate the flow. 

Preliminary tests with Just the hoses connected showed that the flow 
could be flipped but only with a very high current. There was also con- 
siderable current leakage through the wood nozzles to the flow channel 
plates. Varnishing the wood to improve insulation qualities did not 
improve the problem. 

The hoses were hooked up to the plenum chamber and the channel plates 
were grounded. At all Reynolds numbers the flow could not be switched, 
probably because of the increased resistance to air flow from the can. 
Sparking would always occur before enough wind could be generated to flip 
the flow. 

Plexiglas nozzles were substituted in place of the wooden nozzles 
to see if the better insulating qualities would stop the current leakage. 
The leakage was cut down noticeably, but this did not help in getting 
the flow to flip. It was obvious that the amplifier required more elec- 
trical power for flipping than was available to the present configuration. 
The large amplifier was abandoned at this point in favor of a new more 
compact design. 

L 

L 

t 
a 
o 

DESIGN OF MINIATURE MODEL 

The design of a new amplifier on a smaller scale was based on the 
proven principles of geometry that have been successful in operational 
amplifiers,6»7 The design limitation was in the control port size since 
a maximum amount of wind was an immediate goal and breakdown was a major 
problem in the large amplifier control port. 

The dimensions of the control port were selected on the basis of 
the channel thickness and the rest of the amplifier was designed to 
proportionally fit the control port. When tests on Amplifier No. 1 were 
encouraging, two more amplifiers were built with the same si^e control 
ports but with different size flow channels. 
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CURRENT-VOLTAGE RELATIONSHIP 

For each test condition, the current flowing between the electrodes 
was plotted against the voltage. A slight change In the position of the 
corona wire or a burnt-out tip would cause a change In the current-voltage 
relation so the relation was recorded for each test. 

Each current-voltage plot assumed approximately the same shape. As 
the voltage increased, the current would Increase slowly at first, but 
would begin a sharp increase and approach a vertical line at higher volt- 
ages. At high voltages there was a greater tendency for breakdown 
(sparking) to occur. This would often happen without a visible spark, 
but the current would Jump up to ten times the value before breakdown« 
Extreme care had to be taken to ensure the ammeter would not be damaged. 
Once breakdown had cccured, cparking would still repeat at lower voltages 
than before. Only by turning down the voltage and waiting a few seconds 
could the voltage be turned up again without sparking, 

Tes:s were also run with the lights out and the sparking that was 
not vlsinli» before could be seen. During the first tests the discharge 
was always to one comer of the negative electrode and occurred at low 
voltages. This corner was protruding slightly from the wall of the con- 
trol port although it should have been flush. After filing the plate 
flush with the wall, this premature discharge did not occur again. 

i .1 of the tests were run with a positive corona, that is, a posi- 
tive charge on the needle point, A negative co-ona was used but no 
appreciable difference was noted. For an explanation jf positive and 
negative corona, see Appendix I, 

CURRENT REQUIRED TO FLIP FLOW 

In Test 1 the flow was flipped each direction with about the same 
current at the lowest Reynolds number, but at higher Reynolds numbers 
it took almost twice as much current to flip from right to left than 
from left to right (Figs, 22 and 25), This was true for each distance 
A, but the difference was not as pronounced for A ■ 3A inch. When the 
Reynolds number exceeded 3000, breakdown would occur before the flow 
would flip. 

For Test 2 the current to flip the flow from right to left does not 
change mach through the whole range of Reynolds numbers, yet it follows 
a steadily increasing pattern for flipping irom left to right much the 
same as in Test 1. In comparing both runs, A ■ i/U and A - 1 inch, the 
current to flip was just slightly more for the case when A ■ 3A inch, 
but the voltage was considerably smaller (Figs. 31 and 32). This means 
that less power was required to produce a sufficient wind for flipping 
when the point was closer to the electrode as shown in Fig. 33» 
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In Test 3 the current was again higher to flip from right to left 
so the positive electrodes were switched and the results were practically 
the same, thus the condition of the electrodes was not much of a factor 
in the discrepancy between flipping currents on different sides« The 
flow was therefore biased to the right side because of geometry. In 
reassenabling the amplifier with the right side of the flow channel moved 
away from the center of the Jet to give a skewed channel (see Fig. 12), 
the current to flip from right to left was substantially lowered, while 
in the other direction it was raised, showing the pronounced effect that 
geometry has on the system. 

The current required to flip the flow did not follow a linear pat- 
tern as the Reynolds number increased, but it did follow an approximate 
exponential function. Plots of both the current and power required to 
flip the flow left or right at various Reynolds numbers axe shown in 
Figs. 23, 30, and 38 on seml-loc paper. The equations for the different 
curves take the following form:1 

C e 
m»Re 

D e 
n»Re 

(7) 

(8) 

where C and D are the Intercepts of the current and power, and m and n 
are the slopes of the curves.   For example, from Fig. 30, the current 
and power to flip from the right to left channel are: 

1 = 0.51 e* (r.icroampere) 

P - O.O064 e0'00023 Re (watts) 

(9) 

(10) 

In Test k different runs were made connecting parts of the plenum 
chamber together in succession.    Amplifier No. 1 was used for this test 
since the results of Test 1 showed the amplifier was reliable at lower 
Reynolds numbers, the range In which the plenum chamber would be run, 
and the response to the corona wind was fast and wess defined visually, 
not sluggish as In the other amplifiers. 

From Table I, the results showed it was more difficult to flip the 
flow from left to right than from right to left, and with each step, 
adding hoses, adding plenum chamber, etc., the current necessary to flip 
the flow Increased.    When the hoses were connected directly together, 
(Fig. 18) the current required was lower than every case but the open 
ports.    In this situation the closed path between the ports acts as a 
plenum chamber of zero size, and gave a flipping response time that was 
definitely faster than with the hoses attached to the plenum chamber. 
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With the plenum chamber hooked up, the current vas switched from 

one side to the other as fast as the flow would flip in the other direc- 
tion. The flow would still flip at the same current as before, but the 
response time would slow down considerably. When the switch was thrown 
the Initial current would be low, but would start to Increase and when 
It reached the value necessary for flipping, the flow would flip« This 
caused a short delay In flipping time. 

VELOCITY PROFILES 

The velocity profile for the free Jet was almost uniform when It 
left the nozzle, but as air was entrained on each side of the Jet, the 
velocity distribution became Gaussian. When the flow attaches to the 
wall, the boundary layer starts to grow and skews the distribution. A 
sketch of the distribution is shown in Fig. 1. 

The velocity profiles were measured across the channel perpendicular 
to the flow, (see Fig. 13). For Amplifier No. 1 the channel width was 
0,35 inch; for No. 2, 0.30 inch; for No. 3, 0.U5 inch. The probe was 
mounted in a micrometer traverse to give the exact position. 

For all three tests the velocity profiles were more Gaussian than 
skewed so the flow was not well attached to the wall. In each test the 
flow was first attached to the left wall and pressure readings were taken 
across the left channel, then the left corona point was turned up until 
the flow Just flipped to the right side where pressure measurements were 
taken. 

In Test 1 the flow was better attached to the right wall than the 
left, showing that more current was needed to flip from right to left. 

The profiles in Test 2 also showed the flow better attached to the 
right wall. 

In Test 3 the profiles on each side were practically idential and 
they both had a very good Gaussian distribution. The walls could have 
been longer to give better attachment at higher Reynolds numbers, but 
this would have added more resistance and the amplifier would have been 
harder to flip. 

The Reynolds numbers for each profile were determined by finding 
the best operating point of each amplifier since they were different. 
By comparing the profiles in Tests 1 and 2 it is shown that the flow is 
better attached on both walls for Amplifier No. 1, at the best operating 
point of each amplifier. 
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INTERACTION WIDTH AND CHANNEL ANGLE 

By changing the geometry of the flow channel the point of attachment 
and the stability of the flow can be changed considerably. The first 
three tests were run to compare the different geometries In each channel 
and to show how this affected the flow. 

It Is generally agreed that the channel angle does not Influence the 
flow very much for angles less them 30°, but this did not seem to be true 
when comparing Tests 1 and 2,0»7 The current required to flip the flow 
and hence the control port mass flow needed was greater for the wider- 
angled Amplifier No, 3* Actually a wider range of channel angles should 
have been used in testing, and static pressure taps were needed on the 
channel walls to see If the flow was attached to the wall within one-half 
the length of the wall from the control port* If the attachment point 
was too far downstream, the flow would be disrupted by the splitter. 

Increasing the Interaction width, a. Tests 1 and 3, resulted In a 
decreased current for flipping. The current should Increase when the 
Interaction width has Increased from being equal to the nozzle width, d, 
to twice the nozzle width,7 

CONTROL PORT AIR FLOW 

Test 5 was run to determine the pressure and velocity distributions 
In the control port for various currents. Three different currents were 
used, 1.00, 1.2^, and 1.50 microamperes. Higher values were tried, but 
breakdown would occur prematurely when the total pressure probe was 
Inserted in the channel. The static and total pressures were measured 
every quarter inch form the inlet, (Figs. k7 and U8). The velocity was 
then calculated (Fig. 50). 

With the average velocity at the control port exit, the mass flow 
needed to flip the flow was calculated, and compared to the mass flow of 
the jet at various Reynolds numbers. 

I 

!. 

I. 

ftp _ PcVc 

Q " PnAnVn 
(11) 

Figure 51 shows the mass-flow ratio for Amplifier No. 3. A slight 
increase in the ratio as the Reynolds number increases indicates that 
this amplifier operates better at lower flow rates; however, the range 
of Qc/Q is considerably better than it is for the large amplifier. 

To improve the performance of any size amplifier, the control port 
must be designed to give the greatest mass flow of air for an optimum 
current. By using Buckingham's n theorem to solve for the dimensionless 
groups that describe the flow of air in the control port, a meaningful 
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comparison of control port geometries can be obtained and the optimum 
port selected. Appendix III gives a dimensional analysis. 

Figure 53 shows the relation between the control port Reynolds 
number and the corona number. By testing different control ports on the 
same amplifier and plotting each length ratio curve, the best geometry 
can be selected since the mass flow of air is directly proportional to 
the Reynolds number. 

• 

IV, CONCLUSIONS AND RECOMMENMTIONS 

CONCLUSIONS 

Work on the lar^e amplifier was generally unsuccessful. The ampli- 
fier was too big and required too much power for operation, but it was 
conveniently built for test purposes. To find any meaningful information 
on electric-to-fluidic amplifiers would require a more compact design 
anyway, so the large amplifier was abandoned. 

The small amplifier was successfully miniaturized and proven capable 
of repeatable operation. The corona wind was still the basic problem 
with premature breakdown and burnt corona tips caused problems. 

The effects of geometric changes on the amplifier operation were 
generally Inconsistent, The two parameters studied were the interaction 
width, a, and channel angle, a. When a was Increased the current required 
for flipping went down instead of up, and an Increase in a caused an 
increase in current requirements where the effects should have been neg- 
ligible. 

The addition of a plenum chamber to control the flow of air into 
the control ports does not seem to help the amplifier's performance, A 
smaller can would be more effective, as evidenced by the test with the 
hoses directly connected to each other, since the air is blown in one 
side of the amplifier and sucked out of the other. When the can is too 
large, it acts just like the room did to the open ports on a smaller 
scale. 

There is a limiting size to an electric-to-fluidic amplifier, but 
this has not yet been determined. The limit is in the control port where 
a certain gap must be maintained between the positive and negative elec- 
trodes so breakdown does not occur before a sufficient wind is generated. 
It is noted in this investigation that the limits of the distance. A, 
are from approximately one-half to one inch for reliable operation. 

As Appendix IV shows, the dimension. A, is an Important factor in 
the control-port performance. A more thorough analysis of control-port 
configurations is needed to make any conclusions about geometry effects. 
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RECOMMENIATIONS 

Any future development on an amplifier should include a detailed 
study of control port configurations. By designing the amplifier on a 
still smaller scale and with varying geometries, a good fpasibility study 
could be realized. 

A major Improvement toward consistency would result by using tung- 
sten wire for the positive point or a suitable substitute to stop erosion 
during operation. Also, a better machining method to give symmetrical 
alignment of parts is needed; possibly milling the nozzle, control portf., 
and flow channel out of a solid piece of Plexiglas. The limitation on 
accuracy would be the precision in cutting Plexiglas, 

i. 
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APPENDIX I 

ANALYSIS OF CORONA DISCHARGE AND THE ANALYTICAL BEHAVIOR 
OF THE RESULTING CORONA WIND 

A corona discharge occurs when a high potential is placed on a sharp 
point. If the point Is positive, free electrons are generated In the gas 
near the point and move toward the point, gaining very high energy Just 
before reaching the point. During the last 'ew mean free paths, the 
electrons strike molecules or atoms and create many Ions right around the 
point and cause an avalanche process to begin toward the point. A posi- 
tive ion space charge results and irifts towards the negative electrode. 

If the point is negative, the electrons generated move away from 
the point and gain a great deal of energy in the high field, but begin 
to drift slowly as the field weakens, lacking energy to even ionize other 
particles. The electrons can attach themselves to neutral molecules and 
form massive negative ions that drift to the anode. 

No matter which corona discharge is used, a local mass motion can 
be produced, measured, and predicted. 

To analyze the flow of air through the control nozzle, the following 
assumptions are made:1 

(1) The flow is one-dimensional, incompressible, and 
steady. 

(2) The electrical conductivity of a gas, such as 
air, is very small, approximately zero. 

(3) Ions of only one sign exist slightly downstream 
of the corona wire. 

(k)    The nobility of the ions was approximately 
constant. 

The current density is 

J = (Tc E + pc vt 
(12) 

where ac E is taken as 0. v-t is the total velocity of the ions and is 
equal to the sum of the velocity of the air, v, and the velocity of the 
ions in the air, v^.    It can be chown that v is very small compared to 
vi so that. 

vt = Vi (13) 
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Now 

SO 

vi - Ko E ; 

J - Pi KQ • E 

w 

(15) 

The Navier-Stokes and continuity equations must be satisfied. 
The Navier-Stokes equation reduces to, 

F-l^(|^lO-0 

Now the body force F equals p^ E, so form Eq, (15) 

L 

L 
I. 

1. 

i 

F - J/Ko (16) 

For a constant cross-sectional, one-dimensional channel, 

J ■ l/Area 

therefore, 

F » I/KQ (Area) (17) 

The Navier-Stokes equation now becomes 

i^-l-Cf^lO-0 

u 

L 
:. 

r 

The viscous forces are small compared to body forces for low veloc- 
ities so the equation is reduced to 

i (Area) - & 
Ko       « 

Integrating, 

P B — (Area)(x2 - XQ) 
Ko 

(18) 

where XQ is a reference distance located a short distance from the posi- 
tive wire. 
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Equation (l8) Is Chattock's relation and predicts that the pressure 
will Increase linearly with the current and the distance from the corona 
wire. 

Holding xs - xo constant and Introducing a geometric shape factor 
c, Eq,  (l8) becomes 

t1 
(19) 

The pressure drop Is calculated at the negative electrode and not 
the exit of the control port because this analysis only applies to a 
constant area channel.    If the electrodes were mounted at the exit, then 
for accurate results the corona point would have to be In the narrow 
region of the port. 

The theoretical value of c/Kb for the control port configuration is 
if09 psi/amp.    For a typical value of KQ ■ 0.216 ln2/volt-sec at rooin 
temperature.1   A comparison of the theoretical and actual shape factor 
is shown in Fig, U9. 

With the pressure known as a function of the current, the velocity 
and mass flow from the control port can be calculated and compared with 
the flow of the main Jet. 
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APPENDIX II 

DIMENSIONAL ANALYSIS OF AIR FLOW IN THE CONTROL PORT 

From Buckingham's n theorem, with n variables and r basic dimensions, 
there are (n-r) Independent dimensionless groups needed to describe a 
phenomenon.    For the control port air flow, the basic dimensions needed 
to describe each variable dimensionally are:   mass, M; distance, L; time, 
T; and electric charge, q.   To describe the air flow, the following var- 
iables and their basic dimensional expressions are needed: 

I 

I 

I. 

1. 

1. Viscosity -n- M/LT2 

2. Length -A- L 

3. Control port width at 
corona point -B- L 

k.  Density -p- M/L3 

5, Air velocity -V- L/T 

6. Current -I- q/T 

7. Mobility -KQ- qT/M 

With n •» 7 and r ■ U, there are (7 - M a 3 dimensionless groups needed 
to express the air flow. 

Let V be a function of the other six variables and express them in 
an infinite series. 

V - H (Ma- AD. Bc. pd. If. Ko6-) + Ha(na ) 

Now express each variable in basic dimensions and use only the first 
series. 

g 

(i)-(*T<«*w(*)(f)(ff) 
The exponents of each basic dimension must be equal by the law of dimen- 
sional homogeneity. 
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L: 1 - -a + b + c 

T: -1 ■ -a -f + g 

M: 0 ■ a + d - g 

q: 0 =« f + g 

3d 

Solving the four equations for a, c, d, and g In terms of b and f 
gives, 

a 
c 
d 
g 

1 - 2f 
-1 - b + f 
-1 + f 
-f 

Substituting back into the functional relation) 

V - H (M)1"^ (A)b (B)-1*^ (p)-1*" (I)f (Ko)"f 

Regrouping according to exponents, 

f-KtK^Tl 
The left side is recognized as the Reynolds number, the first term 

on the right is the length ratio, and the other term is denoted as the 
corona number. 

The parameters p, v, and KQ are properties of air and are constants, 
while A and B are geometric properties of the amplifier and are constant 
for this test; therefore, the length ratio is constant.    The Reynolds 
number can be plotted against the corona number for a particular value 
of the length ratio.    By testing other control ports, a family of curves 
can be plotted and the most efficient control port geometry can be deter- 
mined. 
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APPENDIX III 

DISCUSSION OF CORONA POINT DISTANCE FROM NEGATIVE PIATES 

The distance between the corona point and the negative electrodes, 
denoted by A, is critical in the performance of the control port.   With 
the snail amplifier, different positions were used to find the limits of 
A for efficient operation. 

The minimum distance is affected by the amount of voltage that is 
applied, before breakdown occurs, to create enough current for flipping. 
Also, the pressure rise is a linear function of the distance from the 
point and A must be large enough to allow for this pressure rise and 
hence the velocity for flipping.3»5   This is shown in Chattock's relation 
in Appendix I where ^p is a function of current and distance. 

The maximum distance is at the point where a large field strength 
is needed to accelerate the ions, but the voltage supply is not capable 
of supplying it. 

SAMPLE CALCULATIONS 

Nozzle Reynolds Number 

From Eq.  (k) 

Re ^V2(Pt .Ps)p (U) 
H 

w ■ 0.20 inch 

u = 11.9? x 10"6 Ibm/ft-sec 

p = 0,075 Ibm/ft3 

For pt - ps =0.10 inch of water, 

Re =  2ii0    v/2(0.10).0.037(0.075)32.2 
11.97 x 10-6 

Li Re = 2200 —ia^ ( in. IfeO x —J^i x A« x lbni " ^ ) 
Ih-M-.-spp  \ in2»  in H=.0      ft3      Ib-p-sec2 / 

v, 

Ibnj/ft-sec  v in2» in HaO      ftJ     Ibf-sec' 

Re = dimensionless 
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Channel Velocity 

From Eq. (6) 

X » / Pt - Ps 

Vo   ^ Pto - Pso 
(6) 

For Amplifier No, 1, Fig. 9 f 

Pto ■ 0,080 inch of water (gauge) 

Pso ■ 0.0 inch of water (gauge) 

Pt   ■ 0.06U inch of water (Y ■ 0,10 inch on left) 

ps   =0.0 inch of water (gauge) 

1. .  fsü 
Vo     " V   0. 

06U - 0 
080-0 

0.89!+ 

Theoretical Shape Factor C/KQ 

KQ =0.216 in.2/volt-sec 

Area = 0.25 x 0.1+0 in.2 = 0,10 in,2 

xa - XQ = 1.0 inch 

C    X2 - XQ 

KQ " Ko(Area) 

c__     1.0 inch x 0.736 ft-lbf/sec-watt x 12 in./ft 
1(0     0.216 in.2/volt-5ec x 0.10 in.2 x 1 ÜSß^SÜ. 

watt 

2- = U09 psi/amp 
KQ 

Experimental Shape Factor c/Kp 

From Fig. U9 
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c 
KÖ 
—- ■ slope ■ Ptg - Pt.i 

Ig - Ii 

c _ (13.0 x 10-^ - 7.0 x 10-3)  In. HPQ 
Ko  (1.50 x 10-e - 1.00 x 10-e)  amp 

i - 10* in. HaO/amp x 0.037  fsl  - 370 £Si 
KQ in. HsO amp 

Mass Flow Ratio 

From Eq.  (11) 

Rewriting Eq.  (l), 

v" = (i) 

Qc/Q 
PcAcVc 

PnAnVn 

Re 

,    - —.0.962 x ID"2 ( -21 jRe n      0.075 x 0.20 x 1/12 \ sec 
11.97 Re 

«£ _ 0*15 in. x 0.25 in. _    « 
An " 0.20 in. x 0.25 in. 

/ /h 
vc ft/sec 

^ 0.962 x 10-2 Re  (ft/sec) 

i 

i. 

!. 

1. 

Qc/Q = 78.0VC/RG 

For Amplifier No. 3> the current required for flipping at a 
Reynolds number of 3370 is 1.00 microampere (Fig. 37). From Fig. 50 
for I ■ 1.00 microampere, Vc = 5.15 ft/sec at the nozzle outlet; there- 
fore 

Qc = 78>Q frd^ = 0 12 
Q     3370 
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LIST OF EQUIPMENT 

1, High Voltage Power Supply 
Type: D. C. Power Supply with bull Sin filter 

and transformer 
Rating: 0-30 kV 
Make: Sorensen 
Model: 503O-U 

2, D. C, Microammeter 
Type: Px-151 
Bating: 0-15-3O-75-15O-30O xak 
Make: Westlnghouae 
Model: 2913727A17 

3, Electrostatic Voltmeter 

Type:   Electrostatic double pivoted moving vane 
Rating:    0-10-20-30-UO kV 
Make: Singer Co., Bridgeport, Conn. 
Model: ESH 

U. Manometer 
Type: Inclined 
Range: 0-1 inch water 
Make: Ellison Co., Chicago, 111. 
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