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The Systems and Controls Laboratory was ctartec
in 19064 to enccurage graduate research and Jevelop-
ment on engineering systems, with emphasis on im-
proving the understanding of basic elements and de-
vices and bridging the gap between theory and prac-
tice, The experimental equipment. and facilities of
this laboratory have been provided for carrying out
experimental investigations on Jevices and systems in-
volving many of the different engineering disciplines.,
Several graduate assistants are now working on proj-
ects and thesis topics of vital interest to engineers
concerned with the advanced desizn and development of

new engineering systems,

Much of the work involves mathematical and com-
puter modeling and analysis as well as the experimen-
tal investigation of breadboard and prototype systems
or devices, A major goal of this work is to accom-
plish a useful synthesis of analytical and experimen-
tal methods in research and development of advanced
engineering systems for effective use by engineers
and scientists working on future aerospace systems.,

Financial support for this program is derived
from the University, The Small Industries Research
Program (Pennsylvania), The National Aeronautics and
Space Administration, The United Aircraft Corporation,
The Bendix Corporation, and The Ordnance Research Labe
oratory. A major share of the projects in the Systems
and Controls Laboratory are carried out by graduate .
assistants and junior staff members under tie super-
vision of Dr, J., L, Shearer, Rockwell Professcr of
Engineering, Dr. S. A, Steele, Assistant Professor °€i
Electrical Engineering, and other memb s of the
graduate faculty.
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HYDRAULIC STEPPING MOTOR N 6 7 1,6’0/6

G, J, Gaskill, Graduate Assistant in M, E,

The prototype hydraulic stepping motor design,
which R. W, Schiller evolved from computer simulation
(2) (3)* has been constructed. The resulting device
is shown in Fig. 1. At this writing the sinusoidal
driving cams (3) have not been delivered, but are ex-
pected shortly., The cams are being produced on a
contour following milling machine,

Experimental instrumentation has been installed
to read output shaft angular velocity and position,
When an actuator pressure transducer is added, it
will be possible to compute the experimental drive
force function, Insertion of the experimental force
into the digital simulation used in design will per-
mit a comparison of theory with experiment by simply
comparing velocity vs, displacement vlots.

It has been decided to use air as the working
fluid in the initial testing phase, using an "air
spring' device as a driver. The devices to be used

#+ Numbers in parentheses denote references at end,



Fig, 1 Prototype Stepping Motor

both for driving and restoring force are of the type
normally used as air springs for vibration isolation,

The large effective area of the available de-
vice (approximately 10 sq, in,) gives a large dis-
placement which results in prohibitively high de-
manded flow rates at cycle times near that for which
the motor was designed (1/100 sec,/cycle). However,
the pressure needed is very low. If the potential
performance of the device is to be fully realized,
it will be necessary to evolve a small displacement,
high pressure hydraulic actuator with no leakage., One
approach to this problem is the use of a piston-cylin-
der arrangement utilizing a rolling diaphragm to re-
duce friction and sealing problems (a Bellowfram), A
rolling diaphragm is a fabric membrane (polyester,
glass, etc, fibers) impregnated with a rubber sealant,
The use of the rolling diavhragm is indicated in
Fig, 2, Two 10-gallon air-driven accunulators have
been acquired for use in a power supply to provide
hydraulic power for the pulse generator which will be
used to drive the actuator hydrauylically,
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Fig, 2 Actuator with Diaphram Seal

The effect of variation in drive force frequency
was investigated with an analog computer (utilizing a
sinusoidal drive force), 1if the stepper were to be
highly sensitive to variation in ti.is parameter, re-
liable operation might be difficult to achieve, and
zhe initial "de-bugging" tests might be greatly com-
plicated, Some analog results are shown (Fig, 3)
which show reasonable response at widely varying fre-
quencies, At frequencies under 400 rad,/cec, (03
cycles/sec,) performance is erratic, It is hopeu that

B
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Fig. 3 One Cycle Operation at Various Drive-Force

Frequencies

variations in easi’v manipulated parameters (such as
drive force amplitude and spring constant) will enable
the system to be cycled at low frequency during in-
itial tests,

These studies are supported by NASA under
Grant NGR 39-009-023,
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R. Bettoli, Graduate Assistant in M. E,

An experimental investigation has been performed
the effects of aspect ratio (height to width at
xit plane) of a rectangular jet formed by z nozzle
jounded by flat top and bottom plates and converging
ide walls having different profiles. Each Jet as

i-confined in that it flows between the to;i)
ottom plates after it leaves the nozzle and is al-
Fiowed only to spread sideways,

The profiles employed in this investigation
m in Fig, 4) are typical of those used in fluid
lifxers and fluid iogic devices.

| Most of the work was done using thcromdpr
le (a) with aspect ratios (A.R,) of 4,0, 2,0, and
0 obtained by varying only the nozzle width, Ver-
al and horizontal traverses of mean velocity (pitot

z zle to a distance of 28 nozzle widths for AR, =
0 :ﬁ :o a di:tame of 40 nozzle widths for AR, =
34 .?\. - eV
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Fig, 4 Nozzle Profiles Employed

A rather uniform velocity was found all across
the outlet of the nozzle for all three aspect ratios.

The vertical traverses of the mean velocity taken
downstream of the nozzle exhibit a highly three-dimen-
sional behavior of the flow, At the centerline, as
one roves away from the nozzle, the velocity gradually
changes from a constant profile at the nozzle to a
completely developed, convex, parabolic profile with
the largest velocity midway between the two plates,

On one side or the other of the centerline, the pro-
file experiences a gradual change from rectangular to
concave parabolic with the lowest velocity midway be-
tween the plates, followed by a gradual transiticn
back to an almost rectangular profile at a large dis-
tance from the nozzle,

The following features have been consistently
observable with all the round profile nozzles:

1. The distance from the nozzle to where
the concave shape appears does not de-
pend on the width of the nozzle,

2, The tiaversal distribution of the mean
velocity in a horizontal traversal mid-
wiay between the ¢op and bottom plates
agrees well with the results reported
for two-dimensional jets,

3. Downstream of the undisturbed core
the centerline velocity is higher
than that reported in the litera-
ture for the two-dimensional case
and increases with decreasing as-
pect retio, and the width of the
jet is less than expected according
to the literature,

4, The static pressures referred to
a point far from the stream have
shown that negative static pres-
sures exist in most of the regions
where jet spreading occurs.

5. A positive static pressure has been
found only in tne immediate vicinity
of the outlet from the nuzzle, Going
downstream along the centerline, the
pressure decreases to a minimum, then
increases again but remains negative,

6, A relative minimum static pressure nas
been found at the edges of the jet out-
side the core., Downstream of the core,
however, the static pressure increases
steadily from the centerline to the
edges of the jet,

For the two sharp-edged nozzles /{profiles b and
c) complete horizontal and vertical velocity trav-
erses have been taken only in the region near the
outlet, Centerline velocity measurements have been
a2xtended further downstream, and for the Y-shaped
nozzle (profile c) total and static heads have »een
taken inside of the Y-shaped nozzle,

Horizontal and vertical traverse protiles similar
to the ones found for the round nozzles have been
found, Their magnitude and positioning, as well as
the spreading of the jet, are influenced by the shapz
of the nozzle,

A phenomenon of "vena contracta' has been found
outside the nozzle with profile b,

A flow detachment downstream of the inside corner
of the Y-shaped nozzle has been found and the influence
of the A.,R. on the length of the bubble bounded by the
successive reattachnent has been measured for A.R, of
1.33, 0.8, and 0,57,

Photographs of the experimental apparatus are
shown in Figs, 5 and 6.

This work is being supportea by NASA Crant
NGR 39-009-023,

Fig, 5 Photograph of Experimental Apparatus
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THERMAL SWITCHING OF FLUIDIC ELEMENTS
NGR 39-609-023,
R. E. Tomek, Graduate Assistant in M, E.

The inherent high reiiability of {luidics de-
vices is due to their no-moving parts feature. This
iligh reliability is compromised by tne nced for elec-
tro-mechanical switches which Jdirect the supply of
control fluid to tne fluidics devices. In order to
eliminate tne above switches, methods are being in-
vestigated whereby the electrical signal from a com-
puter can produce thernal fluidic switching.
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The influence of a temperature Tielu on a fluid
field arises because of variation of the properties
of the fluid with varving temperature, Studies by
Liepmann and Fila (4Y lave shown the transition
Reynolds ximber for air liow over a flat plate de-
creases as tie temperature of the plate increases.
The influence of terperature on the separation of a
fluid jet from a curved surface was investigated by
McGlaughlin and Taft (5) and showed similar effects.
Unfortunately, since transition is influenced also by
surface roughness, a-oustic noise, and by the level
of turbulence, special precautions must be taken to
isolate such a device from these extraneous effects,
Less environmentally sensitive methods are needed,

In order to augment the influence of a tempera-
ture field, it was decided to investigate the feasi-
bility of using a diverging channel configuration .
As shown by Nik.radse (b), with increase of the ad-
verse pressure gsadient of the channel, the flow
velocity gradient at the wall approacies zero., Since
the influence of a temperature field on air is the 7
same as an adverse additional pressure gradient effect, ¥
flow separation should take place at the heated wall
of the diverging channel, Investigations by Moore (7},
Reid (8), and Vedernikoff ( 9) have shown that second-
ary separation effects occur which are not well under-
stood, The method of switching under study is. there-
fore in the feasibility stage pending the outcome of
preliminary experiments. A portion of the present
test setup is shown in Fig. 7,

wcerinental fes

[hese studies are supported Ly NASA frant
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FLUID TRANSMISSION LINE DYNAMICS

R, G, Lzonard, Instructor in M, E.

The purpose of this research is to investigate
the performance of various distributed parameter com-
ponents which constitute many fluid control systems
and computer models for these comporents, The need
for such models occurs in stability analyses, speed
of response determinations, frequency response analy-
ses, investigatiocns of transient rressure surges, and
in the development of schemes to suppress undesirable
transient performance, These models will also facili-
tate the matching of transmission lines with the re-
mainder of a fluid system,

In fabricating a computer model of a transmis-
sion line it is necessary to simulate the transport
delay associated with the propagation of a pressure
wave along a fluid line, Various techniques for
this simulation, including an extensive treatment of
the Pad¢ approximation, were discussed by Herritt (10).
It was decided that « digital technique would be uti-
lized to accomplish the delay simulation for this in-
vestigation, The equipment has been designed and is
currently be’ng installed, A schematic diagram of
the system is shown in Fig, 8, and a photograph is in-
cluded as Fig, 9. The analog voltage is first con-
verted to a binary signal which is then progressively
shifted through the delay units, in which both the
mumber of shifts and the rate at which the shifts oc-
cur can be varied to obtain the required time delay,
After the delay is obtained the signal is converted
to an analog signal., When completed, this equipment
will be a versatile addition to the existing data ac-
quisition facilities of the Systems and Controls Lab,
and will add some digital capability to the existing
Dynamics Simulation Labs, analog computation equipment.
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Fig. 4 Nozzle Profiles Employed

A rather uniform velocity was fourd all across
the outlet of the nozzle for all three aspect ratios.

The vertical traverses of the mean velocity taken
downstream of the nozzle exhibit a highly three-dimen-
sional behavior of the flow, At the centerline, as
one moves away from the nozzie, the velocity gradually
changes from a constant profile at the nozzle to a
completely developed, convex, parabolic profile with
the largest velocity midway between the two plates.

On one side or the other of the centerline, the pro-
file experiences a gradual change from rectangular to
concave parabolic with the lowest velocity midway be-
tween the plates, followed by a gradual transition
back to an almost rectangular profile at a large dis-
tance from the nozzlie,

The following features have been consistently
observable with all the round profile nozzles:

1, The distance from the nozzle to where
the concave shape appears does not de-
pend on the width of the nvzzle,

2. The traversal distribution of the mean
velocity in a horizontal traversal mid-
way between the top and bottom plates
agrees well with the results reported
for two-dimensional jets,

3, Downstream of the undisturbed core
the centerline velocity is higher
than that reported in the litera-
+ure for the two-dimensional case
and increases with decreasing as-
pect ratio, and the width of the
jet is less than expected according
to the literature,

4, The static pressures referred to
a point far from the stream have
shown that negative static pres-
sures exist in most of the regions
where jet spreading occurs,

5, A positive static pressure has beern
found only in the immediate vicinity
of the outlet from the nozzle. Uoing
downstream along the centerline, the
pressure decreases to a minimum, then
increases again but remains negative,

6. A relative minimum static pressure has
been found at the edges of the jet out-
side the core., Downstream of the core,
however, the static pressure increases
steadily from the centerline to the
edges of the jet,

For the two sharp-edged nozzles (profiies b and
c) complete horizontal and vertical velc. ity trav-
erses have been taken only in the region near the
outlet, Centerline velocity measurements have been
extended further downstream, and for the Y-shaped
nozzle {profile c) total and static heads have been
taken inside of the Y-shaped nozzle,

Horizontal and vertical traverse profiles similar
to the ones found for the round nozzlez have been
found. Their magnitude and positioning, as well as
the spreading of the jet, are influenced by the shape
of the nozzle,

A phenomenon of ''vena contracta' has been found
outside the nozzle with profile b,

A flow detachment downstream of the inside corner
of the Y-shaped nozzle has been found and the influence
of the A,R. on the length of the bubble bounded by the
successive reattachment has been measured for A.R, of
1.33, 0.8, and 0,57,

Photographs of the experimental apparatus are
shown in Figs, 5 and 6,

This work is being supported by NASA Grant
NGR 39-009-023,

Fig, 5 Photograph of Experimental Apparatus
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Fig. 9 Delay Simulator

The mathematical and computer models will be
verified by comparison with fluid lines constructed ¥ '
in the Systems and Controls Laboratory and lines a
control loops already in existence in industry. 4

4
Some theoretical aspects of fluid transmissior,’
lines were given by Raizada (2). Other significan®

works in the field have been given in references (
(12), and (13).

This work is being supported by Small Industr
Research Grant 00669,
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NONLINEAR SYSTLM EVALUATION BY
OBSERVING EIGENVALUE MOTION

NE? 1606&

S. A, Steele, Assictant Professor in L. L,

The question is often asked, "How much can the
roots (eigenvalues) of the pseudo-characteristic e-
quation (3) of a nonlinear system vary during tran-
sient response and still give approximate but useful
information in the analysis?'" Strictly speaking, the
root concept is useful only in linear systems, low-
ever, some efforts which have been made to extend
the concept to nonlinear cases have been successful,
The stability techniques of Liapunov have been used
to develop a generalized Routh-Hurwitz criterion ap-
plicable to certain types of systems (18). Deter-
mination of whether a given nonlinear system response
will be oscillatory or aperiodic has been accomplishel
for second-order systems by observing root excursions
«i4) (17). Although such a determination involves
approximations, the results have been consistently
good when compared to the results of computer so-
lutions, It is the extension of this root excursion
method to higher order problems that is the major
interest here, Recently, excellent results have been
obtained with third-order systems, Therefore, the
emphasis here is on higher order systems such as
fourth and seventh,

A R (x)/
1
a,B /////,

()

J

01 (X)

Nonlinear roots are:

MaPip T tyenr * fpeyy 111722

/ op * g

M2asM2b = “%2%n2 * Soun 1-17z.2
-az :J‘BZ
Fig: 10 Root Excursion Plot r a Fourth Order System

Observe a possible fourth-order root excursion plot
in Fig, 10, This plot was obtained from the following
type of system differential equation for t > 0:

V

[0 + £,0p° + £,00p% * £500D + £,()] x = 0
where
x(0+) = k
x(0+) = 0

For systems of this type with complex roots having
nearly equal o terms, it is shown by Wasta (15) that
for no overshoot

1,0 B, (X)dx + [’ B, (x)dx + f a;(x)dx 2 0 (1)



Note that in this case the integrand of al(x) could
have been uz(x) or (al + az)/Z.

This is consistent with the previous arguments
used in developing root excursion methods (14) (17).
The sum of the integrals involving Bl(x) and 8;(x)
represents the energy to be dissipated if no overshoot
is to occur, Therefore, only one of the real roots is
used to represent the energy loss term, a(X).

In the above case where a) ~ ay, Eq. (1) consti-
tuted a necessary and sufficient condition, However,
if oy # «y, it is necessary to use the smallest of ay
and ay as the integrand, and Eq. (1) then constitutes
a sufficient condition, For instance, k may be larger
and Eq, (1) may not be satisfied, but still no over-
shoot will occur. This can be demonstrated by several

examples,
Given:
kl = X, Initial conditions at t = 0
- x, =k
Xy ® Xg 1
Xy = X X210 X3p 0 0 0 X5 " 0
3 4
3= %
X; = Xg
X = X7
X, = -28x7 - 322xg - 1960x; - 6769x, - 13,132x;
- 13,068x, - 5040x; - 5040(x |x;

8, (x)

Predominant o (i.e., smallest)

Fig. 11 Root Excursion Plot for Seventh Order System

The root plots are in Fig, 11, The sufficient con-
dition indicates no overshoot for k = 0,15, However,
there is also no cvershoot at k = 0,2, Finally at

k = 0,3 a small amount of overshoot occurs, and at

k = 0.5 there is 7% overshoot.

If we next modify the nonlinearity so the system
now has

= -28x

x7 7" 322x, - 1960x

6 g - 6769x, - 13,132x

3

-13,068x, - 5040x; - 504x;|x;,

2

the root excursion plots are shown in Fig, 12, The
sufficient condition indicates no overshoot at k = 0.3,
but actually no overshoot occurs until k is greater
than 1,5, In this case the sufficiency condition
would be too pessimistic for useful app.'cation, but
it is interesting to note that the effect of the non-
linearity is weaker than in the previous example,

Because of the inadequacy of the above method in
same cases, it may be better to use another r ethod,
This would involve transforming the original system
into a set of decoupled second-order systems, Then
each decoupled second-order part could be analyzed
separately, This may give better results, Let us
see how this could be carried out for a fourth-order
system, Using vector matrix notation:

X = A% + Bx

A and B are square matrices which take on different
values as x (dependent variable) changes, These are
obtained in the same way as the root excursions of
second-order systems, The nonlinear svstem is frozen
at each point as x changes, and a set of values for A
and B are obtained at each point,

4 i &
T L L i LR L

0.. 0,2 0,3 0.4 o0,50,6 0,7 0,8 0,9 0,10

Predominant a (i.e,, smallest)

-2.4

Fig. 12 Root Excursion Plot for Modified Seventh
Order System



To decouple the system A and B must
nalized (16).

be diago-

Let

§ =Ry« Ry
If R is formed by independent invariant vectors of
matrix A, R-1AR will be diugonalized with the eigen-
values of A along the diagonal.
Let
R™AR = W, RBR =12
YWy
Now diagonalize 2.
Let
Yy =G

=W + Gl2Gy

o1

If G is formed by independent invariant vectors of
matrix Z, G-12G will be diagonalized with the eigen-
values of Z along the diagonal,

Let

Now
o =W+ ue

or

41" Wity * ¥11h1

¢ = Wpptz * v22%;

The roots of these uncoupled second-order systems

my be displayed; and as x changes, a root excursion
plot is possible, The basic requirement for no over-
shrot may be applied to each second-order system. Care
must be taken in this method since ¢, and ¢, could
exhibit individually no overshoot; bﬁt when“trans-
formed back through the transformation matrices B and
G respectively, overchoot could occur. This cannot
happen if R and G have only positive coefficients. In
practice, the system coul. e evaluated in a decou-
pled mode and the results (value of dependent varia-
ble for which no overshoot occurs) could be trans-
formed back to the original form. Therefore, not man
transformations are required, Obviously a digital
computer must be used to carry out this procedure,
but it may be faster than brute force soiution of the
original differential equations using Runga-Kutta or
faster subroutines. The major time-consuming step
would be finding the eigenvalues of the A and Z mat-
rices, since they must be found at all the desired
points as x moves, A simple method of finding eigen-
values such as Linn's Me requires a good bit of
time when roots are close together, On a sixth-order

example attempted on the Electrical Engineering De-
partment's computer and finding eigenvalues at ten
points, the necessary calculations took four times
longer than a Runga-Kutta general solution, This was
also verified ~pproximately on the IBM 7074 at the
University's Computation Center, Inverting matrices
and other control functions are quite fast, There
should be a more optimum method of obtaining roots
than used here,

However, one advantage of this technique is the
better ""feel'" for sensitivity that the designer may
obtain when operating with decoupied systems, If it
is clear which equation or equations (decoupled) is
causing the overshcot effect, then as parameters are
varied, the effect may be nredicted, This is es-
pecially true if the transformation matrices have
positive coefficients,

In general, it is .uite possible at this time to
use root excursion methods on higher order systems if
sufficient conditions for no overshoot are desired.

To analyze the system the method can be tedious as
when using the roots of a high order linear system,

It is quite possible that a main advantage of this
method would be a shorter computational time on a
computer. This is extremely important for real time
studies, This means that the technique used for ob-
taining roots must be quite optimum and converge quite
quickly to a value with appropriate accuracy, It woulu
seem that this could be done faster than a procedure
to actually solve the equation, The normal programs
available at this time did not operate in this manner,

This work has been supported by NASA Grant

NGR 39-009-023,
NMA? 12nar7 ™




N67 16067

APPLICATION OF SWITCHING THEORY /
TO CONTROL SYSTEMS

S. A, Steele, Assistant Professor of E, E.

As more and more control systems become of a
digital nature, the control engineer requires a mathe-
matical background in this area, This involves ap
understanding and application of Boolean algebra amd
techniques of function simplification that in the past
has found large scale application in the design of
digital computers, This branch of mathematics, often
referred to as switching theory, normally uses set
theory notation, The two major branches of analysis
are combinational and s2quential. In a combinational
system the output is continuocusly a function of the in-
put, while in a sequential system the output is a func-
tion of the previous input as the system "sequences'
along in a predescribed manner, A d: , ital controller
for a control system involves circuitry of a com-
binational and sequential type, A very simple type
of digital controller was shown by Raizada (25).

However, when the system designer attempts to
apply the general theory, he finds it is not flexible
enough to consider all of his variables, Observing
large scale digital computer designs he finds a good
bit of '"'seat of the pants" methods being applied, In
general, switching theory is not easily responsive to
hardware restrictions. This is particularly evident
in integrated circuits, The number of components may
not be as important as the number of inputs because
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of excessivc wiring problems, The purpose of this
revort is tc present the author's method of obtaining
an important part of the digital system design where
the more complicated standard methods require exces-
sive time and more mathematical background.

The problem of minimizing the number of internal
states in a sequential network is of prime importance
and has been discussed extensively in the literature
(19,20,,23), lowever, all known methods require some
erumeration and search techniques to finally arrive
with the minimum number of states, Scme of these
methods are quite sophisticated but tedious, llere we
will present a methad whereby a good minimization of
states occurs so that generally the minimum number of
states is obtained, The time required to apply this
method is quite short,

A state table is made up from the words of the de-
signer and indicates what should happen when a par-
ticular input is present, A typical table is shown
in Fig, 13, If the system is in state 1 when input
combination ij cccurs, the system will go to state 3
(next state) and give an output of 0. Some of the next
states and/cr outputs are ''don't cares" (the designer
does not care), The presence of 'don't cares' can
help considerably in simplifying the table. To save
equipment, it is usually important to combine equal
states in order to obtain the minimized state table,
However, Ginsburg (24) has siaown that using all possi-
ble fixed combinations for the 'don't cares' and then
attempting to find states that are equal in order to
simplify the table will not always result in tae
simplest state tabtle. This is because some of the
"don't care'" next states should be changed during the
simplification process in order to use the full effect
of a "don't care" condition,

Some basic definitior - which will be useful in
the following discussion are given below:

1, Two internal states qj and g; of a
state table are compatible 1(, and
only if, for all input sequences the

Input Combination
Internal 1 1
States
sert Jourpue | 3 outan
1 3 0 - -
1, 4 0 3 0
13 - - 5 1
1y - - 6 0
s o 0 6 -
% - - - -

Fig. 13 State Table for Example /1

outrut sequence which results when the
table is Initially in qj is the same
output sequence which results when the
table is initially in q; whenever both
outpits are specified,

2, A collection of compatible sets
(where a set consists of two or
more states) is closed if, and only
if, for each set the next states
under a particular input are in the
same set,

3. A state table is covered by a col-
lection of sets if, and only if,
all of the original states occur
in the sets,

4, A maxirum compatible collection of
sets is formed if, when the original
state is added to tiie sets of the
collection, an incompatible set re-
sults scmewhere in the collection,

The technique is to find sets of compatible states
and then form a maximum compatible collection of sets
which is closed, This is normally not the simplest
number of states, Then subsets of this maximum com-
patible collection are fou:. by some method (enumer-
ation, trial and error) to [orm a collection which is
closed and coverad and will reproduce the sequence of
the original table, This can be demonstrated by at-
tempting to simplify the state table in Fig. 13, A
compatibility table is shown in Fig, 14, from which a
maximum compatible collection may be obtained in a
systematic way, For example, the table indicates that
states 5 and 6 are always compatible, but states 2 and
4 are only compatible if states 3 and 6 are compatible,
In Fig, 14 the procedure is as follows (23):

1, List the pairs of states which are
shown to be compatible in the right-
most colum of the table fer which any
such pairs exist,

2 3, 4
X
Y indicates
3 / X compatible states,
x indicates in-
commatible states,
4 / 3,0 X
4,6
S 3,6 5,0 v/
3,6
6 / / / / J

1 2 3 4 ]
Fig., 14 Compatibility Table for Example #1
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2. Proceed to the next column to the left,
If the state to which this column cor-
re.ponds is compatible with ail members
of a previously determined set, add this
state to the set, If the sfate is not
compatible with all members of a set

but is compatible with a :vibset, form a
new sct including the current state and
subset, List any compatible pairs which
are not included in any already deter-
mined set, Do not retain any sets which
are subsets of other sets. Repeat until
all colums of the compatibility table
have been considered,

For Fig, 141 this process will result in the following
sequence of scts (21).

{56}

{456}

{450}, {350}

{2456}, {350}

{2456}, (1356}, {1456} - maximum compatible
collection

By .rial and error and considering subsets of the
maximum compatible collection, the following closed
collection of two sets may be obtained: (12456} and
{1356}, In general, this collection of sets is not
unique, Therefore, the table may be reduced to two
new states, It is our purpose to eliminate the trial
and error aspect of this procedure and proceed di-
rectly to a minimum takle,

The procedure outlined by the {ollowing steps
and demonstrated by the following examples tends to
eliminate trial and error:

1, Find maximum compatible collection,

2. Group the next states of the maximum
corpatible collecticn together into

new sets, If the state table is noc
covered, add the required states to

mzke up new sets,

3. Take the union of these sets, Do not
allow unions which form sets with in-
compatible states*,

In (3) starting in the set containing
the most states, form a class (which is
covered) with the minimum number of sets,
Check to see if the collection is closed,
5. If after (4) the state table is not
covered, go back to the sets in (2)
and add the minimum numver of these
sets to cover the table, Now check
to see if the addition iz closed,

If the collection does not closc,

add the next set with the most states,
6. In (2) to insure closure, it is quite
possible that a collection will contain

one set with only one state (or a sub-

set of the sets in (2)). Keep this in

mind when trying to close the collection

ol SOt e
¥ Tt after (3) the resulting collection of sets is a
maximum compatible collection, nothing has been gained
by this procedure, If simplification is possible,
subsets will be required,

Example 1
Let us apply this to the table in Fig, 13,

Step 1. {2456}, {1356}, {14506}
Step 2. {40}, (36}, (56}, {12}
Step 3, {2456}, {1356}
Step 4, {2456}, {1356} This is a closed
collection.
Example 2
Observe the state table in Fig, 15,
Step 1. {45}, {236}, (34}, (126}, (14}
Step 2. {16}, (45}, (34}, {(2¢}, (12}
Step 3, (126}
Step 4. o to Step 5,
Step 5. (126}, {34}, {45} This is a closed
collection,
[nput Combination
Internal | 1 b2 '
States Next Next Next
State]Output] State|Outpui State|Outpu
4 3 0 - - 2 -
5 - - 4 0 O -
13 5 1 - - - 0
a - - 1 1 1 -
g 1 - - - 0 -
B 4 4 - 5 - 0 -
Fig, 15 State Table for Example #2
Example 3
Observe the state table in Fig, 16, This example

has been done by an excellent theoretica. techniaue,
but is quite tedious and ‘ong (19).

Step 1, {cfz), {deh}, {abde;, {bcd}, {ag}
Step 2. {cd}, {he}, (gf), {ab}, {de}, {ad},
{eb}, {(ae}, {ag)
Step 3. {abde}, {hed}
Step 4, Go to Step 5, {abde), {hed}, {gf},
{cd)} This 1s not closed, Go to Step 6,
Step v, ({abde}, {hed}, (gf}, {c) This is a
closed
collection,
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Input Combination
i;xtfr:ml il i, ig i, ig 1, i-
es Next Next Next Next Next Next Next T
Ktate Putput|Stace {OutputfState Putput|State [Output] State Putput|State |OutpuyState |dutput
q “ J - - d 0 e 1 b 0 a - - -
a
-
. b J Jd ] a - - - a - a 1 -
g
R b 0 d 1 a 1 - - - - - - 0 0
QG - - e - - - b - b 0 - - a -
% - - e - a - - - b - e - a 1
Qg b U c - - 1 ! 1 { 1 g u - -
q - - c 1 - - e 1 - - g 0 { 0
g
q a 1 e 0 d 1 b 0 b - e - a 1

Fig, 16 State Table for Exarple {5

More than a dozen exampies have been done using
the aforementioned procedure. While it is not com-
pletely straightforward in all cases, it does tell
the user which way to turn, One may ask, "Why not use
a computer with a basic search technique to obtain the
minimum number of states?'" The computer programs are
generally not efficient for all types of state tables,
and in control problems the number of states in the
orizinal problem is not always great., If there are
many states, the concept of "divide and conquer" is
used to form more than one state table but with not
many states, Therafore, it is helpful to have some
rules to follow in attaining an equivalent state table
with many states removed. To help judge in difficult
problems, a minimum bound (21) can be determined so
that the designer knows there can be no fewer states
than the bound, This is obtained by determining the
maxirum incompatible collection* and interpreting this
to find out at least how many states are required.

In order tc show how a state table can be formed

» a real world problem, let us look at a simple
viample that will lead to the state table in Fig, 13,
A device in a plant is to observe two lights, and when
the lights operate in a particular sequence a function
is to be performed. This function is the opening and
closirg of a circuit breaker (switch). The over-all
system has two characteristics, Both lights will
never be on at the same time, and when a light comes
on it is on for a predetermined amount of time, There
are three sequences that must be followed by the de-
vice in question, In the first sequence which must
start in state 1, when light a comes on the switch
must be opened, Then if 1ight b operates (comes on),
the switch must be closed, Now if light a operates,
the switch mvst be opened, However, if instead of
light a light b operates, it then makes no difference
if theTswitch Ts opened or closed, From now on, re-
gardless of which of the lights operates, the switch
may be opened or closed.  _ _ _ _ _ _ _ _ _ _____
¥ This collection is formed by building up incom-
patible sets until a point is reached where adding
another original state to a set makes it compatible,

Another sequence must also be followed which must
start in state 2, If light a operates, the switch
rust be opened, Then if light b cperates, the switch
must be left open, Then, regardless of the operation
of the lights, the switch may be open or closed.

The third sequence nust also start in state 2,
If light b operates, the switch must be opened. Then
if light b cperates again, the switch must be closed,
Then if 1Ight a operates, the switch must stay closed,
However, if ligit b has operated instead of light a,
the switch may be either open or closed, From now
on, regardless of which lights operate, the switch
may be opened or closed,

Any combinations which have not been discussed
cannot occur in the system, The desired device can
have six internal states to remember the proper se-
quence as in Fig, 13, However, because some of the
sequences have common properties, the number of in-
ternal states can be reduced as indicated previously,
This eliminates a good deal of equipment, The inputs
i) (light a) and i; (light E) indicate when a light
operates, Whether the switcn is closed or open is
indicated by the output 0 (open) or 1 (closed). Re-
fer to Fig, 13,

Many of the fundamental techniques employed in
the application of switching theory to large com-
plex systems (such as digital computers) are not
convenient for use in the design of control systems,
The techniques described here have been developed to
simplify the use of switching theory in this type of
problem, This procedure may be used with any switch-
ing system,

This work has been supported by NASA Grant
NGR 39-009-023,
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PERFORMANCE OF THIRD Of
NONLINEAR CONIROL SYSTEMS

Néf i&pég V/

R, Wasta, Graduate Assistant in L. L,

This report examines a method of predicting tie
step response ol control systems described by third-
order nonlinear differential equations. The non-
linearities are specified mainly as being smooth anl
not a function of the derivitives of the dependent
variable,

The method is based on the construction of a
root excursion plot, which is the locus in a root vs,
dependent variable plane of the roots of a nonlinear
characteristic equation,

Corments are made on the various possible shapes
of third-order root excursion plots and the step re-
sponse of the system is related to each particular
shape, In particular, it is shown that for certain
third-order root excursion plots, it is possible to
predict the exact value of system gain or step ampli-
tude which will vield the fastest possible no-over-
shoot response,

Advantages of the method are mainly that the
number aind location of the nonlinearities are not
limited, The prediction of the respcnse is not re-
stricted to a small range immediately around an
equilibrium point., That is, for the cases in which
tue method does apply, if the system is stable over
an extended range, the point of the fastest no-over-
shoot response within that range can be predicted very
accurately, Presently there are no other methods
available which will yield response information of
this type.

A possible extension of the method to higher-

order nonlinear systems is demonstrated by a fourth-
order example,

Examples
A, Third-Order Systems

In Fig, 17 is shown a block diagram of a control
system with the nonlinear element f(e) = eZ, The
pseudo-characteristic equatiorf for this system is

8Y)

a353 + 3252 +a;s+ d+e)=0

The roots n of this nonlinear system, found from Eq.
(1), are shown as functions of e in Fig, 18. This
plot is constructed by solving for the roots of Eq.
(1) which result when successive values of e are sub-
stituted in it, and then plotting these roots vs, e,

It can be noted that in the time responses shown
in Fig. 19 the optimum no-overshoot response of the
particular system described by Eq. (2) occurs with

s+ Ss2 +3s+ (1+e)=0 (2)

* The name "pseudo-characteristic equation" is used
here to denote the type of characteristic equation
used by Volz (26), It is not the same as the charac-
teristic equation obtained from linearizing the system
equations,

™ b
ginegs
econd -
r(t) et m(t)‘ Order CEE}
- System b e
~  Mult,

m(t) = (b + e)e(t)

(3305 - a,DZ + aID)c(t) = m(t)

Fig. 17 Block Diagram of Third-Order Nonlinear System

an e(0+) of 1.0, This value can be very accurately
predicted from an examination of the root plots of
Fig, 18, It is seen that the cross-hatched area be-
tween the real part loci for n,, Ny and the e-axis
frome = 0 to e = 1,0 is equal“to %he corresponding
area between the imaginary part locus nj, (or n3) and
the e-axis.,

This point of fastest no-overshoot response can
be predicted in like mamner for all systems which
have root excursion plots which satisfy the several
requirements outlined later,

For values of e(0+) in which the Im[n] area is
greater than the Re[n] area (e.g., at e(0+) of 1.2
in Fig, 19), the response will be oscillatory, (Curve
[1] in Fig, 19), When the Re{n] area is the greater
(eig., e(0+) of 0.8), a slower aperiodic response re-
sults,

B, Fourth-Order Systems

In Fig. 20 is skown the root excursion nlots for
a nonlinear «:stem having the pseudo-character-
istic equation, Eq. (3), Here it is necessary that
the real part loci be relatively close to each other
as in Fig, 20, 3)

(24 @2-e)s+ (1+3)) [s°+25/Q+ed)s1] =0
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~_ felnl nfn] W
1,0 4 (2
0 1.0
f e
eo

Point of fastest nu-overshoot re-

2.0 1.0 sponse occurs when sum of cross-hatched

. . \ e areas in Im[n] equals the cross-hatched

} + I —+ area under the most positive Re{n] plot
1,0 2,0 (at about e(0) = 0,49),

T

1
() (1)

2
Re[n] e 1,0
0 i e
-1.09 !
Fig, 18 Root Excursion Plots for Sys.em with Pseudo-

0 \
Characteristic Equation:

(2)
s3+3s% 435+ (L+e) =0 -1.8

Fig, 20 Root Excursion Plots for System with Pseudo-
Characteristic Equation:

[s2 +(2-¢e)s+ (1+e)l [.~:2 + 2s/(1 + 62)4‘1]' 0

The point of fastest no-overshoot response is then
predicted by determining the value of e(0+) such that
the sum of the two Im[n] areas from e = e(0+) to e = O
is equal to the Re[n] area over the same range of the
most positive Re[n] locus (Curve {1]). A mmber of
different examples which were worked out using this
criterion proved to be very accurate in predicting

the initial condition for response with no overshoot,

e(0+) = r(0+)
e(t) » r(t) ~c(t) =0

for t < 0

Requirements for Application

(3) A. General

1, The nonlinear differential equation
which describes the physical system

U t must be converted to an autonamous
differential equation by suitable
(1) 10 (secs) choice of dependent variable,

2, The nonlinearities must be sm«f:tl:marﬂ
Fig. 19 Analog Camputer Simulation of Response of must not involve derivitives o
System of Fig., 17 to stesp changes in r(t). dependent variable,
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3. Generally, the drive signal is a step
input. This restriction results pri-
marily from aforementioned require-
ments {1) and (2). A Jimited class
of ramp fcrcing functions can be made
to satisfy requirements (1) and (2)
by differentiation of the describirg
equation, In general, however, the
differentiation results in nonlinear
derivitives of the dependent variable,

4, The stability of the system must be
guaranteed in the range under consid-
eration,

Satisfying the above requirements will make possi-
ble the formulation of a pseudo-characteristic equa-
tion whose roots are used to construct the rcot ex-
cursion pilots of the nonlinear equation,

B, Specific

5. In the root excursion plot, the
imaginary-part locus must go through
the origin,

6, The real-part loci associated with
the remainirg quadratic factor must
‘have a positive, or ar least zero,
slope.

7. For third-crder systems, the always-
real root locus must have (a) a
negative slope, or (b) if it has
a zero or positive slcpe, the locus
must be equal to, or more negative
than, the remaining real-part locus,

8, For fourth-order systems, if the roots
exist in the foim of two complex-con-
jugate pairs, the two sets of real-part
loci must lie relatively close to each
other.

Outline of Procedure to be Used in Analyzing Third-
Order Systems

The first step in the procedure of analyzing a
nonlinear control system by the root excursion method
is to determine the pseudo-characteristic equation of
the nonlinear equation, The second step is the con-
struction of root excursion plots from this equation,
Examination of the root excursion plots is then under-
taken to determine if it is possible to accurately
predict the response of the system,

If the root excursion plot shows the imaginary-
part locus to be zero at least at the origin, the
step response of the system can be predicted with an
accuracy which is generally dependent on the position
and slope of the real-part loci,

The prime requirement of the real-part loci is
that the loci associated with the quadratic factors
must have a positive, or at least a zero, slope, If
this requirement is met, the next is that the re-
maining always-real locus must have a negative slope,
or if it has a zero or positive slope, the locus mu;t
be equal to, or more negative than, the remaining real
root loci,

If the real-part loci have the proper location
and slope as just described, then the point of
fastest no-overshoot stzp response can be very accu-
rately determined by locating the value of the inde-
pendent variable at which the areas under the imaginary-
part plot and real-part plot of the quadratic factor
are equal,

In those cases where the imaginary-part is not
zero at the origin, it is not possible to determine
the exact point of the fastest no-overshoot response,
The general procedure in these cases is then to make
a slight parameter change in the system and to note
how the pseudo-characteristic equation, and hence the
root excursion plot, is affected., In some cases this
procedure will result in the imaginary-part going to
zero at the origin of the plot and the analysis can
be undertaken as outlined above to determine the opti-
mum response, If the change in parameter does not
cause the root excursion plot to become zero at least
at the origin, an accurate prediction cannot be made;
but by noting the general change in the shape of the
plot, some response information may be inferred., For
example, if a parameter change causes the imaginary
area to decrease, a less oscillatory response could be
expectcd,

As has been mentioned above, the plotting of the
root excursicn loci is a necessary step in system
analysis by this method. A brief summary of some
observations made dur? .g this work can be helpful in
ccastructing these plots and giving some idea before-
hand of the general shape of the plots., A summary of
results according to the location of the nonlinear term
is now presented,

Consider pseudo-characteristic equations of the
type

I) [53 + azs2 +as+ fo(x)] =0 4)

For stable equations of this type, the always-
real root will always lie between f_ (x) and the depen-
dent-variable axis, Hence, if f,(x) is plotted on the
root excursion plane, some idea 1s given as to the
position and slope of the always-real root, This is
especiaily true when the plot of f,(x) is near the
dependent-variable axis,

If the inequality

2
(@) - 4% > 128)f, (%) )
is not true at an equilibrium point (a value of x for
which £ _(x) = 0, then an imaginary-part exists at that
point, "This information is useful because the equi-
librium point of interest is usually at the origin of
the root excursion plot and the optimum no-overshoot
response cannot be predicted from plots of this type.
Inequality, Eq. (5), is only sufficient, however, and
it is possible for imaginary-parts to exist when the
inequality is true,

It was also noted that if questions concerning
system stability are to be avoided, the nonlinear term
fy(x) should be restricted to a range so that aiap »
fo(x) is true throughout the range, Eq. (4) caul
result from a control system with a nonlinear gain
element., An equation which has nonlinearities in the
damping and gain terms could result from a system which



has a transport delay, This type of equation is next
considered,

3

I [s*+ays’ 4 6,05 ¢ £,()] =0 (6)

If the nonlinearities f)(x) and f5(x) of Eq, 6
can be related by

£,00

+ac = El(x), (7)
c

the term (a + c) can be calculated, If (a + c) = ap,

a zero-slope always-real locus equal to -c will exist
and the method of analysis will apply. If (a + c) >a
the slope of the quadratic real-part loci will be negi-
tive, which is incorrect for analysis by this method,
If (a +c¢) < a,, the imaginary-part plot in general
will not be ze;o at the origin, and accurate response
predictions are not possible, Hence, relation (7) can
be used in cases like Eq. (6) to get an idea of the
probable root plots.,

The general third-order nonlinear equation is
next considered.

D (5° + £,005 + £00s + £,00] = 0 (®)

In this case, if f_(x) denoted the equation of
the always-real root on a root ercursion plot, it was
noted that a stable system will generally have the
term [f2(x) - fc(x)] positive, This indicates that
the f.(x) plot will always lie between the f;(x) plot
and tge dependent-variable axis, Hence, a plot of
fc(x) on the root excursion plot,combined with the
observation in 1) that f_(x) tends to follow the slope
of f5(x) in stable systems,will give useful infor-
mation on the probable slope of the always-real locus,
fo(x).

This work is being done under Exploratory and
Foundational support from Penn State's Ordnance Re-
search Laboratory, ‘ﬁ
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SIZE AND DIRECTION OF JETS ISSUING FROM
TWO-DIMENSIONAL ASYMMETRIC ORIFICES

J. L, Shearer, Rockwell Professor of Engineering
(for Dr, R, D. Begg)

During his working visit of six months at The
Pennsylvania State University as a postdoctoral re-
search associate, Dr. R. D, Begg, of the University of
Glasgow, extended his earlier work on fluid jets. He
helped provide guidance to Mr. Bettoli's experimental
investigation (see write-up by Bettoli in this report),
and he carried forward some interesting ideas on the
computation of the boundaries of unsymmetric two-di-
mensional jets, This latter work involved the exten-
sion of earlier work by Von Mises (27), Jobson (28),
and Bragg (29).

One phase of this work employed the method of
force defect coefficients in determining size and di-
rection of ideal jets issuing from asymmetric ori-
fices into a region of uniform pressure., Both com-
pressible and incompressible flows were stulied, but

the effects of fluid viscosity and entrainment of
surrounding fluid were ignored, Results from this
analysis compared well with some experiments that had
been carried out earlier using a Schlieren light sys-
tem to show up the jet cdges,

A second phase of this work involved extending
the method of force defect coefficients to the case
of asymmetric pressure conditions in the region sur-
rounding the issuing jet, This involved carrying out
a relaxation solution in the hodograph plane, using a
digital computer, In twenty complete cycles of <om-
putation the relaxation method seemed to be converging
on a reasonably good answer, Additional work is re-
quired to determine conclusively how e{fective this
method will be,

A technical paper is being prepared by Dr, Begg
at the University of Glasgow to describe this work in
more detail,

This work is an extension of some of his own

doctoral thesis research (30) at the University of
Glasgow,

A & e - -
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FLUID JET AMPLIFIERS

A, K, Stiffler, Craduate Assistant in M, E.

Static Characteristics

The previous work carried out by the writer on
knife edge type amplifiers included a study of the
static characteristics of a device of a particular
design., This study was warranted because preliminary
findings differed considerably from the results of
Simson's analysis of similar amplifiers (31), A syn-
opsis of the conclusions was given in Research Report
No. 3 (3)., The reader is referred tc two reports,
(32) (33), for a complete presentation of the experi-
;mental results,

/: These results differed from Simson's in two im-

i portant aspects, Gains were about three times higher,
Yand quiescent control flows were about twice as large
as predicted by Simson, In this amplifier, knife edge
location had been changed to accommodate what appeared
to be faster free jet spreadiaﬁ of the power jet, At
the time, the only factor to which these discrepancies
could be attributed was the relatively small aspect
ratio (ratio of nozzle height to widtx). A value of

unity was used in this design., Subsequently, an

experimental investigation of the effect of aspect
ratio on jet spreading has been carried out by
R. Bettoli (pK; 2-3), His conclusions are that t'iwe
3 a.'_.gect ratio has little effect on free jet profiles
3 midway between the top and bottom plates, although
§ some distortion occurs at these boundaries, However,
'§ there are strong indications that flow separation
§ uoes occur within the nozzle when an abrupt change
4 exists in the nozzle wall angles,

: The nozzle of the experimental amplifier was
) changed from its abrupt-angle ccnverging section to

§ a more rounded configuration (Fig. 21), Some quick

§ experiments were made, and the device parformed in

q betcer agreement with Simson's results, A program is
§ now under way to investigate the effect of nozile

§ design, in conjunction with low aspect ratios, on the

froe jet profile,




- 15 -

Materia!
Removed

Prcfile of Nozzle and Control Port Section
of Experimental Fluid Amplifier (Approx.
4x Size)

Fig, 21

It is now possible to quantify and predict
static performance of knife edge amplifiers having
large aspect ratios, based upon knowledge of two-di-
mensional jet spi ading, However, it is very diffi-
cult to fabricate the deep passages needed to assure
two-dimensional flow., Therefore, the flow patterns
of the spreading jet from a low aspect ri«tio nozzle
ar~ three-dimensional and rather complex, For this
1= .. there does not seem to be much to be gained in
a .rstematic "black box'" testing of large numbers of
amplifiers. The main hope of quantifying amplifier
performance seems to lie in gaining a better under-
standing of these three-dimensional flow phenomena
and how they are affected by nozzle geometry and knife-
edge or wall location.

Dynamic Characteristics

Although fluid amplifiers seer to offer a number
of advantages for fluid system design, there have not
heen many applications Jeveloped as yet. The reason
is contained in the apparent difficulty of obtaining
appropriate predictable models for system analysis
based on understanding of key flow phenomenon and geo-
metrical characteristics. The author's recent inves-
tigation ~f static characteristics has helped to em-
phasize the need for better modeling capability (33).
The problems involved with obtaining dynamic models of
fluid amplifiers are considerably greater, Static
modeling provides a start, at least, with pressure-
flow curves which can be determined experimentally to
verify the adequacy of the model and specify actual
capability,

There have been some recent efforts to model
fluid smlifier dynamics., In general, the amplifier
is thoux... to have three distinct parts. One iscon-
cerned with how the input portion reacts as the load
impedance on some driving source, The signal effect
is then transferred to the receivers by way of the
jet, The output portion then serves as a source for
driving a load or another amplifier. Proceeding with

the aforementioned outline, Belsterling (34) and
Boothe (3%) have approached the modeling of momentum
control amplifiers as shown schematically in Tig. 22.

Input Transter ntput
Charac, Charac., Ciarac,
R
Py Cluid Napaifi- Uluid Yo
RCL cation RCLL
?_&—— Newwork and Netiork '—%E
i S
Time Delay

Fig, 22 Schematic Diagram for Model of Momentum
Control Amplifiers

Specific RCL networks were employed which seemed to
model their amplifiers well at frequencies up to

1,000 cps. Qurski (36) studied the dynamics in the
contrel port region of a pressure controlled amplifier,
He developed a simplified23§ﬁﬁﬁYF model for a single
control port amnd .aconfined jet. The only jet de-
flection studied was that which resulted from port
interaction with an attached transmission line during
resonance,

These contributions to the dynamics problem have
been important first steps, ‘''-wever, the approach
of (34) and (35) is limited to modeling for responses
to sinusoidal disturbances of small amplitude, Also,
the circuits apparently were chosen arbitrarily, and
there is some question of their ability to predict
size and shape effects, Gurski's work (36) was con-
fined to the study of the dynamic interaction of a
single control port ard jet., The nature of the exci-
tation probably produced very small jet oscillations,
In all cases, no reference was made to supply ilow
variations resulting from mean control nressure changes
and to possible feedback between receivers and control
perts from load variations,

In addition there is neglect of the phenomena
known as edgetones (37) (38) in dynamic modeling., A
jet striking an edge produces a time variant force on
the jet which is related to the shedding of the vortices.
When the jet assumes a wavy shane, it is modeled as a
continuous elastic media. This causes some doubt a-
bout pure time delay represe:.tations of the jet. The
relation of edgetones to amplificr noise i now being
carried out in the Systems and Centrols Laboratory by
J. C. Tam:lis,

This work on fluid amplifiers is sponsored in
part by the Hamilton Standard Div. of United Aircraft
Corp., Hartford, Conn,, and in part by NASA Graut
NGR 39-009-023,
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SIGNAL NOISE IN FLUID AMPLIFIERS

J. C, Tamulis, Graduate Student in M, E,

Work has continued on the investigation of
basic sources of noise in fluid amplifiers, Back-
ground information and prior results can be found in
previous SCL Research Reports (1, 2, 3). A more
complete presentation of data, results, and conclusions
will be included in a doctoral thesis which is now
being written, Additional information concerning this
thesis can be obtained from the Director, Systems and
Controis Laboratory, The Pennsylvania State University,
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Digital Data Resuits of Digital Data Processing Scheme
{Power Density ope-tra)

In Resecarch Report No, 3 (3) some preliminary re-
sults obtawsed through use of the digital data pro-
cessing scheme were preserted, Figs, 23, 24, 25, and
20 of this report are the power density spectra ob-
tained digitally for the autocorr:lation curves shown
in Figs, 18 and 17 respectively of Researck Report
No, 3, As previously mentioned, the pressure signal
noise 1s narrow band; i.e,, it is clustered into nar-
row bamds of the total frequency range investigated,
From inspection of the figures and consideration of
the lengths of the passages under test (see Research
Report No, 3), it is indicated that the passages could
be considered as 'organ pipes' with appropriate bound-
ary ccnditions, If the boundary conditions for the
passages are taken to be,

1, Completely blocked at the sensed end
2, <Completely open at tne end interacting
vith the power jet,

then tiie resonant frequencies are predicted by odd
multiples of the velocity of sound divided by four
times the passage length,

£ = nc wheren=1,3,5,7.... 1)
4L

Use or this expression implies certain assump-
tions, one of which involves making an end correction
to the length "L". The end correction for the con-
irol port passages is the most difficult to make be-
cause of the coaplex geometry which exists at each
end, The end correction for a simple unflanged organ
pipe, open at one end, was calculated by Rayleigh (42)
to be 9,6R where "R' 1is the radius of the tube.

The corrected length found for the cylindrical
receivers located as shcwn in Fig., 20 of Research Re-
port No, 3 was 5,75 in,, the open end correction being

negligible compared to the 0,25 ir, existing in the
adapter used to connect the pressure transducers, For
the single receiver siowa in Fig, 19 of Research Re-
port No. 3, the transducer was mounted flush at the
blocked ent and the open end correction was 0,30 in,,
alving a corrected length of 42,3 in,

Using these lengths and 13,500 in,/sec, for c,
the fundamental frequencies predicted by (1) for the
5,75 in, and 42.3 in, receivers are 587 cps and 79 cps
respectively, These values compare well with the re-
sults of Figs. 24 and 25, considering the resolution
of the measuring schemes. [he value of "L'" for the
control ports was somewhat arbitrarily taken to be
5.0 in, which gives z predicted fundamental frequency
of 675 cps which corresponds to the highest frequency
spike shown in Fig. 23, Fig, 23 also shows two other
spikes in the spectrum. The lowest frenuency spike
at approximately 100 cps was found to be due to re-
flecticsns caused by the plumbing associated with sup-
plying and monitoring pressure at the control ports,
By a more judicious selection of fittings and tube
sizes, this spike was largely eliminated. lowever,the
intermediate spike remained., In order to isolate
passage resonance from possible dynamic interaction
effects with the power jet, an acoustical test of the
amplifier gecmetry of Fig, 20 of Research Repocrt No. 3
was made, In this test the receiver geometry was re-
moved and the power jet and control flows were shut
off. A loudspeaker driven with a white noise generator
was positioned in proximity with the fluid amplifier
and used to excite the control port passages as shown
in Fig., 27. The control port pressure was sensed with
a Kistler pressure transducer located as shown and the
pressure signal spectrum at this point was recorded
using an electronic trequency analyzer, This yields
a spectrum of average pressure amplitude for point A
versus frequency as shown in Fig, 28, which shows that
the spectrum does indeed peak at about 700 cps and that
there is an additional acoustical resonance at around
450 cps. The spectrum shown in the photograph was
obtained by taking a thirty-second time exposure., This
procedure was followed in order to obtain an averaging
effect for the spectrum envelope,

f =nx 21,28 cps

4638

538.%

Y e Y

Frequency cps

14 16 18

20 22 24

26 2 30 32 34 36 38 40 42

Fig, 23 Power Density (Spectral Distribution) -- Differential Pressure In,
Differential Pressure Measured at Extremeties of Control Ports.
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f =nx 21,28 cps
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Fig, 24 Power Density Spectrum nf Differential Pressure Measured at Load End of Blocked Receivers
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Fig. 25 Power Density Spectrum for Pressure Measured at Load End of Single Block Receiving Tube
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Fig. 27 Schematic Diagram of Acoustic Test Set-Up
Using Loudspeaker
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Fig, 29 Normalized Crosscorrelation Function Between
Pressure y(t)

Digital Results of Processed Data (Crosscorrelation)

As indicated in Research Report No. 3 (3), there
appeared to be negligible correlation between the in-
put and output differential pressure measurements for
the amplifier tested, Fig., 29 shows the computer
crosscorrelation function for the two signals whose
spectra are shown in Figs, 23 and 24 (autocorrelations
shown in Fig. 18 of Research ort No, 3). There is
insignificant crosscorrelation between them, Figs,
23 and 24 give an indication of why this is so, The
figures show the two signals to have peaks at com-
pletely unrelated frequencies,

Conclusions - Digital Scheme

Results of the above tests and later results
caused a reassessment ox the usefulness of the dig-
ital scheme, It was concluded that while the scheme

Input Differential Pressure x(t) and Output Differential

was working satisfactorily, it was not the most ef-
ficient way to collect data for this investigation,
The scheme was too time consuming, too expensive,
and not accurate enough considering costs for the
type of data under investigation, The analog scheme
outlined in Research Report No. 3 (3) was relatively
fast, accurate, and inexpensive,

Jet cs

The results for the fluid amplifier geometry
analyzed by the digital scheme tend to obscure some
basic phenomena, Also, the model was difficult to
probe and instrument, Attention was turned to the
simpler geometry represented by Fig, 30, The larger
nozzle (3 in, x 1 in,) mentioned in earlier reports
was now used and it was confined between two plates
in order to simulate fluid amplifier conditions. A
photograph of this model is shown in Fig, 31,
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A series of tests were run with this larger model, found to be present not predicted by expression (1),

varying H, Y, and Vg5, The geometry was made unsymmet- Further investigation brought out the fact that these
rical (solid lines) or symmetrical (dotted lines) as spikes were caused by dynamic interactions at the knife
shown in Fig, 30, Numerous spectra of the type shown edge explainable through the use of ideas developed by
in Fig. 32 were obtained., A number of spikes were Curle and Powell (39) (38) to discuss edgetones,
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Fig, 30 Geametry of Test Set-Up with Large Nozzle
for Study of Jet-Knife Edge Resonance Fig. 31 Large Test Model
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Fig, 37 Power Density Spectrum of Pressure Transducer Signal
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Fig, 33 schematically depicts a voriex model of
the jet and kn'fefedge configuration of the type found
in some amplifier designs, In addition to the alter-
nating right-hand and left-hand vortices formed in the
mixing regirn at the edges of the spreading jet (which
occur in a random way even when no knife edge is pre-
sent), there i1s a series of moving vortices of varying
strength formed just inside the knife edge due to a
"peeling off" of some of the varying lateral jet mo-
mentum by the knife edge. Consideration of the vortex
pattern shown along the jet and the "peel-back' vortex
formed by the knife edge inducing a transverse feed-
back flow near the nozzle, leads tc the following ex-
pression for predicting certain frequencies of jet-
knife edge resonance (edge normal wo jet):

£, = mf, where m = 3, 7, 11, 15, etc. (2)

and
V.
(]
f, = 1/2 —
d 4H

Vo ® nozzle exit plane velocity of jet

A corresponding simplified expression based on
References (39) and (38) for the more usual case (edge
parallel with jet) is:

£, = my where m = 1, 5, 9, 13, etc, (3)

Table 1 is a collecticn of some results obtained
from some of the extensive experiments with Fig. 30,
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Fig. 33 Jet-Knife Edge Vortex MModel

for "m" - 3 and 7. The knife edge vortex model
mentioneu previously is only rdther qualitative, and
efforts have been mids *. ‘evelop a more detailed ex-
planation based on an watical model growing out of

Column VI shows that there is a predominance of values Powell's work with jet edgetones (33),
TABLE 1
Table Summarizing Data From Large Nozzle
1 11 111 v v VI
| . . ]
v, i Major Spike| predicted |Explanation mf |
. . Frequencies J-KE
in./sec. in, .
cps Frequencies
100 105 J-KE Sfd
1l 1540 5:50 245 245 |J-KE ¢ Line| £,
130 126 J-KE Sfd
2 1850 5:50 280 294 J-KE + Line| 70
150 150 J-KE 3£y
3 3.50 290 350 J-KE + Line| 7f,
4 2620 5.50 175 180 J-KE de
150 153 J-KE 36y
5 1760 4,31
325 337 J-KE + Li £y
200 195 J-KE 3ty
6f 2240 4,31 165 155 J-KE 7%,
1 2730 4,69 20 il EERYEE
‘ 500 511 J-KE £,
300 252 J-KE + Line| Sfd
8 1630 2.4 425 420 J-KE Sfy
400 384 J-KE 3,
C
N B0 231 945 89  |J-KE + Li 7,
425 435 J-KE 34
1 2690 2,31 5f
780 725 J-KE d




Fig., 34 shows the results of a series of tests
conducted with the geometry of Fig. 30 where:

1. Geometry is made unsymmetrical -- solid
line plus circles

2, Geometry is made symmetrical -- dashed

line plus circles

3. Geometry is made unsymmetrical, control
port open -- dashed line plus stars

4, No knife edge geometry present but an
edge inserted at the same position down-
stream parallel to jet -- solid line plus
stars

With the edge parallel to jet, the frequency of
the spike chanpes to a value of 9 f3 as predicted by
expression (3).  Since the source of these oscil-
lations is almost certainly due to an edge tone type
feedback loop, the jet knife edge model has limita-
tions similar to those encountered by Powell. When
the geometry was made symmetrical, the amplitude of
the oscillations decreased, This result may be due
to a decrease in feedback flow due to an increase in
Smtry .

Further Crosscorrelation Results and Discussion

The waves in Fig. 35 were obtained with probes
in the jet when oscillations were present. The

22 H=4,09 f\
Iy

geometry was unsymmetrical as shown in Fig. 30, The
measurements were taken with an anemometer probe po-
sitioned 45 follows:

1, Halfway between *he knife adge and jet-
exit planes

a, At the centerline - B

b, In the mixing zone on the knife-
edge side - A

¢, In the mixing zone opposite the
knife edge side - C

Z. On the centerline of the jet parallel to
the edge - D

These velocity spectra were taken at the same
time as the pressure spectrum shown in Fig. 32, The
resonant peaks were only noticeable in the potential
core, In the mixing regions and further downstream
the inherent turbulent fluctuations of the flow smooth
out the spectrum and the resonance tends to lose its
identity, The receivers positioned downstream in the
typical cases investigated were then excited at their
resonant points by the fluctuating flow fields at
their entrances. This result confirms the zero cross-
correlation obtained digitally,

2 Unsymmetrical with

20 Vo = 2620 in./sec, 1 Control Port Open
. PN
1;— L= 9,5 in, s ~
[ ’*M Unsymmetrical with
12 P Controi Port Blocked
|t
10l P!
] : Symmetrical with
Sr | : Control Ports Blocked
6 | Knife Edge Parallel
oo T ! with Axis of Jet
S e ’°‘°’k’
§ -~
S 2L
0 K ; Iq
' \
f
-2- '° \\a
-4 £Q>( \
L - . N
-7 / \ ]
-6} * P / \
N 7 /
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-8l - ,
~ o - ”
"10 1 i Iy A i 1 - i A »
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Fig..34 Power Density Spectrum of Control Port Pressure
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Fig. 35 Power Density of Velocity Fluctuations at Various Positions

Once again using the large mcdel of Fig, 30,
the knife edge geometry was made symmetrical and
unsymmetrical with two blocked passages positioned
ten nozzle diameters downstream in order to stimu-
late receivers, When the receivers were of a size
corresponding to the nozzle area, pressure disturb-
arces measured at the blocked ends had spectra of
the form shown by Fig., 25. With passages of equal
lzngta the pressure fluttuations measured at the load
erd were uncorrelated with each other, With very
small area tubes of equal length inserted into the
flow field at the same points, the pressure fluctua-
tions measured at the blocked end exhibited appreci-
able correlation with each other only when the spac-
ing between the tubes was less than a nozzle diameter,
With a single receiver positioned on the centerline
of the jet, ten nozzle diameters downstream of the
nozzle the true RMS value of the pressure fluctua-
tions at the blocked end varied linearly with supply
pressure (see Fig, 36). Once again the spectrum cf
the velocity fluctuations at the entrance had a
spectrum indicated by Fig, 26, Fig, 37 is the ve-
locity spectrum at the entrance and Fig, 38 is the
pressure spectrum at the load end measured by means
of the electronic frequency analyzer. The pressure
spikes are given by Eq. (1) and the velocity spectrum
indicates an autocorrelation curve of the form shown
in Fig., 17 of Research Report No, 3.

The above results coufirm the validity of the
frequency given in Eq. (1), However, the actual
phenomenon is quite complicated, The passages are
being driven by the fluctuating flow field at their
entrance, Through application of the expressions
developed for aerodynamic sound generation, the
source terms can be given by a volume integral to-
gether with associated surface integrals, While
the expression is complex, experimental results sho.
that for the typical length to diameter ratios found
in fluid amplifier applications, higher modes can be

neglected, Also, experimental results and appli-
cation of backscattering techniques outlined in
References (40) and (41) indi.ate that this fluctua-
ting flow field will be a very slow impedance source
with respect to the characteristic impedance of the
passages, Driving the fluid lines with a source of
this type, with the load end blocked, Eq. (1) can be
redeveloped, The amplitude of these fluctuations is,
however, much more difficult to predict. The inter-
action of the flow field and geometry is complicated
and can be further complicated through feedback to the
nozzle, The only positive conclusion which can be
made now is that the pressure fluctuations are load

%
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Fig. 36 Pressure Fluctuation at Blocked End Versus
Supply Pressure -- Receiver Located 10,0 in,
from Nozzle on ¢
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sersitive, In particular, the RMS noise could be con-
trolled by adjusting the "Q" of the lines. Fig. 39
shows the result of an experiment with two different
size lines, The "' of one line was dccreased and a
corresponding decrease in RMS fluctuations was meas-
ured, Fesides some applications of transmission line
filtering, no further effort was expended in this di-
rection, This course of action was taken since the
data taken ulicated that pre.sure fluctuations whose
frequency is pruedictable by application of the princi-
nles leading to Eq. (1) and whose amplitude is load
sensitive, are generally small as compared to {iuctua-
tions that can be excited through jet oscillations,

In order to better understand how these oscillatinns
enter into fluid amplifier design, attention was then
centered on nozzle design and aspect ratio.

Work recently completed by R, Betto i and
A.K. Stiffler were additional incentives to investi-
gate this area. Stiffler's results show that iow as-
pect amplifiers can have very high gain, One of
Bettoli's findings was the existence of a separation
bubble present upstream of the nozzle exit point for
a certain nozzle-supply chamber design,

=12 b

n

10 Log10

I 0\
J \"=~

Data taken this far indicate that power jets
with fluctuations present in the core at the jet exit
plane are harder to excite into oscillation. Measure-
ments taken for different configurations confirm that
jets, whose core fluctuations with respect to fluctua-
tions at the jet boundary are smail, are excited more
easily and produce larger pressure fluctuations in
the control ports. Tnis appears to be associated with
the greater ability of the jet with a relatively quiet
core to take small disturbances near the nozzle and
to roll these disturbances up into downstream vortices,
However, low spatial resolution measurements made in
the power jet near the exit plane cf a medium-sized
rozzle (d = .375 in,) did not reveal any measurable
effect on the profile due to upstream conditioning
(as measured by the intensity of the core velocity
fluctuations), Only when profile measurements were
made downstream (at least 10 d), the jets with quieter
cores (i.e., larger control port oscillations with
knife edge present) were found to have apparently
spread more rapidly and to exhibit a wore gradual tran-
sition (lower peak slope) trom centerline velocity to

outside edge velocity, Figs. 4G and 41 are results of
experiments conducted with a model having an aspect
ratio of 5, In this series of experiments, the
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weometry and mean jet exit velocity were held con-
stant, The change sade was in  the supply chambeor
where for the curves indicated, additional stilling
of the flow was introduced, Further work 1n this
area is under w2y and near completion,

This work is partially supported by NASA
Grant SGR 3¢-004-025,
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For further information about the projects
mentioned in this 1eport or tne activities of the
Systems and Controls Laboratory. inquiries should be
addressed to: Director, Systems and Controls Labo-
ratory, 214 Mechanical Lagineering Building, Uni-
versity park, Pennsylvania (16802),
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