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NOMENCLATURE

flow passage width (see
flow passage width (see
flow passage width (see
normalized flow passage
normalized flow passage

normalized flow passage

supply nozzle aspect ratio (height to width)

bias vent width, in.

Figure 13), in.
Figure 16), in.
Figure 19), in.
width a (ac/bs)
width a_ (av/bs)

width a_ (aw/bs)

control nozzle width, in.

supply nozzle width, in.

NOR output vent width, in.

OR output vent width, in.

normalized bias vent width (bb/bs)

normalized control nozzle (bc/bs)

normalized NOR output vent width (bvllbs)

normalized OR output vent width (va/bS)

normalized bias vent width (bb/bs)

normalized control nozzle width (bclbs)

normalized NOR output vent width (bvl/bs)

normalized OR output vent width (bvz/bs)

67/90

control nozzle discharge coefficient

supply nozzle discharge

coefficient



splitter distance downstream of the supply nozzle exit, in.

attachment wall offset, in.

opposite wall offset, in.

splitter offset, in.

normalized splitter distance (ds/bs)
normalized attachment wall offset (dl/bs)
normalized opposiie wall offset (dZ/bs)
normalized splittgr offset (d3/bS)
distance (see Figure 11), in.

distance (see Figure 24), in.
normalized distance e (el/bs)
normalized distance e, (eZ/bs)

distance (see Figure 14), in. -
normalized distancé'g (g/bs)

control channel inertance (per unit depth), 1bf secz/in.

NOR output channel inertance (per unit depth), 1bf secz/in.4
OR output channel inertance (per unit depth), 1bf seczlin.4

‘dimensionless control channel inertance parameter

dimensionless NOR output channel inertance parameter
dimensionless OR output channel inertance parameter

supply jet momentum flux (per unit depth), 1bf/in.

momentum flux (per unit depth) of the induced flow from the

bias vent, 1bf/in.

momentum flux (per unit depth) proceeding downstream along

the wall (see Figure 18), 1bf/in.

momentum flux (per unit depth) of the combined (supply and

control) jet, 1bf/in.

momentum flux (per unit depth) separated by the splitter,
1bf/in.
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scale factor in the entrainment streamline path equation
normalized scale factor (k/bs)

minor loss coefficient

control channel 1ength, in.

NOR output channel length, in.

OR output channel length, in.

normalized control channel length (lclbs)

normalized NOR output channel length (Rollbs)

normalized OR output channel length (koz/bs)

control jet Reynolds number based on the control nozzle width
modified control jet Reynolds number defined in Equation (B.2)

supply jet Reynolds number based on the supply nozzle width

bias vent exit pressure, psig
pressure at section Zl (see Figure 12), psig

pressure at section 22 (see Figure 13), psig

dynamic pressure at the inlet of the NOR output channel, psig

dynamic pressure at the inlet of the OR output channel, psig

total pressure at the exit of NOR output channel, psig
total pressure at the exit of OR output channel, psig
static return pressufe (see Figure 4), psig

static switching pressure (see Figure 4), psig

total pressure at the inlet of the control channel, psig
separation bubble pressure, psig

average pressure in the unattached side of the jet, psig
average pressure in region 1 (see Figure 19), psig
average pressure in region 2 (see Figure 19), psig

pressure difference across the jet (p2 - pl), psig
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qe2

qe3

o4

qol

q02

out

normalized
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pressure p,

flow rate (per unit depth)

flow rate (per unit depth)

flow rate (per unit depth)

side of the jet, in.2/sec

volumetric

side of the jet (qe2 = 43 + qe4), in,

flow rate (per unit depth)

through the bias vent,

of control jet,

entrained by the convex

entrained by the convex
2/sec

volumetric flow rate (per unit depth) entrained from region 1
by the convex side of the jet (see Figure 10), in.2/sec

volumetric

by the convex side of the

volumetric

flow rate (per unit depth)

flow rate (per unit depth)

channel, in.“/sec
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through the NOR output
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volumetric flow rate
vent, in.2/sec

volumetric flow rate
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volumetric flow rate
width a_ (see Figure

normalized volumetric
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normalized volumetric
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geometric variable de

average radius of curvature of the jet centerline, in.
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curvature (r /b )
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14), in.
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variable defined by Equation (3.6b)
variable defined by Equation (3.45)
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CHAPTER 1
INTRODUCTION
1.1 Background

The utilization of fluidic technology in industrial, military, and
medical control systems has increased substantially in the last several
years [2] [11] [27].l The well-known advantages of fluidic devices are
insensitivity to hostile environments (e.g., high temperature, radiation
and vibration), simplicity, ruggedness, reliability, and low maintenance
cost.

Digital fluidic devices or '"fluid amplifiers" which utilize the
"wéll-attachment"vphenomenon (called "wall-attachment fluid amplifiers'")
are used to implement logic circuits for a broad range of applications.
As the application of digital fluid amplifiers in circuits requiring fast

operating speed has increased, it has become essential to consider the

dynamic behavior of the fluid amplifiers and connecting transmission
lines in the course of system design. The switching times2 of digital
fluid amplifiers often govern the operating speed of the associated logic
system.

The operation of a wall-attachment fluid amplifier is based on the
fluid flow phenomenon known as the '"Coanda effect'" or the "wall-
attachment effect.'" A simple explanation of the Coanda effect is as
follows: Consider a two-dimensional, turbulent jet emerging from a

nozzle into a region between two adjacent walls (see Figure la). Because

1



Reglon 2

Wall 2
2.
——-'—.I‘ Ay <A,
P;= P,
A
Wall 1

Region 1

(a) Jet in the Initial (Hypothetical) Central Position

AL« A

1772
Py < Py
> - - % Jet Centerline
1
egion 1 Wall 1
(b) Jet Deflected Toward Wall 1
auT A
P& Py
—— -
—_T—d. Mx\y Jet Centerline
Wall 1

Separation Bubble
(c) Jet Attached to Wall 1

Figure 1. 1Illustration of the Coanda Effect



of the turbulent shearing action, the jet entrains fluid from the sur-
rounding regions [31]. If offset dl of wall 1 is smaller than offset d2

of wall 2, the spacing A, between wall 1 and the jet edge is smaller than

1

the spacing A, between wall 2 and the jet edge (see Figure 1(a)). Since

2
the jet entrains the same amount of fluid from region 1 and from region 2
(Figure 1(a)), the average static pressure in region 1 becomes less than
that in region 2 to satisfy the jet entrainment. The'resulting static
pressure difference (p2 - pl) causes the jet to deflect toward wall 1
(see Figure 1(b)), which results in an even further increase in the pres-
sure difference. The only "stable'" position for the jet is attachment to
wéll 1; a low pressure cavity or bubble (called the separation bubble) is
formed as shown in Figure 1(c). A state of equilibrium is reached when
the mass flow rate of fluid returned to the bubble is equal to the mass
flow rate of fluid entrained from it.

Simplified representations of wall-attachment fluid amplifiers are
shown in Figures 2 and 3. If the geometry of the wall-attachment ampli-
fier is symmetric (Figure 2), the supply jet attaches to either one of
the two walls due to the Coanda effect. This kind of wall-attachment
amplifier is calléd a bistable fluid amplifier. A typical static switch-
ing characteristic of a bistable amplifier.is shown in Figure 4(a). If
the jet is initially attached to wall 1, the total pressure at output
port 1 (pol) is maximum and the total pressure at output port 2 (poz) is
minimum. The jet will switch to wall 2 and pressure Py will be maximum
and pressure Po1 minimum if a control signal‘is applied at control port 1
which is equal to or greater than p_. The jet will remain attached to
wall 2 even if the control signal at port 1 is removed. Switching of the

jet from wall 2 to wall 1 requires the applicatiom of a positive pressure



Output Vent Port 2

Control
Port 2 '
Wall 2 :
Output Port 2
Port Splitter
/- _ Output Port 1
/
Control  /aill « /777*777h77~
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Output Vent Port 1
Figure 2. Simplified Representation of a Bistable
Fluid Amplifier ‘
OR Output Vent Port
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d T
) -~
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Figure 3. Simplified Representation of a Monostable
Fluid Amplifier



Total Pressure
at Output Port 2

P02 ‘
max R
| § A
min . -
P. 0 Py
Control Pressure P
(a) Typical Static Switching Characteristic of
a Bistable Fluid Amplifier
Total Pressure
at OR CQutput
Poz ‘
max — P
Y
min . S o
0 Pr Ps

Control Pressure P,

(b) Typical Static Switching Characteristic of
a Monostable Fluid Amplifier .

Figure 4. Typical Static Switching Characteristics
of Wall-Attachment Amplifiers



signal at control port 2 which is equal to or greater than P in magni-
tude, or the application of a negative pressure signal at control port 1
equal to or less than P

If the geometry of the wall-attachment amplifier is asymmetric

(e.g., dl < d2, bc <b,, 0, < a,, and d3 # 0.in Figure 3), the supply

b’ 1 2

jet tends to attach to the "attachment wall" in the absence of a control
signal. This kind of wall-attachment amplifier is called a monostable
fluid amplifier. A typical static switching characteristic of a mono-
stable amplifier is shown in Figure 4(b). The jet is initially attached
to the "attachment wall" and the total pressure at NOR output port (pol)
is maximum, while the total pressure at OR output port (p02) is minimum.
The jet will switch to the "opposite wall" and pressure P2 will be maxi-
mum and pressure Po1 minimum, if a control signal is applied which is
equal tp or greater than P_. If this control signal is then reduced to
a level equal to or less than P> the jet will switch back to the
"attachment wall."

Output vents (see Figures 2 and 3) are provided in wall-attachment
amplifiers to avoid false switching due to a partial or complete block-
age of an output port.

The monostable amplifier is logically an OR/NOR device. It is a
fundamental building block of any logic circuit, since all other logic
functions (e.g., AND, NAND, FLIP-FLOP, etc.) can be generated by circuits
containing dnly OR/NOR elements. Nevertheless, no analytical studies and

only a few experimental studies have been done on the switching dynamics

of monostable fluid amplifiers, while there have been a large number of
analytical and experimental studies on the switching dynamics of bistable

fluid amplifiers.



It is known that a monostable fluid amplifier can be derived from a
bistable amplifier by minor geometric changes in the design. For example,
a bistable fluid amplifier can be made monostable by the following geo-
metric change(s) in the design (see Figure 3):

1. by making opposite wall offset d, greater than attachment wall

2

offset dl, or

2. by making bias vent width b, greater than control nozzle width

b
bc’ or

3. by making opposite wall angle o, greater than attachment wall

2

angle a.,, or

1

4., by combinations of the above changes.

But, how the above changes affect switching and return time33 and static
characteristics (e.g., static switching and return pressures, pressure
and flow gains, etc.) of a monostable fluid amplifier is not well under-
stood. For 1ack of an analytical model, monostable fluid amplifier de-
signs have been based primarily on trial-and-error procedures, with
design guides provided by experiments and very limited theories such as
a wall-attachment theory. The need for additional design information
was also suggested by Foster and Parker [22]. .

The switching times of digital fluid amplifiers are known to be
dependent on the control input pulse characteristics (i.e., input pulse
shape and magnitude). A pulse signal transmitted from the output of a
fluidic sensor or amplifier to the control input of a wall-attachment
fluid amplifier through a connecting transmission line usually experi-
ences a certain amount of pure time delay, attenuation and dispersion.
The change in pulse shape depends on the signal pressure level, the input

characteristic of the driven amplifier, and the geometry of the conmnecting



transmission line. Moreover, an input vent port (see Figure 5) provided
for control input signal isolation in a wall-attachment amplifier may re-
sult in significant input pulse signal attenuation and aispersion.

Figures 6 and 7 show the effects of a connecting transmission line
on the switching and return times of the monostable fluid amplifier used
in the present study. A solid line in the output velocity trace indi-
cates the measured result; a dashed line indicates th; actual magnitude
and sign of the velocity where there is a flow reversal. That is, the
hot-wire probe used in the measurements is not directional sensitive. A
42 foot long (1/4 inch inside diameter and 3/8 inch outside diameter)
fiexible plastic tubing served as a connecting transmission line between
the control pressure source and the control chamber of the test amplifier
for the measurements in Figures 6(b) and 7(b). '"Step-like'" pressure
pulses were generated at the control port of the amplifier (Figures 6(a)
and 7(a)) and at the inlet of the transmission line (Figures 6(b) and
7(b) by means of a solenoid valve connected to a constant-pressure source.
When the transmission line was connected to the control part of the ampli-
fier, the magnitude of the pressure pulse at the control port was kept
the same as that without a transmission line by adjusting the magnitude
of the pressure pulse at the inlet of the transmission line.

The transmission line caused the pure time delay t, and long rise

L
4 . ‘s .

time of the control input pressure to the amplifier. Due to the in-

creased rise time in the control input pressure to the amplifier, the

switching time5 of the amplifier with the transmission line was approxi-

mately five times longer than that of the amplifier without the trans-

mission line (see Figures 6(a) and 6(b)). The transmission line caused
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a similar effect on the return time of the amplifier (see Figures 7(a)
and 7(b)).

These undesirable signal delays due to the pure time delay and the
increase in the switching or refurn time are principal causes of hazards6
in fluidic circuits. Hazards can result in serious malfunction of the
circuit. However, no techniques for the analytical prediction of the
effects of the control input pulse characteristics on the switching and

return times are available in the open literature.
1.2 Objectives of Study

Three principal objectives were established for this study:

1. to develop an analytical dynamic model for a monostable fluid
“amplifier ﬁhich can be used to predict the switching time, the return
time, and the transient response of the amplifier to any time-varying
controi input signal,

2. to conduct experiments to validate the analytical model, and

3. to conduct an experimental and analytical investigation of the
effects of geometric variations on the switching and return times of a
monostable fluid amplifier.

The scope of this study was limited to a monostable fluid amplifier
with (1) a single control input, (2) straight walls, and (3) a "sharp"
splitter (see Figure 3); operation was limited to the turbulent flow
regime. Commercial monostable fluid amplifiers normally have two or
more control inputs. However, the multiple inputs are combined external
to the basic monostable element and introduced through a single control
port; an input vent port is provided for decoupling input signals (see

Figure 5).
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The geometric variations considered were limited to the following
parameters: attachment wall offset, opposite wall offset and angle,

splitter distance and offset, and bias vent width (see Figure 3).
1.3 Thesis Outline

A summary of the literature reviewed for this study is presented
in Chapter II. An analytical steady-state jet reattaéhment model (with
control flow) is developed in the first part of Chapter III. An analy-
tical dynamic model is developed in the second part of Chapter III, based
on the steady-state jet reattachment model and additional reasoning re-
1éted to dynamic processes within a monostable fluid amplifier.

The experimental apparatus and procedure used to measure the switch-
ing and return times and the output transient response of a monostable
fluid amplifier are discussed in Chapter IV.

Analytical predictions are compared with measurements in Chapter V
to validate the analytical models (steady-state jet reattachment model
and dynamic model). Also presented in Chapter V are the results of ex-
perimental and analytical investigations of the effects of geometric
variations on the switching and return times of the monostable fluid
amplifier. Chapter VI includes a summary, important conclusions and

recommendations for future study.



ENDNOTES

lNumbers in brackets designate references in the Bibliography.

2Switching time is defined as the time elapsed from the instant the
control input signal is applied to the control port (see Figures 2 and 3)
until the associated output pressure (or flow rate) reaches 95 percent of
its final value.

3Switching times in the monostable amplifier consist of the switch-
ing time from the NOR to OR output and the switching time from the OR to
NOR output (see Figure 3). In this study the former is called "switching
time" and the latter "return time." The return time is defined in a man-
ner similar to that of the switching time.

4The rise (or decay) time is defined as the time elapsed from the
first discernible change in the control input pressure (within 5 percent)
until the pressure reaches 5 percent of its final value. The control in-
put pressure was slightly increased after the jet switched to the oppo-
site wall. Therefore, the steady-state value of the control input
pressure just before switching was taken as the final value.

5The switching (or return) time is defined in this measurement as
the time elapsed from the first discernible change in the control input
pressure (within 5 percent) until the associated output velocity reaches
95 percent of its final value.

The various types of hazards in fluidic circuits are discussed by
Parker and Jones [49].

14



CHAPTER II
LITERATURE SURVEY

Dynamic analysis of a monostable fluid amplifier requires an under-
standing of both steady-state jet reattachment phenomena and dynamic flow
processes inside the wall-attachment device. Previous work on these two
topics is surveyed in this chapter.

In brief, a survey of the literature reveals the following:

1. No analytical studies on the dynamic behavior of a monostable
fluid amplifier have been reported in the open literature.

2. Although extensive analyfical and experimental work has been
done on the basic jet reattachment phenomena in wall-attachment devices,
no analytical model has been successful in accurately predicting the
position of the jet reattachment in the presence of control flow.

3. No comprehensive experimental results have been reported in
the open literature concerning the effects of the geometric variations

on the switching and return times of a monostable fluid amplifier.
2.1 Jet Reattachment Analysis

Studies on jet reattachment have been conducted for cases with and

without a control port (see Figures 2 and 9).

2.1.1 Jet Reattachment With No Control Port

Early jet reattachment analyses were directed towards defining the

15
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position of reattachment of a two-dimensional, incompressible, turbulent
jet on an adjacent flat wall without a control port. Bourque and Newman
[5] extended Dodd's analysis [13] and for the first time developed a
model to predict the position of reattachment of the jet for the follow-
ing two geometries:

1. A wall parallel to but offset from the nozzle centerline
(Figure 8(a)).

2. A wall inclined with respect to the nozzle centerline, but with
no offset (Figure 8(b)).

The agreement between predictions and experimental data was satisfactory
for the first geometry (Figure 8(a)), but poor for the second geometry
(Figure 8(b)).

Sawyer [57] developed a jet reattachment model for the above two
geometries (Figure 8) by taking into account different rates of entrain-
ment along the two edges of the curved jet and introducing other refine-
ments at the cost of more complex calculations. His analytical
predictions showed good agreement with experimental data in both cases.

Levin and Manion [34] extended the study of Bourque and Newman [5]
to the more general case of a flat wall that is both offset and inclined.
However, in order to match analytical predictions with experimental data,
it was necessary to use different values of Goertier's jet spread para-
meter ¢ for different geometries [31].

Using a nonconstant curvature for the path of the reattachment
streamline (see Figure 9), Bourque [6] developed a model which is capable
of predicting the reattachment position for any offset and any inclina-
tion angle of the wall. The agreement between analytical predictions and

other investigators' experimental data was reasonably good over a large
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range of wall offsets and angles, using a constant value of the jet spread
parameter (i.e., o = 10.5).

McRee and Moses [37] studied the effect of supply nozzle aspect ratio
(height to width) on the jet reattachment position with an offset parallel
wall (Figure 8(a)). Their data indicated that the reattachment distance
increased as the aspect ratio is decreased. But, at small values of off-
set and at Reynolds numbersl which are of practical iﬁterest in fluid
amplifiers, increasing the aspect ratio above two had negligible effect
on reattachment distance. In experiments with symmetrically offset paral-
lel walls (for d/bS =4, ReS = 13,000), Perry [51] observed that the re-
aftachment distance is unaffected by the aspect ratio for ratios between
1 and 100. The aspect ratio of the test amplifier used in this study was

chosen based on McRee and Moses' study [37].

2.1.2 Jet Reattachment With Control Port

Brown [9] édapted the Bourque and Newman model [5] to include the
effect of control flow on the jet reattachment to the parallel offset
wall. However, Brown considered only the parallel control flow (i.e.,
the control flow parallel to the supply flow).

Sher [59] first included the effects of the interaction of the sup-
ply jet with a perpendicularly-oriented control jet in a jet reattachment
model based on the Bourque and Newman model [5]. In order to obtain rea-
sonable agreement with experimental data, however, Sher had to use an
unusually low value of the jet spread parameter, i.e., 0 = 4.

J. N. Wilson [68] and M. P. Wilson [69] also included the effect of

supply and control jet interaction in a reattachment model based on the
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Bourque and Newman model [5]. Neither of their models was in good agree-
ment with experimental data.

Using a modified Goertler's freevjet model (including a potential
core and nonsymmetric velocity pfofile), Kimura and Mitsuoka [30] devel-
oped a complex model where two different mechanisms of reattachment were
taken into account: (1) reattachment in the zone of established flow,
and (2) reattachment in the zone of flow establishment. 1In spite of its
complexity, the model was not in good agreement with experimental data.
Moreover, it was necessary to use different values of the jet spread
parameter 0 for different geometries. However, their experimental data
[30] are believed to be the best in thoroughness among that available
in the open literature. Therefore, their experimental data are used in
this thesis for the validation of the analytical steady-state jet re-
attachment model.

Epstein [19] developed a jet reattachment model based on Bourque's
model [6]. Since he did not provide actual computed results, his model
was solved numerically by the author. The computed results were compared
with the experimental data of Kimura and Mitsuoka [30]; the agreement was
poor for all possible values of the jet spread parameter (see Figures 30
and 31 in Chapter V). This poor agreement is believed due to his weak

assumption that the control and supply jets form a combined jet emerging

" the center of which is at the intersection

from a "hypothetical nozzle,
of the centerlines of the supply and control nozzles. By his assumption,

for one example, the width of the combined jet is more than two times

that of the supply jet at the exit of the "hypothetical nozzle" when the
control flow rate is 0.48qs. Evidence from flow visualization and velo-

city field studies [14, 26] indicates that Epstein's assumption is
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unreasonable. In this thesis, Epstein's "hypothetical nozzle' concept
with modification (i.e., the deflected supply jet emerges from the "hypo-
thetical nozzle" without mixing with the control jet) is used in the
development of an improved steady-state jet reattachment model. Certain
geometric relations used in Epstein's model are also utilized in this
thesis (see Chapter III for more details).

Olson and Stoeffler [45] and Brown and Belen [8]'have developed
semi-empirical models to predict the effect of control flow on the re-
attachment location. Experimental studies in this area have been done
by Foster and Jones [21], Olsen and Chin [43], and Wada and Shimizu [62].

In summary, no analytical model has been successful in accurateiy
predicting the position of the jet reattachment in the presence of con-
trol flow. An improved steady-state jet reattachment model is developed
in this thesis based on a modification of Bourque's model [6] to include

the effect of control flow and the opposite wall.
2.2 Switching Analysis

2.2.1 Switching Analysis of the Bistable

Amplifier

Due to the complexity of the fluid dynamic phenomena involved in
the transient switching process, and the many geometric and fluid flow
parameters affecting the switching, most of the early work in this area
has been experimental.

Warren [32, 64] made qualitative experimental observations concern-

R

ing the effects of changing parameters on the characteristics of the bi-

stable amplifier, and classified the switching processes into three types



22

as follows: (1) "terminated-wall" (or "end-wall'), (2) "contacting-both-
walls" (or "opposite-wall"), and (3)."splitter switching." Comparin

et al. [10] first measured the switching time by using a high speed motion
picture camera. Keto [29] and Sarpkaya [54] conducted qualitative studies
on the transient switching behavior of the bistable amplifier. Savkar

et al. [55] studied the effect of varying geometric parameters on the
switching times of a large scale test model of a bistable amplifier; but,
these data are not of value in the present study, since the geometry of
the model was somewhat different than that of the typical bistable ampli-
fier,

Semi-empirical models for the separation time2 of a jet in a single-
wall amplifier were developed by Johnston [28], Muller [41, 42], Olson
and Stoeffler [44], and J. N. Wilson [68].

Lush [35, 36] first developed a theoretical model to predict switch-
ing times for "end-wall type switching" in a bistable amplifier, which is
based on the work done by Sawyer [56, 57] and Bourque and Newman [5]. His
theoretically predicted switching times were about one-half the measured
values. However, his thorough experimental investigation of the switching
mechanism in a large-scale model provides a good qualitative description
of the physical flow phenomena involved in the transient switching process
of a monostable fluid amplifier. Lush's [36] experimental data on the jet
deflection angle are the only comprehehsive data reported in the open
literature for the wall-attachment amplifier; therefore, his data are used
in this thesis for comparison with analytically predicted jet deflection
angles. Also, his experimental data [36] on the switching time of a bi-
stable fluid amplifier are used in this thesis for the validation of the

analytical dynamic model of a monostable fluid amplifier.
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Epstein [19] also developed a theoretical model for the "end-wall
type switching" process, which is based on Bourque's theory [6]. Employ-
ing an unusually large value of the jet spread parameter (¢ = 31.5),
Epstein obtained good agreement with Lush's experimental data [35, 36].
As remarked by Epstein [19], however, the most serious limitation of his
theory is the dependence on experiment for a determination of ¢ for each
geometrical condition of interest. As mentioned in section 2.1.2, his
"hypothetical nozzle" concept with modification and certain geometric
relations used in his model are utilized in this thesis in the dynamic
modeling of a monostable fluid amplifier, too.

Ozgu and Stenning [46, 47] conducted a theoretical study on the
"opposite-wall type switching" process using Simson's jet profile [60].
By including unsteady flow effects at the reattachment point on the flow
rate balance in the separation bubble, they obtained good agreement with
experimental data. Even though Simson's jet profile fits the measured
velocity profile data better than Goertler's jet profile [31, 58], espe-
cially in the zone of flow establishment, Ozgu and Stenning obtained
quite similar results for the switching time when they used Goertler's
profile instead of Simson's profile. Since a monostable fluid amplifier
usually has a realtively large opposite wall offset, their model [46]
cannot be applicable to the dynamic modeling of the monostable amplifier.
However, their study [46, 47] provides justification for using Goertler's
profile in the dynamic modeling of a monostable amplifier.

Williams and Colborne [67] analyzed the splitter switching process
using Simson's profile. They considered only a sharp splitter in the

model.
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A common limitation of the four analytical models mentioned above
(Lush, Epstein, Ozgu and Stenning, Williams and Colborne) is that the
models are applicable only to compute the switching time of the bistable
amplifier for a given "step—type; control input signal. Moreover, only
one of the three possible switching processes t32, 641 was considered in
each model. TIn an actual device, however, more than one type of switch-
ing process could be present, simultaneously. In this thesis, an analy-
tical dynamic model is developed for a monostable fluid amplifier, which
includes all three types of switching processes implicitly and considers
a time-varying control input signal. Therefore, the four models mentioned
above cannot be directly used in this thesis.

Goto and Drzewiecki [23] developed a dynamic model of the bistable
amplifier which allowed consideration of time-varying control input sig-
nals. They treated each channel (control, output vent, and output chan-
nels) as lumped-parameter lines and also included the effect of the
momentum '"'peeling off" from the jet by the splitter in their model, which
is based on the Bourque and Newman model [5]. Goto and Drzewiecki's
model was not in good agreement with the experimental data, especially
for cases where the "inactive control"3 port was open to ambient pres-
sure. However, Goto and Drzewiecki's treatment of the output channel in-
ertia and splitter effects and certain numerical computation procedures
used for their analytical predictions can be used in the present.study

(see Chapter III for more details).

2.2.2 Switching Analysis of the Monostable

Amplifier ;

A difference between the switching time from the NOR to OR output
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and the switching time from the OR to NOR output4 in the monostable
amplifier was first observed by Steptoe [61].

Foster and Carley [20] conducted an experimental study of the
effects of supply pressure, cont~rolvflow,5 the rise and decay times of
the control flow pulse and output loading on the switching times for a
particular monostable and a particular bistable fluid amplifier. How-
ever, the data presented by Foster and Carley are of qualitative interest
only and cannot be used in the present study for comparison, since no in-
formation about the dimensions of the amplifiers were reported.

Ozgu and Stenning [48] conducted a limited experimental study of the
effects of geometric variations (opposite-wall offset, splitter offset,
and attachment wall shape only), supply pressure, control flow, and output
loading on the switching and return times of the monostable amplifier,

using a special design large-scale test model. Since the geometry of the

test model used in their study is quite different from that of the typical
monostable fluid amplifier (i.e., no bias vent and no output vent were
provided in the opposite wall, and the attachment wall offset was slightly
negative6), the data presented by Ozgu and Stenning are of qualitative

interest only and not used in the present study for comparison.



ENDNOTES

lBased on the nozzle width: Res = Usbs/v.

2The separation time is defined as the time elapsed from the moment
when control input is applied until the jet is released from the wall.

3Control port 2 was called an "inactive control" port by Goto and
Drzewiecki [23] when a control input signal is applied to control port 1
(see Figure 2).

4'I‘he switching time from the NOR to OR output and the switching time
from the OR to NOR output were called "switch on delay" and "switch off
delay," respectively, by Steptoe [61].

Some investigators, including the author, use control pressure as
the independent variable rather than control flow.

6The attachment wall offset is defined, in this study, as the dis-

tance d, shown in Figure 11. With this definition, the attachment wall
offset of the test model used by Ozgu and Stenning [48] was dl==—0.143bs.
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CHAPTER III
ANATYTICAL MODELS

This chapter presents the development of an analytical model which
predicts the steady-state jet reattachment position of a two-dimensional
turbulent jet to an offset, inclined wall in the presence of control
flow. Bourqﬁe's jet reattachment model [6] is used with necessary modi-
fications to include the effects of control flow and the opposite wall.

This chapter also presents the development of an analytical dynamic
model which predicts the switching time, the return time, and the transi-
ent response of a monostable fluid amplifier to any time-varying input
signal. The steady-state jet reattachment model developed in the first
part of this chapter is extended to include dynamic flow processes in-
side the monostable filuid amplifier.

All variables in capital letters are dimensionless. Variables with
the dimension of length are normalized with respect to supply nozzle
width bs' Variables with the dimensions of area and volume are normal-
ized with respect to bS and bi, respectively, since these variables are
defined per unit depth in the present model. Pressures are normalized
with respect to supply jet dynamic pressure %-pUi, and flow rates are
normalized with respect to the supply flow rate per unit depth qg

Times are normalized with respect to the transport time tt = bS/US,

i.e., the time required a fluid particle moving at the supply nozzle

27



28

exit velocity Us (continuity averaged) to travel a distance of one sup-

ply nozzle width.
3.1 Steady-State Jet Reattachment Model

3.1.1 Assumptions

The following assumptions are made for the mathematical formulation
of the steady—state reattachment model:

1. The jet flow is everywhere two-dimensional and incompressible.

2. Momentum interaction between the control and supply jets takes
place in control volume 1 shown in Figure 10; consequently, the supply
jet is deflected (angle B with respect to supply nozzle centerline).
It is assumed that the deflected jet emerges from a "hypothetical noz-
zle" of width bs, the exit of which is located at line KIK; in Figure
10.1

3. The velocity profiles at the exits of the'control, supply and
hypothetical nozzles are uniform.

4. The supply jet velocity profile is describable by Goertler's

turbulent-jet profile [31] and is not affected by the presence of the

attachment wall. That is,

1.

1 330 .° 2 oy
u=73 [ G+ So)] sech (S T So) (3.1)

where J is the momentum flux per unit depth (J'prSUz), s, is the dis-
tance from the "hypothetical nozzle'" exit to the "virtual origin" of
the jet, and ¢ is the jet spread parameter.

5. The static pressure and wall-shear forces acting on control

volume 2 in the vicinity of the reattachment point (Figure 10) are
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negligible compared to the momentum flux of the jet. That is, in the
vicinity of the reattachment point, momentum is conserved.
. .2
6. The path of the entrainment streamline” can be represented by

the equation
. 8 '
r = k sin CE) (3.2)

where k is a scale factor, 6 is defined in Figure 11, and c¢ = (For

67
90 *
derivation of this equation, see Reference [6].)

7. TFlow entrainment by the concave side of the jet ceases where
the extended entrainment streamline intersects the wall (i.e., at point
E in Figure 10).

8. The distance measured along the entrainment streamline is
approximately equal to the distance measured along the jet centerline.
That is, s = s_. where s = &ﬁi and s, = Aﬁﬁ (see Figure 10).3

e £ e 1 f o

9. The angle included between the extended jet centerline and the
wall is approximately the same as the one included between the extended
entrainment streamline and the wall (y in Figure 10).

10. The rate of fluid entrainment is the same on both sides of the
jet.4

11. The supply and control jets retain their identity (i.e., there
is no mixing of the jets) within control volume 1 in Figure 10.5

12. The net pressure force actiﬁg in the longitudinal direction
(i.e., parallel to the supply nozzle centerline) on control volume 1 in
Figure 10 is negligible compared to the supply jet dynamic pressure.

13. The effect of the bias vent flow momentum flux on the jet de-

flection is negligible; the bias vent flow is "maturally" induced by the

low pressure in the region between the jet edge and the opposite wall.
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Assumptions 1, 3-5, 8-10, and 12 are either identical to or consistent
with those made by Bourque [6] and Epstein [19].

The major differences bétweenmthe present model and Epstein's
steady-state reattachment model are: (1) in the width of the hypotheti-
cal nozzle, (2) in the definition of the separation bubble boundary, and
(3) in the calculation of the jet deflection angle.6

Based on the assumptions mentioned above, the séeady—state jet re-
attachment model is formulated as follows:

1. Basic equations (continuity, momentum, jet deflection) and geo-
metric relations are written.

2. Each equation is normalized with respect to the associated
variables.

3. A numerical computation procedure is established for the solu-

tion of the set of normalized equatiocns.

3.1.2 Continuity Equation

The separation bubble is defined as the cavity enclosed between the

N

entrainment streamline AlE’ attachment wall and lines EE; Eﬁ; and HAl
(see Figure 10). The flow balance in the separation bubble in the
steady state is

0= 9% T Y%But (3.3)
and

Qout =~ Ye1 7 Y (3.33)

where 91 is the flow rate entrained by the concave side of the jet.

Equations (3.3) and (3.3a), when combined and normalized, yield
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Q =Q, - Q (3.4)

where Q_ =q_ /q_; Q; =d,/d.3 Q. =g /q -
Referring to Figure 10 and assumptions 4, 7 and 8, the entrained

flow rate (per unit depth) can be written as

q
= [® __S
Qe1 © fo u dy 5=s 2 . (3.5)
h = = A F (Fi 10
where s_ = s. = A (Figure ).

Equations (3.1) and (3;5), when combined and normalized, yield

/s
=izl-(1+—3—1) (3.5a)

S
o

Qel

where S Zs /b 3 S =s /b =c5/3.7
e e s’ o "o s
Referring to Figure 10 and assumptions 4 and 8, the return flow
rate (per unit depth) can be written as

qr = fyr u dy S=Se ' (3.6)

where v, is the value of y corresponding to the location of the re-
attachment point (see Figure 10). Equations (3.1) and (3.6), when com-

bined and normalized, yield

S

-1 € (1 -
where
oYr
Tr = tanh (—S—‘_*T) (3.6b)
e o
y
=_r
Yr - b .



34

Equations (3.4), (3.5a), and (3.6a), when combined, yield the steady-

state relation,

/s
Q =7 @ A+2-1). (3.7)

(e}

3.1.3 Momentum Equation at Reattachment

Referring to Figure 10 and assumptions 4, 5, 8, and 9, the follow-
ing momentum equation can be written for control volume 2 in the vicin-

ity of the reattachment point [6]:

J cosy= Jd - Ju (3.8)

or

Yr 2 o 2
Jcosy= {p f udy - p f u'dy| _ (3.8a)
e OO yr S._.Se

Equations (3.1) and (3.8a), when combined, yield

-3, _1.3
cosy = 3 Tr 5 Tr' (3.9)
Solving for Tr gives
T_ =2 cos (1;’—1) (3.10)

where 0 < vy < %u

3.1.4 Jet Deflection

Referring to Figure 10 and assumptions 2, 3, and 11-13, the momen-

tum equation in the longitudinal direction for control volume 1 is
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T s
i
o

g+ Jc) cosB-p (3.11)

0

where J and Jc are momentum flux of the supply and control jets, respec-
tively. The momentum equation in the transverse direction (i.e., per-

pendicular to the supply nozzle centerline) is

0N

(3.12)

c"l.-n

(pc - p2) bc = (J + Jc) sin B - p

(¢}

where P. is the control nozzle exit pressure, and 1% is the unattached-

side pressure. Equations (3.11) and (3.12), when combined, yield

' 2
- +
(pc p2) bC oqc/bC

B = tan = [ 5 1 (3.13)
/b
Dqs s
and when normalized,
, 2
= -1 .1 _ <
B = tan [2 (Pc PZ)BC + BC] (3.13a)
R N N R S
where Pc..pc/2 pUs, P2._p2/2 pUS, Bc..bc/bs.

The control nozzle exit pressure P, can be obtained by writing an

energy equation between sections Z1 and 22 in Figure 12. Losses due to

an abrupt change in the direction of the control flow are accounted for
through use of a minor loss coefficient KL’ i.e.,

2 2 2
1 ey 1 e 1 e
p.*+5 p(bc) =Py T3 p(ac) + K [2 p(bc) ] (3.14)

cb

where a, is the area (per unit depth) of the control flow passage (sec-—

tion Z2 in Figure 12). Here, Pep = (pl + p2)/2 is assumed based on

pressure distribution measurements along the attachment wall [63]. This
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assumption was also used by Goto and Drzewiecki [23] without justifica-

tion. Equation (3.14), when normalized and rearranged, yields

a

-1
) 2 1 &
Po=P +Q 5+t (3.14a)
AL B

1 2 .
where Pcb"pcb/ pUS, Ac..ac/bs. If Ac z_BC, then the term Ac in Equa-

tion (3.14a) must be replaced by BC, since the control jet retains its

width BC within control volume 1. Then,

Q o2
- _C
Pc = Pcb + KL (Bc) . (3.14b)
From Figure 13,
A =1 B sin B + (D, + l-+ B tan a.) cos B - 1 (3.15)
c 2 ¢ 1 2 c 1 2 :

where D, =d./b .
1 1/ s
Various investigators have used Euler's equation written in the

direction (y) normal to the jet centerline to calculate the pressure

difference Ap across the jet [19, 23, 36, 39, 57, 62]. Referring to

Figure 12,
q 2
oy rC bS
p q2
~ s
e =Ty
S
or

~ P
Ap = Pp =P 7 r,

where 12 is the average pressure in the sepération bubble, P, is the

average pressure in region 2 shown in Figure 12 (called the unattached-



(dl+0. 5b_+b tan o)

NSNS SN N \l

Figure 13.

Control Flow Passage Width

38

oy



39

side pressure), J is the momentum flux of the supply jet, and r, is the
average radius of curvature of the jet centerline. Equation (3.16),

when normalized, yields
P, 2P - ' 3.16
1~ "2 "R | (3.162)

2

where P S;

- 1 -
l"Pl/Z PU Rc"rc/bs'
The steady-state flow rate balance for the control volume desig-

nated as region 2 in Figure 12 is

2q = (q + 9,5 =~ q.5) = q,y =0 (3.17)

The flow rates into the region (qb, Uy qoZ) can be evaluated based on

the average pressure in the region Py That is,

"2P
A (3.17a)

7% " o
-2p
- 2
qu = bv2 5 (3.17b)
~2p
= - _"2
A9 = "V, 5 (3.17¢)

Here, it is assumed that the discharge coefficients for Equations
(3.17a) through (3.17¢) are all equal to unity and that the ambient
pressure is zero and the OR output channel is open to the ambient. The
flow rate Qg is entrained by the convex side of the jet. That is,

q

a,= [Tuay| -2 (3.174)
S

Equations (3.1) and (3.17) through (3.17d), when normalized and com-

bined, yield
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2
P, = - [ le2 ] (3.18)
2 By + B, W,
where
q S
=€ _ 1 /f,._8_
Qe2—q —2(1+S 1,
S (o]

and Bb Ebb/bs; BV

valid for the case with the splitter. If the splitter is removed, there

2Ebvz/bs; Woszoz/bs; Ss Ess/bs. Equation (3.18) is

is less blockage of the flow into the region between the opposite wall

and the jet edge. Therefore, it is reasonable to assume that P2 = 0.

3.1.5 Geometric Relations

Referring to Figure 11, the following geometric relations can be

written in normalized form:

Re = K sin (%—3—) (3.2a)
al+y=ce+ee—8 | (3.19)
El = Dl + Xl sinal + % (1 - cosB) (3.20)
or

E1 = Re sin (ee -8B - ozl) seca, (3.21)
X, = 1 (B + sinB) seco (3.22)
1 2 "¢ 1

X2 = Re cos (ee - B) seco, (3.23)
Xe = Xl + X2 (3.24)

where
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=
i

1 = el/bs; Re = re/bs;

K = k/bS (scale factor); Xl = xl/bs;
X2 = XZ/bs; Xe = xe/bs;
c = 67/90.

Also, from Figure 11,

1
2

ds = [(rde)? + (ar)?] (3.25)
Equations (3.2) and (3.25), when combined and integrated, yield

0 /c

s, =K [ - a-chsim’ A1 ad (3.26)

N\
where SeEEse/bS and seEEAlE. Equation (3.26) is an elliptic integral of

the second kind which is well tabulated. For computational purposes,

Equation (3.26) may be approximated a38

0 0
- e . e
Se = K [0.62 (:;) + 0.38 sin (:;)]. (3.26a)
From Figure 11,
r = tan T &L ). (3.27)
e dr 0=6

Equations (3.2) and (3.27), when combined, yield

0
_ -1 e
ce = tan (c tan - ). (3.27a)

Referring to Figures 10 and 11 and assumptions 8 and 9, the re-
attachment distance is

Xr = Xe - (Yr - Ye) cscy (3.28)
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where Xr55xr/bs, YeEEye/bs, and Yo is the value of y corresponding to
the location of point E (Figure 10).

From Equation (3.6b):

S +8

_ , e o -1 '
Yr = (——7;———) tanh T, (3.29)

By the definition of the entrainment streamline, the flow rate between
the jet centerline and the entrainment streamline is equal to one-half
the flow rate at the supply nozzle exit. Thus, from assumptions 3 and

4,

y
e -1
jo udy| . =5UDb_. (3.30)

Equations (3.1) and (3.30) yield

g S
ye

) = —2
+ s s + s
e o

tanh (S

or

S + S / S
Y = (—2————9) tanh—'1 ( ——-Jl——O (3.30a)

e o S + 8

Equations (3.28), (3.29), and (3.30a) yield

S + 8 -1 -1 / S0
X =X -—=—-2 [tanh = T_ - tanh —————] sesy. (3.31)

r e [} r S + S
e o

The average radius of curvature of the jet centerline is assumed
to be the radius r, of the circular arc which is tangent to the jet
centerline at the hypothetical nozzle exit and which passes at a dis-

tance yp from point P (see Figure 14).9



43

Circular Arc
Tangent to

Jet Centerline
at Point A

7 Entrainment
Streamline

Figure 1l4. Geometry of Jet Centerline Curvature



44
That is,

1 1
(G- YR +5-1)

1
Res (coszep -1) - > + Yp

- 1
R, =R _+5[1+ ] (3.32)

C e

where R =r /b 3 R_=r /b 3 Y =y /b . The distance Y can be obtained
c ¢ g’ es "es s’ p “p s p

by the definition of the entrainment streamline (refer to Equation

(3.30a)), i.e.,

S + 8§ S
Y= (29 tanh ¥ (¢o—2 : (3.33)

+
P Sp S0

N
where Sp'Esp/bS; sp = AlP (Figure 14). Referring to Figures 11 and 14,
the radius L of the circular arc which is tangent to the entrainment

streamline at point A, can be expressed as

1

ds ds/de
r =

s~ @+, T T av/ae’ (3.34)

6=0

Equations (3.2), (3.25), (3.34), and ¢ = tan—1 (%%?), when combined and

normalized, yield
R =, (3.34a)
From Figure 14, the following relations can also be written:

1 1 .
D - 5 Bc - (ReS + 2) sinB

ny = tan [ 3 T 1 (3.35)
(ReS + 5) cosB + D3
6 =1 (8 +n) (3.36)
P 2 1 :
S =2R 6 (3.37)
p es p
-1 DS - %—BC - Rc sinB
n, = tan [ ] (3.38)

Rc cosf + D3
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Ss = Rc (B + nz) (3.39)
where DS = dS/bS; D3 = d3/bs.

3.1.6 Numerical Computation Procedure

Given the geometry and control flow rate Qc’ any steady-state
value of a variable (e.g., steady-state jet reattachment distance, jet
deflection angle, etc.) can be obtained by numerically solving the basic
equations and the geometric relations derived above. The following are
the list of the basic equations and the geometric relations to be
solved: Equations (3.2a), (3.7), (3.10), (3.13a), (3.14a) or (3.14b),
(3.15), (3.16a), (3.18) through (3.24), (3.26a), (3.27a), (3.31) through
(3.33), (3.34a), and (3.35) through (3.39). The detailed computation
procedure and computer program listing is given in Appendix C.

The analytical predictions of the steady-state jet reattachment
distance énd the jet deflection angle are compared with experimental

data in Chapter V.
3.2 Dynamic Model

For convenience, the transient switching process is divided into
two phases: the process before the jet reattaches to the opposite wall
is called phase I, and the process after the jet reattaches to the oppo-
site wall is called phase II. The criteria for the end of phase I are

given in assumption 6 in section 3.2.1.

3.2.1 Assumptions

The following assumptions are made for the mathematical formulation

of the dynamic model:10
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1. The transient switching process can be treated as quasi-steady.

2., The variation in the supply flow rate caused by changes in the
supply nozzle exit pressure is negligible.

3. When the jet reattaches on the output vent area, a '"hypotheti-

cal reattachment point" exists between points K, and K2 (Figure 15), and

1
momentum is still conserved in the vicinity of the "hypothetical re-
attachment point" (see assumption 5 in section 3.1.15.

4. The edge of the jet is assumed to be the locus of points at
which the jet axial velocity component is 0.1 of the local centerline
velocity. The calculation of the flow passage width a, (Figure 17) and
the flow passage width a_ (Figure 19) between the jet edge and the oppo-
site wall is based on this assumption.

5. The dynamic pressures at the inlet of the OR and NOR output
channels are one-half of the average momentum flux impinging on the in-
let area of the OR and NOR output channels, respectively (see Equations
(3.58) and (3.59) in section 3.2.3.6) [23].

6. Phase I ends when the following conditions are met: (a) the
jet centerline passes the splitter point such that Vs 3_d2 - d1 - d3
(see Figure 16), and (b) the flow rate at the exit plane of the OR out-

put channel reaches 95 percent of the steady-state value corresponding

to the total pressure at the inlet of the OR output channel at Vg T

1
2 1

7. The transition between the end of phase I and the beginning of

d, - d, - d3 (see Equation (3.64) in section 3.2.3.7).1

phase II is instantaneous. That is, the jet switches over and reattaches
to the opposite wall instantaneously when the conditions given in assump-
tion 6 are met. During the transition, the hypothetical nozzle center

shifts from the intersection of centerlines of supply and control nozzles
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to the intersection of centerlines of supply and bias vent nozzles.
Initial conditions for phase II are those which are associated with the
steady-state reattachment of the jet on the opposite wall for Pic which
exists at the end of phase I.

Remark: Assumptions 6 and 7 are made for the switching process fromvthe
NOR to OR output. Assumptions similar to those are also made for the
switching process from the OR to NOR output (i.e., for the return pro-

cess).

3.2.2 Discussion of Assumptions in Section 3.2.1

This section contains a discussion of the selected assumptions made
in the preceding section:

Assumption 1. The following specific assumptions directly result

from the quasi-steady assumption:

(1) The time rate of change of momentum within control volume 2
(Figure 10) is assumed to be negligible.

(2) Equation (3.16) in section 3.1.4 is assumed to hold, but it
is coﬁtinuously up~dated at each time step in the dynamic
simulation.

(3) Assumptions 1 through 13, which are made for the steady-state
jet reattachment model in section 3.1.1, are also valid at
each time step in the dynamic simulation.

For the quasi-steady assumption to be valid, the downstream tarvel velo-
city of the jet reattachment point along the wall should be very slow

compared to the jet velocity. In other words, the switching time should
be much larger than the fluid particle transport time through the ampli-

fier, i.e.,
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s << t

U s
S

where dS is the splitter distance downstream of the supply nozzle exit,
US is the continuity averaged velocity at the supply nozzle exit, and
tS is the switching time [19, 22, 26]. In normalized form, this condi-

tion becomes

D << 1
s s

where DS Eds/bs; Ts EUétS/bé. This quasi-steady assumption can be justi-
fied only a posteriori. Analytical predictions and experimental results
indicate that the normalized switching time is much larger than DS; for
the geometry chosen in this study, Tg is at least of the order of 20
times Ds (see Figure 34 in Chapter V).

Assumption 3. Wada et al. [63] showed in their flow visualization

study that after the jet reaches the output vent edge (point Kl in
Figure 15), the jet does not move downstream of the vent edge until the
separation bubble grows large enough to make the jet jump over the vent
and‘reattach to the wall downstream of the vent.

A rigorous analysis of the fluid dynamic process near the vent
would be quite complex. For simplicity in this study it is assumed that
a "hypothetical reattachment point'" exists between points K1 and K2

(Figure 15), as if the vent is a solid wall.

Assumption 4. With jet edges assumed in this way, 95 percent of

the total volume flow and 99.6 percent of the total momentum flux pass

along the jet. From Goertler's jet profile (Equation (3.1)), the jet

s+s0
half-width becomes § = 1.825 ( p ).
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Assumption 6. Assumption 6(a) is based on the experimental study

of the static switching characteristics [63] which showed that the
larger the opposite wall offset, the more the jet is required to pass
the splitter point before the jet reattaches to the opposite wall.
Assumption 6(b) isvbased on the effect of the fluid inertia in the out-
put channel. It was found during the preliminary stage of this study
that for a relatively high control pressure, the anaiytically predicted
output flow rate was still negative (note the sign convention of the
output flow given in Figure 12) when Vg = d2 - d1 - d3. In other words,
because of the fluid inertia in the OR output channel, the flow which
Qas initially induced into the internal region of the amplifier was not
completely reversed, even though the jet centerline passed the splitter

point such that Vg = d, -d, -d It is assumed that the flow in the

2 1 3°
OR output channel must be completely reversed and reach the specified
level before the jet reattaches to the opposite wall.

Assumption 7. This assumption is not strictly correct. However,

it is believed that it takes a small time compared to the switching time
for the jet to move from its position at the end of phase I to the posi-
tion at the beginning of phase IT,.

Assumptions 3 through 7, like assumption 1, can be justified only
a posteriori. The analytically predicted switching times are in good
agreement with experimental data for various offset dl's and d2's. Al-
though the good agreement does not justify these assumptions on an indi-

vidual basis, it suggests justification on a collective basis.
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3.2.3 Analysis of Phase I

3.2.3.1 Continuity Equation. Referring to Figure 15, the growth

rate of the separation bubble is:

q -q for x_ < x
_‘_11: c out T vl (3.40)
de qc - qout + qvl for Xy g le
where
Yout =~ %e1 7 Y-

The flow from the output vent into the separation bubble is re-
stricted by an orifice between the vent edge and the jet edge (i.e., a,

in Figure 15(c)). Assuming the discharge coefficient of the orifice is

unity and the ambient pressure is zero,

Zpl

Qb =& "~ (3.41)

Equations (3.5a), (3.6a), (3.40), and (3.41), when normalized, yield

S

1 e
QC+2(1-—Tr 1+So) forer_le
av_
dt
1 Se S
Q +7 @A -T_ 1+—S—0—)+AV -P; for X > X,
(3.42)
where
= 2. = 4 = s
VEv/bs T =Ut/b;Q =q/q;

= Xr/bs; le = le/bs;

bg
"
o
<
~
o'
o

2

S.

a2
n

1
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From Figure 16(a),

- ; 1
AV = Rc Av (le coso, RC sinf - > Bc) csck (3.43)
where
X sa, — R sinB - l-B
_ -1 vl co 1 c n 2 ¢
£ = tan | 1]
Rc cosfB - le sino; - (Dl + 59
Sy
SV:S-=RC (B'I‘E)
s
5v 'Sv + So
AV :B—S'= 1.825 (—_‘0 )

If the reattachment point moves far downstream of the output vent, the
separation bubble becomes completely open to the vent and fhe flow
through the vent is restricted only by the vent width bvl' In the ana-
lytical model, this case is represented as follows: the term AV in

Equation (3.42) is replaced by Bv = bvl/bs if g <oy (see Figure 16b).

1

3.2.3.2 Momentum Equation at Reattachment. As the control flow

is increased, the momentum flux which strikes the attachment wall at
angle Yy is reduced by the amount of the momentum separated by the split-
ter (see Figure 18). This splitter effect may be included in Equation

(3.8) as follows:

J - JS) cosy = J; = J (3.44)

or

Ve 2 e 2 © 2
[3-p [Ju dy|  lcosy=1lp [ u"dy-p [ w dyl_
- —S ‘ys yr S_Se

(3.44a)
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Equations (3.1) and (3.44a), when combined and normalized, yield

3 1.3 _ 3 3 1.3
a - 2 TS > TS) cosy = -1 + 3Tr - Tr > TS + > TS (3.45)
where
OYS oYr
TS = tanh (g'""—_‘_——s—), Tr = tanh (—S‘—'_IT—S—-)
s o e o
Ys = yS/bS; Y, = yr/bs; Ss = Ss/bs'
Solving Equation (3.45) for,Tr, we get
T+ o::os-'1 (A/2)
T = 2cos | ] (3.46)
T 3
where
3 1.3 3 1.3
A= (1 - > TS + > TS) cosy + 1 + 2 TS -3 TS.

This treatment of the splitter effect is similar to that employed by

Goto and Drzewiecki [23].

3.2.2.3 Unattached-Side and Separation Bubble Pressures. As the

jet moves toward the opposite wall, the spacing a, between the opposite
wall and the jet edge restricts the flow from region 2b into region 2a
(see Figure 19). Thus, the average pressure in region 2a becomes less
than the average pressure in region 2b. This nonuniform pressure dis-
tribution in the unattached-side is confirmed by the results of static
pressure measurements along the opposite wall [36].

It is assumed that the unattached-side pressure is represented by
two pressures: average pressure Poo in region 2a and average pressure

in region 2b. At each time step, the normalized pressure P, 1is

Popb 2a
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approximately obtained by considering a flow rate balance in region 2a

in a way similar to that employed for calculating pressure P2 in the

steady-state jet reattachment model (see Equations (3.17) through

(3.18)). That is,

1Q = (@ +Q) - Q=0 (3.47)
where
- 9 S
Qb = q—s' = Bb -Pza (3.47a)
YN —
= '@ = A,V Py T Poy (3.470)
q S
=_e3 _1 W _
Qe3 - qS - 2 ( 1 +So 1) (3.47(:)
Sw
SW = -l—); = Rc 8 (3.47d)
A = al/b
w w

1 .2 ) 12
Poa = Ppal3PUgs Py = Py /5P U

i

Similarly, the normalized pressure P is approximately obtained by con-

2b

sidering a flow balance in region 2b (Figure 19) at each time step:

Qo = Qo = Q= Q=0 for Q, <0
IQ = (3.48)
Qv2 B Qw - Qe4 =0 for Q02 20
where
A
Qv2 T q v2 2b
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Qe4 S

o

. q S
ek _ 1 /s _ -
qs-2(1+ 1) - Q4

B

v2 = Pyo/b

S

and Q02 is given by Equation (3.56a) in section 3.2.3.6. In the second
equation of Equation (3.48), it is assumed that all flow into the OR
output channel comes from the jet if Q02 > 0. Since Equations (3.47)
and (3.48) cannot be solved explicitly, a suitable iterationm method has
to be used to determine P2a and P2b (see Appendix C for detail).

From Figure 19, the normalized flow passage width Aw can be written

12
as
A = (R sinB +-l B ) tano, + D, + 1_ R (L - cosB) - A
w [ 2 ¢ 2 2 2 [ w
(3.49)
where
3
6W SW + So
AW = E—-= 1.825 G——T;——O

s

The separation bubble pressure may be obtained by substituting the

average unattached-side pressure P, into Equation (3.16a), i.e.,

2
P. =P - 2 (3.50)
1 2 R :
C
where
SW SW
P, =P, (g) +2, @ —i).

Y

3.2.3.4 Jet Deflection. The jet deflection angle can be obtained

by substituting the pressure P2a for P2 in Equation (3.13a), i.e.,
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Q2

<

B
c

= tan ' L -
B =tan  [5 (P -P,)B_ + (3.51)

3.2.3.5 Geometric Relations. In addition to the geometric rela-

tions derived in section 3.1.5, the following relations can also be

written from Figures 11 and 14:

1
2

. 2 2
Re = [(X2 sino; + El) + (X2 cosal) 1. (3.52)
YS = -(G - Rc) | (3.53)
where
g 2 1 21/2
G = bS = [(Rc cosB + D3) + (DS - E-BC - Rc sinB) ]
Y, = ys/bs'

From Figure 20 and Equation (3.2a), the normalized separation bub-

ble volume (per unit depth) is

L
V = b2 (vl + v, + v3) (3.54)
s
or
2 6 26 E.R
K e 1 . " e 1le -
V = 7 ( 5 sin ) + 5 cos (9 B)
. Xl
+ 7?-(Dl + El)cosa1 (3.54a)

3.2.3.6 Line Equations. The control and output channels are
13

characterized as lumped-parameter line models.

Referring to Figure 21, the control line equation is
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q I dq

_ 1 c c c

=Pt YT @ (3.55)
de ¢ de

Pee

where IC = plc/bc, and Pic is the total pressure at the inlet of the

control channel. Friction losses and contraction effects in the control
channel are accounted for through use of the discharge coefficient Cdc
(Cdc = (qc) actual / (qc) ideal) [23]. Further discussion of the dis-

charge coefficient is given in Appendix B.

In normalized form, Equation (3.55) becomes

R S
= —_— — 3.55a
Ptc Pc + (C B )+ C dt ( )
de ¢ de
where
P o=p /Aou® 1rzon/B; L oza/b
te te’2 s’ c c' e’ c ¢ s’

and PC is given by Equation (3.1l4a).
Similarly from Figure 21, the following output line equations may

be written for the OR and NOR output channels, respectively:

q.lq.] dq
_ 1 02' "02 02
Pop VP2 =5 P 3t T4 (3.56)
w
02
q.la | dq
_1 ol' "ol ol
Pop, T Pg1 =32 2 t I Tat (3.57)
ol
where
I =

o2 pzoZ/WOZ’ Iol = pR’ol/wol’

and Pyo and P41 are the dynamic pressures at the inlet of the OR and

NOR output channels, respectively.
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The total pressures (pr + pd2) and (pr + pdl) are considered as the
internal "driving force" to the OR and NOR output channels, respec-
tively.14 Friction losses in both output channels are assumed negligi-

ble. Equations (3.56) and (3.57), when normalized, yield

Q |Q | dQ
_ 021702 ' 02
Poo T P27 3 Tl Tan (3.56a)
W ]
02
Q |Q | dQ
- _oll ol ' ol
P2b + Pd1 — + Iol e (3.57a)
W
ol
where
I R 3 .l 2
Paa ¥ Pgp/7PUgs Byy = gy /50U
1 = 1 = .
Too = ZLoo/Won.  Toq = 2L 3 /W g3
L02 = 202/bs; Lol = zol/bs;
WoZ E_w02/bs; wol 8 Wol/bs'

Referring to Figures 18 and 21 and assumption, 5, the dynamic pres-

sures at the inlet of the OR and NOR output channels are:

.= =——9——fys 2 4 (3.58)
Pa2 = 2w 2w e *
02 02 s
J y
__d __p r 2
Pa1 = 2w 2w jy U Ay g (3.59)
ol ol s e

Equations (3.1) and (3.58) and Equations (3.1) and (3.59), when combined

and normalized, yield respectively:

S -3
Py = W (2 + 3T - T) (3.58a)

3 3
Pdl = z‘f (3Tr - Tr - 3TS + TS) (3.59a)
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Output channel widths are provided from the geometry or can be ob-

tained from other geometric parameters, i.e. (from Figure 21),

- 1 :

Wo2 = (D2 D3 + 2) cosa, + DS sina, (3.60)
i 1 -

wol = (Dl + D3 + 2) cosay + DS sina,. (3.61)

3.2.3.7 End of Phase I. By assumption 6, phase I ends when the

following conditions are met:

Y >Y : (3.62)

and

0.95W_, /(PZb + (3.63)

Qoz PdZ)YS= Y

I

where

3.2.4 Analysis of Phase II

The basic equations and geometric relations for phase II are
briefly presented without detailed derivations because of their similar-

ity in form to those for phase I.

3.2.4.1 Continuity Equation. Referring to Figure 22 and Equation

(3.42), the growth rate of the separation bubble is (in normalized

form):
‘ 1 Se
Qb +-E a - Tr 1 +-§—) for X, < X,o
av _ °
dt 3
1 e
Qb+2(1-Tr 1+SO)+AV»/—Pl for X, > X5

(3.64)
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The bias vent flow rate 9 into the separation bubble is restricted

by an orifice a, (Figure 22), if a, < bb’ or by the bias vent width b

b b’

if ab_z bb' Assuming the discharge coefficient of the orifice is unity

and the ambient pressure is zero, the normalized bias vent flow rate is:

Ab V—Pl for Ab < Bb
Qb = & (3.65)
B, Y-P, for Ay > B
where Qb = qb/qs; Ab = ab/bs; Bb = bb/bs‘
From Figure 23,
= l—B sinB + (D +-l + B, tano,) cosB - 1 (3.66)
Ab 2 b 2 2 b 2 2 *

where D2 = d2/bs.

The output vent flow passage for phase II can be written similarly

to Equation (3.43):

Z . 1
Av = RC - Av - (sz cosa, = Rc sinf - 7 Bb),cscg (3.67)
where
X cosd, — R sinB - l-B
£ = tan—l [ v2 2 c 2 b 1

: 1
Rc cosB - sz sina, - (D2 + 2)

>
]

1.825 (s + so)/o

72}
Il

R, (B +8).

If £ < a,, the term A in Equation (3.65) is replaced by B_, = bv2/bs'

(See the discussion in section 3.2.3.1.)

3.2.4.2 Momentum Equation at Reattachment. The momentum equation

written for a control volume in the vicinity of the reattachment point
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is identical in form to that for phase I (Equation (3.46)). That is,

T + cos_l (A/Z)]

Tr = 2cos [ 3 (3.46)
where
S l3qp 4Ll 3, 1.3
A= (1 - ) TS + 2 TS) cosy + 1 + > TS > TS
TS = tanh [GYS/(SS + So)].

3.2.4.3 Unattached-Side and Separation Bubble Pressures. If the

jet deflection angle is negative (note that the sign convention of B is
changed in phase II; see Figure 22), the minimum area between the jet
edge and the attachment wall is the flow passage width a, (see Figure
22). Thus, it is assumed that the unattached-side pressure is repre-
sented by the single average pressure Py in the region downstream of a.-
At each time step, the normalized pressure P2 is approximately obtained
by considering a flow rate balance in the region downstream of a, in a
way similar to that employed for calculating pressure P2 in the steady-

state jet reattachment model (see Equations (3.17) through (3.18)).

That is,

:q=(Q, +Q,-Q4)-Q,=0 (3.68)
where

Qvl - Bvl /:fz

Q, = %if-= %-( 1+ ;i—— 1)

and SS is similarly defined as that shown in Figure 19.
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If the jet deflection angle becomes positive with decreased con-
trol flow, the unattached-side pressure is assumed to be represented by
two pressures: average pressure p,. in region 1 and average pressure
pr in region 2, which are similarly defined as those for phase I (see
Figure 19). Referring to Equation (3.47), the normalized pressure P

2a

at each time step is approximately determined by

IQ=(Q +Q) - Q4 =0 (3.69)
where
Q= A "Pop, T Paa
S
=1 W _
Q3 =% 01+ 1)
o}
5, = R B
A =al/b
W w S
B 1 .2
P2a - pZa/2 pUs
I
Pop = Pop/3 P U

and a is similarly defined as that shown in Figure 19,

Referring to Equation (3.48), the normalized pressure P, at each

2b
time step is approximately determined by
(Qvl - Qol) - (Qw + Qe4) =0 for Qol <0
Q = (3.70)
Qvl - (Qw * Qe4) =0 for Qol 20

where

Q1 = Byp Py

Qe4
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and Q01 is given by Equation (3.58) in section 3.2.3.6. Iteration pro-
cedures for solutions to Equations (3.68) through (3.70) are given in
Appendix C.

The area A.W can be written similarly to Equation (3.49):

- s 1 1
Aw = (Rc sinf + > Bb) tanoz1 + Dl + 5 Rc (1 - cosB) - AW
(3.7
where
S + 8
A = 1.825 (———2).
W o

Referring to Figure 22 and Equation (3.50), the separation bubble

pressure is:

2
P, - R_ for 8 <0
Pl = | (3.72)
Sw SW 2
Pza Q;O + P2b a - §~9 “r for 8 > 0.
s s c

3.2.4.4 Jet Deflection. As shown in Figure 22, the supply jet

interacts with the control and bias vent flows in control volume 1 dur-
ing phase II. It is assumed that the bias vent flow has a momentum
interaction with the supply jet in the control volume during phase II.
The return flow in the separation bubble has a temdency to make the vent
flow impinge directly on the supply jet. Referring to Figure 22 and

Equation (3.51),

2 2
B=tan L [+ {PB -PB -P (B —B)}+_11_8£
an Y% T e T f2a Vb T e B, B,

(3.73)
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where

T

2
P, +Q [+ ——] for A < B
2 c A2 BZ c c
c c
P =
c 0 2
c
P2 + KL (Bc) for Ac Z-Bc
R 1 ; 1
AC =-3 Bc sinf + (D1 + 5 + Bc tanal) cosB 7
1f B > 0, the pressure P2 in Equation (3.73) is replaced by P2a (see

section 3.2.4.3 for discussion).
The bias vent exit pressure P, may be obtained from the Bernouli's
equation for the bias vent, i.e.,

2 2

1 1 9
+2 0D (3.74)
b

0=p +—o(il—b—) =P
b 2", 1

Equation (3.74), when normalized and rearranged, yields

2
Qb
- (Eg) for Ac < Bb
P. = (3.748.)

Pl for Ac 3_Bb.

If the "forced" control flow rate becomes less than the flow rate
which is "naturally" induced by the low pressure in the region between

the jet edge and the attachment wall, i.e., QC <cC V—PZa, then the

chc
jet deflection angle may be written as
Q2
B=tan Y [Z(, -P, ) B +-2] (3.75)
2 b 2a’ b BV :

by the assumption that the momentum effect of the induced flow on the

jet deflection is negligible.
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3.2,4.5 Geometric Relations. Referring to Figure 24, the follow-

ing geometric relations can be written in normalized form:

az + vy = Ce + ee - B (3.76)
E. =D, + X sino, ++ (1 - cosB) (3.77)
2 2 1 2 2 . .
or
E2 = Re sin (ee -8 - az) seca, (3.78)
X, = i—(B + sinB) seco (3.79)
1 2 b 2 *
X2 = Re cos (Ge - B) seca,, (3.80)
Xe = Xl + X2 (3.24)
ee
Re = K sin (:;) (3.2a)
or
R = [{(X, sina, + E )2 + (X, cosa )2]1/2 (3.81)
e 2 2 2 2 2 *
6 /c
_ e 2, .2 8.5 .6
s, =K fo [1- @ -c%) sin” (D17 dE) (3.26)
-1 ee
Ce = tan (c tan 7;) (3.27a)
where
E2 = e2/b 3 R, = re/bs;

X, = x /bs; X2 = x2/bs.

Additional geometric relations are written below without deriva-

tions because of their similarity to those for phase I:
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where

and

where

and

where

es

75

S +5§ 1 4 /s
X - (_EL___Jl) [tanh = T_ - tanh (V—"—">)] cscy

o
e g r s + S
e o
(3.41)
1 1
E-Y)QPR +=-Y)
R+ [1+—2—P e 2 P (3.82)
e R (cos20 -1) - =+ Y
es P 2 P
K/2c
S +8 4 /s,
(B ranh T (g—rg)
P o
2R 0
es p
1
2(B+nl)
1 1 .
_1 DS - E-Bb - (R + E) sinB
tan [ I ]
R + E) cosB - D3
RC (B + n2) (3.83)
1 .
-1 Ds - E-Bb - R sinB
tan [ 1 ]
(§-+ Rc) cosB - D3
-(G - Rc) (3.84)
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_ 2 1 N 2.5
G = [(Rc cosf - D3) + (DS -3 Bb - RC sinB) ")

and
2 0 20 E R
K (e _1 ey, 2 -
V=== 5 sin —=)+ —5—cos (6_ - B)
!
+-—§— (D2 + EZ) cosa,, (3.85)

3.2.4.6 Line Equations. The control line equation (Equation

(3.55a)) and the output line equations (Equations (3.56a) and (3.57a))

are used both for phase I and for phase II. But, the equations for the

dynamic pressures Pdl and sz should be modified as follows because of

the jet reattachment to the opposite wall during phase II:

_ 1 _ a3 3
sz = W (3Tr Tr 3TS + TS) (3.86)
o2
_ 1 3.
Pdl =W 2 + 3TS - TS) (3.87)

ol

3.2.4.7 End of Phase II. It is assumed that the jet switches

back and reattaches to the attachment wall when the following conditions

are met:
(3.88)

and

Qq = 0.95W /(PZb +Pyp) YSP = 0. (3.89)

3.2.5 Digital Simulation

The analytical dynamic model formulated above may be simulated on

a digital computer (IBM 370/158) using DYSIMP (Dynamic Simulation
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Program).15 The following are the list of the basic equations and the
geometric relations to be simulated on the computer: Equations (3.2a),
(3.19) through (3.24), (3.26a), (3.27a), (3.31) through (3.33), (3.34a),
(3.35) through (3.39), (3.42), (3.43), (3.46) through (3.53), (3.54a),
(3.55a), (3.56a), (3.57a), (3.58a), (3.59a), (3.60) through (3.73),
(3.74a), and (3.75) through (3.89). A computer flow chart and computer
program listings are given in Appendix C.

The analytical predictions of the switching time, the return time,
and the transient response are compared with experimental data in

Chapter V.



ENDNOTES

1Moynihan and Reilly [40] showed in their experimental study on
the jet deflection in a proportional fluid amplifier that the effective
"pivot point" of the deflected jet is approximately at the intersection
of the centerlines of the supply and control nozzles.

2The entrainment streamline is defined as the line which originates
at point A, (Figure 10) and divides the flow originally in the jet from
the fluid entrained by the concave side of the jet.

3Errors due to this assumption are of the order of 10 percent of
for Q = 0 and 1 percent of s, for Q = 0.3 for a typical geometry of
a monostable fluid amplifier. ¢

4This assumption is not strictly correct. Sawyer [57] indicated
that the rate of fluid entrainment is greater on the convex side of the
jet than that on the concave side of the jet. However, Epstein [19]
showed that the analytically predicted jet reattachment distances ob-
tained from Sawyer's model [57] (Sawyer used the different rate of en-
trainment on each side of the jet) are almost identical to those
obtained from Bourque's model [6] (Bourque used the same rate of entrain-
ment on both sides of the jet). Both Bourque and Sawyer treated only
the jet reattachment problem with no control flow.

5This assumption is based on the flow visualization and velocity
profile measurements of the interacting jets by Douglas and Neve [14].

6Epstein [19] assumed (1) that the control and supply jets form a
combined jet emerging from a "hypothetical nozzle'" after the momentum
interaction; (2) the reattachment streamline as the separation bubble
boundary, while in the present model the entrainment streamline is
assumed as the boundary to be consistent with assumption 2. In the
present steady-state model, the reattachment streamline is defined as
the line which originates at point I (Figure 10) and divides the flow
proceeding downstream along the wall from the flow recirculating within
the separation bubble; and (3) the control nozzle exit pressure P,
(Figure 10) is known for the calculation of the jet deflection angle,
but in the present model P, is determined analytically (see section
3.1.4 for detail).
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7Referrlng to assumptions 2, 3 and 4, the value of s, can be deter-
mined by matching the flow rate through the hypothetlcal Rozzle to the
flow rate determined by integrating Goertler's velocity profile at dis-
tance s from the "virtual origin" of the jet, i.e.,

Usbs = L«> v dyls=0

Using Equation (3.1), the above equation reduces to s, =73 -

8Epsteln [19] demonstrated that the error introduced by this
approximation is less than 0.5 percent of the exact value for 0<6 /c
< 4/9 7 and near 1.5 percent for 4/9m< 6 /c < m/2.

9The error incurred by taking Yp from point P instead of from the
entrainment streamllne is less than 0.3 percent of R for D1 = 0.5,
D =11, a, = 12°.
s 1
10

These assumptions are discussed in section 3.2.2.

11For a bistable fluid amplifier, Goto and Drzewiecki [23] assumed

that phase I ends when Vg = 0.

12 is assumed the minimum area between the jet edge and the oppo-
site wall. It is believed that this assumption is adequate for the
determination of approximate values of P2a and P2b'

13This lumped-parameter approximation is valid whenever the time
required for a pressure signal to travel the length of the line is short
with respect to the period of the highest frequency signal that is to be
transmitted. For the test amplifier used in this study, the period of
the highest frequency pressure signal in the control line is of the
order of 1 millisecond, while the time required for the signal to travel
1 inch long control channel is of the order of 0.1 millisecond

1 in. _ b
(1000 x 12 in/sec 10 sec).
14This "driving force" concept is attributed to Goto and Drzewiecki
[23].
15

DYSIMP is a packaged program for the digital simulation of dynamic
systems, which is written in FORTRAN IV. It has been developed by the
School of Mechanical and Aerospace Engineering, Oklahoma State Univer-
sity.



CHAPTER IV
EXPERIMENTAL APPARATUS AND PROCEDURE
4.1 Apparatus

Experimental work was carried out on a large-scale test model (about
ten times actual size) of a typical monostable fluid amplifier. Figure
25 is a plan view and Figure 26 is a photograph of the test amplifier.
The major components of the test amplifier were a base plate, a cover
plate, and movable internal blocks. By using a large-scale amplifier
rather than an actual sized one, it was possible (1) to locate the in-
ternal blocks accurately, and (2) to lengthen the switching and return
times, thereby enhancing accuracy of measurement of these quantities.

The interior geometry of the amplifier was formed with seven 0.31
inch thick aluminum blocks. Except for the two nozzle blocks, slots
were provided for each block to allow a certain range of adjustment (see
arrows in Figure 25). Gage blocks (Fonda Gage Company) and a vernier
caliper were used to locate these blocks. After these blocks were firm-
ly bolted to a 1/2 inch thick aluminum base plate, a 1/2 inch thick
plexiglass cover plate was attached to the top of the device and then the
entire assembly was fastened by 24 setscrews. Silicon lubricant was
applied between the plates to minimize leakage.

The supply nozzle width (bs) was fixed at 0.1 inch, which resulted

in an aspect ratio of 3.1. Wire screens and sponge-type packing material
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were provided in the inlet region of the supply nozzle chamber to reduce
swirl and scale of turbulence. Also, the long supply chamber (length of
constant area section was 36bs) and the bell-mouth nozzle entry served
to further reduce swirl in the flow. Similar precautions were taken for
the control nozzle chamber.

Pressure taps (0.0635 inch diameter) were drilled in the cover plate
at locations 15.7bS and 13.4bS upstream of the entranées to the supply
and control nozzles, respectively. A pressure transducer was flush-
ﬁounted in the cover plate 7.2bS upstream of the entrance to the control
nozzle. Dimensions of the supply and control chambers and the bias vent
pé?t and locations of the pressure taps and transducer are listed in
Appendix A.

Figure 27 shows internal geometry of the test amplifier. 1In order
to reduce the total number of combinations of geometric variations, a
"nominal" configuration was chosen and each geometric parameter (such as
attachment wall offset, opposite wall offset and angle, splitter dis-
tance and offset, aﬁd bias vent width) was varied through a suitable
range, while the others were kept constant at a "nominal" value. The
configuration given in Table I was based on scaling (approximately ten
times) a typical monostable amplifier [3].

A schematic of the experimental apparatus is shown in Figure 28.
Air was supplied to the amplifier through precision pressure regulators.
Air entered the supply chamber through a 0.38 inch inside diameter tube
mounted on the cover plate.

A solenoid valve (Skinner type V52; 3/8 inch orifice diameter) was
employed to generate a "step" (with finite rise/decay time) pressure

input to the control chamber. A 3/4 inch long flexible plastic tubing
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TABLE I

NOMINAL CONFIGURATION

Geometric Parameter

Nominal Geometry

Supply nozzle width (bs)

Control nozzle width (bc/bs)

Bias vent width (bb/bs)
Attachment wall offset (dl/bs)
Opposite wall offset (d2/bs)
Attachment wall angle (al)
Opposite wall angle (az)
Attachment wall length (xvllbs)
Opposite wall length (XVZ/bs)
Splitter distance (dS/bS)
Splitter offset (d3/bs)

NOR output vent width (bvl/bs)

OR output vent width (va/bs)
NOR output channel length (Qol/bs)
OR output channel length (Qoz/bs)
Control channel length (zclbs)

Aspect ratio (AR)

0.10 inch
1.00
2.00
0.50
1.00
12°
12°
10.94
10.94
11.00
0.00
3.05
3.05
32.34
32.34
9.69

3.10
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Figure 28. Schematic of Experimental Apparatus
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(3/8 inch inside diameter, 1/2 inch outside diameter) was used to connect
the solenoid valve outlet to the control chamber inlet through the base
plate. This flexible line minimized the transmission of vibrations from

the solenoid valve to the pressure transducer in the control chamber.

4.2 Instrumentation and Measurement Procedure

The following quantities were measured:

1. Jet centerline axial velocity distribution in the semi-confined
jet (cover plates, but no side walls or splitter).

2. Switching and return times.

3. NOR output total pressure transient response.

All measurements were conducted with a supply total pressure of 10
in. HZO’ with one exception. The measurements of the jet centerline
axial velocity distribution were also carried out for a supply total
pressure of 20 in. H20 in order to determine any first order effects due
to Reynolds number. The Reynolds number associated with the supply total
pressures of 10 in. HZO and 20 in. H20 are approximately 1.4 x 104 and
9.8 x 103, respectively.1

The supply total pressure was ﬁeasured with a Meriam manometer con-
taining unity o0il, and the supply volumetric flow rate was measured with
two identical Fisher-Porter rotameter—type flowmeters (FP-1/2-G-10/80)
connected in parallel. The static pressure just downstream of the flow-
meters was measured with a mercury manometer.

Jet centerline axial velocities in the semi-confined jet (mo side
walls and splitter) were "computed" from the total pressure measurements
along the jet axis, assuming thelstatic pressure was constant throughout

the jet field. The total pressure was measured midway between the top
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and bottom plates with a standard total pressure probe (0.065 inch out-
side diameter) mounted on a traverse mechanism, and a Meriam manometer.

Switching time is defined in this study as the time elapsed from
the instant the control total pressure is observed to rise in the con-
trol chamber until the velocity at the exit plane of the OR output
channel reaches 95 percent of the final value. Similarly, return time
is defined as the time elapsed from the instant the control total pres-
sure is observed to decay in the control chamber until the velocity at
the exit plane of the NOR output channel reaches 95 percent of its final
value.

A Kistler Piezotron pressure transducer (Model 201B5) with a Piezo-
tron coupler (Model 587D) was used to measure the control chamber total
pressure. The transducer was calibrated by measuring the control total
pressure at the steady-state condition with a Meriam manometer.

The output velocity was measured with a DISA hot-wire (Type 55F31)
probe located at the exit plane of the OR (or NOR) output channel. A
DISA hot-wire anemometer system (Type 55A01 constant temperature anemo-
meter and Type 55D10 linearizer) was employed for this measurement. An
external 7 kc low-pass filter was used to eliminate high frequency jet
noise effects in the velocity signal trace.

The control pressure and output flow rate signals were digitized
and stored by a Biomation Waveform Recorder (Model 1015). The Biomation
Recorder was capable of storing 1024 ten-bit words. The sampling inter-
val for the series of measurements was 0.02 to 0.1 millisecond. Once
signals were stored in the Biomation Recorder, they could be retrieved
and displayed on an oscilloscope (Tekronix Model 5103N). The switching

(or return) time was determined directly from the displayed control
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pressure and output velocity.traces as defined above. Typical traces
are shown in Figures 6 and 7.

The output total pressure transient response was measured with a
total pressure probe located at‘thg exit plane of the NOR output chan-
nel. The total pressure probe was connected to a Kistler Piezoelectric
pressure transducer (Model 601L); the transducer was connected to a
Kistler charge amplifier (Model 504A)7 The transient output pressure
signal was digitized and stored by a Biomation Recorder. This signal
was retrieved and plotted on a Hewlett Packard X-Y recorder (Model
135A). With the plotting speed of the order of 50 seconds, the transi-
ent signal could be reproduced quite precisely without adding undesir-
able dynamics of the plotting instrument.

It was found that as the control total pressure increased, the
supply chamber total pressure also increased due to the increased pres-
sure in the supply nozzle exit region. (That is, there is some coupling
between the supply and control pressures.) However, the supply flow
rate remained almost constant even when the control pressure increased
to 10 in. H20 (the decrease in the supply flow rate was less than 1.5
percent of that with zero control pressure). This effect was also ob-
served by Weikert and Moses [65]. For each set of measurements, the
supply total pressure was set to 10 in. H20 with the control chamber
open to ambient pressure, and the supply flow rate was measured. This
supply flow rate measurement was used to compute the supply jet dynamic

2

ressure<l (EEJ
P 2 P bs’ °



ENDNOTE

lBased on the supply nozzle width: ReS = Usbs/v.
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CHAPTER V

RESULTS AND DISCUSSION

Unless otherwise mentioned, the coordinates of the graphs presented
in this chapter are normalized with respect to the associated variables

defined in Chapter III. The following measured values were used for the

normalization:
. 2
q = 230.9 in"/sec
dg
U === 2309 in/sec
s b
s
1 u? - 0.3 psig (8.28 in. H.0)
2 . .3 psig . - H,
b -2
tt = ﬁ§-= 4.33 x 10 7 millisecond.
S

5.1 Jet Spread Parameter

Goertler's jet velocity profile [31] given by Equation (3.1) has an
experimentally derived parameter o which is called a jet spread parameter.
A value of 0 = 7.67 was found for the two-dimensional jet [58]. However,
that value of ¢ does not hold for the semi-confined jet because the top
and bottom plates reduce the jet entrainment. A value of o for the semi-
confined jet can be determined either by measuring the transverse velo-
city profile at a given axial distance from the nozzle, or by measuring

the jet centerline axial velocity distribution.
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Figure 29 shows jet centerline axial velocity distributions in the
semi~confined jet (no side walls and splitter; aspect ratio = 3.1). The
measured velocities are normalized with respect to continuity averaged
velocity US at the supply nozzlé exit plane. The uncertainty in these
measurements is of the order of one percent of full scale (%§-= 1.0).

Due to the boundary layer development in the nozzle, uc/US is greater
than one in thé "zone of flow establishment." Goertler's theory [31]
with 0 = 10.5 yields best match with the experimental data for s/bS > 25
(the length of the entrainment streamline during the switching process

is 3 < se/bS < 35.for the monostable fluid ampiifier with the nominal
geometry). Since the constant-velocity 'potential core" region is not
considered in Goertler's theory, the agreement between his theory and the
experimental data is generally poor in the '"zone of flow establishment."
For the range of 4 < s/bS < 15, 0 = 20 yields better agreement with the
experimental data than o = 10.5.

Although it is possible to use Albertson's two-dimensional theory
[31; dashed line in Figure 29] in the dynamic modeling of a monostable
fluid amplifier, the resulting equations will be unnecessarily complex
and difficult to solve. Two previous studies [6, 1%6]1 provide justifica-

tion for using Geortler's profile in the present study.

5.2 Comparison of Steady-State Jet Reattachment

Model Predictions With Experimental Data

One of the contributions of the present work to the literature is
the development of the steady-state jet reattachmert model which can cor-
rectly predict the steady-state jet reattachment distance and jet deflec-

tion angle.
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Figures 30 and 31 show the variations of steady-state reattachment
distance with control flow rate for offsets Dl = (0.5 and Dl = 1.0, respec~-
tively. Since Goertler's theory with a single value of o does not cor-
rectly predict the measured centerline velocity for the entire range of
s (Figure 29), steady-state jet reattachment distances were calculated
using two values of ¢ (i.e., 0 = 10.5 and o = 20).

With o = 10.5, analytically predicted reattachment distances are in
good agreement with experimental data (Kimura and Mitsuoka [30]) (see
solid lines in Figures 30 and 31). Although Goertler's theory with
0 = 20 yields better agreement with the measured centerline velocity in
the zone of flow establishment than with ¢ = 10.5, analytically predicted
reattachment distances (with ¢ = 20) are not in good agreement with the
experimental data [30]. Therefore, in this thesis a value of o = 10.5
was used both for the steady-state jet reattachment model and for the
dynamic model.

Analytical predictions of two additional investigators [19, 23] are
also compared with the experimental data [30] in Figures 30 and 31. Pre-
dictions using the present model (0 = 10.5) correlate significantly better
with the experimental data than do those of other investigators.

Figures 32 and 33 show the variations of jet deflection angle with
control f1§w rate for éeveral different values of the wall offset Dl'
Some of the early investigators [30, 68, 69] assumed that the jet deflec-
tion was only due to the control-to-supply momentum ratio; others
[8, 19, 36, 65, 67] assumed that the control nozzle exit pressure p, was
known or to be experimentally determined. Goto and Drzewiecki [23]

assumed that the control nozzle exit pressure P, is equal to the average

value of the separation bubble pressure and the unattached-side pressure
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(i.e., P, = (pl + p2)/2); consequently, the value of P, was always nega-
tive for any control flow rate. Lush [36] showed in static pressure
measurements at the control nozzle exit plane that the value of P, is

positive for Qc > 0.11 and D, = 0.107, or for Qc > 0.22 and D, = 0.482.

1 1

As shown in Figure 32, analytical predictions of other investigators
[23, 30, 68, 69] do not agree well with the experimental data of Lush
[36; Figure (VIII.31)].

The value of minor loss coefficient KL used in the present model was
chosen to be unity by matching a predicted jet deflection angle with a
particular measured value [36; Figure (VIII.31)] for QC = 0.25 and Dl =
0.482. However, as shown in Figures 32 and 33, the present model predic-
tions agree well with the experimental data [36] for the entire range of
the control flow rate used, and for the wall offset D1 of 0.107 to 0.732.

The computer execution time for an analytical prediction (i.e., for

each point on each curve) in Figures 30 through 33 on an IBM 370/158 was

of the order of 0.4 second.

5.3 Comparison of Dynamic Model Predictions

With Experimental Data

Figure 34 shows a comparison between analytically predicted switch-
ing times and the author's experimental data for the monostable fluid
amplifier with the nominal geometry. For these predictions and measure-
ments the amplifier input (control total pressure, hereafter called con-
trol pressure) was a terminated ramp-type signal with a preselected
saturation level. The measured control input rise time (from the first
discernible change in the initial control pressure to the final value Ptc)

was between 2 and 3 milliseconds. For the analytical prediction, the
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rise time was assumed to be 2.5 milliseconds. The effect of the rise
time variations (+0.5milliseccond) on the analytical prediction was +0.6
percent‘of full scale (i.e., in this case, T = 1200).

The agreement between theofy (with o = 10.5) and experiment in
Figure 34 is excellent except for the low control pressure range. For
control pressures less than Ptc = 0.4, corresponding switching times are
large and repeatability2 of the measurements is poor. Because of this
poor repeatability and large switching time, the use of control pressure
below Ptc = 0.4 is not practical in the applicatiom of the monostable
amplifier.

Figure 35 shows a comparison between analytically predicted return
times and experimental data for the monostable fluid amplifier with the
nominal geometry. The control pressure was initially applied to the con-
trol chamber and then "suddenly" removed from the chamber by closing the
solenoid valve. When the solenoid valve was closed, the inlet to the
control chamber was open to the ambient. The measured control input
decay time (from the first discernible change in the control pressure Ptc
to an ambient pressure) was between 1 and 2 milliseconds. In the analy-
tical predictions, the decay time was assumed to he 1.5 milliseconds.

The effect of decay time variations (+ 0.5 ﬁillisecond) on the analytical
predictions was + 1.2 percent of reading.

The experimental results (Figure 35) show that the effect of the
initial control pressure level on the return time is negligible. This
is expected since return to the attachment wall is governed mainly by the
flow through the bias vent port after the control pressure decreases be-
low a "threshold value." However, the analytical prediction of the return

time is slightly affected by the initial value of the control pressure.
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The analytical predictions exhibit a maximum error of 20 percent of read-
ing3 over the range of the control pressure tested.

Figure 36 shows the effect of the jet spread parameter (¢) variation
on the analytical pfedictions of the switching time for the monostable
amplifier. The effect is not significant in the range of 10.5<0 <20 for
Ptc > 0.4. A change in o from 10.5 to 7.7 causes a significant increase
in the "threshold value" of the control pressure (beléw which no switch-
ing occurs). A value of o = 20 gives better correlation with the mea-
sured switching times for Ptc < 0.7, than does ¢ = 10.5. However, in the
present study a value of ¢ = 10.5 was used for the dynamic model because
(i) the steady-state jet reattachment mﬁdel with ¢ = 20 cannot correctly
predict the jet reattachment distance (see the discussion in section 5.2),
and (2) the control pressure range of practical interest is Ptc > 0.4,

Figure 37 shows a comparison between analytically predicted switch-
ing times (using the present model) and the experimental data of Goto and
Drzewiecki [23]4 for a bistable fluid amplifier. The dimensions of the
Goto and Drzewiecki fest model is given in Table 1II¥, along with the dimen-
sions of the Lush test model. The rise time in the referenced experiment
was between 1 and 2 milliseconds. A rise time of 1.5 milliseconds was
assumed for the analytical prediction; Goto and Drzewiecki [23] also used
this rise time.

Goto and Drzewiecki defined the switching time as the time elapsed
from the first discernible change in the control pressure until the hot-
film probe located at the point of the splitter registered the maximum
signal. For the analytical prediction it was.assumed that the hot-film
probe registered the maximum signal just before the jet reattached to the

opposite wall (i.e., at the end of phase I). The agreement between the
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TABLE II

GEOMETRIES OF TEST MODELS

Goto and
Drzewiecki [23]

Geometric Parameter (Test Model 1) Lush [36]
Supply nozzle width (bg) 0.983 incb 1.0 inch
Control nozzle width (be/bg) 1.0 1.0
Bias vent width (by/bg) 1.0 1.0
Attachment wall offset (dy/bg) 0.905 0.482
Opposite wall offset (dy/bg) 0.905 0.482
Attachment wall angle (aq) 12° 15°
Opposite wall angle (ajp) -12° 15°
Attachment wall length (x7/bg) 8.57 13.035
Opposite wall length (x9/bg) 8.57 13.035
Splitter distance (dg/bg) : 10.0 14.0
Output vent width (b, /bg) 1.905 2.2
Control channel length (%./bg) 0.476 ) 15.0
Oufput channel length (&,/bg) 26.67 8.8
Aspect ratio (AR) 2.86 1.0

See Tabie I in Chapter IV for the geometry of the monostable.
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present model predictions and the experimental data is very good for
Ptc > 0.25 and superior to that due to Goto and Drzewiecki.

Figure 38 shows a comparison between analytically predicted switch-
ing times and the experimental data of Lush [36]5 for a bistable fluid
amplifier. The dimensions of the Lush test model is given in Table II.
Lush reported that the static pressure and flow rate just upstream of
the control nozzle exit plane took the order of 20 milliseconds to rise
to their steady value. For the analytical prediction in Figure 38, the
rise time of the total pressure at the inlet of the control channel was
calculated by considering the inertance and resistance of the channel so
that the rise time of the flow rate at the control nozzle exit plane was
20 milliseconds.

Lush defined the experimental switching time as the time elapsed
from the first discernible change in the control pressure until the total
pressure probe located at the end of the opposite wall registered a maxi-
mum signal. (The total pressure probe was positioned so that it was near
to the jet centerline after switching had finished.) For the analytical
prediction it was assumed that the probe registered a maximum signal at
the beginning of phase II.

Although Lush obtained data from a test amplifier which had an aspect
ratio of unity, the prediction using the present model is still in good
agreement with his data except for the low control pressure range.

Figure 39 shows a comparison of an analytically predicted NOR output
total pressure transient response with an experimentally measured one. A
"negative step" input signal having a decay time of 1.5 milliseconds
approximates the experimental input condition. The present model predicts

the overall transient response reasonably well, even though the predicted
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final value of the total pressure is 15 percent less than the measured
mean value.
The noise in the measured output response in Figure 39 is mostly due

to the turbulence of the jet. The value of the turbulence intensity

u'2

2

Uol

output channel exit plane was of the order of 0.014. In contrast, the
12

. . . . . . u
maximum value of a semi-confined jet turbulence intensity C-§-; u, =
u
c

H Uol = mean velocity at the output exit plane) measured at the NOR

jet centerline velocity) reported in References [7, 25, 28] is of the
order of.0.083.

Figure 40 shows the predicted effect of the control input pressure
"shape" on the OR output total pressure transient response of the mono-
stable fluid amplifier. Two control input pressures of different shapes
are used for the analytical predictions: one (dashed line) is a termi-
nated ramp-type input signal having a rise time of 2.5 milliseconds and
the other (solid line) is an exponential input signal having a time con-
stant of 10 milliseconds. Both control pressures have the same initial
value of -0.154 and final value of 0.41. The output response time (or
switching time) for the exponential input signal is almost twice as long
as that for the terminated ramp-type input signal. Although the predicted
output responses are not validated by experiment, it is expected that they
are valid within the range of error which the predicted NOR output re-
sponse exhibits (see Figure 39).

The computer simulation time for an analytical prediction (e.g., a
switching time for a given control pressure) on an IBM 370/158 was of the

order of 15 seconds.
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5.4 Experimental Data Repeatability

The scatter of the experimental data shown in Figures 34 through 36
was due to: (1) the variation of the control pressure rise (or decay)
time, (2) the difficulty of measuring the meanvvalue from the output velo-
city trace, and (3) the nature of the fluid dynamic process inside the
monostable fluid amplifier. The scatter in the switching and return time
data for low control pressures was due mainly to the latter effect as ex-
plained below.

Experimental studies [36, 63] have shown that the growth rate of the
~ separation bubble decreases after the reattachment point reaches the out-
put vent edge (point K, in Figure 15b), becéuse of the reduced return flow
into the bubble. If the control flow is not large enough to make the jet
"jump" over the output vent and attach to the wall downstreaﬁ of it, then
a stable situation develops with the jet remaining at the end of the wall.
However, turbulent eddies traveling down the edges of the jet tend to de-
stabilize the flow balance near the end of the wall and the jet may "jump"
over the output vent, depending on how close the control flow is to the
threshold value (below which no switching occurs). The poor repeatability

for low control pressures (see Figure 34) is probably due to this indeter-

minate "dwell period" before the jet "jump" [36].

5.5 Effects of Geometric Variations on

Switching and Return Times

This section presents the results of experimental and analytical in-
vestigations of the effects of geometric variations on the switching and

return times of the monostable fluid amplifiér.
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5.5.1 Effect of Attachment Wall Offset, D1

Figure 41 shows the effects of varying attachment wall offset D1 on

the switching and return times of the monostable amplifier. The experi-

mental results show that an increase in the offset Dl reduces the switch-

ing time, but increases the return time greatly. Amalytical predictions
also show the trend very well.

If a fast return and a fast switching time is taken as a criterion
for a "best" design of a monostable fluid amplifier, a '"'best" offset Dl

may be obtained by observing the intersection of the two curves shown in

 Figure 41. That is, with this criterion D, = 0.4 is the "best" geometry

1
in this study.

Poor repeatability of the measurements for an offset in the region
of D1 = 0.25 is probably due to the indeterminate "dwell period” before

the jet "jump" (see section 5.3 for detailed discussion).

5.5.2 Effect of Opposite Wall Offset, D2

Figure 42 shows the variation of switching time with opposite wall

offset, D An increase in the offset D, results in a great increase in

2° 2
the measured switching time. Analytical predictions also show the trend

very well, Repeatability of the measurements is poor for offsets greater

than D2 = 1.0.

Figure 43 shows the variation of return time with offset D The

9
experimental results show that the effect of varying D2 on the return

time is negligible in the range of D2 > 1.5. But in the range of D2‘<1.5

a decrease in the offset results in a great increase in the return time,

 because the reduced passage between the jet edge and the opposite wall



P4 10-2, T

S

Switching and Return Times, T

12 L

‘oo

(02}

Theory (0 =10.5)
—-=——  Switching Times

Return Times

Experiment:

2 |
A Switching Times
(o) Return Times
Bb=2.0, D2=l.0, DS=11.0, Ptc=0.41
0 1 ] | |
0 0.25 0.5 0.75 1.0

Attachment Wall Offset, Dl

Figure 41. Variation of Switching and Return Times
With Attachment Wall Offset

114



16

14

x 1072

S

Switching Time, T

12

(o)
o

——— Theory (0~ =10.5) o

o Experiment:

D1 = 0.5 8
Bb = 2.0 X
Ds = 11,0
Ptc=‘0,41

o

0.5 1.0 1.5 2.0

Opposite Wall Offset, D2

Figure 42. Variation of Switching Time With
Opposite Wall Offset

115



20

16

x 1072
[
N

r

Return Time, T
o

— — — Theory without modification
(e~ =10, 5)

Theory modified for the

bias vent flow momentum

effect on the jet deflection

(o)
O  Experiment:
9 Dl = 0.5
o Bb = 2.0
- Ds = 11,0
Ptc= 0.41
N
- \ 8 t
N v
~
~ -~
1 i H i
0.5 1.0 1.5_ 2.0 2.5
Opposite Wall Offset, DZ
Figure 43. Variation of Return Time With

Opposite Wall Offset

116



117

(ab in Figure 44) restricts the induced flow from the bias vent port.
For D2 < 0.75, there is no return at all; that is, the jet remains
attached to the opposite wall.

If the passage a, is greater than bias vent width b the momentum

b b’
(Jb) of the induced flow from the vent is no longer parallel to the jet
centerline (see Figure 44). Therefore, Equations (3.73) and (3.75), which
are derived from the momentum balaﬁce in the control Qolume (Figure 44),
need to be modified. A simple modification has been made empirically.
With a 36 percent reduction in the momentum flux of the bias vent flow,6
the present model (with o = 10.5) can predict the return time within 6

pércent of the measured value for D, > 1 (see the solid line in Figure

2
43).

For D2 < 1 the present model (with ¢ = 10.5) ecan only show the
general trend. However, an offéet less than unity is not important in
the practical design of the monostable amplifier because of the large
return time. |

If a fast return and a fast switching time is taken as a criterion
for a "best'" design of a ﬁonostable fluid amplifier, a "best'" offset D2

can be obtained in a way similar to that discussed in section 5.5.1.

That is, with this criterion D, = 1.2 is the "best" geometry in this

2
study.

5.5.3 Effect of Splitter Distance, Dg

Figure 45 shows the variation of switching time with splitter dis-
tance Ds' The effect of varying the splitter distance on the measured
switching time is negligible in the range of 10.5 < DS < 13. An increase

in a splitter distance over DS = 13 results in a great increase in the
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measured switching time; repeatability of the measurements is also poor
for large DS, probably because the vortex developed in the separation
bubble becomes unstable near the output vent for DS > 13 (the output vent

distance is XV = 10.94).

1

The analytically predicted switching time agrees well with the mea-
surements in the range of 10.5 < DS < 13. But the present theory under-
estimates the switching time for D; > 13, because the vortex effect is
not considered in the model.

Figure 46 shows the variations of return time with splitter distance.
Although the experimental data are not sufficient to allow a reasonable
conclusion, the analytical results show that a minimum return time can be
obtained with DS in the range of 10.9. It is interesting that Savkar
et al. [55] also found a minimum switching time as they varied the split-
ter distance (Ds) for the bistable fluid amplifier. However, their
results cannot be compared with the result of this study since their test
amplifier is quite different from that used in this study.

Wada et -al. [63] show in their experimental study that the separa-
tion bubble growth is suppressed by the splitter if the splitter distance
is smaller than a "ecritical distance" d: defined in Figure 47. A normal-
ized critical distance is D: = d’s'</bS = 11.4 for the geometry chosen in
thisbstudy (i.e., X

vl

distance is decreased below 10.9, it seems that the splitter suppresses

= 10.94, Dl = 0.5, and a; = 12°). As the splitter

the separation bubble growth, resulting in increased return times.

5.5.4 Effect of Bias Vent Width, Bp

Figure 48 shows the effect of varying bias vent width Bb on the

switching time of the monostable amplifier.
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For the high control pressure range (say, Ptc > 0.4), there is no
appreciable effect within the accuracy of the measurements. For the low
control pressure range (say, Ptc < 0.4), the measured switching time
slightly decreases as Bb varies from 2.0 to 1.5 for a given value of Ptc'

The analytically predicted switching times agree well with the mea-
sured valﬁes for Bb = 1.5 as well as Bb = 2.0, except for the low control
pressure range. |

Figure 49 shows the variation of return time with bias vent width Bb'
Although the experimental data were taken only for two values of Bb, the
effect of varying the vent width on the return time is proved significant.
A decrease in the vent width from 2.0 to 1.5 results in a great increase
in the return time; repeatability of the measurements is poor because the
induced flow from the bias vent reduces close to a threshold value (below
which no return occurs). The analytical predictions show the general
trend well.

‘Thus, we may conclude that increasing the bias vent width is one of

the most effective ways to reduce the return time without affecting the

switching time.

5.5.5 Effect of Opposite Wall Angle, a9

Figure 50 shows the variations of switching and return times with
opposite wall angle Gy In this figure, experimental data are shown only

for one value of ey i.e., o, = 12°; these data were obtained for the

2
nominal geometry at Ptc = 0.41 (see Figures 34 and 35). Since overall
correlation of the analytical predictions with the experimental data is

generally good for the aforementioned geometric variations, it is hoped

that analytical predictions without experimental validation can correctly
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present the principal effects of va?ying az and D3 (see next section)
on the switching and return times of the monostable amplifier.

When e, is varied, the following two ways are available to hold
other variables constant at the nominal geometry: (1) opposite wall
length X0 is kept constant, or (2) output vent location is kept constant
(i.e., X;Z = constant; see the insert in Figure 49). The second way was
chosen in this study.

The effect of varying the opposite wall angle on the .switching time
is negligible; however, an increase in the opposite wall angle results in
a substantial decrease in the return time. Thus, we may conclude that

this geometric change is another effective way to reduce the return time

without sacrificing the switching time.

5.5.6 Effect of the Splitter Offset, D3

Figure 51 shows the variations of switching and return times with
splitter offset D3. In this figure the experimental data are shown only
for one value of D3, i.e., D3 = (0; these data were obtained for the
nominal geometry at Ptc = 0.41 (see Figures 34 and 35).

An increase in the splitter offset toward the opposite wall reduces
the switching time slightly. The effect of varying the splitter offset

on the return time is negligible for D, < 0.2, but an increase in the

2
splitter offset over D3 = 0.2 results in the substantial increase in the

return time.
5.6 Limitation of the Model

Figure 52 shows the effect of output loading (blockage of OR output

channel) on the switching time. A 0.118 inch inside diameter orifice was
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mounted at the exit of the OR output channel; this resistance produced a
static pressure in the channel whicﬁ was 92 percent of the blocked load
pressure recovery.

The switching time increases with OR output channel blockage. The
effect of the blockage is stronger at low pontrol pressures than that at
high control pressures. However, in general, the effect of the blockage
depends on the geometry of the output vent and splitter. This effect can
be minimized or even eliminated by an appropriate design, such as employ-

ing an output decoupling vent in the output channel [18].



‘ENDNOTES

1See Chapter II for details.

2Repeatability of the experiméntal data is discussed in the next
section.

3The average value of readings repeated five times at a given Ptc
was used for the error calculation.

4Among the several different experimental data sets they obtained,

" the data for the test model 1 (with splitter and inactive control open;
Figure 18 of [23]) are chosen for this comparison. Since their data were
normalized in a slightly different way from this study, they were replot-
ted (Figure 37) with the following transformation: the control pressures
are divided by (Cds)2 and the switching times are multiplied by Cyg where
Cqs is the supply nozzle discharge coefficient (Cds = 0.85 was used by
Goto and Drzewiecki [23]).

5Lush [36] measured the switching times for two different splitter
distances (i.e., Dg = 14 and Dg = 20) of the bistable fluid amplifier.
The experimental data for Dy = 14 (Figure (VII.6) of [36]) are chosen for
this comparison because that geometry is more similar to the device used
in the present study. Since Lush presented the measured switching times
as a function of the jet deflection angle, his data were replotted
(Figure 38) with the following transformation: P., = 2B (from his expres-
sion for B; [36], p. 52).

6The reduction in the momentum flux of the bias vent flow may be ob-
tained by substituting a modified bias vent flow Q, for Q, in Equations
(3.73) and (3.75). The modified vent flow is given by

Bb
0.8 (A—b-) Qb for Ab < Bb
Q' =
b
0.8 Q, for Ab Z-Bb
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CHAPTER VI
SUMMARY, CONCLUSIONS, AND RECOMMERDATIONS
6.1 Summary

The jet centerline axial velocity distribution in the semi-confined
jet was meaéured to investigate the effect of the top and bottom plates
‘on the effective jet spread in the test amplifief. A value of the jet
spread parameter o in the region of 10.5 yields the best match with the
experimental data for S/bs.i 25. However, for a range of 4~<s/bs<<15,

o = 20 yields a better match with fhe experimental data.

A steady-state jet reattachment model was developed which is capable
of accurately predicting the reattachment position of a two-dimensional,
incompressible, turbulent jet to an offset, inclired wall in the presence
of control flow. With o = 10.5, analytically predicted reattachment dis-
tances are in good agreement with experimental data due to Kimura and
Mitsuoka [30]. Based on this correlation and the measured jet centerline
axial velocity distribution, the value of ¢ = 10.5 is established for the
present study. The analytically predicted jet deflection angles are also
in excellent agreement with Lush's experimental data due to Lush [36] for
attachment wall offsets of 0.107 <D < 0.732.

Based on the steady-state jet reattachment model, an analytical
dynamic model was developed which is capable of predicting the switching
time, the return time, and the transient response of a monostable fluid

amplifier to any time-varying input signal. The amalytically predicted
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switching times are within 10 percent of measured values except for the

low control pressure range. The anélytically predicted return times are
within 20 percent of measured values over the range of the control pres-
sure tested for the nominal configuration of the monostable amplifier.

Correlation of the analytical predictions with the published experi-
mental data for a bistable fluid amplifier is also very good except for
the low control pressure range.

The NOR output total pressure transient response to a "megative
step" in control pressure (with finite decéy time) was measured and com-
pared with an analytically predicted response. The dynamic model predicts
‘the output response reasonably well, even though the predicted final out-
put total pressure is 15 percent less than the measured mean value. The
OR output total pressure transient responses to control input pressures
of two different shapes (i.e., a terminated ramp-type and an exponential
type) were simulated to demonstrate the versatility of the present model
and to show the effect of control input pressure shape on the switching
time and the output transient response of the monostable amplifier.

The effect of the jet spread parameter (o) variation on the predicted
switching time was studied. It was found that the effect is not signifi-
cant in the range of 10.5 < o < 20 for Ptc > 0.4. A change in ¢ from 10.5
to 7.7 causes,a significant increase in:the pfedicted "threshold value" of
the control pressure. |

The effects of geometric variations on the switching and return times
were studied experimentally and analytically (see Figure 27 for the geo-
metry). A summary of the results follows:
1t An increase in the offset D1 reduced

the switching time, but increased the return time greatly. If a fast

1. Attachment wall offset, D
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return and a fast switching time is taken as a criterion for a "best”

design of a monostable fluid amplifier, a "best" offset Dl can be ob-

tained.

2, Opposite wall offset, DZ: An increase in the offset D2 reduced

the return time, but increased the switching time greatly. For D2>>1.5,

the offset D2 variétion had a negligible effect on the return time.

There was no return for D2~<0.75. If a fast return and fast switching

time are taken as criteria for a "best" design of a monostable fluid
amplifier, a "best" offset D2 can be obtained.
3. Splitter distance, DS: With the splitter located near the out-~

pit vent (i.e., Ds = 10.9; XV = 10.94), a minimum return time was pre-

1
dicted and "stable" switching was observed experimentally. But the
splitter distance variation had a negligible effect on the measured
switching time for 10.5<Ds <13.

4. Bias vent width, Bb: An increase in the vent width Bb reduced
the return time.greatly._ But the vent width variation had a negligible
effect on the switching time. Thus, increasing the bias vent width is
one of the most effective ways to reduce the return time without sacri-
ficing the switching time.

An increase in the angle e, reduced
had a negligible effect on the

5. Opposite wall angle, eyt

the return time greatly, but the angle e,

switching time. Thus, increasing the opposite wall angle is another
effective way to reduce the return time without affecting the switching
time.

3} An increase in the offset D3 reduced the
switching time slightly. The offset variation had a negligible effect

6. Splitter offset, D
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on the return time for D, <0.2, but increasing D, over 0.2 resulted in

3 3

an increase in the return time.

A limited experimental study was conducted to investigaté the effect
of the output (OR) loading (blockage) on the switching time of the mono-
stable amplifier. It was found that»the effect of loading is stronger at
low control pressures than that at high control pressures. However, in
general, the effect of output loading depends on the éeometry of the out-
put vent and the splitter, and can be minimized or even eliminated by an
appropriate design of the amplifier (e.g., by employing an output decoup-

ling vent shown in Reference [18]).
6.2 Conclusions

The analytical dynamic model has been shown to be capable of predict-
ing not only the switching and return times but also the transient
response of a monostable fluid amplifier to any time-varying control input
signal. This médel can be utilized as an analytical design tool for a
monostable fluid amplifier. This model can also be used in the simulation
of digital fluidic circuits.

The steady-state jet reattachment model has also been shown to be
capable of predicting the reattachment position of a two-dimensional, in-
compressible,lturbulent jet to an offset, inclined wail in the presence
of control flow. This steady-state model can be used to determine the
attachment and opposite wall lengthsl (defined in Figure 27 and Table I)
for the design of a monostable fluid amplifier.

The results obtained from the study of effects of geometrical varia-

tions on the switching and return times for the test monostable amplifier
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should be usable as a general guide in the design of monostable fluid
amplifiers. |

The steady-state jet reattachment model and the dynamic model are
also applicable to a bistable fluid amplifier. The dynamic model should
also be useful in identifying the digital data handling speed of wall-
attachment fluid amplifiers and in detecting hazards in digital fluidic

systems employing such amplifiers.
6.3 Recommendations for Future Study

The following areas are recommended for future study:

1. An input vent port (see Figure 5) is usually provided for con-
trol input signal isolation in a wall-attachment fluid amplifier. The
static and dynamic characteristics of the control flow in the input vent
should be studied to broaden the range of application of the present
dynamic model.

2. The effect of the aspect ratio (AR) on the semi-confined jet
spread (i.e., o) should be studied for AR < 6. |

3. The effect of perpendicularly impinging control flow on the sup-
Ply jet spreading (i.e., 0) should be studied experimentally.

4., The assumption on the dynamic pressure at the inlet of the OR
and NOR output‘channels should be validated by experiment.

5. The criterion for the end of phase I should be further investi-

6. Error in the final value of the output total pressure should be
investigated.

7. Further experimental study should be done to investigate the
effects of varying the opposite wall angle and the splitter offset on the

switching and return times of a monostable fluid amplifier.



" ENDNOTE

1The walls must be long enough so that when the control port is open
to ambient pressure, the steady-state jet reattachment position is on the
upstream side of the output vent. The following relation was suggested
by Drzewiecki [18]:

Wall length = Steady-state jet reattachment distance + 2bs.
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Figure 53. Drawing of Test Amplifier Nozzle Section
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Friction losses and contraction effects in the control channel were

accounted for through use of a discharge coefficient C in Chapter III.

de
The discharge coefficient was defined as the ratio of actual flow to

ideal one-dimensional inviscid flow through the channel, i.e.,

~ (qc) actual (qc) actual

C = . =
de (qc) ideal //55——
b tc

c P

(B.1)

where Pic is the total pressure at the inlet of the control channel.
This appendix summarizes the development of empirical relations for the
discharge coefficient.

The value of discharge coefficient for a planar nozzle depends on
three parameters: the aspect ratio, the effective nozzle length and the
Reynolds number based on nozzle width. By introducing a "modified
Reynolds number," Drzewiecki [17] demonstrated that the discharge coeffi-
cient can be represented as a function of only one parameter. He defined

the modified Reynolds number as:

Re
Re! = — < 5 (B.2)
c 1
(bc + 1A+ 5

where Rec is the control jet Reynolds number based on the control nozzle
width (i.e., Rec = (%E) 2;9’ lc is the control nozzle length, and AR is
the aspect ratio.

Figure 54 shows experimentally measured discharge coefficients as a
function of the modified Reynolds number reported in Reference [17].
These data were obtained from ten different nozzles (different shapes and
aspect ratios). The following empirical relation was developed to con-

veniently use the experimental data:



where

C.= 7.282239
C,= 1.952439

03 = 1.876469

CA =-1.405765
C5 =-5.647645

C6 = 2.207002

C7 =-2.518008

E-3.
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(8.3)

Figure 54 also shows experimentally measured discharge coefficients

for the test amplifier control nozzle used in the present study.

Al-

though Equation (B.3) may be adequate to approximately determine the

value of the control nozzle discharge coefficient, the following empiri-

cal relation based on the present experimental data has been used in

this study:

where

7 .
- i-1
Cdc X Ci aoglO Rec)

i=1

C1 = 6.905645

C2 = 2.067500

C3 = 2.064129

C4 =-5,814309

C5 =-7.139390

06 = 4.834454

¢, = -8.477535

(B.4)
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The calculated values of the discharge coefficient using Equations (B.3)
and (B.4) are shown in Figure 53. |

For the comparison bétween the analytically predicted switching
times and Goto and Drzewiecki's [23] experimental data (see Figure 37 in
Chapter V), experimentally measured discharge coefficients of the con-
trol nozzle (Figure 14 of Reference [23]) was used for the analytical
predictions.

Lush [36] employed resistors in both control lines of the bistable
fluid amplifier. The control line resistances were made equal and ad-
justed such that the loss of tétal pressure in each control line was
équivalent to the control flow dynamic pressure %—p(%%ﬁz. For the com-
parison between the analytically predicted switching times and Lush's
[36] experimental data (see Figure 38 in Chapter V), the loss in the
control line was simulated to be equal to the comtrol flow dynamic pres-

sure for the analytical predictioms.
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Figure 54. Control Nozzle Discharge Coefficient
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- C.1 Computation Procedures

Given the geometry and control flow rate Qc’ the steady-state jet
reattachment distance (or jet deflection angle) may be computed as

follows:
2

Step 1. Compute an initial value of B from B = tan_lCEQ).
c

2. Compute S, from Equation (3.22).

1

3. Compute E. from Equation (3.20).

1
4. Try a value of Ge.
5. Compute Ce from Equation (3.27a).
6. Compute y from Equation (3.19).
7. Compute Tr from Equation (3.10).
8. Solve Equation (3.7) for Se'
9. Solve Equation (3.26a) for K.

10. Compute Re from Equation (3.2a).

-11. Compute E, from Equation (3.21).

1
12. 1f ]El (Step 3) - E1 (Step 11)|<e, go to Step 13. Other-

wise, try another value of ee and repeat Steps 5 through 11.

13. Compute X, from Equation (3.23).

2
14. Compute Xe from Equation (3.24).
15. Compute Xr from Equation (3.31).

16. Compute Res from Equation (3.34a).

17. Compute ny from Equation (3.35).



152

18. Compute 6p from Equation (3.36).
19. Compute S from Equation (3.37).
20. Compute Y_from Equation (3.33).
21. Compute R from Equation (3.32).
22. Compute from Equation (3.38).
23. Compute S from Equation (3.39).
24, Compute P, from Equation (3.18).
25. Compute P, from Equation (3.1l6a).
26. Compute A from Equation (3.15).
27. Compute Pc from Equation (3.14a).

28. Compute B from Equation (3.13a).

29. 1If lBi - Bi_ll< €, go to Step 30. Otherwise, repeat Steps

2 through 28.
30. Print Xr and B.

A computer program for the above procedure is listed at the end of
this appendix. A flow chart for computations of the switching time and
the OR output total pressure transient response is shown in Figure 55.

A flow chart for computations of the return time and the NOR output total
pressure transient response is not included in this thesis because of its
similarity to Figure 55. However, a computer program for the computation

of the return time is listed at the end of this appendix. In Figure 55,

an implicit iteration to solve Equation (3.54a) is based on Wegstein's

method.1



Read geometric
parameter data

Compute all initial
steady-state values
at T=0

Print all initial
|_values

[T Time

€2

Compute Q from
Ea. (3. 55

Compute f3
from Eq.(3.51)

Compute X
from Eq.(3.22)

Compute El from
_Eq.(3.20)

Compute X2 from
Eq.(3.24)

Compute R.from
Bq.(3.52)°

B
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Figure 55.

1

Y

Compute & from Eq.(3.21)

l

Compute

Se from
Eq.(3.27a)

Compute ¥ from Eq.(3.19)

Compute K from Eq.(3.22)

Compute R, from Eq.(3.32)

Compute 7, from Eq.(3.38)

Compute Y_ from Eq.(3.53)

Compute S_ from Eq.(3.39)

|

Compute T from Eg.(3.46)

Compute P, from

Eq.(3.47)%

Compute Pdl' sz from

Eqa.(3.58a) and (3.59a)

Compute Qol’ Qoz from

Egs.(3.56a) and (3.57a)

Compute OR output total
pressure

Compute P.. from

Eq. (3.48)%P

' Flow Diagram for OR Output Pressure Transient
Response Prediction
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Compute P, from Eq. (3. 50)

l

P

= (Pp+tPy)

Compute X from Eq.(3.31)

N
Xr > le

Y
Compute A from Eq. (3.43)

'[Compute V from Eq.(3.42) |

Compute 8 from Eq.(3.54)
by implicit iteration

| Compute R from Eq.(3.21)

Compute X,, from Eq.(3.23)

2

Compute X from Eq.(3.24)

Compute Ac from Eq.(3.15)

o from Eq.(B.4)

Compute C

d

Figure 55.

Y

Print switching time

Compute all steady~-state
values by iterations for

a given Pct(T)

o
L

Compute‘Qc from Eq.(3.55%)

Compute (3 from Eq.(3.73)

Compute X, from Eq.(3.79)

1
|

Compute E, from Eq.(3.77)

|

Compute X, from Eq.(3.24)

2
l

Compute R from Eq.(3.81)

[ compute 6, from Eq.(3.78) |

Compute 5, from Eq.(3.272)

Compute J from Eq.(3.76)

Compute K from Eq.(3.2a)

Compute R from Eq.(3.82)

(Continued)
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Compute 4 ~from Eq.(3.83)

Compute Y_ from Eq.(3.84)

Compute S_ from Eq.(3.83)

Compute T from Eq.(3.46)

Compute P, from Eq.(3.69)

Compute Pdl’ sz from

Egs.(3.86) and (3.87)

Compute Qol’ Q°2 from
Egs.(3.56a) and (3.57a)

Compute OR output
total pressure

Compute P, from Zq.(3.70)

21

Compute P, from Eq.(3.72)

Compute X from Eq.(3.41)

Y

P

-

Compute V from Eq.(3.64)

Compute 6 from Eg.(3.85)
by implicit iteration

Compute R_ from Eq.(3.78)

Compute X, from Eq.(3.80)

2

Compute X_ from Eq.(3.24)

Compute A from Eq.(3.15)

Compute C. from Eq.(B.4)

dc

Compute A, from Eq.(3.66)

b

Compute Q from Eq.(3.65)

ime > Endtim>?Y

‘V

Ret
J [Retumn |

Print all final values

Plot desired variables

N
xr > xv2

Y

Compute A_ from Eq.(3.67)

Figure 55.

(Continued)
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Values of the unattached-side pressures (P2a and sz) may be deter-
mined by iterations at each (ime step. Since these iterations at every
time step require excessive computer time, the following alternative

method was chosen. For example, the pressure P a may be computed as

2
follows:
Step 1. Compute Qb from Equation (3.47a) based on the value of

Pza(t - At).

2. Compute Qw from Equation (3.47b) based on the values of

P2a(t - At) and P2b(t - At).
3. Compute Sw from Equation (3.47d).

4. Compute from Equation (3.47c).

Qe3

5. Compute the net flow rate into region 2a from
2Q = Qb + Qw N Qe3'

6. Compute a differential pressure IP_, from

2a
APy = R 2
(Bb + Aw)
7. Compute a new P2a from

P2a(t) = P2a(t - At) + APza.

C.2 Selected Computer Program Listings

The following computer programs are listed in this section:

1. Computer program 2 which was used for the computation of the
steady-state jet reattachment distance;

2. Computer program 2 which was used for computations of the switch-

ing time and the OR cutput total pressure transient response; and
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3. Computer program 3 which was used for the computation of the
return time.

Since these computer programs were primarily written to calculate
predicted values to be compared ﬁith experimental data, they are only
cursorily documented. User-oriented programs could be evolved from these
programs. The definitions of variables and parameters used in the pro-

grams are presented in Table III.
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TABLE III

DEFINITIONS OF VARIABLES AND PARAMETERS

Q

) = P(51) = X(27) = X(62) =

P 1 Feb )
P (2) = oy P(52) = 180/m  X(28) = P X(65) = W_;
P (3) = Dl P(53) = ¢ X(29) = Ptc X(66) = W62
P (4) = D2 = 67/90 X(33) = Ny X(67) = Cdc
P (5) = D3 P(58) = cos 0y X(34) = Pza(phase IT) X(69) = Rec
P (6) = BC P(59) = si11a1 X(35) = ep X(70) = Reé
P () = Bb P(60) = cos a, X(36) = Pza(phase I) X(74) = cos B
P (8) = Bvl P(61) = Sinot2 = Pb(phase II) X(75) = sinB
P 9 = DS P(62) = So X(37) = ReS X(76) = Se/c
P(10) = le X Q) = Xe X(38) = Zw X(77) = A
P(11) = Lc X (2) = Xr X(39) = ¢ Y (1) = Qc
P(13) = Lol X (3) = Se X(40) = Sp Y (2) =V
P(14) = L02 X (4) = Re X(41) = Tp Y (3) = Q01
P(15) = Lth X (5) = RC X(42) = Yp Y (4) = Q02
P(16) = bS X (6) = YS X(43) = Qe3
P(17) = AR X (8) = e X(44) = Q,
P(18) = o X ) =¥v X(45) = Q.
P(19) = v X(10) = B X(46) = SW
P(20) = p X(11) = Tr X(47) = AW
P(22) = qS X(12) = TS X(50) = Xl
P(23) = U_ X(13) = A X(51) = X,
P(24) = Re_ X(14) = A X(52) =K
P(26) = t, X(15) = Ab X(53) = E1
P(31) = Ié X(16) = Qez X(54) = E2
P(33) = Igl X(18) = Q, X(55) = Y.
P(34) = Iéz X(20) = P02 X(57) = SS
P(36) = XV2 X(21) = Pl X(58) = SV
P(41) = Final value X(22) = Py X(59) = AV

°fPe  x@) =B,  X60) =G
P(42) = 1 X(24) =P X(61) = ¢

ri d2




[N aNalal

100

10

[aRalal

COSPUTER PROGRAM 1 - COMPUTATION OF THE
STZADY-STATE JET REATTALHKENT DISTANCE

DIFENSION CICT)»PC100)sXC100),5,Y(5)

00 100 II=1,100
PCII)=0.0
XCI1)=9.0
DO 200 II=1,5
Y(1:)=0.0
P(1)=1¢5.
PL2)=15.
P(3)=9.5
P(4)=P(3)
P(5Y=0.0
PC6)=1.0
P(1)=1.0
P(E)=2.2
P(9)=22.0
PC10)=13.035
PC11)=a.0
PC12)=4.0
P(133=30.0
P(14)=20.
PC15)=3.2
PC163=1.0
PCiT2=1.0
PCIEY=10.5
PC1%3=2.2517E-2
PC2C2=1.1235-7
PISTI=IE-S
P(5i3=3.142562¢54
F(52)=120.72(51)
P(53)=67.733.
P(54)=67.7P(52)
P(5£)=F(1)/P(52)
PC57)=7(2)7P(52)
PL52)=0050PC56))

$53=31N(P(5L))

£72=2L05(PC5T)
PCEI=SIN(F(5T))
PCEZ)=7(13)73.
PLE2Y=1./2(52)
PLESI=C1.+41./P(1T)) 232
XC65)=(PC33¢P(S)+0.5)9PC5B)+P(IIEP(59)
X(66)=(P(4)-P(5)40.5)%P(60)+P(ID=P(61)

W2T1YE(5,12C0)
For"aT("17)
NRITE(E,1300) P(3)
FIFA®2T(3X, "D1="»FT.4)"
Y(13=¢.0

CT 300 JJ=1,7

XCICO=RTANCYC15&Y(1D/PL6))

X{433=X(12)

X(74)=0CS(Xx(10))

XC7S3=SIN(X(10))
XC525=C0.5e(P(6)¢X{T79)) FP(58)
XC(532=P(3)¢X(5033P(59)40.53(1.0-X(74))

JTERATIONRS FOR X{8)

KOUNT=0

159
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(o ¥ o ¥ o}

20

22

24

25

26

P(55)=0.05

X(B) =(P(56)+P(54))73.0
X(76)=X(8)/P(53)
X(82)=P(53)¢TANCX(T6))
X(61)=ATANCX(B2))
XC9)=X(61)+X(8)-X(10)~P(56)
X(11)=2.0+COSC(P(51)+X(9))73.)
XC81)=((2.+Y(1)41.)/X(11))++2
X(3)=P{62)¢(X{81)-1.)

X{52)=X(3)/(0.622X(T6)+0.382SINCX(T76)))

XC4)=X(52)*SINCX(T76))

X(B4)=X(4)*SINCX(E)-X(10)-P(56))/P(58)

PC66I=X(B4)-X(53)

IFCABSCPC66D).LTL1.E-43X(53)) GO YO 26

KOUNT=KQUNT+1

IF(XCUNT.GT.100) GO TO 46
X(8)=X(8)+P(55)
X(T6)=X(8)/P(53)
XC82)=P(S53)+TAN(X(76))
X(61)=ATAN(X(E2))
X(9I=X(61)#X(8)-X(10)-P(56)
X(11)=2.C3C0SC(PLS1I*+X(9))/3.)
X(83i)=((2.2Y(1)41.)/X(11))3%2
X(3)=P(62)£(X(81)-1.)

X(52)=X(3>/(0.62%X(T76)+0.388sSIN(X(76)))

X{4)=X(52)3SINCX(76))

X(84)=X(4)sSINCX(EI-X(10)-P(56))/P(58)

PC6TI=X{B%II-X(53)

IFCABS(P(6T)).LT.1.E-45X(53)) GO TO 26
JFCUPCELIEPL6T).6T.0.0)ANDLCAESCP(ETI)-LT.ABS(P{5E)D)) GO TC 22
IFC(PC66)3P(6T).6T.0.0).AND.(BBS(P(67I).0T.285(7(66)2)) GO TO 24

IF (P(66)+P(6T7).LT.0.0) GO 710 25
PL66)=P(6T)

G0 Y0 20 -

PC66I=P(ET)

P(55)=~-P(55)

GO 10 20

PC66I=P(6T)

P(553=-0.13P(55)

60 70 20

END OF ITERATIONS FOR X(8)

X(51)=X(4)*COS(X(8)~X(10)>/P(586)
XC1)=X(50)+#X(51)

XR
X(80)=X(3)+P(62)

X(63)=SQRY(P(62)>/X(80))
XC81)=0.5%X(80)/7P(18)

XC82)=C(1.+X(11)27C1o-XC11)IDD2((1.-X(63)I/7(L+X(533))
X(2)=X(1) —X(B1I3ALOG(X(82II/SINCX(II)

RCL

X(37)=0.52X(52)/P(53)
X(80)=X(37)¢0.5
X(81)=P(9)-0.5P(&6)-X(8B0I*X(75)
XC82)=X(80)eX(74)I+P(5S)
X(33)=ATANCX(E1)/X(B2))
X€35)=0.52(X(1G)+X(33))
X{40)=2.¢X(37)+X(35)
X(81)=X(40)+P(62)
XC41)=30RT(P(62)/%(81))

XC42)=C.52X(81)/P(18))*AL0GC(1.+X(41))/C1.-X(41)))
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X(82)=0.5-X(42)
X(g3)=C05(2.*X(35))~-1.0
XC5)=X(37)4.5¢(1.+X(B2)%(2.3X(37)*+X(82)I/(X(37)+X(83)-X(82)))

ETA2 , SS

X(81)=P(9)-0.5%P(6)-X(5)*X(75)
X(32)=X(5)sX(T74)+P(5)
XC62)=ATAN(X(81)/X(82))
X(57)=X(5)3(XC10)+X(62))

P2 , P1

X(16)=0.0
X(22)=0.0
X{21)=%(22)-2.0/X(5)

PCB
XC27)=(x(21)+X(22))72.
aC

XC13)=0.5¢P(6)I*X{T5)+(P(3)+0.54P(6ISTANCP(56)))%X(T4)-0.5
IF(XC133-7(6)) 36435,35

X{13)=P(6)

CINTINUE

X(18)=0.0

8T

X(22)=XC27)¢ (Y(1)/XC13))¢32

X(E13=Y(1)2Y(1)/P(6)

X(&3)=0.53(x(28)-x(22))3P(6)

X{1CO=2TA%(X(83)+X(B1))

X{Z3)=X(43)-X(10)

IF (ASS(X(8G)).LT-.1.E-4) 6C 70O SO

G0 10 19

¥2ITECE,1002)

FCRMAT("G"43X, “WARNTING 3 = ITERATIONS FOR X(8) DO NOT CCNVERSE®)
WRITE(E,2200) Y(1>»X(2)5X(10),KIUNT

FORRAT( 0"y 3X,2F12.6,E16.653X,13)

¥Y(1)=Y(1)+40.05

CCXTINUE -
SToP

END



[
4

509

[uXaXal

162

CORPUTER PROGRAR 2 — COMPUTAYIONS OF THE SWITCHING TIME
AND THE DR OUTPUT TOTAL PRESSURE TRANSIENT RESPONSE

DIRENSIOK F(101),2(101),CIC7)
IF (ISTART.EQ.O0) GO TO SO

NPH=1

1D2=0

I1p3=0

D2 500 II=1,100
X(I1)=0.0

P(513=3.141592654

P(52)=18U./sP(51)

PL53)=67.750.

P(54)=¢T7./P(52)

P(56)=P(1)/P(52)

P(573=P(22/P(52)

P(583=C0S(P(56))

P{59)=5In(P(56))

P{6CI=CLS(P(57))

PLELI=SIK(P(ST))

P(62)=F(158)/3.

P(63)=1./P(52)

P(65)=C1.41.7P(17)) %82
X(65)=(P(3I+P(5)+0.5)3P{58)+P(9)%P(59)
XC66I=(P(4)-P(5)+0.5)*P(60D+P(9)2P(6]1)

COEFF F2R CO

CIC)= 6.305645E6-2
CI(2)= 2.0675C0E~1
CIC23)= 2.06412%¢8-1
CIC4)==~5.£143209E~2
C1(5)=-7.313929CE~-2
CI(6)= 4.834454F~2
CIC7)=-8.477535E-3

P(26)=P(16)/P(23)
P(423=2.5E-3/P(26)

¥(1)=0.90

X(10)=0.

0C 410 I=1,10

X{743=CDS{XxC10))

XC75)=SIN(X(10)) : -
X(503=C.53(P(6)+X(75)) /P(58)
X€533=P(3)+X(50)*P(59)+0.5%(1.0-X(74))

ITERATIONS FCOR X(8)

KCUNT=0

P(55)=0.05

X(8) =(P(56)+P(54))73.0
XCT76)=X(E)/P(53)

X(82)=P(53)%T2aN(X(T6))
XC81)=2T2H(X(22))
X(9)=X(612+X(23-XC10)-P(56)
X€11)=2.03C0SCCP(S1)+X(5))/3.)
XC81)=((2.3Y(1)+21.)/X(11))%%2
X(3)=P(62)8(X(B1)-1.)
X{52)=X(3)/7C(0.62sX(T6I+3.38+SINCX(T76)))
XC4)=XC(52>*SINCX(T6)) »
XCE4I=X(4)$SINCX(B)-X(10)-P(56))/P(53)
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P(66)=X(84)-X(53)
IF(ABS(P(66)).LT.1.E-4%X(53)) GO TO 426
KOUNT=XOUNT+1

IF(XOUNT.GY.100) GO TO 446
X(8)=X(E)+P(55)

X(76)=X(8)/P(53)

X{82)=P(53)+TAN(X(T6))
XC61)=ATANCX(B2))
X{9)=X(61)+X(8)-X(10)-P(56)
X(11)=2.02C0SC(P(51)+X(9))/3.)
XC81)=((2.sY(1)+#1.0/X(11))%¢2
X(33=P(62):(X(81)-1.)
X(52)=X(3)/(0.62+X(76)+0.38+#SIN(X(T6I))
XC4)=X(52)3SINCX(T6I)
X(B4I=X(4)#SIN(X(8)-X(10)~P(56))/P(58)
PC6TI=X(8B4)-X(53)
IFCABS(P(HTI)LTLL1.E-4*X(53)) GO YO 426

IFCCPLE6ISPC(ETILOTL0.0).ANDLCABSCPC6TII.LT. ABS(P(663))) GO TO 422
IFC(P(66)P(67).6T.0.0) . AND.CABS(P(67)).6T-ABS(P{66)))) GO TO 424

IF (PC66I*P(67).LT.0.0) GO TO 425
P(566)=P(67)

60 T0 420

P(66)=P(67)

P(55)=-P(55)

60 YO 420

PL&EI=P(6T)

P(55)=~0.1%P(55)

60 YD 420

END OF YTERATIONS FCR X(8)

X€51)=X(4)sCOSCX(BI-X(1CII/P(58)
X(1)=X(50)+X(51)

XR

X(80)=X(3)+P(62)

X(63)=SQRT(P(62)/X(80))

X(B81)=0.53X(80)/P(18)
X(82)=C(1.4XC11))/C1--X(11D2))#((1.~X(63))/7(2.4X(63)))
X(2)=X(1) —X(B1)#ALOGCX(82)II/SIN(X(9))

RCL

X(37)=0.5*X(522/P(53)

X(80)=X(37)+0.5

X(B81)=P(9)-0.5%P(6)~-X(BDI*X(75)
X(82)=X(BJI)+X(T4)>+P(5)

XC33>=ATAN(X(81)/7X(82))

X(35)=C.5s(X(10)+X(33))

X(403)=2.¢X(37)¢X(35)

XC81)=X(40)¢P(62)

X(41)=SORT(P(62)/X(8B1))
XC42)=(.5#X(81)/P(18))%ALDG((1.¥+X(41))/7(1.-X{41)))
X(82)=0.5-XC(42)

X(83)>=C0S5(C2.3X(35))-1.0
X(5)=XC37)+4.53(1.+#X(82)3(2.¢X(3T7I+X(82))/(X(37)=X{83)3-X(82)))

ETAZ 5 SS
X{81)=P(9)-0.5¢P(6)-X(5)*X(75)
XC82)=X(S5)*X(T4)+P(5)
XC62)=ATAN(X(81)/X(82))
X(57I)=X(5)2(XC10)+X(62))

QE2

163



c .
X(16)=0.5%(SORT(1.+X(57)/P(62))~1.)
C
C Pl
[
X(82)= PCTI+P{BI+X(66)
X(22)= —-(X(16)/X(82))3%2
X(213=XC223-2.0/X(5)
C
C PCB
C
X(27)=(X(21)+X(22))/2.
[
[ AC
[

XC13)=0.53PC6)*X(T75)+(P(3)+0.54P(6I*TANC(P(56)))8X(T741-0.5
IFCX(13)-P(6))4364435,435

435 X(13)=P(&)

435 COMTINUE

C
[ Q2
C
x(18)= PCT)*SCQRI(~X(22))
c
[ 87
c

x(28X=X(27)
X(833=0.58(X(238)-X(22))8P(6)
XCI33=LTANCX(B3))

410 CONTINUE

QC2¢10)

r2OO00

45 Y(4)=~X{66)ESORT(-X(22))
X(12)=~-1.0
X(23)=.25%(3.3X(11)-XC11)%+3-3,3X(1234X(12)3333/X(65)
x(31)=x(23)
Y(3)=X(65)sSORT(X(31))

v{10d)

[aNal o)

X(E6)=0.25¥2(53)3X(52)3#X(52)+(X(T6) - 0.5+SINC2.3X(76)))
XC87)=.5¢X(53)2X(4)3COSCXC(8I-X(10))
XC28)=C.5+X(50)%(P{3I+X(53))+P(58)
Y(2)=X(86)+X(ET)+X(88)
X(286)=X(22)
X(673=C.01
Flas3=x(22) -
Y(3)=3.0
60 1T 50
445  wRITE(E,1002)
1002 FGRMAT("C",3X, WARKING 3 = ITERATIONS FOR X(8) DO KOT CONVERGE”)
50 60 TO (51,2005, Noh
51 X(253=CP(41)-P(46))8C1.—EXP(~TIKE/PC42)))+P(46)
101 DY(1)=X(675<X(25)~XL28)~YL1D#ABSCY(1DI/C(XCETI*P(6DI+32)/P(31)
IFCYCID.LT.2.0) Y(1)=0.0
c eY
XC28)=XC27)+ (YC1)/XL13))¢82
XCE1)=Y(133Y(1>/P(6)
XCB3)=C.5¢(X(28)~X(26))sP(4)
XC10)=ATANCXCE3)+X(B1))
XC742=C0SCXC10)) N
XCT5)=SIN(X(10))
X(50)=0.5¢CP(6)4XC75)) /P(58)
XC53)=P(3)+X(50)5P(59)+0.53(1.0-X(T4))
X(512=X¢1)-x(50)
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102

172

173

174

103

104

162

165

X(81)=(X(51)%P(59)+X(53))%#2+(X(51)2P(58))*%*2
X(4)=SQRT(X(81))

X(81)=X(53)¢P(58)/X(4)
X(8)=ARSIN(XC(B1)I+X(10)+P(56)

X{76)=X(8)/P(53)

X(82)=P(53)¢TAN(X(T6))

XC61)=ATAN(X(82))

X(9I=X(61)+X(LI-X(10)I-P(58)

RCL

X(52)=X(4)/SINCX(T6)) ‘
X(37)=0.5¢X(52)/P(53) :
X(B0)=X(37)40.5

X(81)=P(9)-0.52P(6)-X(80)&X(T5)
X(82)=X(80)#X(74)+P(5)

XC33)=ATAN(X(B1)/X(82))

X(35)=0.5¢(XC10)+X(33))

sp .

X(40)=2.3X(37)%X(35)

YP

X(81)=X(40)+P(62)

XC41)=SCRTI(P(62)/X(81))
X(42)=(.58X(81)/P(18ID%ALOGCC1.¢X{(413)/7C1.~-X(41)))
X(823=0.5-X(42)

X(83)=C0SC2.*X{(35))-1.0
X(5)=X(37)+.5¢(1.+X(82)2(2.3X(3T7)+X(82)I7C(X{37)%X(83)-X(82)2)
ETA2

X(81)=P(9)-C-5%P{6>-X(5I*X(T5)
X(82)=X(5)+X(T4)+P(5)

X(62)=ATAN(X(B81)/X(8B2))

Ys

X(83)=X(81)+224¢X(82)3%2

X(60)=SART(X(E3))"

X(63=X(5)-X(60)

sS

X(57)=X(5)=(X(10)+X(623)

TS

X(80)=PCIBIEX(E)/(X(STI+P(62))
X(B1)=EXP(X(8D))

X(82)=EXP(-X(80))
XC12)=(X(B1)-X{82))7(XC(B1I+X(82))

SPLITTER EFFECT
XCTTI=C(1.-1.5#XC12) 4.5 X(12)#232)2COSCX(9II+1.+1.5sX(12)~
1 0.52X(12)¢23

X(78)=ARCOS(X(T7)/2.)
X(11)=2.0#C0SCCP(51)+X(78))73.)

PBE

X(18)= P(7)#SCRY(-X(36))

IF(XCI0)) 164,164,102
X(B2)=X(5)3X(T5)+.5¢P(6)

X(83)=P(36)3F(60)

IF(X(82)~-X(83)) 172,172,173
XC456)=X(5)3X(10)
XC47)=1.8256(X(46)+P(623)/P(18)
XC38)=X(82)sTANCP(STII+P(4)¢.5-X(5)3(1.~X(74)I=XC47)
GC 10 174

X(47)=1.825+(X(46)+P{62)>/P(18)
X€38)=PL36)8PL61)4PC4I+.5-CXCEI+P(5ID-X(47)
IF(X(38)) 103,103,104

X(38)=0.0

X(44)=0.0

G0 TD 163 N
X(8C)=X(22)-X(36) '
IF{X(80)) 162,161,161
XC44)=X(38)+SORT{X(8D))

60 TD 163

XC44)=-X(38)*SORT(-X(80))
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[aNaN ol

185

175

176
177

166
lé7
168
108
169

170
171

111

X(43)=0.5%(SQRT(1.4X(46)/P(62))-1.)
X(83)=X(138)¢X(44)-XC43)

XCE84)= PCTI+X(38)
X(36)=X(36)+X(B3)sABS(X(83))/X(84)*s2
IF(Y¥(36).GE.D.0) X(36)2=0.0

60 T0 165

X(46)=0.0

X(471)=0.5

X(36)=X(22)

X(443=-X(18)

X(432=0.0

X(38)=P(7)

PD2

Go2 .
X(23)=.25¢(3.¢X(11)-XC11)283-3.4X(12)+X(22)5%3)/X(65)
X(31)=x(23).
DY(2)=(X(313-X(26)-Y(3)*+ABSCY(3))/X(55)%%2)/P(33)
X(24)=.252802.43.3XC12>-X(12)%%3)/X(66)
X(32)=x(22)+%(24)

IFCX(ST)-X(46)) 175,176,176

XC(22)=X(46)

6C 10 177

X(€2)=X(57)
X(45)=0.55(SCRT(1.+X(82)/P(623)-1.)-X(43)
DY (4)=(X(32)-X(26)-Y(4)ABSCY(4)D/X(66)It32)7P(34)
IF(Y(4)) 107,108,108
X{EZ)=P(8I$SCPT(-X(22))-Y(4)I-X(44)-X(45)
IFUXC44Y) 165,187,167
XCE2)=F(6)+X(64I+X(28)

GG TG 168

X(33)=P(8)+X(66)
XC17)=X(82)=ABS(X(82))/X(83)%32

6G YO 109
X(82)=F(RI*SQRT{-X(22))-X(44)-X(45)
JIFCX(44)) 169,170,170 ’
X(E2)=P(EI+X(28)

GO T2 171

X(E3)=P(8)
X{17)=XCE2)*ABSCX(82)DI/X(83)%22

POUT

X(2TI=C(Y(4I/X(66))8%2

X(22)=X(22)+XC17)

IF(Y(22).6E.0.0) X(22)=0.0

P1

Y(B1)=X(46)/XC5T)
X{21)=X(CE1)3X(360+4(1-~X(813)3X(22)~2./X(5)
PCE

X(27)=(x(213+x(363)72.

X7
X(3)=Y(52)9C0.62¢X(T6)+0.383SINCX(T6)))
X(§0)=X(3)+¥(62)

X(62)=SCRTI(P(62)/7X(eL))
X(B1)=0.5+X(80)/P(18)
XC(E2)=CC1.+X(11))/C01~XC11)I)I$((1.~X(63))/(1.+X(63)))
X(€2)=XC1) -X(81)$ALDG(X(82))/SINCX(9))
oYsDY

IF(X(2)-P(10)) 110,110,111
DY(2Z)=Y{1)+0.5#(1.0-X(11)7X(&3))
X(14)=0.0

X(163=6.0

60 YO 120

IFCID2.EC.1) GO YO 116
XC81)=P(10)3P(58)-X(S53¥X(75)~-0.5%P(6)
X(B2)=X(5)3X(74)-P(103+P(59)~(P(3)+C.5)
XC39)=ATANCX(81)/X(E2))
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112

113

114
115
116

120

121

122

123
124

125

130
132
1100
135

139
140

136
137

IF(X(39)-P(56)) 112,112,113

102=1

G0 10 115
X(58)=X(5)¢(XC10)+X(39))
X(59)=1.825¢(X(58)+P(62))/P(18)
XC(14)=X(5)-X(59)-X(BI1)/SIN(X(39))
IF(X(14)) 110,110,114
IF{X(14)-P(8)) 116,115,115
X(14)=P(8)
X(19)=X(14)+SORT(-X(21))
DY(2)=Y(1)+0.5%(1.-X(11)/X{(63XI+X(19)

IMPLICIT FN FOR THE

FC(1)=X(8)

2(2)=X(8)

X(85)=X(1)
X(88)=0.5*X{(50)*(P(3)+X(53))*P(58)
DO 130 N=2,30

I=0

X{8I=RBS(Z(N))

IF(X(B).GE.P(54)) X(8)=P(54)-P(63)
IF(X(8).LE.D0.0) X(B)=P(63)
X(76)=X(8)/P(53)
XC4)=X(53)¢P(58)/SINCABS(X{8)-X(10)-P(56)))
X(52)=X{4d/SINCX(76))
XC87)=.52X(53)*X(4)*CCSCABS(X(8I-X(10)))
X(B81)=4.2(Y(2)-X{(BT7I-X(88))/(X(52)*X(52))+.52P(53)*SIN(2.*X(75))
FON+1)=ABS(X(81))

IF(N.GT.2) GO TO 123

IFCI> 123,122,123

Z(N-1)=F(N-1)

Z(N)=F(N+1)

F(K)=F(N¢1)

I=1+1 .

IFCY.GT.20) GO TO 132

60 YO 121

IFCZ(NI-2(N=-1)) 125,124,125
Z(N#1D=T(N)

60 10 135
PCEBI=(FIN+1)-F(N)I/Z(Z(N)-2(N-1))
IF(P(868).EQ.1.) GO TO 122
P(68)=P(6BII/(P(6EI-1.)
ZCN+1)=PC69I2I(NI+(1.-P(6S)D+F(N¢1)
PCT0I=ABSCZ(N+1)-2(N))
JF(P(T0).LEL1.E-6) GO TO 135
CONTINUE

KRITE(6,1100)

FORMAT("0"y3X, “WARNING 4= IXPLICIT FN FOR X(8) DOES NOT CCNYERSE®)

XCE)=I(N+1)
END CF INPLICIT FN FOR THE

IFCCX(BY.LELC(X(10)#P(56))).0R.(X{BI.GE.P(54))) GD TO 139
X(4)=X{93)3P(58)/SINCABS(X{8I-X(10)-P(56)))
X(51)=X(4)*C0SC(X(8)-XC10))/P(58)

XC1)=X(50)+X(51)

GD TG 140

XC1)=Xx(85)

CONTINUE

AC
XC13)=0.5¢PC6I#XCT5)+(P(3)+0.5¢P(6I$TANCP(56)I)8X(T74)-0.5
IFCX(13)-P(6)) 137,136,136

X(13)=P(6)

CONTINUVE

coc
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[aN o]

aOno

146

147

155

16C

10

11

IFCY(1).EQ.0.0) GO TO 147
X(6%9)=Y(1)>*P(24)
X(T0)=X(69)7((P(11)+1.)3P(65))
X(8C)=ALCG1C(X(70))
X(67)=CIC1)

DO 146 J=1,46
X(6T)=XC67)4CI(I+1)2X(BOI**I
IF(Y(67).LE.0.0) X(67)=0.01

~
ce

CONTIKNUE

SWITCHING

IFCID2.EG.1) GO YO 155
IF(X(6).LE.(P(4)-P(3))) GO TD 295
X(73=0.95%X(66)¢SORTI(X(79))

1C3=1

IFCY(4).LT.X(T7)) GO TO 300

NPH=2

ENDTI®=TINE+70C.0
WRITE(S5160)PC41),TIKE,Y(1)3Y(4),X(T7)sX(6),X(20)
FORMAT( 0"y 3X,F16.5,F16.35,1P5E16.6)

SEVEI=P(1)

P(1)=P(2)

P(2)=SAVEL

SEVE2=P(32)

P(3)=F(4)

P(4)=SEVZ2

SEYI3=P(6)

PCL3=P(T)

P(T)=SAVE3

SAVE4=P(10)

PC10)=P(36)

P(3&)=SAYE4

P(5)=-F(5)

SAYES=F(11)

PC11)=PC12)

PC12)=SAVES

X(68)=X(67)

X(67)=0.0

P(50)=1.€-3
ITERARATIONS FOR QB(CTO)
NCR=0

ITER=0

ID5=0

XC1€)=0.2

XC85)=X(18)
X(21)=Y{1)eY(1)/P(T)
X(22)=X{18)3X(1EI/P(6)
XC1C)= AT2N(X(82)-X(81))
ITERP=ITEF+]
IFCITER.GT.20) NCR=2
X(74)=05S(X(10))
XCT7SI=SINCXCIC))
X(SC)=0.53(P(6)+X(75)) /P(58)
XC53)=F(3)+X(50)2P(59)+0.52C1.0-X(74))

ITZRATIONS FOR X(2)

IF(X(10).67.-0.35) GO 710 11
I1D5=1

X€(8)=C0.06

€0 10 12

KOUNT=0

P(55)=0.02
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[aX2X 2]

12

20

22

24

25

46
1002

26

X(8) =0.1

X(16)=X(B)/P(53)
X(82>=P(53)*TANC(X(76))
X(61)=ATAN(X(B2))
X(9)=X(61)¢X(8)-X(10)-P(56)
X(11)=2.0%COSC(P(51)+X(9))/3.)
X(81)=((2.$X(18)+1.)/X(11))%%2
X(3)=P(62)+(X(81)-1.)
X(52)=X(3)7C0.62%X(76)%0.3B¢SIN(X(76)))
X(4)=X(52)SINCX(76))
X(84)=X(4)3$SIN(X(8)-X(10)-P(56))/P(58)
IFCID5.€0.1) GO 7O 26
PC66)=X(84)-X(53)
IFCABS(P(66)).LT.1.E~-42X(53)) 60 TO 26
KOUNT=KJUNT¢1

IF(KOUNT.GT.100) 60 TO 46
X(B8)=X{B)I¢P(55)

VN=P(£3)73.0

IF(X(8).LE.0.0) X(8)=VMA
X(76)=X(8)/P(53)
X(82)=P(53)8T1aN{X(76))
XC61)=ATAN(X(82))
X(9)=X(61)+X(8)-X(10)-P(56)
XC(11)=2.0¢COSC(P(51)+X(9))/3.)
X(81)=((2.2#X(18)#1.)/X(11))%%2
X(3)=P(62)3(X(81)~-1.)
X(52)=X(3)7C0.62%X(76)40.38%SIN(X(76)))
XC4)=X(52)#SIN(X(T6))
X(84)=X(4)*SIN(X(EI-XC(10)~-P(56))/P(58)
PC67I=X(B4)-X(53)
IFCRABS(P(6TII-LT.1.E~48X(53)) GO TO 26

TFCCPC66I*PCETI.GY.0.0).AND.(ABS(P(6TII. LY. ABS(P(66)))) GO TO 22
IFC(PC66I*P(6T).6T.0.0).AND.(ABS(P(67)).GT.ABSC(P(66)))) GO YO 24

IF (P(65)2P(67).1T.0.0) GO TO 25
PC66)=P(6T)

G0 TO 20

PC(66)=P(6T)

P(55)=—P(55)

G0 YO 20

P(66)=P(6T)

P(55)=-0.1%P(55)

G0 YO 20

END OF ITERATIONS FOR X(8)
WRITE(6,1002)

FORMAT(“0"43X, “WARNING 3 = ITERATIDSS FOR X(8) DO NOT CGNVERSE®)

XC€51)=X(4)2C0S(X(8)-X(10))/P(58)
XC1)=X{50)+X(51)

XR
X(80)=X(3)+P(62)

X(63)=SART(P(62)/X(80))
X(81)=0.5%X(80)/sP(18)

X(82)=C(C1.4#XC(112)/C1.-XC113ID3((1.~-X(63))/7(1.+X(63)))

XC2)=X(1) -X(E1)*ALOG(X(82))/SINCX(9))
RCL

X(37)=0.5%X(52)7P(53)
X(80)=X(37)+0.5
X(81)=P(9)-0.53P(6>-X(80)I*X(T5)
X(82)=X(80)*X(T74)-P(5)
XC33)=ATAN(X(81)/X(82))
X(35)=0.5¢(X(10)+X(33))
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15

17

30

31

32

33

34

43
1004

X(40)=2.3X(37)*X(35)

XCB81)=X(40)+P(62)

X(41)=SCRT(P(62)/X(81))
X€42)=C.53X(81)/P(18))#ALDGC(1.+#X(41))/(1.~X(41)D)
X(E2)=C.5-X(42)

X(83)=C00S(2.4#x(35))-1.0
X(5)=X(37)+.5%(1.4¢X(82)%(2.¢X(3T7D+X(82))/(X(3TI*X(83)~X(82)))
IFCCX(5)-X(37))-20.0) 17,15,15

X(5)=X(80)

ETA2 , SS

X{81)=P(9)~D0.5%P(6)~X(5)%X(75)
X(82)=P(EI*+X(65)
XC62)=LTAN(X(31)/X(82))
X(5T7I=X(5)3(X(10)+X(62))

QE2
X(16)=0.5%(SQRT(1.+X(57)/P(62))-1.)
P1

X{e3)=xC16)-Y(1)
IF(X(23).LE.0.0) X(83)=0.0
X{52)=P(8)+P(29)1+X(66)
X{223)= ~(X(B3)/X(E€2))32
X(21)=X(22)-2.0/X(5)
IF(X(21).0E.0.0) X(21)=-0.02

Y]
c3s

104=0

X(153= 0.53P(6)EX(TSIH(PL3I+.54P(6I*TAN(P(56)))+X(74)-.5
IF(X(15)-P(6)) 31,30,30 .

XC15)=pP(6)

XC18)= P(H)*SQRT(~XC21))

X(36)=Xx(21)

104=1

63 TC 32
X€13)=X(15)#SORT(~X(21))
X(36)==(X(18)/P(6))=32
IFCXC12).GE.C. B0 2P(6)) 1D4=1
CoXTIYUE
IFCRES(N{12)-X(BE)I).LE.P(S50)) NCR=1
BT

XCBII=Y(1)*Y(1)/P(T)
X(22)=X(223+C( V(1) x(13)) %82
IFCID4.52.1) GO TO 33
X(8Z)=X(18)$X(18)/P(6)

6C TC 3%

X(8CI=(3.80 De(P(63/XC153)*X(18)
XC223=X{%3)2X(EQ)/P(6)
X(243=P(T)/P(6)
XET71)=X(28)2X(34)+X{22)¢(1.~X(B4))
X(833=0.52(X(36)-X(71)ID+P(6)
XC10)= ATEN(X(Z3)+X(282)-X(B81))
IF(NCR.EQ.1) GO TO 45
IF(MCR.EC.2) GO Y0 43
X(85)=x(18)

GO T3 10

WRITE(CSH,1004)

FORMAT(“D"33X, WARNIAG 2 = ITERATIONS FOR GB(T0) DO NOT CONVERGE®)

&C
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45

35
36

200

201

286

287

290

291

X(80)=-X(75)

X(13)=0. 5*P(7)3X(80)+(P(4)*0 S+P(TIsTANCP(STII)I*X(T4)-0.5
IF(X(13)-P(T)) 36,35,35

X(13)=PCT)

CONTINUE

V(1o

X(86)=0.25¢P(53)¢X(52)¢X(52)2(X(T6) ~ 0.5%SINC2.¢X(76)))
X(87)=.5¢X(53)sX(4)3COSCX(8)I-X(10))
X(88)=0.5¢X(50)8(P(3)+X(53))+P(58)
X(48)=X(86)+X(87)+X(88)

IKk=0

1D2=0

I03=0

ID4=0

X(34)=X(22)

END OF ITERATIONS FOR QB(TO0)

IFCID3.EQ.1) GO TO 201
Y(2)=Xx{48)

0Y(2)=0.0

IK=1K+1

IFCIK.EQ.4) I03=1
X(29)=(P(41)-P(46))I8(1.~EXP(-TIRE/P(42)))+P(46)
DY(1)=X(65)¢(X(29)-X(28)- Y{1D2ABSCY(1)I/Z(X(66I¥P(T))*s2)/7P(31)
87

X(28)=X(34)+ (Y(1)7X(13))352
XC8I)=YC1)Y(1)/P(T)

IF(ID4.EQ.1) GO YO 286
X(82)=X(18)3X(18)/P(6)

GO YO 287

X(80)=(0.80 I*(P(EI/X(15))%X(18)
X(82)=X(8G)*X(BO)I/P(6)
X(84)=P(T)/P(6)
X(71)=X(28)+X(B4)+X(34)*#(1.-X(84))
X(83)=0.5%(X(36)-X(T1))¢P(6)
X(10)= ATAZN(X(E£3)+X(82)-X(81))
X{74)=C0S(X(10))

X(75)=SIN(X(10))
X(50)=0.53(P(86)+X(75)) /P(58)
X(53)=P(3)+X(SCI+P(59)+0.53(1.0~X(74))
X(51)=X(1)>-X(50)

X(81)=(X(51)= P(S9)fX(53))‘*2*(X(51)3P(58))2¥2
X(4)=SQRT(X(81))
IF(X(10).6T.-0.35) GO TO 290
X(8)=0.06

GO 70 291

X(81)=X(53)2P(58)/X(4)
X(B8)=ARSINCX(813)+X(10)+P(56)
XCT6)=X(EI/P(53)

X(82)=P(53): TAN(X(76))
XC61)=ATAN(X(82))
X(9)=X(61)+X(E)-X(10)-P(56)

RCL

X(52)=XC4)/SINCX(T6))
X(37)=0.52X(52)/P(53)
X(B8C)=X(37)+9.5
X(81)=P(9)~0.52P(63-X(80)I*X(75)
X(82)=X(80)#X(74)-P(5S)
XC33)=ATAN(X(81)/X(82))
X(35)=0.5%¥(XC10)+X(33))

sP

X(40)=2.4X(37)*Xx(35)
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188
189

213

274
203

261

262
263

264

[aX X))

265

172

Ye

X(81)=X(40)+P(62)
X(41)=SORT(P(62)/X(8B1))
XC42)=C.5¢X(81)/P(1BIY*ALDGC(L.#X(41))/C1.~X(41D))
X(823=0.5-X(42)
X(83)=005(2.%x(35))-1.0
X(5)=X(37)+.53(1.+X(82)2(2.%X(37I+X(82)I/(X(37)*X(83)-X(82)))
IFCCX(5>-X(37))>~20.0) 189,188,188
X(5>=x(80)

ETA2

X{81J)=P(9)-0.5¢P(6)-X(5)*X(T5)
X(323=X(5)+X(74)~-P(5)
X(62)=ATAR(X(E1)I/X(B2))

Ys

X(83)=x(81)332+X(82)¢s2
X(60)=SQRT(X(83))

X{6)=X(5)-X(60)

sS
S XC5TI=X(5)*(X(10)+X(62))

TS

YC20I=P(iB)tX(6I/(X(5T)*P(62))
X(313=E£XP(X(20))

X(E2I=EXYP(-X(50))
X(12)=(r(213=-X(82))/(X(81)+X%X(E2))
SPLITYER EFFECT
XCTTI=C1e=1a58XC12) 4.5+ XC12)#33)%C0SIX{9)I+ . +1.5%X(12)~
1 C.5¥X(12)%33

XL€72)=2PL0SC(X(TTII2.)
X(11)=2.3*C0SC(P(51)+%X(78))/3.)

Pt

X{31)=X(68)*P(7)

IFCX{1C)) 264,264,202
X(E§2)=X(5)3X(T5)+.538P(6)
XCe3)=P(3£)8P(€D)

IF(X(E2)-X(8B3)) 272,272,273
X(46)=Xx(5)sx(10)
XC47)=1.8259(X(4£)+P(62))/P(1B)
XC38)=X(E2I#TANCP(5TII+PCAI+.5-X(5)#(1.-X(T74))~-X(4T)
GC TYC 274
K(ATI=1.8253(X(45)+P(62))/P(18)
XC3E)=P(3633P(61)4P(4D2+.5-(X(6)-P(5))-X(4T)
IF(X(3E))> 203,203,204

X(38)=0.0

X(443=0.0

60 TG 253

X{E0)=X(22)-X(34)

IF(X{ED)) 262,261,261
X(44)=X(358)sSCRT(X(80))

GO TO 263

X(44)=-X(38)¢SQRTI(~-X(80))
X(43)=%.59(SORT(1.+X(46)/P(62))-1.)
X(283)=Y¥(1) +X(443-X(43)
XCEL3=X(31)+X(38)
XC34)=X(24)+X(E3)*x23S(X(E3)D/X(B4)%32
IFCX(34>.GE.0.0) X(34)=0-0

GO TO 265 .

X(4£)=0.0

X(47)=0.5

X(34)=%(22)

X(44)==-Y(1)

X(43)=0.0 »
X¢38)=x(81)

PD2
co2
X(23)=.253(2.43.%X(123-X(12)¢23)/X(65)
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276
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207
266

267
268

208
2569

270
271
4

209

210

211

212

213

214
215
216

[aKaXal

217
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X(31)=X(22)+X(23)
X(24)=.25#(3.#X{11)-X(11)%%3=-3,$X(12)¢X(12)*¢3)/X(66)
X(32)=X(24)

IFCX(STI-X(46)) 275,276,276

X(823=X(46)

G0 10 277

X(82)=Xx(57)
XC45)=0.5¢(SORT(1.4X(82)/P(62))-1.3-X(43)

DY (4)=(X(323-X(26)-Y(4)*ABSCY(4)I/X(66)*+23/P(34)
DY(3)=(X(31)-X(26)-Y(3I+ABSLY(3)I/X(65)2322/P(33)
IFCY{(3)) 207,208,208
X(82)=P(8)*SQRT(-X(22))-Y(3)-X(44)-X(45)
IF(X(44)) 266,267,267

XC83)=P(8)+X(65)+X(38)

GG 10 268

X(83)=P(BI+X(65)

X(17)=X(82)%ABS(X(82))/X(83)%*2

GO 70 z09

X(B82)=P(8)*SQART(-X(22))-X(44I-X(45)

IF{X(44)) 269,270,270

X(83)=P(8)+X(38)

GO 70 271

X(83)=P(8)

X(17)=X(82)2ABS(X(82))/X(E3)%%2

POUTY

X(20)=(Y(4)/X(66))882

X(22)=x(22)+X(17)

IF(X(22).62.0.0) X(22)=0.0

Pl

X(81)=X(46)7X(5T)
X€21)=X(8132#X(34)+(1.-X(81))2X(22)-2.7X(5)
XR
X(3)=X(52)9(0.623X(T76d+0.38¢SIK(X(T6)))
XC80I)=X(3)+P(62)
X(63)=SORT(P(62)7X(80))
X(B81)=0.52X(80)/P(18)
X(82)=CC1.+X(113)/C1.-XC112))sCC1.-X(63)I/C1.¢X(63)))
X(2)=X(1) -X(B81)=ALOG(X(&2))I/SINCX(9))
bv/DT

IF(X(2)-P(10)) 210,210,211
CY(2)=x(18)+0.52(1.0-XC113/X(63))
X{14)=0.0

X(19)=0.0

60 10 217

IF(ID2.£0.1) 60 T0 216
X{81)=P(10)+P(58)-X(5)3X(75)-0.5%P(6)
X(82)=X(5)*X(74)-P(10)#P(59)-(P(3)+0.5)
X(39)=ATAN(X(B1)/7X(B2))

IFC(X(39)-P(56)) 212,212,213

in2=1

G0 Y0 215

XC58)=X(5)*(X(103+X(39))
X(59)=1.825+(X(58)+P(62))/P(18)
XC14)=XC5)-X(5S>~X(81)/SINCX(39))
IF{X(14)) 210,210,214

IFCX(14)-P(8)) 2164215,215

X{(24)=P(8)

XC19)=X(14)2SORT(~X(21))
DY(2)=X(18)40.53(1.-X(11)7X(63))+X(19)

IMPLICIY FN FOR THE
IF(X(10).6Y7.-0.35) GO TO 220

X(83=0.06
GO TO 238
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o0

221

222

223
224

225

230
232
210C

235

238

239

240

236
237

246

247

F(1)=X(8)

202)=x(8)

X(85)=X(1)
X(88)=C0.5¥X(50)%(P(3)+X(53))3P(58)

DO 23C N=2,30

1=0

X(8Y=28SCZ(N))

IF(X(2)-GE.P(54)) X(8)=P(54)-P(63)
IFCXC(8).LE.D.0) X(8)=P(63)
X(7€)=X(8>/P(53) !
X(4)=X(53)8P(58)/SINCRBSCX(EI-X(10)-P(56)))
X(52)=XC4)/SINCXCTED)D
X(E7)=.5¢%X(53)sX(4)$COSCABSCX(8)-X(10)))
X(B1)=4.%#(Y(2)-X(BT)-X(88))/(X(52)I%X(52))+4.5%P(53)¢SINC2.2X(76))
FCn41)=5BSCX(B1))

IF(N.GT.2) GO TO 223

1FCY) 223,222,223

I(K-1)=F(N-1)

Z(hI=F(N*+1)

FCK)=F(N#1)

1=1+1

IFCI.GT.20) 6O YO 232

60 YO 221

IFCZONI-I(N=-1)) 22552245225

ZCH+1I=I(N)

62 TG 235

PCERDI=C(F(N+1)-F(KIDI/Z(Z(KI-Z(N-1))
IF(P{663.EQ.1.) GO TO 222
P(65)=P(62)/(P(58)-1.)
2CH413=P(69)3I(NI+(1.~-P(69))I$F(N+1)
PCICI=2E5C2Z(R+1)-2(N))

IF(P(70).LE.1.E-6) GO TO 235

CONTINUE

w¥RITECE,2100)

FOA®AT(0",3X, "WARNING 4= IMPLICIT FN FOR X(8) DCES NOT CONVERSE®)
60 TG 239 i
X(2)=z(ne1)

IF(XC{2).LY.0.06) X(€)=0.06

END OF IRPLICIT FNK FOR THE

IFCCXCBY.LE.(X(10)4P(56))).0R.(X(B)-.GE-P(54))) GD YO 239
XC4)=Y(53)sP(S€)/SINCLBS(X(EI)~-X(10)-P(56)))
X(51)=XC4)+C0S{X(I-X(103)/P(58)

XC1)=X(55)+%(51)

GC YO 240
X(1)=X(385)
ac

X(85)==X(75)
X(132)=0.5¢2C(T)*#X(BCI+(P(4)+0.5+P(TI*TANC(P(5T))DI*+X(T74)-0.5
IF(XC13)-P(6)) 237,236,236

X(13)=P(&)

CCONTINUE

coc

IFCYQLI).€2.C.0) GO YO 247

X(E9)=Y(1)3P(24) -

XCTCI=XC6S)/7((PL12)+1.)%P(65))

X(802)=4LCG16(X(70))

X(68)=CIC1)

DO 246 J=1,6

XC6E)=X(68I+4CI(I¢+1)+X(E0)*sd A
IF(X(68).LE.D0.0) X(68)=0.01

Qe

A8

X(15)= C.5%P(6)I3X(T5I+CP(3I+.5+P(6)*TAN(P(S6)))¢X(T4)-.5
IF(X(15)-P(6)) 249+,248,248

174



248 X(15)=P(6)
X(18)= P(6)*SQRY(~-X(21))
X(36)=%x(21)
ID4=1
G0 T0 250

249 X(18)=X(15)#SCRY(-X(21))
X(36)=-(X(1B)/P(6))2%2

IF(X(15).GE.0.80%P(6)) ID4=1

250 CONTINUE
GO YO 300
295 X(T79)=X(32)
300 CCNTINUE
C eee. DUMHY
THROATA 2 PTC=0.41
$OAHAIN NY=4, NP=T72, NX=88,
DELT=1.5, PRDEL=3.0,
ENDTINM=100C.,
IRK=4,
YI(1)=0.052.0,2.0,-3.5E~1,
P(41)=0.41,
P(4)=1.0,
P(34)=17.2285,
P(3)=0.5,
P(11)=9.687,
P(31)=19.374,
P(9)=11.0,
PC(1)=12.0,
P(2)=12.0,
P(5)=C.C»
PCEI=1.0,y
PC71)=2.0,
P(8)=3.C5,
P(10)=10.942,
P(36)=10.942,
P(12)=10.0,
P(13)=32.34,
P{14)=32.34,
P(15)=5.5,
PC16)=0.1,
P(17)=3.075,
P(18)=10.5,
P{19)=2.360E-2,
PC(20)=1.123E-7,
P(22)=230.8872,
P(23)=2308.8715,
P(24)=9783.0,
P(33)=19.8090,

TABLEI=—29,-20519=253y=31s-69-3234»

PLO0T1=-2941,-20,
SEND
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C COmPUTER PROGRAXK 3 — COMPUTATIONS OF THE RETGRN TIME

DIMENSION F(101),2(101),CI(T7)

IF (ISTART.EQ.0) GO TO 50

IFIND=D

IL1=0

I02=0

Ip2=0

DO 500 II=1,100

X(I1)=0.0 .
P(5C)=1.E-3

P(51)=3.141592654

P(52)=180./P(51)

P(52)=67.7/90.

P(54)=67.7P(52)

P(56)=P(1)/P(52)

P(57)=F(2)/P(52)

P(5£)=COS(P(56))

P(55)=SIN(P(56))

PCECI=COSCP(ST))

PL6E1)=SIN(P(5T))

P(62)=°(15)/3.

P(63)=1./P(52)

PCE9)=(1.41.7P(17))%%2
X(65)=(P(3)-P(5)+0.5)3P(58)+P(9)+P(59)
XCEEI=(P(4I+P(53+0.5)+P(60)+P(9)3P(61)

CLEFF FOR CD

CIC1)= 6.905645E-2
CI(2)= 2.06750GE-1
CI(3)= 2.0664129E-1
CIC4)=-5.814209E-2
C1(S)=-7.13939CE-2
CI(6)= 4.834454E-2
CI(7)=-8.477535E~3

P(26)=r(C16)/P(23)
P(42)=1.5E-3/P(26)

ITERAPATIONS FOR QC(T0)
X(10)=-2.£6£88563£~1
XC13)=€.6180932E~1
X(28)=1.857294E~1
X(568)=7.934437E~1
Y(1)3=4.035499E-1

I1=¢

I25=0

X(86)=Y(1)

X(13)=9.2

X(EZ3=7(18)

IT=1T+1

IF(IT.GT.5) GO TO 85

ITEFLPATIONS FOR Q3(TO0)

KCx=0

11ef=0

ITER=ITER+]

IFCITER.GT.20) NCR=2

X(T4)=CC3(X(10))

X(753=SIN(X(10))

X(503=0.58(PC(6I+X(75)) /P(58) A
X(53)=P(3)+X(S50)9P(59)+0.53C1.0-X(T4))
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24

25

46
1002

26

ITERATIONS FOR X(8)

IF(X(10).6T.-0.35) GO T0 11

1D5=1

X(8)=0.06

G0 TG 12

KOUNT=0

P(55)=0.02

X(8) =0.1

X(76)=x(8)/P(53)
X(82)=P(53)+TAN(X(76))
X(61)=ATANCX(EB2))
X(9)=X(61>+X(8)-X(10)-P(56)
X(11)=2.0¢COSCLP(51I+X(9))/3.)
X(81)=C((2.4X(18)+1.)/X(11))%%2
X(3)=P(62)3(X(81)-1.)
X(52)=X(3)/(0.62%X(76)+0.38SIN(X(76)))
X(4)=X(52)8SIN(X(76))
XCEL)=X(4)ESTN(X{BI-XC1D)I-P(56))/P(58)
IFC1ID5.€Q.1) GO TO 26
PC66I=X(B4I-X(53)
IF(RBS(P(66)).LT.1.E~43X(53)) GO 10 26
KOUNT=XKOUNT+1

IF(XCUNT.GT.100) GO YO 46
X(8)=X(8)+P(55)

YM=P(63)73.0

IF(X(EI.LE.Q.0) X(B8)=VR
X(76)=X(EX/P(53)
X{(B2)=P(53)+TAN(X(T76))
X(61)=2TAN(X(E2))
X(9I=X(61)+X(8)-X{10)-P(56)
X(11)=2.0¢C0SCCP(52)+X(9))/3.)
X(81)=((2.#X(18)#1.)/X{11))222
X(3)=P(62)¢(X(81)-1.)
X(52)=X(3)/C0.62¢X(T6)+0.38&SIN(X(TE)))
XC4I)=X(52)¢SIN{X(T6))
X(B4)=X(4)+SINCX(B)-X(10)-P(56))/P(58)
PC6T)=X(B4)~-X(53)
IFCRES(P(67I).LT.1.E-4*X(53)) GO YO 26

IFC(PC6622P(6T).6T.0.0) . ANDLCABSC(PC6TIILT.ABS(P(66)))) 6O TO 22
IFC(P(66)3P(6T).6T.0.0).AND.(ABS(P(67II.6T.ABS(P(66)))) GO TO 24

IF (PC66)+P(67).17.0.0) GO 10 25
P(66)=P(6T)

GO YO 20

PC66X=PCET)

P(55)=-P(55)

60 T0 20

P(66)=P(6T)

P(55)==-0.1%P(55)

G0 T0 20

END OF ITERATIONS FOR.X(S)
¥RITE(6,1002)

FORKMAT(“G"y3X, “WARKING 3 = ITERAYIOSS FOR X(8) DO NOT CONVERSE®)

X¢51)=X(4)*C0SCXC8I-XC10))/P(58)
XC1)=X(50)+X(51)

XR
X(80)=X{3)+P(62)

X(63)=SQRT(P(62)/X(80))
X(81)=0.5%X(80)/P(18)

XC(82)=(C1.+X(11))/C1.-XC11)D)8((1.-X(563)I/(1.+X(63)))

X(2)=X(1) ~X(B81)¥ALOG(X(E2II/SINCX(II)
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31

32

82

35
36

RCL

X(37)=0.53%X(52)/P(53)

X(89)=x(37)+0C.5

XCE1)=P(9)~0.5¢P(6)-X(80)¢X(75)
X(82)=X(20)%X(74)-P(S)

X(32)=ATAN(X(E1)/X(82))

X(25)=0.5%(X(10)+x(33))

XC4C)=2.3X(37)*X(35)

X(81)=X(45)+P(62)

X(41)=SART(P(62)/X(81))
X{42)=C.5¢X(81)/P(18))%ALDGC(1.4XC41))7C1.-X(41)))
X(82)=0.5-X(42)

X(82)=CDS(2.=X(35))~-1.0 .
XC53=X(27)4.55C1.4X(82)%(2.+X(37)+X(82))/C(X(37)+X(83)-X(82)))
ISCCX(5)=-X(37))-20.0) 17,15415

X¢5)=X(8C)

ETAZ , SS

X(51)=P(9)-0.53P(6)-X(5)¢X(75)
X(E2)=X(5)*X(T4)-P(5)
X(€2)=ATAN{X(B1D/X(B2))
X¢573=X(5)3(X(10)+X(62)>

QE2
XC(16)=0.58(SQRT(1.+X(57)/P(62))-1.)
Pl

X(83)=X(1£6)-Y(1)
IF(X(E3).LE.C.G) X(€3)=0.0
X(82)=P(8)+X(66)

X(22)= -(X(23)/X(82))*s2
X{21)=X(22)-2.0/X(5)
IF(X(21).6E.0.05 X(21)=-0.02

AS
[4]:]

104=0 ’

X(15)= 0.55P(6)3XCT5I+C(P(3)+.5+P(6I$TANCP(56))IX(T4)~-.5
IF(X(15>-P(6)) 31,30,30

XC15)=P(6)

X(28)= PL6)I*SCRT(-X(21))

X{36>=X(21)

ID4=1

GO ¥0 32

XC12)=XC15)3S0RT(-X(21))

XC36)==(X(18)/P(6))es2

IF(X(15).GE.0.80 *P(6)) 1D4=1

CONTINUE '

IFCABS(X(18)-X(E5)I.LE.P(50)) GO TO 82

G0 10 27

NCR=3

AC

X(80)==x(15)
XC13)=C.53P(7)¢X(80)+(P(4)+0.5+P(T7IETAN(P(57))I+X(74)-0.5
IFCXC13)-P(7)) 36535,35

X(13)=P(T>

CONTINUE

oC
XCB1X=1./XC13)%3824(P(35)~-1.)/P(T)s%2+1./7(XC(68I*P(T))*#2
Y(1)=SCRY((P(41)-X(22))/X(81))
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85
1004

(2N aNo¥al

[N o o]

50

182

IF(NCR.EQ.4) GO 10 29
IFCABSCY(1)-X(86)).LE.1.E-4) NCR=1
coe

IFCY(1).EQ.0.0) GO YO 44
X(69)=Y(1)tP(24) '
XCT0)=XC69)/((P(12)+1.)%P(65))
XC80)=AL0G10(X(T70))

X(68)=CI(1)

DO 146 J=1,6
XC68)=X(68)+CLT(J+1)*X(BO)*%J
IF(X(68).LEL0.0) X(68)=0.01
X(80)=1,/X(13)#$24(P(35)-1.)/PCT)#%2
X(28Y=X(22)+(Y(1)*#2)+X(80)

BY

X(81)=YC1)*Y(1)/P(T)

IF(ID4.EQ.1) GO TO 33
XC82)=X(18)2X(18)/P(6)

G0 TC 34

X(80)=(0.80 >3(P(6)/X(15))2X(18)
XC82)=X(8032X(80)/P(6)
X(84)=P(7)/P(6)
XCT1)=X(28)*X(64)+X(22)*(1.-X(84))
XCE3)=0.52(X(36)-X(T1)D%P(6)
XC10)= ATANCX(§3)+X(B82)>~X(81))

GO TO €45,43,28,28), NCR
X(85)=X(18)

1D5=0

60 TO 10

NCR=4

G0 70 82

END OF ITERATIONS FOR QB(TO)
X(86>=Y(1)

G0 1D 80

WRITE(4,1004)
FORKATC 0”4 3X, “WARNING 2 = ITERATIONS FOR QCCT0) DO NBT CONVERGE®)
END OF ITERATIONS FOR QC(TO0)

.002CT0)

Y(4)==X{66)+SQRT(~-X(22))

X(12)=-1.0
X(233=.25¢(3.#X(11)-X(11)¢+3-3.%X(12)4X(12)%¢3)/X(65)
X(31)=X(22)+X(23)

¥(3)=X(65>*SQRT(X{(31))

V(10

X(86)=0.25%P(53)#X(52)8X(52)2{X(76) = D.56SIN(2.3X(T6)))
XC87I=.52X(53)eX(4)#C0OSCX(8)-X(10))
X(88)=0.52X(50)*(P(3)+X(53))I*P(58)

Y(2)=X{B6D+X{B7)+X(83)

IFCIFIND.EQ.1) GO TO 2090

IF(TIME.GE.P(C42)) GO YO 100
X(29)=P(41)~(PC41)-P(46)I:TIME/P(42)

GO TC 101

X(29)=P(46)

IFCID1.EQ.1) GO TO 180

XC73)=X(686)+P(T)+SQRT(~X(34))

IFCY(1)-X(73)) 182,182,101

Y(1)=x(73)

DY(1)=0.0 M
ID1=1

GO TO 183
DY(1)=X(68)*(X(29)-X(28)~Y(1)*ABSCYL1)I)I/7C(X(68)*P(T)D*e2)/P(31)
BY

X(28)=X(34)+ (Y(1)/X(13))%%2
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186

1380
183

X(81)=YC1)sY(1)/P(T)
IFCID4.E0.1) GO TO 186
X(B2)=X(1E)#X(18)/P(6)

63 10 187

X(80)=(0.8B3 Y$(P(6)/X(15))sX(18)
X(82)=X(EII*X(BOI/P(6)
X(84)=P(7)/P(6)
X(713=X(28)3X(E4)+X{(34)2(1.-X(8B4))
X(83)=0.56(X(36)-X(T1))3P(6)
X(10)= AVAN(X(83)+¢X(82)-X(81))
60 710 181

TYC13=X(E8)FP(TIFSORT(-X(34))

IF(ID4.EC.1) GO TO 184
XCE2)=X(18)*X(18)/P(6)

6C TG 18S

X(80)=(0.80 )#{PC6)/X(15))2X(18)
X(E€2)=X(B0)SX(ECI/P(S)
X(23)=C.53(X(36)-%X(34))3P(6)
XC10)= ATANCX{33)+¢X(B2))
K{743=CCSCxC1IC))
XCT5)=SIM(X(1C))
X(50)=C.58(P(4)¢X(75)) 7P(58)
X(S3)=P(3)+X(5C)$P(59)+#0.52C1.0~X(T4))
X(51)=X(1)-x(50)
X(81)=(X(51)*P{59)#X(53))*%%2+(X(51)%P(58))*%=*2
X(43=SCRT(X(E1)
IF(¥{10).57.-0.35%) 6O TO 190
X(e)=0.96

63 T3 191

XC21)=3(523P{52)/X(&)
XCEI=2RSINCY(EL))I+X(ITI+P(56)
X{7¢63=x(£)72(53)
XC823)=P(53)¢TAN(X(T6))
XCEII=ATAN(X(R2))
X(9)=X(61)+X(8)-XC10)-P(56)

RCL

XC52)=X(4)/SINCX(76))
X(37)=0.5%X(52)/P(53)
X(52)=X(373+0.5
X(E1)=P(9)-C.5%P{6)—-X(30)¢X(75)
X{32)=X(&033X(T4)~-P(5)
X(33)=ATAN(X(813/X(82))
X(35)=C.Ss(X(10)¢X(33))

sp

XC40)=2.8X(37)+X(35)

TP

X{31)=X(40)+P(62)
XC412=SCRT(P(&2)/X(B1))
XC42)=C.52X(81)/P{18)I5AL0GC(1.+X(41))/C1.~X(41)))
X0§23=0.5-x(42)
X(83)=003(2.8X¢(2533~-1.0
X(5)=X(37)+.53( 1.4 X(8233(2.3X(37)+X(82))/(X(37)+X(83>-%X(B2I))
JFC(X{S3-X(37))-20.0) 189,188,188
X(5)=x(80)

ET42 -
X221)=P(97-C.5%P(6)-X(5)sX(75)
X(E2)=X{5)3X(74)-P(5)
XCE62)=ATANCX(E1)/X(82))

YsSp

X(E3)=X(31)s22+X(82)s22
X{6CI=SCRT(X(8B3I)
X(6I=X(53~X(60)

sSSP

XCSTI=X(5)2(X(10)+X(62))

Is
XCBLI=P(1E)*X(6I/(X(5TI+P(62))
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102

172

173
174
103
104
161

162
© 163

164

[a N X o]

165

176
177
107
166

167
168

108
169

XC81)=EXP(X{(B0))
X(82)=EXP(-X(80))

X(12)=(X(81)~ X(BZ))/(X(BI)#X(BZ))
SPLITTER EFFECT

XCTT)=(1a~1.53XC12)+.5X(12)%%3)3C0SCXC9II+1.+#1.5¢X(12)~

1 0.58XC12)¢¢3

X(T8I=ARCOS(X(TTI/2.)
XC11)=2.0+CGSC(P(51)+X(T8II/3.)

PBE

X(81)=X(68)¢P(T)

IF{X(10)) 164,164,102
X(82)=X(5)sX(T5)4.52+P(6)
X(83)=P(36)+P(60)

IF(X(82)-x(83)) 172,172,173
X(46)=X(5)%X(10)
X{4TI=1.8252(X(46)+P(62))/P(18)
X(38)=X(82I3TANCP(STII+P(4I+.5-X(5)#(1.~X(T74)I-X(4T)
GO TC 174
X(47)=1.825%(X{456)+P(62))/P(18)
X(383=P(36)3P(61X+P(AI+.5-(X(6I-P(5II-X(4T)
IF{X(38)) 103,103,104

x(323=0.0

X(44)=0.0

GO TG 163

X(ECI=X(22)-X(34)

IF(X(83)) 162,161,161
X(44)=X(38)=*SQRT(X(80))

GO YO 163

X(44)=-x(38)*SCRT(-X(80))
X(43)=0.5(SORYT(1.4X(56)7P(62))~1.)
XC83)=Y(1) +X(44)-X(43)
X(B4)=X(81)+X(38)
XC343)=X(34)+X(E3I+ABS(X(E3II/X(BL)*&2
IF(X(34).6E.0.0) X(34)=0.0

GO Y0 165

X(46)=0.0

X€47)=0.5

X(34)=X(22)

X{44)==-Y(1)

X(43)=0.0

X€38)=x(81)

PD2

Qo2
X(23)=2254(3.#X(211)-XC11)*33-3.8X(122+¢X(12)%33)/X(65)
X(31)=Xx(22)+X(23)
X(24)=.25%(2.43.8X(12)-X(223+33)/X{66)
X(32)=X(22)+X(24)

IFUX{5TI-X(46)) 1755176,176

X(82)=X(46)

60 Y0 177

X(82)=X(57)
X(45)=0.5¢CSORT(1.4X(62)/P(62)3+1.)~X(43)
DY (4)=(X{32)-X(26)-Y(4)I*ABSCY(4IDI/X(66I%22)7P(34)
IF(Y(4)) 107,108,108
XCE2I=P(BIESCRT(~X{22))-Y(4)-X(44)-X(45)
IFCX(84)) 166451674167 -
X(23)=P(3)+X(66)+X(38)

GO TO 168

XCB83)=P(BI+X(66)
X(17)=X(82)%ABSCX(82)D/X(83)*=22

GO T0 109
X(82)=P(E8)*SART(-X(22)I-X(44)-X(45)
IF(X(44)) 169,170,170

XC(E3)=P(8)+Xx(38)

60 TO0 171
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170
171
[4

109

112
113

114
115
116

[aNaK s}

117

120

121

122

X(83)>=pP(8)
X(17)=X(82)%28S(X(82))/X(83)s%2
PCUT

X€20)=CY(4)/X(66))s82

X(22)=x(22)+XC17)

IF(X(22).6E.0.0) Xx(22)=0.0

P1

X(81)=X(46)/X(ST)
X(21)=X(61)#X(34)+(1.-X(8B1))I$X(22)-2.7X(5).
XR
X(3)=X(52)¢(C.62%X(76)+40.38*SIN(X(76)))
XCBCI=X(3)+P(62)
X(63)=SQRTI(P(&£2)7XCEO))
X(81)=0.5¢X(80)/P(18)
X(82)=(C1.+X(11))/C1.~X(11)))%((1.-X(63))/(1.+X(63)))
X(2)=¥C1) —-X(81)%£L0G(X(B2)I/SINC(X(9))
[ A Z4R]

IF(X(2>-PC(1C)) 11C,11C,111
DY(23=X(183+40.5%(1.-X(11)/X(63))
X(14)=C.0

X(19)=0.0

60 70 117

IF(I02.€0.1) GC TO 116
XC81)=P(10)3P(58)-X(5)*X(T5)-0.53P(6)
X(B82)=X(5)¢X(T74)-P(10)¢P(59)-(P(3)+0.5)
XC29)=ATANCX{(81)/X(82))

IF(X(335-P{556)) 112,112,113

152=1

6C TG 115

RCSE)=XCSI®(X(10)¢x(29))
X(59)=1.8253(X(5€E)+P(62>)77(18)
XC142=X(5)-X(59)-X(B1I/SIR(X(39)
IF(X(14)) 110,110,114 -
IF{X(14)-P(B)) 1165115,115

X(14)=P(8)

X(19)=X(14)*SCRT(-X(21))
DY(2)=xC18)+0.5¢(1.-XC(11)7/X(63))+X(19)

IRPLICIT FN FOR THE

IF(¥(10).67.-0.35) 60 TO 120

X(€>=0.06

€0 T0O 138

FC1)=X(8)

2¢2)=y(®)

X(gs)=x(1)
XCEE)=0.52X{50)%(P(3)+X(53))3P(58)

00 132 KN=2,3C

i=0

X(e)=48SC2(N))

IF(X{3).6GE.P(54)) X(8)=P(54)-P(63)
IF(X(8).LE.0.0) X(B)=P(63)
XC76)=x(8)/P(53)
XC4)=X(53)¢P(52)/SINLABS(X(EI-X(10)-P(56)))
XCS52)=XC4)/SINCXCT8))
XC8TI=a58X(53)2X{4)+COSCARSCX(8)~X(101))
XC81)=4.¢C(Y(2)-X(87)-X(8BII/(X(525%X(52))+.53P(53)¢SIN(2.$X(T76))
F(R+1)=2ES(X(81))

IF(N.GT.2) GO 70 123

IFC(I) 123,122,123 J
Z(N-1)=F(N-1)

L(HY=F(N+1)

FON)=F(N+1)

I=I+1

IF(I.67.20) GO TO 132
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[aKalal

s

(g X o]

123
124

125

130
132
1100

135

139

140

136
137

146

147

148

149
149

150

155

160

G0 YO 121

IFCZ(N)-Z(N-1)) 125,124,125

Z(N+1)=1(N)

G0 10 135

PC6BI=(F(N#1)~-F(N))/C(Z{(N)-2(N-1))

IF(P(68).E0.1.) GO TD 122

P(69)=P(68)/7(P(68)-1.)
Z{N#1)=P(69)¢Z(NI+(1.-P(69))*F(N+1)
PCT0)=ABSCZ(N+1)-2(N))

IF(P(T0).LE.1.E-6) GO TO 135 f
CONTINUE

WRITE(6,1100)

FORMAT("C"» 3Xy “WARNING 4= IMPLICIT FN FOR X(8) DODES NOT CONVERSE")
GO 10 139

X(8)=Z(N+1)

IF(X(8).LT.0.06) X(8)=0.06

END OF IMPLICIT FN FDOR THE

IFCCX(8).LE.(X(10)+P(56))).0R.(X(8).GE.P(54))) GO TO 139
XC4)=X(53)>sP(56)/SINCABS{X(8)-X(10)-P(56)))
X(51)=X(4)3C0S(X(8)-X(10))/P(58)

X(1)=X(50)+X(51)

GO YO 140
X(1)=x(85)
AC

X(80)=-X(75)
XC€13)=0.5¢P(T)$X(BOI+(PL4)I+0.S+P{TI*TANCP(57))I+X(74)-0.5
IF(X(12)-P(7)) 137,136,136
X(13)=PCT)

CONTINUE

coc

IFCY(1).EQ.0.0) GO YO 147
X(69)=Y(1)*P(24)
XCT0)=X(69)/C(P(12)+1.)¢P(65))
X(80)=ALOG1O0(X(T0))
X(68)=CIC1)

DO 146 J=1,6

TXC68I=X(6EI+CYI(I+1I+X(BCI=*J

IF(X(68).LE.0.0) X(68)=0.01

Q8

AB .

X(15)= 0.5+PC6I3XCTSI+(P(3I+.54PCEIFTANCP(56))I¢X(T4d=.5
TF(X(15)-P(6)) 149,148,148

X(15)=P(6)

X(18)= P(6)$SQRT(-X(21))
X(36)=X%x(21)

IDa=1

GO YO 150
X€183=x(15)*SQRT(-X(21))
X(18)=X(15)2SQRT(-X(21))
X(36)=-(X(18)/P(6))+22
JF(X(15).GE.C-B803P(6)) ID4=1
CONTINUE

SWITCHING

IFCID3.EC.1) GO TO 155

IF(X(6).LE.0.0) GO TO 195
XC7)=0.953X(66)I%SATCXCTIN)

1D3=1

IFCYC(4).LT.XC(T)) GO TO 200

IFIND=1 *
ENDTIM=TIRE
WRITEC6,160)PC41),TIKE,XC18),YC(4)3X(T)»X(6),X(20)
FORMATC"0"43XsF16.5,F16.351P5E16.6)

G0 YO 200
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195 X(7%)=Xx(32)
200 COKTINUE

C <... DUKHY

T® DATA = PTC=C.4S IN , D2=1.0
SOATAIN NY=4, NP=72, NX=88,
DELT=1.0s PROEL=4.0,
ELDTIN=800.0,
IRX=2,

YI(13=3.751458E-156.676356,0.0,-3.63131BE~2,

P(41)=0.45,
P(4)=0.5,
P(12)=9.68T7,
F(31)=19.374,
P(343=15.8090,
P(3)=1.0,
P(323=14.0116,
P(9)=11.C,
P(12=12.0,
P(5)=0.0,
P(62=2.0y
P(T)=1.0,
P(8)=3.C5,
PC10)=1C.942,
P(363=10.542,
P(11)=1C.0,
P(132=22.34,
P(14)=32.34,
P(15)=5.5,
P(16)=C.1,
P(173=3.075,
P(18)=1C.5,
P{19)=2.360E~-2,
P(20)=1.123E-7,
P{22)=230.8872,
P(233=2308.8715,
2(24)=5182.0,
PL45)=C0.0,
GUAX1(3)=1.04
CEAX1I(4)=2.0,
GrINI{3)=1.0,
GMINIC4)=1.0,

TABLEL= 1,101,-2,-18,-10,-14,-19,-6,-32,4,

PLOT1=1,2,—-31,-32,-2C,
$END
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ENDNOTE

lJ. H. Wegstein, "Accelerating Convergence of Iterative Processes,"
Communications of the Association for Computing Machinery, 1, 6 (June,
1958), pp. 9-13.
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