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SUMMAKY

This thesis describes a theoretical and experimental
investigation of a novel ultrasonic fuel injector valve constructed
from a tapered metal horn whose wide end is bonded to a quartz
crystal., Fuel enters sideways at the longitudinal antinode and
passes along a central hole to a ball valve at the tip. When the
crystal is driven by an oscillatory pulse, it excites longitudinal
vibraticns, bouncing the ball from its seat and releasing fuel.

The ball motion without any liquid resistance has been studied
theoretically through a computer program. Parameters such as the
maximum gap between the ball and the seat, the frequency, amplitude
and initial condition of the tip motion, and the time of impact have
been studied, and compared with measurements of ball motion in a
large vibrating model.

The injector tip moticn has been measured using a laser
technique. The measurehents have been made with and without fuei
" flow. The effects of the fuel supply pressure and pulse width on
the tip motion have been studied. Using this data, the effect of
the actual (non-ideal) motion of the tip on the behaviour of the
ball was studied theoretically.

A model éf the valve was designed so that flow forces on the
ball and the flow rates through the varicus passages could be
measured. Using this data, the ball motion with fluid resistance
was computed under various conditicns. This in turn permitted the

fluid flow from the injector valve to be predicted.



Five scale models of new valve geometries wers designed and
installed on an improved test rig. By this means, the effect of
valve gecmetry on flow force and the flow rates within the valve
were studied. The behaviour of actual injector flow during flow
pulses was studied using laser anemometry.

The main findings of this investigation were as follows.
The ball moves with a random frequency. An increase in the
maximum gap between the ball and the seat caused, in general, a
decrease in the frequency spectrum of the ball, Tip motion wes
found to build up in 5 ms to the steady state. Increasing the
supply pressure caused a reduction in the amplitude of the tip
motion, A decay of 1.5 ms in ths tip motion was observed after
switching off the injector. The effect of various geometrical
changes in the design of the tip and its passageways on ball‘force .
and flow rates has been demogstrated. Ball motion Suilt up in
1.5 - 2 ms, and decayed in 3 ms. The liquid resistance was found
“to have a significant influence on the ball motion. The flow rate
built up to the steady state in 2- 3 ms and decayed in 2 ms. The
total flow was found to have linear characteristics after 1.5 - 2 ms
from switching on the injector.

Of particular significance, it was predicted theoretically

and measured experimentally that the flow rate was independent of

supply pressures over 40 psi.
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NOTATICNS

a Acceleration of the tip at any instance.
A Ratio of the tip velocity at any instance to the maximum

velocity of the tip.

Acs Area of the measuring cross section.

Amt Area of the tip inlet of the model.

Ar Projected arca of the uppar half of the ball.

Avt Area of the top inlet of the valve.

Ao Ratio of the initial velocity of the ball to the maxinum
velocity of the tip.

Ao1 Ratio of the velocity of the ball after the collision to
the maximum velocity of the tip.

A1, A2, A3 and A4 Cross sectional areas between fhe ball and

the lower wall of the valve at sections 1, 2, 3 and 4

respectively.

A1_2, A2_3, A3-4 and A4—5

the ball between sections 1 and 2, 2 and 3, 3 and 4 and

Projected areas of the lower half of

4 and 5 respectively.
B Constant.
B Ratio of the initial position of the ball from a fixed datum

to the maximum gap between the ball and the seat.

Bog Ratio of the position of the ball from a fixed datum at the
instance of the reversal in the direction due to the gravity
to the maximum gap between the ball and the seat.

LA Velocity of the sound.

CDm Coefficient of drag of the model.

C Coefficient of drag of the valve.
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vt

“

Diameter of the fop inlet of the model.

Diamster of the top fnlet of the valve.

Ratio of the maximum amplitude of the tip to the maximum
gap between the ball and the seat.

Diameter of the ball of the model.

Diameter of the ball of the wvalve.

Young's modulus.

Euler's number of the valve,

Frequency of the tip (c/s).

Doppler shift frequency.

Maximum instantaneous Doppler frequency.

Measured net force on the ball.

Gravity force on the ball.

Flow force on the lower half of the ball.

Buoyancy force on the ball of the model.

Flow force on the ball of the model.

Flow force on the upper ha}f of the ball.

Buoyancy force on the ball of the valve.

Flow force on the ball of the valvs.

Flow force on the ball of the valve when it is on the seat.
Gravitational acceleration.

Acceleration of the ball due to the fluid and gravity forces.
Ratio of the parameter of damped vibration to the tip
frequency.

Spring constant.

Fundamental variable of length.

Funcdamental dimension of length.



A

Mass of the ball,

Mass of the ball plus ﬁhe added mass.

Natural frequency of the spring-mass system.

Number of the tip cycles at any instance.

Maximum number of the tip cycles.

Atmospheric pressure.

Static pressure at the outlet of the model,

Piezometric pressure at the outlet of the model.

Static pressure at the top inlet of the model.

Pulse width.

Static pressurs at the outlet of the valve.

Piezometric pressure at the outlst of the valve,

Static pressure at the top inlet of the valve.
p;, pg, pz and pZ Piezometric pressures at sections 1, 2,

3, 4 and 6 respectively.

Supply pressure at the top inlet of the model.

Supply pressurs tolths valve;

Supply pressure at the top inlet of the valvs.

Flow rate at the top inlet of the ﬁodel.

Instantaneous flow rate of the valve.

Total flow for each increment of tims.

Side inlets flow rate of the valve.

Top inlet flow rate of the valve.

Total flow rate of the valve.

Radius of the ball.

Reynolds number.

Reynolds number of the model.

Reynolds number of ths wvalve.
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mo

Reynolds number bf the valve based on tﬁe relative velocity.
between the ball and the flow at the top inlzat,

Resistance due to the area of the top inlst,

Resistance due to the area above the ball,

Resistance due to the area of the side inlets.

Resistance due to the area under the ball.

Resistance due to the area of the outlet.

Initial phase angle of the tip. |

Time at any instance aftcr switching on the injector.

Time in which the ball makes one cycls.

Time between two successive cﬁllisions.

Time in which the velocity of the ball becomes zero due to
the gravity.

Time at which the impulse was applied.

Time at any instance between two successive collisions.

Number of the tip cycles in which the ball makes one cycls.

Fundamental dimension of time.

Velocity of the tip at any instance.

Velocity of the ball at any instance between two successive
collisions.

Velocity of the tip after the collision.

Initial velocity of the ball,

Velocity of the ball after the collision.

Relative velocity betwesen the ball and the flow at the top
inlet.

Tip velocity before the collision.

Ball velocity before the collision.

Flow velocity at the outlet of the model.



th Flow velocity at the top inlet of the model.

VT Maximum velocity of the tip

VVL Flow velocity at the test section.

Vvo Flow velocity at the outlet of the valve.

Vvt Flow velocity at the top inlet of the valve.

LA Damped natural frequency.

W Frequency of the tip (rad/s).

W Tip cycles (in radian) at any instance.

W Tip cycles (in radian) in which the velocity of the ball
becomes zero due to the gravity force.

Wm Ratio of the tip frequency to the damped natural frequency.

Wn Injector tip natural frequency.

WS Number of the tip cyclass (in radian) in which the separation
of the ball from the seat occurs.

W, Tip cycles (in radian) at any instance between two
successive collisions.

y Gap between the ball and the seat.

-ymax Maximum value of y.

Ymip Minimum value of y.

yo Initial position of the ball from a fixed datum.

yog Position of the ball from a fixed datum at the instance of
the reversal in its direction due to the gravity force.

y,  Maximm gap between the ball and the seat.

Iy Maximum amplitude of the tip.

Y1 Position of the tip from a fixed datum.

Yo Pogition of the ball from a fixed datum.

} Argument of the polynomial.

Y1 Ratio of the position of the tip from a fixed datum to the

maximum gap between the ball and the seat.
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Ratio of the gap between the ball and the seat to the
maximum gap between the ball and the seat.

Height of the outlet of the model from the datum.
Height of the top inlet of the model from the datum.
Height of the outlet of the valve from the datum.
Height of the top inlet of the wvalve from the datum.
Ratio of the gravitational acceleration to the maximum
acceleration of the tip.

Time of impact.

Poisson's ratio.

Beam wave length.

Beam intersection angle.

Initial phase angle of.the steady state motion of the tip.
Parameter of damped vibration.

Initial phase angle of the free vibration of the tip.
Parameter of damped vibration.

Increment of W.

Kinematic viscosity of the liquid in the model.
Kinematic viscosity of the liquid in the valve.
Density of the liquid in the model.

Density of the liquid in the wvalve.



Chapter One

INTRODUCTION

1.1 GENERAL

The ultrasonic fuel metering valve has been aesignad by
Plessey Couwpany - U.K. The matering valve consists of a ball
valve in the tip of an ultrasonic oscillator (horn). - When the
horn is oscillating, the ball is caused to bounce off its seat
releasing fluid. The valve has been designed to provide precisely
metered quantities of fuel, suitable for distribution and combustion
when signalled by a controlling source. The metering valve
provides an uncomplicated, cost effective response to increasing
demands for fuel economy and low pollution combustion. For this
reason, the ultrasonic fuel meteriﬁg valve has become an object of

extensive studies.

1.2 THE NEED FOR THZ INVESTIGATION

It was found by The Plessey Company that the flow per pulse
for small pulse widths (such as 1 ms) fluctuated (1). This
indicated that the flow on each stroke of the engine would be
different. This phenomenon is most undesirable. In order to
determine the reason for this phenomenon, parameters which affect
the behaviour of the valve should be studied. This would hopefully
give an improved understanding of the injector and lead to better
performance. A search through the literature revealed that very
little is known about the parameters which affect the bshaviour of

the valve.
=
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It is therefore considered that a theoretical and

experimental study is needed.

1.3 SCOPEZ AND PURPOSE OF THE PRESENT INV<STIGATION

The general purpose of this investigation is to study:
1. The motion of the ball in various injector valves.

2. The consequent fuel flow, with a view to improving performancae.
The ball motion without any liquid resistance has been
studied theoretically through a computer program. Parameters such

as the maximum amplitude of the injector tip, the maximum gap
between the ball and the seat, the frequency of the tip, the initial
conditions of the tip motion, and the time of impact have been
studied. |

The ball motion without any liquid resistance was measured in
a large model of the 1injector valve. The purpose of these
measurements was to check the resuits of the theoretical analysis
" of the ball motion, and to get an understanding of the ball motion
between two vibrating walls.

The ultrasonic fuel injector was set up in the laboratory for
measuring the amplitude of the vibration of the tip and the total
flow rate from the injector.

In an attempt to find theeffect of the tip motion on e
behaviour of the valve, the tip motion has been measured by using a
laser technique. The measurements have been made with and without
fuel flow. The effects of the supply pressure and the pulse width

on the tip motion have been studied.
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The effect of the non-ideal motion of the tip on the
behaviour of the ball has been studied theoretically by using the
laser data in the previous theoretical analysis of the ball motion.

A large scale model of the injector valve ﬁas been designed,
and a rig has been set up in an attempt to measure the force of the
fluid on the ball and the flow rate in the model. The purpose of
doing these measurements was to permit calculation of the forces of
the fluid on the ball and the flow rate in .the valve of the
injector.

In an attempt to find the effect of the liquid resistance on
the ball motion, the ball motion with the fluid resistance has been
studied theoretically through. a computer program. Consequently the
fluid flow from the injector valve was predicted theoretically
through a computer program.

Five scale models of different geometries of the valve were
designed and a new test fig was set up for measuring the force of
" the fluid on the ball and the flow rate in these models. The fluid
force on the ball and the flow rate were calculated in the
corresponding injector valves. The aim of this study was an
attenpt to find the effect of the geometry of the valve on the
fluid force on the ball and the flow rate in the valve.

To study the behaviour of the actual injector flow during the
pulse, the flow rate to the injector has been measured by using the

laser technique.



Chapter Two

ULTRASONIC FUEL INJECTOR

2.1 INTRODUGTION

This chapter is devoted to getting an idea about the
ultrasonic fuel injector. The need for the ultrasonic fuel
injector, background development, description of the injector and

the recent studies on the injector are given below.

2,2 THE NEED FOR THE ULTRASCNIC FUEL INJECTOR

The need for an improvement over the conventional carburettor
has become apparent in recent years in the automotive industry.
The emphasis on reduction of exhaust emissions of a harmful nature
first showed up the deficiencies of this device. Recently the
rising cost of petroleum products and the need to conserve
resources has increased the momentum of the search for improved
combustion in spark engines. In order to accomplish improvement
*in combustion, it is necessary to meter the fuel accurately to the
cylinder, to prepare the fuel by fine atomisation aﬁd to achieve a
high response rate from the injectors. A new technological
approach to the metering of fuel is now needed to meet the new
requirements. Such an approach is offered by the Plessey system.
The basis of the Plessey fuel system is the ultrasonic fuel
injector (2).

The ultrasonic fuel injector is a transducer designed to have
a minimum of mechanical complexity, be producible at low cost and
provide that vital link between the control system and the fuel

supply. It has only one moving part, which is non-sliding and low

s
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mass, is simple to manufacture, uses low cost, wide tolerance
components and has excellent response characteristics. Durability
has been proven on life tests with injectors operating for over
4000 hours and still performing within manufacturing specification.
In addition to the obvious advantages over the better known
electro-magnetic valves, such as: 1inherent simplicity, good fuel
preparation, long life and 1owlcost, it also offers unique
operational characteristics beneficial to the system designer.

The non existence of sliding parts and the small surface area of
the ball also make the injector suitable for use with the more
viscous fuels such as diesel (3). In a single point system,
the ultrasonic fuel injector is positioned to inject fuel into the
manifold at a point so that all the cylinders are supplied with én

air/fuel mixture created at this point (fig. (2.1)) (2).

2.3 BACKGROUND DEVELOPMENT

Plessey commenced research into the use of ultrascnics as a
means of fuel managsment more than 12 years ago. Early work was
concerned mainly with ultrasonic atomisation of fuels for improved
combustion, particularly liquid fuels heavier than gasolene. Some
experience was gained in mixture preparation for operating low
compression ratio spark ignition engines on kerosine and diesel
fuel. Improved light up of small gas turbines was successfully
demonstrated, as was a device for re-igniting aero engines
following high altitude flame out. The next stage of development
introduced a means of flow control in addition to the capabilities.

A solid state metering valve termed an Electro Fluidic Divider was
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developed and comprised a small sharp edged metered orifice,
situated in the tip of an ultrasonic velocity transformsr. In its
quiescent state fuel passed through the orifice and emerged in a
coherent stream where it was wholly collected by a small capillary
collector tube facing the orifice a short distance from it. This
fuel was then returned to soms convenient part of the fuel pumping
system. When the fluidic divider was activated, cavitation created
on the back of the orifice caused a disintegration of the fuel
stream, the majority of which by-passed the collector tube in the
form of a fine spray. Thus by controlling the excitation period
and repetition frequency the fuel could be both metered and
atomised. Further multi-fuel research was carried out using this
device and some considerable success was achieved operating two-
stroke outboard engines on kerosene, and a small Wankel engine on
kerosens and diesel fuel. At about this time several automotive
companies expressed their interest in the fluidic divider for

volume automotive fuel control systems. There were two main
disadvantages with this design when used with gasolens. Firstly,

& possibility of fuel vapourisation from the jet during the
activated state, especially at high temperature and low ambient
pressure. Secondly, the problem of continuously cycling the fuel.
Its main attractions, however, were that it was truly solid state-
and inexpensive to produce. The prospect of a high volume market
for the injector in the automotive industry led to an increase in
development activity, which has culminated in the present ball valve
injector design. This injector is now passing from its development

stage to the production engineering phase (3).
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2.4 DESCRIPTION OF THE INJECTOR

2.4.1 General

The injector (which is shown in fig. (2.2)) comprises a
steel body (see fig. (2.3)), shaped as a velocity transformer with
a length equal to one half wave length at approximatély 60 KHz.
A piezoelectric ceramic disc is bonded to the low amplitude end
and a metering ball valve located at the high amplitude end of the
body. Fuel is introduced at or near the vibration nodal plane and
the injector is also mounted in this plane. The injector is
vibrated at its resonant frequency by an electronic drive oscillator.
In its non activated state the ball is held against its seat by the
fuel pressure. When commanded by the control unit ths drive
oscillator output excites ths injeétor body into resonance and the
valve seat vibrations shake the ball from its closed position,
allowing atomised fuel to pass from the valve. When the oscillator
Vis switched off vibrations cease and the ball returns, under the

action of fuel pressure, to its seat.

2.4.2 Injector Ball Valve

The metering valve itself (fig. (2.4)) is an important
component of the injector and consists of three main parts:
(1) A valve seat.
(2) A steel ball of 2 mm diameter.
(3) A ball location housing.
Current designs enable this valve to be manufactured and
subjected to certain performance and quality control criteria which

can be related to its metering accuracy in the finally assembled
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injector. This enables the valve to be rejected at an early low
cost state before any significant value is added (3).

The main metering orifice is not the exit orifice, but the
varying orifice between ball and seat. Thus, if the ball
movement during a pulse is predictable within certain finite limits,
the metering accuracy is not affected by contamination as it is
continually cleaned by ball contact over a defined area of the
seat (3).

The ball location housing is designed to control the very

complex ball movements and fluid dynamics within the valve (3).

2.4.3 Injector Body

The piezo ceramic disc is bonded to the rear face at the low
amplitude end of the injector body which is shaped to give sufficient
amplification of the piezo disc vibrations for correct valve
.operation. The injector must be mounted close to its vibration
- node because of the dynamic nature of its operation and care must be
exercised when mounting to avoid undue damping of the vibrations.

By careful design, a simple, reliable mounting arrangement was
developed which provides a reliable means of introducing fuel (fig.
(2.5)), thereby eliminating the need for a conventional rubber hose

with all its inherent problsms of rubber deterioration, poor

sealing, etc. (3).

_2.4.4 Drive Circuits

Drive to the injector is supplisd from a power oscillator,
the injector forming one part of the rescnant loop thereby controlling

the drive frequency at the resonant frequency of the injector. Tha
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response of the oscillator is excellent and resonant frequency and
maximum drive volts are achieved within 3 cycles of oscillation
after switch-on. Power requirements for the injector when operating
at maximum duty cycle can be from 8 to 15 watts, depending on the

maximum flow rate of the injector (3).

2.5 RECENT STUDIES ON THE INJSCTOR

The recent studies on the injector have been done only by
the Plessey Company Limited.

Grubb, Milsom and Abram (1) have examined the tip motion
under a microscops. It was found that although the tip motion was
detectabls, the amplitude was too small to allow accurate msasuremant
by this method.

Grubb, Milsom and Abram (1) have also measured the tip
motion by a capacitive measuring technique. The injector was filled
with fuel, but without atomization; It was deduced that the

‘amplitude of vibration of the tip was 0.0026 mm. Also it was found
that the motion of the tip was built up to the final amplitude over
several milliseconds.

The motion of the ball was stﬁdied theoretically through a
computer program by (1). It was assumed that the ball was
bouncing between the top wall and the seat of the injector valve
without any fluid resistance. The coefficient of restitution for
the ball-wall collisions was taken to be unity, and the tip motion
was assumed to be sinusoidal. The maximum amplitude of the tip
motion, the frequency of the tip and the maximum gap between the

ball and the seat were 0.C025 mm, 60 KHz and 0.25 mm respectively.
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It was found that the ball was moving in a random motion. Martin
and Sumal (3) have found that the injector had linear
characteristics for fuel flow versus pulse width, with only a
slight change in the slope at about 0.8 ms pulse width (fig. (2.6)).
It was also found in (3) that the flow versus the supply
pressﬁre characteristics of the injector were unique (fig. (2.7)).
Their éxplanation of the results was that when the supply pressure
increased, the flow rate increased as a function of the squars root
of the pressure drop across the exit orifice. But at the same
time the force on the ball increased by the increase of the supply
pressure, and hence the ball movement decreased. This meant that
the area between the ball and the seat was a function of the
reciprocal of the square root of the pressurs drop across this

orifice.
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THEOREBTTICAL ANALYSIS OF THY BALL MOTICH

WITHOUT FLUID RESISTANCEH

3.1 INTRODUCTICHN

Since when the ball collides at ths exit orifice of the valve,
it closes the valve, the flow rate from the injector will be affacted
by the motion of the ball, The motion of the ball can thus be
considered of importance in the design of the ultrasonic fuel
injector.

The only research which has been done on this problem was by
Grubb, Milsom and Abram (1 ). It was assumed by them that the ball
was bouncing between the upper and lower walls of the valve without
any fluid resistance. The transieat or stcchastic nature of the
starting process and the time of impact were not considered. It
.was found that the ball was moving.in random frequency.

In this chapter the ball motéon has been studied theoretically
using a computer program. Parameters such as the maximum amplitude
of the injector tip, ths frequency of the injector tip, the mexirum
gap between the ball and the seat, the time of impact and the

starting condition of the injector tip were studied.

3.2 THICRY

3.2.1 Injector Tip Motion

3.2.1.1 Eguaticn of Motion of the Injector Tip

The injector tip was assumed moving sinusoidly. The following
equation represented the motion of the tip from a fixed datum which

was assumed as the liaa passing through the seat at t = o,

wf e



w2

v = ¥, sin ( wot+ s) (3.1)

where £ represents meximum amplitude of the tip, LA frequancy
of the tip, t time al any instance aflter switching on the injector,

and s 1nitial phase angle of the tip.

3.2.1.2. Starting Conditionsof the Tip Motion

Two starting conditions have been assumed:
1. The tip was moving down at t = o, i.e., s =77

2. The tip was moving up at t

5

3.2.,2 Motion of ths Ball

3.2.2.17 Ycuution of Motion of the Ball

The ball wus assumed to move .in one dimension, fig. (3.1).
The motion of the ball was assumed without any fluid resistance.
The forces which were assumed acting on the ball were the collision
and the gravity forces.

The following eugation represented the motion of the ball from

the same datum as the tip:

2
y2 = -g t1/2 + Vo t1 + yo (3-2)
where Yo represents the position of the ball from a fixed datum,
g gravity acceleration, t1 time at any instance bestween two
successive collisions, v_ 1initial ball velocity and I initial

0

position of the ball from a fixed datum.

3,2.2.2 Starting Conditions of the Ball Moticn

Two starting conditions have been assumed:
1. At t = o, t1 =0, Y, TV and the ball was moving down

with v equal to the maximum velocity of the tip.
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2., & t = o, t1 =0y Yo = ¥y and the ball was moving up

with T equal to zero.

3.2.2.3 FHouation of the Gan bstween the Ball and tha Seat
J

The gap between the ball and the seat was found by subtracting

eqn. (3.1) from eqn. (3.2):

<~
1

2
- t1/2 ¥, U ¥¥, -7, elao (wo t + g) (3.4)

<
1

3.2.2.4 Collision betwaen the Ball and the kalls of the Valve

The collision between the ball and the seat occurred when
Yy = o, and the collision between the ball and the upper wall occurred
vhen y = P When the collision occurred, t1, y, and Vo

changed and became as follows:

B = 4.

1 co
Yo = Iq ’
Yo T Vo1

where t,, represents the time between two successive impacts and
Vo1 the velocity of the ball after the collision.

Since the material of the ball and the walls of the valve ware
the same (steel), the coeflficient of restitution Qas assumed to be
unity. Since the mass of the injector horn was large compared to
the mass of the ball, the velocity of the tip was assumed unaffacted

by the collision with the ball.

From ( 4 ) the velocity (Vo1) of the ball after the collision
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was: Vo = Vet vy = Ve (3.5)

When the time of impact was not coansidered in the analysis:

Ve =V, =W at the instance of the impact,
and
Viy, T Yy at the instance qf the impact,
where v_, represents the velocity of the tip after the colligsion,

f
] the velocity of the tip before the collision, v the velocity of

the tip at any instance between two successive collisions, Vit the
velocity of the ball before the collision and vy the velocity of

the ball at any instance between two successive collisions,

Hencse

Ve wWas found from the derivative of Y4 with respect to t:

Ve =y, W, cos ( Wy b s) . (3.7)
v, was found from the derivative of ) with respect to t1:

v, = -8 byt v (3.2)
At the instance of the impact t1 = tco and hence:

Vib = =g tCO * vO : (3-9)

By substituting egn. (3.7) and egn. (3.9) in egn. (3.6) we obtained:

- = 2y,  w, cos ( vy bt s) +g b - A (3.10)

3.2.2.5 Houation of the Gap After the Reversal in the Direction

of the Ball Due to Gravity

?he time in which the velocity of the ball reached zero was
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found by equating eqn. (3.8) to zero:

t = Jo (3.11)
g g

Equation of the gap after the reversal in the direction of
the ball due to gravity was found in a similar way to that in which

eqn. (3.4) has been found:
¥ o £ y._ -y sin(w_, + s) (3.12)
& Y2 og x ot ’

where t1 reprecents t_  plus the time at any moment between the
instance of the reversal in the direction and the instance of the
following impact, and yog the positicn of the ball from a fixed

datum at the instance of the reversal in the directicn.

3,2,2.6 Steadv State Motion of the Ball

Since the flow rate from the injector should be constant
during the pulse width, and since the main metering orifice was not
the exit orifice, but the vary{ng gap between the ball and the seat,
(3), the time of the ball cycle was consicered of importance in
controlling the flow rate from the injector. The cycle of the
ball was considered as the.movement of the ball between two
successive impacts with the seat. The flow rate from the injactor
would be constant during the pulse width when ths period of the
ball cycle was constant during the pulse and this motion of tha ball

was considered as the steady state motion.

2.2.2 Dimensional Analysis

Dimensional analysis has been used in this analysis because it

does yielcd information about the form of mathematical relations
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connecting the relevant variables and suggecsts the most effective
way of grouping the variables together.
It could be seen from egn. (3.4) that the gap between the

ball and the seat was affected by the following variables:

:yw’t’ S g’t1’vo’ ‘YO

=
@
«
1l

ﬁ(woyyx’yw:t) S:g:t»]:vo)yo)' (3'13)

The group method was used in applying the dimensional analysis
as follows:

Using the mass, length and time system, the dimensional matrix

was:
J Yo Ix Yy G : & t1 Yo Yo
M 0 0 0 0 0 0 0 0 0 0
L 1 0 1 1 0 0 1 0 1 1
T 0 -1 0 0 1 o -1 1 -1 0

The variables included dimensions of length and time. So
that two fundamental variables were used to include these dimensions.
Selecting Ty and Vg the fundamental dimensions of length and

time were expressed in terms cof these:-

[ %] = L& giving L) = [nd

1
—
<
©
—
| SRS |

[ LA 1 = [ To—1] giving [ Tb'l
TN EATE R
Whence y = 7‘[1 ¥ and 7T =

Group '7T2 ; [y

wl =
Whence y = = 7o Ix and 7 ,-H



or

<

w

Group

Whence

Group

Whence

Group

Whence

Group

Whenca

Group

Whence

Group

Whence

. =
n@ . [t ] = [To] = LA
t =75 wg1 T =t
7 - (=1 = o]
s = 71& and 72& = s
=2
5 fg] - [Lo %o :\ - Iy
g = 77:5 yX w; and ﬁ5
- T — —1
T - [t1] B [o] B [wo ]
-1
t1 = Z@ v, and 776 =
P ;1 .
T - [vo] = [Lo T, ] = [,
¥, F 77,’7 T ¥, and 77’7 =
%' [%] - Db]::[&]
yo = 77é yX and 77—é =
g, v
g £ Yo ,7%
Wos S oW TP A 7 3 y:

(3.15)
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Putting & = ¥, %’:D,tw -—w,ﬂg;o?=z,
HWO:WWYV“;:AO’?’-:BO’
X O A0
therefore
Y=U(D,w,s,z,w1,Ao,Bo) (3.16)

If the same dimensionless groups are used in eqn. (3.4) it becomes:

2 z ;
Y = D(-2W/2 + A W, +B) -D sin (s+¥W) (3.17)

When Y = 0, the qollision was with the lower walls and when Y =1,
the collision was with the upper wall., Zgn. (3.10), for the velocity

of the ball after collision, becomes:

A, = 2 cos (W+s) + (12 u, - Ao) . (3.18)

From eqn. (3.11), the ball velocity becomes zero in WG radians due
to the gravity f where

A
WG = _Z:.O. (3.19)

Egqn. (3.12), for the gap after the reversal in the direction of the

ball due to gravity, becomes

Y = D (-3 wf/z + Bog) -D sin (W+s) . (3.20)



-19-

3.2.4 Time of Impact

Since the shape of the upper and lower walls of the valve
look like a cone, and the ball collided with the walls of the valve
all round, the time of impact was a complicated problem. To
simplify the problem, impact was assumed between the ball and a
plane surface (of a massive body at one point). This time of
impact was probably longer than that of the actual case. The time
of impact of this assumption was calculated and compared with the
time of the cycle of the ball to find if the time of impact was
important or not.

Many investigators have studied the problem of the time of
impact with a plane surface of a massive body of the same material.

S. C. Hunter ( 5 ) has calculated the absorption of vibraticnal
energy in the form of elastic waves generated by a transient localized
force acting normally to a free surface of a simi-infinite solid in
terms of Fourier componehts of the force. He has applied this
"result to the Hartzian collision of a small body with a plane
surface of a massive specimen. He has concluded that for impact
velocities which were small compared to the propagation velocity of
elastic waves in the specimen, a negligible proporticn of the
original kinetic energy of the small body was transferred to the
specimen during the collision.  Hunter considered this result
as conforming the validity of the Hertz theory (see Love (6)).
for the detail of this theory) for collisions between a smell and a
massive body. It has been stated by Hunter that this analysis
became applicable only when the thickness of the massive body was

sufficient to prevent the first reflected elastic wave returning to
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the contact area before the impact terminated, and also

Vs

< Vib ":‘) £
CO

Goodier, Jashman and Ripperger (7 ) have measured the time of
impact between a steel ball with a steel block. It was their
observation that the duration of ccontact given by Hertz agreed well
with their measurements provided that the height through which the
ball was dropped was small., Lifchitz and Kolsky (8 ) have
measured the time of impact between a steel ball with steel block.
They have observed that the time of impact had the values predicted
by the Hertzian treatment for elastic deformations even when the
velocities of impact were as much as eight times the velocity first
required to injtiate plastic yield.

One of the premises on which Hertz's mathematical theory of
collision of elastic bodies was based was that the strains produced
.in the immediate neighbourhood of the region of contact are determined
by the precsure subsisting at any instant between the bodies, and
were practically the same as under static conditions. Raman (9)
has shown that this premise was valid even when the impinging bodies
did not move as rigid bodies, and the impact caused to conversion of
part of the translational kinetic energy into energy of elastic
wave-motion in the solid. Based on a series of axperiménts on the
transverse impact of a solid sphere on an infinitely extended
elastic plate of finite thickness, he calculated the coefficient of
restitution, assuming that this coefficient was a function of ths
elastic constants and densities of the materials, the diameter of

the sphere, the thickness of the plate, and the velocity of impact.

~
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Raman stated that when the velocity of impact was not very large
and the thickness of the plate was not much smaller than ths diameter
of the impingion sphere, the time of impact predicted by Hertz's
theory agreed well with the time of impact necessary in the
calculation of the coefficient of restitution.

From the literature cited above the Hertz theory could provide
excellent svaluation of the time of impact between the ball and the
walls of the valve. In this analysis Hertz theory was used and

from Hunter ( 5 ) the equation of the time of impact was:

2 %5 1
T = 2.9 [léém (1"“)1 r_y5 (vib-vi)‘/5 3 (3 21)

where m represents the mass of the ball, & Poissén‘s ratio, &
Young's modulus, r radius of the ball, Yib velocity of the ball
before the collision and 2 velocity of the tip before the
collision.

Thg two conditions which havé been stated by Hunter, for the
‘&pplication of Hertz theory to this problem were also applied in

this analysis:
v v 16
ib ~ i
E (i e, .) LL

2) The mass of the horn of the injector was very large compared
to the mass of the ball, and the horn was long enough to prevent the
first reflected elastic wave returning to the contact arca before the
impact terminated, i.e. the time of impact was smaller than the time
which the first elastic reflected wave took to come back to the

contact area agein.
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When the time of impact was included, eqn. (3.4) becomes:
_ 2 - "
y = -g t1/2 AR A A A [51n wo(t+2f)+ s] , (3.22)
eqn. (2.7) becomas:
Ve = y W cos [jwo (E+T) + 8 ] ’ (3.23)
and eqn. (3.9) becomes:
v = y, W, cos [wo( £ +7T) = s] *+ y, W, cos (wo t +8)+g LR

o1 o

(3.24)

3.2 COMPUTZR PROGRAMS

3.3.1 Computer Program Without the Time of Impact

Fig. (3.2) shows the flow chart of the computer program.
Fortran language was used on the ICL 1906 computer at Sheffield
University.

The value of Y was calculated for each increment AW and
this process was continued until Y became < 0 ,vi.e., the
collision was with the lower wall, cr Y became 1, i.e., the
collision was with the upper wall. The value of W for which Y
was equal 0O, or Y equal 1 was found by using CO5ACF subroutine
which was stored in the library of the computer. This subroutine
was based on bisection method. The computer program is shown in

appendix (2 ).



Y

Compute
A B

01’ o

.

Compute

subroutine
CO5ACF

Compute
T

| co

Subroutine

CO5ACF

Compute
T

FIG, 3.2

FLOW CHART OF THE CQMPUT.R

PROGRAM WITHCUT THZ TIME OF IMPACT

4 Stop

Conpute

B
og




g

5%,

3.3.1.1 Input Data to the Computer Program

Table (3.1) shows the input data to the computer program.

The ultrasonic fuel injector has been designed with the following
parameters (1 ):-

¥ # 0.0025mm , y = 0.25mm and f = 60 KHz

In this analysis the following ranges of the parameters were used:
¥, = 0.C01 - 0.008mn , I, = 0.1 - 0.8mm and
f = 40 KHz - 80 KHz .

According to these ranges, the ranges of the dimensionless

groups were chosen:

D = 0.1 - 0.005 and Z = 1x 10"6 - 5x 10"4

8 was set up to O when the tip was moving up at t = o, and it
was set up to 77 when the tip was moving down at t = o. It
could be seen from the paramsters that the acceleration of the tip
was very high compared to the gravity acceleration for very small
increment of time, so that the separation of the ball from the tip
was assumed to occur_at t =o.

According to the starting conditions which were mentioned in

Section (3.2.1.2), the valves of A and B, were as follows:

"

A

o = 1 and Bo = 0 , when the ball was moving up at t = o.

A 0O and B =0 , vhen the ball was movihg down at t = o.

(o}

i

AV was set up to 0.4 rad which was very small compared to the

period of the tip motion, and could save a lot of computing time.



s D Z W 1 - W m
(rad) (rad) (rad) (rad) (cycle)
- -4
T7 0.1 - 0.005 1x 10 - 5x10 0.4 0 0 1CCO

-6 -
0 0.1 - 0.C05 1x 10 - 5x10 0.4 0 0 1000

TABLE (3.1).

INPUT DATA

TO THE COMPUT:SR PROGRAM WITHOUT THE TIME OF IMPACT
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2.32.2 GComputer Procram With the Time of Impact

 Fig. (3.3) shows thé flow chart of this cimputer program.
The computer program of Section (3.3.1) was modified. by feeding Vo
o> E, m, r and the time of impact eugation to the computer

program, The input data to the cemputer program is shown in

‘Table (3.2). The computer program is shown in appendix (3 ).

3.4 RESULTS AND DISCUSSICNS

34441 The Ball Motion Without the Time of Impact

- .3.4.1.1. The Tip Moving Down at t = o.

Figs. (3.4- 3.7) show plots of the period (T) of the béll
cycle versus the tip cycles (N), for D in the range 0.005 - 0.1
and Z = 5 x 10”4. These figs. show that the ball was not moving
in a steady state. Some times the ball was moving with repeatable
pericds, but this repeatafility disapreared again, figs. (3.6, 3.7).
The reason for unsteady state motion was because the impact was with
improper phase.

Also it can be seen from these figs. that when D was
increased, T decreased. This i1s because the increase in D can
be viewed as a decrease in the maximum gap (yw) between the ball
and the walls of the valve, and hence T 1is expscted tc decrcasa.
Alternatively an increase in D might be due to the increase in the
maximumlamplitude (yx) of the tip while keeping y,, constant, but
since Z was constant, this increase would decrease the frequency
of the tip (wo) , but the maximum velocity of the tip increases.

The velocity (vo1) of the ball after the collision was dependent

on the instantaneous velocity (v) of the tip, i.e., on the magnitude

~
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T
s | A D 7 A i hd 'n Yo = 5 2 z 2
(ragd) | °© (rad) | (rad) | (rad) | (cycle) (rad) (N/z°) (kg) (mm)
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of. the velocity and the phase angle with which the ball hit the
walls of the valve, and on the velocity (vib) of the ball before
the collision. So the decrease in the period (T) when D was
increased might not be due to the increase in o or due to the
decrease in w_.
0
These figs. show also that there was a more orderly pattern

with increasing D.

Similar results were obtained for Z in the range

1 x 10~6 - 5x 10"4.

Figs. (3.8-3.12) show the relationship between the ratio
(Ao1) of the ball velocity (v01) after the collision with the lower
wall of the valve to the maximum velocity of the tip, versus the
tip cycles (N), for D range 0.001 - 0.1 and 7 = 5x 1074, 1t
can be seen from these figs. that A01 was changing randomly with
the increase of D. An increase of D can arise due to the decreass
of the maximum gap (yw) between the ball and the walls which would
change the phase angles in which the ball hit the walls of the valve.
Also an increase in D can arise from an increase in the maximum
velocity of the tip with constant 2 and this would change the
phase angles with which the ball hit the walls of the valve. Similar
results were obtained for Z in the range 1 x 10—6 - 5 x 1074,

Figs. (3.13- 3.18) show élots of the period (T) versus the ,
tip cycles (N), for D = 0.01 and Z range 1 x 10"6 -5 x 1074,
These figs show that when Z was increased for constant D,
the periods (T) were changed randomly. The explanation of

this is that an increase in 2 can be due to a decrease

of the tip frequency (wo) whilst keeping the maximum
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amplitude (yx) of the tip and the maximum gap (yw) betwesn the ball
and the walls of the valve constant. This would decreése the
maximum velocity of the tip. Also an increase in Z can bs due
to a decrease in Iy whilst keeping w_  constant and decreasing
Tt The decrease in the maximum velocity of the tip would changs
the phase angles with which the ball hit the walls of the valve.

Similar results were obtained for D 1in the range 0.005 - 0.1.
The relationship between the ratio (Y) of the gap (y) between
the ball and th2 lower wall of the valve to the maximum gap (yw)
versus the tip cycles (N) for D =0.005and Z=5x 107 is
shown in fig. (3.19). This fig. shows thut the effect of gravity
could not reverse the direction of the ball. Also this fig. shows
that the ball could reach the top wall from the first cycle.

Similar results were obtained for D 1in the range 0.005 ~ 0.1

and 2 in the range 1 x 10_6 _5x 1074,

" 3.4.1.2 The Tip Moving Up at t = o.

Fig. (3.20) shows plot of the period (T) of the ball cycle
versus the tip cyclss (§), for D =0.05 and Z =5x 10”4. It
can be seen from this plot that the ball was also ﬁoving in random
motion, and the ball moved some times in repeatable pariods, but
this repeatability disappeared again. It can be deduced from the
results that the change in the initial condition of the tip could
change the motion of the ball, but the effects of D and 2
remained the same (sse fig. (3.6)). Similar results were obtained

for D in the range 0.005 - 0.1 and 2 1in the range

1 x 10"6 - 5x 10‘4.
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" 3.4.2 The Time of Impact

The relationship between the time () of impact and the

time (t) is shown in fig. (3.21), for v, =5 X 105 rad, D =0.01

and Z =5 x 10'6. This fig. shows that the time (Z) of impact
was less than 10 x 10—6 s .
Similar results were obtained for w, range
2.5 x 10° rad - 5 x 10° rad, D range 0.005 - 0.1 and 2 range
6

- 5% 10—4 Since the length of the injector horn was

1 x 10”
30 mm, the elastic wave took 12 x 10—6 s to return to the contact
area, and hence the impact terminated before the first elastic wave
returned to the contact area. This is one of the limits of
applying Hertz theory of impact.  Fig. (3.22) shows plot of the

8 / ‘
- Ve, — V.,
ratio (i.lp—-—l;;5 of the relative velocity before the impact to

c
(o}

the sonic velocity in the steel raised to the power one-fifth versus
the time (t), for w_ = 2.5 x 10° rad,D = 0.01 and Z =2 x 107°.
 This fig. shows that the maximum value of <LVib - Yi:)}é was 0.36.
%
Similar results were obtained for vy in the range 2.5 x 105 rad
- 5x 10° rad, D in the zange 0.005 — 0.1 and 2 in the range
1x1070 = 5 x 1074,  Huater (5 ) has found that when the ratio
was equal 0.17 the experimental value of the coefficient of

restitution was significantly lower than the theoretical estimate

by Hertz theory. From this it can be deduced that the values of

Sy Ve, =V, }% ;
(\_lp 1) were not satisfying the limits of Hertz theory, and

hence Hertz theory was not used in predicting the time of impact.
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Since the velocity of impact was very high and the ball collided
with the walls of the valve all round, the time of impact was
expected to be very small compared to the psriod of the ball cycle.

Therefore the time of impact was not considered in this analysis.

S s e A



Chapter Four

LY

MEASURING THE MOTION OF A BALL IN A LARGE MODEL

OF THE INJHKCTOR TIP WITEQOUT FLUID RESISTANCE

4.1 INTRCDUCTION

This chapter is devoted to measuring the ball motion in a
large model of the injector valve without any liquid resistance.
The purpose of this measurement was to check the resuits of the
theoretical analysis of the ball motion which was described in
Chapter 3, and to get an understanding of the ball motion between
two vibrating walls. Details concerning the test apparatus and

procedure, and the test results and discussions are given below.

4.2 TEST APPARATUS AND PRCCEDURE

Fig. (4.1) shows the layout of the test apparatus. Fig. (4.2)
shows the photograph of the test apparatus. A ball is fixed inside
an LVDT transducer which is itself vibrated. -

Ball movement is measured by LVDT output.

LVDT body movement is measuréd by a proximity transducer.

The linear variable differential transformer (LVDT) (Schaevitaz
Engineering, type 100 M.S.L.) served as a model of the valve of the
injector. A 3 mm. steel ball was put in the hole of the LVDT
transducer, and the two ends of the hole were blocked by two 3 mm.
steel bars. The gap in which the ball moved was controlled by the
distance between the ends of these bars inside the transducer. The
lower bar was fixed inside tﬁe transducer and the ball rested on the
bar before the test was started. The upper bar was marked with 1 mm.
marks and was a tight fit into the bore of the transducer. Before
starting the teét the upper bar was fixed in one position inside the

20
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\

transducer, and hence the maximum gap in which the ball moved was
fixed. The LVDT was connected to the oscillator/demodulater
(R.D.P. Electronics Ltd., type D7). The power was supplied to the
transducer by the oscillator section. The output signal (which was
an amplitude-modulated wave) was restored to the form of the original
displacement by the demodulator. The output of the
oscillator/demodulator (which was fed to the storage oscilloscope),
represented the motion of the ball. The period of the ball cycle
was measured from this signal. The LVDT transducer was secured to
the driving spindle of a vibration geherator (Goodmans, type V.50
Mk. 1). The vibration generator was connected to a power amplifier
(Goodmans, type 50 VA) which amplified the driving current from an
ogcillator (Farnell Sine-Square, type LFM2).  The oscillator was
conneéted to the power amplifier through a special electronic switch
and an oscilloscope. The amplified oscilloscope input signal was
available as an output which was connected to the power amplifier.
- This not only provided gain but permitted the output signal to be
pPhase inverted relative to the input. The electronic switch
received the continuous signal from the Farnell oscillator and gave
no outpﬁt until the input signal was rising through zero. Thus,

in combination with the oscilloscope amplifier, this permitted the
initial phase of the oscillation to be controlled to either 0 or 180°
on a sine wave. The frequency and the amplitude of the oscillator
signal were controlled by the manual controls of the oscillator.

The amplitude and frequency of the oscillatory motion of the LVDT
transducer was controlled by the oscillétor signal. The motion was
measured by a proximity vibration pick-up (Southern Instruments Ltd,

type G2114.199) which was connected to the inductive transducer
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oscillator (Southern Instruments Ltd., type M.1822). The output of
this transducer was fed to F.M unit (type M. 1800) whose output was
fed to the storage oscilloscope, representing the motion of the LVDT
transducer. The maximum amplitude of the LVDT body was measured
from this signal.

Before starting the test the output signal of the F.M. Unit on
the oscilloscope was calibrated by turning the dial of the proximity
vibration pick-up by the screw at the top of the transducer, and
measuring the change in the voltage on the oscilloscope. Also before
starting the test the initial phase of the oscillation, the frequency
and the amplitude of the LVDT transducer were fixed. To start the
test the electronic switch was turned on.

Since it was difficult to compare the theoretical results of
Chapter 3 with the experimental results of this Chapter when the ball
was moving in random motion, the measurements were done when the ball
was moving in steady state motion.  Therefore if the ball was not
moving in steady state, the electronic switch was turned off, the
frequency and the amplitude of the LVDT transducer were then changed.
The electronic switch was turned on again. This process was
repeated until the ball moved in a steady state motion. If the
steady state motion of the ball was not obtained, the electronic
switch was turned off and the gap in which the ball moved was
changed. The electronic switch was turned on again. This process
was repeated until the ball moved in steady state motion. When the
steady state condition was obtained, the following readings were
taken:

1. The frequency of the LVDT transducer body.
2. The maximum amplitude of the LVDT transducer body.

3. The period of the ball cycle.
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4.3 RSSULTS AND DISCUSSIONS

Figs. (4.3-4.8) show photographs of the ball motion signal and
LVDT transducer motion signal on the oscilloscope for different
values of maximum amplitude of the LVDT transducer, frequency of
LVDT transducer, initial phase and the gap in which the ball was
moving. Figs. (4.3-4.5) show that the ball was moving in steady
state motion. The reason for the steady state motion is because
the ball was colliding with the upper and lower walls in proper
phase. It can be seen from these figs. that the time of impact was
very small compared to the period of the cycle, because the relative
velocity before the collision was very high.

Figs. (4.6-4.7) show that the ball had double impacts with the
lower wall. Multiple impact phenomenon also have been found by
M. A, Veluswami ( 10 ) who studiedlthe motion of a ball between two
oscillated plates. This phenomenon is due to a rapid change in
the phase at impact when the wall catches up with the ball after the
first impact and strikes it again.- It can.be seen from these figs.
Athat the time of impact was significant compared to figs. (4.3-4.5).
M. A, Veluswami ( 10 ) has also found that when the multiple impacts
occurred, the time of impact increased. He has explained this
result as dus to the low velocity of impact. This agrees with
Hertzian impact theory and the observation that low ball velocity
is & prerequisite for double impact.

Fig. (4.8) shows that the time of impact was significant
compared to the period of the ball cycle. Iﬁ can be seen from
Figs. (4.3-4.8) that the frequency of the ball was approximately
the same as the excitation frequency. M. A. Veluswami ( 10 ) has

found that the ball was moving at the excitation frequency in
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Period Period Bt ad
(actual Impact Time (modified o Initial Phase | Initial Phase
D Z : (theoretical) .
experimental) (sec) experimental) " (experimental) | (theoretical)
(sec) (sec) o
0.18 0.1379 8 x 1073 0 8 x 1073 7.2 x 107> up up
-3 -3 -3 a3
0.41 0.1172 8.3 x 10 3.8 x 10 4.5 x 10 4 x 10 up up
0.5, | 0.032 7.5 x 1072 0 7.5 x 107> | 6.8 x 107> down down
0.637 | 0.027 5 x 1072 0 5 x 107> 4T x 1072 down down
1.086 | 0.0237 5 x 1072 2.7 2.3x 102 | 1.7 x 1073 up -
-3 -3 -3 -3
1.225 0.0527 9.6 x 10 Loh x 10 5.2 x 10 5x 10 down down
TABLE ._4.1 — COMPARISCON BETWEEN THZ EXPERIMENTAL AND THE THECRETICAL R&SULTS




..
steady state. The experimental values of the maximum amplitude of
the LDVT transducer, the frequency of the LVDT transducer and the
maximum gap in which the ball moved for each initial phase angle
were fed into the computer program (which was described in
Chapter 3) as D and Z parameters (also defined in Chapter 3). The
results of the computer program were checked with the experimental
results.

Table (4.1) shows comparison between the values of the period
of the ball cycle theoretically and experimentally for different
values of D and Z for each initial phase angle. Since the time of
impact was not considered in the analysis of Chapter 3, it was
subtracted from the experimental value of the period of the ball

cycle. The time of impact is also shown on the table,



Chapter Five

MEASUREMENT OF THE AMPLITUDE OF THE ULTRASCNIC

FUSL INJSCTOR TIP BY LASER ANZMOMETRY

5.1 INTRODUCTION

In the theoretical analysis of the ball motion which has been
described in Chapter 3, the injector tip was assumed moving
sinusoidally. To predict the equation of the injector tip motion
and to find the effects of the fluid flow from the injector and the
inertia of the injector body on the tip motion, the tip motion hasg
been measured.

Grubb, Milsom and Abram (1 ) have measured the amplitude of
the tip by using a microscope. Their results were not accurate
because the amplitude of the tip was too small and the frequency
was too high to allow accurate measurement by this method. Also,
they could only measure steady-state amplitudes and not transients.

A capacitive measuring technique was also used by (1 ). The
" pPrinciple on which this method operated was the variation in
capacitance of a parallel plate capacitor as the blate separation
was changed. The injector was examined without atomisation but it
was filled with the fuel. The amplitude of the tip was deduced to
be 2,6 x ‘]O-3 mm, and the motion could be seen to build up slowly
to the final amplitude when the injector was energised, and this
build up was seen to take place over several milliseconds.

In this investigation a laser technique has been employed in
measuring the tip motion to get accurate results. The measurement
has been done with and without atomisation,and the effects of the

supply pressure and the pulse width on tip motion has been studied.

il e
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The details of test apparatus, test program, test procedure, results

and discussions are given below.

5.2 TEST APPARATUS

The test apparatus consisted of injector equipment and laser

equipments.

Fig. (51) shows the photograph for the apparatué.

5.2.1 Injector Equipment

yig. (5.2) shows the layout of the injector equipments. The
injector (type EX4) which is described in Chapter 2 was fixed
rigidly above a small tank which was filled with kerosins. The
kerosine was delivered from the taqk to the injector by a pump
(Lucas) of 120 psi. maximum pressure. The supply pressure of the
kerosine to the injector was controlled by a regulator (Norgren) and
measured by pressure gauge (Hamworthy Engineering). A filter
. (FTam, type C1191) was used in filtering the kerosine before it was
delivered to the injector. The pulse width during which the

injector was switched on,was controlled by an oscillator (Farnell

Sine-Square, type LFM2) and was of 50% duty cycle. The frequency

of the oscillator, which was equal L was read on a
2 pulse width

Counter-Timer (Racal, type SA535).

5.2.2 Laser Equipments

Fig. (5.3 ) shows the layout of the laser equipment. The laser
anemometer (DISA, type 55L) is a system for scientific measurements
of local flow velocity. The DISA laser Doppler Anemometer possesses

advantages in flow measurement, and its performance data ensures a
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high order of accuracy in velocity measurements ( 11).

The detail of the laser equipment was described in (11).
The instrument comprised 5 mW He-Ne laser, integrated optical unit,
high voltage supply, photomultiplier mounted on optical bench, and
electronic frequency tracker for continuous tracking of the Doppler
frequency. The laser equipment was set up in such a way that the
beam was directed on the tip of the injector. The optical unit
(type 55L01) was operated in differential Doppler mode on backward
scattered light. 1In this mode two beams of equal intensity were
intersected on the tip of the injectér. The beam intersection
angle (@) was set up to 4.77 degrees. The optical unit comprised
beam splitter, mirror, Bragg cells and lens.

The optical bench constituted a rigid base for mounting of
the lasef head, optical unit, and photomultiplier. The photomultiplier
(type 55L10) was used to detect the Doppler shifted light scattered
from the point of the measurement. The photomultiplier comprised
- PM tube, shutter, pin-hole, view finder, tube and objective lens.
High voltage supply (type 55L15) was used to supply a continuously
adjustable DC voltage for the photomultiplier. Voltage indication
was provided by a front-panel meter.  Another front-panel meter read
PM-tube anode current.

The signal processor (type 55L20) improved the signal-to-noise
ratio of the Doppler signal and converted the frequency (fD) into an
It comprised preamplifier, frequency tracker unit,

analog voltage.

and meter unit, The preamplifier had level selectors and a front-

panel meter to indicate signal level. The anode current of the

high voltage supply was connected to the input of the preamplifier.
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The frequency tracker had controls for tuning (manual and
automaﬁic), IF level, set level, threshold level, IF bandwidth,
Doppler frequency range, and the dropout detector which had OUT/IN
switch and a front-panel-meter which read relative duration of
signal dropouts (0 to 100%).
The meter unit indicated Doppler frequency, corresponding to

the injector tip velocity. The two output sockets are in parallel

and carry the instantaneous analog output voltage.

5.3 TEST PROGRAM

In each test the maximum instantaneous Doppler frequency was
measured for each pulse width and for each supply pressure. The

tests with atomisation were done for pulse width range 1- 6 ms, and

for supply pressure range 5- 60 psi. One test was done for pulse
width 0.5- 50 ms, and for 40 psi. pressure supply. The test

without atomisation was done for 1- 6 ms pulse width.

5.4 TEST PROCEDURE

The supply pressure to the injector was fixed to a specific
value. The pulse width in which the injector was switched on was
also fixed to specific value.

The shift frequency was fixed to 7.5 MHz.  The SET LEVEL knob
of the preamplifier was adjusted until the PREAMP LEVEL meter was
set at the red marker (90).

The TUNING selector switch was set to MANUAL, and the TUNING

knob was turned fully clockwise. The SET LEVEL knob of the

frequency tracker was set to the middle position.  The ADJUST
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THRESHOLD knob was also set to the middle position. The IF BANDWIDTH
selector was set at 2% of FREQUANCY RANGE. The FREQUENCY RANGE
selector was set to 15 MHz.

The DROP-OUT DETECTOR was switched to IN. The TUNNEL knob
was turned slowly counter-clockwise until the IF LEVEL meter
indicated a peak showing that the filter was tuned in to the signal,
The DOPPLER FREQUENCY meter showed the corresponding Doppler
frequency of the signal. The SET LEVEL of the frequency tracker
vas adjusted until the IF LEVEL meter was set at the red marker (90)
indicating that the signal was of good quality. The TUNING selector
switch was set to AUTCMATIC. The frequency tracker then automatically
was locked on to the Doppler ‘signal frequency. The IF BANDWIDTH
selector was changed from 2% until the signal on the oscilloscope
which represented the Doppler frequency remained constant., It was
found that the difference between 4% and 8% was very small, so that
the BANDWIDTH selector wés set to Z%.

The analog output voltage was set to 10 volts. The time knob
of the oscilloscope was adjusted until the sinusoidal signal appeared
on the oscilloscope. A typical signal is shown in fig. (5.5).

This shows clearly the transient motion of the tip in response to a
square-wave drive to the crystal drive circuit. Only for longer
pulse widths the tip velocity (and amplitude) will reach a steady
state, Its peak above the zero line represented maximum
instantaneous Doppler frequency which was proportional (for constant
tip frequency) to the instantaneous maximum amplitude of the tip.
This value of the maximum instantaneous Doppler frequency was

recorded and then the pulse width was changed tc another value.



-39-

The same procedure was repeated again until the data for the
required pulse width range was obtained. The supply pressure then
was changed to another value, and the same procedure was repeated
again until the data for the required supply pressure range was
obtained, The maximum instantaneous Doppler frequency without
atomisation was measured by switching off the pump which supplied
the kerosine to the injector, and changing the pulse width for the
required range. Photogréphs of the signal on the oscilloscope were

teken during the test.

5.5 M3IASUREMENT ANALYSIS OF THE LASER OUTPUT

The maximum velocity of the injector tip was calculated from

the following formula (11):

fom X
v, = D> (5.1)
2 sin /5
where VT represents maximum velocity of the injector tip, fDM
maximum instantaneous Doppler frequency, N\ beam. wave length and

6 beam intersection angle.

The maximum amplitude of the injector tip (yx) was calculated

from the following equation:

Vo = 2T £y, (5.2)
v
i.e. v, = LS (5.3)
2.9 F

where f represents frequency of the injector, Yo maximum

amplitude of the injector tip.
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5.6 TEST RESULTS AND DISCUSSICNS

Fig. (5.4) shows the relationship between the maximum amplitude
of the injector tip (yx) with the pulse width (pw) for supply
bressure range 5- 60 psi. This fig. also shows the relationship
without atomisation. It can be seen from this fig. that the
maximum amplitude of the tip built up to the steady state value after
5ms. This is due to the inertia effect of the ultrasonic injector
body. Also this fig. shows that for each pulse width the increase
in the supply pressure reduced the magnitude of the maximum amplitude.
This is because the increase in the supply pressure would increase
the flow per pulse, i.e., the damping factor would increase and so
that the maximum amplitude would decrease. For this reason it can
be seen from this fig. that the decrease in the maximum amplituds due
to the increase of the fluid pressure increased when the pulse width
was increased.
| This fig. shows that there w;s a large difference between the
“maximum amplitude at 5 ﬁsi (which is near enough to zero) and the
maximum amplitude without atomisation. This is because without
atomisation the channels of the injector were empty of fluid, but
in the case of 5 psi the channels were full of fluid and a small flow
was very influential on the value of the maximum amplitude.

This fig. also shows that the maximum amplitude was not affected
by the increase of the supply pressure above 40 psi. This is

Probably because the flow per pulse was not affected by the increase

of the supply pressure above 40 psi. The damping effect of the fluid

flow on the maximum amplitude of the injector tip was very clear when

the maximum amplitude with atomisation was compared with the maximum
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amplitude without atomisation.

fig. (5.5) shows a photograph of the signal of the tip motion
without atomisation. This photograph shows the build up in the tip
motion when the injector was on and the decay in the motion when the
injector was off, The decay in the motion was 2 ms.

Figs. (5.6- 5.7) shows photographs of the signal of the tip
motion with atomisation for 1 ms pulse width and 40 psi supply
pressure and for 3 ms pulse width and 60 psi supply pressure
respectively. These photographs show that the decay in the motion
of the tip was approximately 1.5ms. The difference in the time of
the decay between the case without atomisation and the case with
atomisation is due to the damping effect of the fluid,

Figs. (5.8-5.9) show photographs of the expanded signals of
the tip motion at maximum amplitude with atomisation, for 3 ms
pulse width and for 5 psi and.60 psi supply pressure respectively,
Fig. (540) shows a photograph of the expanded signal of the tip
‘motion without atomisation for 3 ms pulse width. The damping effect
of the fluid on the maximum amplitude of the tip waé shown clearly
from comparing these photographs. It can be seen from these
photographs that the injector was moving at 60 KHz frequency.

Fig. (5.11) represents a plot between the maximum amplitude of the
tip versus the pulse width for 40 psi supply pressure. It can be
seen from this fig. that when the pulse width was less than 0.5 mg
the maximum amplitude fluctuated. This is probably because the

injector was switched on while the tip motion was decaying. When
the electrical signal was in phase with this decaying motion of the

injector tip, the maximum amplitude increased, and if it was not in
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phase (or even in anti-phase) with the motion of the injector tip, the
maximum amplitude decreased. Also these fluctuations might arise
because the pulse width was very small, so that the crystal drive
¢ircuit could not follow the electrical signal. When the pulse
width was increased more than 5 ms the maximum amplitude of the tip

increased continuously to a constant maximum amplitude after 5 ms.



Chapter 3ix

THEORSTTCAL ANALYSIS OF THE BALL MOTICN

WITECUT FLUID REOSISTANCE BY USING LASZR DATA

6.1 INTRODUCTION

Since the motion of the injector tip has been measured in
Chapter 5, the ball motion in the injector valve could be predicted

by using this experimental data in the theoretical analysis which

was described in Chapter 3.

This chapter describes such a theoretical analysis. The

details of theory, computer program and results and discussions are

given below.

6.2 THEORY

6.2.1 Injector Tip Motion

6.2.1.1 Equations of the Injsctor Tip Motion

From the results of the tip motion measurements by using laser

technique, it was found that the tip was moving in a transient to

steady state resonancs.

The following equation represented the motion of the tip from

a fixed datum which was assumed to be the line passing through the

seat of the ball at t = o (12)

= Bo %2 costuy t ) +y, cosli t- §)  (6.1)

79
Where
g +
wg = G- ) (6.2)

and

43~



w
tang = _8 %0 (6.3)
w2 - w2
n o
where B represents a constant, ¥ parameter of damped vibration,

t time at any instance during the pulse, Wy damped natural

frequency, £ initial phase angle of the free motion, yX
maximum amplitude of the tip, vy frequency of the tip, § initial

phase angle of the steady-state motion, wn tip natural frequency.

At resonance:

and hence

7T-
6= 7

PR

By substituting the value of § 1in eqn. (6.1), it becomes:

- ¥t
Y1 = B e ’é cos(wd t +-¢?).+ T, cos(wo t - %? | (6.4)

It wag assumed that y, =0 at t = o. For this conditions,

8qn. (6.4) becomes:

o
i

B COS(-ﬁ) ’

therefore

ﬁ = _Z .
2

By substituting the value of # in eqn. (6.4) it becomes:

- - ¥ .
Y1 = B g pé cos(wd t + %? ) + Yy cos(wo t - %;—) . (6.5)
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The equaticn of velocity of the tip was obtained from the

derivative of ¥, with respect to t :

~\—v::._x Be-‘és/z Cos(wdt"’%z)—Be-\&t/z

—

w i 1 - i - .
g Slﬂ(dd t + %Z ) Ty W, 51n(wo t .%Z ) (6.6)
Also i d v, |
S0 1t was assumed that —— = 0 at t = O. For this
dt

condition, eqn. (6.6) becomes:

0 = -8B Wa t ¥y Yoo

o
Therefore:
B = %
Vi v

By substituting the value of * B in eqns. (6.5) and (6.6) we

have respectively:

W - ¥t g
TS R R coslug 0 L) vy, conlyy b= T (6)
A ;
’ ¥ w _ﬁt/ . _Xt/
v T o 2 1, 2 I
E?;i y, e cos(wd t o+ Er) I ¥y © sin(wd t o+ E;)

- { - B 6.
Yy Wy s1n(wo t E;) (6.8)
The equation of the acceleration of the injector tip was

.

obtaineg from the derivative of v with respect to t :

d 2 _%t -3t
% = a = iwwo v, o /2 cos(wd t +217)+2L ¥ W, B /2
d

: e Xt/ 11
. X‘ —_— ) e
51n(wd t + %;Q + X Ty, e 2 sin(wd t + s ) Ty Vo
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- ¥y
o - T 2 4
e Wy co_,(wd t o+ -5—) - Y v cos(wo t - 5—) . (6.9)

6.2.1.2 Starting Condition of the Injsctor Tip Motion

To control the starting condition of the injector tip motion,
the initial phase angle (s) was added to the equations of motion.

Hence eqns. (6.7), (6.8) and (6.9) become respectively:

w
= = Ul
17 ‘TZ Ve e /o cos(wdfo+_é7_r.+s)+yxcos(wot-?.+ s) ,
(6.10)
- ¥ W _\6t -Xt
v~-—2w: I, © /»'Zcos(wdt-rg-rs)_yxwoe /2
S’Ln(wd t +~7g. + g) - ¥ s sin(wo t - Iér— +s), (6.11)
and
\ézw 137 " st
fand -, 77' 4 - 2
& 4 2 Iy © 2»COs(wdt'.*—2-—+S)+2 Ty W, ©
Y4

¥t 4
4 ¥ e /2 sin(wd t_+7§T—+ s)

81n(wdt+-2_+s)+-2- i Yo

- ¥t 2 .
72 W cos(wdt+g-+s)-yxwoCOS(Wot-—zﬂ*‘s).

"'waoe 3

(6.12)

Two starting conditions were assumed:

1. The tip was moving down at t =o0, i.e., s = T

2. The tip was moving up at t =0, i.8., s =o0



6.2,2 Mction of the Ball

6.2,2,1 Equations of the RBall Motion

The assumptions about the ball motion which were made in
Chapter 3, were also assumed in this analysis except for the
Starting condition of the ball.

Eqn. (3.2) was used to compute the position of the ball from

the same datum as the tip.

-
Yo = 8t/2 4 v ot 4y, (6.13)

¥here g represents gravity of accelerations, t, time at any
instance between two successive impacts, Yy initial ball velocity

8nd y - initial position of the ball.
Eqn. (3.8) was used to compute the velocity of the ball at

8ny instance between two successive collisions:

(6.14)

6.2.2.2 Starting Conditions of the Ball Motion

The assumed starting conditions of the ball motion was that
the balj separated from the seat with the same velocity as the
injector tip when the injector tip was moving up with negative
8cceleration less than the gravitational acceleration, or the ball
Separated with the same velocity as the injector tip when the
injector tip was moving down with positive acceleration greater
than the gravitational acceleration, i.e. separation occurred
when ;

a ;> g (when the tip was moving down) |, (6.15)



or

a ( -g (when the tip was moving up).

6.2.2.3 FEguation of the Gap Between the Pall and the Seat

Equation (3.3) was used to compute the gap between the ball

and the seat:

y o= y, - ¥4 (6.16)

p - P

y = g t?/é A t1 ty, - ;i T e 395 COS(Wd t o+ %; + s)
T 4+ s). (6.17)

ol cos(wo t = R

6.2.2.4 Collision Retween the Ball and the Walls of the Valve

The assumptions made in Chapter 3 concerning the collision

between the ball and the walls of the valve (see section (3.2.2.4))

Were also assumed in this analysis; The time of impact was

4Ssumed to be negligible. Hgn. (3.6) was used to compute the

velocity of the ball after the collision (v ,):

Vo1 = SVp= Yy (6.18)
Wherg

Ve = Vv, = v at the time of impact,
and

¥, = v, at the time of impact.

iv b
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By substituting egn. (6.11) for v and egn. (6.14) for vy

in eqn. (6.18) we have:

W _X¥t
v :-\6 nye /2 cos(wdt+-21[+s)—2yx

d

- %t . 1
w, e 7 s1n(wdt+-é-+s)—2)’x v,

sin(w0 t = %Z +g) +g t1 -V (6.19)

6.2, 3 Dimensional Expressions

The dimensionless groups derived in Chapter 3 can be used
to obtain dimensicnless form of egns. (6.10), (6.11), (6.15),

(6.17) ana (6.19), respectively:

5 Grm/2+D cos(w--g-rs) ;

= T
X1 = D W, cos(w/wm ko +s) e
(6.20)
where
v, = N D=?.’3£w=z9.,w=wtandGm=-§-.
L v. '’ y. 7 m w ° v
W W d
_ T WGy2+2G
A = ¢ W cos(""/ﬁ,dm e * s) e n
114
W T W Gy /2 cos(W + L +5)
sin(/wm * = s) e (/wm 5
e /2 L. cos(W - LI s). (6.21)
m 2
where o = 7
Ix Yo
Y = W W, + I +g
D(-Z "1/2 + i W, + B - W cos ( A"m - )

oW Gp/2 _ eoslly = 12T_ + 8)) (6.22)



Vhers ¥ = L, 7z = & __ a4 = S, W, = t, w
! R A -
and B = ZQ
[0} yw
- 2 -2
b1 = =2 ¢ u cos (W + '%I +5) o7H O/
- - 2 ;
s:I.n(l'f’\”],m + +s) e W Gn/2 2 sin(W - %; +8) + 2 W= A
(6.23)
Where A ;= Vo1
A ;> v/
(6.24)
A <i -
Where A = v
Ix"¥o

‘6'2-4 Checking of Equation (6.201_

Eqn. (6.20) has been checked by substituting the values of

G, and W~ which was computed from the laser results, and

It

pl°tting Y1 versus the pulse width, (see fig. (6.1)).

/&x
80 be seen from this fig. that the injector tip built up to a

Steady state motion after approximately 5 ms. It can be deduced

from thig fig. that eqn. (6.20) represented well the motion of the

injector tip.
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FIG, 6.1 RATIO OF THE MCTICN OF TH4 TP TO TH3 MAXIMUM AMPLITUDE

OF TH& TIP - TIME RELATIONSHIP



6.3 COMPUTLR PROGRAM

Fig. (6.2) shows the flow chart_of the computer pfogram.
Fortran language was used in the 1906 Computer at Sheffield
University. The flow chart was the same aé the flow chart of
Chapter 3 (fig. (3.2)) except for the separation problem.

The subroutine CO5ACF was used to compute the value (WS)
°f W at which separation occurred. . The subroutine was based
°n the bisection method.

The computer program is given in Appendix (4).

s D z D, | W | N, G Wl

:\\

0 | 0.001-0.1 1x1o"2 0.4 ] 0 | 1000 |0.00112 | 1 0
5% 10~

T 10.001=0.1 ]| 1x 100 0.4 | 0 | 1000 |0.00112 | 1 0
5x10-4

TABLE (6.1) INPUT DATA TO THE CCMPUTER PROGRAM

6.3.1 Input Data to the Computsr Program

The input data to the computer program is shown in Table (6.1).

It can be seen from the laser results (which were described

in Chapter 5) that the range of the maximum amplitude of the

injector tip (yx) vas 4.2 x 1072 mn - 7.5 x 1073 mm, when the

tip was moving at a frequency of 60 KHz. In this analysis the

Daximum gap (yw) between the ball and the walls of the cavity was
Chosen in the range of 0.1 mm - 0.& mm. According to these rangss,

the ranges of the dimensionless groups D and Z were respectively:

0.001 - 0.1 and 1 x 10_6 -5x 10-4.
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6.4 RESULTS AND DISCUSSICIS

6.4.1 The Tip Moving Down at t = o

Figs. (6.3-6.7) show plots of the period (T) of the ball
cycle versus the tip cycles (N), for D in the range 0.001- 0.1
and 2 =5x 1074,  These figs. show that the ball was not in
steady state motion. As mentioned in Chapter 3 (see section
(3.4.1.1)), the reason for the unsteady state motion was that the
impact occurred with improper phass.

These figs. also show that sometimes the ball was moving
with repeatable periods, but this repeatability disappeared again,
Figs. (6.5, 6.7).

It can be seen from these figs. that when D was increased,
T increased. Also, as mentioned in Chapter 3, (see section
(3-4.1.1)), the reascn for this phenomenon was because the increass
in D can be viewed as a decrease in the maximum gap (yw) between
the ball and the walls of the valves and hence T is expected to
" decrease.

These figs. also show that there was a more orderly pattern
with increasing D.

Similar results were obtained for Z in the range
1 x 10‘6 - 5x 107,  The effact of increasing 2 while kesping D
constant is shown in figs. (6.8 - 6.12). These figs. show the
T~ ¥ relationship for D = 0.01 and Z in the range 1 x 1070 - 1 x 1074,
These plots show that when Z was increased for constant D, the
beriods (T) were changed randomly.

Similar results were obtained for D in the range 0.001 - 0.1.

Figs. (6.13 - 6.17) show the relationship batween the ratio (A01)
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of the ball velocity (vo1) after the collision with the lower wall
of the valve to the maximum velocity qf the tip, versus the tip
cycles (N), for a D range of 0.001 - 0.1 and Z = 5 x 10~%. As
found in Chapter 3 (see section (3.4.1.1)), A 4 was changing
randomly with the increase of D. It can be seen from fig. (6.14)

that AO increased with increasing N. Comparing this fig. with

1
fig. (6.4), it can be seen that the period of the ball cycls was
inversely proportional to the velocity of the ball after the
collision with the lower wall, and then inversely proportional to
the number of the tip cyclas. The increase of the velocity at the
ball after the collision is an attractive phenomenon. This
phenomenon is good for respongs (i.e., the ball comes back to the
Seat as soon as the injector is switched off) but might be bad for
wear,

Similar results were obtained for a Z range of
1% 1070 - 5x 1074,  Fig. (6.18) is a plot of the ratio (Y) of
" the gap (y) betwesn the ball and the lower wall of the valve to the
maximum gap (yw) versus the tip cycles (N) for D = 0.005 and
Z=5x10"% This plot showsthat the ball could not reach
the top wall of the valve in the first cycla. This is because at
the instance of separation of the ball from the tip, the velocity
of the tip was very small (the tip motion built up in 5 ms).

It can be seen from this fig. that the tims of the first

Cycle was significant compared to that of the remaining cyclss.
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6.4.2 The Tip Moviang Up at t = o

Fig. (6.19) is a plot of the period (T) of the ball cycla
versus the tip cycles (N), for D = 0.65 and Z = 5 x 1074, This
plot shows that the ball was again moving in unsteady state motion.
It can be deduced from this plot that a changs in the initial
condition of the tip could change the motion of the ball, but the
general features of the results remained the same, (ses fig. (6.5)).

Similar results were obtained for D range 0.001 - 0.1 and

Z range 1 x 107% - 5 x 1074,
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Chapter Seven

MODEL TESTS OF FLOW RATES AND BALL FLOW FORCE

7.1 INTRODUCTION

Measuring the flow force on the ball, the total flow rate
and the inlet ports flow rates of the injector valve for each
position of the ball is important in understanding the behaviour of
the injector. The theoretical analysis of the ball motion which
was described in Chapter 3 and in Chapter 6 was carried out
without any fluid resistance. Knowledge of the fluid resistance is
important in studying the actual behaviour of the ball.

Since the dimensions of the injector valve were too small to
take these measurements accurately on the valve itself, a scale
model to the injector valve should be constructed and the results of
the measurements should be scaled to the injector valve.

This chapter describes the measurements of thes flow force on
the ball, the total flow rate and the inlet ports flow rates for
“each position of the ball, in a scale model of the injector valve.
The details of test apparatus, procedure and program, analysis

of the results and discussions are given below.

7.2 TEST APPARATUS

Fig. (7.1) shows a photograph of the test apparatus used,
while the layout is given in fig. (7.2). The test apparatus
Consisted of a model'for the injector valve, instruments for
Mmeasuring the static pressure at each inlet to the model, the flow

rate at each inlet to the model and the liquid forces on the ball,
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& supply tank, pipes and valves.

Fig. (7.3) shows a photograph of the model, and the layout is
given in fig. (7.4).

The model was made geometrically similar to the injector valve
and the scale factor was 20.6:1. The boundaries of the model were
made from Perspex and from two parts. The upper part contained the
top inlet and the lower part contained the two side inlets. The
two parts were connected by screws. The ball of the model was made
from a hard wood.

Since the forces which acted on-the flowof the injector valve
were viscous, pressure and inertia forces, Reynoldsnumbers (Re) of
the two flows were kept the same to satisfy the condition of the
dynamic similarity. By using the equality of Re of the two flows,
it was found that with the scale factor 20.6, the water was a suitable
fluid for measuring the flow velocities in the model corresponding to

“the range of the flow velocities in the injector valve (when the
"fluid of the injector valve was Gasoline of 0.718 specific gravity).

Each inlet of the modei was connected to the supply tank by a
Brass pipe.

Since the supply pressure at each side inlet of the injector
valve was equal, this condition was also applied to the model by
making the size and the length of the pipes connecting the side
inlets to the supply tank equal, i.e., the loss in the total head due
to the friction was the same in each pipe.

The flow rate for each inlet was measured by a rotameter
(Rotameter Manufacturing Co.) placed between the inlet and the supply

tank, and controlled by a valve (Gate Valve) placed between the
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rotameter and the supply tank. The water was delivered to the
Supply tank by a pump from another large tank. The level of the
water in the supply tank was kept constant during the measurements
by an overflow pipe placed in the supply tank.

A pressure tap was placed at each inlet of the model for
measuring the static pressure by a vertical manometer. Another
Pressure tap was placed at the outlet of the model for measuring the
static pressurebya vertical manometer. A small piece of plastic
Pipe was connected to the outlet of the model to avoid the entrance
of the air to the model during the measurements.

The ball was connected to the force transducer (Pye Ether,
type VF1) by a strong string passing through fine tube. The other
end of the ball was connected to a small piece of a brass bar passing
through a guide to keep the centre of the ball always on the vertical
centre line of the model.

The force transducer was fixed rigidly cn a plate which could
- be positioned anywhere along the length of a screw bar. This was
achieved by means of two nuts and a spring.

The electric power was supplied to the force transducer by
Power supply (Farnell, type E30/2). The output of the force

transducer was read on galvanometer (W. G. Pye & Co. Ltd.).

7.3 TEST PROGRAM

In each test the flow force on the ball, the flow rates of the
inlets and the static pressure at each inlet and at the outlet were
Deasured. The range of the total flow rate from the model was

0~ 40 %& : These measurements were done for one position of the
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ball in the model. When the measurements were done, the position

of the ball was then changed and the test was repeated.'

7.4 TEST PROCEDURE

Before starting the test the Rotameters were calibrated by
collecting the weighing water. Also the force transducer was
calibrated by putting weights on the ball which was connected by a
wire to the force transducer and reading the corresponding voltage
on the galvanometer, To start the test the ball was fixed at the
upper wall of the model. The position of the force transducer was
read by a ruler fixed on a screw bar. This position of the
transducer was considered as the zero position of the ball, The
ball was then moved 1 mm from the upper wall of the model. At this
position the indicator of the Galvanometer was fixed at the zero
humber on the scale. This position of the indicator represented
zero fluid forces on the ball.

The valves were then opened until all the air escaped from the
model and from the pipes.

Since the supply (total) pressure at each inlet of the injsctor
Valve was equal, and the flow rate from each side inlet was equal,
~ these conditions were also applied for the model. The flow rate
from each side inlet of the model was kept identical for each flow
rate from the top inlet of the model. The flow velocity of each
inlet of the model was then calculated. By measuring the static
Pressure at each inlat, the supply pressure at each inlet of the
model was calculated. When the supply pressure at each inlet of

the model was not the same, the flow rates were changed and the
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procedure was repeated again until the supply pressure at each inlst
of the model became identical. Then the readings from the Rotameter
of each inlet, from the manometer at each inlet, from the manometer
at the outlet and from the Galvanometer were taken. The flow rates
of each inlet of the model were then changed and the same procedure
was repeated again.

The ball was then positioned at 2 mm from the upper wall of
the model. The same procedure was repeated until the measurements

were taken for all the positions of the ball in the model.

7.5 MEASURING ANALYSIS OF THZ EXPSRIMENTAL DATA

In the following analysis it is assumed that the ball of the
injector valve was in a similar position of that of the model, but
with zero velocity.

The flow rate from the top inlet of the injector valve was

calculated from the following equations:

Ry, = R (7.1)

1.6,

Whare Rev represents the Reynoldsnumber of the injector valve,
Rem the Reynoldsnumber of the model, Vvt flow velocity at the
top inlst of the valve, D, diameter of the ball of the valve, Vy

kinematic viscosity of the liquid in the valve, V flow velocity

8t the top inlet of the model, D~ diameter of the ball of the model
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and ))m kinematic viscosity of the liquid in the modsel.

Therefore
D
VVt = th L \)_l. . (7.2)
Dy
But
Wt T Ay Vyp o (7.3)
and
th = Amt th ‘ (7‘4)

where Qvt represents flow rate at the top inlet of the valve,

A . area of the top inlet of the valve, Qi flow rate at the

top inlet of the model and Amt area of the top inlet of the model.

Therefore . {
Qvt = %t AVt Dm \)V (7' 5)
Amt Dv ‘Qm
But
2
A = /i vi 3 and
vt : 4
O
Amt =T

|

where dvt represents the diameter of the top inlet of the valve

and dmt the diameter of the top inlet of the model.
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And
St - Do
dmt Dv
Therafore
d
Gt = Q vt Ny (7.6)
t t a
mt “bm

By the same procedure the side inlets flow rate (QVS) was

calculated.

Since the Euler number for pressure loss must ba identical
for valve and model at the same Reynolds number, the supply pressure

(Pvt) at the top inlet of the valve can be found as follows:

¥*

. .
Yot = Py = Pat = Pmo {7.7)
/ 2 1 2
3 '/2 VVO E'//; Vmo
whera
2
PVt - th+ % ﬁ v‘Vt+ ﬁ g zvt ) (7.8)
c = £ (p,. =p, =0) (7.9)
Pyo Poo ¥ /v 8 %07 Pyo TPy :
= ! 2 .10
Pmt - pmt tz Aﬁ th * /Z g th (7 )
and
3 V7
pmo = pmo$ * /g € Zno (7.11)
Pvt represents supply pressure at the top inlet of the valve,

Ptm) piezometric pressure at the outlet of the valve, Pmt supply

Pressure at the top inlet of the model, p;o piezometric pressure

at the outlet of the model, Vvo velocity at the outlet of the
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valve, Vmo velocity at the outlet of the model, Pt static
Pressure at the top inlet of the valve, g gravitational
acceleration, Z4 haight of the top inlet of the valve from the
datun, P,, Static pressure at the outlet of the valve, P,
atmospheric pressure, Zy0 héight of the outlet of the valve from
the datum, P,t Static pressure at the top inlet of the model, Zt
height of the top inlet of the model from the datum, Bis static
bressure at the outlet of the model and Z o height of the outlet
of the model from the datum.

Therefore

# /: Vvo i # (7 12)
- - . — * .
Pvt Pmt Pro /p \i ) P
m mo

vo
Since the energy of the flow at the outlet of the injector
Valve was not used again for the valve and dissipated in the
atmosphere, the pressure at the outlet of the valve was assumed
static, and the same assumption was made for the model.
Since the flow force coefficient must be identical for valve
and model at the same Reynolds number, the flow force (F f) on

the ball of the valve can be found as follows:-

(7.13)

A

va =‘ me _/[%‘f < ;::)2 (X—VE> (7.14)

mt
where F represents flow force on the ball of the valve and

v

Fgf flow force on the ball of the model.
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A Y

The force transducer measured the net forces (Fe) on the
ball, i.e., the flow force (positive in downward direction) minus

the buoyancy force (Fﬁb) (negative in upward direction)

i.e.,
Fﬁf = Fe & Fﬁb

7.6 RESULTS AND DISCUSSICNS

Figs. (7.5-7.9) show the scaled relationship between the
total flow rate from the injector valve (Q,p)» the side inlets
flow rate (QVS) and the top inlst flow rats (Qvt) with the
Supply pressure (Pv) of range 5- 60 psi for various positions of
the ball in the injector valve. These figs. show that when P,

. Was increased, QvT’ st and Qvt_ increased very nearly as the

Square root of pressure.

Figs. (7.10- 7.12) represent plots of QvT’ st and Qvt
versus the position (y) of the ball from the seat, for P range
20- 60 psi. These figs. show that when the ball was lifted from
the seat for 0.14 mm, Q2 Qs and Q.. increased. This is
because in this region the resistance (RA) due to the area under
the ball (see fig. (7.13)) was the main variable resistance to the

flow. When the ball was lifted from the seat, R4 increased and

hence the flow rates increased.
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These figs. also show that when the ball was lifted until
y = 0.32 mn, QvT’ st and Qvt remained approximately constant.
This is because when the ball was 1lifted the resistance <R4) due
to the area under the ball and the resistance (R2) due to the
area above the ball were approximately negligible. Hence st
was proportional to the side inlsts areas and Qvt was also
proportional to the top inlet area.

Also it can be seen from these figs. that when the ball was
lifted until y = 0.47 mm, Q decreased and became equal to zero
at y = 0.47 mm. This is because when the ball was lifted R,
increased, and hence Qvt decreased and became squal to zero when
RZ became equal infinity at y = 0.47 mm. Also it can be seen in
this region that when the ball was lifted st increased. The
reason for this is that since the resistance (R3) due to the area
of the side inlets was in paréllel with R, + R, and hence the ratio
of qQ,, to Q, was proportional to the ratio of Ry + R, to Ry
" Also these figs. show that in this region QvT decreased when the
ball was lifted. This is because the increase in R2 when the ball
was lifted caused an increase in the total resistance of the parallel
Circuit which was slightly significant compared to the resistance
(R5) due to the area of the outlet.

It can be seen from these figs. that when y was in
0.14 - 0.32 mm range, Qvt was greater than st (even R1 was
greater than R3). This is probably because the stagnation of ths
side inlets flow on the ball caused an increase in the exit pressure
Of these inlets, and hence the pressure drop across these inlets

reduced and caused the decrease in st. The stagnation effect was
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also expected on Qvt’ but the flow from the top inlet escaped
sideways where there were no side inlets.

Fig. (7.14) shows plots of the flow force (F;f) versus P
for various positions of the ball in the valve, and for pressure
range 5-0 psi. This fig. shows that va increased when Pv
was increased. Thie is because when Pv was increased, the
static pressure at the upper half of the ball increased which caused
the increase of Evf'

Fig. (7.15) shows the relationship between F . with y,
for P, range 20- 60 psi. This fig. shows that when the ball vas
lifted from the seat until y = 0.08 mm, the flow force on the ball
(va) increased. This is because when the ball was on the seat,
F,p was totally due to P, force, but when the ball was lifted
from the seat until y = 0.08 mm, va was dus to P force on the
Upper half of the ball and dué to the static pressure force on the
lower half of the ball which decreased in this region due to the
" increase of velocity there.

When the ball was lifted more until y = 0.32 mm, F;f decreased.
This is probably because in this region the static pressure force at
the upper half of the ball decreased dus to the increase in the flow
velocity at the upper half of the ball when Qvt increased. Also
the pressure above the ball will be less than Pv due to losses in
R1,

When the ball was lifted more until y = 0.47 mm, F;f increased.
This is probably because at this region Ut decreased dus to the

increase in R2, and hence the flow velocity at the upper halfdf

the ball decreased and caused an increase in the static pressure.
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(which increased to P when Q. became equal to zero) at the

upper half of the ball.

It was found from the calculations of the buoyancy and the
gravity forces on the ball that the net force on the ball was
always in downward direction. This would prevent the ball from

staying stationary at any position between the upper and lower walls

of the valvs,



Chapter Eight
THEORETICAL STUDY OF TH& BALL MOTION WITH LIGUID RESISTANCE,

AND OF FLUID FLCW FRCM THs INJSCTOR VALVE

8.1 INTRODUCTION

In the theoretical analysis of the ball motion which was
described in Chapter 3, it wus assumed that the ball was moving
without any fluid resistance. In this chapter the ball motion
with fluid resistance was studied theorstically through a computer
program. Consequently the fluid flow from the injector valve was
also studied theoretically through a computer program.

Theory, computer programs and results and discussions are

given below.

8.2 THEORY

8.2.1 Introduction

To simplify the agalysis it was assumed that the ball was
moving so slowly that it could be considered to have zero velocity
.relative to the flow velocity of the top inlet. This assumption
would be examined from the results of the analysis. If the
assumption was found to be wrong, the ball velocity would be

modified in the analysis.

8.2.2 Analysis with Assumption of Zero Velocity of the Ball

Relative to the Flow Velocity of the Top Inlet

8.2.2.1 Motion of the Injsctor Tip

8.2.2.1.1 Equations of Motion of the Injector Tip

Eqn. (6.10) of the motion of the injector tip was used in this

analysis:
67—
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W _Kt/ 7
- o) 2 "L - oL
¥ Yy ;; e cos(wd t o+ -t s) + i cos(wo - . + g)

(8.1)

Wwhere Y4 represents the position of the injector tip from a fixed
datum, ¥, maximum amplitude of the tip, w, frequency of the tip
in radian, Vg damped natural frequency in radians, ¥ parameter

of damped vibration, t time at any instance during the tip motion angd

S 1initial phase angle.

8.2.2.1.2 Assumptions on the Motion of the Injector Tip

The assumptions which were made on the tip motion in Chapter 6,
were also assumed in this analysis.

It was found from the results of Chapter 6 that the effect of
varying the initial condition of the injector tip had not any
influence on the feature of the results. Hence the effect of
Varying the initial condition was not considered in this analysis.
It was assumed in this analysis tha£ the tip was moving up at

t =0, i.e., s =o0.

8.2.2.2 Motion of the Ball

8.2.2.2.1 Equation of Motion of the Ball

The following forces were assumed acting on the ball:
1. Flow force.
2. Buoyancy force.
3. Gravity force.
4. Inertia force.

Hence the equation of the forces acting on the ball was:

H¥s = By * By - & ’



=i

or
¥, = -va/M + Fvb/M - Fg/M g (8.2)
where
d2 y
Vo o= —&
dt
]
D 3
M = m + .i. (-—V-) / ’
3 2 ¥
D \3
F = 4 (X
b 3 <2) ﬁ g
and

F = mg ,

Where M represents mass (m) of the ball plus the added mass,
Yo acceleration of the ball, F;f_ flow force on the ball, F;b
‘buoyancy force on the ball of the valve, Fé gravity force on the
ball, t1 time at any instance between two successive impacts,

D, diameter of the balland /vdensity of the liquid.

F_. for various gaps (y) between the ball and the seat,

vf
for specific supply pressure was found from the measurements of

Chapter 7. The equations of F;f versus the gap (y) between

the ball and the seat for specific supply pressures were represented
in polynomials of Chebyshev-series form. The coefficients of each
Polynomial were computed by feeding the experimental data points of
F;f - ¥ to a subroutine stored in the library of the computer.

The degree of the polynomial which has given best curve fitting

for the data points was found by plotting the polynomial of each
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degree. The polynomial for each degree was evaluated by feeding
the coefficients of the polynomial of each degree to another
subroutine stored in the library of the computer.

It was found that the polynomial at degree 4 has given best
curve fitting to the va - y data points;

Fig. (8.1) shows plot of F,p = ¥y polynomial equation of
degree 4 for 40 psi supply pressure. _ va - ¥ equaticns was written

in the following form:

Fe = 0.5 a, *a v+ a, [2 (5)2 . 1] ¥ 8y [l (5)3 -3 i.] ey,
[e )% - e ®?+1] . (8.3)
where
j o= 2Y = Inax ~ Inin , - (8.4)
Ymax ~ Ymin
where
y o= oy, -y (8.5)

where y represents the argument of the polynomial, y gap between
the ball and the seat, . - maximum value of y, Fodn minimum
value of vy, Yo position of the ball from a fixed datum and ¥y
Position of the tip from a fixed datum.

By substituting eqn. (8.1) in eqn. (8.5), we have

y = Yo = ¥ 52 8 ¥t/ cos(wd t + %1 +8) - b COS(WO t - %Z + s)

(8.6)
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By substituting eqn. (8.6) in eqn. (8.4) we have:

o W
L 2y, =2y, -2 o 8t/2 cos(w, t + L + g)
-y 2 X w d 2
min d

<1
It

max

T4 (8.7)

- 2yk cos(w0 t - > s) - ymax = ymin]

By substituting eqn. (8.7) into eqn. (8.3), and then

Substituting this result into eqn. (8.2), we have

- W - ¥t
¥ = -llosa +a [—1 [2y —2y, 2 &V
2 o 1 = 2 X w
Y max min d
cos(wd t + %I + s) - 2Yk COS(WO L %F * 8) - Ypax ~ ymin]
, . W X
oy [2[— [25’2‘ 2y 5. ® %
Ynax ~ Ymin / d
oF 2
cos(w t o+ _E + g) - 2Y, COS(W L > +s) - Ymax = Ymin :”

. w ~ ¥t
. + a [ [ Ii2y2 - 2yx ;’2 e /2
max d

3
cos(wd t o+ %I + 8) - 2yk cos(wo t - %F + 8) - Y ™ yminj]]

v ¥ty ,
-3 [ 1 - [2y2 - 2y ) e /2 cos(wd t + 2_7T + S)
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w -
-1 2y, = 2y. 2 ¢ 2cos(w t o+ I 4 s) - 2y
¥y — 2 X w d o X
max min d

5 ,
Tr - - -7
cos(wo s ) +8) Tnax = Ymin ]:] # 1] * Fvb/M ‘g/M
(8.8)
The value of Y, and the velocity of the ball (vb) for each

increment of time between two successive impacts were computed by

using Merson's form of the Runge-Kutta method through a subroutine

Stored in the library of the computer.

8.2.2,2.2 Starting Condition of the Ball Motion

The starting condition of the ball motion was assumed that the
ball gseparated from the seat with the same velocity as the injector
tip when the injector tip was moviﬁg upward with negative
@cceleration (a) 1less than the acceleration (g1) of the ball due
to the fluig and gravity forces, or the ball separated when the
_injector tip was moving downward with positive acceleration greater

than the acceleration (g1) of the ball due to the fluid and gravity

forces, 1i.e., the separation occurred when:
‘a < -8, (when the tip was moving up)
or
& > g (when the tip was moving down)

where a was computed from egn. (6.12):

7

2
¥ %% e X}L/Q cos(w, t + L +s) + X y y @
X 4 vy d Z) > X o



Xt/

T +5) + Xy w e £ sin(wd t o+ %l +s)

-8 2 ;
-y w_ @ 2 W cos(wd t o+ %; +5) - T o cos(wé 2 ',%; +8) ,

(8.9)

where Fvo represents flow force on the ball when it was on the seat.

8.2.2.2.3 Equation of the Gap Between the Ball and the Seat

Eqn (8.5) was used for computing the gap (y) between the

ball and the seat:

y = ¥ -y (8.10)

The value of ¥, was computed from egn. (8.8) and the value of 2

vas computed from eqn. (8.1).

8.2.2.2,4 Collision Between the Ball and the Walls of the Valve

The assumpticns of the collision betwseen the ball and the walls
of the valve which were described in Chapter 3 (see section (3.2.2.4))

were also assumed in this analysis.

Eqn. (3.6) was used for computing the velocity of the ball

after the collision (v01)=

= - 8.11
v01 = 2vf vib ( )

Where

v = v, = v at instance of the impact,



)
and

Vip T vy at instance of the impact,

where Ve
velocity of the tip before the impact, v velocity of the tip at

represents velocity of the tip after the impact, A

any instance, Vib velocity of the ball before the impact and vy
velocity of the ball at any instance between two successive
collisions.

Eqn. (6.11) was used for computing v :

o= %é%?L kit cos(w, t + %; ts)-y, v e Rz
d
sin(wd t + %; + s)--yx ‘wo gin(wo t -.%Z + s) (8.12)
Eqn. (3.8) was used for computing vy
v, = -gt,+ vo ' (8.13)

Where V, Tepresents initial ball velocity.

8.2,3 Analysis with Assumption of Finite Velocity of the Ball

Relative to the Flow Velocity of the Top Inlet

8.2.3.1 Motion of the Injsctor Tip

8.2.3.1.1 Equation of Motion of the Injector Tip

Eqn. (6.10) of the motion of the injector tip was used in

this analysis:
T

v %t i
¥y = Iy ;i?- e 72 cos(wd t + _gl + g) + P 00s(wo 7 - + 8)

(8.14a)
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The same assumptions which were made on the tip motion in
Chapter 6, were also made in this analysis. The effect of varying
the initial condition of the injector tip motion was not considered
in this analysis, It was assumed in this analysis that the tip was

moving up at t = o, i.e., s = 0.

8.2.3.1.2 Equation of the Decay in the Motion of the

Injector Tip

It was found from the laser measurements of the injector tip
motion that the motion decayed for approximately 1.5 ms. The decay

in the motion was represented by the following equation:
(=4
¥y = ¥ e 2 cos(wo t) (8.14b)

where o represents parameter of damped vibration.  This equation
was checked by plotting yykx versus t (fig.(8.2)). The value of

&< was obtained from the laser measurements. It can be seen

from this fig. that the injector tip motion decayed for approximately
1.5 ms. It can be deduced from this fig. that egn. (8.14b)

represented well the decay in the motion of the injector tip.

8.2.3.2 The Relationship Between the Ball Velocity, the Pressure

Drop Across the Valve of the Injector, and Flow Force on

the Ball

Because the area of the three inlets (the two side inlets and

the top inlet) of the injector valve were j§;> the area of the

outlet or the area of the gap under the ball of the injector valve,



0.5 1 1.5 2
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therefore the pressure drop across the three inlets was very small
compared to the pressure drop across the outlet or the gap under
the ball. Therefore if the top inlet was restricted due to the
upward velocity of the ball and consequently the flow reduced from
this inlet, the extra flow would come through the other two inlets
with a very slightly higher pressure drop (but still very small).
Hence the flow through the outlet or the gap would be the same
approximately, i.e. unaffected by the restriction of one inlet hole.

Thus, due to the upward ball velocity it could be assumed that:

' P, -p vV D

E = vt pgo - ¢Rev ( vo v > (8.15)
v

% /v Yo '

where Ev represents Buler number of the valve, Pvt supply pressure
at the top inlet, p:o piezometric pressure at the outlet of the
valve, Vvo velocity of the flow at the outlet of the valve, Rev
Reynolds number based on the zero velocity of the ball of the valve

- and ‘\)v kinematic viscosity of the liquid in thevvalve. But the
flow force on the ball of the injector valve was affected by the
relative velocity between the ball and the flow of the top inlet.

Thus, it could be assumed that:

Fop AR (8.16)
CDV = = ¢ Re VV .

v
B R
% //; Dv Vr

where CDv represents coefficient of drag of the valve, LA relative
Velocity between the ball and the top inlet flow of the valve, Rev

Reynolds number of the valve based on the relative velocity between

the ball and the flow of the top inlet.
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It was assumed that the flow force on the ball was due to the

flow of the top inlet.

Since the velocity of the ball of the model was zero, hence:

F V., D
c. = mt = @R M) (8.17)
Dm em
+ L 02y Vm
2 Jy*n 'm
where C represents coefficient of drag of the model, Fﬁt flow

Dm
force on the ball of the model, ﬁn density of the liquid of the

modsl, Dm diametér of the ball of the model, th velocity of the
flow at the top inlet of the model, R Reynolds numbsr of the
model and \)m kinematic viscosity of the liquid in the model.

To apply the dynamic similarity between the model and the

injector valve, the Reynolds number of the two systems should be

identical:
R = R_ . (8.18)
av em . :
Hence
- (8.19
Cpy Cop )

8.2.3.3 Motion of the Ball

8.2.3.3.1 Eguation of the Ball Motion

The following forces were also assumed acting on the ball:

1. Flow force.
2. Buoyancy force.
3. Gravity force.

4. Inertia force.
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Eqn. (8.2) of the acceleration of the ball was also used here:

. F Iy F 1
Vo = =y o+ B - Ty - (8.20)

It was assumed that F;f was constant for small increment
of time.

By integrating eqn. (8.19), we have:

F. F. F
yy = %tf (= e o+ Th - BAg) + vo bty (8.21)

where Y, Tepresents initial position of the ball from a fixed

datum.

The velocity (vb) of the ball was found from the derivative

of eqn. (8.20) with respect to t,

F. F
v, = oty (= VEA o+ TBAL - TeA ) v (8.21)

8.2.3.3.2 Starting Conditions of the Ball Motion

The same assumption of the starting conditionsof the ball
motion of the analysis of zero ball velocity relative to the flow
Velocity of the top inlet, (see section (8.2.2.2.2)), was also
8Ssumed here, i.e., the separation of the ball from the seat occurred

when;
a < - g, (vhen the tip was moving up),
or
& > g (when the tip was moving down)

where

a was computed from eqn. (6.12):



.-

2 ¥t/
W - 2 t
LW T cos(u, t + L + )+ X y y a-zé
d 2 2 “x o

-8t 2
Y, W, e /2 Wy cos(wd t o+ %I +s) - Yo ¥,
i d
cos ( wot - - s) (8.23)
and
F.
e = o+ g .

8.2.3.3.3 Eguation of the Gap Between the Ball and the Seat

Eqn. (8.5) was used for computing the gap between the ball

and the seat (y) :
y T Y-y, (8.24)

The value of y, was computed from eqn. (8.21), and the value of

Y, was computed from egn. (8.14a) or (8.14b).

8.2.3.3.4 The Collision Between the Ball and the Walls

of the Valve

The assumptions of the collision between the ball and the
walls of the valve which were described in Chapter 3, were also
assumed in this analysis. Eqn. (3.6) was used for computing the

velocity of the ball after the collision (v ) :

v o 2v, - Vib (8.25)
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where
v = v, = v at the time of impact,
and
at the time of impact.

Eqn. (6.11) was used for computing v @

- KE@

e cos(wd t + é? +s) - T, W, e
sin(w, t + %l * 8) - Ty Vo sin(wO £ = %F +s) (8.26)

Eqn. (3.8) was used for computing vy

v = -gt + v (8.27)

8.2.3.3.5 Evaluating of y for Each Increment of Time

The following procedure was used for evaluating y for each
increment of time:
a) From the results of Chapter 7, the equation of

V. D
Fﬁf - R omb m for different gaps
2.9 em \)
m

m Dm th

Q
5
O

between the ball and the seat in the model was evaluated. The

method of evaluating CDm - R, eqn. was the same as the method

of evaluating Foo=1J eqn. (which was described in section (8.2,2.2.1)).
Since Cp = Com (eqn. (§.18)), and ﬁev =R, (eqn. (2.19)),

hence eqn. CDv = R for different scaled gaps between the ball and

Seat in the model was obtained.
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b) Also from the results of Chapter 7, the equation of Qg = ¥
for specific supply pressure was evaluated. The method of
evaluating Qvt - y egn. was the same as the method of evaluating
P =7
of Qvt - y for supply pressure 40 psi.

eqn. (see section (8.2.2.2.1)). Fig. (8.3) shows a plot

¢) For the first increment of time after the separation of the

ball from the seat, the values o and v, were calculated from

b
eqns. (8.21) and (8.27) respectively. The flow force on the ball
was assumed equal to the supply pressure force (Fvo) when the

ball was on the seat., It was assumed that Vo=V and Yo = ¥4

at the moment of the separation. The value of y was then computed.

d) The value of Qvt was computed by substituting the value of ¥

in Q¢ - Y eaqn. The value of Vvt was then computed.

8) The value of the relative velocity (vr) between the ball and

the flow of the top inlet was then computed.

f) The value of ﬁev was then computed.

g) By substituting the value of Rév in CDv - Ry, ean. of the

different gaps between the ball and the seat, CDv - y points were

obtained. The value of CDv was then computed by interpolation

for the value of y. The interpolation was done by using a

subroutine stored in the library of the computer.

h) The value of F . was then computed.

f

1) The same procedure was repeated again for the next increment of

time, The value of va was assumed constant during the increment.
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. 8.2.3.4 Computing the Flow from the Injector Valve

8.2.3.4.1 Computing the Total Flow Rate for Each Increment

of Time
The following procedure was done for computing the total flow
rate for each increment of time:
a) From the results of Chapter 7, the equation of QvT -y for

specific supply pressure was evaluated. The method of evaluating

QVT - ¥ eqn. was the same as the method of evaluating F}f - ¥ eqn.
(which was described in section (8.2.2.2.1)). Fig. (8.4) shows a
plot of Q,p - ¥ for supply pressure 40 psi.‘

b) The value of Q1 for each increment of time was computed by
substituting the value of y (which was computed in the same

procedure of section (8.2.2.3.5)) in eqn. Qrp -~ 7

8.2.3.4.2 Computing the Totél Flow for Each Increment of Time
The total flow (QvN) for each increment of time.was computed
" by multiplying the value of Qvaﬁdﬁch was computed by the sams
Procedure as section (8.2.3.4.1)) by the value of the increment of

time.

8.3 COMPUTER PROGRAMS

Fortran language was used in 1906 Computer - Sheffield

University.

8.3.1 Computer Programs of the First Analysis

8.3.1.1 Computer Program for Evaluating the Degree of the Polynomial

Fig. (8.5) shows the flow chart of the computer program.

Subroutine EO2ADF was used for computing the coefficients of the
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va - ¥ equation. This subroutine computed weighted least-squares

bolynomial approximations to the data points.  Subroutine H02AEF

vwas used for evaluating the E;f - y equation for each degres.’
This subroutine evaluated the polynomial from its Chebyshev-series

Tepresentation. The computer program is shown in Appendix 5.

8.3.3.1.2 Computer Program of the Ball Motion

Fig. (8.6) shows the flow chart of the computer program.,
The input data to the computer program is shown on Table (8.1).

Subroutine EO2ADF was used for computing the coefficients of the

F o= ¥ equation, This subroutine computed weighted least-square

v
Polynomial approximations to the data points. Subroutine CO5ACF

Was used to find the value of time in which the ball separated from

the seat. Bisection method was used. Subroutine DORABF was used

for evaluating the value of ¥, at each increment of time (dt).

Merson's form of Runge-Kutta method was used. The time (tco)

between two successive collisions was computed by interpolation at
v =0, andat y =y (the conditions of the collision).  Also the
Velocity of the ball before the collision was computed by the

interpolation at y = o, or at y = Ty

The computer program is shown in appendix (6).
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Supply

Pressurs Ix Iy Yo B o 8 g Fop=7
(psi) (mm) (mm) (rad) rad () (rad) (rad) data
3 5 5 From
20 4L.65 x 10~ 0.47 | 3.76 x 10 0 5% 10~ PAVA 3.76x 10 Chaptar
7
3 5 : 5 From
40 4.23 x 10° 0.47 | 3.76 x 10 0 5x 10~ L1 3.76x 10 Chapter
7
3 5 i rrom
60 4.23 x 107 0.47 | 3.76 x 10 0 5x 10° A4 3.76x 10 Chapter
: i3
TABLE 8.1 INPUT DATA TO THE COMPUTER PROGRAM
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8.3.2 Computer Programs of the Second Analysis

8.3.2.1 Computer Program of the Ball Motion

The flow chart of the computer program is shown in fig. (8.7).
The input data to the computer program is shown in table (8.2).
Subroutine EO2ADF was used for computing the coefficientsof the
CDm - R ean. for the different gaps between the ball and the seat
in the modsl.

Subroutine EO2ADF was used forAcomputing the coefficients of
the Q¢ - ¥ ean. This subroutine computed wsighted least-square
polynomial approximation to the data points.

Subroutine CO5ACF was used to compute the time (t) in which

the ball separated from the seat. Bisection method was used.
Subroutine EZO0ZAEF was used for evaluating CDv from
CDv - ﬁev eqn. This subroutine evaluated the polynomial from its

Chebyshev-series representation,

Subroutine EOTADF was use€d to interpolate at a given value of
y from CDv - y points. Aitken's technique of successive linear
interpolation was used. The time (tco) between two successive
collisions was computed by the interpolation at y = o, or at y =
(the condition of the collision). Also the velocity of the ball
before the collision was computed by the interpolation at y = o,
or at y = Ve

' The computer program is shown in appendix (7).
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Supply

' oK
Pressure Ix Iy Yo 8 dt g12 & tm ¥ Y4 Un = 7 | o Ren| Fro
(psi) (mm) (mm) (rad) (rad) (s) (mm/s ) | (s) (8) (rad) (rad) data data (N) (rad)
3 5 =6 6 -3 2 5 From From 5
20 L.65%x 107 | 0.47 | 3.76x 10 0 1x 10 6.6x 10 0 |5x10 4.14x 107 | 3.76x 10° | Chapter |Chapter|0.221|1.3x 10
7 7
3 5 -6 >7 ‘ -3 5 5 From From 3
40 4.23% 10 0.47 | 3.76x 10 0 1x 10 1.3x 10 0 5x 10 Le14x 10 3.76x 10 Chapter |Chapter|0.442(1.3x 10
7 7
3 5 % 7 -3 2 5 From From 3
60 .| 4:23% 10 0.47 | 3.76x 10 0 1x 10 1.9x 10 0 5x10 Lo14x 10 3.76x 10 Chapter |[Chapter|0.663|1.3x 10
7 7

TABLE 8.2 INPUT DATA TO THE COCMPUTER PROGRAM OF THE BALL MOTION
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8.3.2.2 Computer Program of the Flow From the Injector Valve

Fig. (8.8) shows the flow chart of the computer program.
The flow chart was mainly the same of section (8.3.2.1).

QvT - y data points were obtained from Chapter 7. Subroutine
EO1ADF was used to interpolate at a given value of y from QvT -y
points. Aitken's technique of successive linear interpolation was

used. The computer program is shown in Appendix 8.

8.4 RESULTS AND DISCUSSICNS

8.4.1 Analysis with the Assumption of Zero Velocity of the Ball

Relative to the Flow Velocity of the Top Inlet

Figs. (8.9 - 8.11) shows the relationship between the velocity
of the ball (vb) with the time (t) for injector tip frequency
(f) €0 Kiz, maximum amplitude (y,) of the injector tip , 0.00465 mm,
0.00423 mm and 0.00423 mm respectively, maximum gap (yu) between
the ball and the seat 0;47 mm and'supply pressure p_ 20 psi,
| 40 psi and 60 psi respectively. These figs. show that when the
ball left the seat, its velocity decreased with the time between the
two walls of the injector valve. The decrsase in the velocity was
due to the effect of the fluid forces on the motion of the ball.

Ihe shape of the decrease of the velocity with the time was similar
to the shape of the F o -y curve. This similarity has given
support to the accuracy of the computer program. Also when the
ball left the upper wall of the injector valve, its velocity
increased (in the negative direction) with the time betwesn the two
walls of the injector valve. The shape of the decrease of the
velocity with the time was also similar to the shape of the

Evf - y curve.
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It can be seen from these figs. that the velocity of thes ball
was significaent compared with the flow velocity at the top inlst
(the flow velocity at the top inlet was of order 12m/sec). Hence
the assumption of zero velocity of the ball relative to the flow

velocity of the top inlet was not accurate.

8.4.2 Analysis with the Assumption of Finite Velocity of the Ball

Relative to the Flow Velocity of the Top Inlet

8.4.2.1 Motion of the Ball

Figs. (8.12 - 8.14) show the relationship between the ratio
(Y) of the gap between the ball and the seat to the maximum gap
between the ball and the seat with the time (t), for injector tip
frequency (f) 60 KHz, maximum amplitude of the injector tip (v,)
0.00465 mm, 0.00423 mm and 0.00423 mm respectively, maximum gap
between thé ball and the seat (yw) 0.47 mm and supply pressure (pv)
20 psi, 40 pso and 60 psi respectively.

Fig. (8.12) shows that the ball could reach the upper wall of
the injector valve after 0.0008 s from switching on the injector.
The ball could reéch the upper wall often after 0.6015 s. The
reason of the build up in the motion of the ball was due to the
effect of the build up in the motion of the injector tip (from the
laser results, the tip motion built up in 5 ms) and ths effect of
the fluid forces on the ball.

Also it can be ssen from this fig. that the fluid forces on
the ball forced the ball to come back to the seat many times after
the build up of the motién of the ball. This is because in these

cases the ball had low velocities after the collision with the seat.
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Mg. (8.13) shows that the ball could reach the upper wall of
the valve after 0.0011 s from switching on the injector. The ball
could reach the upper wall often after 0.0015 s.

Fig. (8.14) shows that the ball could reach the upper wall of
the injector valve after 0.002 s from switching on the injector
valve.,

It can be seen from these figs. that when the supply pressure
was increased from 20 psi to 40 psi, the time of the build up in the
motion of the ball was identical. But when the supply pressure
was increased from 40 psi to 60 psi, the time of the build up was
greater. This is because the increase in the supply pressure could
decrease the emplitude of the bali, but in the same time the
increase in the supplj pressure might change the phase in which the
ball hit the seat.

The relationship betweeh the velocity (vb) of the ball with
t, for f =60 Kiz, y_ = 0.00423 mm, y, = 0.47 mm and P = 40 psi

is shown in fig. (8.15). This fig. shows how the velocity of the
ball changes due to the effect of the fluid force on the ball. This
fig. also éhows that the shape of the change in the velocity of the
ball due to the effect of the fluid force was similar to the Foe-v
curve. This similarity has given support to the accuracy of the
computer program. Similar ball velocity-time relationship was
obtained for supply pressure 20 psi and 60 psi. Fig. (8.16) shows
the relationship between the time of each ball cycle (te) with t,
for f = 60 KHz, ¥ = 0.00423 mm, y._ = 0.47 mm and P, = 40 psi.
This fig. shows that the ball was moving in random frequency.

The effect of the decay in the motion of the injector tip after
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switching off the injector on the ball motion is shown in fig. (8.17).
This fig. shows the relationship betwesn the ratio (Y) of the gap
between the ball and the seat to the maximum gap between the ball

and the seat with t, for f = 60 KHz, Yy = 0.00423 mm, ¥, = 0.47 mm
and P, =40 psi. It can be seen from this fig. that the ball

could reach the upper wall of the injector valve often in the first
millisecond after switching off the injector (the injector was
switched off at t = 5 ms). The motion of the ball then decayed

to the zero in approximately 2 ms. This fig. shows that the time

of decay in the ball motion was 1.5 ms more than the time of decay

in the tip motion, due to the continuity in the motion of the ball.

8.4.2.2 Flow from the Injector Valve

8.4.2.2.1 Flow Rate |

Figs. (8.18- 8.20) show total flow rate (QVT) from the
injector valve - time (t) relationship, for f = KHz,
¥ = 0.00465 mm, 0.00423 mm and 0.60423 mn respectively; ¥, = 0.47
.and P, =20 psi, 40 psi, and 60 psi respectively. These figs.
show that the total flow rate has built up to 80% of the maximum
value after approximately 0.5 ms from switching on the injector.
This is because the total flow rate built up to the maximum
value after 30% of the maximum gap between the ball and the seat.

The effect of the decay in the ball motion after switching
off the injector on the total flow rate is shown in Fig. (8.21).

This fig. represents the relationship between the total flow rate



1.0

0.8

0.6

0.4

0.2

0.0
0000

M:t‘

(ke OOS

AT T TR T
BETW LI

-— _LIJ. _J ;‘.J,ulx......

r s

0.005

BALL AND TH
ONSHIP

uJ Py uu.n. &

0. 006

m

AT e A

0.007

0. 008



60 (KHz)

f

0.00465 (mn)
0.47 (mm)

FIG., 8.1¢ TOTAL FLOW RATE - TIME RELATIUNSHIP

8

5

60 (KHz)
= 0.00423 (mm)

0.00:

0.004

0.002 (4 0.003

0.001

FIG. 8,19 TOTAL FLOW RATE - TIME KELATICHSHIP



60 (KHz)

f

0.00423 (mm)
0.47 (mm)

noF
> >

60 (psi)

>
Ay

T T
b
e
=
- Bke =
= - - e ]
e S a—]
o
gy SR
———r————————
-
——
R AT LSRR —
=
~ T
o i
= T
£ .
2
= —cin e e
et
=coupy
e
b
— oz - 2=t
Sy
—
P
———e
—— = =
e
R e
P = e e
Soyeens: e
S e s i Z
—_ .
babie o),
i = e
TR
——r
—
pi

1.0

0.8 |

C

0.002 () 0.003 0.004 0.00

— TINME RELATIONSHIP

0.001

-
4



0.004  0.005

0.003

1.0

i
m —
= ll
Q,
O~ N~
~
SIS
I
= P
> A
—
=
g8
~
—
5 g
SR
— o e =
(&) e e e o % P ko2 R Py ie Lae S e e e = i |
o # e R i
O O
i u
~
e N
..... =
el =
! 1 ]
loo) O g o
(e o o

o
(21

0.007 0.008

0.006

0.001 0.002

0.000

t( s)

TOTAL FLOW RATE - TIME RULATIONSHIP

FIG. 8.21



~89-

from the injector valve with the time for f = 60 KHz,

Yy = 0.00423 imm and Pv = 40 psi. This fig. shows that the
total flow rate could reach the maximum value after the first
millisecond after switching off the injector (the injector was

switched off at t = 5 ms). The total flow rate was then delayed

to zero for approximately two milliseconds.

8.4.2.2,2 Total Flow

Fig. (8.22) shows the total flow (QVN) - time (%)
relationship for f = 60 KHz, ¥, = 0.00465 mm, 0.00423 mm and
0.00423 mm respectively, v, = 0.47 mn and P = 20 psi, 40 psi
and 60 psi respectively. TQis fig. shows that for supply
pressure 20 psi the change of the total flow with time (total
flow rate) became constant after approximately 1.5 ms from
switching on the injector. This is because the total flow rate
built up to the maximum value in 1.5 ms (see fig. (8.18)). Also
this is becauss the total flow rate built up to the maximum value
in a very small gap between the ball and the seat. For the same
reason this fig. shows that the total flow rate of supply pressure
40 psi and 60 psi became constant after 1.5 ms and 2 ms respectively
(see figs. (8.19) and (8.20)). Comparing these plots shows that
the total tiow was identical in the rime range O- 0.5 ms. The
reason for this is because when the supply pressure increased the
total flow rate increased but in the mean time the amplitude of the
ball was reduced due to the effect of the increase of the flow force.
The effect of the increase of the supply pressure on the ball

amplitude was important in this time range because the velocity of
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the ball after the collision with the seat was very small. Also
this fig . show that when the supply pressure increased from 20 psi
to 40 psi, the total flow rate increased. The explanation of this
is because the increase in the flow rate dus to the increase of the
Supply pressure was greater than the decrease in the total flow rate
due to the decrease in the amplitude of the ball due to the increass
of the supply pressure. It can be seen from the fig. that when the
Supply prassure increased from 40 psi to 60 psi, the total flow rate
remained almost identical. This is because the increase of the
flow rate due to the increase of the supply pressure was approximately
identical with the decrease in the flow rate due to the decrease in
the ball amplitude due to the increase of the supply pressure.
Experimental evidence of this theoretically predicted phenomenon is
included in Chapter 11. Also this fig . show that the average
flow rate (total flow/time) was approximately equal to 60% of the
peak flow rate (whiéh is shown in figs. (8.18 - 8.20)) for pressures
below the pressure at which the flow is the maximum. It can also
be seen from this fig. that the total flow was fluctuating due to

the random frequency of the ball.



Chapter Nine

MODEL TESTS OF FLOW RATES AND BALL FLOW FORCE FOR

DIFFERENT GEOMETRIES OF THE INJICTOR VALVE

9.1 INTRCDUGTION

Studying the effect of the geometry of the injector valve on
the flow force on the ball and on the flow rates should give better
understanding of the behaviour of the injeétpr and lead to its
improvement.

In this chapter the flow force on the ball, the total flow
rate and the inlet flow rates for each position of the ball were
measured in five scale models of different geometries of the
injector valva.

The final section is concerned with estimating theoretically
the flow rate and the flow force oA the ball at small 1ift in all
the models wusing a simpls theory. These estimates are compared
with the measurements,

The details of the test apparatus, test procedure, test program,
analysis of the experimental data and results and discussions are

given below.

9.2 TEST APPARATUS

Fig. (9.1) shows a photograph of the test apparatus used, while
the layout is given in fig. (9.2).

The apparatus consisted of a model of the injector valve, a
Perspex tank, instruments for measuring the static pressure at the
top inlst and at the outlet of the model, the flow rate from the

model and the flow force on the ball.

...
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Five enlarged models (4,3, C,D, and E) of different geometries
of the injector valve were designed. Fig. (9.3) shows a photograph
of the models, while the main dimensions of each model are given in
table (9.1). ‘The main dimensions of the model which is described
in Chapter 7 are also given in this table. The model was madae
geometrically similar to the injector valve and the scale factor was
20.6, The boundaries of the models were made from perspex and in
two parts. The upper part contained the top inlet and the lower
part contained the outlet and the side inlets, or were without any
side inlets (open all round). The two parts were connected by
screws. The model was screwed to the bottom of the tank. The tank
was made from perspex and was of dimensions 65 cm x 61 cm x 58 cm.
The height of the tank was designed to give a suitable pressure head.
The water was supplied to the tank by a pump. The level of the
water in the tank was kept constant - during the test by fixing an
overflow pipe in the tank. The static pressure at the top inlet of
 the model was measured by a multitubs manometer. The static pressure
at the outlet of the model was measured by a vertical manometer. The
total flow rate from the model was measured by a rotameter (Rotameter
Manufacturing Co.) and controlled by a gate valve.

The ball was connected to the force transducer (Pye Ether, type
UF1) by a strong wire. The other end of the ball was connected to a
Small piece of a brass bar passing through a guide to kaep the centres
of the ball always on the vertical centre line of the model. The
force transducer was fixed rigidly on a plate which could bs
Positioned anywhere along the length of a screw bar. This was

achieved by means of two nuts. The electric power was supplied to
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Model | n = B g 3 8 b M 2 A22 43 2 A42 A52

’ (cm) (cm) (cm) (cm) (cm) (cm) (cm (em™) (em™) (em®) (em™)
A 5 107 11 165 1.7 beld 3 2.24 1427 9.43 127 224
B 5 147 0:93 15 0.85 Lel 3 2.24 1.1 9.‘43 11 0.56
C 2 1.7 0.93 165 17 YAYA 3 2.2, y 2483 161 2.2/
D * 1.7 0.8 1.6 1.7 5 3 2,24 0.9 25.1 0.9 2.24
E * 1.7 1.4« 2.3 1.7 5 ) 3 2024 1.5 36.1 1.5 2.24

Chapter :
7 2 1.7 0.97 15 1.7 5 3 2.2/ 1.16 2.83 1.16 .24,

model

n No. of Side Inlets A1 Area of the Top Inlet

a Top Inlet Diameter A2 Area Above the Ball

b Ball Travel A, Area of the Side Inlets

Side Inlet Di i

¢ tae nle rameter A Area Under the Ball

d Outlet Diameter 4

o Cavity Diameter A5 Area of the Outlet

f Perimeter Diameter ® Open all Round

TABLE 9.1 MAIN DIMENSICONS OF THE MODELS
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the force transducer by a power supply (Farnell, type B 30/2).  The
output of the force transducer was read on a galvanometer (W. G. Pye

& Co. Ltd.).

9.3 TEST PROGRAM

In each test the flow forces on the ball, th; total flow rate,
the static pressure at the top inlet and the static pressure at the
outlet were measured. These measuremsnts wers done for differant
Positions of the ball in the model, and for a corresponding supply
pPressure of the injector valve. The test Reynolds numbers were those
corresponding to 20 psi, 40 psi and 60 psi supply pressure to tha

injector valve,

9.4 TEST PROCEDURE

Before starting the test, the rotameter was calibrated by a
weighing method. Also top inlet flow was calibrated*By a
weighing method.  The force transducer was also calibrated by putting
weights on the ball which was connected by a wire to the force
transducer, and reading the corresponding voltage on the galvanometer.

To start the test the ball was fixed at the upper wall of the
model. The position of the force transducer was read by means of a
rule fixed on a bar. The position of the transducer was considered
a&s the zero position of the ball. The ball was then moved down
1 mn from the upper wall of the model. At this position ths
indicator of the galvanometer was fixed at zero on the scale. This
Position of the indicator represented zero fluid forces on the ball.
The water was then delivered to the tank by switching on the pump.

against the multitude manometer
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After getting the constant level of the water in the tank, the static
Pressure at the outlet of the model was then fixed during the test by
using the valve. The value of the static pressure at this point was
calculated by equating Euler number between the top inlet and the

outlet of this injector valve and that of the model.

it

#*
Pvt ~ Pyo Pmt ~ Puo

VAN YA

m mo

where P represents supply pressure at the top inlet of the valve,

vt

3 . -
pvo piezometric pressure at the outlet of the valve, /fz density

of the liquid in the valve, Vvo flow velocity at the outlet of the

valve, P supply pressure at the top inlet of the model, p;

mt o

Plezometric pressure at the cutlet of the model, //; density of
the liquid in the model and &mo flow velocity at the outlet of the
model ,

The static pressure at the top inlet was measured by fhe
multitubs manometer. This measurement was done to calculate the
flow rate at the top inlet from the calibration of the static pressure
vVersus the flow rate at the top inlet.

The following readings were then taken:
1. The galvanometer reading.
2. The rotameter reading.
3. The multitube manometer reading.
The ball was then lowered in 1 mm steps and the procedure was
Tepeated at 0.5 mm from the seat.

The same procedure was repeated for each test.
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9.5 MEASURING ANALYSIS OF THS EXPZRIMENTAL DATA

The measuring analysis of the experimental data was the same
as that of Chapter 7 (see section (7.5)).
Egn. (7.6) was used to calculate the flow rate (Qvt) at the

top inlet of the valve.

d )
Q, = B K (9.1)
vt Ut i N

whers th represents the flow rate at the top inlst of the model,

dvt diameter of the top inlat of the valve, d diameter of the

mt
top inlet of the model,\lv kinematic viscosity of the liquid in
the valve and'»% kinemétic viscosity of the liquid in the model.

By the same procedure the total flow rate (QVT) from the
Valve was calculated. The side inlsts flow rate (QS) was
calculated by subtracting the top inlet flow rate from the total
flow rate.

Eqn. (7.14) was used to calculate the flow force on the ball

of the valve:
F. = F A -D—‘iz Yl’—t—z (9.3)
vf mf /; Dm th '

Where va represents the flow force on the ball of the valve,

Fﬁf flow force on the ball of the model, Dv diameter of the ball

of the valve, Dm diameter of the ball in the model, Vvt flow

Velocity at the top inlet of the valve and Vm flow velocity at

t
the top inlet of the model.
Egn. (7.15) was used to calculate the flow force on the ball

Of the model:
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me = Fe + Fmb (9-4—)

where FG represents the measured flow force on the ball of the

model and th the buoyancy force on the ball of the modsl.

9.6 TEST RSSULTS AND DISCUSSIONS

9.6.1 Model A .

Fig. (9.4) shows the relationship between the flow force
(va) on the ball of the injector valve and the position of the
ball from the seat (y), for supply pressure 20 psi, 40 psi, and
60 psi. It can be seen from these figs. that the shape of the
graphs is the same as the me - ¥y graphs which are discussed in
Chapter 7 (see fig. (7.15)).

Figs. (9.5-9.7) show plots of the total flow rate from the
injector valve (QvT), the side inlets flow rates (st) and the
top inlets flow rate (Qvt) versus y, for 20 psi, 40 psi, and
- 60 psi respectively. These figs. show that the shape of the
Qg - ¥ and Q¢ - ¥ plots.is respectively the same as the
st -y and Q4 — ¥ Dplots which are discussed in Chapter 7 (see
section (7.6)). These figs. also show that when Qvt decreased
due to the decrease in the area above the ball, QvT remained
constant. This is because the total resistance which was composed
of the resistance (R1) (ses fig. (7.13)) due to ths area above the
ball plus the resistance (R2) due to the area of the top inlet in
parallel with the resistance (RB) due to the area of the side
inlets was very small compared to the resistance (RS) due to the

area of the outlst (the resistance (R4) due to the arza under the
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ball was approximately negligible in this region). Hence tha
increase in the total resistance due to the increase of R2 could
not affect the total flow rate. These figs. show that when Pv

was increased, QvT’ st and Qvt increased as nearly the square

root of pressure.

9.6.,2 Model B

Fig. (9.8) shows the relationship between the flow force
(va) on the ball of the injector valve and the position (y) of the
ball from the seat, for éupply pressure 20 psi, 40 psi and 60 psi.
It can be seen from these figs. that the shape of the graphs is
the same as the F_ -y éraph.of model A (see section (9.6.1)).
These figs. show that the maﬁimum value of F;f was smaller than the
maximum value of va of the model A. This is because in model B
the resistance (R5) due to the area of the outlet of the injsctor
valve was very large compared to the resistance (RA)‘ due to
‘ the area undsr the ball. Hence the value of y in which R4
would become negligible was smaller than that of model A.

Also it can be seen from this fig. that va reduced to a
minimum at lower value of y, énd its value here was smaller than
va of model A. This is because R5 was very large compared to
the other resistances in the injector valve.

Figs. (9.9-9.11) show plots of the total flow rate (QVT)
from the injector valve and the top (Qvt) and side (st) inlet
flows versus y, for 20 psi, 40 psi and 60 psi. The shape of the
plots is the éame as those of model A (ses section (9.46.1)) but the

flow rates were smaller bacause R5 was very large compared to the

other resistances in this injector valve.
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These figs. show that the ratio of @Q to at

Vs Qvt
¥y = 0.225 mn (approximate middle position) was almost the same as
for model A at the same value of y. This is because at this
position in both the models the resistances (RA) due to the area

under the ball and the:resistanca (R due to the arca above ths

5)
ball were almost negligible.  Hence st and Qvt were
respectively proportional to the side and the top inlets areas
which were the same in both the models.

Also, it can be seen from this fig. that QvT ‘built up to
its maximum value at smaller value of y compared to QVT of
model A. This occurs because in model B, R, was very largs and

5

soon becams larger than R, at small 1lift. Hence it could be

4

considered the main controller of the flow rates.

9.6.3 Model C
Fig. (9.12) shows the relationship between the flow Peyos

' (va) on the ball and the position (y) of the ball from the

seat, for supply pressure 20 psi, 40 psi and 60 psi. The general

shape is the same as those of models A and B. It can be seen

that the flow force (va)

its value reached a minimum (as in models A and B). This is

on the ball did not stay constant when

because in model C the resistance (RB) due to the area of the
side inlets was significant compared to the resistance (Rz) due
to the area above the ball, while it was very small compared to R2
in models in A and B,  Hence the increase in R2 caused an
increase in tﬁe static pressure on the upper half of the ball,

Figs. (9.13- 9.15) show plots of the flow rates versus y for
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20 psi, 40 pei and 60 psi. The shapes of the QVS- y and the
Qvt- y plots are respectively the same as those of models A and
B. These figs. show that QVT decreased when the ball was
lifted from y = 0.25 mn to y = 0.45 mn. -This is because the
increase in R2 when the ball was lifted caused an increase in
the total resistance of the parallel circuit which was slightly

significant compared to the resistance (R due to the area of

5)
the outlet. It can be sesn from thess figs. that the maximum _Jf
value of QVT was slightly smaller than the maximum value of

QvT of modsl A. This is because the increase in R3 slightly

increased the resistance of the parallel circuit.

9.6.4 Model D

Fig. (9.16) shows the relationship between the flow force

(va) on the ball of the injector valve and the position (y) of
the ball from the seat, for supply pressure 20 psi and 40 psi.

. It can be seen from these figs. that the value of y for maximum
va was greater than that of models A, B and C. This occurs
because in model D the resistance (RB) due to the area of the
side inlets was very small compared to the resistances (RZ) due
to the area above the ball and the resistance (R1) due to the
area of the top inlet compared with models 4, B and C.  Hence
when the ball was lifted in this region, the flow force on the
upper half of the ball was due to the supply pressure and the flow
force on the lower half of the ball was due to the static pressure

which was decreased when the ball was lifted from the seat.

‘Also these figs. show that ¥ . did not increase again as

i
|
v
i
i
it
t
{
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in models 4, B and C. This is probably also because RB was very
small compared to R1 + R2. Hence for any value of y, the flow
force on the upper half of the ball was due to the supply pressure.
For the same reason it can be seen from this fig. that the value of
y for which va fell to a minimum was greater than that of
models A, B and C.

Figs. (9.17-9.18) show plots of the total flow rate (QVT)
from the injector valve, the side inlets flow rates (st) and the
top inlet flow rate (Qvt) versus y, for 20 psi and 40 psi.
These figs. show there was little or no flow rate from the top
inlet of the injsctor valye because R3 was so small compared to
R1 + R2.

It can also be seen froﬁ this fig. that the maximun value of
QvT was greater compared to models A and C because the total
resistances of the parallel circuit was smaller due both to the low
R, and also because the diameter of the cavity of the valva was

3
~larger. Thus the ball did not obstruct the side inlets.

9.6.5 Model E

Fig. (9.19) shows the relationship between the flow force
(va) on the ball of the injector valve and the gap (y) between
the ball and the seat, for supply pressure 20 psi and 40 psi. These
figs. show that the shape of the gréphs is the same as the va-y
graphs of model D (see ssction (9.6.4)). It can be seen from this
fig., that the maximum value of va was approximately the same as the
maximum value of va of model D because in both models the
resistancs (R3) due to the area of the side inlets was almost

negligible, i.e., the flow rate was not affected by the further
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decrease of RB'
Figs. (9.20- 9.21) show plots of the total flow rate (QVT)
from the injector valve, the side inlets flow rates (st) and the
top inlet flow rates (Qvt) versus y, for 20 psi and 40 psi.
These figs. show that the shape of these graphs is the same as the
Qup=¥» Q=¥ and Q -y graphs of model D (see section (9.6.4)).
It can be seen from these figs. that the maximum value of QvT was
approximately the same as the maximum value of QVT of model D.

This is again bscause R, was almost negligible, i.e., the flow

3
rate was not affected by the decrease of RB'
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9.7 PREDICTICN OF THE FLOW FORCH& ON THE BALL AND THE TOTAL

FLOW RATE AT SMALL CPIIING

9.7.1 Introduction

This section is devoted to predicting the flow force on the
ball of the injsctor valve and the total flow rate from the
injector valve. These predictions were done where the position of
the ball was 1 mm from the seat.

The purpose of this investigation was to get a better
understanding of the results of the models of the injector valve
(which were described in Chapters 7 and 9).

The theory of the investigation and the results and the

discussions are given below.

9.7.2 Theory
9.7.2.1 Prediction of the Total Flow Rate from the Injector Valve

The total flow rate was calculated where the position of the

ball was 1mm from the seat. It was assumed that the liquid was

ideal (so that no energy was dissipated by friction) and of constant
density. The flow was assumed steady. It was assumed that the
conditions over the cross sectional area (A1) between the ball and
the seat (see fig. (9.20) were uniform, and the streamlines were
straight and parallel. To calculate the flow rate, Bernoulli's
equation was applied between sections 1 and 6 (see fig. (9.20)).

At section 6, it was assumed that the flow velocity was zero and
the pressure was the supply pressure. At section 1 it was assumed

that the pressure was atmospheric, and the separation of the flow
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FIG. 9.20 LAYOUT OF THE INJZCTOR VALVE
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from the ball occurred at this section.

From Bernoulli's equation, the total flow rate:

_ 2 3 3 '
Qo = 4 /7 (pg, - p;) (9.5)
v

where A1 was calculated from the design drawing of the injector

valve, /j represents the density of the liquid of the valve,

. . . 3¢ . .
pg piezometric pressure at section 6 and P, piezometric pressure

at saction 1.

9.7.2.2 Prediction of the Flow Force on the Ball of the

Injector Valve

The flow force on the ball was calculated where the position
of the ball was 1 mm from the seat. é

The flow force on the upper half of the ball was assumed to

be due to the supply pressure. :
The flow force on the lower half of the ball was calculated i

by calculating the static pressure over several cross sectional ‘

areas between the ball and the lower wall of the injector valve.

It was assumed that the static pressure acted on each small surface

area of the lower half of the ball. It was assumed that the

conditions over the cross sectional areas were uniform and that the

streamlines there were straight and parallel.

The static pressure was calculated over three sectional areas
between the ball and the lower wall of the injector valve (A, A3
and A4) (see fig (9.20)). By applying Bernoulli's equation between

sections 6 and 2, the static pressure at A,:




p, = pf - fo % (9.6)
Z A
2

Also eqn. (9.6) was used to calculate the atatic pressure over
A3 and AA'

It was assumed that the static pressure over A1 was
atmospheric pressure. The separation of the flow from the ball
was assumed to occur at section 1. Also it was assumed that at
the surface area of the ball between sections 4 and 5, the static
pressure was the supply pressure.

The flow force on the lower half of the ball was calculated

from the following equation:

= o ‘i + P A "
g Pp Mo Py Ay R Ayt R Hys
(9.7)
where A, ., A2 , A and A were the projected areas
127 "2-37 34 4=5
between sections 1 and 2, 2 and 3, 3 and 4 and 4 and 5 respectively.
The flow force on the upper half of the ball was calculated

from the following equation:
F = P A . (9.8)

where Ar was the projected area of the upper half of the ball.
~ The net flow force on the ball was calculated from the

following equation:

F = F -F . (9.9)
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9.7.3 Results and Discussions

Table (9.2) shows the calculated values of the flow force
(Evf) on the ball of the injector valve for each of six models,
and the flow rate (QVT) from each valve, for supply pressure
40 psi. Model F is.described in Chapter 7 and models A~ E are
described in Chapter 9.  The table also shows the corresponding
experimental values, It can be seen from this tables that the
calculated values of Q,p» except for model B, were less than the
corresponding experimental values. This is probably becauss the
Separation of the flow did not occur until after section 1 (the
minimum area), Hence the static pressure at this section was
less than atmospheric pressure and the flow velocity was greater
than the flow velocity obtained by the assumption of atmospheric

Pressure. The lower static pressure would also cause a highar

s

flow force on the ball, This is probably the reason why the
calculated values of the flow force on the bail were less than the
'Corresponding experimental values. The reason why the calculated
value of Q,p ©f model B was greater than the corresponding
experimental value was probably because the outlet area of this
model was smaller than the minimum cross sectional area (A1).

This would make the pressure over A1 greater than atmospheric

Pressure,



—
W Qr For For
Model Bxperimental Theoretical Experimental Theoretical

(1/m) (1/m) (1/m) (1/m)

A 0.29 0.28 0.179 0.145

B 0.117 0.2 0.142 0.126

C 0.28 0.272 0.163 0.132

D 0.33 0.29 0.138 0.109

E 0.34 0.3 0.142 0.12

F 0.32 0.28 0.14 0.109

TABLE 9.2 COMPARISON BAZTWEEN THE EXPERIMENTAL AND THEORSTICAL RESULTS

sll‘



Chapter Ten 8§

MEASURING TH& FLOW RATE FROM THG INJECTOR VALVE

BY USING LASER ANESMOMLTRY

10.1 INTRODUCTION

The flow rate delivered from the injector valve is considered
as the fundamental variable in the design of the injector. Hence
the study of factors which affect these flow rate characteristics
is central to the injector design.

It is very difficult (if not impossible) to measure directly
the motion of the ball of the inject§r valve; Studying the
behaviour of the flow itself might give a better understanding to
the motion of the ball. 1In any case, it is the flow, and not the
ball motion, which is ultimately to be controlled.

In this investigation a laser technique was employed to measure
the flow rate - time relationship. This technique was used to
obtain accurate information oﬁ this pulsatile flow probably
-unobtainable by more conventional techniques.

The details of test apparatus, test program, test procedure

and results and discussions are given below.

10.2 TEST APPARATUS

The test apparatus comprised a special injector equipments
set-up and laser anemometry eqﬁipments.

Fig. (10.1) shows a photograph for the apparatus.
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10.2.1 Injzctor Eguipments

Fig. (10.2) shows a layout of the injector equipments, while
the layout of the injsctor valve is shown in fig. (10.3). The
injector was fixed rigidly at the top of a tank. The tank was
filled with kerosins. The kerosine was delivered from the tank to
the injector by a pump (Lucas) of 120 psi maximum pressure, The
supply pressure of the kerosine to the injector was controlled by
a neadle valvs. The needle valve was set up on a tee junction.

One outlet of the junction was connscted to the tank, and the other
was connected to the test section. By this arrangement the supply
pressure to the injesctor was fixed. Also there was continuous flow
(much greater than required by the injector) through the needle
valve.  Thus the change in pump flow whea the injector was actnated

was negligible. Aiso, the tee junction was placed close to the

injector and test section, so that this length was the minimum

S e

possible.  Thus only the fluid in this short line was accelerated
when the injector was actuated ., and the acceleration time was small.

A calibrated pressure transducer (SE, type 180/N/M/1/BB-200
PSI-D) was used for measuring the supply pressure. The signal from
the pressure transducer was fed to the signal processing equipment
(SE, type 429 P) which was connected to a digital voltmeter (Dalton,
type 1051). To get an adequate amount of scattered light, the
presence of particles in the flow was important. Hence the kerosins
was not filtered, and Titanium Oxide particles were added.

The pulse width of any duty cycle was controlled by a double
pulée generator (Magard Ltd., Type 5002 C). The test saction (see

fig. (10.4)) was made from a Perspex. The dimensions of the cross
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section perpendicular to the dirsction of the flow were 0.6 x 0.9 mm.
The test section was put near enough from the injector valve to
allow the pressure waves to reach the test section in a negligible
time. The pump was connected to the test section by a plastic tube.
The test section was connected to the injector by a brass pipe of
which the rigidity was adequate to avoid significant change in its
cross section due to the increase in the supply pressure when the

injector valve was closed instantansously.

10.2.2 Laser Eguipment

Fig. (10.5) shows a layout of the laser equipments. The laser
equipment which was used for measuring the tip motion was also
used here (see section (5.2.2)). The optical unit was operated in
differential Doppler mode on forward scattered light. In this mode
two beams of equal intensity were intersected at the flow in the test
section. The beams were frequency shifted by %3.75 MHz by the Bragg
Cells. By this means zero velocity corresponds to a doppler
frequency of 7.5 MHz and thus negative as well as positive velocities
can be measured. The scattered light was picked up from the same
direction of the two incident beams. The beam interssection angle

was set up to 9.53 degrees.

10.3 TEST PROGRAM

In each test the maximum instantaneous Doppler frequency was
measured for each pulse width of a specific pulse width range and for
a specific supply pressure. The tests were conducted for a pulse

width range 1 - 6 ms and supply pressure range 10 - 100 psi. The
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time interval between injection pulses was 6 ms (166.6 Hz).  Thus

the mark-space ratio varied from }5 to co .

10.4 TEST PROCEDURE

The injection frequency was set to 166.6 Hz, and the pulse
width and supply pressure were adjusted.

The procedure used for obtained the laser signal of the tip
motion was also used here (see section (5.4)). When the laser
signal (which represented the instantaneous velocity of the flow)
was obtained on the oscilloscope, the injsction frequency was reduced.
This would obtain the signal of the zero value of the flow on the
oscilloscope. The injection frequency was then reset to 166.6 Hz,
The instantaneous Doppler frequency representing velocity was
displayed on the storage oscilloscope and photographed. The
maximum valus was recorded. The pulse width was then increased to
the other value, and the supply pressure was readjusted to the
original value when the flow rate increased due to the increass of
the pulse width. The procedure was repeated until the data for the
~required pulse width range was covered. The supply pressure was
then changed to the other value, and the test was repeated until

the data for the required supply pressure range was obtained,

10,5 MBASUREMINT ANALYSIS OF THS LASER QUTPUT

The instantaneous flow velocity at the test section was

calculated from the following standard formula of doppler anemometry

v S . (10.1)
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where fD is the doppler shift frequency, A the wavelength of

the laser light and 4 the angle of intersection of the beams.
The instantaneous total flow rate from the injector valve was then

calculated from
Q. = v A (10.2)

vL cs

where Acs is the area of the measuring cross-section.

10.6 T&ST RESULTS AND DISCUSSICNS

Fig. (10.6) shows the relationship between the maximum flow
rate with the pulse width, for supply pressure range 10- 100 psi
and injection frequency = 166.6 Hz. This fig. shows that when the
pulse width was increased from 1 ms to 3 ms, the maximum flow rate
increased due to the increcase in the amplitude of the tip motion.
The maximum flow rate remained constant as the pulse width was
increased further. The reason for this is because the vslocity of
" the tip was high enough at this range, and hence the ball spent
more of its time at the larger gaps where it did not influence flow
rate.

This fig. also shows that the maximum flow rate increased with
the supply pressure. Fig. (10.7) shows a plot of the flow rate
versus the pulse width, for supply pressure range 10~ 100 psi and

injection frequsncy = 166,6 Hz. These measurements have been

carried out by a weighing method. The aim of thesse measurements
was to find the relationship between the average flow rate with the

pulse width, and also to compare this relationship with the maximum

flow rate - pulse width relationship which is shown in Fig. (10.6).
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At 3 ms pulse width, it can be seen that the floﬁ rate
increased with increasing the supply pressure in the range 10- 40 psi,
and then remained approximately constant in the range 40~ 1C0 psi.
This is probably because in the supply pressure range 10- 40 psi ths
supply pressure was small and hence the effect of the increase in ths
supply pressure on the gaps was less than that on the flow rate
itself. When the supply pressure was increased in the range
40~ 100 psi, ths supply pressure was large, end the effect of the
increase in the supply pressure on the gaps was approidmately identical
with that on the flow rate itself. The flow rate did not decrease
when the supply pressure increased in the range 40- 100 psi, as in
1 ms and 2 ms pulse widths., This is because the ball was moving in
larger gaps.

Also this fig. shows that when the pulse width was increased
‘from 3 ms to 6 ms, the flow rate remained the same.  The reason for
~this is also because the ball spent more of its time at the larger
gaps where it did not influence flow rate.

Fig. (10.8) shows a photograph of the 1aser'signal for / ms
pulse width, 166.6 Hz injection frequency and 40 psi supply pressure.
The signal of the pulses is also shown on the photograph. This fig.
shows that the flow rate built up to the steady state value in
approximately 2.5 ms. This fig. also shows that after the injector
was switched off, there was still flow because the ball continued
bouncing, due to the decay in the motion of the tip. It can also
be seen from this fig. that the injector was switched on when the

flow was still decaying. Hence the tip might try to stop the motion
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of the ball. Also this fig. shows that there was slight reverse
flow, probably due to the reflections of waves after closing the
valve.

The effect of the pulse width on the flow rate is indicated
in fig. (1C.9). This shows a photograph of the laser signal for
1 ms pulse width, 166.6 Hz injection frequency and 40 psi supply
pressure, The signal of the pulses is also shown on the photographs.
This fig. shows that the flow discharged from the injector valve
after the injection pulse, i.e., phase shifted by about 1 ms. The
fluctuation in the signal about the zero line was probably due to the
wave reflecticns after switching off the valve. The effect of the
supply pressure on the flow rate is indicated in fig. (10.10). This
fig. shows a photograph of the laser signal for 3 ms pulse width,
166.6 Hz injection frequency and 10 psi supply pressure. This fig.
shows that when the injector *as switched on flow build up was
delayea. This is probably because when the injector was switched
- on there was reverss flow. _

Fig. (10.14) shows a photograph of the laser signal for
100 psi supply pressure, 20 Hz injection frequency and 10 ms pulsse
width. The pressure transducer signal is also shown on the
photograph. This fig. shows that after switching off the injector
there was slight flow in the direction of the supply tank. The
flow then increased and then decayed to the zero value. The
negative flow rate (flow in the direction of the supply tank) and
the increase in the flow rate again, were probably due to the wave
reflections after closing the valve. It can be seen from this fig.

that the signal of the pressure transducer represented well ths
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change of the flow rate with the time at the test sesction.

FMg. (10.12) shows a photograph of the laser signal for
100 psi supply pressure, 166.6 injection frequency and 4 ms pulse
width, This photograph was taken during the build up of the flow.
This fig. shows that the frequency of flow rate was of order 10 KHz.

Hence the frequency of the ball was of order 10 KHz.



4

L
-
I !

|
|
|

+
-+
-~
-
+
-+
SE
+

0.09 1/ " biv
ZERO FLOW

0.2 ms/Div VELOCITY

FIG.10./2 - PHOTOGRAPH OF THE& LASER SIGNAL AND OF THE PULSES SIGNAL

Pd = 4 ms, INJSCTION FREQUENCY = 166.6 Hz, PV = 100 psi.



Chapter Eleven .

GENERAL DISCUSSION

This chapter contains a short discussion and comments on the
results reported in the different sections of this thesis.

The ball motion without liquid resistance and with the
assumption of sinusoicdal moticn of the tip was investigated and the
results are given in chapter 3.  The period of the ball cycle plots
(figs. (3.4 = 3.7 )) indicated that the ball was moving with a
random frequency. This means that the flow per cycle fluctuated.

These results also showed that sometimes the ball spent more
than 1 ms in one cycle (although the injector was moving at a
frequency of 60 KHz). Sometimes the ball spent 1.6 x ‘IO-2 ms to

complete one cycle. This indicates that the fluctuations in the

flow per cycle were very large. Flow is also affected if random

part-cycles occur as these may produce any flow quantity depending
on their amplitude and time. The.fluctuations in the flow per
_cycle during the flow pulse might have no effect upon the
employment of the injector, but it.is undesirable from the design
point of view. The injector can be designed by controlling the
motion of the ball, i.e.,, making the ball move in a ;teady state
frequency, and in full amplitude, i.e., the flow per cycle is in a
steady state. This will provide a linear flow-time relationship.
This design is needed only when the flow rate is changing with the
gap between the ball and the seat. When the flow rate becomes in
a steady state as soon as the ball leaves the seat, the flow-time

relationship will be linear.

Slow ball cycle is undesirable for fast response of the

.
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injector. Also it is desirable to make the total number of the
ball cycles in a pulse very large, so that the flow during a single
ball cycle is negligible.
The best injector valvé can be defined as the valve which
possesses the following 'Ideal Requirements':
1. The ball leaves the seat as soon as the injector is switched on.
2. The time of imbact between the ball and the seat is very small.
3. The ball closes the valve as soon as the injector is switched
off.
4. . The flow rate becomes in a steady state as soon as the ball
leaves the seat.
5. The geometry of the valve provides a suitable flow rate.
It can be deduced from this definition that the ball motion could
not affect the total flow rate if the second and fourth Ideal

Requirements could be fulfilled.
It has been shown from the effect of the parameter D (ratioc of

* the maximum amplitude of the injector tip to the maximum gap between
the ball and the seat) on the ball motion (figs. (3.4 - 3.7)) that
the pericd of the ball decreased when D increased and the paremeter

Z (ratio of the gravitational'acceleration to the maximum acceleration
of the injector tip) was kept constant. These results indicated

that the frequency of the ball could Be increased by reducing the
maximum gap between the ball and the seat. To meet the third

Ideal Requirement, the frequency of the ball should be high enough,
i.e., the ball should return to its seat within a very short time.

But a very high frequency may not be desirable if it makes ths ball

continue in the motion after the injector is switched off or causss



-116-

wear on the walls of the valve.

The results have also shown that the change in the maximum
amplitude of the tip and also the frequency of the tip while keeping
the maximum gap between the ball and the seat would change the
period of the ball randomly. It was found also that when the ball
was moving at the same frequency as the injector tip, the
possibility of a steady state motion was higher.

The effect of changing the initial condition of the tip was
found to change the motion of the ball, but the effect of the other
parameters on the ball motion remained the same. It was concluded
from the results of computing the time of impact that this was very
small. This result meets the second Ideal Requirement (very small
time of impact).

The ball motion was studied experimentally in a large model
of the injector valve without any liquid resistance and the results
are given in Chapter 4. The results of the measurements have shown
- the multiple impacts phenomenon. If this phenomenon occurs with
the ball motion of the injector valve, this will increase the time
of impact. The multiple impacts phenomenon has also been found
from the results of Chapter 3.

It was also found from the measurements that the frequency of
the ball was approximately identical with the excitation frequency
in steady state. This probably means that the approach in the
design of the injector valve with steady state motion was to make
the ball move in the same frequency of the injector tip. But side
effects, such as the wear on the walls of the valve and the

possibility of the continuity of the motion of the ball after
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switching off the injector, should be taken into consideration.

The results of measurements of the ball motion were in very
good agreement with the corresponding results of the computer
program of Chapter 3. This indicates that the results of the
theoretical analysis of the ball motion without any fluid resistance
were accurate. The injector tip motion was measured using laser
anemometry, and the results are shown in Chapter 5. The effect of
the pulse width and the supply pressurs on the tip motion is shown
in fig. (5.4 ). It was found that the pulse width had a
significant effect on the tip motion. The tip motion built up in
5 ms to the steady state. This phenomenon must have a significant
effect on the performance of the injector valve. It was found that
the effect of the supply pressure on the tip motion was to reduce
its amplituds. It was also found from the photographs of the
signal of the tip motion that the tip motica took 1.5 ms to decay
after switching off the injector. = If the injector drive was
" switched on again in less than 1.5 ms, the phase of the electrical
signal relative to the injector motion would be important.
Therefore, variations in the ball motion due to this phase differencs
could be expected. This motion would affect the flow per pulse,

The flow force on the ball, the total flow rate and the inlet
flow rates for each position of the ball were increased in a scale
model of a general design of the injector valve. The results of
the measurements were scaled to the injector valve and are given in
Chapter 7. The plots of the total flow rate, the side inlets flow
rates and the top inlet flow rate are shown in figs. (7.10 - 7.12).

The total flow rate plots have shown that the total flow rate
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became steady when the gap was approximately 30% of the maximum gap.
It can thus be deduced that the ball position influenced the total
flow rate only when the gap was approximately less than 30% of the
maximum gap between the ball and the seat. The change in the total
flow rate with the gap between the ball and the seat was caused by
change in the resistance due to the area under the ball. This
indicates that the fourth Ideal Requirement of the best injector
valve could be met by controlling this resistance. The effect of
this resistance on the flow rate can be reduced by increasing the
resistance due to the area of the outlet, i.e., by reducing

the area of the outlet (compare fig. ( 9.6 ) with fig. ( 9.10)).

The resistance due to the area under the ball can be reduced by -
inereasing the wall angle (the angle between the lower wall and
horizontal 1ine),

The plots of the flow forcs on the ball of the injector valve

are presented in fig. (7.15). These plots have shown that

" the flow force on the ball increased when the ball was lifted from
the seat until the gap was 17% of the maximum gap. (This increase
in the flow force occurs because, due to the wall angle, the surface
of minimum flow area is below the horizontal diameter of the ball.,
Pressures below this diameter therefore fall below supply pressure
for small ball lifts.) The increase in the flow forcg is
contradictory to the first Ideal Requirement (fast ball 1lift),

Hence increasing the seat angle could provide a reduction in the
flow force as soon as the ball leaves the seat. But increasing the
seat angle increases the projected area (cross-section through the

contact perimeter) of the ball, and hence the pressure force on the
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seated ball increases.

These plots have also shown that the flow force then decreased
until the gap was approximately % of the maximum gap where the flow
force on the ball is desirable. = This will permit the ball to move
faster, especially in the gap where the total flow rate is not in
steady state. Also the increase in the flow force when the ball
nears the top inlet is preferable. This could force the ball to
come back to the seat in a suitable short time. This meets with
the third Ideal Requirement (the ball closes the valve as soon as
the injector is switched off). The forces dus to the gravity and
buoyancy were found very small and hence the flow force plots
represented the net force on the ball.

The ball motion was studied theoretically with the fluid
resistance and the results are presented in Chapter 8, The ball
motion results (figs. (8.12 - 8.14)) have shown that the ball
motion built up in 1.5-2 ms. The flow resistance was found to
“have a significant influence on the ball motion. This was concluded
clearly by comparing these results with the results of the
theoretical analysis of the ball motion which were presented in

Chapters 3 and 6. The decay in the ball motion (which is shown in

fig. (8.17 )) indicated that the ball could not come back as soon as

the injector was switched off. This behaviour contradicts the third

Ideal Requirement.,

It can be concluded from the plots of the time of the ball
cycle (fig.. ( 8.16 )) that the frequency of the ball was also
random and the flow force had significant effect on the spectrum of

the frequency. The total flow rate plots (figs. (8.18 - 8.20)) have
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also shown build up in the total flow rate in 1.5-2 ms. It was
found that the total flow rate built up to 80% of the steady state
value of the total flow rate in 0.5 ms. This indicated that the
effect of the build up in the flow rate on the performance of the
injector was very significant only when the pulse width was less
than 0.5 ms.

The decay in the flow rate is shown in fig. (8.21 ).  This
fig. has shown that the decay in the flow rate was approximately
in 3 ms. It can be deduced from this result that when the time
in which the injector was switched off was less than 3 ms, the
injector would be switched on whilst there was flow from the
injector.  This phenomenon is undesirable.

The flow plots (fig.. ( 8.22 )) indicated that the flow
had linear characteristics after 1.5- 2 ms from switching on the
injector. The linear characteristics of the total flow after
0.8 ms was also found by Martin and Sumal (3). The msthod of
- their investigation was not mentioned in their paper. Hence the
reason of the difference in the results could not be known. These
plots have also indicated that the effect of the increase in the
supply pressure had no significant effect on the flow when the
supply pressure was higher than 40 psi. This is probably the
reason why the maximum amplitude of the tip was not affected by the
increase of the supply pressure above 40 psi, (fig. ( 5.4 )). It
was found by (3) that the total flow rate from the injector valve
was constant with changing the supply pressure. Also the method
of the investigation of (3) was not mentioned in the paper.

It was found from the measurements of the flow rate per pulse
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width (fig. (10.7 )), that the flow rate was in a steady state after
2~ 3 ms from switching on the injector, i.e., the flow had linear
characteristics after 2- 3 ms. It was also found from these
measurements that the flow rate was not affected by the increass of
the supply pressure above 40 psi. Although these measurements have
been done with injector valve of geometry different from that of
Chapter 7 (the theoretical analysis was based on the data of
Chapter 7), these theoretical and experimental results were in
agreement. This is probably because the change in the geometry
changed the flow rates but did not significantly change the flow
force on the ball. Also the effect of the tip motion on the ball
remained the same. Hence the ball motion was not significantly
affected by the change in the geomstry of the valve, i.e., the
build up in the flow rate and the effect of the supply pressure
remained the same, .

It was found from these plots that the mean flow rate during
" the pulse was approximately 60% of the peak value, It can be
concluded from this that if the peak flow rate could be estimated
then the flow rate at any time during the pulse could be estimated.

The effect of the geometry of the injector valve on the flow
force on the ball and on the flow rates were studied by making five
scale models of different geometries of the injector valve, The
flow rates plots of model A (figs. ( 9.5 = 9.7 )) indicated that
the increase of the number of the side inlets from 2 to 5 would

cause an increase of 10% of the total flow rate. This was found

by comparing model A with model C. It can be deduced from this

that the increase in the area of the side inlets had no significant
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influence on the maximum value of the total flow rats. Also the
flow rates plots of model A indicated that the effect of the
increase of the area of the side inlets would prevent the decrease
in total flow rate when the ball was near the top inlet, This
phenomenon meets with the fourth Ideal Requirement (the flow rate
becomes in a steady state as soon as the ball leaves the seat).
The plots of the flow rates of model B (figs. (9.9 - 9.11 )) indicated
that the decrease in the area of the outlet caused a significant
decrease in the flow rate from the valve. It can be concluded that
the outlet area could be considered as a controller of the total flow
rate.  Also the plots have shown that the gap in which the total
flow rate built up to the steady state was smaller than that of
model A, This indicated that the reduction in the outlet area
caused the total flow rate to reach a steady state almost assoon as
the ball left the seat. This satisfies the fourth Ideal Requirement.
Hence to remove the effect of the ball motion on the flow rate from
“the injector valve, the outlet area should be reduced to a suitable
value, This would however cause the total flow rate for a given
pressure to reduce and also might be undesirable due to the
difficulty of accurately manufacturing this hole.

The effect of the cavity diameter of the injector valve on
the total flow rate was found by comparing the plots of the flow
rates of model C (figs. (9.13 - 9.15)) with that of Chapter 7
(figs. (7.10 = 7.12)). It was found that the decrease in the
cavity diameter caused the total flow rate to decrease because the
gap between the ball and the side inlets would be smallsr. Also

the flow area between the ball and the side walls of the valve would
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be smaller. The increased resistance due to this area would be
complicated and might cause a reduction in the flow rates. The
effect of this resistance could be made negligible by increasing
the area of the side inlets.,

The effect of the area of the side inlets on the flow rate
of the top inlet was found from the plots of the flow rates of
model D and B (figs. (9.17,18,20,21)).  These results indicated
that the increase in ths area of the side inlets restricted the
flow rate from the top inlet.

The plots of the flow force of model A (fig. (9.4))
indicated that the increase in the side inlets area would cause the
flow force to stay constant for 0.1 mm at a minimum and to increase
not sharply as in the case of models C and that of Chapter 7. The
sharp increase of the flow force might force the ball to come back
to the seat before reaching the top inlet. Hence the time in which
the flow rate was in a steady state was reduced. This is
" contradictory to the fourth Ideal Requirement (the flow rate becomes
in a steady state as soon as the ball leaves the seat),

Another effect of the side inlets aresa on the flow force was
found from the plots of the flow force of models D and E.  These
results indicated that the increase in the side inlets area could
cause the flow force to stay constant at a minimum until the ball
was lifted to the top inlet. This phenomenon is contradictory to
the third Ideal Requirement. (The ball comes back to the seat as
soon as the injector is switched off.)

The decrease of the outlet area of the valve was found to

cause a decrease in the values of the flow force, This was found
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from the plots of the flow force of model B (figs. (9.8)).

It was also found from these plots that FvT decayed to a minimun
at smaller value of the gap between the ball and the seat. This
might prevent the ball coming back to the seat before reaching the
top inlat. The flow force and the total flow rate were calculated
where the ball was at 1 mm from the seat and the results are given
in chapter 9 (tabls (9.2)). The results were in agresemznt with
the experimental results.

The total flow rate- time relationship was studied
experimentally by using laser techniques and the results are given
in Chapter 10. The results indicated that there was approximately
2- 3 ms build-up in the total flow rate and the flow continued for
approximately 2 ms after switching off the injector.

The photograph of ths pressurs transducer signal (fig. (10.11))
has indicated that measuring ths pressurs using electronic pressure

transducer might be considered as an alternative way of measuring

- the total flow rate- time characteristics.



Chapter Twelve .

CONCLUSICHS AND SUGGESTICHNS FOR FURTHER WORK.

12.1 CONCLUSIONS

The main conclusions of this investigation are the following:
1. The ball was moving with a random frequency when the effect of
the liquid resistance was assumed negligible.
2. The increase in the maximum gap between the ball and the seat
caused, in general, a decrease in the frequency of the ball,
3. The change in the maximum amplitude of the tip and also the
frequency of the tip changed the freéuency of the ball randomly,
4. When the ball was moving with the frequency of the injector tip,
the possibility of the steady state motion was found higher.
5. The effect of the initial condition of ths tip motion on the
ball motion was found to change the ball motion, but the effect of
the parameters such as the maximum amplitude of the tip, the
frequency of the tip and the maximum gap between the ball and the
seat remained the same,
6. Measurements of the ball motion in a large model of the injector
valve without any liquid resistance were in agreement with the
theoretical results of the ball motion without any liquid resistance.

Multiple impact phenomena have been observed.

7. The time of impact was deduced to be very small compared to the

time of the ball cycla.
8. The tip motion was found to build up in 5 ms to the steady state.

9. The increase of the supply pressure caused reduction of the

amplitude of the tip motion.

10. A decay of 1.5 ms in the tip motion was obsarved after switching

off the injector,
= Pl
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11. The resistance due to the area under the ball was found, in
general, to prevent the flow rate to be in a steady state as soon
as the ball left the seat.

12. The resistances due to the area above the ball and the area of
the top inlet was found to cause a reduction in the total flow rate
when the ball was near the top inlet. The existance of this
reduction was found to depend on the ratio of the resistance due
to the area of the side inlets to the resistances due to the area
above the ball and the area of the top inlst.

13. The increase from two to five side inlets had no significant
influence on the total flow rate. But the increase in the area of
the side inlets caused a decrease in the flow rate of the top inlet.
The value of the flow rate of thse top inlet was found to be zero
when the valve was opened completely around the side.

14. The area of the outlat of the injector valve was found to be an
important controller of the total flow rate and the build-up of the
“total flow rate to the steady state. The decrease in the area of
the outlet caused the total flow rate to decrease aﬁd the gap in
which the total flow rate built up to the steady state to decrease
also.

15. The diamster of the cavity of the valve was found to affect the
total flow rate, The decrease in the cavity diameter caused the
fotal flow rate to decreass.

16. The seat angle had influence on the flow.force on the ball.

It was concluded that the increase in the seat angle could provide
a reduction in the flow force as soon as the ball leaves the seat.

17. 1In general the flow force incrsased when the ball was lifted
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from the seat of the valve and then decreased until the ball was
near the top inlet where the flow force increased again.

18. The area of the side inlets affected the flow force on the
ball. The increase in the area of the side inlets caused the flow
force to stay constant at a minimum, and prevented the flow force
increasing sharply after it reached a minimum value. Also the
increase in the side inlets area could prevent the flow force on
the ball increasing again when the ball was lifted near the top
inlet.

19. The outlat of the valve had influenced the flow force on the
ball. The decrease in the area of the valve caused a decrease in
the values of the flow force,

20. The ball motion was building up in 1.5-2 ms dependent on the
supply pressure., It can be concluded that this is the reason for
the fluctuation in the total flow rate per pulse at short pulse
widths (1). The liquid resistance was found to have a significant
influence on the ball motion.  The ball motion has decayed for
approximately 3 ms after switching off the injector. The ball was
moving in a randem freguency even with the existence of the liquid
resistancs.

21. The flow rate was found to build up to the steady state in

2- 3 ms. The flow rate decayed for approximately 2 ms. It was
estimated that the average flow rate was approximately 60% of the

maximum valus during the pulss.

22. The total flow was found to have linear characteristics after

1¢5- 2 ms from switching on the injector.

23. The supply pressure was found theoretically and experimsntally
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to have no significant influence on the total flow when the supply
prescure was higher than 40 psi.

24. Computations of the flow force on the ball and the flow rate
were in agreemsnt with the experimental results. It can be
concluded that Bernoulli's equation could be used in estimating the
pressure and the flow rate at some positions in the valve.

25, It can be concluded from this iqvestigation'that paramsters
such as the gap between the ball and the seat, the frequency of the
ball, the inertia of the horn of the injector, the area under the
ball, the area above the ball, the area of the top inlet, the area
of the side inlets, the area of the outlet, the diameter of the
cavity, the supply pressure and the liquid resictancs on the ball
should be taken into consideration in the design of the ultrasonic

fuel injector.

12,2 SUGGESTIONS FOR FURTHER STUDIZS

Amongst the most important suggestions for consideration for
further studies are the following:
1. In the measurements of the flow force on the ball, the total
flow rate, the side inlets flow rate and the top inlet flow rate;
by using a scale model of the injector valve, it was assumsed that
the flow passing the ball was in steady state. In fact the flow
might be affected by the vibration of the tip. = Hence studying
the effect of the vibration of the flow on the ball motion is
considered necessary.
2. Studying the wave action in the pipe between the valve which

controls the supply pressure and the injector valve is considered
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useful. By this study the total flow rate could be computed, and
the effect of the wave action due to the instantaneous closure of
the valve on the total flow rate would be known. The method of
characteristics might be useful for this purpose.

3. Computing the pressurs distribution on the ball might be useful
to get better understanding of the flow force on the ball, The
ideal fluid approach could be useful,

4. Making the ultrasonic fuel injactor of valves of the different
geometries which were described in Chapter 9, and measuring the
total flow rate by using laser technigue. This would enable us to
find the effect of changing the geometry on the ball motion.

5. Studying the motion of the ball by making a model of the
ultrasonic injector with the valve made of perspex. A very high
speed camera could be used for this study.

6. Studying alternative design of the injsctor valve such as a
‘valve with the ball fixed to a spring which is fixed to the wall
“of the valve, This study has been done theoretically and a
computer program has been established (see Appendix 1). A
modification to the theory is needed.

7. Measuring the flow force and the flow rates in a scale model

of the valve of the ultrasonic fuel injector of type Zx 4 (flow
rate- time and flow- pulse width relationships of this injector
were measured and the results are presented in Chapter 10). The
results of these measurements could be used as an input data to the
computer program of the fluid flow (which is described in Chapter 8).
Comparison between these thsoretical results with the experimental

results (which are presented in Chapter 10) could be made.



APPENDIX 1

THEORATTICAL ANALYSIS ON ALTZRNATIVE DESIGN

OF THS INJECTOR VALVE

Since one of the best characteristics of the injector valve is

that the ball comes back to the seat

Yo ¥
1
% i

as soon as the injector is switched
of f, this could be achieved by

fixing the ball to a spring (see

fig. (A1.1)). It is assumed that N T
the forces which could affect the — >

i

4
H
1
i
!
i

ball are the forces due to the
collision with the walls of the

cavity, the spring force and the

inertia force,
Hence the equation of motion

FIG.Al.1.
will be:

my2 + K(y2 - Y»]) = 0 (A1-1)

where m represents mass of the ball, Yo position of the ball
from a fixed datum, K spring constant and Y4 position of the
tip from a fixed datum.

Adding -n1y1 to the two sides:

letting To~¥y = F and dividing by m:
o+ n°y = -7, (41.3)
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where n represents natural frequency of the ball-spring system.

The tip is assumed moving sinusoidally:
yvi = ¥, sin(w t) (A1.4)

where I, maximum amplitude of the tip and W frequency of the

tip.

” _ 2 .
¥, 0= g w sin(w t) (41.5)

Egn. (A1.3) becomes:

. 2 2 .
y o+ n%y =y v sia(w t) (41.6)

Taking Laplace transform:

2 . 2 _ 3
Rl A - o3t RL E R Yo/, 2 (41.7)

where y. represents initial gap between the ball and the seat
and yi initial relative velocity between the ball and the tip,

i.e.,

1

2 2 . 3
(S +n)Y Syi+yi+yx wo/82+w§ (A1.8>

Assuming y; =0 and yi =0 :

¢ = 3

T Yo/ (2 4 2) (R + o) (41.9)

Transforming eqn. (41.9) to t domain:

y, W
¥ = x "o 1 sin@w t-21 sin( t)] (41.10)
I wo o} n
(o]
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Hence the position of the ball from a fixed datum is:

Y W3 i 1 —S

= X 0 1 &% - L i 3

Yo = et [w— sin (wO t) - sin (n t) +y, sin (wo t)
n® - o

o

(A1.11)

This equation is only valid before the first impact.

From ( 13 ), equation of motion due to sudden impulse is:

v, = impulse sin( nt) (A1.12)
m n
Where
impulse = m( LR Vib) (A1.13)
whare LA represents veloc{ty of/the ball after the collision

and Vb velocity of the ball before the collision.

Egn. (3.6) is used to find Vop?

Vo1 = 2%Yp=TVp (41.14)

The velocity of the ball was found by taking the derivative

of Y5 with respect to t:

y, v ]
vy = ffﬁ-_gi {cos (wo t) + cos (nt) + A cos(w0 t)
n~ - w

© | (41.15)

= Wy at the instance of the impact.

Substituting eqn. (41.13) in eqn. (A1.12), we have:

Vo1 ~ Vib  sin (nt) (A1.16)

.Y2= =



. ~133-

When one impulse of short duration follows another, it will
initiate harmonic vibration produced by the first impuise. This
independence stems from the fact that the equation of vibration for
such a system is linear, and that the principle of superposition
will apply (13).

Rewriting eqn. (41.16) for the time t, the position of the

ball due to the impulse in a sequence will be:

Vo1 = Vib sin(n (t - b)) (A1.17)

Yo = e

where ti is the time at which the impulse was applied.

Hence the equation of the position of the ball at any instance

will be:

T V2 1 (t)1"(t)+y'(t)J

= in (w - 1 sin(n sin (w

Yo _EK.J%i [;5 5 o - X o)

n~ - w 0

V., -V
¥ ._o_l__ibsin( it - ti)) ' (A1.18)
n

Equation of the gap between the ball and the seat is:

y = y2_y1 ’
i.e.,
v - V.
y = _gkijii_ 1 sin (w_t) -1 sin (n‘t)J + o1 __ ib
2 2 |w © " n n
n -w
o

sin (a(t-t,) ) | (A41.19)



A3

Applying the dimensional analysis, eqn. (41.19) will be:
Ix

5’: [Sin (wo £) - ("_:IQ) sin (wo t (17%) )} ( >
G |

(&)(L) i (" Eo e ) (1.20)
y n
: (%)

The compﬁter program is shown in Appendix (41.1).
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APPENDIX A1.1

LIBRARY(SURGROUPNAGF)

LITRRARY(SURGROUPNAGG)
LIRRARY(SURGROUPGHOS)
lIBRARY(SURGROUPGHOS)

PROGRAM(HUGGAIN)

OUTPUT 3=Lp0

TRACFE 2

FND

MASTFR MAIN

EXTERNAL F3
DIMENSION H(1000)

COMMAON D,A.H,T/,VO,R

nu=0_000

WMaAX=1009.
n=0.4
r=10.
vO=)_000090001

FTA=0.
Fos=0.

TFATL =1
W=0 T
1=0 ‘
N=1

CALL PAPFR!1)
CALL MAP(N.,1000.,0.,5:)
CALL CTRMAG(10) , 4
CALL AXES3T1¢0.00001,0.00001)
CALL POINT((Q..,0.)
"CALL PAPLEN(1000.)
CALL BORDER
=Wepuw "
TE(W=UMAXY?,27,27 .
VE(SIN(UY~n+STH(R*W) )/ (RW*2,=1)+V0*COS(R*W)
Ie¢Y.FQ.Nn.H)a0 T0 3

TF(T.EN.0)YGR0 TO 3
no 2 J=1.1
VaY+N*AXS TN (W*R=R*H (1))
CONTINUE

TECY.FQ.0.)YGO0 TO 6
TE(N_GT.1)G60 TO0 9
TF(Y.ILT.0.)G0 TO 4

Al=llanll

R1=W

CALIL CO‘SACF(/\1rﬂ1.FpQIETAIF31XIIFA!L)
IFCIFATL.EQ.0)6G0 TO 35

Nz=N+1

PF(Y.LT.0.)CALL FFPROR
Gn TO 1
Al=y=Du+0_000N01
n1=u
TeATL =1
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15

11
10

1

22

{
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CAll COSACF(A1,R1,EPS,ETA,F3, X, TIFAIL)
TFCIFAIL.EN.1)X=81
TFATL =9
w=X
WRITF(3,15)%,A1,81
FARMAT(/4X,'X="1E15.7, 'A1=",E15.7,'B1=",E15.7/)

=W
¥S5z=W=1%1
X1=W
CALL JOIN(W,X5)

VAZ(CNS(IY~COS(R*W))/ (Rew2,=1.)=R¥VOxSTN(R*WI+COS (W)
TF(T1.EQ.NYGO TO 10
DO 11 J=1.1

VI=VA+A*COS(R*U=R*H(J))

CONTINUE

v2=2_.%xC0OS(W)

A=zV2=V1

T=1+1
H(T) =u
N=1
FN=0.
G0 YO 4
CALI GREND
STop
END
REAL FUNCTION F3(W)
REAI W
DIMENSION H(1000)

COMMON D/AsH»I,VO,R"

Y=(S!M(U)-0*SIN(U*Q))/(R**?.'1.)+V0*COS(R*N)
IFCI.FO.0)GO TO 22 :
DN 21 J=1,1
VY +D*AXSIN(W*R=R*H(J))
F3=Y
RFTURN
FND
FINTISH



APPIIDIX 2

LYRRARV(SUBGRNUPGHNOS)
LIRRARY(QURGRNOUPGHNG)
LYRRARY(SUPAROUPNAGE)
LIARARY(SURGROUPNAGG)
LIBRARY(SURGROUPNAGH)

PROGRAM(HUSS)

INPUT 2=CRO

outpUT 3= PO

TRACE 0

END

MASTER MAIN

FXTERNAL FK:FAIFSIF6IF7IF8
COMMON Z,D.S,Y3,A1,B1,W1,P JWXT +AsB,IWX2
2=0.0005
Sz=4, 0%ATANC(CT1.0)
WMAX=6300.

DW=0,4

D=0.1
J=0
) UG=0.
5 N=n+UG
% s4=0,
CAIL PAPER(1)
CAIL MAP(N..1000.,0.,30.) ;
CALI GPINENC'INK PFN 7L=3 IN HOLDER 1,BLACK INK,PLEASE',42)
rALL PSPACF(0.1,0.6,0,1,0.5)
CALL CSPACF(0.,0.65,0.,0.55)
CALL CTRMAGC(10)
CALL AXFSSI(0.00001.0.00001)
CAI L POINT(N,.,0.)
CALL PAPLFN(1000.0)
20 CAll BORDER
2 TG=STIN(S)
TGA=STIN(S+DU)
§ WRITE(3,6103TG,TGA
10 FORMAT(/1X,'TG="',E15.7, ' TGA=" ,E15.7/)
1=0
F0=0.
Ww=0.

W=u+DW

o=y

Yi=mZ2%D¥*Wx+2, /2,

Y2=D*QIN(S+ W)

Y=V1=y2+p

1F(Y.EQ.0YGO TO 5
Fiz=v

B3I=W

IFC(F1.6GT.0.AND.FO.LT.0) GO TO &
TF(F1.LY.0.AND.FO.GY.0) GO TO &
FO=vy

A3ay . .
GO T0 A

ETA=0.

-137-
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FPS=0.
TFAlL=0,
CALL CNS5ACF(A3,B3,FEPS, ETA F3,XsIFALIL)

WXq=X
60 TO 100
Wx1=W
T==2xux1
H=2 *(0S(S+UX1)
Az=Hw~T
AR=H/2.~T

R=gIN(g+ WX1)
IF(AB.LT.0)AB=AB*(=1)
FO0=0.

Up=wx1

vy=0.

X5=WX1+~S1

Wp=UP/(2%S)
X5=X8/7(2%8%)

1E¢(XS.LT.N.)CALL FFRROR
S1=UX4

CALL JOIN(WP,XS)
W=0.
Wau+DUW
WoswWeWYRY
Y1=De(m2%Wex?2 /2, FAXWHB)
Y2=p*STN(S+ UW2)
Y=y1=y2+p
IFCY.ILT.0) GO TO 640
W=0
Wzu+DW
W2=LX]el
YicDx(=ZxUx%2./2,+A*W+B)
Y2=p*SIN(S+ U2)

. Y=Yi=Y24+P

Wp=WXqi+W

1E(W2=MAX)SB1,37,37
’F(Y"'1)9127,27
WN2=A/7?

TeCWN2.LT.0.)WN2a=UN2

WX2=WN24WX1

IF(W2=t1X2Y52,11,11

TFC(Y.FO.0D) GO TO 46

F1=vY

B6=\u

1F(F1.GT.0.AND.FO,LT.0) GO TO 45
IF(F1.1T.0. ANO FO.GT.0) GO TO 45
FO Y
Ab=Y

GO TO0 10

Bb=W _
AA;U-DM}O_ODOOOQ1 .
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.

VYichs(mZ7%xAb%%x2 . /2 +A%xAb +8)
V2znwSIN(S+UXT+AD)
¥ayle=y?
URITE(Z,7) V
FORMAT(/1X.'Y="'",E15.7/)
caLt CﬂSACF(A6,B6.EPS.ETA,F6,X,!FA!L)
WRITE(3,111) A6,B6,X
FORMAT(/1X, 'AG=" ,E15.7,2X,"B6=",E15.7,3X,"'X=",E15.7/)
WNA=X -
GN TO 47
WUNG6=W
WXA=WNAL+WX1T
OhzeZwlING + A
H6=2.#C0S( S+WXA4)
Ab=Hb6~0b
ABzHA/?2.»06
TFC(AR . LT.0)AB=AB# («1)
ROBSIN(ISHWXG)
ABASL
B=n6
WX9=WX6
6n Tn 62
w=0,
FO=0.

Y3=v1
W=W+DdW
WIsWHWX2
TF(U3=-WMAX)Z00,37,37 ;
VAieY3~DayaWin2. /2.
Y2=DxSIN(S+W3)
Y=y1~v2
"TFCY.LT.0.3G0 TO 301

Ww=0,
W=+ DU
W3swelx2
TF(Uu3-uMAXYS0,37.,37
Ye=v3=n*x2¥%yxx2 /2,
Y2=D*SIN(S+W3)
Y=¥i~V2+P
1F(Y=-4)3,27,27
IFCY.FO,0Y)G0 TO 16
Fi=v
B4&=u R
TF(F1.6T.0.AND.FO.1T.0) GO TO 13
TF(F1_.1T.0.AND.FO.GT.0) GO TO 13
FO=vy :
Ab=W
UP=WaLX?2
GO0 10 172
B4=\. :
AL=0_0000001

CAIL COSACF(AL,BL,EPS.ETA,FL, X, TFATL)
URITF(3.204)X
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17
L

&7

20

1ng
105
93

29

53
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FORMAT(/4X%,'X2="4E15.7/)
WHNI=X .
60 10 47
WNT=X
WX3=UWUY2+WNS
TF(UX3=-WMAX)YR8,37,37
WYq4=uy3
== Z2%WUN3
60 70 20

IF(Y.FQ.1.3G0 TO 210
B7=W
A7=WeDW
CAlL COSACF(A7,R7,EPS.ETA.F?.X.IFAIL)
waX
WwN2=W

Y=19.
WP=WX1+WN2
WX2=WHNP2+UWX1
CzwZ2*xWN2+A
H2=2_.%*COS(S+ Wx2 )
A1=H?2-Q
AR=H2/2.-0Q
B1=S1N(S+UX2)+(1./D)
TF(AB.LY.0)AR=AB¥(=1)
w=0n.
FO=0.
W=Ww+pu
W3=WsWX2
TF(N3~WMAXYIZN2,37,37
Yi=Dwl=7%Usw?2 /2. +A1#1U+B1)
¥Y2=Dw*SIN(S+W3)
Y=Y1~Y2
1pCY.LT.0.)60 YO 303

W=0.
W=+ DU
W3=W+wx2
IF(YU3=tIMAX)SZ,37,37
YisD*(=2%WU*%2,. /2. +A12W+B1)
Y2=D*STH(S+W3)
Y=2¥1=Y2+P
WPpz=WsUX2

1F(Y=-1) 80,81,81
1F(Y.FQ.1.0G60 TO 211

BR&=y

AR=U=~DW+0_ 0000001

CALL COSACF(AB.BS,EPS.ETAuFR,X,IFA!L)
W=X

WNZ2=W

UX2=WX2+UN2
Q=m2%xUN2+A1
H2=2.*CNS(S+WX2 )
A1zH2 =0 '
AR=H2/72.=Q
B1=SIN(S+WX2)+(1./D)



80

o

TF(AB.LT.0)AB=ABY(=~1)
y=1,
WPp=wX?
GN T0 03
IF(Y.FQ.0) GO TO 72
Fil=Y
BS5=W
IFC(F1.GT. 0 AND.FOLT.DY GO TO 73
TF(F1.LY.0.AND.FO.6GT.0) GO 70 73
Fo=Y
A5l

G0 10 29
BS=W
AS=0_0000001

CAILL COSACFCtAS,BS,EPS,FTALF5,X,IFALL)
uv3=x

GO TO 74
WN3=W
WX3=Lx2+WN3
PF(WUX3~WMAX)36,37,37
Wxti=wyx?

T=-2%WUN34+ A1

6o 10 20

CALL FRAMEF

CAI L GREND

STNP

END

REAL FUNCTION F3(W)

RFAL W

coMMON Z2,D,S,Y3:A1,B1.,W1,P ,WX1 s AB,WX2
Yi=eoDe7*Uk%x?2, /2,

Y2=DxSTH(S+ W)

Fi=Yi=~Y2+p

RETURN

EMD

REAL FUNCTION F4{W)

REAL W )

comMMON Z,D.,8,Y3,A4,81,uW1,P 2UX1 SALB,WX2
YizY3-n#*ZxuUsxx2 [2,

Y2=D*STIN(S+WU+WX2)

Fb=yl=v2+p

RETURN _

END

REAL FUNCTION FS5(W)

RFAL U

COMMON Z,0,9,Y3:,A1,81.,u1,P ,UXYT ,A/B,WX2
Y1=Dx(=Z%Wxx2. /2, +A1*W+BT)
Y2=D*xQTIN(S+U+WX2)

FHz=yl=y2+p

RFTURN

END _

REAL FUNCTION F6(U)

RFAL W p

COMMON Z.,D,S,Y3:A1,81,1,P ,WXT ,ALB, UX2
YiaDr(wZxUex2 /2, +A%W+B)
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Y2=n*SIN(S+W+UX1)

Fb=Y1=-Y2

RETURN

FND

RFAL FUNCTION F7(W)

RFAL W

COMMON Z2,D,S5,Y3,A1.,B1,WT.P,UXT,A.,B,WX2
YAznk (=7%Wkx?, /2. +A%xW+B)

Y2=D*QIN(S+W+WXT)

F7=Yi~-Y2-~1.

RETURN

END

RFAL FUNCTION F8(W)

REAL W :

COMMON 7,DP,S,Y3,A1,R1,WY,P,UX1,A,8,UWx?2

YA=Drx(=ZxWsx2 /2, +A1*W+B1)

V2=D¥SIN(S+U+WX2)

FR=Y1~Y2n~1

RFETURN

END

FINISH



APPENDIX 3

Il TRRARY(SRANNIIDGHNS)
Lrappapy(Qil3AaaNDGYNT)
lYRne APV LGIHRARNHIIDONAGE) m
LYRRARY (SHBAFOUPNAGR)

1 IPPAPY (S'IBGRVIPNAGH)

PROGRAMCHIISS
INPUT 2=0RD
AUTOLT Z=| nN
TRACF N0
EMD
PASTIP MAIN
FYTFRMAL F3 F&,FS5,FA,F7,F8
COMMON 7,D,S8,Y3.A1,R1.,41,P ,UX1 ,A.B,UX2
2<0.000005s
Q=4 D*xATANCT. D)
WHAX=AZN0.,
D L= 0 - I

vx=0_ 00009784
W1=50N000 .
p=0,01
J=0
1Ha=0.
95 D=h+ UG
s1=0,
¥ Al eaPERCD
' CAIL MAP(O..0.01,0.,0.00001)
call CTnMAG(10)
CALI GPINEON(CYINK PFA 7L=3 IN HOLDER 1,BLACK PEN,PLFASE!,42)
CALI PSPACE(N.1,0.4.,0.1,0.5) :
CALLI CSPACF(0.,0.65,0.,0.55)
CALL POINTCD ,0.)
CALL AXES
Catt PARPLF'N71000,0)
CL1) BORPDED
THR=CIN(R)
TARA=STIN(SwDY)
61 VOTT1F(2,6170)TG,TGA
0 FORMAT (/1% 'T6=",E15,7, ' TGA="',E15.7/)
I=)
FO=0,
W=0.

207

=ti+DUW

WP
¥Y1==2%D¥Wex?_ /2,
YP?=n*QTMHN(3+ ()]
Y=Vv)~v2+D
JF(v _FO. )60 TO 5
Fi=v ’ .
CEEAN
IF(F1. 6T 0 AND.FO LT D) GO TO 4
TECFY_ I T. A ANDLFO . GT.0)Y GO YO 4
FO=v
S~ P 3=
| -143-
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10

GN YO A
FTa=0.
FPe=0,
TraTL=N,

CAtl CNSACF(A3,B3,EPSETALF3,X,IFATL)

WX1=X
6O TN 100
VX1 =
=7 x4l
Hz2 . *00S(5+4X1)
AzH=-T
AB=H/2 _ ~T
R=QIN(S+ UX1)
JF(AR _1LT.N)AR=ARX(~1)
F0O=0,

We=0_N00004s0»UWTx%0) 8aYXxx (=0 2)*ABx*(=0_2)

(4

- T

ASCNQES+UXIY4 NS ES+UXT*WE) ~T

R=QIN(S+UXLT1+WC)
Y9 =uY144UC
TC=UWe /WY

p=LY A
v=0,
XE=WUX1-G1

vo=wp/ (W)
X5=x5/7(w1)

TFEX5.LT.0.)CALL FFRROR
$1=WX1

¥5=7C /%5

CalL JOIN(WP,TC)
u=0.

=+ DL
(A BN AR |
Yizps(mZ7ktyexr /2 . +AxW+B)
Y2=hsSIN(Qs  W12)
Vaviwy?4p

TECY. LT.0) 60 TO 40
W=(

Yzil4 DU
H2zux e
VASDx(m 7% %>2 /2., +A%W+8)
Y2ensQIM(S+ 112)
Yasvi=y?4+D

WP=LXq 4l
TE(W2~1tMAYYSY . 37,37
TFIv=1)9,27.27
Wh?2=A/2 .

TECUN2 LT 0 YUM2awyN2

W24ty
TFOU2-0¥2352,11.,11
TE(Y.FO.0Y GO T 44
Fi1=yY

FRAz\
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K

300

12
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TFCFY.GT.O0_ARD_FQ,LT.NY GO TO 45
JFEY 1T, 0 AMD_FN,.GT_0) GO YO A4S
FO=v

£E =)

¢ Y0 10

P A=

AbhzU=nt+0_N000001

Yicha(w?2+Ahyy 2 12 _ +A%AA +R)
Yo=reSrn{S+uLt+ah)

Yzvi-v?

VRITF(Z,7) V
FOPMAT(/1Yy.'yv="*,E15.7/)

CALL COSACFCAB,BO6,EPSETAF6,X,T1FALL)
VPITF(R,111) 26,06, Y

FﬁDMﬂT(/‘\)’,'A(»:',F1'§.7.2"(.'R(&=’.515.7p';)(.')(

v AEX
O TO L7
'NA=L)
WUYA=LINA+WY T
CAhAzrmZwlINA +A

H6=2 +CNSC S+UXA)
Lb=bA-OF
PR=VAL? , «nh

TF(AR . LT.N)AR=ABw(~1)
RE=SIMN(S+UXA)
E=AA
F=R6&
VY1zUXA

1=06 G
6O 70 A2
=0,

FO=0 .

Y3=Yv1

=W+ nW

WI=latX 2
TE(W3-WMAY)Y300,37,37
VAzY3aD*7riiv*2,/2.
Y2ruD*SIN(S+Z)
v=yl=-v2
TFCY_LT.N.YGO TO 301

W=0.

M=Le DI

VIzneliv?,

JR(3=uMAYYSO, 37,37

Vizv3anwezeyyxe?2 /7,

V2=DvQYTN(S+11%)

Yz=¥1=VY2+p

TF(Y=1)3,27.27

JF(Y.FO.DYGD YO 16

F1=v . :

BéL=

IECF1 . GT.D.AND. FO_1LT.0) GO TO 13
JECF1 1T 0. AND.FO, GT . 0) GO TO 13
FO=vy N
PhL=\}

UP=tiglIY P

'"LF15.77)
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6O TN 42
301 RL=L
AL=0_ 0000001
13 CAIL COSACECAL BL,EPS,ETA,Fh,Xs1FATL)
VOTTF(Z,206)X
206 FORMAT(/AY,'¥2=',E16.7/)
WM 2Z=Y
6C 10 47
16 WNZ=X
17 WX Z=UX2+WUNT3
1c(WYX3-LUMAX)IRE,37,37
88 WX1=bX3
T=~2%WUN3
GO TH 20
27 LF(Y.E0.1.)60 TO 210
7=
A7=U=DW
CAIl COSACF(A?,R7,EPS,ETA,F7.X,1FAIL)
W=¥X
210 NP =W
Y=1.

UPp=WX1+WN2

WX2=LIN2+LIXT

N=-2%WN2+A
H2=2 . ¥CNS(S+ WX2 )

108 A1 =H?=0Q )
T AR=H2/2.=0

5 RISSTH(S+Y2)+ (1. /D)
0 TE(AR [ T.0YARSAB*(=1)
3 V=0,

WCE0 . 000CCAY*»WTxwl , BeyYXxn (=N, 2)*AB**x (=0 2)
A1=CNS(S+''¥2)xC0G(R+UX2+WC)~Q
REI=STH(S+uiX2+UC)I+ (1 /D)

WY Z=WX 24U :
TC=WE /WA

FO=0.
RESOY SN
=W 4LiX2

3 TR(W3-WMAYYZN2,37.,37

2 VisDa(=72%xtxv2 /2 +A1+W+B1)

Y2=D*STN(S+U3) '
V=Y1-Y2
CTECY.LT. 0,360 TO 303

=0,
29 W=+ hy
W3zW+UYX2
JF(L3~1iMAX)S3,37,37
YI=P*(~2*Uxx2 /2, +A13U+ET)
V2=D*xQIN(S+W3)
Y=v1=vY2+pP ]
WD=W+LV 2 ' N
81 TE(Y~1) 20,81, 81

TFCY.FQ.1.)G0 YO0 211

53
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BA=L
AR=U=DL+0_ 0000001
oLl COSACE(AEBA&,FPS,ETALF&, X, IFATL)
WizX
219 WA 2=U

UX2=UX24WND

N=e7%yrZ2+ Al
H2=2 _ +C0S(S+WX2 )

151:}12-0

AR=HZ2/?7.~-0 -
R1I=QINCQ+WY2)I+(1./D)
JFCAB.LT.0)AB=AB*(~1)
y=1.
WD=uUXD
60 TO 93

80 1F(Y.FO.0) GO TO 72

F1=v

BS=u

1F(FY1 . GT.D.AND.FO_1T.0) GO YO 73
IF(F1.LT.0.AND.F0.GT.0). GO TO 73
Fo=v

AS=W

GO T0 29
303 Be=W

AS=0_0000001

1A CA!l CNSACE(AS,BS,EPS,ETA,FS, X, 1FAIL)
UNTzX
60 TO 74
WNT=L
" MY 3 =UX P H LN
3 TFOWXR-WUMAYY26,37,37
6 WY1=Wy?d
Tem7 44N 34A1
3 GO TO 20
CALL FRAME

CArLL GREND
STop
EMD
REAL FUNCTION F30)
RFAL W
COMMON Z,r),Q'V:‘l Ad,e1,u1,P ,WX1 s A BUX2
Yiz=mD*Z*Uxx?2 /2.
Y?2=D*QTN(S+ )
FRz=V1=-Y24+P
RETIURN
FND
REAL FUNCTION F4&CW)
RFAL W :
COMMNN 2,D,S, Y2, A1, B1.V1,P ,UXT LA B,UWX2
VYizv3-n*Zxuxv? [ 2, :
V2=D*QIN(S+W+WX2)
FLzY1=V2+D *
RFTURN
FMD



A

REAL FUNCTION FS5(W)

REAL W ’

FOMMON 2,0,5,Y3,A1,81.,11,P ,uUX1
YAzD* (=745 +2 /2 +A1%U+B1)
Y2=D*STN(S+U+WX2)
FS=Y1=Y2+P

RFTURN
END

RFAL FIINCTION F6(W)

PEAL W

COMMON Z,D,8, Y3, A1, RT . W1,P , WY1
Y1=Dx(=2%Ur%2 /2, +AxW+B)
Y2=DxSTN(S+WEWXT)

FA=Y1~Y2

RETURN

END

RFAL FUNCTION F7(W)

RFAL W

¢t AsBUX2

s A)BWX2

COMMON 7,D,S,Y3:A1,B1,W1,P,WUX1,A,B,WX2

Yiznk(=7*W*%?2 [/2,+A%W+8B)
V2=DxSINC(S+W+WXT)
£7=Y1=Y2=1.

RETURN

FND

RFAL FUNCTION F8(W)
REAL U

2OMMON Z2,0,SeY30AT,B8T,WT A PaWXT,ANBIWX2

Yi=Dw(mZ2ttx%2 /2 +AV*U+B1)
V23D4SINC(S+W+WX2)
ER=Y1~Y2=1

RFTURN

FND



39

202

MO

. AFPENDIX 4

LTRRIARY(SURGPAUPGHOS)
LIRRARVISURCFAUPGHNSR)
LTPRARV(QIBGRAUPNAGE)
LIARARY(SURGLXOUPNAGG)
FIBRACY(SURAROLUPNAGH)
PROGRIAMIHUSS)

INoyT 2=CRO

QuUTPUT 3=L PO

TraCFs 1
[

MASTYER MATINM

FYTEAIMAL F3,F4,F5,F&,F7,FR,FO,FYN,F11,F1?
ComMan Z2,0,8, Y3, AT, RY,W1,P s WXT JABIWXN2,WUM,GM, 81, W7, UX
72=0_.00N05
S': L.DxpATANCT.C)
§=S3
TEAYI =0
WMAX=6300.
DL=0.4
p=0.1

W=t
S1=c3/2.
Gu=9d_.0022

J=n
U6=0.
D=n+uG
CALL PAPER(1) -
CAIL MAPC(O..1000,,0,,304)
CALI PSPACECD.T1,0.6.,0.1,0. S)
CALL CSPACE(N.,0.65,0..,0. SS)
Catr CTRMAG(IO)
CALL AXES
CALL GPINEG('INK PEN 7L-3 IN HOLDER 1,RLACK INK,PLFASF',42)

CALL POINT(N..,0.)
CALL PAPLFNM(100C,0)
CAlt BORDER
TG=STN(S)

U?:D‘;'

TGASN*WM* CNS(LT7/UM+S+81) JEXP(N7*GM) +D+COS(W7+5~81)

WRTTEC3,610)T6 TGA

FOQAMAT(/1X,'TG=",E15,.7,"'TGA=",E15.7/)
=94, -
to=u72/(2.%x83)

X9=0, S
CALL JOIN(LP,XS5)
W72=w740, 017
(D“)*””*C‘Q(U//UM+Q+Q1)/FXP(“/*GH‘+0*FOQ(U7+Q-°1)
YA=GHA*2 al e C0S (172 /WM+S+S1) JEXD (W7 *GH)

2 AGHFQTIN(UZ/WMECa8T)Y/EXP (W7 *GH)

»ﬁn\(wf/u 4 SHST) S (LMEEXP (WA EMY ) ~COS(W74+S=51)
WRTITF(3,500)YD,YA

FARMAT (/17,0 yn=? ,F15.7,46%, ' YA=Y,E15,7/)
TedYA_LT. O AN YD AT 0G0 TO 502

TECYA GT.O. LD YO 1T 0G0 TO 505

~149-

~
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GN 10 S04
302 TECYA.LT. (=73)G0 70 503
GO TO 501
303 1FATI=0
ROA=7
AO=u7-0.017
FpS=0.
FTA=0.
URTITF(3,506)A%,89, ¥

504 FARMATC/AX, 'A9=" ,E45.7,3X,'BO9=",E45.7,3X,'X=",E15.7/)
1000 yy1=x ‘ _
$11=X
W7=X

AZ=GUFUMXCNS (U7 /UMES+ST)/EXP (W7 +GM) =S IN(W7/UM+S+5T)/
1 FXP(UW7*GM)=-SIHN(W7+S=~51)

R=WM*COS (U7 /WUM+S+S1) /EXP(U7Z*GM)+COS(W7+5=51)
50 GN TN 62
5 12(YA.GT.2)G0 TO 506
50 60 To S04
6 1FATL=0
g10=n7?
ATD=w7=-0.017
Fps=0.
FTA=0.
CALL COSACFC(AY0,BRIN,EPS,ETA-F10, X, IFAIL)
: . WRITF(3,5n7)AT0,B810.¥
07 FORMATC(/15"A10=",E15.7,3%,'810=",E15.7,3X.,'X="',E15.7))
GO TO 1000 _

W7=X

A= M rOS(N7/UMN+S+S1) /EXPLINZ*GMY+COS(U+S~S1)
Wwx =X

w=0.

GO TO 4

R=0.
6 GO TO 62 -
! U=u+pW

WP
YlumZaDkWne? /2.%B%D
W7zt WX

VPzD*UM* COS (WP /WM+S+SH)/EXP(UZ*GMY+DXxCOS(U7+5~51)

Yev]-v2+p

IFiv_ EQ.0)YG60 TO 5

Fil=vy *
R3=x=w

IFCET. 6T 0. ANDLFO.LT.0) GO TO 4
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IF(FY1.LT.0.AND.FO.GT.0) GO TO 4
Fh=vy
A=
6H 10 A
4 ETa=0.
Epe=0,
ITFAIL=N
CAlL FOSAFF(A3 BI,FPS . FTA,F3,%,1FATLL)

WAl =¥X+uYX

5 GO TO 100
Wyl
109 T=-7%xuYl
20 WZ=wx1

Hz?  w (= GMetMaCOSCUZ /WS S+ST) JEXP (W7 *xGH) ~ qIN(wr/vM+<+J1)/
1 EXD(W7*GM)~SIN(W7+8~S51))

Az=ueT
 AR=H/?.-T
14 BeuUM+rOS (W7 /WHES+S1) /EAP (N7 %GM) 4COS (U7 48=51)

6 TF(A3.LT.0)AB=AB*(=~1)
2 F0=0.

Wo=yxd

v=0,

X5=Wy1=~511

UpP=up/(2+5%)
X5=X5/(2*S3)

TF(X5.LT.0.)CALL FFRROR

511 =tx1

CALL JOIN(WP,XS)

W=0.
M URITF(I,508)uWDP, X5
8 FARMATC/IN, ‘Up='  E15,7,5%, 'X5=',F15,7/)

L=ils DY
W2 =u+1y1

Y1aDelmZuen2, /? +AAWER)

LHe=4?

V2=nalMe COSCNZ/UNES+ST) fEXP(U7*GM)+D*xCOS(W7+S~S1)

Y=y1~y?2+D

IFCY.IT.0)Y GO TO 60



23

52

60

4s

/
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WD
W=uw+D1)
LiZ=iX 1400

Wy=1p

Y2=D*WM*COS(HMZ/UM+S+STY/EXP(W7+GMI+D*COS(W7+5-S1)

Y=Vi=-VY2+P
WP=WX1+W

TF(U2=MAYYST,37,37
IFe(y~-1)9,27,27
WHZ2=A/7
FRCUN? LT 0. )YWH2=~yN2
UX D=2+ X
TF(U2-1u%X2)52,11.,11
IF(Y.EN.0) GO YO 46
Fizv
R6H=
TF(EY . AT . D_AND_FO.IT.NY GO TO A4S
1F(€1.LT.0.AMD.FO.GTY.0) GO YO 45
FO=vY ,
Ab=\
Go 10 10
BR&=
Ph=I-NUEN _ D00N01
YisDa(mZ%xAb%+2./2.+A%Ab +8)
U7=u¥1+A6
Y2=DaUM*kCOS (W7 /UM+S+ST1)/EXP(UZ7*GN)+DXCOS(U7+8~51)

YEy1ley?
URITE(3,7) VY
FORMAT(/14X,'Y=",E15.7/)
TpAll =1 -
CAIL COSACF(A6,RG6,FPS.ETA,F6,X,1FATL)
WRITE(3,111) A6, B6,X '
FORMATC/ X, "AGSY v E15. 72X, 'R6=Y ;E15,.74 3% 'X=Y,E15.71)
Te(lpAIL.EQ . 1)G0 10 540
WalA=X
6O TO0 47
Wi h=id
W7=uxt
wo=s7/(2.%83)
XS=0.
CALL J0THNuP,X5)
W7=7+HK
VD=ns WM (NS (u?/Wp+S+S1)/EXPLUT*GHM)+D+COS(N7+8~-81)
VA=GH %2, 1A CO3 (U270 +S+STY/EYD(UZXGM)
FD GRS THN (U7 /M S+QT)/ EXP (L7 XGM)

1
1=COU?/UMES+S1)/ (WREXP{LZRGMY) ) =COS(W7+5=-51)

YUz=GA UM COQ (M7 /HMegagT )/ EXP(UT7AGM) =g IN(UZ/WUM+g+31)/
EXD(7%64)Y =S T8 (y748~81) .
TECYD.GT.N AN YV _GT.N.YGD TO 512
TECYND.LT.O.AND YV _LY.0.)XGO TN 5173
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515
514

517
ah6

by
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60 T0 511
TR(YA.LT. (=7))G0 70 514
Hy=0_ 017
52 10 511

TFATL=0

311=u7

AM1=w7=0_.017

CALL COSACE(AYT1,811,FPS,ETA,F11.,X,TFATL)
WOTTF(3,5153A11/B11.,X

FAPMAT( /4%, "A11="',E15.7,3X,'R11="',E15.7,3X,"'¥=",F15.7/)
Wyq=w? _
S41=W7

AceGUalp s CaS(WT/Ur+S+5T1)/EXP(NTZ*GM) =SINCWZ/WM+S+51)/
EXP(U7*xGMY-SIN(W7+S5~S1)

R=UM* OGS (L7 /UM+S+S1)/EXP(W7*GM)+COS(W7+8=S1)

GO TO 62

TF(YA.GT.ZYG0 TO 516

HX=0_.Nn17

60 TO 511
TEATL=0
R12=07
pPI2=W7-0_017
FTA=0, : -
CALI CNS5ACF(AT2,R12,EPS,ETA,F12,X,TFAIL)
NRYTE(;;G1?)A12:B12:X )
;qRMAT(/1XI.A12=.'E1S.7l3xl.n12='IE1S‘7I3XI‘X='JE15.7l)
=0 ?
R=utxCOS (W7 /WM+S+S1) JEXP(W72GM) +CQS (H7+5-59)
WX=u?
TFATL=0
FO=0
GO TO 6

1FATL=0
UXA=LNA+WXA
Chz=7%"IN6 +A ’ )
W7=hxe6

H622 % (=GM*UM*COS (U7 /UM+S+ST)/EXP(U7*#GM) =STIN(W7/WM+S+S1)/
FXP(U7*GM)=STN(N7+5-51))

AE=HA5=06
AR=HA/2.=06h
TF(AB .LT.DAB=AB«(~1)
W7=uyb
RASUMACOS (L7 /UM+S+ST1) JEXPLW7*GM) +COS(W7+5-581)

A=AA

F=R6
X1 =UIXA
Gn TH K2

W=

FO=0_

Y3y

e+t
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Wi=WeLXP
TC(UZ=WMAYY3Z00,37,37
300 V'1:Y3“D*7rl-:'w*2./2.
W7=wy
Y2=p+UM£COS(UNZ/WUMES+ST)/EXP(U7*GMI+D*COS(W7+5-81)

Vay1l=-v?
TECY.IT.N0.YG0 70 301

W=,
12 Wz DU
U3=tsuX?
TF(43-W"'AXYISO, 37,37
m Yizv3=-Dwzxlx«2./2,
W72=ug
V2=DxWM*COSCU7/WH+S+ST)/EXP(UZ*GM)+D*xCOS(W7+5~-81)

V=y1=y2+p
TF(Y.FQ.0YGO TO 16
Fi=Vv
R4 =t
IF(F1.6GT.0.AND.FO.LT.0) GO 7O 13
IF(FY1.LT.0.AND.FO.GT.0) GO TO 13
FO=Y
AbL=\!
WO+
G) 170 12
S04 R4=U
AL=0._0000001

R CAIL COSACF(AL,BL,EPS,ETA,F4, X 1FATL)
20 WRITF(3,206)X »
6 FORMAT(/1%X,'X2=",E15.7/)
WUN3ZI=X
60 10 17
1 LUNT=X
WX3=zWUX2+WN3
88 ' IC(UXX"“!MAy)RSI.S?!.;.?
UN1=wx 3
T==2Z2*xUWN3
6o 7O 20

X TEC(V.FQ.1.760 TO 210
BR7=ul
A?:'«.’—DU

CAIL COSACF(A7,R7,FPS,ETA,F7, X, IFAIL)
l-.::X »
N2 =W

y=1.
WR=WXT+UIND
WA =L 4LIN
D=7 % IN2+A
W7=tI%? ’ \
H222  + (=62e M+ COS U7/ UMESHST) /EXPAWT*GM) =STIN (N7 /WMaS+ST)/
TEXO(WZ*GM) S TR (W7+6§~81)) :
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150

93

29

33

h1
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A1=H?2~0
AR=HZ2/2.=0
R1zWM«COSLU7/UH+S+81)Y/EXPLW7*GM) +COS(W7+S-S1)+(1./n)

TE(AR _LT.DYAR=ABRE(=~1)
=N

F0=0.

V=Wt

(A ESNFEND &
YEC(UZ-WMAYYEZ02,37,37
Yi=Dr(=2%Wxs2, /2, +A1*W+B1)
7=

VOeDaUM&COS(N7/WM+G+S1) JEXD(UZ*GM) +D*COS(W7+S~51)

Vao¥Y1=Y?2
TFC(Y.LT.0.YG0 TO 303

W=0.
[AE-ABE SARN]
W3=1+ux2
TF(113-1MAXY53,37,37
Y 1uDa(=2xWx%2./2.+A1%W+B1)
W/7=u3
V2=D*HM*COS(U7INM+S+S1)/EXP(M?*GM)+D*COS(w7+S~S1)
Y=¥Y4=vY2+p
Wo=Way2
IF(Y=-1) 80,81,81
TE(Y_FO.1.0G0 TO 211
BR=tJ
AR=W=DL4+0_ 0000001
ALl COSACF(AR,BR,EPS,ETA,FR,X,IFAIL)
W= X )
WNZ2 =

WYD=WX2+UN2
N=<7%WUN24+ A1

WU7=uXe
HP=2 . x (=OGM*UMaCOQ (U7 /LM+S+STIY/EXP(WZ*GM) =ST (7 /UM+S+51)/

1 EXP(UZ+GMI=SIN(W7+G5=51))

AM=H?2-N
AB=HZ2/2.=-0
RY=WUM*COS (W7 /U M+G+ST1)Y/EXP(UZ*GM)+COS(W7+S=51)+(1./D)

TYF(AR I T.0YAB=AR%(=1)

v=1,

Wo=LxXp

6N YO 93

IF(Y.FO.0Y GN TO 72

F1=y
RS=u

IECFT. AT.0O_ANDL.FO.LT,0) GO TO 73
JECFT . IT.0.AND.FO.GTY.O0)Y GO TO 73

A



CRETURN »
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Fozy
A=W

¢n 10 29
RG=Lf
AG=0_0000NN1

CAlL CNSACFCAS,RS,EPS,ETA,FS, X, 1FAIL)
WA T=X

CY TO 74

W=\

WX 3=UXP?+WUNT

TF(WX3~WMAX)36,37,37

WX T=WX%

T==7+«UN3+A1

69 10 20

CAlL FRAME

CALL GREND
sTop
FHN
RFAL FIINCTION F3(W)
PEAL U '
COMMON Z,D,8,Y3,A1,B1.,W1,P »UXT +A/BsUWX2,UM,GHM, 81, U7, UX

Yiz=Dx72%Ux«2, /2. +B%D
Y2EDATIN*COS((N+UX) /WUMES+STY/EXP ((W+UX) ¥GMI+D¥COSC (L+1iX) + 5= STy

F3z¥1=-Y2+P

END
PFAL FHHCTION F4(N)
RFAL WV
COMMON Z,D, S, Y3, A1,81,U1,P ,WXT +ASB UY2, UM, GM, ST, 7, WX

Yi=sv3=p*x2+uyex2 /2,
V2= O*Uy*cng((u+vx?)/um+s+31)/EXP((U+UX?)*GM)+D*COS((N+wv?)+< «51)

F4=Y1=Y2+P

RFTURN

END

REAL FUNCTION F5(4)

PEAL W .

COMMON Z,D.S, Y3, A4,R1,u1,P UX1 ,A/B WUX2,WM,GM,S51,U7,UX

¥YizDs(~7%WUxr2 /2, +A1TxW+81)
YOzDrwM*C0S((WEHWX2)Y /WH+S+ST) JEXP((WHUX2) ¢GM) +D*COS((UW+UX2) +S~§1)

FSzv1=v2+p

RFTURN
END

REAL FUNCTION F&CV)

RFAL W

MO 72,08 Y35,/ ,81,01,P +UX1 P ASBAUX2 UM, GM ST W7 X
Y1zDe(=2xtx+2 . /2, +A%U+PR)

YO2=DaxWM* 006 ((U+VXTY/Ur+S+S1)/FXP (WY 1) *GMY+DACOS((W+WXT1)+5~51)

Fhzy¥1eve
RETURN

o

REAL FUNCTION F701D)
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RFAL W _

coMMaN 2,n,S8, Y3, A 81, U1 P UXT AR UX2, UM GM, 81, W7

=hw (72 *lka, /2. ¥AKWER) .
VYo=NxliMxCORC(NHRXT) /HE+SHST)Y/EXP C(WHWY ) *GMI+D+ NS (2 11¥]1)4G~G1)

F7=v1=-Y2-1.

RFTURN

FND

REAL FUNCTION F8()

RFAL U '

COMMOKN Z2,D,S, Y3, A1,B1, 41, P, WUXT,A,B,WX2,UM,GM,S1,W7
Yi=Dr(=7%li%%x2 . /2, +A1%1i+R1) ;

Y2=D#UM*COS ((UHWX2) /WM+S+S1) JEXPC(W+WX2) *GM) +D*COS ((W+WX2) +5~51)

FRzyq{-Y2=1

RETURN

FND

RFAL FUMCTION FO(W)

REAI W
rOMunN 7,n,q,VK,A1'q1,U1,p,uy1,A,Q,HY?,UM.GM,Q1,“7

FO=GMA*?  «UiMxCOS(L/NM+S+S1)/EXP(W*GM)
+D , *GMESIN(IWN/UMFS+SII/EXP(UXGM)
~COS(U/UMESHST) / CUMYEXP(WxGM))
“COS(L+S~51)

+7

RETHRN ,

FND -

RFAL FUNCTION F10(W)

REAI W

rCMMNN 71":S;V3,A1 'R" PR ler)‘t" :A:Rr‘»l)‘.?'1~l”!aﬁ’-1:31 W7
FI0=AM**? _ «WN*COQ(W/UM+S+ST) /FXP(UXGHM)
42 *OMEGIA(W/WMHS+ST1)/FEXP(LV*GM)
“CNG(W/ UMM+ S+ST) / (WM*EXP(UXGM))

~COS(W+5=81) =2 ‘

RETURN
EMD
REAL FUNCTION F11(W)

REAL W
COMMON 7,D,S8:1Y3 (A1 81 WA, P UXT AR, UX2,UM,GM,81,U7
F11;GM**2,*UH*COS(U/HM+S+S1)/EYD(N*GM)
42 %xGMESTAN(W/WM+S+STY/EXP(UAGM)

Qe (U /UMeq+e1) / (UMxEXP(H*GM))
-S4+ S=51)+2
RETURN
FD
REAL FUNCTION F12(W)
REAI U
COMMON 7,n,S,Y3.-\1,R1,U‘lnP,'JY"I.AoR.u\(?.‘JMoGM.Q‘l:‘J'?
F12=0Mex? _ ' IM¥COQ (W /UM+S+ST) /FXP(W*GM)
2 GMHS TN (LU/WMHS+S 1) JEXPCURGH)®
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1 =COS /WML CaSTIY/ (Mi*ENP(UWAGHM))
1 ~CNg(l+5-§1)~2

RETHRN
FND

FINTISH



AFPENDIX

LTRRARY (SHRGRCUPNAGE)
LTRRARY (QURGROUPNAGG)
L 1IRARY(SHRGRCUPHAGH)
FIBRARY(SURGROULFGHRS)
LTRRARY(CSUJRGRULPGHOS)

PrAGRAM(KISS)

OUTPUT 3=LPO

TwACF 2

Frn

MASTFR MAIN

DIMENSTIAN WORK1(3,9),LUCRK2(2,9),A(€9,9),8(9),%X(10).,vY(10)

yUE10), A1 (10)

=9
Kpt1)s1=9
NROWS=9
NPLUST=9

po 1 T=39,M

Uer)=1,
X(1)=0,0
¥{2)1=0.797?
Xt3)=2.83
V{Ah)=L. 416
X(H5)=5.47
X(h)=A.53
V(7)=7.58
X(RY=R,64 s
X(9)=N.47%20.637
Y(11=0.09%4
V(2Y=0.147
Y(3)=0,114
v(L)=0.07¢
V(S):ﬂ.()&
V((\):ﬂ.())(»
V(7)=0.0274
Y(8)=1,.0395
Y(9)=0,051
XMAX=X(9)/20.637
XMIN=X(1)/20,637

no 9 1=1,M

Y (1)Y= (1)/20.637

JFALL =0
(‘/\LL FO?A[‘F(M:KP[US" :I-ROWS:X.YI‘!!UORK“ IL'np‘t?lA:S{lFAll.)

Do 2 1PLNST=1,KPLUSRT
I1=1pLUST-1

WPITF(3,48)1,
MPITE(3,5)(JPLUST,ACTPLUSY,JPLUSY) »JPLUSTI=1,1PLUST)

VPITE(R,6)SCIPLUSY)

CONTTNUF

FORMAT(/7+ DEGPEF, TL4L//8H T COFFF/)
FORMAT(AY,.13,E20.5) :
FOPMAY (/16K R.M.S  RESIDUAL =,EZ20.5)

=159~
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ne 7 TPLUSYI=1,KPLUST

Do 10 JpLLST=1,1PLUSY

A1 CHrLUSTY=ACIFLUSYT . dFPLUST)
MPLUISTI=JPLUST

PO 8 1=1,M™

YCADP=(2 %X (I)=XMAX=XNIKN)/ (XMAX=XMIN)
CALL EN2AFF(NPLUST, AT, XCAP,P,TFATIL)
v(1y=p

WRITE(3,11)(Y(I),1=1,M)

FORMAT(/1X, 'Y=, E15.7/)

CALL PAPFR(1)
CALL MAD(N_ N,0,47,=<0.015,0.146)
CALI GPINEO('INK PEN 7L=3 IN HOLDER 1,BLACK PEN,PLEASE',42)
CALL DPSPACF(0.,1,0.6,0.1,0.5)
CALL CSPACF(0.,0.65,0.,.0.55)
CALL AXFES

CALI CURVFO(X,Y,1,M) .

CALI FRAMF
CONTINUE

CALI GREND .

STOP
END

" EINTSH



. APPENDIX 6

LTBRARY (SURGRNUPGHNS)

LTARARY(SU2GROYPGHNS)
LIRRAPYLSI'RGRAUDNAGF)

I TRRARY(SURAROUJPNAGG)

LIRRARY (SURGROUPNAGH)

PROGRAM(HUSS)

ATPUT 3=t PO

T2ACF O

FuD

MASTFR MAIN

DIMENSION WORK1(3,9),U0RK2(2.9),A¢9:9)Y,¥¢10).,Y(10)
YY1 (5),G6¢5),¥0(5),E(5),AT(5),BI(5),C1(5),D1(5),55(¢10%,

VE10Y L AY(RAN0) «BY(BOOO0) TY(8000Q) s WXY(B000)rAYY(ROQD)

+GG(8) GGG LS)

-

COMMON NyTMlywlRM.A,XMAX}XMTN'DI“MIFRF_OIS'S1IGMDXXQG1IBF!
EXTERNAL F9,F10,DERIVE :

CALL PAPER(1)

CALL MAP(O..,0.006,0.,40.) .

CALL GPINENC('IMNK PEM 7L=3 IN HOLDER 1,BLACK PEN,PLFASE',A2)

CALL PSPACE(0.1,0.625,0.1:.0.5)

CALL CSPACF(0.,0.625,04+,0.5)

“CALI BORDFR

CAaLL MAPC(D.,0.006,=20.,20.)

- CALI POIMNT(0.,0.)

M=0O ’

KPLUST =9

NRNWS =9

NPLUS1=9

WMAX=2262.
nn 1 1=4,M

wery=1.
X(1)=0,0
¥(2)=0,792
X(3)=2.83
X(4)=b4.b1h
Y(S):‘.r).k? )
X(6)=6b.53 et . R _ L
X(7)=7.58
X(8)=R,64
Y(Y=0_47%20.637
V(1)=0.0004 - : .
Y(2)=n 947
Y(3)=0_,114
Y{L)Y=0, 074
VeS)=0_04 ' ‘ .
Y(6)Y=N,0264 '
V(7)=n, 027274
-161-
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Y(8)=0.0395
Y{(9)=0,052
XUAX=N,47
XMINzY (1)/20 637

no 9 1=4.,M

X(1Y=yx(1)/20,637
TFATL=0

CALI EﬁZADF(N:KPLUS1.NROwS.X,Y:w.UORK1.NORKZ.A.SS.IFAIL)
N=5S

TM=0_.00003265

puw=0_91

Yu=0_47

FREN=276991 .11

S3=4_0%ATANC1.0)

<=0,

TFATL=0

Du=0.4

pP=0.00423/VU

61=0.0219708

wm=1q |

€1=83/2,

Gu=0_0022

TA=STIM(S)
RF1=0.0060029504

Ww7=nuw

ThA= n*wV*rOQ(u?le+s+c1)/EXP(U?*GM)+D*C09(N7+Q ~51)

WRITF(3,103TG,TGA

FARMAT(/1X,"TG=",E15.7,4X+"'TGA="',E15.7/)

W7=0.0

w7=w72+0.017
Yh=n*uM*C09<w7/WM+S+S1)/EXP(N?*GM)+D*CCS(W?+S-S1)
YASGM** 2 *1 P« COS(U7/NUM+S+S1) /EXP (L7 *GM)

P KGMHASIN(LT7/WMES+S1)/EXP (M7 *GM)

“LOS( M7/ WN+S+S51)/ (UNKEXP (W7*GM) ) ~COS(U7+5=51)
TECYA.LT.C_AND.YD.GT.0.)GO TO 12
TFC(YA.GT.C.AND.YD.LY.0.)GO TO 28

6o TO 11

TE(YA.LT.~G1)6C TO 13
GO T 11

RO =W7?7
AG=u?7~0.017
Fps=0_0
FTA=0.0

TFATL=0

CALYE COSACF(A9,RQ ,FDPS,ETA,FO XA ,1FAIL)
URITF(3,14)Y1G, PQ X &

FORMAT(/1)x,'A0=",E15.7, 3x,'n9-“.F15 7. 3x.'x6-', 15.7/)

ux0=xA
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S11=%4
W7=XA

XX=XA/FREDQ
ux1=x4
vyve=0.

A2z GMr LN+ COS (W7 /UMESEST) /EXP(UWZ#GM) ~SIN(WP/WH+S+ST) /EXP(W7*GM)
~SIN(L7+C=81)
TF(A2.LT.0.)G0 TO 27

VFEz=A?
GO TO 15

TF(YA.GT.GC1YGO TO ?
6n To 11 :

B10=u?

A10=u7=0_017

FpS=0.0

FTA=0.0

1FATI =0

CALL (?OSAN’(A1(‘;B10,E_L‘S;ETA,F10-X7:IFAIL)
WolTF(3,3CYA10,B10,%7 ‘
FORMAT(/1%,"A10="',E45,7,3%X,'B10=",E15.7,3X,'X?=1,E15.7/)
Wy 0=x7? :
Sif=x?

W7=X7

wyi=x7 .

XX=X7/FREQ

Yv=0.0 ’

AD==GUALIMACOS (W7 /WM+S+ST) /EXP (W7 *GM) «SIN(UZ7/WM+S+ST) /EXP (U7 *GM)
«QIN(LT+8~S1)

VF=A?

1FCA2.GT.0.)G0 TO 27

Gn TO 15

FO0=0.

Y1(1)=YnD*YUW
Yi(2)Y=VFExn*xYWU*XFRFQ
vii=vi (1) :

vi2=vy1(2)

G(1Y=0_000001
G(2)Y=0_000001
H=0_.000006GS
PT=0.000001
K=1
1=0
NN=2

WX4=liX1/ FPEQ
VIi=Y4(2)/71000.
CALL J0yn(euXxt,vL)
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T=T+DT -
CALI DO?EH;(X1.Y1.G.K}NN:IFAII,DT,H,DFRIVE,VO.F.A1,81,C1.D1)

YR=Y1(1)/Yu

WYA=UX0+T+FREQ
TECUXYT-~UMAYX)26,27,27

7=y .
YP=DxUL*COS (U7 /WM+S+ST1) /EXP(WZ*GM) +D*CS(N7+S5~51)

Yv=YR~YD
T=7+1
AY(1Y=Y1(1)

BY(IY=Y1(2)

TV(TY=T

WYY (r)=wx1

AVY (1)=YY
1F(DT.EQ.CG.GO0000001)YK=0.0000000005

TF(YY=-0.)18,45,19

TE(YVY=-1.)16,4L6,21

TF(I.FO.1)G0 T0O 35
G0 YO 36

Y41(1)=yY11 L

vi(2y=v12
nT=p.00c000001
H=0.000006G0005

T=0

X1=T
GG(1Y=0.N00001

66(2)Y=0.006001
T=T+DT

Call DO?A':U(){'],M.GG,K.NN,IFAIL,DT.H.DERIVE,VO.F.M.817C1.D1)
Yr=Y1(1)/vu

WX1=ux0+T»FREQ

TF(UX1=WMAX)37,27,27

W7=ux1

YDEZN* UM RCNS (U7 /UM4S+S1) JEXP (U7 *GH)+D*COS(HW7+S=~51)
YY=YR~YD
TF(YVY=0_.)38,38,40
BY(T)=v1(2)
TVIT)=T ~
WYY (T)=ux1
AVY(T)=YY
H=0_.00000C0005
6N TN 16
WymM=LxX1
RVYNM=V1(2)
Gn 1O 29
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39

i1

21
60

8¢,
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MYM=1L1Y1
PYMEYL(2)
rO TH 39
WYMZUXY (1) = (CCAYY (I) =0, ) * (XY (I)~WXY (T=1))/(AYY (I)=AYY (I=1)))

TVH=(UYR=1yD) /FPED _
RVMERY (I) = ((RY(I)mRY(T=1) ) ¥ (TY (1) =TYM)/(TY(I)=TY(1-1)))
W7 =Wy M r

YR=D#UM*COS U7/ WMeS+S1) /EXP(UZ*GM) +D*COS(W7+85=51)
Ap:-@p*uuwfngcw?/um+5+$1)/EXp(U?*GM)-SIN(U?IUM+S+31)/EXP(H?*GH)
~STM(U7+8=-8%4)

VO=pYM/ CFRENDYD*YLUL)
VF=2 . xA2=Y()
WY 1=UXM
Yy=0.

Uy QD=WxM
YY=UXM/FREN
6n 10 15

LY M=y

ByM=v1(2)

6O TO 47
TFCI.F0_13YG0 T0 40

GO TN 61

v1(1Y=Y11

vi(2y=v1i?2

DI=0O_ 000000001

H=0_.0000000005

T=0, -

¥1=T

6GG(1Y=0_6G000G1

CGG6(¢2)=0.0060001

T=T+DT

2L h()?}\(’.[?(}(1,‘{1,GGG,K,NN:IF.\IL'DTIH:DERIVEJYO!EIA‘]1"31IC1ID1)
VE=Y4 1) /YW .

Wy =0+ TAFREN

TR (MY A=-UNAYYO62,27.27

117 =X N

VAED WP CNG U7 UHeS+STY/EXP (U7 £GH)+ D CNS(U7+S5~51)
vYveEYp~YD

1FCYY=-1.Y64,6%,63

EVCIY=VY1(2)

TY(TYy=T

WyyYeryswxt

ANYCTY=YY : .

H=0.0000000005

6O TO 16
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61

b
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WyxM=uy1
pEyM=vi(2)
GNT0 47

XY MZUYY ()= (CAYY (DY =1 )+ (UXY (D) =WXY (T=1)) /(AYY (D) = pYY (1~1)))

TVR= (UXKN=UYA)JFREOD

PAYMERY () e C(BYCT)-RY (T 1)) a(TY (D) =TYM)/(TY(I)=TY(1=1)))
Pzt M

VAEN« UM COR(UT/VMeS+ST) /EXP(W2*GM)+D*CNS(U7+5~81)

ADemGU* Ly POS (W7 /M4 S 2SI/ EXP(UT M) =S TR (W7 /UM+C+21) /FXP (U7 *GM)
1 =SIN(WU7+S~-81)

Yhzyn+1,

VO=RYM/ (FREFQ*DAYW)

VE=2_ %A2-V0

UY1T=uXM

yve1l.

WY O=WwxM

YX=WXM/FRED

GO TO 415

CAl'lL GREND ¢ o .

cTOP

FMD

PEAL FIHNCTYION FOC(W)
CEAL W
NIMENSIQN A(O,9)

COMMON N,TM.YU.WM.A.XMAK,XMIH,D'WM.FREQ-S-S1:GM.XX.Gﬁ,BFI

EG=GM¥ 2, »UMafO§ 1/ 1S +51) /EXP (U*GM)
1 B2 R GHMRRTH R /IME5+81) FEXD (U*GM)

1 =CNR L/ S +S1) 2 (UM EXP (U*GM))
1 =COS(U+S~51)+G1
PETURM
EMND
FEAL EUYCTION F10(W)
PEAL W

NIMENSTOXN ACO,9)
COMMON M, TH. VU, RM, A, XMAX, XMIN, D, MM, FREN,S,S1,GM, XX, G61,BFI

FAO=GM*w) . +UM=C0S (/W i+S+ST1)/EXP (IxGM)
1 4D AGMFGTH L/ UNERLQq) /EXP (WGM)
1 S/ UM =51) / CUNKELP (N*FGMY)
~COS(U+E~S1) =061

RFTURM
FMD

SURRPOUTIHE NERIVEC(CFT,Y1,X1)
REAL FE1,Y1.)1
NYMENSTNY F102),V1 (2).A(9:9)
(SN AFCRETOR Y] "',T!“y‘!’\}uRM.A,X"‘AX:XHIH!D:\JM!FRF')rng1 G XL, G61,BFT
FA1C1Yz=Y1¢2) ’ \
FA(2Ymm=b ALR222%1000 .+ (0. 5+ACH 1) /TH
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AN, DY P (LD F (VA (A m (YD UM S COSEFOFOX (XA H (Y)Y / IrS+S1)
JEXPOFREOQ (A =AX)»GMY VYV UAD+COSCFREQ*Y (X T+XXI+5~31)) )~ (HAX~XMIN)
PLYMAY =Y (1)) /M
SACN, Y4 (D (2, (YT (1) =(YUrRNPUMLCOSCFREQ ({1 +¥ X)) /WUM+S+S1)
FEYPCEREN+ (Y Xy M)~V UAD*CNS(FREQ* (X1 +XX)+S=Q1) ) ) =YIMAX=(4IN)
FUOYMAY =XMiY)Yxe2)=1 )/ TH
SLON LY i s (02 . wlYT1 ()= (YUAD*UMECOS(FRFAX (I +¥Y ) /HA+S+S1)
JEXDCEERFNA N+ Y)Y GM) + YWD COSCFREQ* (LT AXX)+5«31) ) ) =XMAX=XMIN)
PUYMAY =Y 1)) »=3)
, (3, (2. % (VA(I) =Y UkD*WMECOSCFREQ* (X1 +XX) /WUM+S+S1)

JFYPCEREN®* (Y I+NXY*GM)+Y WA D*COSCFREQY (X1 +XX)+8=S1)) ) ~X*AX~XMIN)
FOYMA =X Y )Y 32/
+A(u.5)*(8_w(((2.w(Y1(1)-(YU*D*UMkCOS(FREQ*(¥1+XY3fuM+S+S1)7
JEYPCERFO* (Y 1+XA) #GM) YU D*COSCFREQ* (Y 14XX)+8=81)) ) =XMAX~XMIN)
JOYMAX=XHIN) ) *th)
(B, x(((?. (VI (1)m(YW*xDXUM*COSCFREQ*(X1+XX) /WIM+S+51)
JEXPCEREN« (Y4 +4X) *GM) 2oV U* DX COS(FRFA* (X1+#XX)+S=S1)))=XMAX=XMIN)
JECYMAX=XMIN) ) %«42))+1 )/ TH)=RM*xG8aN.+BFI*100)0./TM

PEFTURN

FND 3 . 1

FINTISH
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APPEIDIX 7

LTEPARY (SUPRGROUPMAGFE)

LYEPARY (QURAGPOUPNAGRY
] TRRADV(SURGRMNIPNAGH)

LIERARY(SURGROUPGHOS)

LYRPRARY(SURGROVPRGHOS)

PEPOGRAM(IHUSS)

NUTPYT A=1p0

TRPUT 1=0R0

TPy 2=001

THMPUT 10=LR2

THPUT 4=CR34

THPYT S=0n4

TMPUT 6=CRS

TMPUT 7=0RA

THRPUT 8=(CR7Y

INPUT 9=CR8

TRACE O

FND

MASTFR MATNM

DIMENSTON UORKT(3,10) ,/UORK2(2,10),ACT0,90),X¢10)Y,Y(¢10)
L Y1(58),6¢8)Y,Y0(8),F(S) ,A1(5),B1(5),C1(5),D1(5)Y,.S5¢1D),

WET1NY ,AY (20002 BYL2000) hTY(2000) ,WXY(2000), AYY(2000)
IGG(‘;)lGGC(S)IpE(?n)IF?(ZO)ILIORKK1(SIG)IL‘JOQKK?(?Ié)IAA1(6,6) ’
LPAATCA0) L UORYKSCR,9) ,WORKYAL(2,9),AA2(9,9),AAAD(10) '
LUOPKYS€3,40). N0 vA(?,10),3A3(10,10),AAA3C1 )

JUGREYTZ(3,10) ,WORIKER(2,10),AR4(10.,10),AAAL(CTQ)

LUGRKKG (3,0, UNRKKANC2,9) 4 AAS(9,9) , ARAS (1)
LUORKYT1T€C5,0),H0RXKA2(2,9) ,AA6(9,9) ,AAAL6(C10) ,WORKK13(3,10)
CJHOGRKY 1AL (2 ,10),AA7(10,10) A AAAZ (1)

LUORKEASE3.40) NORYKA56(2,10),AA8010,10),AAAB(10)

LUORKVIT7(S,6),WNRKK1B(2,6),4A0(45,6),AAA9(10)

AACAN) L PTICTHY , XACT0)  udW(15),PDDCT5) _
COMMOM M, TH, YU ,RM.FET, XMAXsXMIN,D, UM, FREQ,S,S1,6M,XX,G1,RF]I
EXTERNAL FO,F1D

YRY =0,
KNh=()

N=§
CAlL PAPEPC(1)
CALL MAPC(CO..0.008,0..1,)

CALL PSPACK(0.1,0.425,0.1,0.5)

n"‘l (‘SPAF?{(O.;().67‘3'”-;0.55)

FALL GPIN=Q(YINK PFM 7L=3 IM HOLDER 1,BLACK PEN,PLFASY!,42)
CALL CTRMAGCTO) o
CALL AYFSIT(0.001,0.0005)

CALL ROPNDER

M=10

ropug =990

NROWE =10

NpLHet1=10

MMAY=2016. . .
nn o1 1=1.4

-168-
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169~

uer) =1,
Ni1y=n.n
v(p)=n.707?
X(3)=1.77
¥(4)=?.33
Y(S)=/o./o1/)
Y(A)Y=5.47
Yt7)=A.57%
Y(R)Y=7.54
X(2)=8.64
Y(10Y=0.47%x20.637
Y(i1)=n.0
Y(2)=0,147
Y(3)=0_,264
V6L)Y=0,355
vY(S)=0.3%7
v6)=n,h 611
V(7)=0,40%
Y(RY=N.32NH
Y(oy=0.223

Y(10y=0.0
yq(1yYy=0,0

vi(2y=1.77
vA(3)=2 .83
74(’0\"—'10_/.1"’
YN(S):S./.'.’

Y1 (hY=6.53
XRE7)Y=7 .53
CHIRY=8 AL
XH(9Y=0,47+20.637
VAAX=0,47
XMIN=X(1)/20_637

PN 9 1=4,M

X(rY=sxX(1Y/20.637
TFATLL =)

. )

' P KZ:*‘\'QS‘IFAIL

CALI EnzanF(M.KpLUS1,NROUS.X.YrW'JOR‘1’UOR
nn 10A 1=21.8

AACIY=A(8., 1)
ST S

Yol USTEA

NROWS =6

noy 70 I1=1,n
READ(],713RFCD FFRCD)
FORMAT(E?).70.520.10) L
rA Fn?\uc(n,19LUﬁ1rV?“US'RF'FR'”
N0 7?2 I=1.N4

AAATCTY=AAT(2, 1)

0QKY1.WORKV71AA1.SS,IFAIL)

v=0
vplLllgq] =9
naNwWes=9
nno7e 1=1.M1



74

76

79

80

87

83

AL

.

READC2,78)9FCIYFRCT)

FORMAT(E?201.10.720.10)

CALL FQO2ADF(M,KPILLUSY SNPOWNS , REAFRAMPWOPKKZ, WORKKL,AA2 S8, TFALIL)
N €6 Is1.u

A2(1Y=AA2(M, 1)

M2 0
«pLYsS1=10
NRQNS=1TN
hn 78 1=1.M
READ(CAN,70YPECL) ,FR(D)
FARMATIE2N 10,F20_10)
CALL EO2ADF (M, XPLUST  NROWS,RE,FR, N/ NORKKS5/,WORKKE+AAZ,SS,ITFAIL)
nn R YT=1.M
AAASCTII=AAS(N, 1)
M=10
ol US1=10
neovs=190
no R?2 I=1.M
"‘E:‘:.D(ICSR.g‘l’)’—‘(‘)IFQ(I)
FARMATC(E2) . 10.%20.10) ‘ :
CAILL EN2AN5(M,KPLUST ,MROMS ,RF,FR, W/ WORKK7 ,WORKKR,AAL,SS,TFATL)
DN 84 1=1.H '
AARNLCT)=a 6N, 1)

MG
KpLugq1 =9
NROVR=Q

N0 8A I=1.M
READCS,R7,0E5 (1Y FRIT)
FORMATCE2) 10.F2).10)
AALL FU?A)C(H,K”LUG1,NRﬂNS,RE,FR,U-WORKKQIUORKK1O-AASvSSrIFA]L)
Dn KK T=1,1)
ARRS(T)=1a5(N, 1)
M=0
¥plugi=9
MROWS =9

NEADCA,O1IIRFE(L)Y,FR(I)

FORMAT(F2A_1,E2n_110)

CALL EQZA??(H,KPLHS1,NRDUS.RE:FR,H,UORKK11oNORKK12.AA6;SS.IFAIL)
nn 92 I=1,N

AAAGCET)=AAG(N,T)

M=10

Kol llg1=219

NROUWS=10

no 94 T=1.,4

DEAN(7,05830F (1), FR(T)

FARHMATC(E?29 _10,F20.10)

CALL FOPADECIA,XPLIUSY (NROWS,RF,FP, W, W02KK13,VORKKTI A, AA7,SS,TFATL)
DO QA T=1, ’

AAAZ CT)=AAT(N,T)



99

100
102
103

104

] e

=10
¥nitg1=10
HROWS=10
Do 98 I=1,4
DEADCR,OPINPECTIYFR(I)
FARMATCE?2).10,F20.10) _
CALL FO2ANF(H,KPLUST,iROWS,RE,FR, W, WORKK15,WORKKTE,AA8,8S,TFALL)
nny 10 t=1,N
A‘-AR([)=AAR(N- T)
M=6
¥oLUusSi=éh
NPOLe =6
no o102 1=1.M
RFADCO,103YRECD) ,FR(T)
FOAPHMAT(F2).10.520.10)
CAlL EU?AﬁF(M.KPLUs1,URONS.RE.FR.N.MORKK17,UORKK18.AA9aSS.IFAIL)
DY 104 I=1.U
AAAG (1) =AA (N, 1)
TH=0.0001465
pu=0 Q1
FIF=N_4421532+1000.
Ar=0_5281
N=P

S yu=(_ 5759988

RUAX=70000,
piyYN=N |
H4=0_0003N0718
Yus0_ 4?7

FRFEO= 3?6001 11
LOxATANCYI.O)

R T R ]

'!BQW

T - N
=D

<

nND.OOAZKIVm
61=0_0219798
T
i=$3/2,
G1z=0_0021
TG=STHMIS)

BF1=0.000029504
W7 =N
TOAZD*UMALAG (U7 /11 +§+31) JEXP (UZ4GM)+D*xCOS (U7 +5<81)
W7=0_0"
W7z=u7+0,.1017
YNEbaUMACOS (U7 /WMeS+31) JEXP(WZ*GM) + DX COS(W7+S~51)
VAZGMw*D e Ak COS( 7/ J4+S+ST)/EXP (N7 #GM)
S RGUAS LI/ UMESES1Y/EXP(UZAG™)
~C09fw?/uV*S+§1)/(uH*FYP(J?*GM))-COS(M?+§—S1)
TECYA.LT.O AND.YD.GT.D.)GO TO 12
TF(YA.GT.D.AND.YD.LT.N.)GO TO 28

GO TO 11

TE(YA_LT.~61)60 TN 173
50 710 119
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14

28

29

15
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R=\}7
Az 7-0.017
Fora=0.0
Fra=0.0
TFATL=0
CALL COSACF(A?,RD,EXS,ETA,F9, Xé TIFAIL)
NaYTECS,14)A9,89,44
EAPMATC/ 44, "A9=",215.7.3X+'BO=",E15.7,3%,'X6=",F15.7/)
Ur0=x6h
W7=XAh

UX1=%6

yv=0.

A2=-GMxIM*COS(NZ/WM+S+ST)/EXP(WZ*GM) =SIN(W7/WUM+S+ST)/EXP(W7 *GM)
«QIM(LI7+8=S1)
IFCA?.LT.0.)YGO To 27

V=D UMk CAS(W7/WMS+S1) /EXP(W7*GHM)+D*COS(W7+S=S1)
VE=A? .
GO TO 15

TF(VA.GT.G1)60 TO 29°
6N T0 11 £

R10=w?
A10=w?7=-0_017
Fpe=0_0
FTA=0.0
TeaT =0
CALL COSACF(ATID,RB1N,EPS, ETA,F10 X7.1FAIL)

URTITFC3,30)A10,B10,%7

FOPMAT(/1X.YA10=1", E1S.7,5x,'B10='.E15.7,3x.‘v?='.E15.7/)
Ly=x7

U7=X7

UX1=X7

Yyv=0_0

AP =G AU+ OS(IT/UM+S+ST)/EXP(WZ4AGH) =S IN(WZ/UM+S+S1)/FEXP(WZ*xGM)
~STH(Y7+5-51)

A E LR Xol) I (u?/ww~<+a1)/F(p(u?*f%)+okcn<<w7+e -S1)

VE=A?

TFCA2.GT.0.)GY Ta 27

Gn TN 15

FO=0,
¥Y1(1)Y=vaxVYL
VI(2)=yexn*YWUxEFREQ

Yit=v1(1
viz=y1(2)

FI=FIF
DT=N.0)1101
1=0
TFATL=)
T=0.
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26

154

153

15¢

~§73~

UX1=(UXT+X 88X/ FRFQ
CALL JOT (417D

T=T+0DT

VA1) =0 SaTH%x2 , % (~F1TM=0800 *RMEINOD _ *BFI/TM)

Y1 (2)*T+v1 (1)
VAR2)Y ST (=~F1/79=0300. #*RM+1000. ¢ BFI/TM)+v1(2)

v3=Y1 (1) /vy

Y1 =WUXi)+T+EREQ
TE(WUXT=WHAX) 26:27 .27

U=y d
YR=pxUM*x NS (W7 /WA+S+ST)/EXP(W7*GH)+D*COS(W7+S~S1)

{F(KNN_.FQ2.1)GD TO 153

YDpD=VvD/D

[F(YPD.GE.0.99,0R.YDD.LLE.=0.99)G0 TO 151
G TN 154 '
Vit =g NN+
yAX=ux0_
Ux0=0
T=NT
UXx1e=uy 0+ r«FREQ

u7=suxd ;
YD=D*CO§(W7/NH)/EXP(N?*GGN)

VY=zYR=YD
]=l+1
AVOYY=Y1(1)

BY(I)Y=Y1(2)
TVIY=T
UXY(T) =W
AYY(1)Y=YY

1ECYV=-0,113,45,19

IFCYY=1.1116,46,21

Te(Y _ FO_1YGO TN 35
GO YO 34 :
vie1y=vy11
vY1(¢2)=v12
hr=0.0001000001

T=0

T=7+DT

V(1Y =0 _ 5aTxx2 , *#(~F1/TH=-9300 _ *«R"+1000 «RFI/TM)
4V1(D) TRV (1)

VA(2)Y=Tw(=F1/TH=0800.%«RM+100N0. *B3FT/TM)+Y1(2)
v=y1¢1) /70 N

WY =YD+ TR EPFQ
TF(WYT~u4ANv)37,27,27



37

156

157

158

38

4s

39

=1 Tl
W7=WX1

TECKNMN.FO.3)G0 TQ 457
VR D*UN* GO (NZ /U5 +51) JEXP(U7 #5i) +D*COSIW7+S~51)
ybhh=yND/D
TE(YDD.GE.N.99.0R.YDD.ILE.=0,99)G60 TO 156
GO TO 153

KNEzkHMNS

YEX=X0

wux0=0n

TEDY

X1 =WX0+T«FREQ

W7Z=ux1

VRN CNS (U7 /) /e p (74 G6M)

V"=VR—YD
!F(YY"O."R/ 38; 100
RY(T)=V1(2)
TY(I)=T
WXY (1) =UX1
AYV(1)Y=YY
GO TN 1146
UYM=UX1
RYM=v1(2)
Gn T0 39

WXM=iIX .
RYM=v1(2)
G0 170 39
WYMZWXY ()= ¢ (AYY (DD =0, )X XY (D) =WXY (I=1))/ (AYY (IV~AYY(I=1)))

TYM=(WXM=UYO)/FREND
RYM=AY ()= (BYCI)=RY (T=1))« (TY (D) «TYM) /(TY (1) =TV (]=1)))
U72=UXM

YR=D#WMs 0 (U7 /HH+5+ST1) /EXP (U7 *GM) +D*COS(W7+S5=51)
PRCKHN_FEN 1IVD=0«COS (W7 /UMY /EXP (U7 %xGAM)

A2=mGMeUg O (HU7/UM+S+S1Y/EXP (U7 *GM) =SIN(UZ/WM+S+S1) /EXPLUT7%GH)
~QITN(W74+5+91)
JECKNN.EN A)A2==G6H+COS (N7 /UMY JEXP (U7 xGGY) =1 [ JUMKSIN
(770N JEEn(N7+6GGH)
VO=nYR/IEREQ=D*Y)
VE=2 . +«A2=Y(
Ut =yvM
vy=0

UNO=yXM

G0 T0 18



¥ M=yl
pPY=v1(2)
G Tn 47

21 IF(T.EN.1)G60 TO 60
G0 TO 64

60 v1(1)=v11

vi(2)=Y12
NT=0.0009010001
T=0,

TeT4+NDT
V1A Y=0 . 5+T%42 , % (=~f1/TM=9800.«RM+1000.*8FI/TM)
1 4V (2)Y*T+Y1 (1)
VA (2)Y=Tx 2=k (/T N=9RNO . +RM+T1000 . «RFI/TMI+Y1(2)
YR=Y1(1)/YY
U1 =uN0+T*5REN
TECWXT=WHAX)62,27.,27
62 U7:=ux1
TE(KNY _EN.1)60 T0O 161
YA=D*LM*CNS (U7 /WM+S+STI/EXP(WZ7*GM)+D*COS(W7+S~S1)
YRDh=vVN/D
JTFCYDPN.GE.N. 99, 0R.YDD.LT.=0.99)G0 TO 160
GO TOH 142 ‘
160 KMN=KNN+1 ’ 4
voyz=yy(
uxynN=0
T=0T
164 UX12WNO0+T*FREQ
u7Z=wx1 ,
Yh=D*COS (U7 /WM JEXP(UZ*GGM)

162 YV=YR=YD
TE(YY=1.)64,63,63
8¢ BuCT)=y](2)
THET Y =T
WYY (1)=ux1
Avy(TY=YY

6y 70 116 } _
63 WieM=u¥1
RVM=vy1(2)
6N T0 A7
81 WUXM=UXY T ) CCAYY CTY g )% CUXY (D) =WXY (T =1))/ CAYY (D) =pAYY(1~1)))

TV (UM< )Y [ ERED
; RUM=RY (T) = (BY(I)=BY(I=1))*(TY(I)=TYM)/(TY(1)=TY(1~1)))
be W7 =1IXM
YHsD*UM*CNC (W2 /WMES+ST) /EXP(UZ*GMY+DN*COS(UW7+S=S1)
YR(KUNL,FO _1YYDE0xCOSCU7/WMY JEXP (M7 #GGN)
A== GMali, 0SSV 7 /148« S1) /EXD (U7 & OM)~SIN(W7/WH+S+S1)/EXP (U7 xGM)
1 ~5THN(Y7+8-91)
TECKNNLEN.1YA2==GGM&CASCUT/WA) JEXPIWZXGGM) ~1 . /UM &SIN
A ) S E (N7 RGGM)
Y=Y+,
VSRYI/(FNRFED*D*YY) X
Virm2 A2V
YT =Y



119

-176~

yusq .,
ANEO NS Y|
G0 TO 15

AA=YY*YLH

XCAP= (2. ¥ A Y=XHMAX=XUIN)Y/ (XMAX=XMIN)

JEATL =0
CALL FN2AFR(B,AA,XCAP,PR,TEFALL)

PR=PR«1646A.666
VeEPR/AR
Vple=YR=Y102)
TECVYRT.LT.O.)VRI==YRI
RR=VRI*DD/V'V

[F(RRP . GT.7”0000)G0 Tn 27
PCAP=(2.%*Ri=RMAX=RMIN)Y/ (RMAX=RMIN)
CALL EN2A=(N,ARAT,RCAP,PF,TFATIL)
PFI(4)=PF :

AL FOP2AER(N,AAA2,.RCAP,PF,TEATL)
nerePY=p¢e
CALL FO2AFCE(N,AAAS,RCA2,PF,IFALIL)
PFI(3)=PF
CAILL EQ2ATF(N,AAAL,RCAD,PF,IFAIL)

PRI 2BE _
FAYL FO2A=c(N,AAAS.RCAP,PF,IFATL)
PET(S)=PF '

CALL FO2AST(N,AAAG,RCAD,PF,IFALL)
PEI(AY=PF

S CALL EO2AFF(M.AAAZ,RCAP,PE,TEALIL)

PFI(7)=0F
CALL EO2AFF(N,AAAR,RCAP.,PF,1FAIL)
PDFI(R)=pPF
CALI ENPACF(N,AAAG ,RCAP,PF,TFAIL)
PFL(9)=pPF

N2=90=-1
16=18

YAAZAY 20,637
CaLL FQ1Aﬁr(NZIXAA.XH.PFI-UNU.D“D:IG:VAL)

CY=VAL*(YNT*%2, )% (NDwx2.)*HH
GO TO 14

UPTTF(3,119)RR
FOPMAT(1X, "RR="1E15.7)
CALL GREND

STOP

FND



T

REAL FIHHOTYTION FO W)
REAL W

COIMON M, TH, YU, PM T, XMAX, YMIN/ D, W, FRFQ,S,S1,GM,XX,G61:BF!1

FO=RME R« Mx COS (/UM ESHSTY JEXP (UEGY)
1 w2 kG ESTH U/ UM+ +STY/EXP (U xGH)
1 “~COACW/ULI+S+ST) /(UM EXP(WxGM))
4 =CNS(N+4~51)+G1
RETURYM
EMND
REAL FUMCTION £10(4)

nEAL W
COMMON N, TH, YU, PM, ET, XMAX, XMIN, D, WH, FREQ,S,S$1,GM,XX,61,BFI

FAN=GM**Y <UM* 0§ (/W H+S+ST) JEXP(WEGM)
9 4D RGMASTH Y/ UNFSEITY ZEXP(W*GM)
1 =COS (/U es59)/ (CIMRE(P(W*GM))
1 =005(U+S=51) =61

RFTURN
FHND

FINTSH
LE 2



- AL A A DA

PUE N e g e el

*  APPHIDIX 8

LIBRARY (SHRGROUPHAGF)

LIRRARY(SURGROIPNAGG)
FTRRARY(SUBGRIIUPHAGH)

LYRRARY(SHBRGROUPGHNOS)

LIERARY (SURGROUPGHNS)

PROGRANM(HUSS)

NUTPUT 3aphg

THPUT 1=rR0O

THPUYT 2=fR1

INPUT 10=CR2

TNPUT 4=CR3

1VPUT S5=0R4

TNPUT 6=60RS

INPUT 7=CRA&

ITNPUT 8=CR7

INPUT 9=CR3

TRACE 0

FLD

MASTFR MAIN

DIMENSTON VORKI(3,10)Y, WORK2(2,1N0)Y,A(¢10,10) . X(i10),Y¢10)
JVA165),GES)Y YOLSY L E(S) AT (5),B1(5),C1(5),01(¢(5),85¢10),

VA1) LAY 2060 BY (2000 ,TY(2000) +WXY(2000) ,AYY(2000)

L, GG(SY, GGG(S) ,REC20) +FR(20) ,WORKKT1(3,6),4U0RKK2(2.5),AA1(6,86)
JARAT(T1G) , UORKK3(3,9) , WORKKL(2,9),AA2(9,9),ANA2(10)
LUORKES ¢S, 10),000"va (. 10) AATCI0,10), AAAS(1Q)
LJUORKKPZ(3,10) ,MORKKE(2,10),AA4C10,10),A0A4(10)

LUORKYY (3,0) ,UORKY40(2,9),AA5(9,9) ,AAAS5(10)

JUORKKT1(3.0) , UORYKAI2(2,9) ,AA6(9,9),A80A5(C10) ,WORKKIZ(S5,10)
JUORKKAAL(2,10) ,AAZ(¢10,10),AAA7CT0)

LMORKYAS(3.10) ,4U0R¥K14(2,10),AA3C10,10),AAA8(10)

LUOREVITZCZ,.6) ,VORKKIB(2,8) AR (A,LH) L AAAO(C1D)

JAACAO) L PETCT10) v XH(10) +WWWCT15),DDDC15) ,RRR(15Y,72272(15)

'YF(15)
coMMNy EJ.TP-MYW:RM,FI;T(?'MXIXMlN'D,‘-JM: FRFQ:S:S1!GV!X){:G1IBFI

EXTERHAL F9.F10

- X8X=0.

KNN=0

N=§
CALL PAPER(1)
CALL MAP(O-,“.OOS:0.0‘I)

CALL APIHEO('TIHK PFEM 71~3 IN HOLDER 1,BLACK PEN,PLEASE!,42)
CALL PSPACF(N.1:.0.625.0.,1:0.5)

CALL CSPACECO. 0.675,0.,0.55)

CaLL CTPMAG(T(])

CALL AYESS1(0.001,0,0005)

CALL RORDER

M=10

KPLUS1T=10

NpOV'e=10

NPLUST=10

UHAX=3014.
po 1 1=%4,M

~178-



. =179~

1 uey)=1,
¥Y(1)=n.0
¥(2)=0,792
X(3)=4.77
¥X(6)=p,83
Y(S):fs.(;'i()
Y(6)=5,47

T¥(7)Y=A.53
Y(8)=7.58
Y(9)=8.64

Y(10)=0,47%20.637
vii)y=n_0
vi2)=0_947
vVi3)=0,264
Yiu)=0,355
Y(5)=0.37
Vid)=0.411
vi?)=0.405
YeR)=N_305
v(gY=0_.223
Yei0y=0_0
YE(1)Y=0,
Vi(2Y=0.,3
Yrezy=0.54
VECLY=0.71
VE(SY=0_ 720
YE(O6Y=0.758
YEC?Y=0.776
YE(&EY=0.776
YF(9Y=0.76
YE(10)Y=0.74

YH(1)=0_0

XHe2y=1.77
YH(3)Y=z=? B3
Yr(LY=4 416
yYHeSY=5_47
YH{AY=H_.53
YH(7)Y=7.58
YR(HY=8.64
Yh(0Y=0_.47+20.637
YMAX=0,47
YMIN2X(1)/720.637

DO 9 1=1,M

9 Y(1)Y=X(¢1)/20.637
1FATI =0

CALl EOZAF‘F.(HIKPLUS" SNROWS Xy Y, W/ WORKYT,WORK2,A,SS,TFATL)
po 104 1=1.8
106 AACTYZACR, 1)
M=6 :
Ketlig1=6
NROWS=6
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nn 70 1=1,M

PEADCY,2Z4)FFCTIY,EFRCT)

FCRMATCE?0.10,F20.70)

FrIL FOPADE (M, VPLICT , MRONS,RE,FO, U, HORKK] ,WORK K2, A21,8S, TFATL)
PN 7?2 I=1.,n

AAAYCTY=AAL (N, T)

M=Q

¥PLUSY =9

poniie=9

DO 74 I=1,M

PFAD(?,78)YRF(I),FR(CT)

FOFMAT(E20.10,620.10)

CALL EN2ADE(M,EPLUGT ,NROWS RF,FR, W, WORKK3,WORKKL,AA2,SS,IFATL)
po ?6 !:1.N

FAAR2(IY=AA2 (N, T)

M=10
KPILUS1=10
MDOUS=10
b0 7R 1=1.
RFADCIO, 70)PF(I).FR(I)
FOPMAT(ER20.10,E20.10)
CALL FO2ADE(M,KPLUSY,HRQUS,RE,FR,N,WORKKS,WCRKKEFAADISSS,IFATL)
py &p I=1.,M
FAAZCTIY=AAZ(N,T)

=10
KpL1S1=10
NOOLWS=10

no a2 1=1,M

FEADCL,R3YPE(I),FRCT)

FORMATCE2N.10,E2n.10)

CAalL FO?\D!(H KPLUQ1.HROWS RF,FR, U;UOQKK? WORKK&,AA4L,SS,TEATL)
PN 34 I=1.

AAAL(T)-AAL(N:T)

M=Q

¥plis1=9
MeLS=9

Nt 86 T=1,M
RPEANCS, 87 0F (1Y FR(OT)
FOFMATCF?20.10.E620.10)
CAILL EO2ANF(M, XPLUGY ,MROWS,RF,FR, W, HORKKY ,WORKK1(,aA5,SS,1FATL)
PN BR T=1,N
AAAS(T)=AAS(N,T)
M=9Q .

KDL lIg1=9
LROWS =9

no 90 T=1,M

READCA,Q1)PF (T )Y FR(T)

FARMAT(E?20.10,F20.10) .
cAlL FﬂZA”f(H,FPIU\.,“ROWS.RF:FR,U:WORKV11'UORKV1?.ﬁ46;SS,TFATL)
no 92 I=1.,4 '
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92 AAAGCTIY=AAG(N,T)
=10
KPLUST=10
NoOMe =10

h'-" 0/5 1:1:”

94 RFAD(7.95)0FCIY, FR(I)

95 FARMAT(F?20.10,F20.10)
CALL EO2ADF (M, KPLUSYT,NROWS,RE,FR, W, WORKKI3,U0RKY14,AA7,SS, TFALL)
NN QA T=1,7

%6 AAAZ(T)=AAZ7(N,T)

- M=10
KPIuUsti=10
LROWwe=10
PO 9/ I=1.M
98 READ(R,90IPEC(I),FR(I)
99 FORMAT(E20.10,F20.10)
CAILL FU2ADF(M,KPLUSY,NROWS,RE,FR,W,WORKK1S,UORKK16,AAB,SS,IFAIL)

PO 4900 T1=1.N

100 AAAR(T)=AAR(N,T)

M=6A

KD11)81=6

N2OUS=6

pnn 102 1=1.M
102 RFADCO,1N3IRECI) FR(T)
103 FOPMAT(E20.10,£20.10)

CAIL FO2ADF(M,KPLUST,NROWS,RE,FR,W, WORKX17 :WORKK18,449,85,1FAIL)
PN 104 T=4.MN

104 AAAO (1) =AAG(N, 1)
Tu=0_N000365
pr=0 91
FIF=0_.46422532%x1000.
he=0.5281
nh=2.
V=0, 8750088
Eepx=70000.
EMIN=O0.
HE=0 . 000000718
yus0.47

FREO=376991 11

Q=4 .0*ATAN(T.0)
=0,

TEATL=0

bu=0_4

CCM=N. 007

D=0.00423/VU
G1=2=0_0219708
(RE L I

€41=Q%/2.
(‘,l':ﬂ_' nh21
TG=S5TM(S])Y
RET=n.000029504
V2=Du
TOAEDAVMFCOS U/ UNAS AR ) JEXP(UZHGM) FDRCOS (W7 +5~C1)
Li7=0_0 . ¢ :
11 V7=u740, 097



12

13

14

28

29

30

-182~

Vh=DxUlxCOE(W//UM+S+SE)/EXP(WTZ*GMI+D%XCOS(W7+S~S1) |

VEASGME*D  xt Mk COS(U7/UNES+HS1)Y JEXP (YT *GM)

42w GMFSTH(WZ/UMN+S+STI)Y /FXP (W7 *GM)

OS2/ aQEST) S E YD (W24 MY ) =00 (7 +S=81)
JECYA.LT.O.AND.YD.GT.0.)GO0 TO 12
YE(YA.GT.O_AND, VD .1 T.0.)GO TO 28

6n Tn 11

TECYA. LT =01)GC TO 13
60 1O 11

B9=1i7
AQ=17-0_017
Fpe=n_0
Fras0_0
TFATL=0

CALI COSACFE(AC,BO ,EPS,ETA,F9,X6,1FAIL)
VRITF(3,14)YA9,69,¥6

FOKMAT(/4%,"A9=",E15.7,3%X,'B9="',E15,7,3%X,"'X6=',E15.7/)

uxl=x6
W7=XAh

Wx1=x6
yvez0.

ﬁz_.ra*uu,coech?/uv+q+s1)/CXP(V?*GM)-,IM(U7/NM+§+91)/F\P(u/*bM)

“STHN(W7+6-51)
1FCA2.LT.0.)GO TO 27

YA=DaWMRXCOC(UZ/VMeg+S1) JEXP(UZ*GU)+D*CNQ(N7+5~51)

VE=A?

GO TO 45

IF(vA,GT.61)G0 TO 29
6O TN 11

R10=u?

A10=u7=0.017

Fpe=0.0

FTA'-:0.0

TFATI =0

CAILL COSACF(AYG,RIN,EPS,ETALF10,X7.IFAIL)
VRITF(3,30YA10,B10,X7

FOPMAT(/1y, "A10=",015,7,3X,'R10=',E15.7,3X,'X7=",
VY (Q=x?

W7=X?

VXY =XT7

yv=0_N

A/’—GN*UH*F(%(“//‘N+§+<1)/EYP(M?*G“)—QTN(W?/UW+Q+\1)/F(

~OIN(UT?HG~-C1)

YHEDkUM*COSCHZ/UMESHCT) JEXPLU7*GM)+D*COS(WU7+5=51)
VE=A?

TE(A2.GT. 0. 0G0 TO 27

GO TO 15



1s

16

26

159

153

154

19

18

.

F0=0.
vi(1)Y=ynhs»Vvi!
VAL2Y=VF s DxYW~FREOD

V‘:1=Vq(1)
vyi2=v1(2)

FI=FIF
bT=0.000G01
1=0
TFAIL=0
T=0.

WX1=(WX1+X8X)/FREOQ
caLL JOIN(UXT,0T)

1=7+DT

V1Y S0 SeTok2, % (=F1,TH=9800. *RM+1000. *BF1/TM)
+YI(2)xT+Y1 (1)
VA(2Y)Y=T*(=F1/TV=9&00. xRM+1000.*BFI/TM)+Y1(2)
YR=Y1 (1) /VL

WX1=WXQ0«T*FREQ
TF(UXY1=LMAY)26427 .27

W7=ux1
YREDA*UMECOS (W7 /WM+S+ST1)Y/EXP(U7*GM) +D*COS(U7+S5~81)

TFCKNN.EQ.1)G0 TO 153

vbDh=yYD/D

CTE(YDPD.GF.0.99.0R.YDD.LE.~0.99)G0 TO 151

GO T0 154

KNNz=KNN4$1

YRY=1y¥0

LY 0=0

T=DT

WX1=UuX0+T*FREQ

W7=wy1
YDR=D*LOSCUZ/WMY/ENP(U7*GGM)

YY=YB=YD
T=T+1
AY(IY=Y1 (A

RY(I)=Y1(2)
TVIIY=T

LYY (1)y=uwy1
AVY(T)=YY

TF(YV=-0.)18,45,19

TECYY=1.)116,46,21

1FCI.FQ.1)YG60 TO 35
6o 10 36



35

37

156

157

158

38

45

36

39

A

y1¢1)y=v11
Y1(2)Y=v12?
PY=0.0000C0OC01T
1:0

T=T+DT

YA(1Y50 S*T%2, % (~FT/TN=9800 «RM+1000 . %3F1/TM)
VT2V FT4Y1 (1)

VA(2)=Tw (=FI/TN=9800.%RM+1000. ¥RFT/THI+Y1(2)
YE=Y1(1)/YY

UX1=zux0+T*FPFO
1FCUXT=UMAX)X7,27.27
Yw7=wx1

IFCKNN.FG.1)YG0 TO 157
YReED#UMXCOS(LTZ/UM+S+SI)/EXP(WZ*GMI+DACNS (W7+S=S1)
Yhh=vyDR/D
Tr(YNN.GF.N_.99,0R.YDD.LE.=0.99)G60 TO 154
GO Tn 158

KNN=KNN+1

YEXz=uXx0

U)‘,O:O

T=DT

WX1=WX0+T4AFREQ

wr=ux1

YO=D*COS(V7/WMY/EXP(W7%GGM)
YVEYR=YD '
1FCyv~0,)38,328,40
CRY(C1)=Y1(2)

TV(IY=T

WXY (T)=uwx1
AYYL1I=YY
Gn TN 116

BXM:WX1
PYM=Y1(2)
6o 10 39

LUXM=W¥1
Bvbzvi(2)
GC 10 39
WXMzWUXY (TY=((AYY CID) =0 )% (UXY ¢TI =UXY(1=1))/ (AVY (1) =AVY (I=1)))

TYM=(UXM=UX)/FREQ

RYN=AY(T) = ((BY(I)aRY (T 1)) (TY(I)=TYM)/CTY(I)=TY()~1)))

W7 =X\

VDN AWM*COS U7/ WNMES+ QI /EXPLUZ 4G +D*COS(W7+8~51)
TECOXNNFO AV EaDaCOR(UZ/ UMY /EXRLU7ZXG0M)
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PP2s=GMrWMACCS (VU7 /LM+S+STY/EXP (U7 GM) =S INCUZ7/UMES+ST) /EXP (W7 %GM)
1 cQIN(L74+8~C1) '

TFCKNN FO. A A2S=GGEICOSCUZ/WM) TFEXPINTZ*GAM) =~ . JUMXS TN
1 (U2 /W) JEY R CWZAGGM)

yO=RYM/ (FREQ*D*YW)

VFEz?2 xA2~VD

LUX1=WxXM

yy=0.

WY 0=wWxM
0T=0.
GO T0 15

L6 WxM=wx1
pvi=vy1(2)
6O TO 47

21 IF(T.E0.1)G0 TO 60
60 TO 61

60 V1 (1)Y=Y11
vi(2y=vy1iz2
PY=0.000000001
T=0.

T=T+NT ’ ////
VA(1Y=0_ S5 Tx%2 #(=fpT1/TM=0800_  «2M+1000 , *BRFT/TM) /
4 +Y4(2Y*T+Y1 (1) /
‘ YA(2)Y=TH(=FT/TV=0800 . *xRM+1000. *BF1/THM)Y+Y1(2) /
VR=Y1(1)/Yu ? f
Wx1=uxX0+T+FREQ .
TF(VXT=WMAX)62,27.,27
62 W7=ux1 v
TEC(KNN.FQ.1)YG0 T0 161
Yp= D*'M*FCQ(k?/kh+Q+§1)/EXP(U?*GM)+D*FO§(N?+§ =-$1)
Ypp=vyn/on
I1F(YND.GF.0.9G OR.YDD.LT.=0.99)G0 TO 160
GO TO 162 v
160 KMN=KNN+1
¥Ry=ux0
uxC=0
T=DpT
161 UY1=wx0+T+FREQ
Hw72=wx1
=p*COS(W7/UM) /EXP(LT7*GGM)

62 YY=YR=YD
TF(YY=1.)64,63,63

64 BY(J1)=Y1(2)
TV(IY=T
LYY (1Y=uxi
AYY(Y)=YY
GO Tn 116

63 WYM=WY

: RYNM=VY1(2)



61

47

116

~186~

WXM=WXY (T = CCAYV D) =1 ) (UXY (D) =UXY(1=1))/ CAYY (1) =AYV (I=1)))
TYM=(UYKR-LY()/FREOD
RYMZRY ()= ((BY (D) wpY(J=1) )% (TY(D)=TYM)/LTYCI)=~TY(1=1)))
V7=rym
YH=DAUMACAC(UZ/VMECHST) /EXP (U7 *GM)+DACAS(U7+8=-51)
TE(KMN FQ _1)YDRED*COS(H7/WUH) JEXP (U7*G611)
A== GMAUMR COS (W7 /1MeS+ST)/EXP(WTRGM) «STHN(W7/WM+S+S1)/EXP (W7 xGM)
-QIN(LU7+8-81)
IFC(KNN,EN.A)A2T=GOM*COS (U7 /UMY JEXPIUZ*xGGM) = . /uUM*STN
(L7/UM)YJFYFR(WTI6G6M)
Yyh=vYn+1i.
VO=RYM/ (FRFO*D*YU)
VF=2.%xA2~V(
UXf=uXM
Yvy=1.
Wx0=uXM
OT=YF(10)
GO T0 145

AX=YY*YUW

XCAP=(2 . #AY=XMAY=XMIN)/ (XMAX~XMIN)
TFATI =0 _
CALL pO2AEF(8,AA,XCAP; PP, 1FATL)

N =10=~1
INK=15§

CALL BOTATF(MILAY, X ) YFIRRR,222,1NK,QT)
PR=PR*T1664.666
VR=PR/AR
VRI==VR=-Y1(2)
TE(VRTI.LT.(0.)VRI=-VPI
RR=VRI*PDH/VV

TF(RR,GT.70000)GN TO 27
ROAP=(2 xFR=RMAX~EMIN)/ (RMAX~RMIN)
CAILL FOPAEF(N,AAAY,RCAP,PF,TEATL)
PFI(1)=PF
CALL FO2AEF(N,AAA2,RCAP,PF,IFAIL)
FEI(2Y=PF :
CALL FOPASF(N,AAAZ,FCAP,PF,TFALIL)
PFI(3)=DF
CALL FORAEF(N,AAAL,RCAP,PF,IFAIL)

PFI(4L)=PF

fALL FOQ2AFF(N,AAAS,RCAP,PF,IFAIL)
PFI(S)=PF

CAll FO2AFF(N,APAA,RCAP,PF,IFAIL)
PFT(AY=PF !

CALL EOQ2AEE(N,ALA7,RCAFPPF,IFALIL)
PFI(7)=PF

CALL EN23FEE(N,AAAR,RCAP,PF,TFATL) -
PFI(R)=p¢E

CAIl EQPAFE(MN,AAAO,RCAP,PE,TIFATL)
PET(Q)=pE ' .

M2=9-1



-187-

16215

XYAA=AX*20 _ (27
CALL EOYTACF(NZ, XAA,XH,PFI ,WWW,DOD,1G,VAL)

FIZVAL®(VEPT2 22, )% (PDhax2,)xHH

60 T0 16
27 WPITF(3,110)RR
119 FARMAT(1X,'RR=',E15.7)

FAtL GRFEND

STOP

FND

REAL FUNCTION FO(W)
RFAL W

CNuMON N,T“,Y‘.J,pM;FI,Xf‘iAXJXMINI_DtWMoFREQ;SIS1:GM:XX,.G"rBFI

FO=GU*%2 , »{MxCOQ(K/WH+S+S1)/EXP (W¥GH)
4?2 A GM*QTR(ULI/UVMECICTIY/FyP (UXGM)
~COS(W/LM+S+ST) /(WM FEXP(UXGM))
] “rNS(L4+S=~S1)+G1 )
RETURM
END .
PEAL FUNCTION F10(W)
REAL W
COMMIN N, TN, YU, RMET,XMAX S XMIN,D, UM FREQ,S+SY.GM, XX,CG1,BF!
FA0=GM*x2 , #LM*COS(W/WM+S+STY/EXP(WaGH)
1 +2. *xGMASTN(U/WM+S+S1Y/EXP(WRGM)
4 = OSSN ES A8/ (LMEEXP (WFGMY)
1° ~C0S(W+S=-51)=~G1

- B

RETURN
FMND

FINISH
**** -
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