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Abstract:
A method is presented for designing the operating rates of seven valves in a system that injects a
mixture of solids and water into a high pressure pipeline without inducing hydraulic transients in that
pipeline. Hydraulic transients are generated within the injection system itself, however, and the
individual valves are operated in a manner that limits the magnitude of the transients.

The method of characteristics is used to solve the two partial differential equations that describe the
phenomenon of waterhammer. The resulting characteristic equations are applied to four basic design
cases. These design cases are the basic components of the injection operation. Application of the
characteristic equations to the basic design cases yields complete hydraulic information about the flow
conditions on either side of all the valves in the system and permits the determination of the gate
opening of each valve at any time. 
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ABSTRACT

A method is presented for designing the operating rates of seven 
valves in a system that injects a mixture of solids and water into a high 
pressure pipeline without inducing hydraulic transients in that pipeline. 
Hydraulic transients are generated within the injection system itself,, 
however, and the individual valves are operated in a manner that limits 
the magnitude of the transients.

The method of characteristics is used to solve the two partial 
differential equations that describe the phenomenon of waterhammer. The 
resulting characteristic equations are applied to four basic design cases 
These design cases are the basic components of the injection operation. 
Application of the characteristic equations to the basic design cases 
yields complete hydraulic information about the flow conditions on either 
side of all the valves in the system and permits the determination'of the 
gate opening of each valve at any time.



CHAPTER, I

INTRODUCTION

The hydraulic transport of solids in pipelines has generated great 

interest in recent years. Mining companies have made extensive use of 

pipelines in transporting solid materials to processing mills. The Colo­

rado School of Mines in 1963 cited fifty-two examples of such transport 

in a book (8) concerning the most current state of the art in transport 

of solids in steel pipelines. The longest such pipeline in the United 

States is 108 miles long and is used by the Consolidation Coal Company 

to transport coal slurries.

The success of pumping solids by mining companies caused pulp mills 

to consider the possibility of reducing trees to wood chips at harvesting 

areas and pipelining the chips to the mills in place of transporting the 

trees by truck or railroad. As a result, the Pulp and Paper Institute of 

Canada and the Civil Engineering Department of Queen’s University in 

Kinston, Ontario began investigations of the hydraulic feasibility of 

transporting wood chips in a pipeline.

The hydraulic transport of wood chips offers more problems than 

those encountered by mining companies in pipelining slurries. Wood chips 

are large and irregular in size and shape whereas slurries are mixtures 

of water and finely ground solids. One of the major problems is passing 

wood chips through pumps. The sizes of the chips rules out the use of 

positive displacement pumps due to the problems incurred at intake and *

*Numbers in parentheses refer to numbered references in the 
Literature Cited.
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exhaust ports and damage to the chips. The only useable centrifugal 

pumps commercially available are low head trash pumps which can pass 

solids, but are rather inefficient in converting input energy to flow 

energy. Economic spacing of pumping stations on a fully operational 

pipeline requires that relatively high pressures be developed at each 

pumping station. The high operating pressure is theoretically attainable 

if trash pumps are placed in series but the casings and packing in these 

pumps are not designed for the high pressure operation that some of the 

pumps would experience.

An alternative to the series of staged pumps is to introduce the 

solids into the flow without passing them through pumps. A system of 

pumps and valve was patented by Consolidation Coal Company requiring the 

chips to pass through only one low head pump (see Figure I). This sys­

tem continually injects wood chips into the main pipeline by alternating 

wood chip flow into the main pipeline from two injection lines. The low 

pressure pump pumps a wood chip, water mixture into one pipe at low pres­

sure. A high pressure pump, pumping clear water, forces the mixture from 

a previously charged pipe of the same length into the main pipeline.

When the pipe injecting wood chips into the main pipeline becomes com­

pletely filled with clear water, switching valves divert the flow such 

that the pipe, now filled with clear water, feeds the intake of the high 

pressure pump as wood chips from the low pressure pump fill this line 

from the opposite end. The pipe, now filled with chips, begins injecting 

the chips into the main pipeline as clear water from the high pressure



Water
Feed

Feed

Low Pressure High Pressure Main
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Figure I. Proposed injection system
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pump forces the chips from the line. This system, however, generated 

severe pressure surges when the valves were operated rapidly and was not 

used for any commercial operation.

This study was undertaken to determine if this injection system 

can he operated in a manner which would control the transients developed 

by the operation of the switching valves.



CHAPTER II

LITERATURE REVIEW

In order to develop a method of controlling the hydraulic tran­

sients generated hy the injection system described in the preceding chap­

ter, a basic understanding of the problem and methods of analyzing it 

must be obtained. Hydraulic transients are the time variance of pressure 

and discharge in a confined piping system and are often referred to as 

"Waterhammer". The waterhammer phenomenon is induced by any external 

force on a fluid system which would change its initial steady state con­

dition, A valve being opened or closed produces such a force,

As a valve is closed, pressure waves in excess of the operating 

pressure in the pipe are sent upstream to destroy the momentum of the in­

coming fluid. These pressure waves travel at a characteristic speed 

which depends on the physical properties of the fluid and the conduit in 

which it is flowing. When these positive pressure waves reach the up­

stream boundary of the pipe, they are reflected back to the valve as 

negative waves. The magnitude of the negative waves is slightly smaller 

than that of the positive waves due to frictional damping of the positive 

waves as they travel up the pipe. As the negative waves return to the 

valve they interact with positive waves which are still being generated 

at the valve. The net effect of the negative reflected waves is to mod­

ify the pressure increases .due to the positive waves generated at the 

valve. If the valve is closed or nearly closed at the time the first 

negative wave returns to the valve, there will be no positive waves to 

interact with the negative wave and the pressure at the valve will drop
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below operating pressure. In extreme cases the pressure will drop low 

enough to initiate cavitation. Low pressure waves, lower than operating 

pressure, are then sent upstream, inverted at the reservoir and returned 

to the valve. At the valve another series of pressure waves greater than 

the normal operating pressure will be sent upstream as the reflected neg­

ative waves return to the valve. The effect is to produce a sinusoidal 

pressure fluctuation at every point in the pipe. The frequency of the 

pressure fluctuation is a/4-L where L is the pipe length and a is the wave 

velocity. The changes in pressure are accompanied by reversals in flow 

direction and a hammering effect is created in the pipe. The oscil­

lations will persist until friction damps them out. If a valve can be 

operated slowly enough, the magnitude of the pressure surges are negligi­

ble because the pressures are proportional to the rate at which the flow 

is regulated. However, during emergencies and in special cases such as

that encountered in the proposed wood chip injection system, a valve may 

be required to close very rapidly.

According to Jaeger (3), the differential equations which describe 

the phenomena of waterhammer were first written in their correct form in 

the late 1890*s by $T. Joukowsky. These equations, however, are quite 

difficult to solve. Lorenzo Allievi is credited with making the first 

solution to a simplified form of the waterhammer equations (3)« Allievi

formulated an algebraic solution to the equations which are:

(1)

and
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—2 vX- Ht (2)
g

a is the wave velocity; g is the gravitational constant; V is the par­

tial derivative of velocity with respect to distance; is the .partial 

derivative of velocity with respect to time; H is the partial derivative 

of the head with respect to distance; and is the partial derivative of 

'the head with respect to time. Because the equations in their correct 

' form are:

gH + W  + V, + fvlvI = 0 (3)
X X X ~ 2 F “

and

H , + a2 V + V sin -e- + VH = 0 (4)t —  x x ' '
S

is the slope of the pipe, Allievi1s solution is limited in the pre­

cision of its results.

Graphical methods of solving the same forms of the differential 

equations that Allievi used were developed in the later 1$20's (5)•

Louis Bergeron (1) and John Parmakian (5) have written excellent refer­
ences on the graphical solutions of the waterhammer equations. The prin­

ciple difficulties with graphical methods are the accuracy of the answers 

and the time required to make a solution.

With the advent of the digital computer in the 1950’s methods of 

solving differential equations, which before had been impractical to 

solve, became practical. In i960, Mary Lister (4) presented a numerical 
method for solving hyperbolic differential equations, like the water- 

hammer equations, by the method of characteristics. The characteristic 

solution to a set, of partial differential equations reduces these
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equations to a set of ordinary differential equations which can he 

solved by numerical methods.

V. L. Streeter (6) applied the method of characteristics to Eqs. 

(3) and (4)° He has obtained excellent correlation between experimental 

results and theoretical results for simple pipelines. Because of the 

availability of a computer and because of the simplicity of application 

of the characteristic equations to physical systems, the method of 

characteristics was used to study the hydraulic transients developed by 

the valving operation in the wood chip injection system previously de­

scribed



•CHAPTER III

DEVELOPMENT OP EQUATIONS

The basic equations and methods of analysis used in determining a 

method of operation for the valves in the injection system are developed 

in this chapter. The development proceeds from the basic differential 

equations, through the characteristic solution to these equations, to 

the equations and methods of analysis used in two basic applications of 

the characteristic equations.

A. Basic Water Hammer Equations

The basic differential equations which describe transient flow in 

a closed conduit in a two-dimensional plane are given by the equation of 

motion and the equation of continuity, Eqs. (3) and (4)« The forms of 

these equations adopted for this analysis are

Rather than discuss the development of the basic equations and 

their simplified forms in this paper, the reader is referred to the de­

velopment by Streeter (6).

B. Solution by Method of Characteristics

The method of characteristics provides a powerful method of solving 

sets of linear partial differential equations. This method, outlined

(5)

and
Et + a2 Vx = 0

S
(6)
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briefly below, converts the partial differential equations to ordinary- 

differential equations which describe the action of the dependent vari­

ables along given characteristic directions in the independent variable 

plane. The reader is referred to the discussion of Mary Lister (4) and 
S. H. Crandall (2) for the details of the mathematical analysis of the 

method of characteristics. The method of characteristics is applied to 

Eqs. (5) and (6) in the following paragraphs.

Eqs. (5) and (6) can be combined linearly be using an unknown mul­
tiplier, Z. If Eq. (6) is multiplied by Z and added to Eq. ($), the 

result, after rearrangement of terms, is:

The method of characteristics involves the selection of two values of Z 

that result in converting Eqs. (5) and (6) into a pair of total differ­
ential equations. Any two real, distinct values of Z will yield two 

equations in terms of H and V that are equivalent in every respect to 

Eqs. (5) and (6). If V and H are functions of x and t only, their total 

derivatives are:

(7)

dH = H dx + H 
dt' X dt

(8)
and

dV = V dx + V
dt x it

(9)

Examination of Eq. (7) shows that if

AS = &
dt .Z .

(10a)

dx - Za 
dt g

2 (10b)

and if
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Eq. (7) becomes an ordinary differential equation:
Z dH + dV + fVlVf = 0  (11)

dt dt 2D
Solving Eqs. (10a) and (IOb) yields two particular values of Z which, re­

duce the original equations to the ordinary differential equation given 

by Eq. (11) . The solutions are:

z - ±K (12)
a

Substituting these values into Eqs. (10a) and (10b) yields:

d x = + a .  (13)
dt

Eq. (11) will satisfy Eqs» (5) and (6) only when Eq. (13) is satisfied.

Thus there are two characteristic directions in.the x-t plane along which

Eq. (11) is .applicable.

Eor the positive characteristic direction

C+ = dx = a (14)
■ dt

Eq. (11) becomes

g + dE + fVl V| = 0 (15)
dt dt 2D

For the negative characteristic direction

G = dx = -a (16)
dt

Eq. (11) becomes

-g dH + dV + fV|y|= 0 (17)
a dt dt 2D

Eqs. (15) and (17) are applicable only along the characteristic "direc­
tions given by Eqs. (14) and (16). These characteristic directions are 

illustrated on the x-t diagram shown in Figure 2.

The ordinary differential Eqs. (15) and (I7) are not amenable to an
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Figure 2. Characteristics in the x-t plane
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exact mathematical solution, but may be solved by finite difference 

techniques. The equation written in finite difference form for the C+ 

direction is:

Vp - Va + £  (Bp - Ha) + .fvjli (tp - tA) = 0 (18)
a 2D

and for the C” direction is:

Vp - Vg - a (Ep _ Hg) + f V ^  (tp _ tA) = 0 - (19) .
a 2D

The subscripting notation refers to Figure 2. With the use of the 

digital computer, relatively small time and distance increments can be 

taken on the x-t plane, and a very close approximation to an exact 

solution can be made.

G. Application of the Method of Characteristics

The transient analysis for a pipeline of constant diameter and 

constant thickness is effected using Eqs. (18) and (1$). The method of 

applying these equations to a physical system is shown in the following 

example. The system consisting of a single pipe with a constant head

reservoir at one end and a valve at the other is shown in Figure 3» The

x-t diagram for this system is shown directly beneath the pipe. The

grid is organized by setting dx = L/ET where L is the pipe length and W

is an arbitrary integer. The time increment dt equals dx/a. The object 

is to determine the heads and velocities at all points in the grid as 

the valve is closed.

Initially the.flow is in a steady state condition, and the heads



i4

Figure 3- Application of the characteristic 
Equations to a simple pipeline
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and velocities at all points along the pipe at time t = t can he calcu­

lated by use of the basic energy equation of fluid flow. At time 

t =t + dt the valve is closing and a transient pressure surge is created 

in the pipe.

The first step in the solution is to determine the heads and 

velocities at the interior points 2, 3, and 4» The heads and velocities 

are found by simultaneously solving Eqs. (18) and (19) for both the head 

and velocity, because such a solution represents a solution for the head 

and velocity at the intersection of the two characteristic lines, 

result of this simultaneous solution for velocity at point 3 is:

T3 -O-S (Ta + Vb + s (Ha - Hg) - f|| (TaI TaI + T5Ivj))

For the head at point 3 it is:

H3 = 0,5 (Ha  + Hgi g (VA - Vg _ fdt (VaI vJ -  FbI vbI))

The quantities Ha , Hg, Va , and Vg are illustrated in Figure 3 and 'are 

known from the initial condition of the flow in the'pipe. The quantity 

dt represents tp - tA which is also t3 - tg. These equation forms can 

be applied to each of the interior points to find the heads and veloc­

ities at these points at time t = t + dt.

The heads and velocities at each of the boundaries, points I and 5? 

cannot be calculated as one characteristic at each end is not available. 

Other boundary conditions must be specified at each end for use with the 

existing characteristic. The boundary condition at the reservoir end of 

the pipe is quite simple. The reservoir will maintain a constant head at 

all times, and therefore the head at this end of the pipe is constant at

The

(20)

(21)
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the value of the reservoir head at all times if entrance losses are neg­

lected. With the head known at point I and the head and velocity known 

at point A the negative characteristic equation, Eq. (1$), can he used to 

determine the velocity at point I.

This leaves the head and velocity at point 5? the valve, to he 

determined. This presents a slightly more complex problem than the one 

encountered at the reservoir because there are two unknowns. Two equa­

tions, therefore, are. necessary to- solve for these quantities. One 

equation available is the positive characteristic equation. An equation 

representing flow across the valve must be developed for the second equa­

tion. The equation for flow through an orifice is used to develop this 

second equation. The steady state orifice equation is

V - ( V e)0 ^  (22)
where Yq is the initial velocity; is the valve coefficient; A^ is the 

initial area of the valve opening; and A  Hq is the steady state head loss 

across the valve when it is completely open. At any time, t, during the 

gate travel, Eq. (22) becomes:

V A = CjAg/ 2 g A E  (23)

If Eq. (23) is made dimensionless, it can be written as:

Z = (24)
V0 • \Z A H 0

where represents;

(=5)

Eq. (23) and Eq, (17) can be solved simultaneously for the velocity at
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the valve at time t = t + dt for a given value of . The result is:

At this point, the heads and velocities are Icnown at all points in 

the pipe at time t = t + dt. The solution can now proceed to time 

t = t + 2dt, where the heads and velocities are determined in the same 

manner as they were at time t = t + dt. The solution cg.n be made at 

progressive time intervals until the transients are damped out, or until 

the person making the solution has obtained the information he desires 

about the transients.

D. Design of Valve Closure-

Often, as is the case in this study, valves are required to open 

or shut as rapidly as possible without inducing severe hydraulic tran­

sients in the pipeline. The valve closure'which changes the flow to 

another predetermined rate in the shortest possible time without exceed­

ing a given pressure head in the system is unknown. One method of 

solving the problem ds to use different trial valve closure rates in the 

analysis described in the preceding section .-and to check each trial to 

see if the limiting head is exceeded. There are an infinite number of 

valve closures which may be.tried, and it would be impossible to tell if 

the fastest method of valve operation had been determined.
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An alternative to the trial and error method of finding the short­

est allowable valve closure time has been presented by Streeter (7)« He 

has developed an analytical method for predicting the maximum rate of 

valve operation, without exceeding a given head, in a simple pipe with a 

reservoir at one end and a valve at the other.

Streeter9 s analysis divides the x-t diagram into the five flow 

regions marked with Roman numerals in Figure 4» Each region is described 

in the following sentences. Region I is an undisturbed flow bounded on 

top by the -first disturbance wave originating from the valve. Region Il 

is a transient flow region in which the head at the valve is increasing 

from its initial value to its maximum value in one round trip wave 

travel time, or t = 2L/a. In this region the flow is reorganizing from 

its initial state to the flow conditions in region III, The latter is 

a region in which the flow velocity is constant throughout the pipe at 

any instant of time, but the flow decelerates continuously in each suc­

ceeding time step until it reaches its final steady state velocity at 

point 4« In region III the head increases linearly from the reservoir to 

the maximum design head just upstream from the valve. Region IV is a 

transient region similar to region II, but the head is decreasing from 

its maximum value to its final, steady state value. Region V is an un­

disturbed region having the steady conditions behind the last disturbance 

wave that is reflected back to the valve.

The physical significance of these flow divisions becomes apparent 

if the system is viewed from the reservoir with the intent of stopping
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Figure 4. Design of rate of valve closure 
by the method of characteristics

o w



20

the flow in the shortest time without exceeding a given design head.

From the first movement of the valve there will he a delay.of one wave 

travel time (t = L/a) before the first disturbance reaches the reservoir. 

After this time the reservoir is required to reduce the flow into the 

pipe as rapidly as possible. In order that the flow deceleration in
'

region III be uniform at any instant of time, the head increase opposing

the flow across each dx increment must be the same so that, each element

of water is opposed by the same resisting force. The requirement of

equal head increases across each dx element is met only by a linear

variation of the opposing head from the reservoir to the maximum design

head. The head at point 2 in Figure 4 is equal to

H2 = Hr + (27)

where N is the number of pipe divisions, Hr is the reservoir head, and

H is the maximum design head. The velocity at point 0 is the undis- max ■
turbed, steady state velocity and the head is equal to the reservoir head. 

V2 can now be determined from Eq. (18) using H^ = Hr. The velocity is 

uniform in the first pipe division at this time, therefore V^=Vr and 

Hi=Hr.

This method of solving for velocities at the reservoir proceeds up 

the time scale until the predicted velocity becomes zero or negative.

The time at which the velocity is zero may not occur at an ’even time in­

terval in which case the predicted velocity for that time division would 

be negative. This time defines the end of region IIT. The time at which 

the velocity first becomes zero must be determined by interpolation,
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using the even time increments on either side of the zero point. All 

velocities coming into the pipe equal zero after the time corresponding 

to point 4 in Figure 4= At t = L/a after point 4, the velocities every­

where in the pipe are zero, and the head everywhere in the pipe equals 

the reservoir head.

Because the initial and final heads and velocities are known at all 

points in the pipe as well as the heads and velocities at the reservoir, 

only the interior points of the x-t diagram in Figure 4 are not deter­

mined. These points are determined by applying the characteristic equa­

tions illustrated in Figure 4 by points A, B, and P. In this case Eqs. 

(18) and (1$) are solved simultaneously to find the velocity at point P. 

The result of this solution is:

°.5 /Va+ Vb+ £  (Ha-Eb) - f(tp-tA)-(VAl vj - Vp | Vp| ) (28)

Because Vp is on both sides of Eq. (28), a trial and error process is re­

quired to determine the velocity at point P. The head at P is found by 

either Eq. (18) or (19). The solution for the system proceeds by solving 

for the heads and velocities for all time increments at a given location 

in the pipe. After the heads and velocities are determined for all time 

increments at x^ in Figure 4, the heads and velocities, for all time in­

crements, are determined at location X^.

Finally the heads and velocities just upstream of the valve point

x. are determined for all times. In this illustration the valve dis-
4

charges into the atmosphere, and therefore the head downstream of the 

valve is known at all times. Because the head drop across the valve and
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the flow velocity immediately upstream of the valve are known at all 

times, Eq. (24) can he used to determine the tau value (T) for each time 

increment.

Sections C and D illustrate two basic methods of making use■of the 

characteristic equations. These basic methods of application are used in 

the following chapter to determine the rate of movement (opening and/or 

closing) of all the valves in the injection system.



CHAPTER IT

ANALYSIS OF THE INJECTION SYSTEM

The applications of the characteristic equations developed in the 

previous chapter will he used to analyze the wood chip injection system. 

Because flow free from.transients is required in .the main pipeline., the 

injection system illustrated in Figure I was modified to that shown in 

Figure 5» An accumulator, a pipe recycling wood chips to the mixing 

tank, and valves I, 4, and 7 were added to the,system= The purpose.of 

the recycling line is to prevent transients from reaching the low pres­

sure pump. The accumulator in this system is a tank which will maintain 

a constant head at all times. Its purpose is to maintain a constant dis­

charge from lines "A" and "BM and to regulate the pressures in these 

lines so that transients will he not allowed to reach the high pressure 

pump.

In order.to make an analytical solution for the valve movements, 

the injection system must he analyzed in sections as basic flow control 

operations are executed. There are five principle phases of flow con­

trol for injecting the wood chips into the high pressure pipeline.

These phases are illustrated by considering the operation cycle begin­

ning as line VA'* is filled with chips from the low pressure, pump. First, 

the inflow of chips into the injection line "A" is stopped by valve 2.

The second phase raises the pressure in line "A" to the pressure level 

required in the main line. The third phase switches the flow from the 

high pressure pump to line "A" and switches valve $ to a position where 

the wood chips flow into the main line from line "A". The fourth phase
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reduces the pressure in injection line "B"; and the fifth phase opens 

valve 2 and starts to fill line "B" with wood chips. Phases 4 and 5 are 

the reverse of phases 1 and 2, and once the operation of the valves in 

phases 1 and 2 is determined, the operation of valves in phases 4 and 5 

is also determined. Each phase has a key operation which controls the 

movement of all the valves in that phase.

Each of the five phases of flow control can he analyzed by one or 

more of four basic design applications of the characteristic equations. 

The basic design cases will be described. Their application to the 

system will then be discussed in greater detail. Computer programs 

have been written to execute each of the four design cases.

A. Design Case I

Design case I is described in Chapter 3, Section D. It consists of 

a pipe with a reservoir at one end and a valve at the other. The valve 

is closed as rapidly as possible without exceeding a given maximum or 

minimum design head at any place within the pipeline. The data generated 

from this design process will furnish inpiit data to the second and third 

design cases. ■ .

B. Design Case II

Design case II is a special case of design case I. It consists of 

a simple pipeline with a reservoir qit one end and a valve at the other, 

but instead of limiting the pressure heads in the pipe as was done in
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case I, a rate of flow determined from application of one of the other 

design cases is input at the reservoir end of the pipe and the analysis 

is carried out to determine the heads and velocities at the valve,

The analysis of this case is similar to that described in the pre­

vious section. The reservoir boundary condition is known at all times 

because heads are constant and, flows entering the pipe are given. The, 

flow rates entering the pipe at the reservoir are determined by other 

design qases (l, III, IV) applied to other pipes entering the reservoir.

The energy equation can be used to solve for the heads and veloc­

ities along the pipe at time t = tQ since at this time the flow is undis-r 

turbed. One wave travel time down the pipe after the flows entering thq 

pipe become steady, the last disturbance wave will reach the valve, and 

the flow throughout the pipe will be steady. After this time the energy 

equation can be used to solve for heads and velocities throughout the 

pipe. The case is the same as the case described in Section D of 

Chapter 3, when only the interior points were undetermined. The solution 

then proceeds by applying Eqs. (28) and (18) to solve for the velocities 

and heads at the interior points.

C. Design Case III

■Design case III is again a simple pipe with a reservoir at, one 

end and a valve at the other, but instead of having a predetermined flow 

input at the reservoir end as was done in the- previous design case, a 

flow is input at the valve. The object is to solve for the heads at the
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valve and the velocities at the reservoir.

The initial heads and velocities are known throughout the pipe.

The negative characteristic will give the velocity at the reservoir for

time t = t_+ dt. The positive characteristic will give the head at the

valve for time t = t + dt. The heads and velocities at the interioro
points, during this time' increment, are determined from Eqs. (20) and 
(21), as illustrated in Section G of Chapter 3« At a time h/a after the 

flow into the pipe becomes steady, the flow throughout the pipe should be 

nearly steady if the input flow values at the valve came from applying'de 

sign case I to a pipe with the same geometry as the pipe in question. If 

the input flow values came from stroking (manipulation according to the 

time rate of valve movement determined from design case l) a valve in a 

pipe of completely dissimilar dimensions, there is nothing that requires 

the transients in the pipe in question not.to exceed a given design head 

because the input is in effect completely random for that pipe.

D„ Design Case IV

Design case IV consists of a pipe with valves at both ends. The 

pressure in the pipe is to be increased without, increasing the flow from 

the downstream end of the pipe.

In this case the heads and velocities are not known at the up­

stream end of the pipe, and only the velocities are known at all times 

at the downstream end of the pipe. Figure 6 illustrates this case. 

Regions I and II are undisturbed flow regions, and hence, heads and
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t=t -l/

Figure 6. Design of valve closure rates 
in a two valve pipeline
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velocities are determined at all points within these regions by use of 

the energy equation. Region II is a transient region induced by increas­

ing the heads in the pipe.

Because the heads and velocities are known at the downstream valve 

at all times in regions I and II and because velocities are known at the 

downstream valve in region II, the method of design requiring the fewest 

assumptions is to specify the rate of head increase during region II at 

the downstream valve. The heads and velocities' at the interior points 

and at the points immediately downstream of the upstream valve can be 

found by application of the same method used in design case II. If the 

heads and velocities are known immediately upstream and downstream from 

the pipe in question, Eq. (24) may be used to solve for the valve move­
ments that will yield the arbitraiy rate of head increase that was 

specified.

E„ Design Procedure

how that the basic design methods have been presented, all the 

tools required to determine the method for operating all of the valves 

are available. A detailed description of the application of these tools 

to the injection system will now be described.

Valve 2 was selected as the key valve to be stroked in the first 

phase of the valving operation. As valve 2 closes and reduces the flow 

into pipe A, there are several conditions imposed on the system. First, 

the low pressure pump must not experience ary transient impulses. If
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this is to be true, the flow in pipe I (see Figure.5) must be steady.
This-in turn requires that a constant head, at junction 1 be maintained. 

Valve 1 must be operated to hold the pressure constant at junction I as 

valve 2 closes. Because junction 1 is, in effect, a constant head reser­

voir, the procedure introduced as design case I may be applied to pipe 3«

The difference between the flow rate in pipe I and that in pipe 3 

is the flow rate in pipe. 2, Thus, the flow rate in pipe 2 is known at. 

all times after design case I is applied to pipe 3« Because the flow 

rate and head is known at all times at the upstream end of pipe 2, 

design case II can be applied to pipe 2 to determine the heads and veloc­

ities at the upstream side of valve 1.

Pipe 4 recirculates the flow from pipe 2 back to the wood chip 

mixing tank that feeds the low pressure pump. This tank creates a con­

stant head reservoir, at the downstream end of pipe 4= The flow veloc­

ities entering pipe 4 from pipe 2 can be found at any time by continuity. 

Design case III applied to pipe 4 will, give the heads at the pipe 4 side 

of valve I.

Because no flow fluctuations are to occur in pipe 7 as valve 2 

closes,, water is added to the injection line through valve 4» into pipe 

6, at such a rate that the flow rate is held constant in pipe 7« Be­

cause the flow is constant in pipe 7» the pressure head at junction 2 

must be constant, and the junction is, in effect, a constant head'reser­

voir for pipes 5 and 6. The flow rate, into pipe 5, can be determined, by 

continuity, from pipe 3 for all times. Design case III can be -applied
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to pipe 5 "bo determine the heads at the pipe 5 side of valve 2 and to 

determine the flow rate entering, junction 2 at any instant. The flow 

rate entering junction 2 from pipe 6 at any time must equal the differ­

ence between the flow rate in pipe 7 and pipe 5» Thus, the velocity 

and head is known for all times at the- reservoir end of pipe 6. . Design 

case II can be applied to pipe 6 to find the heads and velocities at 

valve 4.’ ,

At the end of phase I of the valving operation, all flow through 

pipes 3 -and 5 is stopped and the wood chip flow is merely recirculating 

through pipes I, 2, and 4« The accumulator at this instant is supplying 

the total flow rate to the injection line. The switching process now 

enters phase 2 in which valve 6 starts, to close and valve 4 starts to 

open in order to increase the pressure in injection line A which is a 

combination of pipes 6 and 7» This then becomes the case analyzed in 

design case IV.

Pipe $ is a special case of a pipe with a valve at one .end and a 

reservoir at the other, because it empties into a tank which feeds the 

high pressure pump. However, because it is required that the flow from 

valve 6 be constant, there will be no transients induced in pipe 9° The 

energy equation is applied to find the heads and velocities at any point 

in the pipe for any time.

Pipe 8 is considered to be of such short length that all transients

are instantaneously received at the accumulator, and hence, the pressure
!

head upstream of valve 4 is equal to the accumulator head at all times.
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The flow ,rate in pipe 8 is found by continuity from the flow demands of 

pipe 6.

A review of the preceding discussion will show that at this moment 

the heads and velocities are known on both sides of all the valves during 

the first two phases of the switching process. By using Eg. (24) the tau 

values for valves I, 2, 4, and 6 can be calculated for all time incre­

ments during the first two phases.

At this point in time high pressures exist in lines A and B, and 

phase 3 is initiated. Valve 5 starts to switch the flow to the main 

pipeline, and valve 3 starts to switch the flow from the high pressure 

pump to line A. Valves 3 and 5 have the same rate of movement.

The rate at which valves 3 and 5 operate depends on transients 

created in lines 5 and 12. As valve 3 starts to add flow to line 5 from 

the high pressure pump, it will start to decrease the flow rate in line 

12. Transients will be generated in these pipes as the flow in line 5 

is accelerated and that in line 12 is decelerated. Valve 4 must start 

to decrease the flow from the accumulator through line 6 into line 7 at 

a rate that will keep the flow rate in line 7 constant. Likewise, valve 

7 must add flow from the accumulator through line 11 to line 10 at a rate 

that will keep the flow in line 10 constant.

In this analysis the switching valves will be assumed to divert 

flow to each pipe in a proportion to the flow area that is open to each 

pipe at any instant of time. This is a valid assumption if there is 

negligible head loss across the valve and if the head on both sides of
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the switching valve is the same,

As the flow in pipes 7 and 10 must he steady at all times, junc­

tions 2 and 3 must act as constant head reservoirs for pipes 5» 6, 11, 

and 12, When valve 3 is given an arbitrary movement," the flows into 

pipes 5 and 12 are proportional to the flow area open to each pipe, per­

mitting design case III to be applied to pipes 5 and 12, Design case III 

determines the flow in pipe 5 at junction 2 and the flow in pipe 12 at 

junction 3 at any instant. The flow in pipe 6 at junction 2 is the 

difference in the constant flow rate in pipe 7 and the flow rate in pipe

5 at any instant. Likewise, the flow in pipe 11 at any instant is the 

difference in the flow rate in pipe 12 at any instant and the constant 

flow rate in pipe 10. This allows design case II to be used for pipes

6 and 11, and the heads and velocities at the downstream side of valves 

4 and 7 can be determined. Because the head upstream of these valves is 

known for all times, the tau values for these valves can be calculated, 

with Eqs, (24).

In phase IV valve 7 will have the same method of operation that 

valve 4 had in phase II, except it will be in reverse. Likewise, valve 

6 will reverse the method of operation of phase II in phase IV. Valves 

I, 2, and 4 will reverse their method of operation in phase I in phase V.



CHAPTER V

PHYSICAL DIMENSIONS OP THE INJECTION SYSTEM

Before the analysis described in the preceding chapter can be 

applied to the injection system, physical dimensions must be assigned to 

the pipes, and the initial flow conditions in the system must be estab­

lished such that heads and velocities are initially known at all the 

valves and junctions.

The length, diameter, friction factor and boundaries at the end of 

each pipe are shown in Table I,. The following abbreviations are used in 

the boundary column of the table: L.P0- I o w  pressure, Jet,— junction,

W 0C0— wood chip, and H0P0- high pressure. In the case of pipes 5, 7, 10, 

and 11 there .are two valves given for a single boundary, because during 

phase. II valves 2 and 6 are used as the boundaries of these pipes and 

during phase III valves 3 and 5 are used as the boundaries of these 

pipes, In order to make these conditions amenable, valve 3 is located 

within one foot of valve 2, and valve 5 is located within one foot of 

valve 6,

The initial flow velocity is 8 feet per second in pipes 1, 3, 5s 7? 

9, 10, and 12, Initially, there is no flow in.the other pipes. The head 

at the low pressure pump is 131.126 feet of water and the head at the 

high pressure pump is 1669.518 feet of water. By applying the basic en­

ergy equation of fluid mechanics to the system and by assuming a head 

loss across each valve, the head at any point in the system is determined. 

The head at junction 1 is 130.008 feet; the head at junction 2 is 137«557 

feet; and the head at junction 3 is 1667.081 feet. The water level in
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TABLE I

PHYSICAL DIMENSIONS OF THE INJECTION SYSTEM

P ipe  No, Length D iam e te r F r i c t io n Boundary
( fe e t ) ( in ch e s )- F a c to r

(1) (2) (3) (4) (5)

I ' 25 8.0 0.03 L.P. Pump 
Jot. I

2 25 8.0 0.03 Jot. 1 
Valve 1

3 25 8.0 0.03 Jot. 1 
Valve 2

4 25 ■ 8.0 0.03 Valve I 
¥ ,C , Mix Tank

5 • 25 8.0 0.03 Valve 2 or 3 
Jot. 2 or 3

6 25 8.0 0.03 Jot. 2 
Valve’4

7 1500 8.0 0.03 Jot. 2
Valve 5 or 6

8 1 8.0 0.03 Valve 4 
Accumulator

9 1342 8.0 0.03 Valve 6
H.P.. Feed Tank

10 1500 8.0 0.03 Valve 5 or 6 
Jot. 3

11 25 8.0 0.03 Jot. 3 
Valve 7

12 25 8.0 0.03 Jot. 3
Valve 2 or 3

13 1 8.0 0.03 Valve 7 
Accumulator
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the wood chip mix tank is assumed to he level with the top of pipe 4. 
Likewise, a similar assumption is made for pipe 9 as it enters the feed 

tank to the high pressure pump providing a constant zero head at that end 

of pipe 9°

Table II shows the heads and velocities at the upstream and down­

stream side of each valve for the initial operating condition in columns 

2 and 3. The heads and velocities upstream and downstream of each valve, 

when the valve is completely open is shown in columns 4 and 5« These

latter values of heads and velocities are used to calculate H and T for0 0
use in Eq» (24) which is used to calculate the value of tau (the ratio of 
the product of the orifice coefficient and gate area of the valve at any 

time to the product of the orifice coefficient and gate area when the 

valve is completely open)„ The heads in the table have units of feet of. 

water and the velocities are given in feet per second. There are no 

listings in columns 4 and 5 for valves 3 and 5 because tau values are not 
assigned to these switching valves.
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TABLE II

VALVE PLOW CONDITIONS

Boundary
(1)

Initial Conditions Fully Open Valve Conditions
Upstream Downstream Upstream Downstream
(2) (3) (4) (5)

Valve I H 130.008* 0.000 65.OOO 64.700
V 0.000** 0.000 61.100 61.100

Valve 2 H 128.890 128.675 128.890 128.675
V . 8.000 8.000 8.000 8.000

Valve 3 H
V

1668.400
8.000 1668.1998.000

Valve A H 1668.499 127.557 1668.499 1668.1994 V 0.000 0.000 8.000 8.000

Valve 5 ' H
V

1600.000
8.000

1599.700
8.000

Valve 5 H 60.241 60.000 60.241 60.000
V 8.000 8.000 8.000 8.000

Valve 7 H 1668.499 1667.081 1668.499 1668.199
I V 0.000 0.000 EkOOO 8.000

* heads in feet of water
** velocities in feet per second



CHAPTER VI
RESULTS

The results of the analysis described in Chapter 4 are given in this 

chapter. Because the effect of wood chips on wave velocities is not 

known, a complete analysis of the injection system was made for wave velo­

cities of 2000, 2500, and 3000 feet per second. The results illustrated 

in this chapter,, for a wave velocity of 2500 feet per second, are'typical 

of those obtained for the other wave speeds. The operating rates of 

valves I, 2, 4> and 6 for all wave speeds are listed in tables I-A,

I-B, I-C,' II-A1 II-B, II-C1 III-A, IIl-B, III-C, IV-A, IV-B, and IV-C in' 

the appendix. Valve 3 is not included in the tables because its rate of

movement is the same for all wave speeds and is defined in terms of per-
z

cent of valve area open to pipe 5 at any instant, rather than in terms of 
tau. The fate of movement of valve 3 is defined in Figure 9. The oper­

ating rate of valve 7 is also excluded from the appendix. As explained 

previously, valve 7 is- operated in exact reverse in phases IJI, IV, and 

V of the valving operation of the rate of movement of valve 4 in phases 

I, II, and III.

The time rate of movement of the valves is defined in terms of a 

.tau value at any.instant of time. The operating rates of valves I, 2, 4,
6, and 7 in terms of tau are plotted versus time in Figures 7? 8, 9> 10, 

and 11.
The sequence of the valve operations is shown in Figure 12. At the 

bottom of each of the vertical bars are the letters 0 and c or A and B.
If the lines in the vertical bars slant from 0 to c, the valve is moving



39

from an open position to a closed position. If they slant in the opposite 

direction the valve is opening. The lines merely represent the time dur­

ing which the valve is operating. _ In the case of switching valves 3 and 

5, the lines slope from B to A to represent the switching of the high 

pressure injection flow into the main pipeline from line "B" (pipe 10) to 

line "A" (pipe 7)• The horizontal dashed lines in Figure 12 represent 

the boundaries dividing the five phases of the valving operation. The 

times shown in Figure 12 are listed in Table III.

The effect that wave speed has on the total operation time is 

illustrated in Figure 13« This figure shows that the total time, required 

to complete the switching operation increases exponentially as the wave 

speed is decreased.

t



Ta
u

40

.0005

.0001

TIME
(seconds)

Figure ?• Operating rate of valve I
for A = 2500 fps



Ta
u

.5

.1

.05

.01

.005

TIME
(seconds)

Figure 8. Operating rate of valve 2
for A = 2500 fps



PE
RC

EN
T 

O
F 

VA
LV

E 
AR

EA
 O

PE
N 

TO
 P

IP
E

 
5

42

0.8 1.0
TIME

(se co nd s)

F ig u re  9> O p e ra tin g  ra te  o f  v a lv e  3 
f o r  A = 2500 fp s



T
au

43

1.0

TIME
(seconds)

F ig u re  10. O p e ra tin g  ra te  o f  v a lv e  4 
f o r  A = 2500 fp s



Ta
u

44

.05 L

TIME
(se co nd s)

Figure 11. Operating rate of valve 6
for A = 2500 fps



8

Phase

Phas 2 IV

Phas2 I I I

Phas 2 I I

P has2 I

F ig u re  12. Sequence o f  v a lv e  o p e ra tio n s  f o r  A = 2500 fps



46

TABLE III

SEQU-MCE AND TIMING OP VALVE OPERATIONS

A = 2500 fps

Valve Phase I Phase II Phase III Phase IV Phase V

I TB 0.00000* 4.98753
TF 0.32500**' 5.32253

2 TB 0.00000 4.98755
TF 0.32500 5.32253

3 TB 2.15500-
TF 3.16753

4 TB 0.00000 0.32500 2.15500
TF 0.32500 2.1550 3.16753
TB 2.15500 .5 TF 3.16753

6 TB 0.93500 3.44253
TF 1.54500 4.05253

7 TB 2.15500 3.16753 4.98753
TF 3.16753 4.98753 5.32253

*Txme beginning movement in seconds
**Time ending movement in seconds ■
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CHAPTER VII
DISCUSSION AND CONCLUSIONS

The method of s o lu t io n  and th e  r e s u l t s  o f  the  a n a ly s is -  i l l u s t r a t e  

th re e  im p o r ta n t p o in ts  th a t  re q u ire  d is c u s s io n :  ( I ) th e  assum ption  th a t  

f lo w  th ro u g h  th e  s w itc h in g  v a lv e s  i s  p r o p o r t io n a l to  th e  f lo w  a rea  open 

to  each p ip e ,  (2 )  th e  c a lc u la te d  v a lu e s  o f  ta u  appear q u i te  s m a ll,  and 

(3 ) th e  m a jo r i t y  o f  t h e . t o t a l  s w itc h in g  tim e  o f  th e  system  is  ta ke n  by 

phases I I  and IV  o f  th e  v a lv in g  o p e ra t io n .  These phases in v o lv e  the  ser- 

le c t io n  o f  an a r b i t r a r y  number o f  tim e  s te p s .

A. F low  Through S w itc h in g  V a lves

First, the assumption that flow entering a switching valve is divid­

ed among the outlet pipes in proportion to the area open to each pipe at 

any instant is a valid only if the heads on all sides of the switching 

valve are nearly equal, bechuse there is no extreme pressure difference 

forcing a greater amount of flow through one opening rather than another. 

The condition of nearly equal heads is met at valve 5» but valve 3 is an 

exception due to transients generated as it shifts the flow from one pipe 

to the other. The transients are generated at valve 3 because the flow 

in pipe 5 is initially at rest and must be accelerated to 8 feet per sec­

ond as valve 3 opens the flow from the high pressure pump to line 5» 

Likewise, the flow in pipe 12 must be decelerated from.8 feet per second 

to zero during this operation. The acceleration and deceleration of the 

fluid requires pressure increases and decreases on the downstream sides
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of valve 3. The net effect is to force more flow than is predicted into 

pipe 12.

In this analysis, the velocity at valve 3 in pipe 5 was arbitrarily 
increased by 0.02 feet per second each time increment for 400' time incre­
ments, thus making the transients generated by this valve movement quite 
small due to the long operation rate. Application of design case III to 
pipe 5 indicated that the maximum increase in head at valve 3, above the 
steady state value, was 9=938 feet. When this hehd increase is compared 
with the steady state head of 1668.199 feet it is negligible. The tran­
sients can be eliminated completely by locating junctions 2 and 3 as 
close as possible to valve 3, thus eliminating the need to accelerate and 
decelerate the water in pipes 5 and 12.

B. Small Values of Tau

The second item of discussion is the unusually small values of tau 
that were calculated for each valve. A review of Eq. (24); rewritten 

below in slightly different form, demonstrates why the values of tau are 

quite small.
V

^  -  7 O  ' (29)
H - H D
H - H D  ' o o

H is the head immediately upstream of the valve and HD is the head imme­

diately downstream of the valve. The quantity (Hq-HDo) is the head loss 

across the valve when it is wide open. The value of this quantity is the
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key factor in explaining the small-values of tau. In this analysis, this 

head loss value was assumed to be between 0.2 and 0.3 feet for all the 

valves. These values were arbitrarily assumed and are typical of a ball 

type valve. These small values of head loss make the denominator of Eg. 

(29) large for an instantaneous head drop across the valve of just a few 
feet. Because the numerator of Eg. (29) is ordinarily less than or equal 

to one (during the pressure increasing phases the ratio V/Vq becomes 

greater than one),, the value of tau becomes quite small quite rapidly.

The selection of a type of valve which has higher steady state head loss 

characteristics would increase the magnitude of tau. This fact should be 

recognized in selecting a valve type for use in the injection system.

G. Major Time Phases of Operation

The third item to be discussed is the time requirements of phases 

II and IT. These phases require an increase in pressure in line "A1 

(pipe 7) and a decrease in pressure in "B" (pipe 10). They are applica­

tions of design case IT in which the head is increased at valve 6 over 

an arbitrary number of time increments. In this analysis, the incremen­

tal length of pipe, dx, in "A1Tand "B" during the pressure increasing 

period was 152.5 feet compared with a dx of 6,25 feet in the other phases. 
This means that the time increments in phases II and IT are 24.4 times lar­

ger than the other phases. The number of time steps over which the head 

is increased is thus quite critical in determining the total operation 

time required by the valves. In this analysis 10 time steps were taken



51

to  in c re a s e  th e  head. W ith  t h i s  number o f  t im e  s tep s  th e  combined tim e s  

o f  phases I I  and IV  re p re s e n t 66.2^, 67.8%, and 69.9$ o f  th e  t o t a l  sw itch r­

in g  tim e  f o r  th e  re s p e c t iv e  w a v e .v e lo c it ie s  o f  3000, 2500, and 2000 f e e t  

p e r  second.

O b v io u s ly , phases I I  and IV  s h o u ld  be made as s h o r t  as p o s s ib le  by 

re d u c in g  th e  number o f  t im e  in c re m e n ts  o f  p re s s u re  in c re a s e . The ra te  a t  

w h ich  p re s s u re  may be in c re a s e d , how ever, i s  l im i t e d  b y  th e  a ccu m u la to r.

As th e  p re s s u re  in  th e  p ip e  in c re a s e s , th e  w a te r in  th e  p ip e  compresses 

and th e  p ip e  expands a x ia l l y  and r a d ia l l y .  The volume change re q u ire s  

th e  a ccu m u la to r to  s u p p ly  an a d d i t io n a l  amount o f  f lo w  to  f i l l  th e  ex­

p and ing  p ip e .  The f a s t e r  th e  p re s s u re  in c re a s e , th e  f a s t e r  th e  f lo w  must 

be fro m  th e  a ccu m u la to r in  o rd e r  to  a d ju s t  to  th e  volum e in c re a s e s . I f  

th e  f lo w  demands fro m  th e  a ccum u la to r become to o  la rg e ,  a lth o u g h  th e y  

o c c u r o v e r a s h o r t  p e r io d  o f  t im e , th e  mechanism used i n  th e  a ccum u la to r 

to  m a in ta in  c o n s ta n t p re s s u re  in  th e  ta n k  may n o t be a b le  to  meet th e  

f lo w  re q u ire m e n ts . P re ssu re  in  th e  a ccu m u la to r w i l l  th e n  decrease , in ­

v a l id a t in g  th e  assum ption  th a t  th e  a ccu m u la to r p roduces a c o n s ta n t head. 

Thus, th e  r a te  o f  p re s s u re  in c re a s e  i s  c o n t r o l le d  by th e  p h y s ic a l l i m i t ­

a t io n s  o f  th e  a c c u m u la to r.

D. C o n c lus ion s

The method o f  a n a ly s is  and d e s ig n  d e s c r ib e d  in  t h i s  pape r p ro v id e s  

a method f o r  d e s ig n in g  th e  o p e ra t io n  o f  th e  in d iv id u a l  v a lv e s  in  th e  p ro ­

posed in je c t io n  system  so th a t  a t r a n s ie n t—fr e e  f lo w  i s  m a in ta in e d  in  th e
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main pipeline.

Once physical dimensions are assigned to the injection system this 

method of analysis may be used to determine the time rate of operation of 

the individual valves in terms of tau ('fc) as a function of time. Valves 

will then have to be built which will physically reproduce these tau 

values in an actual operation.

One of the most important factors determining the operating rates 

of the valves is the value of the wave speed. As illustrated in Figure 

13, the time required for the valving operation increases rapidly as the 

wave speed decreases. A small amount of entrained air can cause a tre­

mendous decrease in the wave speed. One percent air entrainment can re­

duce the wave speed by nearly $0 percent. The author therefore recommends 

that extensive testing be made on the effect that wood chips will have on 

the wave speed as they will more than likely entrain large amounts of air 

as they are mixed with water.

In addition to extensive testing,on the effects of wood chip en­

trainment on wave speeds, the author also recommends that the lengths of 

pipes 5 and 12 be shortened or that they be eliminated in order to reduce 

the transients generated in these pipes in phase III of the injection

operation
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VALVE NO. I 

A= 2 0 0 0  EPS

TABLE I-A

OPERATION

OF

TAU

0.00000
0 . 0 0 0 0 3
0 . 0 0 0 0 7
0 . 0 0 0 1 1
0 . 0 0 0 1 5
0 . 0 0 0 1 9
0 . 0 0 0 2 3
0 . 0 0 0 2 8
0 . 0 0 0 3 2
0 . 0 0 0 4 0
0 . 0 0 0 4 9
0 . 0 0 0 5 7
0 . 0 0 0 6 5
0 . 0 0 0 7 3
0 . 0 0 0 8 1
0 . 0 0 0 8 9
0 . 0 0 0 9 7
0 . 0 0 1 0 5
0 . 0 0 1 1 3
0.00121
0 . 0 0 1 2 9
0 . 0 0 1 3 6
0 . 0 0 1 4 4
0 . 0 0 1 5 2
0 . 0 0 1 6 0
0 . 0 0 1 6 8
0 . 0 0 1 7 6
0 . 0 0 1 8 4
0 . 0 0 1 9 2
0.00200
0 . 0 0 2 0 8
0 . 0 0 2 1 5
0 . 0 0 2 2 3
0 . 0 0 2 3 1
0 . 0 0 2 3 9
0 . 0 0 2 4 7
0 . 0 0 2 5 5

TIME

0.00000
0 . 0 0 3 1 2
0 . 0 0 6 2 4
0 . 0 0 9 3 6
0 . 0 1 2 4 8
0 . 0 1 5 6 0
0 . 0 1 8 7 2
0 . 0 2 1 8 4
0 . 0 2 4 9 6
0 . 0 2 8 0 8
0 . 0 3 1 2 0
0 . 0 3 4 3 2
0 . 0 3 7 4 4
0 . 0 4 0 5 6
0 . 0 4 3 6 8
0 . 0 4 6 8 0
0 . 0 4 9 9 2
0 . 0 5 3 0 4
0 . 0 5 6 1 6
0 . 0 5 9 2 8
0 . 0 6 2 4 0
0 . 0 6 5 5 2
0 . 0 6 8 6 4
0 . 0 7 1 7 6
0 . 0 7 4 8 8
0 . 0 7 8 0 0
0 . 0 8 1 1 2
0 . 0 8 4 2 4
0 . 0 8 7 3 6
0 . 0 9 0 4 8
0 . 0 9 3 6 0
0 . 0 9 6 7 2
0 . 0 9 9 8 4
0 . 1 0 2 9 6
0 . 1 0 6 0 8
0 . 1 0 9 2 0
0 . 1 1 2 3 2
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0 . 0 0 2 6 2
0 . 0 0 2 7 0
0 . 0 0 2 7 8
0 . 0 0 2 8 6
0 . 0 0 2 9 3
0 . 0 0 3 0 1
0 . 0 0 3 0 9
0 . 0 0 3 1 7
0 . 0 0 3 2 5
0 . 0 0 3 3 3
0 . 0 0 3 4 0
0 . 0 0 3 4 8
0 . 0 0 3 5 6
0 . 0 0 3 6 3
0 . 0 0 3 7 1
0 . 0 0 3 7 9
0 . 0 0 3 8 6
0 . 0 0 3 9 4
0 . 0 0 4 0 2
0 . 0 0 4 1 0
0 . 0 0 4 1 7
0 . 0 0 4 2 5
0 . 0 0 4 3 3
0 . 0 0 4 4 0
0 . 0 0 4 4 8
0 . 0 0 4 5 6
0 . 0 0 4 6 4
0 . 0 0 4 7 1
0 . 0 0 4 7 9
0 . 0 0 4 8 6
0 . 0 0 4 9 4
0 . 0 0 5 0 3
0 . 0 0 5 1 0
0 . 0 0 5 1 7
0 . 0 0 5 2 5
0 . 0 0 5 3 3
0 . 0 0 5 4 1
0 . 0 0 5 4 9
0 . 0 0 5 5 7
0 . 0 0 5 6 4
0 . 0 0 5 7 2
0 . 0 0 5 8 0
0 . 0 0 5 8 7
0 . 0 0 5 9 4
0 . 0 0 6 0 3
0 . 0 0 6 0 9
0 . 0 0 6 1 7
0 . 0 0 6 2 6
0 . 0 0 6 3 3

0 . 1 1 5 4 4  
0 . 1 1 8 5 6  
0 . 1 2 1 6 8  
0 . 1 2 4 8 0  
0 . 1 2 7 9 2  
0 . 1 3 1 0 4  
0 . 1 3 4 1 6  
0 . 1 3 7 2 8  
0 . 1 4 0 4 0  
0 . 1 4 3 5 2  
0 . 1 4 6 6 4  
0 . 1 4 9 7 6  
0 . 1 5 2 8 8  
0 . 1 5 6 0 0  
0 . 1 5 9 1 2  
0 . 1 6 2 2 4  
0 . 1 6 5 3 6  
0 . 1 6 8 4 8  
0 . 1 7 1 6 0  
0 . 1 7 4 7 2  
0 . 1 7 7 8 4  
0 . 1 8 0 9 6  
0 . 1 8 4 0 8  
0 . 1 8 7 2 0  
0 . 1 9 0 3 2  
0 . 1 9 3 4 4  
0 . 1 9 6 5 6  
0 . 1 9 9 6 8  
0 . 2 0 2 8 0  
0 . 2 0 5 9 2  
0 . 2 0 9 0 4  
0 . 2 1 2 1 6  
0 . 2 1 5 2 8  
0 . 2 1 8 4 0  
0 . 2 2 1 5 2  
0 . 2 2 4 6 4  
0 . 2 2 7 7 6  
0 . 2 3 0 8 8  
0 . 2 3 4 0 0  
0 . 2 3 7 1 2  
0 . 2 4 0 2 4  
0 . 2 4 3 3 6  
0 . 2 4 6 4 8  
0 . 2 4 9 6 0  
0 . 2 5 2 7 2  
0 . 2 5 5 8 4  
0 . 2 5 8 9 6  
0 . 2 6 2 0 8  
0 . 2 6 5 2 0
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0 . 0 0 6 4 0
0 . 0 0 6 4 8
0 . 0 0 6 5 7
0 . 0 0 6 6 4
0 . 0 0 6 7 3
0 . 0 0 6 8 0
0 . 0 0 6 8 7
0 . 0 0 6 9 6
0 . 0 0 7 0 3
0 . 0 0 7 1 1
0 . 0 0 7 1 8
0 . 0 0 7 2 6
0 . 0 0 7 2 3
0 . 0 0 7 0 8
0 . 0 0 6 9 4
0 . 0 0 6 8 1
0 . 0 0 6 6 9
0 . 0 0 6 5 8
0 . 0 0 6 4 8
0 . 0 0 6 3 8
0 . 0 0 6 3 3

0 . 2 6 8 3 2
0 . 2 7 1 4 4
0 . 2 7 4 5 6
0 . 2 7 7 6 8
0 . 2 8 0 8 0
0 . 2 8 3 9 2
0 . 2 8 7 0 4
0 . 2 9 0 1 6
0 . 2 9 3 2 8
0 . 2 9 6 4 0
0 . 2 9 9 5 2
0 . 3 0 2 6 4
0 . 3 0 5 7 6
0 . 3 0 8 8 8
0 . 3 1 2 0 0
0 . 3 1 5 1 2
0 . 3 1 8 2 4
0 . 3 2 1 3 6
0 . 3 2 4 4 8
0 . 3 2 7 6 0
0 . 3 3 0 7 2
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VALVE NO. I  

A= 2 500  FPS

TABLE I-B

OPERATION

OF

TAU

0.00000
0 . 0 0 0 0 3
0 . 0 0 0 0 6
0 . 0 0 0 0 9
0.00012
0 . 0 0 0 1 5
0 . 0 0 0 1 8
0.00022
0 . 0 0 0 2 6
0 . 0 0 0 3 2
0 . 0 0 0 3 9
0 . 0 0 0 4 5
0 . 0 0 0 5 2
0 . 0 0 0 5 8
0 . 0 0 0 6 5
0 . 0 0 0 7 1
0 . 0 0 0 7 8
0 . 0 0 0 8 4
0 . 0 0 0 9 0
0 . 0 0 0 9 7
0 . 0 0 1 0 3
0 . 0 0 1 0 9
0 . 0 0 1 1 6
0.00122
0 . 0 0 1 3 6
0 . 0 0 1 4 2
0 . 0 0 1 4 9
0 . 0 0 1 5 5
0 . 0 0 1 6 2
0 . 0 0 1 6 8
0 . 0 0 1 7 5
0 . 0 0 1 8 1
0 . 0 0 1 8 5
0 . 0 0 1 9 2
0 . 0 0 1 9 8
0 . 0 0 2 0 5
0.00211

TIME

0.00000
0 . 0 0 2 5 0
0 . 0 0 5 0 0
0 . 0 0 7 5 0
0.01000
0 . 0 1 2 5 0
0 . 0 1 5 0 0
0 . 0 1 7 5 0
0.02000
0 . 0 2 2 5 0
0 . 0 2 5 0 0
0 . 0 2 7 5 0
0 . 0 3 0 0 0
0 . 0 3 2 5 0
0 . 0 3 5 0 0
0 . 0 3 7 5 0
0 . 0 4 0 0 0
0 . 0 4 2 5 0
0 . 0 4 5 0 0
0 . 0 4 7 5 0
0 . 0 5 0 0 0
0 . 0 5 2 5 0
0 . 0 5 5 0 0
0 . 0 5 7 5 0
0 . 0 6 0 0 0
0 . 0 6 2 5 0
0 . 0 6 5 0 0
0 . 0 6 7 5 0
0 . 0 7 0 0 0
0 . 0 7 2 5 0
0 . 0 7 5 0 0
0 . 0 7 7 5 0
0 . 0 8 0 0 0
0 . 0 8 2 5 0
0 . 0 8 5 0 0
0 . 0 8 7 5 0
0 . 0 9 0 0 0
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0 . 0 0 2 1 7  
0 . 0 0 2 2 3  
0 . 0 0 2 3 0  
0 . 0 0 2 3 6  
0 . 0 0 2 4 2  
0 . 0 0 2 4 8  
0 . 0 0 2 5 4  
0 . 0 0 2 6 1  
0 . 0 0 2 6 7  
0 . 0 0 2 7 3  
0 . 0 0 2 8 0  
0 . 0 0 2 8 6  
0 . 0 0 2 9 2  
0 . 0 0 2 9 8  
0 . 0 0 3 0 5  
0 . 0 0 3 1 1  
0 . 0 0 3 1 7  
0 . 0 0 3 2 3  
0 . 0 0 3 2 9  
0 . 0 0 3 3 6  
0 . 0 0 3 4 2  
0 . 0 0 3 4 8  
0 . 0 0 3 5 4  
0 . 0 0 3 6 0  
0 . 0 0 3 6 6  
0 . 0 0 3 7 3  
0 . 0 0 3 7 9  
0 . 0 0 3 8 5  
0 . 0 0 3 9 1  
0 . 0 0 3 9 7  
0 . 0 0 4 0 4  
0 . 0 0 4 1 0  
0 . 0 0 4 1 6  
0 . 0 0 4 2 2  
0 . 0 0 4 2 8  
0 . 0 0 4 3 4  
0 . 0 0 4 4 1  
0 . 0 0 4 4 7  
0 . 0 0 4 5 2  
0 . 0 0 4 5 9  
0 . 0 0 4 6 5  
0 . 0 0 4 7 1  
0 . 0 0 4 7 7  
0 . 0 0 4 8 4  
0 . 0 0 4 9 0  
0 . 0 0 4 9 5  
0 . 0 0 5 0 3  
0 . 0 0 5 0 8  
0 . 0 0 5 1 5

0 . 0 9 2 5 0
0 . 0 9 5 0 0
0 . 0 9 7 5 0
0.10000
0 . 1 0 2 5 0
0 . 1 0 5 0 0
0 . 1 0 7 5 0
0.11000
0 . 1 1 2 5 0
0 . 1 1 5 0 0
0 . 1 1 7 5 0
0.12000
0 . 1 2 2 5 0
0 . 1 2 5 0 0
0 . 1 2 7 5 0
0 . 1 3 0 0 0
0 . 1 3 2 5 0
0 . 1 3 5 0 0
0 . 1 3 7 5 0
0 . 1 4 0 0 0
0 . 1 4 2 5 0
0 . 1 4 5 0 0
0 . 1 4 7 5 0
0 . 1 5 0 0 0
0 . 1 5 2 5 0
0 . 1 5 5 0 0
0 . 1 5 7 5 0
0 . 1 6 0 0 0
0 . 1 6 2 5 0
0 . 1 6 5 0 0
0 . 1 6 7 5 0
0 . 1 7 0 0 0
0 . 1 7 2 5 0
0 . 1 7 5 0 0
0 . 1 7 7 5 0
0 . 1 8 0 0 0
0 . 1 8 2 5 0
0 . 1 8 5 0 0
0 . 1 8 7 5 0
0 . 1 9 0 0 0
0 . 1 9 2 5 0
0 . 1 9 5 0 0
0 . 1 9 7 5 0
0.20000
0 . 2 0 2 5 0
0 . 2 0 5 0 0
0 . 2 0 7 5 0
0.21000
0 . 2 1 2 5 0
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0 . 0 0 5 2 0
0 . 0 0 5 2 7
0 . 0 0 5 3 3
0 . 0 0 5 3 9
0 . 0 0 5 4 6
0 . 0 0 5 3 3
0 . 0 0 5 3 9
0 . 0 0 5 4 5
0 . 0 0 5 5 2
0 . 0 0 5 5 7
0 . 0 0 5 6 4
0 . 0 0 5 6 9
0 . 0 0 5 7 5
0 . 0 0 5 9 5
0 . 0 0 6 0 1
0 . 0 0 6 0 7
0 . 0 0 6 1 3
0 . 0 0 6 1 9
0 . 0 0 6 2 5
0 . 0 0 6 3 2
0 . 0 0 6 3 8
0 . 0 0 6 4 3
0 . 0 0 6 5 0
0 . 0 0 6 5 6
0 . 0 0 6 6 3
0 . 0 0 6 6 9
0 . 0 0 6 7 5
0 . 0 0 6 8 1
0 . 0 0 6 8 6
0 . 0 0 6 9 4
0 . 0 0 7 0 0
0 . 0 0 7 0 6
0 . 0 0 7 1 1
0 . 0 0 7 1 8
0 . 0 0 7 2 4
0 . 0 0 7 3 1
0 . 0 0 7 3 8
0 . 0 0 7 1 9
0 . 0 0 7 0 4
0 . 0 0 6 9 0
0 . 0 0 6 7 7
0 . 0 0 6 6 4
0 . 0 0 6 5 3
0 . 0 0 6 4 2
0 . 0 0 6 3 2

0 . 2 1 5 0 0
0 . 2 1 7 5 0
0.22000
0 . 2 2 2 5 0
0 . 2 2 5 0 0
0 . 2 2 7 5 0
0 . 2 3 0 0 0
0 . 2 3 2 5 0
0 . 2 3 5 0 0
0 . 2 3 7 5 0
0 . 2 4 0 0 0
0 . 2 4 2 5 0
0 . 2 4 5 0 0
0 . 2 4 7 5 0
0 . 2 5 0 0 0
0 . 2 5 2 5 0
0 . 2 5 5 0 0
0 . 2 5 7 5 0
0 . 2 6 0 0 0
0 . 2 6 2 5 0
0 . 2 6 5 0 0
0 . 2 6 7 5 0
0 . 2 7 0 0 0
0 . 2 7 2 5 0
0 . 2 7 5 0 0
0 . 2 7 7 5 0
0 . 2 8 0 0 0
0 . 2 8 2 5 0
0 . 2 8 5 0 0
0 . 2 8 7 5 0
0 . 2 9 0 0 0
0 . 2 9 2 5 0
0 . 2 9 5 0 0
0 . 2 9 7 5 0
0 . 3 0 0 0 0
0 . 3 0 2 5 0
0 . 3 0 5 0 0
0 . 3 0 7 5 0
0 . 3 1 0 0 0
0 . 3 1 2 5 0
0 . 3 1 5 0 0
0 . 3 1 7 5 0
0 . 3 2 0 0 0
0 . 3 2 2 5 0
0 . 3 2 5 0 0
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VALVE NO. I  

A= 3 000  EPS

TABLE I-C

OPERAT ION

OF

TAU

0.00000
0.00002
0 . 0 0 0 0 5
0 . 0 0 0 0 7
0.00010
0 . 0 0 0 1 3
0 . 0 0 0 1 5
0 . 0 0 0 1 8
0.00022
0 . 0 0 0 2 7
0 . 0 0 0 3 2
0 . 0 0 0 3 8
0 . 0 0 0 4 3
0 . 0 0 0 4 8
0 . 0 0 0 5 4
0 . 0 0 0 5 9
0 . 0 0 0 6 5
0 . 0 0 0 7 0
0 . 0 0 0 7 5
0 . 0 0 0 8 1
0 . 0 0 0 8 6
0 . 0 0 0 9 1
0 . 0 0 0 9 7
0.00102
0 . 0 0 1 0 7
0 . 0 0 1 1 3
0 . 0 0 1 1 8
0 . 0 0 1 2 3
0 . 0 0 1 2 9
0 . 0 0 1 3 4
0 . 0 0 1 3 9
0 . 0 0 1 4 5
0 . 0 0 1 5 0
0 . 0 0 1 5 5
0 . 0 0 1 6 0
0 . 0 0 1 6 5
0 . 0 0 1 7 1

TIME

0.00000
0 . 0 0 2 0 8
0 . 0 0 4 1 6
0 . 0 0 6 2 4
0 . 0 0 8 3 2
0 . 0 1 0 4 0
0 . 0 1 2 4 8
0 . 0 1 4 5 6
0 . 0 1 6 6 4
0 . 0 1 8 7 2
0 . 0 2 0 8 0
0 . 0 2 2 8 8
0 . 0 2 4 9 6
0 . 0 2 7 0 4
0 . 0 2 9 1 2
0 . 0 3 1 2 0
0 . 0 3 3 2 8
0 . 0 3 5 3 6
0 . 0 3 7 4 4
0 . 0 3 9 5 2
0 . 0 4 1 6 0
0 . 0 4 3 6 8
0 . 0 4 5 7 6
0 . 0 4 7 8 4
0 . 0 4 9 9 2
0 . 0 5 2 0 0
0 . 0 5 4 0 8
0 . 0 5 6 1 6
0 . 0 5 8 2 4
0 . 0 6 0 3 2
0 . 0 6 2 4 0
0 . 0 6 4 4 8
0 . 0 6 6 5 6
0 . 0 6 8 6 4
0 . 0 7 0 7 2
0 . 0 7 2 8 0
0 . 0 7 4 8 8
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0 . 0 0 1 7 6
0 . 0 0 1 8 1
0 . 0 0 1 8 6
0 . 0 0 1 9 2
0 . 0 0 1 9 7
0.00202
0 . 0 0 2 0 8
0 . 0 0 2 1 3
0 . 0 0 2 1 8
0 . 0 0 2 2 3
0 . 0 0 2 2 9
0 . 0 0 2 3 4
0 . 0 0 2 3 9
0 . 0 0 2 4 4
0 . 0 0 2 4 9
0 . 0 0 2 5 4
0 . 0 0 2 6 0
0 . 0 0 2 6 5
0 . 0 0 2 7 0
0 . 0 0 2 7 5
0 . 0 0 2 8 0
0 . 0 0 2 8 5
0 . 0 0 2 9 1
0 . 0 0 2 9 6
0 . 0 0 3 0 1
0 . 0 0 3 0 6
0 . 0 0 3 1 2
0 . 0 0 3 1 7
0 . 0 0 3 2 2
0 . 0 0 3 2 7
0 . 0 0 3 3 2
0 . 0 0 3 3 8
0 . 0 0 3 4 3
0 . 0 0 3 4 8
0 . 0 0 3 5 3
0 . 0 0 3 5 8
0 . 0 0 3 6 3
0 . 0 0 3 6 8
0 . 0 0 3 7 4
0 . 0 0 3 7 9
0 . 0 0 3 8 3
0 . 0 0 3 8 9
0 . 0 0 3 9 5
0 . 0 0 4 0 0
0 . 0 0 4 0 5
0 . 0 0 4 1 0
0 . 0 0 4 1 5
0 . 0 0 4 2 0
0 . 0 0 4 2 6

0 . 0 7 6 9 6  
0 . 0 7 9 0 4  
0 . 0 8 1 1 2  
0 . 0 8 3 2 0  
0 . 0 8 5 2 8  
0 . 0 8 7 3 6  
0 . 0 8 9 4 4  
0 . 0 9 1 5 2  
0 . 0 9 3 6 0  
0 . 0 9 5 6 8  
0 . 0 9 7 7 6  
0 . 0 9 9 8 4  
0 . 1 0 1 9 2  
0 . 1 0 4 0 0  
0 . 1 0 6 0 8  
0 . 1 0 8 1 6  
0 . 1 1 0 2 4  
0 . 1 1 2 3 2  
0 . 1 1 4 4 0  
0 . 1 1 6 4 8  
0 . 1 1 8 5 6  
0 . 1 2 0 6 4  
0 . 1 2 2 7 2  
0 . 1 2 4 8 0  
0 . 1 2 6 8 8  
0 . 1 2 8 9 6  
0 . 1 3 1 0 4  
0 . 1 3 3 1 2  
0 . 1 3 5 2 0  
0 . 1 3 7 2 8  
0 . 1 3 9 3 6  
0 . 1 4 1 4 4  
0 . 1 4 3 5 2  
0 . 1 4 5 6 0  
0 . 1 4 7 6 8  
0 . 1 4 9 7 6  
0 . 1 5 1 8 4  
0 . 1 5 3 9 2  
0 . 1 5 6 0 0  
0 . 1 5 8 0 8  
0 . 1 6 0 1 6  
0 . 1 6 2 2 4  
0 . 1 6 4 3 2  
0 . 1 6 6 4 0  
0 . 1 6 8 4 8  
0 . 1 7 0 5 6  
0 . 1 7 2 6 4  
0 . 1 7 4 7 2  
0 . 1 7 6 8 0
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0 . 0 0 6 7 2
0 . 0 0 6 7 6
0 . 0 0 4 3 0
0 . 0 0 4 3 5
0 . 0 0 4 4 0
0 . 0 0 4 4 5
0 . 0 0 4 5 1
0 . 0 0 4 5 6
0 . 0 0 4 6 2
0 . 0 0 4 6 6
0 . 0 0 4 7 2
0 . 0 0 4 7 7
0 . 0 0 4 8 2
0 . 0 0 4 8 7
0 . 0 0 4 9 2
0 . 0 0 4 9 7
0 . 0 0 5 0 2
0 . 0 0 5 0 8
0 . 0 0 5 1 2
0 . 0 0 5 1 7
0 . 0 0 5 2 2
0 . 0 0 5 2 7
0 . 0 0 5 3 2
0 . 0 0 5 3 9
0 . 0 0 5 4 4
0 . 0 0 5 4 8
0 . 0 0 5 5 4
0 . 0 0 5 5 9
0 . 0 0 5 6 4
0 . 0 0 5 6 9
0 . 0 0 5 7 5
0 . 0 0 5 7 9
0 . 0 0 5 8 3
0 . 0 0 5 9 0
0 . 0 0 5 9 4
0 . 0 0 5 9 9
0 . 0 0 6 0 4
0 . 0 0 6 0 9
0 . 0 0 6 1 4
0 . 0 0 6 2 1
0 . 0 0 6 2 6
0 . 0 0 6 3 0
0 . 0 0 6 3 7
0 . 0 0 6 4 1
0 . 0 0 6 4 7
0 . 0 0 6 5 2
0 . 0 0 6 5 7
0 . 0 0 6 6 1
0 . 0 0 6 6 6

0 . 2 7 6 6 4  
0 . 2 7 8 7 2  
0 . 1 7 8 8 8  
0 . 1 8 0 9 6  
0 . 1 8 3 0 4  
0 . 1 8 5 1 2  
0 . 1 8 7 2 0  
0 . 1  8 928  
0 . 1 9 1 3 6  
0 . 1 9 3 4 4  
0 . 1 9 5 5 2  
0 . 1 9 7 6 0  
0 . 1 9 9 6 8  
0 . 2 0 1 7 6  
0 . 2 0 3 8 4  
0 . 2 0 5 9 2  
0 . 2 0 8 0 0  
0 . 2 1 0 0 8  
0 . 2 1 2 1 6  
0 . 2 1 4 2 4  
0 . 2 1 6 3 2  
0 . 2 1 8 4 0  
0 . 2 2 0 4 8  
0 . 2 2 2 5 6  
0 . 2 2 4 6 4  
0 . 2 2 6 7 2  
0 . 2 2 8 8 0  
0 . 2 3 0 8 8  
0 . 2 3 2 9 6  
0 . 2 3 5 0 4  
0 . 2 3 7 1 2  
0 . 2 3 9 2 0  
0 . 2 4 1 2 8  
0 . 2 4 3 3 6  
0 . 2 4 5 4 4  
0 . 2 4 7 5 2  
0 . 2 4 9 6 0  
0 . 2 5 1 6 8  
0 . 2 5 3 7 6  
0 . 2 5 5 8 4  
0 . 2 5 7 9 2  
0 . 2 6 0 0 0  
0 . 2 6 2 0 8  
0 . 2 6 4 1 6  
0 . 2 6 6 2 4  
0 . 2 6 8 3 2  
0 . 2 7 0 4 0  
0 . 2 7 2 4 8  
0 . 2 7 4 5 6
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0 . 0 0 6 8 2
0 . 0 0 6 8 7
0 . 0 0 6 9 2
0 . 0 0 6 9 7
0 . 0 0 7 0 3
0 . 0 0 7 0 9
0 . 0 0 7 1 3
0 . 0 0 7 1 9
0 . 0 0 7 2 3
0 . 0 0 7 2 9
0 . 0 0 7 3 4
0 . 0 0 7 4 0
0 . 0 0 7 3 0
0 . 0 0 7 1 2
0 . 0 0 6 9 8
0 . 0 0 6 8 3
0 . 0 0 6 7 1
0 . 0 0 6 5 8
0 . 0 0 6 4 7
0 . 0 0 6 3 6
0 . 0 0 6 3 2

0 . 2 8 0 8 0
0 . 2 8 2 8 8
0 . 2 8 4 9 6
0 . 2 8 7 0 4
0 . 2 8 9 1 2
0 . 2 9 1 2 0
0 . 2 9 3 2 8
0 . 2 9 5 3 6
0 . 2 9 7 4 4
0 . 2 9 9 5 2
0 . 3 0 1 6 0
0 . 3 0 3 6 8
0 . 3 0 5 7 6
0 . 3 0 7 8 4
0 . 3 0 9 9 2
0 . 3 1 2 0 0
0 . 3 1 4 0 8
0 . 3 1 6 1 6
0 . 3 1 8 2 4
0 . 3 2 0 3 2
0 . 3 2 2 4 0
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TABLE I I - A  

OPERATION 

OF

VALVE NO. 2 

A= 2 0 0 0  EPS

TAU

1.00000 
O . 1 0 9 9 8  
0 . 0 9 4 5 8  
0 . 0 8 4 9 0  
0 . 0 7 7 4 7  
0 . 0 7 1 6 6  
0 . 0 6 6 9 0  
0 . 0 6 6 2 0  
0 . 0 6 5 8 9  
0 . 0 6 5 6 1  
O . 0 6 5 3 0  
0 . 0 6 4 5 4  
O . 0 6 3 8 3  
0 . 0 6 3 0 7  
0 . 0 6 2 3 1  
0 . 0 6 1 6 0  
0 . 0 6 0 4 5  
0 . 0 5 9 3 1  
0 . 0 5 8 1 9  
0 . 0 5 7 5 0  
0 . 0 5 6 7 6  
O . 0 5 6 0 8  
0 . 0 5 5 3 4  
0 . 0 5 4 5 8  
0 . 0 5 4 2 4  
0 . 0 5 3 9 0  
0 . 0 5 3 5 5  
0 . 0 5 2 7 7  
0 . 0 5 2 0 6  
O . 0 5 1 2 7  
0 . 0 5 0 5 6  
0 . 0 4 9 8 9  
0 . 0 4 8 7 8  
0 . 0 4 7 6 9  
0 . 0 4 6 6 6  
0 . 0 4 5 9 6  
0 . 0 4 5 2 4

TIME

0.00000
0 . 0 0 3 1 2
0 . 0 0 6 2 4
0 . 0 0 9 3 6
0 . 0 1 2 4 8
0 . 0 1 5 6 0
0 . 0 1 8 7 2
0 . 0 2 1 8 4
0 . 0 2 4 9 6
0 . 0 2 8 0 8
0 . 0 3 1 2 0
0 . 0 3 4 3 2
0 . 0 3 7 4 4
0 . 0 4 0 5 6
0 . 0 4 3 6 8
0 . 0 4 6 8 0
0 . 0 4 9 9 2
0 . 0 5 3 0 4
0 . 0 5 6 1 6
0 . 0 5 9 2 8
0 . 0 6 2 4 0
0 . 0 6 5 5 2
0 . 0 6 8 6 4
0 . 0 7 1 7 6
0 . 0 7 4 8 8
0 . 0 7 8 0 0
0 . 0 8 1 1 2
0 . 0 8 4 2 4
0 . 0 8 7 3 6
0 . 0 9 0 4 8
0 . 0 9 3 6 0
0 . 0 9 6 7 2
0 . 0 9 9 8 4
0 . 1 0 2 9 6
0 . 1 0 6 0 8
0 . 1 0 9 2 0
0 . 1 1 2 3 2
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0 . 0 4 4 5 9  
0 . 0 4 3 8 3  
0 . 0 4 3 0 5  
0 . 0 4 2 6 7  
0 . 0 4 2 2 9  
0 . 0 4 1 8 3  
0 . 0 4 1 1 0  
0 . 0 4 0 3 6  
0 . 0 3 9 5 6  
0 . 0 3 8 8 7  
0 . 0 3 8 1 9  
0 . 0 3 7 1 8  
0 . 0 3 6 1 6  
0 . 0 3 5 2 0  
0 . 0 3 4 5 1  
0 . 0 3 3 7 9  
0 . 0 3 3 1 6  
0 . 0 3 2 3 9  
0 . 0 3 1 6 6  
0 . 0 3 1 1 4  
0 . 0 3 0 6 9  
0 . 0 3 0 1 9  
0 . 0 2 9 4 1  
0 . 0 2 8 7 0  
0 . 0 2 7 9 1  
0 . 0 2 7 2 4  
0 . 0 2 6 5 3  
0 . 0 2 5 6 5  
0 . 0 2 4 7 0  
0 . 0 2 3 8 1  
0 . 0 2 3 1 5  
0 . 0 2 2 4 2  
0 . 0 2 1 7 6  
0.02100 
0 . 0 2 0 2 7  
0 . 0 1 9 6 8  
0 . 0 1 9 1 3  
0 . 0 1 8 5 4  
0 . 0 1 7 7 9  
0 . 0 1 7 0 8  
0 . 0 1 6 3 1  
0 . 0 1 5 6 4  
0 . 0 1 4 9 2  
0 . 0 1 4 1 1  
0 . 0 1 3 2 8  
0 . 0 1 2 4 7  
0 . 0 1 1 7 7  
0 . 0 1 1 0 6  
0 . 0 1 0 3 7

0 . 1 1 5 4 4  
0 . 1 1 8 5 6  
0 . 1 2 1 6 8  
0 . 1 2 4 8 0  
0 . 1 2 7 9 2  
0 . 1 3 1 0 4  
0 . 1 3 4 1 6  
0 . 1 3 7 2 8  
0 . 1 4 0 4 0  
0 . 1 4 3 5 2  
0 . 1 4 6 6 4  
0 . 1 4 9 7 6  
0 . 1 5 2 8 8  
0 . 1 5 6 0 0  
0 . 1 5 9 1 2  
0 . 1 6 2 2 4  
0 . 1 6 5 3 6  
0 . 1 6 8 4 8  
0 . 1 7 1 6 0  
0 . 1 7 4 7 2  
0 . 1 7 7 8 4  
0 . 1 8 0 9 6  
0 . 1 8 4 0 8  
0 . 1 8 7 2 0  
0 . 1 9 0 3 2  
0 . 1 9 3 4 4  
0 . 1 9 6 5 6  
0 . 1 9 9 6 8  
0 . 2 0 2 8 0  
0 . 2 0 5 9 2  
0 . 2 0 9 0 4  
0 . 2 1 2 1 6  
0 . 2 1 5 2 8  
0 . 2 1 8 4 0  
0 . 2 2 1 5 2  
0 . 2 2 4 6 4  
0 . 2 2 7 7 6  
0 . 2 3 0 8 8  
0 . 2 3 4 0 0  
0 . 2 3 7 1 2  
0 . 2 4 0 2 4  
0 . 2 4 3 3 6  
0 . 2 4 6 4 8  
0 . 2 4 9 6 0  
0 . 2 5 2 7 2  
0 . 2 5 5 8 4  
0 . 2 5 8 9 6  
0 . 2 6 2 0 8  
0 . 2 6 5 2 0



66
0 . 0 0 9 6 4
0 . 0 0 8 9 2
0 . 0 0 8 2 6
0 . 0 0 7 6 1
0 . 0 0 6 9 4
0 . 0 0 6 2 2
0 . 0 0 5 4 9
0 . 0 0 4 7 6
0 . 0 0 4 0 4
0 . 0 0 3 3 3
0 . 0 0 2 8 1
0 . 0 0 2 5 8
0 . 0 0 2 3 4
0.00210
0 . 0 0 1 8 4
0 . 0 0 1 5 4
0 . 0 0 1 1 5
0 . 0 0 0 6 0
0.00000
0.00000

0 . 2 6 8 3 2
0 . 2 7 1 4 4
0 . 2 7 4 5 6
0 . 2 7 7 6 8
0 . 2 8 0 8 0
0 . 2 8 3 9 2
0 . 2 8 7 0 4
0 . 2 9 0 1 6
0 . 2 9 3 2 8
0 . 2 9 6 4 0
0 . 2 9 9 5 2
0 . 3 0 2 6 4
0 . 3 0 5 7 6
0 . 3 0 8 8 8
0 . 3 1 2 0 0
0 . 3 1 5 1 2
0 . 3 1 8 2 4
0 . 3 2 1 3 6
0 . 3 2 4 4 8
0 . 3 2 7 6 0
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TABLE I I - B  

OPERATION 

OF

VALVE NO. 2 

A= 2 50 0  FPS

TAU

I .00000 
0 . 1 9 6 9 1  
0 . 1 3 6 5 4  
0 . 1 1 0 4 5  
0 . 0 9 5 0 1  
0 . 0 8 5 3 2  
0 . 0 7 7 9 9  
0 . 0 7 2 1 8  
0 . 0 6 7 4 4  
0 . 0 6 6 9 1  
0 . 0 6 6 7 4  
0 . 0 6 6 5 7  
0 . 0 6 6 4 8  
0 . 0 6 5 8 7  
0 . 0 6 5 3 2  
0 . 0 6 4 7 8  
0 . 0 6 4 1 6  
0 . 0 6 3 5 0  
0 . 0 6 2 5 4  
0 . 0 6 1 5 9  
0 . 0 6 0 4 9  
0 . 0 5 9 9 6  
0 . 0 5 9 3 2  
0 . 0 5 8 6 8  
0 . 0 5 8 1 5  
0 . 0 5 7 6 7  
0 . 0 5 7 4 0  
0 . 0 5 7 1 3  
0 . 0 5 7 0 7  
0 . 0 5 6 4 8  
0 . 0 5 5 9 2  
0 . 0 5 5 3 7  
0 . 0 5 4 7 7  
0 . 0 5 4 0 1  
0 . 0 5 3 1 7  
0 . 0 5 2 3 3  
0 . 0 5 1 2 6

TIME

0.00000
0 . 0 0 2 5 0
0 . 0 0 5 0 0
0 . 0 0 7 5 0
0.01000
0 . 0 1 2 5 0
0 . 0 1 5 0 0
0 . 0 1 7 5 0
0.02000
0 . 0 2 2 5 0
0 . 0 2 5 0 0
0 . 0 2 7 5 0
0 . 0 3 0 0 0
0 . 0 3 2 5 0
0 . 0 3 5 0 0
0 . 0 3 7 5 0
0 . 0 4 0 0 0
0 . 0 4 2 5 0
0 . 0 4 5 0 0
0 . 0 4 7 5 0
0 . 0 5 0 0 0
0 . 0 5 2 5 0
0 . 0 5 5 0 0
0 . 0 5 7 5 0
0 . 0 6 0 0 0
0 . 0 6 2 5 0
0 . 0 6 5 0 0
0 . 0 6 7 5 0
0 . 0 7 0 0 0
0 . 0 7 2 5 0
0 . 0 7 5 0 0
0 . 0 7 7 5 0
0 . 0 8 0 0 0
0 . 0 8 2 5 0
0 . 0 8 5 0 0
0 . 0 8 7 5 0
0 . 0 9 0 0 0
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0 . 0 5 0 6 8  
0 . 0 5 0 1 0  
0 . 0 4 9 4 7  
0 . 0 4 8 9 0  
0 . 0 4 8 4 9  
0 . 0 4 8 1 4  
0 . 0 4 7 7 8  
0 . 0 4 7 6 8  
0 . 0 4 7 0 9  
0 . 0 4 6 5 0  
0 . 0 4 5 9 9  
0 . 0 4 5 3 9  
0 . 0 4 4 6 7  
0 . 0 4 3 8 7  
0 . 0 4 3 0 7  
0 . 0 4 2 0 6  
0 . 0 4 1 5 2  
0 . 0 4 0 9 5  
0 . 0 4 0 3 0  
0 . 0 3 9 7 7  
0 . 0 3 9 2 6  
0 . 0 3 8 9 0  
0 . 0 3 8 5 0  
0 . 0 3 8 3 6  
0 . 0 3 7 7 4  
0 . 0 3 7 1 4  
0 . 0 3 6 6 6  
0 . 0 3 5 9 9  
0 . 0 3 5 3 7  
0 . 0 3 4 5 8  
0 . 0 3 3 8 7  
0 . 0 3 2 9 3  
0 . 0 3 2 3 5  
0 . 0 3 1 8 1  
0 . 0 3 1 1 5  
0 . 0 3 0 6 7  
0 . 0 3 0 1 3  
0 . 0 2 9 7 2  
0 . 0 2 9 2 6  
0 . 0 2 9 0 1  
0 . 0 2 8 4 5  
0 . 0 2 7 8 4  
0 . 0 2 7 3 2  
0 . 0 2 6 6 6  
0 . 0 2 6 0 5  
0 . 0 2 5 3 5  
0 . 0 2 4 6 7  
0 . 0 2 3 8 3  
0 . 0 2 3 2 4

0 . 0 9 2 5 0  
0 . 0 9 5 0 0  
0 . 0 9 7 5 0  
0 . 1 0 0 0 0  
0 . 1 0 2 5 0  
0 . 1 0 5 0 0  
0 . 1 0 7 5 0  
0 . 1 1 0 0 0  
0 . 1 1 2 5 0  
0 . 1 1 5 0 0  
0 . 1 1 7 5 0  
0 . 1 2 0 0 0  
0 . 1 2 2 5 0  
0 . 1 2 5 0 0  
0 . 1 2 7 5 0  
0 . 1 3 0 0 0  
0 . 1 3 2 5 0  
0 . 1 3 5 0 0  
0 . 1 3 7 5 0  
0 . 1 4 0 0 0  
0 . 1 4 2 5 0  
0 . 1 4 5 0 0  
0 . 1 4 7 5 0  
0 . 1 5 0 0 0  
0 . 1 5 2 5 0  
0 . 1 5 5 0 0  
0 . 1 5 7 5 0  
0 . 1 6 0 0 0  
0 . 1 6 2 5 0  
0 . 1 6 5 0 0  
0 . 1 6 7 5 0  
0 . 1 7 0 0 0  
0 . 1 7 2 5 0  
0 . 1 7 5 0 0  
0 . 1 7 7 5 0  
0 . 1 8 0 0 0  
0 . 1 8 2 5 0  
0 . 1 8 5 0 0  
0 . 1 8 7 5 0  
0 . 1 9 0 0 0  
0 . 1 9 2 5 0  
0 . 1 9 5 0 0  
0 . 1 9 7 5 0  
0 . 2 0 0 0 0  
0 . 2 0 2 5 0  
0 . 2 0 5 0 0  
0 . 2 0 7 5 0  
0 . 2 1 0 0 0  
0 . 2 1 2 5 0
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0 . 0 2 2 6 9  
0 . 0 2 2 0 9  
0 . 0 2 1 5 8  
0.02102 
0 . 0 2 0 5 3  
0 . 0 2 0 0 6  
0 . 0 1 9 7 0  
0 . 0 1 9 1 4  
0 . 0 1 8 5 6  
0 . 0 1 7 9 9  
0 . 0 1 7 3 8  
0 . 0 1 6 7 8  
0 . 0 1 6 1 3  
0 . 0 1 5 4 8  
0 . 0 1 4 7 4  
0 . 0 1 4 1 7  
0 . 0 1 3 5 9  
0 . 0 1 3 0 3  
0 . 0 1 2 4 7  
0 . 0 1 1 9 3  
0 . 0 1 1 4 0  
0 . 0 1 0 8 9  
0 . 0 1 0 4 3  
0 . 0 0 9 8 5  
0 . 0 0 9 2 9  
0 . 0 0 8 7 0  
0 . 0 0 8 1 2  
0 . 0 0 7 5 1  
0 . 0 0 6 9 2  
0 . 0 0 6 3 0  
0 . 0 0 5 6 7  
0 . 0 0 5 1 1  
0 . 0 0 4 5 2  
0 . 0 0 3 9 7  
0 . 0 0 3 3 9  
0 . 0 0 2 8 4  
0 . 0 0 2 2 8  
0 . 0 0 2 1 3  
0 . 0 0 1 9 9  
0 . 0 0 1 8 1  
0 . 0 0 1 6 2  
0 . 0 0 1 3 9  
0.00110 
0 . 0 0 0 7 1  
0.00000

0 . 2 1 5 0 0
0 . 2 1 7 5 0
0.22000
0 . 2 2 2 5 0
0 . 2 2 5 0 0
0 . 2 2 7 5 0
0 . 2 3 0 0 0
0 . 2 3 2 5 0
0 . 2 3 5 0 0
0 . 2 3 7 5 0
0 . 2 4 0 0 0
0 . 2 4 2 5 0
0 . 2 4 5 0 0
0 . 2 4 7 5 0
0 . 2 5 0 0 0
0 . 2 5 2 5 0
0 . 2 5 5 0 0
0 . 2 5 7 5 0
0 . 2 6 0 0 0
0 . 2 6 2 5 0
0 . 2 6 5 0 0
0 . 2 6 7 5 0
0 . 2 7 0 0 0
0 . 2 7 2 5 0
0 . 2 7 5 0 0
0 . 2 7 7 5 0
0 . 2 8 0 0 0
0 . 2 8 2 5 0
0 . 2 8 5 0 0
0 . 2 8 7 5 0
0 . 2 9 0 0 0
0 . 2 9 2 5 0
0 . 2 9 5 0 0
0 . 2 9 7 5 0
0 . 3 0 0 0 0
0 . 3 0 2 5 0
0 . 3 0 5 0 0
0 . 3 0 7 5 0
0 . 3 1 0 0 0
0 . 3 1 2 5 0
0 . 3 1 5 0 0
0 . 3 1 7 5 0
0 . 3 2 0 0 0
0 . 3 2 2 5 0
0 . 3 2 5 0 0
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TABLE I I - C  

OPERATION 

OF

VALVE NO. 2 

A= 3 000  EPS

TAU

I .00000 
0 . 1 9 7 6 2  
0 . 1 3 6 5 5  
0 . 1 1 0 6 9  
0 . 0 9 5 3 5  
0 . 0 8 5 5 8  
0 . 0 7 8 3 3  
0 . 0 7 2 5 8  
0 . 0 6 7 8 9  
0 . 0 6 7 3 2  
0 . 0 6 7 4 0  
0 . 0 6 7 2 6  
0 . 0 6 7 2 0  
0 . 0 6 6 8 5  
0 . 0 6 6 2 6  
0 . 0 6 5 7 6  
0 . 0 6 5 2 5  
0 . 0 6 4 8 9  
0 . 0 6 3 8 2  
0 . 0 6 3 0 5  
0 . 0 6 2 1 5  
0 . 0 6 1 5 3  
0 . 0 6 1 1 7  
0 . 0 6 0 6 7  
0 . 0 6 0 1 9  
0 . 0 5 9 5 7  
0 . 0 5 9 5 9  
0 . 0 5 9 3 5  
0 . 0 5 9 3 2  
0 . 0 5 8 9 4  
0 . 0 5 8 3 1  
0 . 0 5 7 8 1  
0 . 0 5 7 3 7  
0 . 0 5 6 9 9  
0 . 0 5 6 0 6  
0 . 0 5 5 3 2  
0 . 0 5 4 4 2

TIME

0.00000
0 . 0 0 2 0 8
0 . 0 0 4 1 6
0 . 0 0 6 2 4
0 . 0 0 8 3 2
0 . 0 1 0 4 0
0 . 0 1 2 4 8
0 . 0 1 4 5 6
0 . 0 1 6 6 4
0 . 0 1 8 7 2
0 . 0 2 0 8 0
0 . 0 2 2 8 8
0 . 0 2 4 9 6
0 . 0 2 7 0 4
0 . 0 2 9 1 2
0 . 0 3 1 2 0
0 . 0 3 3 2 8
0 . 0 3 5 3 6
0 . 0 3 7 4 4
0 . 0 3 9 5 2
0 . 0 4 1 6 0
0 . 0 4 3 6 8
0 . 0 4 5 7 6
0 . 0 4 7 8 4
0 . 0 4 9 9 2
0 . 0 5 2 0 0
0 . 0 5 4 0 8
0 . 0 5 6 1 6
0 . 0 5 8 2 4
0 . 0 6 0 3 2
0 . 0 6 2 4 0
0 . 0 6 4 4 8
0 . 0 6 6 5 6
0 . 0 6 8 6 4
0 . 0 7 0 7 2
0 . 0 7 2 8 0
0 . 0 7 4 8 8
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0 . 0 5 3 8 1  
0 . 0 5 3 5 0  
0 . 0 5 3 0 1  
0 . 0 5 2 4 8  
0 . 0 5 1 9 4  
0 . 0 5 1 7 8  
0 . 0 5 1 5 8  
0 . 0 5 1 4 8  
0 . 0 5 1 1 6  
0 . 0 5 0 4 9  
0 . 0 4 9 9 9  
0 . 0 4 9 5 5  
0 . 0 4 9 1 1  
0 . 0 4 8 3 4  
0 . 0 4 7 5 9  
0 . 0 4 6 7 4  
0 . 0 4 6 1 1  
0 . 0 4 5 7 8  
0 . 0 4 5 3 4  
0 . 0 4 4 8 2  
0 . 0 4 4 3 4  
0 . 0 4 4 1 0  
0 . 0 4 3 8 5  
0 . 0 4 3 7 0  
0 . 0 4 3 3 5  
0 . 0 4 2 7 7  
0 . 0 4 2 2 2  
0 . 0 4 1 7 7  
0 . 0 4 1 2 8  
0 . 0 4 0 5 6  
0 . 0 3 9 8 5  
0 . 0 3 9 1 2  
0 . 0 3 8 5 1  
0 . 0 3 8 1 2  
0 . 0 3 7 6 8  
0 . 0 3 7 1 5  
0 . 0 3 6 6 8  
0 . 0 3 6 4 4  
0 . 0 3 6 1 6  
0 . 0 3 5 9 1  
0 . 0 3 5 5 4  
0 . 0 3 4 9 7  
0 . 0 3 4 4 8  
0 . 0 3 4 0 2  
0 . 0 3 3 5 4  
0 . 0 3 2 8 3  
0 . 0 3 2 1 6  
0 . 0 3 1 4 8  
0 . 0 3 0 9 3

0 . 0 7 6 9 6  
0 . 0 7 9 0 4  
0 . 0 8 1 1 2  
0 . 0 8 3 2 0  
0 . 0 8 5 2 8  
0 . 0 8 7 3 6  
0 . 0 8 9 4 4  
0 . 0 9 1 5 2  
0 . 0 9 3 6 0  
0 . 0 9 5 6 8  
0 . 0 9 7 7 6  
0 . 0 9 9 8 4  
0 . 1 0 1 9 2  
0 . 1 0 4 0 0  
0 . 1 0 6 0 8  
0 . 1 0 8 1 6  
0 . 1  1024  
0 . 1 1 2 3 2  
0 . 1 1 4 4 0  
0 . 1 1 6 4 8  
0 . 1 1 8 5 6  
0 . 1 2 0 6 4  
0 . 1 2 2 7 2  
0 . 1 2 4 8 0  
0 . 1 2 6 8 8  
0 . 1 2 8 9 6  
0 . 1 3 1 0 4  
0 . 1 3 3 1 2  
0 . 1 3 5 2 0  
0 . 1 3 7 2 8  
0 . 1 3 9 3 6  
0 . 1 4 1 4 4  
0 . 1 4 3 5 2  
0 . 1 4 5 6 0  
0 . 1 4 7 6 8  
0 . 1 4 9 7 6  
0 . 1 5 1 8 4  
0 . 1 5 3 9 2  
0 . 1 5 6 0 0  
0 . 1 5 8 0 8  
0 . 1 6 0 1 6  
0 . 1 6 2 2 4  
0 . 1 6 4 3 2  
0 . 1 6 6 4 0  
0 . 1 6 8 4 8  
0 . 1 7 0 5 6  
0 . 1 7 2 6 4  
0 . 1 7 4 7 2  
0 . 1 7 6 8 0



72

0 . 0 3 0 5 3  
0 . 0 3 0 0 1  
0 . 0 2 9 5 4  
0 . 0 2 9 0 7  
0 . 0 2 8 7 8  
0 . 0 2 8 4 9  
0 . 0 2 8 1 9  
0 . 0 2 7 7 3  
0 . 0 2 7 1 8  
0 . 0 2 6 7 6  
0 . 0 2 6 2 7  
0 . 0 2 5 7 8  
0 . 0 2 5 1 3  
0 . 0 2 4 4 8  
0 . 0 2 3 8 5  
0 . 0 2 3 3 7  
0 . 0 2 2 9 5  
0 . 0 2 2 4 2  
0 . 0 2 1 9 5  
0 . 0 2 1 4 8  
0 . 0 2 1 1 4  
0 . 0 2 0 8 0  
0 . 0 2 0 4 8  
0.02000 
0 . 0 1 9 4 7  
0 . 0 1 9 0 2  
0 . 0 1 8 5 4  
0 . 0 1 8 0 5  
0 . 0 1 7 4 5  
0 . 0 1 6 8 8  
0 . 0 1 6 2 6  
0 . 0 1 5 7 8  
0 . 0 1 5 3 4  
0 . 0 1 4 8 3  
0 . 0 1 4 3 8  
0 . 0 1 3 9 1  
0 . 0 1 3 5 2  
0 . 0 1 3 1 0  
0 . 0 1 2 7 6  
0 . 0 1 2 2 7  
0 . 0 1 1 7 6  
0 . 0 1 1 3 0  
0 . 0 1 0 8 1  
0 . 0 1 0 3 2  
0 . 0 0 9 7 7  
0 . 0 0 9 2 5  
0 . 0 0 8 6 9  
0 . 0 0 8 2 2  
0 . 0 0 7 7 6

0 . 1 7 8 8 8  
0 . 1 8 0 9 6  
0 . 1 8 3 0 4  
0 . 1 8 5 1 2  
0 . 1 8 7 2 0  
0 . 1 8 9 2 8  
0 . 1 9 1 3 6  
0 . 1 9 3 4 4  
0 . 1 9 5 5 2  
0 . 1 9 7 6 0  
0 . 1 9 9 6 8  
0 . 2 0 1 7 6  
0 . 2 0 3 8 4  
0 . 2 0 5 9 2  
0 . 2 0 8 0 0  
0 . 2 1 0 0 8  
0 . 2 1 2 1 6  
0 . 2 1 4 2 4  
0 . 2 1 6 3 2  
0 . 2 1 8 4 0  
0 . 2 2 0 4 8  
0 . 2 2 2 5 6  
0 . 2 2 4 6 4  
0 . 2 2 6 7 2  
0 . 2 2 8 8 0  
0 . 2 3 0 8 8  
0 . 2 3 2 9 6  
0 . 2 3 5 0 4  
0 . 2 3 7 1 2  
0 . 2 3 9 2 0  
0 . 2 4 1 2 8  
0 . 2 4 3 3 6  
0 . 2 4 5 4 4  
0 . 2 4 7 5 2  
0 . 2 4 9 6 0  
0 . 2 5 1 6 8  
0 . 2 5 3 7 6  
0 . 2 5 5 8 4  
0 . 2 5 7 9 2  
0 . 2 6 0 0 0  
0 . 2 6 2 0 8  
0 . 2 6 4 1 6  
0 . 2 6 6 2 4  
0 . 2 6 8 3 2  
0 . 2 7 0 4 0  
0 . 2 7 2 4 8  
0 . 2 7 4 5 6  
0 . 2 7 6 6 4  
0 . 2 7 8 7 2
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0 . 0 0 7 2 8
0 . 0 0 6 8 1
0 . 0 0 6 3 3
0 . 0 0 5 9 1
0 . 0 0 5 4 6
0 . 0 0 5 0 2
0 . 0 0 4 5 5
0 . 0 0 4 0 5
0 . 0 0 3 5 7
0 . 0 0 3 0 9
0 . 0 0 2 6 1
0.00210
0 . 0 0 1 8 3
0 . 0 0 1 6 8
0 . 0 0 1 5 2
0 . 0 0 1 3 6
0 . 0 0 1 1 7
0 . 0 0 0 9 4
0 . 0 0 0 6 6
0 . 0 0 0 2 7
0.00000

0 . 2 8 0 8 0
0 . 2 8 2 8 8
0 . 2 8 4 9 6
0 . 2 8 7 0 4
0 . 2 8 9 1 2
0 . 2 9 1 2 0
0 . 2 9 3 2 8
0 . 2 9 5 3 6
0 . 2 9 7 4 4
0 . 2 9 9 5 2
0 . 3 0 1 6 0
0 . 3 0 3 6 8
0 . 3 0 5 7 6
0 . 3 0 7 8 4
0 . 3 0 9 9 2
0 . 3 1 2 0 0
0 . 3 1 4 0 8
0 . 3 1 6 1 6
0 . 3 1 8 2 4
0 . 3 2 0 3 2
0 . 3 2 2 4 0
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VALVE NO. 4

TABLE I I I-A

OPERATION

OF

A= 2 00 0  FPS

TAU

0.00000 
0 . 0 0 0 0 8  
0 . 0 0 0 1 6  
0 . 0 0 0 2 4  
0 . 0 0 0 3 2  
0 . 0 0 0 3 9  
0 . 0 0 0 4 7  
0 . 0 0 0 3 4  
0 . 0 0 0 6 2  
0 . 0 0 0 7 7  
0 . 0 0 0 9 1  
0 . 0 0 1 0 6  
0.00121 
0 . 0 0 1 3 5  
0 . 0 0 1 5 0  
0 . 0 0 1 6 5  
0 . 0 0 1 8 0  
0 . 0 0 1 9 4  
0 . 0 0 2 0 9  
0 . 0 0 2 2 4  
0 . 0 0 2 3 9  
0 . 0 0 2 5 3  
0 . 0 0 2 6 8  
0 . 0 0 2 8 2  
O . 0 0 2 9 7  
0 . 0 0 3 1 2  
0 . 0 0 3 2 6  
0 . 0 0 3 4 1  
0 . 0 0 3 5 5  
0 . 0 0 3 7 0  
0 . 0 0 3 8 4  
0 . 0 0 3 9 9  
0 . 0 0 4 1 3  
0 . 0 0 4 2 7  
O . 0 0 4 4 2  
0 . 0 0 3 6 2  
0 . 0 0 4 7 1

TIME

0.00000
0 . 0 0 3 1 2
0 . 0 0 6 2 4
0 . 0 0 9 3 6
0 . 0 1 2 4 8
0 . 0 1 5 6 0
0 . 0 1 8 7 2
0 . 0 2 1 8 4
0 . 0 2 4 9 6
0 . 0 2 8 0 8
0 . 0 3 1 2 0
0 . 0 3 4 3 2
0 . 0 3 7 4 4
0 . 0 4 0 5 6
0 . 0 4 3 6 8
0 . 0 4 6 8 0
0 . 0 4 9 9 2
0 . 0 5 3 0 4
0 . 0 5 6 1 6
0 . 0 5 9 2 8
0 . 0 6 2 4 0
0 . 0 6 5 5 2
0 . 0 6 8 6 4
0 . 0 7 1 7 6
0 . 0 7 4 8 8
0 . 0 7 8 0 0
0 . 0 8 1 1 2
0 . 0 8 4 2 4
0 . 0 8 7 3 6
0 . 0 9 0 4 8
0 . 0 9 3 6 0
0 . 0 9 6 7 2
0 . 0 9 9 8 4
0 . 1 0 2 9 6
0 . 1 0 6 0 8
0 . 1 0 9 2 0
0 . 1 1 2 3 2
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0 . 0 0 4 8 6
0 . 0 0 5 0 0
0 . 0 0 5 1 4
0 . 0 0 5 2 9
0 . 0 0 5 4 3
0 . 0 0 5 5 8
0 . 0 0 5 7 2
0 . 0 0 5 8 6
0 . 0 0 6 0 0
0 . 0 0 6 1 5
0 . 0 0 6 2 9
0 . 0 0 6 4 3
0 . 0 0 6 5 8
0 . 0 0 6 7 2
0 . 0 0 6 8 7
0 . 0 0 7 0 1
0 . 0 0 7 1 5
0 . 0 0 7 3 0
0 . 0 0 7 4 4
0 . 0 0 7 5 8
0 . 0 0 7 7 3
0 . 0 0 7 8 7
0 . 0 0 8 0 1
0 . 0 0 8 1 5
0 . 0 0 8 2 9
0 . 0 0 8 4 3
0 . 0 0 8 5 8
0 . 0 0 8 7 2
0 . 0 0 8 8 6
0 . 0 0 9 0 0
0 . 0 0 9 1 5
0 . 0 0 9 2 9
0 . 0 0 9 4 3
0 . 0 0 9 5 8
0 . 0 0 9 7 2
0 . 0 0 9 8 6
0.01000
0 . 0 1 0 1 4
0 . 0 1 0 2 8
0 . 0 1 0 4 2
0 . 0 1 0 5 6
0 . 0 1 0 8 5
0 . 0 1 0 9 9
0 . 0 1 1 1 3
0 . 0 1 1 2 7
0 . 0 1 1 4 2
0 . 0 1 1 5 6
0 . 0 1 1 7 0
0 . 0 1 1 8 4

0 . 1 1 5 4 4
0 . 1 1 8 5 6
0 . 1 2 1 6 8
0 . 1 2 4 8 0
0 . 1 2 7 9 2
0 . 1 3 1 0 4
0 . 1 3 4 1 6
0 . 1 3 7 2 8
0 . 1 4 0 4 0
0 . 1 4 3 5 2
0 . 1 4 6 6 4
0 . 1 4 9 7 6
0 . 1 5 2 8 8
0 . 1 5 6 0 0
0 . 1 5 9 1 2
0 . 1 6 2 2 4
0 . 1 6 5 3 6
0 . 1 6 8 4 8
0 . 1 7 1 6 0
0 . 1 7 4 7 2
0 . 1 7 7 8 4
0 . 1 8 0 9 6
0 . 1 8 4 0 8
0 . 1 8 7 2 0
0 . 1 9 0 3 2
0 . 1 9 3 4 4
0 . 1 9 6 5 6
0 . 1 9 9 6 8
0 . 2 0 2 8 0
0 . 2 0 5 9 2
0 . 2 0 9 0 4
0 . 2 1 2 1 6
0 . 2 1 5 2 8
0 . 2 1 8 4 0
0 . 2 2 1 5 2
0 . 2 2 4 6 4
0 . 2 2 7 7 6
0 . 2 3 0 8 8
0 . 2 3 4 0 0
0 . 2 3 7 1 2
0 . 2 4 0 2 4
0 . 2 4 6 4 8
0 . 2 4 9 6 0
0 . 2 5 2 7 2
0 . 2 5 5 8 4
0 . 2 5 8 9 6
0 . 2 6 2 0 8
0 . 2 6 5 2 0
0 . 2 6 8 3 2
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0 . 0 1 1 9 9  
0 . 0 1 2 1 3  
0 . 0 1 2 2 7  
0 . 0 1 2 4 1  
0 . 0 1 2 5 5  
0 . 0 1 2 6 9  
0 . 0 1 2 8 3  
0 . 0 1 2 9 7  
0 . 0 1 3 1 1  
0 . 0 1 3 2 5  
0 . 0 1 3 3 9  
0 . 0 1 3 4 8  
0 . 0 1 3 5 6  
0 . 0 1 3 6 3  
0 . 0 1 3 6 8  
0 . 0 1 3 7 4  
0 . 0 1 3 9 6  
0 . 0 1 3 8 6  
0 . 0 1 3 9 2  
0 . 0 1 3 9 6  
0 . 0 1 6 9 6  
0 . 0 2 0 2 6  
0 . 0 2 3 7 9  
0 . 0 2 7 7 1  
0 . 0 3 1 9 5  
0 . 0 3 6 7 3  
0 . 0 4 2 0 3  
0 . 0 4 8 1 8  
0 . 0 5 5 2 6  
0 . 0 6 3 9 1  
0 . 0 6 2 5 1  
0 . 0 6 1 2 3  
0 . 0 6 0 0 0  
0 . 0 5 8 8 8  
0 . 0 5 7 7 9  
0 . 0 5 6 7 9  
0 . 0 5 5 8 2  
0 . 0 5 4 9 3  
0 . 0 5 4 0 7  
0 . 0 5 3 2 7  
0 . 0 5 2 4 6  
0 . 0 5 1 7 8  
0 . 0 5 1 3 9  
0 . 0 5 1 2 6  
0 . 0 5 1 6 6  
0 . 0 5 2 7 4  
0 . 0 5 5 2 7  
0 . 0 6 0 7 8  
0 . 0 7 6 3 5

0 . 2 7 1 4 4  
0 . 2 7 4 5 6  
0 . 2 7 7 6 8  
0 . 2 8 0 8 0  
0 . 2 8 3 9 2  
0 . 2 8 7 0 4  
0 . 2 9 0 1 6  
0 . 2 9 3 2 8  
0 . 2 9 6 4 0  
0 . 2 9 9 5 2  
0 . 3 0 2 6 4  
0 . 3 0 5 7 6  
0 . 3 0 8 8 8  
0 . 3 1 2 0 0  
0 . 3 1 5 1 2  
0 . 3 1 8 2 4  
0 . 3 2 1 3 6  
0 . 3 2 4 4 8  
0 . 3 2 7 6 0  
0 . 3 3 0 7 2  
0 . 4 0 6 9 7  
0 . 4 8 3 2 2  
0 . 5 5 9 4 7  
0 . 6 3 5 7 2  
0 . 7 1 1 9 7  
0 . 7 8 8 2 2  
0 . 8 6 4 4 7  
0 . 9 4 0 7 2  
1 . 0 1 6 9 7  
1 . 0 9 3 2 2  
I . 1 6 9 4 7  
1 . 2 4 5 7 2  
I . 3 2 1 9 7  
1 . 3 9 8 2 2  
1 . 4 7 4 4 7  
1 . 5 5 0 7 2  
1 . 6 2 6 9 7  
1 . 7 0 3 2 2  
1 . 7 7 9 4 7  
1 . 8 5 5 7 2  
1 . 9 3 1 9 7  
2 . 0 0 8 2 2  
2 . 0 8 4 4 7  
2 . 1 6 0 7 2  
2 . 2 3 6 9 7  
2 . 3 1 3 2 2  
2 . 3 8 9 4 7  
2 . 4 6 5 7 2  
2 . 5 4 1 9 7



77
I.00000 
0 . 2 3 4 9 8  
0 . 2 3 1 4 1  
0 . 2 2 7 8 7  
0 . 2 2 4 3 4  
0 . 2 2 0 8 6  
0 . 2 1 7 3 9  
0 . 2 1 3 9 4  
0 . 2 1 0 5 3  
0 . 2 0 7 1 3  
0 . 2 0 3 7 4  
0 . 2 0 0 3 9  
0 . 1 9 7 0 8  
0 . 1 9 3 7 7  
0 . 1 9 0 4 8  
0 . 1 8 7 2 1  
0 . 1 8 3 9 6  
0 . 1 8 0 7 3  
0 . 1 7 7 5 2  
0 . 1 7 4 3 3  
0 . 1 7 1 1 5  
0 . 1 6 8 0 0  
0 . 1 6 4 8 6  
0 . 1 6 1 7 4  
0 . 1 5 8 6 3  
0 . 1 5 5 5 3  
0 . 1 5 2 4 7  
0 . 1 4 9 4 0  
0 . 1 4 6 3 5  
0 . 1 4 3 3 3  
0 . 1 4 0 3 1  
0 . 1 3 7 2 9  
0 . 1 3 4 3 1  
0 . 1 3 1 3 3  
0 . 1 2 8 3 6  
0 . 1 2 5 4 0  
0 . 1 2 2 4 6  
0 . 1 1 9 5 2  
0 . 1 1 6 6 0  
0 . 1 1 3 6 8  
0 . 1 1 0 7 8  
0 . 1 0 7 8 9  
0 . 1 0 5 0 1  
0 . 1 0 2 1 4  
0 . 0 9 9 2 8  
0 . 0 9 6 4 2  
0 . 0 9 3 5 8  
0 . 0 9 0 7 4  
0 . 0 8 7 9 0

2 . 6 1 8 2 2
2 . 6 3 3 8 2
2 . 6 4 9 4 2
2 . 6 6 5 0 2
2 . 6 8 0 6 2
2 . 6 9 6 2 2
2 . 7 1 1 8 2
2 . 7 2 7 4 2
2 . 7 4 3 0 2
2 . 7 5 8 6 2
2 . 7 7 4 2 2
2 . 7 8 9 8 2
2 . 8 0 5 4 2
2 . 8 2 1 0 2
2 . 8 3 6 6 2
2 . 8 5 2 2 2
2 . 8 6 7 8 2
2 . 8 8 3 4 2
2 . 8 9 9 0 2
2 . 9 1 4 6 2
2 . 9 3 0 2 2
2 . 9 4 5 8 2
2 . 9 6 1 4 2
2 . 9 7 7 0 2
2 . 9 9 2 6 2
3 . 0 0 8 2 2
3 . 0 2 3 8 2
3 . 0 3 9 4 2
3 . 0 5 5 0 2
3 . 0 7 0 6 2
3 . 0 8 6 2 2
3 . 1 0 1 8 2
3 . 1 1 7 4 2
3 . 1 3 3 0 2
3 . 1 4 8 6 2
3 . 1 6 4 2 2
3 . 1 7 9 8 2
3 . 1 9 5 4 2
3 . 2 1 1 0 2
3 . 2 2 6 6 2
3 . 2 4 2 2 2
3 . 2 5 7 8 2
3 . 2 7 3 4 2
3 . 2 8 9 0 2
3 . 3 0 4 6 2
3 . 3 2 0 2 2
3 . 3 3 5 8 2
3 . 3 5 1 4 2
3 . 3 6 7 0 2



78
0 . 0 8 5 0 8  
0 . 0 8 2 2 7  
0 . 0 7 9 4 6  
0 . 0 7 6 6 6  
0 . 0 7 3 8 7  
0 . 0 7 1 0 7  
0 . 0 6 8 2 9  
0 . 0 6 5 5 2  
0 . 0 6 2 7 5  
0 . 0 5 9 9 8  
0 . 0 5 7 2 2  
0 . 0 5 4 4 6  
0 . 0 5 1 7 1  
0 . 0 4 8 9 6  
0 . 0 4 6 2 2  
0 . 0 4 3 4 8  
0 . 0 4 0 7 5  
0 . 0 3 8 0 2  
0 . 0 3 5 2 9  
0 . 0 3 2 5 6  
0 . 0 2 9 8 4  
0 . 0 2 7 1 2  
0 . 0 2 4 4 0  
0 . 0 2 1 6 8  
0 . 0 1 8 9 7  
0 . 0 1 6 2 6  
0 . 0 1 3 5 5  
0 . 0 1 0 8 4  
0 . 0 0 8 1 3  
0 . 0 0 5 4 2  
0 . 0 0 2 7 1  
0 . 0 0 1 3 9  
0.00000

3 . 3 8 2 6 2
3 . 3 9 8 2 2
3 . 4 1 3 8 2
3 . 4 2 9 4 2
3 . 4 4 5 0 2
3 . 4 6 0 6 2
3 . 4 7 6 2 2
3 . 4 9 1 8 2
3 . 5 0 7 4 2
3 . 5 2 3 0 2
3 . 5 3 8 6 2
3 . 5 5 4 2 2
3 . 5 6 9 8 2
3 . 5 8 5 4 2
3 . 6 0 1 0 2
3 . 6 1 6 6 2
3 . 6 3 2 2 2
3 . 6 4 7 8 2
3 . 6 6 3 4 2
3 . 6 7 9 0 2
3 . 6 9 4 6 2
3 . 7 1 0 2 2
3 . 7 2 5 8 2
3 . 7 4 1 4 2
3 . 7 5 7 0 2
3 . 7 7 2 6 2
3 . 7 8 8 2 2
3 . 8 0 3 8 2
3 . 8 1 9 4 2
3 . 8 3 5 0 2
3 . 8 5 0 6 2
3 . 8 6 6 2 2
3 . 8 8 1 8 2



1 9

TABLE I I I - B  

OPERATION 

OF

VALVE NO. 4 

A= 2 5 0 0  EPS

TAU

0.00000 
O . 0 0 0 0 6  
0 . 0 0 0 1 3  
0 . 0 0 0 1 9  
0 . 0 0 0 2 6  
0 . 0 0 0 3 2  
0 . 0 0 0 3 8  
0 . 0 0 0 4 4  
0 . 0 0 0 5 0  
0 . 0 0 0 6 1  
0 . 0 0 0 7 3  
0 . 0 0 0 8 5  
0 . 0 0 0 9 7  
0 . 0 0 1 0 9  
0.00120 
0 . 0 0 1 3 2  
0 . 0 0 1 4 4  
0 . 0 0 1 5 6  
0 . 0 0 1 6 8  
0 . 0 0 1 7 9  
0 . 0 0 1 9 1  
0 . 0 0 2 0 3  
0 . 0 0 2 1 5  
0 . 0 0 2 2 7  
0 . 0 0 2 3 8  
0 . 0 0 2 5 0  
0 . 0 0 2 6 1  
0 . 0 0 2 7 3  
0 . 0 0 2 8 5  
0 . 0 0 2 9 6  
0 . 0 0 3 0 8  
0 . 0 0 3 2 0  
0 . 0 0 3 3 1  
0 . 0 0 3 4 3  
0 . 0 0 3 5 5  
0 . 0 0 3 6 6  
0 . 0 0 3 7 8

TIME

0.00000
0 . 0 0 2 5 0
0 . 0 0 5 0 0
0 . 0 0 7 5 0
0.01000
0 . 0 1 2 5 0
0 . 0 1 5 0 0
0 . 0 1 7 5 0
0.02000
0 . 0 2 2 5 0
0 . 0 2 5 0 0
0 . 0 2 7 5 0
0 . 0 3 0 0 0
0 . 0 3 2 5 0
0 . 0 3 5 0 0
0 . 0 3 7 5 0
0 . 0 4 0 0 0
0 . 0 4 2 5 0
0 . 0 4 5 0 0
0 . 0 4 7 5 0
0 . 0 5 0 0 0
0 . 0 5 2 5 0
0 . 0 5 5 0 0
0 . 0 5 7 5 0
0 . 0 6 0 0 0
0 . 0 6 2 5 0
0 . 0 6 5 0 0
0 . 0 6 7 5 0
0 . 0 7 0 0 0
0 . 0 7 2 5 0
0 . 0 7 5 0 0
0 . 0 7 7 5 0
0 . 0 8 0 0 0
0 . 0 8 2 5 0
0 . 0 8 5 0 0
0 . 0 8 7 5 0
0 . 0 9 0 n o



80
0 . 0 0 3 9 0  
0 . 0 0 4 0 1  
0 . 0 0 4 1 3  
0 . 0 0 4 2 5  
0 . 0 0 4 3 6  
0 . 0 0 4 4 8  
0 . 0 0 4 5 9  
0 . 0 0 4 7 1  
0 . 0 0 4 8 2  
0 . 0 0 4 9 4  
0 . 0 0 5 0 5  
0 . 0 0 5 1 7  
0 . 0 0 5 2 8  
0 . 0 0 5 4 0  
0 . 0 0 5 5 2  
0 . 0 0 5 6 3  
0 . 0 0 5 7 5  
0 . 0 0 5 8 6  
0 . 0 0 5 9 8  
0 . 0 0 6 0 9  
0 . 0 0 6 2 1  
0 . 0 0 6 3 2  
0 . 0 0 6 4 3  
0 . 0 0 6 5 5  
0 • 0 0 6 6 6  
0 . 0 0 6 7 8  
0 . 0 0 6 8 9  
0 . 0 0 7 0 1  
0 . 0 0 7 1 2  
0 . 0 0 7 2 4  
0 . 0 0 7 3 5  
0 . 0 0 7 4 7  
0 . 0 0 7 5 8  
0 . 0 0 7 7 0  
0 . 0 0 7 8 1  
0 . 0 0 7 9 3  
0 . 0 0 8 0 4  
0 . 0 0 8 1 5  
0 . 0 0 8 2 6  
0 . 0 0 8 3 8  
0 . 0 0 8 4 9  
0 . 0 0 8 6 0  
0 . 0 0 8 7 2  
0 . 0 0 8 8 3  
0 . 0 0 8 9 5  
0 . 0 0 9 0 6  
0 . 0 0 9 1 7  
0 . 0 0 9 2 9  
0 . 0 0 9 4 0

0 . 0 9 2 5 0  
0 . 0 9 5 0 0  
0 . 0 9 7 5 0  
0 . 1 0 0 0 0  
0 . 1 0 2 5 0  
0 . 1 0 5 0 0  
0 . 1 0 7 5 0  
0 . 1 1 0 0 0  
0 . 1 1 2 5 0  
0 . 1 1 5 0 0  
0 . 1 1 7 5 0  
0.12000 
0 . 1 2 2 5 0  
0 . 1 2 5 0 0  
0 . 1 2 7 5 0  
0 . 1 3 0 0 0  
0 . 1 3 2 5 0  
0 . 1 3 5 0 0  
0 . 1 3 7 5 0  
0 . 1 4 0 0 0  
0 . 1 4 2 5 0  
0 . 1 4 5 0 0  
0 . 1 4 7 5 0  
0 . 1 5 0 0 0  
0 . 1 5 2 5 0  
0 . 1 5 5 0 0  
0 . 1 5 7 5 0  
0 . 1 6 0 0 0  
0 . 1 6 2 5 0  
0 . 1 6 5 0 0  
0 . 1 6 7 5 0  
0 . 1 7 0 0 0  
0 . 1 7 2 5 0  
0 . 1 7 5 0 0  
0 . 1 7 7 5 0  
0 . 1 8 0 0 0  
0 . 1 8 2 5 0  
0 . 1 8 5 0 0  
0 . 1 8 7 5 0  
0 . 1 9 0 0 0  
0 . 1 9 2 5 0  
0 . 1 9 5 0 0  
0 . 1 9 7 5 0  
0 . 2 0 0 0 0  
0 . 2 0 2 5 0  
0 . 2 0 5 0 0  
0 . 2 0 7 5 0  
0 . 2 1 0 0 0  
0 . 2 1 2 5 0



81
0 . 0 0 9 5 2  
0 . 0 0 9 6 3  
0 . 0 0 9 7 4  
0 . 0 0 9 8 6  
0 . 0 0 9 9 7  
0 . 0 1 0 0 8  
0 . 0 1 0 1 9  
0 . 0 1 0 3 1  
0 . 0 1 0 4 2  
0 . 0 1 0 5 3  
0 . 0 1 0 6 5  
0 . 0 1 0 7 6  
0 . 0 1 0 8 8  
0 . 0 1 0 9 9  
0 . 0 1 1 1 1  
0 . 0 1 1 2 2  
0 . 0 1 1 3 3  
0 . 0 1 1 4 5  
0 . 0 1 1 5 6  
0 . 0 1 1 6 7  
0 . 0 1 1 7 9  
0 . 0 1 1 8 9  
0 . 0 1 2 0 1  
0 . 0 1 2 1 2  
0 . 0 1 2 2 3  
0 . 0 1 2 3 4  
0 . 0 1 2 4 6  
0 . 0 1 2 5 7  
0 . 0 1 2 6 9  
0 . 0 1 2 8 0  
0 . 0 1 2 9 2  
0 . 0 1 3 0 3  
0 . 0 1 3 1 5  
0 . 0 1 3 2 6  
0 . 0 1 3 3 7  
0 . 0 1 3 4 8  
0 . 0 1 3 5 9  
0 . 0 1 3 6 4  
0 . 0 1 3 6 8  
0 . 0 1 3 7 2  
0 . 0 1 3 7 7  
0 . 0 1 3 8 1  
0 . 0 1 3 8 6  
0 . 0 1 3 9 1  
0 . 0 1 3 9 5  
0 . 0 1 6 3 7  
0 . 0 1 8 9 8  
0 . 0 2 1 7 7  
0 . 0 2 4 8 3

0 . 2 1 5 0 0
0 . 2 1 7 5 0
0.22000
0 . 2 2 2 5 0
0 . 2 2 5 0 0
0 . 2 2 7 5 0
0 . 2 3 0 0 0
0 . 2 3 2 5 0
0 . 2 3 5 0 0
0 . 2 3 7 5 0
0 . 2 4 0 0 0
0 . 2 4 2 5 0
0 . 2 4 5 0 0
0 . 2 4 7 5 0
0 . 2 5 0 0 0
0 . 2 5 2 5 0
0 . 2 5 5 0 0
0 . 2 5 7 5 0
0 . 2 6 0 0 0
0 . 2 6 2 5 0
0 . 2 6 5 0 0
0 . 2 6 7 5 0
0 . 2 7 0 0 0
0 . 2 7 2 5 0
0 . 2 7 5 0 0
0 . 2 7 7 5 0
0 . 2 8 0 0 0
0 . 2 8 2 5 0
0 . 2 8 5 0 0
0 . 2 8 7 5 0
0 . 2 9 0 0 0
0 . 2 9 2 5 0
0 . 2 9 5 0 0
0 . 2 9 7 5 0
0 . 3 0 0 0 0
0 . 3 0 2 5 0
0 . 3 0 5 0 0
0 . 3 0 7 5 0
0 . 3 1 0 0 0
0 . 3 1 2 5 0
0 . 3 1 5 0 0
0 . 3 1 7 5 0
0 . 3 2 0 0 0
0 . 3 2 2 5 0
0 . 3 2 5 0 0
0 . 3 8 6 0 0
0 . 4 4 7 0 0
0 . 5 0 8 0 0
0 . 5 6 9 0 0



82

0 . 0 2 8 1 3  
0 . 0 3 1 8 0  
0 . 0 3 5 8 4  
0 . 0 4 0 4 6  
0 . 0 4 5 6 8  
0 . 0 5 1 8 9  
0 . 0 5 1 2 1  
0 . 0 5 0 5 8  
0 . 0 4 9 9 5  
0 . 0 4 9 3 7  
0 . 0 4 8 7 9  
0 . 0 4 8 2 6  
0 . 0 4 7 7 2  
0 . 0 4 7 2 3  
0 . 0 4 6 7 4  
0 . 0 4 6 2 8  
0 . 0 4 5 9 3  
0 . 0 4 5 7 1  
0 . 0 4 5 7 5  
0 . 0 4 6 0 7  
0 . 0 4 6 8 9  
0 . 0 4 8 4 3  
0 . 0 5 1 4 2  
0 . 0 5 7 4 5  
0 . 0 7 3 5 2
1.00000 
0 . 2 1 1 4 8  
0 . 2 0 8 3 7  
0 . 2 0 5 2 7  
0.20220 
0 . 1 9 9 1 3  
0 . 1 9 6 1 0  
0 . 1 9 3 0 7  
0 . 1 9 0 0 7  
0 . 1 8 7 0 8  
0 . 1 8 4 1 1  
0 . 1 8 1 1 6  
0 . 1 7 8 2 2  
0 . 1 7 5 3 0  
0 . 1 7 2 3 8  
0 . 1 6 9 4 9  
0 . 1 6 6 6 1  
0 . 1 6 3 7 5  
0 . 1 6 0 9 0  
0 . 1 5 8 0 5  
0 . 1 5 5 2 3  
0 . 1 5 2 4 1  
0 . 1 4 9 6 2  
0 . 1 4 6 8 2

0 . 6 3 0 0 0  
0 . 6 9 1 0 0  
0 . 7 5 2 0 0  
0 . 8 1 3 0 0  
0 . 8 7 4 0 0  
0 . 9 3 5 0 0  
0 . 9 9 6 0 0  
1 . 0 5 7 0 0  
I . 1 1 8 0 0  
1 . 1 7 9 0 0  
1 . 2 4 0 0 0  
1 . 3 0 1 0 0  
1 . 3 6 2 0 0  
1 . 4 2 3 0 0  
1 . 4 8 4 0 0  
I . 5 4 5 0 0  
1 . 6 0 6 0 0  
I . 6 6 7 0 0  
I . 7 2 8 0 0  
I . 7 8 9 0 0  
I . 8 5 0 0 0  
1 . 9 1 1 0 0  
1 . 9 7 2 0 0  
2 . 0 3 3 0 0  
2 . 0 9 4 0 0  
2 . 1 5 5 0 0  
2 . 1 6 7 5 0  
2 . 1 8 0 0 0  
2 . 1 9 2 5 0  
2 . 2 0 5 0 0  
2 . 2 1 7 5 0  
2 . 2 3 0 0 0  
2 . 2 4 2 5 0  
2 . 2 5 5 0 0  
2 . 2 6 7 5 0  
2 . 2 8 0 0 0  
2 . 2 9 2 5 0  
2 . 3 0 5 0 0  
2 . 3 1 7 5 0  
2 . 3 3 0 0 0  
2 . 3 4 2 5 0  
2 . 3 5 5 0 0  
2 . 3 6 7 5 1  
2 . 3 8 0 0 1  
2 . 3 9 2 5 1  
2 . 4 0 5 0 1  
2 . 4 1 7 5 1  
2 . 4 3 0 0 1  
2 . 4 4 2 5 1



83
0 . 1 4 4 0 5  
0 . 1 4 1 2 8  
0 . 1 3 8 5 2  
0 . 1 3 5 7 8  
0 . 1 3 3 0 6  
0 . 1 3 0 3 2  
0 . 1 2 7 6 1  
0 . 1 2 4 9 1  
0.12222 
0 . 1 1 9 5 4  
0 . 1 1 6 8 6  
0 . 1 1 4 1 9  
0 . 1 1 1 5 4  
0 . 1 0 8 8 9  
0 . 1 0 6 2 4  
0 . 1 0 3 6 1  
0 . 1 0 0 9 9  
0 . 0 9 8 3 7  
0 . 0 9 5 7 6  
0 . 0 9 3 1 6  
0 . 0 9 0 5 7  
0 . 0 8 7 9 7  
0 . 0 8 5 3 9  
0 . 0 8 2 8 2  
0 . 0 8 0 2 4  
0 . 0 7 7 6 8  
0 . 0 7 5 1 2  
0 . 0 7 2 5 6  
0 . 0 7 0 0 1  
0 . 0 6 7 4 7  
0 . 0 6 4 9 3  
0 . 0 6 2 4 0  
0 . 0 5 9 8 7  
0 . 0 5 7 3 4  
0 . 0 5 4 8 2  
0 . 0 5 2 3 0  
0 . 0 4 9 7 9  
0 . 0 4 7 2 8  
0 . 0 4 4 7 7  
0 . 0 4 2 2 6  
0 . 0 3 9 7 6  
0 . 0 3 7 2 7  
0 . 0 3 4 7 7  
0 . 0 3 2 2 8  
0 . 0 2 9 7 8  
0 . 0 2 7 3 0  
0 . 0 2 4 8 1  
0 . 0 2 2 3 2  
0 . 0 1 9 8 4

2 . 4 5 5 0 1
2 . 4 6 7 5 1
2 . 4 8 0 0 1
2 . 4 9 2 5 1
2 . 5 0 5 0 1
2 . 5 1 7 5 1
2 . 5 3 0 0 1
2 . 5 4 2 5 1
2 . 5 5 5 0 1
2 . 5 6 7 5 1
2 . 5 8 0 0 1
2 . 5 9 2 5 1
2 . 6 0 5 0 1
2 . 6 1 7 5 1
2 . 6 3 0 0 1
2 . 6 4 2 5 1
2 . 6 5 5 0 1
2 . 6 6 7 5 1
2 . 6 8 0 0 1
2 . 6 9 2 5 2
2 . 7 0 5 0 2
2 . 7 1 7 5 2
2 . 7 3 0 0 2
2 . 7 4 2 5 2
2 . 7 5 5 0 2
2 . 7 6 7 5 2
2 . 7 8 0 0 2
2 . 7 9 2 5 2
2 . 8 0 5 0 2
2 . 8 1 7 5 2
2 . 8 3 0 0 2
2 . 8 4 2 5 2
2 . 8 5 5 0 2
2 . 8 6 7 5 2
2 . 8 8 0 0 2
2 . 8 9 2 5 2
2 . 9 0 5 0 2
2 . 9 1 7 5 2
2 . 9 3 0 0 2
2 . 9 4 2 5 2
2 . 9 5 5 0 2
2 . 9 6 7 5 2
2 . 9 8 0 0 2
2 . 9 9 2 5 3
3 . 0 0 5 0 2
3 . 0 1 7 5 3
3 . 0 3 0 0 3
3 . 0 4 2 5 3
3 . 0 5 5 0 3



84
0 . 0 1 7 3 6
0 . 0 1 4 8 7
0 . 0 1 2 3 9
0 . 0 0 9 9 1
0 . 0 0 7 4 3
0 . 0 0 4 9 6
0 . 0 0 2 4 8
0 . 0 0 1 2 9
0.00000

3 . 0 6 7 5 3
3 . 0 8 0 0 3
3 . 0 9 2 5 3
3 . 1 0 5 0 3
3 . 1 1 7 5 3
3 . 1 3 0 0 3
3 . 1 4 2 5 3
3 . 1 5 5 0 3
3 . 1 6 7 5 3



85

TABLE I I I - C  

OPERATION 

OF

VALVE NO. 4 

A= 3 000  FPS

TAU

0.00000 
0 . 0 0 0 0 5  
0.00010 
0 . 0 0 0 1 6  0.00021 
0 . 0 0 0 2 6  
0 . 0 0 0 3 1  
0 . 0 0 0 3 6  
0 . 0 0 0 4 1  
0 . 0 0 0 5 1  
0 . 0 0 0 6 1  
0 . 0 0 0 7 1  
0 . 0 0 0 8 1  
0 . 0 0 0 9 1  
0.00101 
0.00110 
0.00120 
0 . 0 0 1 3 0  
0 . 0 0 1 4 0  
0 . 0 0 1 5 0  
0 . 0 0 1 5 9  
0 . 0 0 1 6 9  
0 . 0 0 1 7 9  
0 . 0 0 1 8 9  
0 . 0 0 1 9 9  
0 . 0 0 2 0 9  
0 . 0 0 2 1 8  
0 . 0 0 2 2 8  
0 . 0 0 2 3 8  
0 . 0 0 2 4 8  
0 . 0 0 2 5 7  
0 . 0 0 2 6 7  
0 . 0 0 2 7 7  
0 . 0 0 2 8 7  
0 . 0 0 2 9 6  
0 . 0 0 3 0 6  
0 . 0 0 3 1 6

TIME

0.00000
0 . 0 0 2 0 8
0 . 0 0 4 1 6
0 . 0 0 6 2 4
0 . 0 0 8 3 2
0 . 0 1 0 4 0
0 . 0 1 2 4 8
0 . 0 1 4 5 6
0 . 0 1 6 6 4
0 . 0 1 8 7 2
0 . 0 2 0 8 0
0 . 0 2 2 8 8
0 . 0 2 4 9 6
0 . 0 2 7 0 4
0 . 0 2 9 1 2
0 . 0 3 1 2 0
0 . 0 3 3 2 8
0 . 0 3 5 3 6
0 . 0 3 7 4 4
0 . 0 3 9 5 2
0 . 0 4 1 6 0
0 . 0 4 3 6 8
0 . 0 4 5 7 6
0 . 0 4 7 8 4
0 . 0 4 9 9 2
0 . 0 5 2 0 0
0 . 0 5 4 0 8
0 . 0 5 6 1 6
0 . 0 5 8 2 4
0 . 0 6 0 3 2
0 . 0 6 2 4 0
0 . 0 6 4 4 8
0 . 0 6 6 5 6
0 . 0 6 8 6 4
0 . 0 7 0 7 2
0 . 0 7 2 8 0
0 . 0 7 4 8 8



86
0 . 0 0 3 2 6
0 . 0 0 3 3 5
0 . 0 0 3 4 5
0 . 0 0 3 5 5
0 . 0 0 3 6 4
0 . 0 0 3 7 4
0 . 0 0 3 8 4
0 . 0 0 3 9 3
0 . 0 0 4 0 3
0 . 0 0 4 1 3
0 . 0 0 4 2 2
0 . 0 0 4 3 2
0 . 0 0 4 4 2
0 . 0 0 4 5 1
0 . 0 0 4 6 1
0 . 0 0 4 7 1
0 . 0 0 4 8 0
0 . 0 0 4 9 0
0 . 0 0 5 0 0
0 . 0 0 5 0 9
0 . 0 0 5 1 9
0 . 0 0 5 2 8
0 . 0 0 5 3 8
0 . 0 0 5 4 8
0 . 0 0 5 5 7
0 . 0 0 5 6 7
0 . 0 0 5 7 6
0 . 0 0 5 8 6
0 . 0 0 5 9 5
0 . 0 0 6 0 5
0 . 0 0 6 1 5
0 . 0 0 6 2 4
0 . 0 0 6 3 4
0 . 0 0 6 4 3
0 . 0 0 6 5 3
0 . 0 0 6 6 3
0 . 0 0 6 7 2
0 . 0 0 6 8 2
0 . 0 0 6 9 1
0 . 0 0 7 0 1
0 . 0 0 7 1 0
0 . 0 0 7 2 0
0 . 0 0 7 2 9
0 . 0 0 7 3 9
0 . 0 0 7 4 8
0 . 0 0 7 5 8
0 . 0 0 7 6 7
0 . 0 0 7 7 7
0 . 0 0 7 8 7

0 . 0 7 6 9 6  
0 . 0 7 9 0 4  
0 . 0 8 1 1 2  
0 . 0 8 3 2 0  
0 . 0 8 5 2 8  
0 . 0 8 7 3 6  
0 . 0 8 9 4 4  
0 . 0 9 1 5 2  
0 . 0 9 3 6 0  
0 . 0 9 5 6 8  
0 . 0 9 7 7 6  
0 . 0 9 9 8 4  
0 . 1 0 1 9 2  
0 . 1 0 4 0 0  
0 . 1 0 6 0 8  
0 . 1 0 8 1 6  
0 . 1 1 0 2 4  
0 . 1 1 2 3 2  
0 . 1 1 4 4 0  
0 . 1 1 6 4 8  
0 . 1 1 8 5 6  
0 . 1 2 0 6 4  
0 . 1 2 2 7 2  
0 . 1 2 4 8 0  
0 . 1 2 6 8 8  
0 . 1 2 8 9 6  
0 . 1 3 1 0 4  
0 . 1 3 3 1 2  
0 . 1 3 5 2 0  
0 . 1 3 7 2 8  
0 . 1 3 9 3 6  
0 . 1 4 1 4 4  
0 . 1 4 3 5 2  
0 . 1 4 5 6 0  
0 . 1 4 7 6 8  
0 . 1 4 9 7 6  
0 . 1 5 1 8 4  
0 . 1 5 3 9 2  
0 . 1 5 6 0 0  
0 . 1 5 8 0 8  
0 . 1 6 0 1 6  
0 . 1 6 2 2 4  
0 . 1 6 4 3 2  
0 . 1 6 6 4 0  
0 . 1 6 8 4 8  
0 . 1 7 0 5 6  
0 . 1 7 2 6 4  
0 . 1 7 4 7 2  
0 . 1 7 6 8 0



87
0 . 0 0 7 9 6  
0 . 0 0 8 0 6  
0 . 0 0 8 1 5  
0 . 0 0 8 2 5  
0 . 0 0 8 3 4  
0 . 0 0 8 4 3  
0 . 0 0 8 5 3  
0 . 0 0 8 6 2  
0 . 0 0 8 7 2  
0 . 0 0 8 8 1  
0 . 0 0 8 9 1  
0 . 0 0 9 0 0  
0 . 0 0 9 1 0  
0 . 0 0 9 1 9  
0 . 0 0 9 2 9  
0 . 0 0 9 3 8  
0 . 0 0 9 4 8  
0 . 0 0 9 5 7  
0 . 0 0 9 6 7  
0 . 0 0 9 7 6  
0 . 0 0 9 8 6  
0 . 0 0 9 9 5  
0 . 0 1 0 0 4  
0 . 0 1 0 1 4  
0 . 0 1 0 2 3  
0 . 0 1 0 3 3  
0 . 0 1 0 4 2  
0 . 0 1 0 5 2  
0 . 0 1 0 6 1  
0 . 0 1 0 7 1  
0 . 0 1 0 8 0  
0 . 0 1 0 9 0  
0 . 0 1 0 9 9  
0 . 0 1 1 0 9  
0 . 0 1 1 1 8  
0 . 0 1 1 2 8  
0 . 0 1 1 3 7  
0 . 0 1 1 4 6  
0 . 0 1 1 5 5  
0 . 0 1 1 6 5  
0 . 0 1 1 7 4  
0 . 0 1 1 8 4  
0 . 0 1 1 9 3  
0 . 0 1 2 0 2  
0 . 0 1 2 1 2  
0 . 0 1 2 2 2  
0 . 0 1 2 3 1  
0 . 0 1 2 4 1  
0 . 0 1 2 5 0

0 . 1 7 8 8 8
0 . 1 8 0 9 6
0 . 1 8 3 0 4
0 . 1 8 5 1 2
0 . 1 8 7 2 0
0 . 1 8 9 2 8
0 . 1 9 1 3 6
0 . 1 9 3 4 4
0 . 1 9 5 5 2
0 . 1 9 7 6 0
0 . 1 9 9 6 8
0 . 2 0 1 7 6
0 . 2 0 3 8 4
0 . 2 0 5 9 2
0 . 2 0 8 0 0
0 . 2 1 0 0 8
0 . 2 1 2 1 6
0 . 2 1 4 2 4
0 . 2 1 6 3 2
0 . 2 1 8 4 0
0 . 2 2 0 4 8
0 . 2 2 2 5 6
0 . 2 2 4 6 4
0 . 2 2 6 7 2
0 . 2 2 8 8 0
0 . 2 3 0 8 8
0 . 2 3 2 9 6
0 . 2 3 5 0 4
0 . 2 3 7 1 2
0 . 2 3 9 2 0
0 . 2 4 1 2 8
0 . 2 4 3 3 6
0 . 2 4 5 4 4
0 . 2 4 7 5 2
0 . 2 4 9 6 0
0 . 2 5 1 6 8
0 . 2 5 3 7 6
0 . 2 5 5 8 4
0 . 2 5 7 9 2
0.26000
0 . 2 6 2 0 8
0 . 2 6 4 1 6
0 . 2 6 6 2 4
0 . 2 6 8 3 2
0 . 2 7 0 4 0
0 . 2 7 2 4 8
0 . 2 7 4 5 6
0 . 2 7 6 6 4
0 . 2 7 8 7 2
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0 . 0 1 2 6 0  
0 . 0 1 2 6 9  
0 . 0 1 2 7 9  
0 . 0 1 2 8 8  
0 . 0 1 2 9 7  
0 . 0 1 3 0 6  
0 . 0 1 3 1 5  
0 . 0 1 3 2 5  
0 . 0 1 3 3 4  
0 . 0 1 3 4 4  
0 . 0 1 3 5 3  
0 . 0 1 3 6 3  
0 . 0 1 3 6 9  
0 . 0 1 3 7 3  
0 . 0 1 3 7 7  
0 . 0 1 3 8 0  
0 . 0 1 3 8 4  
0 . 0 1 3 8 7  
0 . 0 1 3 9 1  
0 . 0 1 3 9 4  
0 . 0 1 3 9 5  
0 . 0 1 5 9 9  
0 . 0 1 8 1 8  
0 . 0 2 0 5 2  
0 . 0 2 3 0 6  
0 . 0 2 5 8 1  
0 . 0 2 8 8 5  
0 . 0 3 2 1 8  
0 . 0 3 5 9 4  
0 . 0 4 0 1 9  
0 . 0 4 5 1 5  
0 . 0 4 4 7 5  
0 . 0 4 4 3 7  
0 . 0 4 4 0 0  
0 . 0 4 3 6 5  
0 . 0 4 3 2 9  
0 . 0 4 2 9 6  
0 . 0 4 2 6 2  
0 . 0 4 2 3 1  
0 . 0 4 1 9 9  
0 . 0 4 1 7 0  
0 . 0 4 1 6 3  
0 . 0 4 1 6 9  
0 . 0 4 2 0 0  
0 . 0 4 2 6 1  
0 . 0 4 3 7 1  
0 . 0 4 5 5 6  
0 . 0 4 8 8 5  
0 . 0 5 5 2 2

0 . 2 8 0 8 0  
0 . 2 8 2 8 8  
0 . 2 8 4 9 6  
0 . 2 8 7 0 4  
0 . 2 8 9 1 2  
0 . 2 9 1 2 0  
0 . 2 9 3 2 8  
0 . 2 9 5 3 6  
0 . 2 9 7 4 4  
0 . 2 9 9 5 2  
0 . 3 0 1 6 0  
0 . 3 0 3 6 8  
0 . 3 0 5 7 6  
0 . 3 0 7 8 4  
0 . 3 0 9 9 2  
0 . 3 1 2 0 0  
0 . 3 1 4 0 8  
0 . 3 1 6 1 6  
0 . 3 1 8 2 4  
0 . 3 2 0 3 2  
0 . 3 2 2 4 0  
0 . 3 7 3 2 3  
0 . 4 2 4 0 6  
0 . 4 7 4 8 9  
0 . 5 2 5 7 2  
0 . 5 7 6 5 5  
0 . 6 2 7 3 8  
0 . 6 7 8 2 1  
0 . 7 2 9 0 4  
0 . 7 7 9 8 7  
0 . 8 3 0 7 0  
0 . 8 8 1 5 3  
0 . 9 3 2 3 6  
0 . 9 8 3 1 9  
1 . 0 3 4 0 2  
1 . 0 8 4 8 5  
I . 1 3 5 6 8  
I  . 18651  
1 . 2 3 7 3 4  
1 . 2 8 8 1 7  
1 . 3 3 9 0 0  
I  . 3 8 9 8 3  
I . 4 4 0 6 6  
1 . 4 9 1 4 9  
1 . 5 4 2 3 2  
1 . 5 9 3 1 5  
1 . 6 4 3 9 8  
I . 6 9 4 8 1  
1 . 7 4 5 6 4
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0 . 0 7 1 6 1  
I .00000 
0 . 1 9 3 8 7  
0 . 1 9 1 0 7  
0 . 1 8 8 2 9  
0 . 1 8 5 5 3  
0 . 1 8 2 7 8  
0 . 1 8 0 0 5  
0 . 1 7 7 3 2  
0 . 1 7 4 6 2  
0 . 1 7 1 9 3  
0 . 1 6 9 2 4  
0 . 1 6 6 5 7  
0 . 1 6 3 9 1  
0 . 1 6 1 2 6  
0 . 1 5 8 6 3  
0 . 1 5 6 0 1  
0 . 1 5 3 3 9  
0 . 1 5 0 8 0  
0 . 1 4 8 2 0  
0 . 1 4 5 6 2  
0 . 1 4 3 0 5  
0 . 1 4 0 4 9  
0 . 1 3 7 9 3  
0 . 1 3 5 3 9  
0 . 1 3 2 8 6  
0 . 1 3 0 3 4  
0 . 1 2 7 8 2  
0 . 1 2 5 3 1  
0 . 1 2 2 8 1  
0 . 1 2 0 3 2  
0 . 1 1 7 8 4  
0 . 1 1 5 3 6  
0 . 1 1 2 9 0  
0 . 1 1 0 4 3  
0 . 1 0 7 9 8  
0 . 1 0 5 5 4  
0 . 1 0 3 1 0  
0 . 1 0 0 6 6  
0 . 0 9 8 2 3  
0 . 0 9 5 8 2  
0 . 0 9 3 4 1  
0 . 0 9 1 0 0  
0 . 0 8 8 5 9  
0 . 0 8 6 1 9  
0 . 0 8 3 8 1  
0 . 0 8 1 4 2  
0 . 0 7 9 0 4  
0 . 0 7 6 6 6

1 . 7 9 6 4 7  
I . 8 4 7 3 0  
1 . 8 5 7 7 0  
I . 8 6 8 1 0  
1 . 8 7 8 5 0  
I . 8 8 8 9 0  
I . 8 9 9 3 0  
1 . 9 0 9 7 0  
1 . 9 2 0 1 0  
1 . 9 3 0 5 0  
1 . 9 4 0 9 0  
1 . 9 5 1 3 0  
1 . 9 6 1 7 0  
1 . 9 7 2 1 0  
1 . 9 8 2 5 0  
1 . 9 9 2 9 0  
2 . 0 0 3 3 0  
2 . 0 1 3 7 0  
2 . 0 2 4 1 0  
2 . 0 3 4 5 0  
2 . 0 4 4 9 0  
2 . 0 5 5 3 0  
2 . 0 6 5 7 0  
2 . 0 7 6 1 0  
2 . 0 8 6 5 0  
2 . 0 9 6 9 0  
2 . 1 0 7 3 0  
2 . 1 1 7 7 0  
2 . 1 2 8 1 0  
2 . 1 3 8 5 0  
2 . 1 4 8 9 0  
2 . 1 5 9 3 0  
2 . 1 6 9 7 0  
2 . 1 8 0 1 0  
2 . 1 9 0 5 0  
2 . 2 0 0 9 0  
2 . 2 1 1 3 0  
2 . 2 2 1 7 0  
2 . 2 3 2 1 0  
2 . 2 4 2 5 0  
2 . 2 5 2 9 0  
2 . 2 6 3 3 0  
2 . 2 7 3 7 0  
2 . 2 8 4 1 0  
2 . 2 9 4 5 0  
2 . 3 0 4 9 0  
2 . 3 1 5 3 0  
2 . 3 2 5 7 0  
2 . 3 3 6 1 0
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0 . 0 7 4 2 9  
0 . 0 7 1 9 2  
0 . 0 6 9 5 6  
0 . 0 6 7 2 0  
0 . 0 6 4 8 4  
0 . 0 6 2 4 9  
0 . 0 6 0 1 5  
0 . 0 5 7 8 1  
0 . 0 5 5 4 6  
0 . 0 5 3 1 3  
0 . 0 5 0 8 0  
0 . 0 4 8 4 7  
0 . 0 4 6 1 4  
0 . 0 4 3 8 2  
0 . 0 4 1 4 9  
0 . 0 3 9 1 8  
0 . 0 3 6 8 6  
0 . 0 3 4 5 5  
0 . 0 3 2 2 3  
0 . 0 2 9 9 2  
0 . 0 2 7 6 1  
0 . 0 2 5 3 1  
0 . 0 2 3 0 0  
0 . 0 2 0 7 0  
0 . 0 1 8 3 9  
0 . 0 1 6 0 9  
0 . 0 1 3 7 9  
0 . 0 1 1 4 9  
0 . 0 0 9 1 9  
0 . 0 0 6 8 9  
0 . 0 0 4 6 0  
0 . 0 0 2 3 0  
0.00121 
0.00000

. 3 4 6 5 0  

. 3 5 6 9 0  

. 3 6 7 3 0  

. 3 7 7 7 0  

. 3 8 8 1 0  

. 3 9 8 5 0  

. 4 0 8 9 0  

. 4 1 9 3 0  

. 4 2 9 7 0  

. 4 4 0 1 0  

. 4 5 0 5 0  

. 4 6 0 9 0  

. 4 7 1 3 0  

. 4 8 1 7 0  

. 4 9 2 1 0  

. 5 0 2 5 0  

. 5 1 2 9 0  

. 5 2 3 3 0  

. 5 3 3 7 0  

. 5 4 4 1 0  

. 5 5 4 5 0  

. 5 6 4 9 0  

. 5 7 5 3 0  

. 5 8 5 7 0  

. 5 9 6 1 0  

. 6 0 6 5 0  

. 6 1 6 9 0  

. 6 2 7 3 0  

. 6 3 7 7 0  

. 6 4 8 1 0  

. 6 5 8 5 0  

. 6 6 8 9 0  

. 6 7 9 3 0  

. 6 8 9 7 0

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
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TABLE I V - A  

OPERATION 

OF

VALVE NO. 6 

A= 2 000  EPS

TAU

1.00000
1.00000
1.00000
1.00000
1.00000
1 . 0 0 0 0 0  
I .00000
1.00000
1.00000
1.00000
I.00000 
0 . 0 3 9 5 3  
O . 0 2 7 9 6  
0 . 0 2 2 8 4  
0 . 0 1 9 7 8  
0 . 0 1 7 6 9  
0 . 0 1 6 1 5  
0 . 0 1 4 9 5  
0 . 0 1 3 9 9  
0 . 0 1 3 1 9  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1

TIME

0 . 3 3 0 7 2  
0 . 4 0 6 9 7  
0 . 4 8 3 2 2  
0 . 5 5 9 4 7  
0 . 6 3 5 7 2  
0 . 7 1 1 9 7  
0 . 7 8 8 2 2  
0 . 8 6 4 4 7  
0 . 9 4 0 7 2  
1 . 0 1 6 9 7  
1 . 0 9 3 2 2  
I . 1 6 9 4 7  
1 . 2 4 5 7 2  
1 . 3 2 1 9 7  
1 . 3 9 8 2 2  
1 . 4 7 4 4 7  
I . 5 5 0 7 2  
1 . 6 2 6 9 7  
I . 7 0 3 2 2  
1 . 7 7 9 4 7  
1 . 8 5 5 7 2  
1 . 9 3 1 9 7  
2 . 0 0 8 2 2  
2 . 0 8 4 4 7  
2 . 1 6 0 7 2  
2 . 2 3 6 9 7  
2 . 3 1 3 2 2  
2 . 3 8 9 4 7  
2 . 4 6 5 7 2  
2 . 5 4 1 9 7  
2 . 6 1 8 2 2
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TABLE I V - B  

OPERATION 

OF

VALVE NO. 6

A= 2 50 0  EPS

TAU

1.00000
1 . 0 0 0 0 0
1 .00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000 
I .00000 
0 . 0 3 9 5 3  
0 . 0 2 7 9 6  
0 . 0 2 2 8 4  
0 . 0 1 9 7 8  
0 . 0 1 7 6 9  
0 . 0 1 6 1 5  
0 . 0 1 4 9 5  
0 . 0 1 3 9 9  
0 . 0 1 3 1 9  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1

TIME

0 . 3 2 5 0 0  
0 . 3 8 6 0 0  
0 . 4 4 7 0 0  
0 . 5 0 8 0 0  
0 . 5 6 9 0 0  
0 . 6 3 0 0 0  
0 . 6 9 1 0 0  
0 . 7 5 2 0 0  
0 . 8 1 3 0 0  
0 . 8 7 4 0 0  
0 . 9 3 5 0 0
0 .  9 9 6 0 0  
1 . 0 5 7 0 0
1 . 118 0 0  
1 . 1 7 9 0 0  
1 . 2 4 0 0 0  
1 . 3 0 1 0 0  
1 . 3 6 2 0 0  
1 . 4 2 3 0 0  
1 . 4 8 4 0 0  
I . 5 4 5 0 0  
1 . 6 0 6 0 0  
I . 6 6 7 0 0  
I . 7 2 8 0 0  
I . 7 8 9 0 0  
I . 8 5 0 0 0  
1 . 9 1 1 0 0  
1 . 9 7 2 0 0  
2 . 0 3 3 0 0  
2 . 0 9 4 0 0  
2 . 1 5 5 0 0



TABLE I V - C  

OPERAT ION 

OF

VALVE NO. 6 

A= 3 00 0  FPS

93

TAU

I .00000
1.00000
1.00000
1.00000
1.00000
1.00000
1 .00000
1.00000
1.00000
1.00000
1.00000 
0 . 0 3 9 5 3  
0 . 0 2 7 9 6  
0 . 0 2 2 8 4  
0 . 0 1 9 7 8  
0 . 0 1 7 6 9  
0 . 0 1 6 1 5  
0 . 0 1 4 9 5  
0 . 0 1 3 9 9  
0 . 0 1 3 1 9  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1  
0 . 0 1 2 5 1

TIME

0 . 3 2 2 4 0  
0 . 3 7 3 2 3  
0 . 4 2 4 0 6  
0 . 4 7 4 8 9  
0 . 5 2 5 7 2  
0 . 5 7 6 5 5  
0 . 6 2 7 3 8  
0 . 6 7 8 2 1  
0 . 7 2 9 0 4  
0 . 7 7 9 8 7  
0 . 8 3 0 7 0  
0 . 8 8 1 5 3  
0 . 9 3 2 3 6  
0 . 9 8 3 1 9  
1 . 0 3 4 0 2  
1 . 0 8 4 8 5  
1 . 1 3 5 6 8  
1 . 1 8 6 5 1  
1 . 2 3 7 3 4  
1 . 2 8 8 1 7  
1 . 3 3 9 0 0  
1 . 3 8 9 8 3  
I . 4 4 0 6 6  
1 . 4 9 1 4 9  
I . 5 4 2 3 2  
1 . 5 9 3 1 5  
I . 6 4 3 9 8  
I . 6 9 4 8 1  
1 . 7 4 5 6 4  
I . 7 9 6 4 7  
I . 8 4 7 3 0
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