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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 hydraunlic 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 hydraunlic 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 bompanies 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 lﬁngest such pipeline in the-Unitéd
States is 108 miles long and is used by the Consoli@ation anl Company
to transport coal slurries.

The success of pumping solids by mining companieSroaused pulp mills
to consider the possibility of reduciﬁg trees to wood chips at harvesfing
'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 Depariment 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 éhips offers more ﬁroblems than
those encountered by mining companies in pipelining slurries. Wood chips
are larée and irregular in size and shape whefeas slurries are mixtures
of water and finely groundnsolids, 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 rumbered 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. FEconomic spacing of pumping stations on a fully operational
pipeline requires that relafively 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 paésiné 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 ﬂ). 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, pﬁmping 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 ﬁipe, 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
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Figure 1. Proposed injection system




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 operaiion.
This study was underiaken to determine if this injection system

can be 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 contro}ling the hydraulic tran-
sients generated by the injection system described in the precéding chap-
ter;, a basic understanding of the problem and methods of analyzing it
must Ee obtained. Hydraulic transienis 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-
di'l';ion° 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 desitroy 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 posi%ive pressure waves reach the up;
stream boundary of the pipe, they are reflected back to the valve as
negative waves. The magnitude of the neéative waves 1s sligh£ly émaller
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 wavés is to mod-
ify the pressure increases due to the positive waves generated at the
valve, If the valve is cygsed or nearly closed at the time the first
negative wave returns to the valve, there will be.no positive waves £o

interact with the negative wave and the pressure at the valve will drop
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below operating preséure@ 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 sinuso%dal
pressure fluctuation at every point in the pipe. The frequency of the
pressure fluctuation is a/4L where L is tﬁe 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 sloﬁly enough, the magnitude of the pressuré surges are negligi-
ble because the pressures are proportional to the rate at which the flow
is reguiated° However, during emergencies and in special cases such as
that enéountered in the proposed wood chip injection system, a ;alve may
be required to close very rapidly.

According to Jaeger (3), the differential equations which describe
the phenomena of waterhammer Wére first written in tﬁeir correct form in
the late 1890's by N. 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 sélution to the equations which are:

Vg =8 hy | (1)

and




1

2

g
a is the wave velocity; g is the gravitational constant; VX is the par-

tial derivative of velocity with respect to distance; VJG is the partial
derivative of velocity with respect to time; Hx is the partial derivative
of the head with respect to distance; and Ht is the partial derivative of

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

-form are:
g+ VU_+7V, +£vlv] =0 ' (3)
2D
and
H 4+ a2 ¥ .+ Vesin<e + VH_=0 (4)
Tt = x . x

g
o is the slope of the pipe, Allievi's 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 1920's (5).

Louis Bergeron (1) and John Parmekian (5) have written excellent refer—
ences on the graphical solutions of the waterhammer eqﬁations° 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
golving differential equations, which before had been impractical to
solve, became practical. In 1960, 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 o a set of partial differential equations reduces these
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equations to a set of ordinary differential equations which can be
solved by numerical methods,

V. L. Sﬁreeter (6) applied the method'of characteristics 1o Egs.
(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 simplicify of application
of the characteristic equations to physical systemé, the method of
chérécteristios was used to study the hydraulic transients developed by
the valving operation in the wood chip injection system prgviously de-

scribed.




"CHAPTER IIT

DEVELOPMENT OF EQUATIONS

The basic equations and methods of analysis used in detefm;ning a
method of eoperation for the valves in the injection sttem are developed
in this chapter. The develepment proceeds from the basic differential
equations,- through ‘the characteristic sélution to these equations, 1o
the equgtions and methods of analysis used in two %as%c applications of
the characteristic egquations.

a

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 contimuity, Egs. (3) and (4). The forms of
these equations adopted for this analysis are-

g+ U, + £V = 0 (5)

b 2D
and
0 _ .
H_b-x-_g V. =0 (6)

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
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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
5. H, Crandall (Zj,for the details of the mathematical analysis of the
method of characteristics. The method of characteristics is applied to
Egs. (5) and (6) in the following paragraphs. |
| Egs. (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. (5), the
result, after reérrangement of terms, is:

(g8 +H) + (z a° v+ V) + fT]Y|=0 | (7)

Z g 2D : ,

The method of characteristics involves the selection of two values of Z
that result in converting Egs. (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
Eys. (5) and (6). If V and H are functions of x and t only, their total

derivatives are:

dH = H dx + H (8)

™ *fa v |
and

v =V, dx +V (9)

% *az T

Examination of Eq. (7) shows that if

dx = g (102)

it 7. . '
and if '

dx = Za- (10b)
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Bq. (7) becomes an ordinary differential equation:

Z dH + dV + £Y]V[= 0 (11)
at dt 2D

Solving Egs. (10a) and (10b) yields two particular values of Z which re-
duce the original equations to the ordinary differential equation given

by Eq. (11). The solutions are:

a
Substituting these values into Egs. (10a) and (10b) yields:
dx = ta. - (13)
dt

Eq. (11) will satisfy Egs. (5) and (6) only when Eg. (13) is satisfied.
Thds there are two characteristic directions in. the x—t% plane along which
Eq. (11).is_applicable.

For the positive characteristic direction

¢t =dx=a (14)

T

Eg. (11) becomes '
g & + 4V + £ 7] = 0 (15)

dt 4t 2D

For the negative characteristic direction

dt
Egq. (11) becomes
-g dH + 4V + £V|V]= 0 (17)

a dt at 2D
Egs. (15) and (17) are applicable only along the characteristic direc—

tions given by Egs. (14) and (16). These characteristic directions are
illustrated on the x~t diagram shown in Figure 2.

The ordinary differential Egs. (15) and (17) are not amenable to an
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Characteristics in the x-t plane

Figure 2.
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exact mathematical solution, but may be solved by finite differeﬁce
techniques. The equation written in finite difference form for the Cf

direction is:

Vp =V, +g (B, - ) + £1J7) (4, - %,) =0 (18)
a
2D
and for the C direction is:
=0 " (19) .

Tp = Vg - & (Bp = Hy) + £UTL (4 - 1)
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.

C., Application of the Method of Characteristics

The transient analysis for a pipeline of oqnstant diameter and
constant thickness is effected using Egs. (18) and (19). 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
resgrvoir at one end énd 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 5y setting dx = L/N where L is the pipe length and N
is an arbitrary in%eger. The time increment dt equals dx/a. The obﬁect
is 1o determine "the heads and velocities at all points in the grid as
the valve is cloéed.

Initially the.flow is in a steady State condition, and the heads
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and velocities at all points along the pipe at time t = to can be calcuw
lated by use of the basic energy equation of fluid flow. At time
T =to + 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 inferior points 2, 3, and 4. The heads and velocities
are found by simultaneously solving Egs. (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. The

result of this simultaneous solution for veloc¢ity at point 3 is:

Uy = 0.5 (V, + Vg + £ (H, - 8) - £as SARAER AR (20)

For the head at point 3 it is:

= 0.5 (B, +Egh e (7, - Ty - g2 (7] 7,- v lvl) (21)

. g 2D .

The quantities HA; Hyy V,, 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 - fBo These‘equation‘forms can
be applied to each pf the interior points to find thg heads and veloc~
ities at these points at time t = t + db.

The heads and velocities at each of the boundaries, points 1 and 5,
cannot be'calgulated as one charactéristic at each end is not available.
Other boundary conditioﬁs 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
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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 1 and the head and velocity known
at point A the negative characteristic equatién, Eq. (19), can be used to
determine the wvelocity at point 1.

This leaves the head and velocity at pbint 5¢ the valve, %o be
determined. This presents a slightly more complex problem than the one
encountered at the reservoir beqause 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 mus? be developed for the second equa—
tion. The equation for flow tﬂrough an orifice is used to develop thié
second equation. The steady state orifice equation‘is

VA= (CdAg)o \/&Wo (22)
where Vo is the initial velocity; Cd is the valve coefficient; Ag is the
initial area of the valve opening; and A Ho is the stéady state head loss
across the valve when it is completely open. At any time, t, during the

gate travel, Bg. (22) becomes:
VA=CA /2 AR (23)
dg¥ g T
If Eg. (23) is made dimensionless, it can be written as:

I:=‘7f HH (24)

where represents:

T =(Cqh,) ; (25)
ZCdA )

g0

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

‘- ~1 +V/1+4 -?Eﬁ—ij [j tg Hy ~ f Vi IV l(t t:]

2| 8% o
a(tVo)

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

(26)

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

t = to + 2d%, where the heads and velocities are determined in the same
manner as they were at time + = to + dt. The solution can be made at
progressive time intervals until the transients are damped out, or until
the peréon 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 re@uired to open
or shut as rapid;y as possible without inducing sevére hydraulic tran-
sients in the pipéline° The valve closure which changes the flow o
another predetermined rate in the shortest p0351ble tlme Wlthout exceed~
ing a given pressure head in the system is unknown. One method of
solving the. problem dis to use different trial valve closure rates in the
analysis described in the preceding section -and to check each trial o
see 1f the limiting heaa is exceeded. fhere are an infinite number of
valve closures which may be. tried, and it would be impossible to tell if

the fastest method of wvalve operation had been determined.
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An alternative to the trial and error method of finding the shori-—
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 Qiceeéing a given head, in a simple pipe with a
reservoir at one end and a valve at the other.

| Streeter's analysis divides the x—t diagram into the five flow

fegions mérked with Roman numerals in Figu?e 4. TFach region is desc?ibed
in the following sentences. Region I is an unaisturbediflow bounded on
top by the -first disturbance wave originating from the valve. Rggion II
is a transient flow region in which the head at the valve is increasing
- from its initial value to its maximum value in oﬁe 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 deoélerates continuously in each suc—
ceeding time step until it reaches its final steady state velocity at
point 4. In regién III the head increases linearly'from the reservoir to -
the maximum design head just upstream from the valve. Region IV is a
transienf region similar to region II, but the head is decreasing from
its maximum value to its final, steady state value. Région V is aﬁ 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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the flow in the shortest time without exceeding a given design head.
From the first movement of the vqlve there will be 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 IIT be uniform at any instant of time, the head increase opposiﬁg
the floﬁ across each dx increment must be the same so that. each elg@ent
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 héad from the reservoir to the maximum design
head. The head at point 2 in Figure 4 is egqual to

H, = H + Eﬁaxﬁgﬁ- (27)
where N is the number of pipe divisions, HR is the reservoir head, and
Hmax is the maximum design head. The velocity at point O is the undig-
turbed, steady state velbcity and the head is equal to the reservoir head.
V,, can now be determined from Eq. (18) using H, = Hy. The velooity is

2

uniform in the first pipe division at this time, therefore V1=V2 and
H,‘:HR°

This method of solving for velocities qt the reservoir proceeds up
the time.scale until the predicted velocity becomes zero or negativéa
The time at which the velocity is zero may not occur at an ‘even time in-
térval in which case the predicted velocity for jhat‘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,




21
using the even time increments on either side of the zero point. All
velocities coming into the pipe equal zero afier thg 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 af 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 ﬁoints A, B, and P. In this case Egs.
(18) and (19) are solved simultaneously to find the velocity at point P.

The result of this solution is:

Vp = 02 ‘<VA+ Vgt g (Hy-Hg) ~ F (J“P"'J“A)'(%i VA,'" VP|VP@ (26)
a 2D ‘

Because Vy, is on both sides of Eq. (28), 8 trial and error process is re—
gquired to determine the Vélocity at point P. The head at P is found by
either Bg. (18) or (19). The solution for the system proceeds by solving
for the heads and velgcities for all time increments at a given location
in the bipe° After the heads and velocities are determingd for all time
increments at %4 in Figure 4, the heads and ve}ocities, for all time in-
crements, are determined at location Xoe

Pinally the heads and velocities just upstream of the valve point
i} :

4

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

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

valve is known at all +times. Because the head drop across the valve and
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the flow velocity iﬁmediately upstfeah:df the valve are ﬁnown at all
tiﬁeé, Eq. (24) can be used to detgimine'fhé'tau value (2) for each time
inérément.
Seétions C and D illustrate two basié methods of making use of the
charaéferisiic‘equaﬁions. These basid.methods of application aré used in
the following chapter to determine the rate of ﬁbfement (opening and/or

closing) of all the valves in'the injection system.




CHAPTER IV

ANALYSIS OF THE INJECTION SYSTEM

The applications of the characteristic equations developed in the
previous chapter will be used to analyée the wood chip injection system.
Because flow free from.transients is réquired in:the main pipeline, the"
injection system illustrgted in ﬁigure 1 was modified to that shown inl
Figﬁre 5. An accumulator, a pipe recycling wood chips to the mixing
tank, and valves 1, 4, and T were added to the system. The purpose .of
the rec&cling line is to prevent.traﬁsieqts 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 coﬁstant dis—
charge from lines "A" and "B" and to regulate the pressurés in these
lines so that transients will_be not allowed to reach the high pressure
pump., |

In order to make an analytical solution for the valve movements,
the injection system must be analyzed in sections as basic flow control
operations are executed. There are five principle phases of flow con-—
trol for injecting the wood éhips into the high pressure pipeline,

These phases are illustrated by considering the operation cycle begin-—
ning as line YA" is fiiled 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 1ine; The third phase switches the flow from the
hiéh pressure pump to line "A" and switches valve 5 to a position where

the wood chips flow into the main line from line "AY, 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. Kach phase has a key opergtion which controls the
movement of all the valves in that phase.

Each of the five phases of flow control can be 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 details Computer programs

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

A, Design Case I

Design case I is described in Chapier 3, Section D. It consists of
a pipe with a reservoir at one end and a valve at the other. The valve
is closgd as raﬁidly as possible without exceeding algiven maximum or
minimum design head at any place Wiﬁhin the pipeline. The data generated
from this design process will furnish input data to the seconq and third

design cases,

B. Design Case IX

Design case II is a special case of design case I. It consists of
a simple pipeline with a reservoir at 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 thé'analysis
is carried out to determine the heads and velocities at the valve.

The analysis of this case is similar to thé% described in the pre-—
vious section. The reservoir boundary copdition 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 cases (I, III, IV) applied to other pipes entering the reservoir.

The energy equation can be used to solve for the he%ds and veloc—
ities along the pipe at time § = to sinée at this time the flow is undis—
turbed. One wave travel time down the pipe after the flows entering the
pipe become steady, thé last disturbance wave will .reach the valve, and
the flow throughout the pipe will be steady. After this time the energy
équation can be used to solve for heads and velocities throughout the
pipe. The case is the same as the casé described in Section D of
Chapter 3; when only the interior pointsAwere undetermined. The solution
then proceeds by applying Egs. (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 = to+ dt. The positive characteristic will give the head at the
valve for time 1 = to+ dt. The heads and velocities at the interior
points, during this time increment, are determined from Egs. (20) and
(21), as illustrated in Section C of Chapter 3. At a time L/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 géometry as the pipe in question. If
the input flow valueé came from stroking (manipulation according %o the
time rate of valve movement determined from design case I) a valve in a
pipe of completely dissimiiar dimensions, there is nothing that requires
the transients in fhe 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 caée 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 headé 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 regioms; and hence, heads and
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Velocities are determined at all points within these regions by usé of
the energy equation. Region II is a transient region induced by increas—
ing the heads in the pipe.

Because the heads énd 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 spgcify the rate of head increase during region II at
the dowhstream valve. The heads and veloGities'at the intefiof points
“and at the points immediateiy downstream of the upstream valve can be
found by application ofrthe.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 arbitrary rate of head increase that was

specified.

E. Design Procedure

Now that the basic design methods have been presented, all the
tools required te determine the method for operating all of the valves
are available., A detailed descripition of the applioation of these too;s
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 any transient impulses. If
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this is.to be true, the flow in pipe'1 (see Pigure 5) must be steady.
This -in turn requires fhat a constant head aﬁ jﬁhction 1 be maintained.
Valve 1 must be operated to hold the pressure constant at jgnction 1 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 1 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 wvalve 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 éownstream end of pipe 4. The flow veloc- |
ities entering pipe 4 from pipe 2 can be found at any time by continuity.
Design case I11 applied %o pipe 4 will give the heads at the pipe 4 side
of valve 1.

Because no flow fluctuations are to occur in pipe 7 as valve 2
closes, water is added fo 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 ratq_into pipe 5, can be determinéd, by

continuity, from pipe 3 for all'times° Design cagse III can be -applied
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to pipe 5 to determine the heads at the pipe 5 side of valve 2 and to
determine the flow rate entering junction 2 at any instant. vThe flow
rate entering junction 2 from pipe 6 at any time must equal the differ—
ence betwegn the flow rate in pipe 7 and pipe 5. Thus, the velocity
and héad is known for all times at ﬁhe.reservoir end of pipe 6. .Design
cage II can be applied to pipe 6 to f£ind 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 stopﬁed and the wood chip flow is merely recirculating
through pipes 1, 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
opern in order to increase tﬂe pressure in injection line A which is a
combination of pipes 6 aﬁd 7. This then becomes the case analyzed in
design case IV°. ‘

Pipe 9 is a special case of a pipe with a valve at one end and a
reservoir at the other, because 1t empties into a tank which feéds the
high pressure pump. However, because it is féquired'that the flow from
valve 6 be constant, there will be no transients indﬁced in pipe 9. The
energy equation is applied to find the heads éﬁd 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 accumulgtpr, and hence, the pressure

head upsitream of valve 4 is equal to thé accumulator head at all times.
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The flow,rate in pipe 8 is found by continﬁity from the flow demands of
pipe 6.

A review of the preceding discussion will show that at this moment
the hegds and velocities are known on bo£h sides of all the valves during
the first two phases of the switching process. By using Eq. (24) the tau
values for valves 1, 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 staris to switch the flow to the main
pipeline, and valve 3 starts to switch the flow from the high pressure
pump to line A. Valvgs 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 fo 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 f;ow in line ?
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 T constant. Likewise, valve
T ﬁust add flow from the accumulator through line 11to 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 proporpion to the flow area that is open to each
pipe at any instant of time. This is a vaiid_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 be steady at all times, Jjunc-
tions_2 and -3 must act as constant ﬁead 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 P;pg, per-
mitting deéign case III to be applied to pipes 5 and 12. Design case III
determines the flow in pipe 5 at junction 2 and thg 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 L
differenqe 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. Beoguse the head upsiream of these valves is
known for all times, the tau values for these valves can be calculated
with Eqs. (24).

 In phase IV valve T will have the same method of operation that
valve 4 haa 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

1, 2, and 4 will reverse their method of operation in phase I in phase V.




CHAPTER V

PHYSICAL DIMENSIONS OF THE INJECTION SYSTEM

Before the aﬁalysis described in the preceding chapter can be
applied to the injection system, physical dimensions must be assigned to
the pipes, and the initiallflow conditions in the s&stém must be esiab-
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.P.——low pressure,.Jct,—mjunction,
W,Co.—=-wood chip, and H.P.=-high pressure. In the case of pipes 5 Ty 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 theée pipes and
" during phase III valves 3 and 5 are used as the boundaries of these
pipes. In order %o 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, 5, T,
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 16690558 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 jﬁnotion 1 is 1309003 feet; thg‘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

Pipe No. Length Diameter Friction Boundary
(feet) (inches) Factor
(1) (2) (3) (4) (5)
1 ' 25 8.0 0.03 L.P. Pump
Jet. 1
2 25 8.0 0.03 Jote 1
Valve 1
3 25 _ 8.0 0,03 Jet. 1
Valve 2
4 25 - 8.0 0.03 Valve- 1
W.C. Mix Tank
5 .25 8.0 0.03 Valve 2 or 3
Ject. 2 or 3
6 25 8.0 0.03 Jet. 2
Valve 4
T 1500 8.0 0.03 Jet. 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
Jet. 3
11 25 8.0 0.03 Jet. 3
Valve T
12 25 8.0 0.03 Jet. 3
Valve 2 or 3
13 1 8.0 0.03 Valve T

Accumulator
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the wood chip mix‘tank is assumed to be level with the top of pipe 4.
Likewise, a similar assumpiion is made for pipe 9 as it enters the feed
tank to the high pressure pump providing a constant zZero 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 operafing 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 1o calculate Hb and Vo for
use in Eq. (24) which is used %o calculate the value of tau (the ratio of
the proauct of the orifice coefficient and gafe area of the valve at any
time to the product of the orifice coefficient and gate area when the
valvé is completely open)° The heads in the table have units of feet of.
water and the velocities are given in feet per second. ‘Theré are né
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 FLOW CONDITIONS

Initial Conditions Fully Open Valve Conditions

Boundary Upstream  Downstream *  Upstream  Downstream
(1) - (2) -3 (4) (5)

vewe 1§ U0l 01000 G900 6100
ez §ESewas i e
ey §O%ER R
vawe sy 083 LT 0 Bio0g
T '
ves B2 g TR
alve 7 ;1 1668.499  1667.081 1668.499 1665«199

0.000 0.000 8. 000 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, Becausehthe effect of ﬁood chips on wave velocities is not
known, a complete anal&sis of the injection system was made for wave velo--
cities of 2000, 2500, and 3000 feet per second. The results illustrated
in this chaptef, for a wave velocity of 2500 feet per second, are’ typical
of those obtained for the other wave speeds. The operating rates of
ﬁalves 1, 2, 4, and 6 for.ali wave speeds are listed in tables I-A,
I-B, I-C, II-A, Ii—B,‘II-C, III-A, III-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—

’
cent of valve area open to pipg 5 at any instant, rather than in terms of
tau. The rate of movement of valve 3 is defined in Figure §g. The oper—
ating rate of wvalve T is also excluded from the appendix. As explained
previously, valve T is operated in exact reverse in phases III, IV, and
V of the valving operation of the rate of movement of valve 4 in phases
I, II, and IIT.

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 1, 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 ik shown in Figure 12, At the
bottom of each of the vertical bars are the letters o and ¢ or A and B.

If the lines in the vertical bars slant from o to c, the valve is moving
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from an open position to a closed position. If they slant in the oppoéite
direction the valve is opening. The lines merely represent the time dur-
ing which the valve is operating. In the casé of switching valves 3 and
. 5, the lines slope from B to A tojrepresent the switching 5f the high \
pressure injection flow into the méin pipeline from line ¥"B" (pipe 10) to
iine A" (pipe 7). The horizontal dashed lines in Figure 12 represent
the béundaries dividing the five phases of the valving operation. The
timeé shown-in Pigure 12 are listed in Table III,

The effect that wave sbeed has on the total operation time is
illustrated in Figure 13. This figure shows that the total fime.required
to complete the switching operation increases exponentially as the wave

gpeed is decreased.
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TABLE III

SEQUENCE AND TIMING OF VALVE OPERATIONS

4 = 2500 fps
Valve Phase I Phasé 1T ' Phase IIT Phase I% Phase V
: TB 0,00000% 4.98753
TR 0.32500%% ° 5.32253
5 TB 0.00000 4.98755
TF 0.32500 5.32253
3 TB 2. 15500-
TF 3.16753
TB 0.00000 0.32500 2.15500
4 TR 0.32500 2.1550 3.16753
: TB 2.15500
5 3.16753
6 TB 0.93500 3.44253
TR 1.54500 4.05253
% B 2.15500 3.16753 4.98753
TF 4.98753 5.32253

*¥Time beginning movement in seconds
¥¥Time ending movement in seconds -

3.16753
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CHAPTER VII

DISCUSSION AND CONCLUSIONS

The method of solution and the results of the analysis illustrate
three important points that require discussion:_ (1) the assumption that
flow through the switching valves is proportional o the flow area open
to each pipe, (2) the calculated values of %au appear quite small, and
(3) the majority of the total switching time of the system is taken by
phases II and IV of thé valving operatibno These phases involve the se—

lection of an arbitrary number of time steps.

A. Plow Through Switching Valves

First, the assumption that flow entering a switching valve is divid-
ed among the outlet pibes 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, because there is no extreme pressure difference
forcing a greater amount of flow thfough 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 pef second
té zero during this operation. The acceleration and deceleration of thg

fluid requires pressure increases and decreases on the downstream sides
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of valve 3. The net effect is to forceé 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 incré-
ments, tﬁus 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 iﬁcrease in head at valve 3, above the
steady state value, was 9.938 feet.° When this hedd increase is compared
with the steady state head of 1668.199 feet it is negligibie. The tran-
gsients can be eliminated compietely by locating junctions 2 and 3 as
close as possible to valve 3, thus eliminating the need to éccelerate 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, demonsirates why the values of tau are 4

guite small, -

v
T - ' (29)
H - HD
H ~ HD
[¢] (o]

H is the head immediately upstream of the valve and HD is the héad imme—
diately downstream of the valve. The quantity (HO—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 Eq. (29) is ordinarily less than or equal
to one (during the pressure increasing phases the ratio V/VO 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 fype for use in the injection system.

C. Major Time Phases of Operation

The third item to be discussed is the time requirements of phases
II and IV, These phases require an increase in pressure in liﬁe "mAt
(pipe 7) and a decrease in pressﬁre in "B" (pipe 10). They are applica-
tions of design casé IV 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 "A" and "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 inorements in phases II and IV 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 valveg. In this analysis 10 time steps were taken
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to increase the head. With this number of time steps the‘combined times
of phases II and IV represent 66.2%, 67.8%, and 69.9% of the total switch;
ing time for the respective wave.velocities of 3000, 2560, and 2000 feet
per second.

Obviously, phases II and IV should be made as short as possible by
reducing the number of time increments of pressuré increase. The rate at
which pressufe may be increased, however, is limited by the accumﬁiatoro
As the pressure in the pipe increases, the water in the pipe compfesses
and the pipe expands axially and radially. The voluﬁe change requires
the accumulater to supply an additional amount of flow to fill the ex—
panding pipe. The faster the pressure increase, the faster the flow must
be from the accumulator in order to adjust to the volume increases. ‘If
the flow demands from the accumulator become too large, although they
occur over a short period of time, the mechanism used in the accumulator
to maintain constant pressure in the tank may not be ab;e to meet the
flow regquirements., Pressure in the accumulator will then decrease,; in-
validating the assumption that the accumulator produces é constant head.
Thus, the rate of pressﬁre increase is controlled by the physical limit-

ations of the accumulator.

D. Conclusions

The method of analysis and design described in this paper provides
a method for designing the operation of the individual valves in the pro-—

posed injection system so that a transient-free flow is maintained in the
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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 (%) 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 importaﬁt 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 ire—
mendous decrease in the wave speed. One percent air entrainment can TEe
duce the wave speed by nearly 90 peréent, The author therefore recommends
that extensive testing be maae on the effect that wood chips will h;ve on
the wave speed as they will more than:likeiy eﬁtrain large amounts of air
as they are mixed with watéro

In addition to extensive testing on the effects of wood chip en-
trainment on wave speeds, the author also recommends that the iengths of
pipes 5 and 12 bg 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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TABLE I-A
OPERATION
OF
VALVE NO. 1
A= 2000 FPS
TAU TIME

0.00000 0.00000
0.00003 0.00312
0.00007 0.00624
0.00011 0.00936
0.00015 0.01248
0.00019 0.01560
0.00023 0.01872
0.00028 0.02184
0.,00032 0.02496
0.00040 0.02808
0.00049 0.03120
0.00057 0403432
0.00065 0.03744
0.00073 0.04056
0.00081 0.04368
0.+00089 004680
0.00097 0.04992
0.00105 0.05304
0.00113 0.05616
0.00121 0.05928
N0e00129 0.06240
0.00136 0.06552
0.00144 0.06864
0.00152 0.07176
0.00160 0.07488
N.00168 0.07800
0.00176 0.08112
0.00184 0.08424
0.00192 '0.08736
0.00200 009048
0.00208 0.09360
0.00215 0.09672
0.00223 0.09984
0.00231 0.10296
0.00239 0.10608
0.00247 0410920
0.00255 0611232




0400262
0.00270
0.00278
0.00286
NeNN293
0.00301

0.00309
0.00317
0.00325
0.00333

0.00340

0.00348
000356
0.00363

N0.00371

0.00379
0.00386
000394
000402

000410
0.00417
000425
0.00433
0400440
0.00448
0.00456
000464
000471

0400479
0.00486
000494
0.00503
0.00510
0.00517
0.00525
0.00533
N.00541
0.00549
0.00557
000564
000572
0.00580
0.00587
000594
000603
000609
0.00617
000626
0.00633

55

013104
Q3416
O 8 128
0614040
0614352
Oelbb664
0614976
0.15288
015600
D.15912
0e16224
Del16536
0616848
0.17160
Bl T& T2
QeI TT84
0.18096
018408
A8 2.0
De19032
0619344
019656
0.19968
020280
020592
020904
0e21215b
0.21528
0621840
Qe22152
0622464
0622716
0.23088
023400
ez o il 2
0024024
0624336
De24648
0624960
Be2b2 712
025584
0.25896
026208
026520




000640
000648
000657
0.00664
000673
0.00680
0.00687
000696
0.00703
000711
0.00718
0.00726
(e 0 T23
0.00708
D0.00694
000681
000669
0.00658
0«00648
0.00638
000633

U

ON

0626832
0e27144
0627456
0s27768
0.28080
Bs 28392
028704
029016
01629928
0629640
0629952
0630264
0.30576
030888
031200
0230512
0.31824
O 32135
0632448
0632760
033072




TABLE

1=8

OPERATION

VALVE NO. 1

A=

TAU

000000
0.00003
0.00006
0.00009
0.00012
0.00015
0.00018
0.00022
0.00026
0.00032
0«00039
000045
0.00052
000058
0.00065
0.00071
000078
0.00084
000090
0.00097
0.00103
N.00109
D«00116
0.00122
0.00136
000142
0.00149
0.00155
0.00162
0.00168
000175
0.00181
N0«00185
0.00192
0.00198
000205
N0.00211

2500 FRS

TIME

0.00000
0.00250
0.00500
0.00750
0.,01000
001250
0.01500
0.01750
0.02000
0.02250
002500
0.02750
0.03000
0.03250
0.03500
0.03750
0.04000
0.04250
0.04500
0.04750
0.05000
Q05250
0.05500
0.05750
0.06000
006250
006500
0.,06750
007000
007250
007500
0.07750
0.08000
0.08250
0.08500
0.08750
0.09000




0.00217
0.00223
0.00230
N0.00236
000242
0.00248
0.00254
0.00261
000267
0.00273
000280
0.00286
000292
0.00298
0« 00305
0.00311
0.,00317
0.00323
000329
000336
0.00342
000348
0.00354
0.00360
0.00366
000372
0.00379
0.,00385
0.00391
0.00397
000404
0.00410
0.00416
000422
0.00428
0.00434
000441
0.00447
000452
De00459
000465
0.00471
0.00477
0.00484%
000490
000495
0.00503
0.00508
000515

58

0.09250
0.,09500
0e 0950
010000
0.10250
0.10500
010750
0.11000
011250
011500
0611750
0.12000
O 2250
0.12500
012750
0.13000
013250
013500
013750
014000
0614250
014500
0414750
015000
0615250
0.15500
015750
016000
0616250
016500
016750
017000
0617250
0.17500
O+ 17750
0.18000
0.18250
0.18500
0618750
019000
0+1%9250
019500
Q19750
020000
020250
0.20500
0.20750
0.21000
Qe 2550




0.00520
0.00527
0.00533
000539
0.00546
000533
000539
0.00545
000552
000557
ND«00564
NeNDBHES
D«00575
000595
000601
000607
0.00613
0.00619
0.00625
0.00632
000638
000643
000650
ND.00656
D0.00663
000669
D0«00675
0.00681
ND«00686
000694
0.00700
000706
000711
0.00718
000724
0.00731
000738
0.00719
000704
000690
000677
000664
0.00653
000642
000632

$3

021500
021750
022000
022250
022500
022750
023000
023250
023500
Q25 100
0624000
0e24250
024500
0624750
0.25000
025250
025500
0s25 (50
026000
026250
026500
0626750
027000
021250
Oe 27500
0627750
0.28000
0.28250
028500
028750
029000
e 29250
0429500
029750
030000
0630250
030500
030750
031000
0631250
031500
B3 1750
032000
0432250
032500
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TABLE I-C
OPERAT ION

OF

VALVE NO. 1

A=

TAU

000000
0.00002
0.00005
0.00007
0.00010
0.00013
000015
000018
0.00022
000027
0.00032
0.00038
000043
0.00048
0.00054
000059
000065
0.00070
0.00075
0.00081
000086
0.00091
000097
000102
000107
0+00113
0.00118
000123
000129
Ne«00134
0.00139
000145
000150
000155
000160
0.00165
000171

3000 FPS

TIME

0.00000
0.00208
000416
0400624
0.00832
0.01040
0.01248
0.01456
0.01664
0.01872
0.02080
0.02288
002496
0.02704
0+02912
003120
0.03328
03536
003744
Qe 03952
004160
0.04368
0.04576
004784
004992
005200
005408
0.05616
0.05824
0.06032
006240
006448
0.06656
006864
0.07072
0.07280
007488




0.00176
0.00181
0.00186
0.00192
0.00197
0.00202
0.00208
000213
0.00218
0.00223
De00229
000234
0.00239
000244
000249
0.00254
0.00260
0.00265
0.00270
0.00275
0.00280
0.00285
000291
000296
0.00301
0.00306
0.00312
0.00317
0.00322
0.00327
000332
0.00338
000343
0.00348
000353
000358
000363
0.00368
000374
000379
0.00383
0.00389
0 «00395
000400
0.00405
000410
000415
0.00420
0.00426
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0.07696
007904
0.08112
0.08320
0.08528
0.08736
008944
009152
009360
0.09568
0e09776
009984
010192
0.10400
0.10608
0.10816
0e11024
Qi1 232
011440
0.11648
0611856
0612064
0e12272
012480
012688
0.12896
0.13104
013312
Oiw.1:3520
0.13728
013936
Oel&léy
0614352
0.14560
0e14768
0614976
015184
B LoSEZ
0415600
0.15808
0.16016
0e16224
0e16432
016640
0.16848
017056
0e17264
0el17472
0.17680




000672
D0«00676
0.00430
000435
0.00440
000445
000451
000456
000462
0.00466
000472
000477
0.00482
0.00487
000492
0«00497
0's 00502
0.00508
0.00512
0.00517
0.00522
0.00527
0.00532
0.00539
0.00544
000548
000554
000559
000564
000569
0.00575
000579
000583
0.00590
000594
000599
0.00604
0«00609
D0.00614
0.00621
D0.00626
000630
0.00637
000641
000647
000652
00065 ¢
0.00661
0.00666

62

0e27664
De27872
0.17888
0.18096
018304
018512
018720
0.18928
Qlel1 9136
019344
Q9 557
019760
019968
020176
0.20384
0620592
020800
021008
0621216
0e21424
0.21632
021840
022048
0622256
022464
0622672
022880
0.23088
De23296
023504
el 3012
023920
024128
024336
De24544
Die 247152
024960
025168
025376
025584
Qe 25792
026000
0626208
0626416
0e26624
0e26832
027040
0627248
027456




0.00682
0.00687
0400692
000697
0.00703
0.00709
0.00713
0.00719
0.00723
0.00729
000734
000740
000730
000712
0.00698
N0.00683
000671
0.00658
000647
ND«00636
0.00632

63

0.28080
0.28288
028496
0.28704
0.28912
0629120
029328
0629536
029744
0629952
0630160
030368
030576
0630784
0«30992
031200
031408
031616
031824
0632032
0432240




TABLE II-A

OPERATION

VALVE NOes 2

A=

TAU

1.,00000
0.10998
0.09458
008490
0607747
0.07166
006690
006620
0.06589
006561
006530
006454
0.06383
006307
006231
006160
006045
005931
0.05819
005750
005676
0.05608
005534
005458
D«05424
0«0 52390
(}'e 05355
005277
0.05206
005127
005056
004989
004878
004769
004666
004596
004524

2000 FPS

TIME

0.00000
000312
0.00624
0.00936
0.,01248
0.01560
0,01872
0.02184
0.02496
0.02808
003120
0.03432
0403744
0.04056
0.04368
0.04680
0404992
0.05304
0.05616
0.05928
0406240
0406552
0.06864
0.07176
0.07488
0.07800
0,08112
0.08424
0.08736
0.09048
0.09360
0409672
0409984
0.10296
0.10608
0410920
011232




0604459
004383
0.04305
004267
0.04229
004183
0.04110
0.04036
003956
0.03887
003819
0.03718
0.03616
003520
0.03451
0+03379
0.03316
0.03239
0«03166
0.03114
ND.03069
003019
002941
002870
0.02791
002724
002653
002565
002470
0.02381
0le0 2315
0602242
002176
002100
0.02027
001968
001913
0.01854
e 0L LY
0.01708
0.01631
001564
001492
0.01411
0.01328
001247
Qe D111
0.01106
001037

65

0s11544
0611856
012168
0.12480
Oel2792
0.13104
013416
Del3728
0414040
014352
ODelb4664
014976
0.15288
0.15600
QRS9 12
0.16224
016536
0.16848
Qel 7160
0el7472
0.17784
018096
0.18408
0.18720
Qia 195032
0419344
019656
019968
0.20280
0:e20592
0620904
0.21216
021528
0621840
Ov22152
0622464
Qs 227 1:6
0.23088
023400
O3l 2
0624024
024336
0624648
024960
09252072
025584
025896
0626208
0626520




0.00964
000892
000826
0.00761
0.00694
000622
000549
000476
000404
000333
ND.00281
000258
0.00234
0% 00210
0.00184
0.00154
0.00115
000060
0.00000
0.00000

66

026832
De27144
Oe27456
0277658
0.28080
028392
028704
029016
029328
0629640
029952
De30264
030576
0.30888
031200
O 31512
0.31824
032136
0632448
0632760
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TABLE 11-B
OPERATION

OF

VALVE NO. 2

A=

TAU

1.00000
019691
De13654
N0e¢11045
009501
008532
SRRk
0.07218
006744
0.06691
006674
006657
0.06648
006587
006532
006478
0.06416
006350
0.06254
006159
0.06049
005996
005932
0.05868
0.05815
005767
0.05740
005713
005707
0.05648
005592
Qle 0353
005477
0.05401
Qe 5317
005233
005126

ZB00HERPS

TIME

0.00000
000250
000520
000750
0.01000
0.01250
0.01500
001750
0.02000
002250
0.02500
0.02750
003000
003250
003500
0.03750
004000
0604250
0.04500
004750
0.05000
0.05250
0.05500
005750
0.06000
0.06250
0.06500
006750
0.07000
0.07250
0.07500
007750
008000
0.08250
0.08500
0.08750
009000



005068
005010
004947
004890
004849
004814
0.04778
004768
004709
Ne04650
0604599
0.04539
004467
004387
004307
0.04206
0.04152
004095
004030
003977
003926
003890
003850
0.03836
003774
003714
003666
OeD9599
@ o Q) 3530
003458
0.03387
003293
0.03235
0.03181
0+03115
003067
003013
002972
002926
002501
002845
0.02784
QD e0Z2732
002666
002605
002535
0602467
0+02383
0.02324

0.09250
009500
009750
010000
010250
010500
010750
0.11000
011250
01500
Qe L AVESD
012000
012250
012500
Oie 2 120
013000
013250
013500
Ois 1B 750
014000
0614250
06414500
0614750
015000
015250
015500
0615750
0.16000
0616250
0.16500
016750
017000
Qe L 1250
e 17500
017750
018000
018250
0.18500
0.18750
0619000
019250
019500
019750
0.20000
020250
020500
020750
021000
Qs 21280




002269
0.02209
0.02158
0.02102
002053
DeD2006
0601970
0.01914
0.01856
001799
001738
0.01678
ojy yalalcrne,
D0«01548
001474
001417
0.01359
0.01303
De01247
0.01193
0.01140
0.01089
0.01043
0.00985
0.00929
000870
0.00812
000751
000692
000630
000567
0.00511
0.00452
000397
000339
0.00284
0.00228
0.00213
000199
0.00181
0.00162
000139
000110
0.00071
000000

69

021500
021750
0.22000
022250
0622500
0622750
0.23000
023250
023500
023750
0.24000
024250
0624500
024750
025000
()i 25250
0.25500
025750
026000
0626250
026500
0626750
027000
027250
0.27500
0627750
0.28000
0428250
0.28500
028750
0.29000
0« 29250
029500
029750
030000
030250
030500
030750
031000
0s 31250
031500
0+ 313750
032000
0632250
032500




70
TABLE vilali=C
OPERATION

OF

VALVE NO. 2

A=

TAU

1.00000
O 1 9762
013655
011069
009535
008558
Qe B33
0.07258
0.06789
N0.06732
0.06740
006726
006720
0.06685
006626
006576
006525
006489
0.06382
006305
D.06215
0.,06153
006117
006067
0.06019
0.0 059307
0«05 959
0505935
005932
0.05894
0.05831
0.05781
a5 5
005699
005606
0.05532
005442

3000 FPS

TIME

0.00000
0.00208
000416
0.00624
0.00832
0.01040
0.01248
0.01456
0.01664
001872
0.02080
0.02288
002496
0.02704
002912
003120
0.03328
0.03536
0e03744
0.03952
')0014160
0.04368
0.04576
004784
0.04992
0.05200
0.05408
0.05616
0.05824
006032
0606240
006448
006656
0.06864
0.07072
0.07280
0.07488




0.05381
005350
005301
005248
NDeN5194
0.05178
0.05158
005148
005116
005049
004999
004955
0.04911
004834
004759
004674
0404611
0.04578
004534
004482
004434
004410
004385
004370
004335
0604277
0604222
0604177
De04128
0.04056
D.03985
003912
0.03851
0.03812
0.03768
0« 03715
003668
De03644
0.03616
Oe 03591
0.03554
0403497
003448
003402
003354
003283
003216
0«03148
003093

11

0.07696
0s07904
0.08112
0.08320
0.08528
0.08736
0.08944
009152
009360
009568
0.09776
009984
Dl 0192
010400
0.10608
0.10816
0611024
Dl L2 o2
011440
0.11648
0.11856
012064
Q92272
012480
0.12688
0612896
0s13104
Qel 3312
Qml 3520
Qs L@ s
Qe 13936
Oel4144
0e14352
0614560
0e14768
0414976
015184
0+15392
0.15600
0.15808
016016
016224
0e.16432
016640
0.16848
017056
Oel7264
0617472
017680




0023053
003001
002954
002907
0.02878
0.02849
0.02819
002773
002718
002676
0602627
0.02578
002513
0.02448
002385
002337
002295
002242
002195
0.02148
002114
002080
002048
0.02000
001947
001902
0.01854
0.01805
001745
0.01688
001626
0.01578
001534
0.01483
0601438
D «01391
0« Q1352
0.01310
001276
0.01227
0.01176
0.,01130
0.01081
0.01032
000977
000925
0.00869
000822
0.00776

12

0.17888
018096
0.18304
D851l 2
0«18720
0.18928
0.19136
019344
0619552
0619760
0619968
020176
020384
020592
020800
0.21008
0.21216
0621424
D2 lie 32
0621840
022048
022256
0622464
0622672
022880
0.23088
0623296
0+23504
23712
023920
0624128
0e24336
De24544
D¢ 24752
0624960
025168
0ie 25376
0625584
0625792
026000
026208
0e26416
0626624
0e26832
0627040
0627248
0627456
0e27664
Qa2 7872




D0.00728
0D.00681
0.00633
0.00591
0.00546
000502
000455
0.00405
000357
0.00309
0.00261
000210
D.00183
0.00168
0.00152
0.00136
0.00117
0.00094
D0«00066
0.00027
000000

73

0.28080
0.28288
028496
0.28704
028912
029120
029328
0 ¢2 9536
0629744
0la 28952
030160
0.30368
0430576
0.30784
030992
031200
0631408
0e31616
031824
032032
0632240




T4

TABLE ITI=A
OPERATION

OF

VALVE NOe. 4

A=

TAU

0.00000
0.00008
0.00016
000024
000032
0.00039
0.00047
0.00054
0.00062
000077
000091
0.00106
0.00121
0.00135
000150
0.00165
0.00180
0.00194
0.00209
000224
0,00239
000253
0.00268
0.00282
0.00297
0.00312
000326
0.00341
0.00355
0.00370
0.00384
000399
0.00413
000427
000442
000362
000471

2000 FPS

TIME

ND.0NNN0
0.00312
0.00624
000936
001248
001560
0.01872
0.02184
002496
0.02808
0.03120
0.03432
003744
004056
0.04368
004680
004992
0.05304
0.05616
0.05928
0.06240
006552
0.06864
Q07176
007488
0.07800
0.08112
0.08424
008736
0.09048
009360
009672
0.0998%
0.10296
0.10608
010920
0.11232




000486
000500
D0«00514
000529
N0«00543
0.,00558
0.00572
000586
000600
0.00615
0.00629
0.00643
ND.00658
000672
000687
0.00701
000715
0.00730
000744
D0.00758
000773
0.00787
0.00801
0.00815
0.00829
0.00843
0.00858
000872
N0.00886
000900
0.00915
0.00929
0.00943
0.00958
0.00972
000986
0.01000
0.01014
0.01028
001042
0.01056
0.01085
s 01099
0.01113
Q.01 T2¢
0.01142
0.01156
001170
0.01184

75

0e11544
05 11856
0.12168
012480
0612792
0413104
013416
0.13728
0414040
014352
Oelbb664
0614976
0.15288
015600
O w59
De16224
0.16536
0.16848
017160
0617472
017784
0.18096
0.18408
018720
019032
0619344
0619656
019968
020280
0420592
0420904
0le21 216
021528
021840
Dl 221 57
022464
0222716
023088
023400
o2 3702
0624024
024648
024960
025212
0625584
025896
026208
0626520
0626832




001199
Die O L2010
001227
001241
0: 01255
001269
001283
Ne01297
001311
001325
0«01339
001348
001356
0+01363
0.01368
ND«01374
001396
0«01386
001392
0.01396
001696
Ne02026
0023719
0%02771
003195
003673
004203
004818
005526
006391
0+06251
Ds06123
N.06000
0.05888
DRQ5TTS
DeD5679
0.05582
005493
0.05407
0.0532F
0605246
0.05178
005139
D«05126
ND«05166
005274
O 5527
DeND6078
0«0 TE3D

76

0.27144
0427456
0.27768
028080
028392
0.28704
029016
029328
0429640
0629952
030264
0.30576
0.30888
0.31200
0.31512
0.31824
0.32136
0e32448
0432760
033072
0440697
0648322
0455947
0663572
0471197
0.78822
086447
0.94072
1.01697
1.09322
1.16947
1424572
1.32197
1.39822
lel 7447
1455072
162697
170322
177947
1.85572
1.93197
2.00822
2.08447
216072
2423697
2 F1A20
2.38947
246572
2454197




1.00000
023498
023141
022787
0622434
0622086
O 25139
Ne21394
0s 21053
0.20713
020374
020039
019708
Qe LIS
019048
0618721
018396
0.18073
e 1752
Nel7433
Qel17115
0.16800
0.16486
016174
015863
0+15953
0615247
014940
Nel4635
0614333
014031
L3 T2Y
0613431
Vel 33
012836
012540
0612246
011952
De11660
0.11368
0.11078
0.10789
0.10501
0.10214
009928
009642
0.09358
009074
008790

17

261822
2463382
2664942
266502
268062
2.69622
2611182
2672742
2674302
2e 08562
2677422
2418982
2480542
2482102
2483662
2485222
2486782
288342
289902
2691462
2493022
2494582
2496142
2ls 102
299262
3.00822
3.02382
303942
305502
307062
3.08622
310182
3611742
33802
36414862
3616422
Ze X T8 2
3619542
321102
3622662
3624222
B 25182
3627342
3.28902
3630462
Jie 32022
i T R
3635142
3436702




0.08508
008227
007946
007666
007387
QO TIOF
0.06829
006552
006275
0.05998
Q05722
De05446
i % o L
004896
0e04622
NDe04348
004075
0.03802
0«03529
003256
002984
002712
0eN2440
0.02168
0.01897
D0.01626
e OI355
0.01084
0.00813
000542
Q.02 71
0.00139
0.00000

78

36438262
Ble 39822
3641382
3642942
3644502
3446062
3e47622
3449182
350742
352302
3«53862
3655422
3.56982
3458542
3460102
361662
3 63222
3464782
3.66342
367902
3669462
Bl 1022
1 s o
3674142
e 15702
£ S 0
3 78822
3.80382
3481942
3. 83502
385062
3.86622
e 88182




(5]

TABLE III-B

OPERATION

OF

VALVE NOe. 4

Az

TAU

Ne00D00
0.00006
000013
0.00019
0.00026
0.00032
0.00038
0.00044
0.00050
0.00061
0 Q00 3
0.00085
NeNON97
0.00109
000120
000132
D.00144
000156
0.00168
000179
000191
Ne00203
000215
0 508227
0.00238
0.00250
000261
0002713
000285
0.00296
0.00308
0.00320
000331
0.00343
(s 00355
000366
NeNN378

2500 FPS

TIME

0.00000
0.00250
0.00500
000750
0.01000
0.01250
001500
001750
0.02000
002250
002500
002750
0.03000
003250
003500
0.03750
004000
004250
0.04500
004750
0.05000
0.05250
005500
0.05750
0.06000
0606250
006500
006750
0.07000
007250
007500
007750
0.08000
008250
0.08500
0.08750
0.09000




000390
000401
000413
0.00425
000436
N0«00448
000459
000471
000482
0.00494
0.00505
000517
0.00528
000540
000552
000563
0«00575
0.00586
0.00598
000609
000621
0.00632
000643
000655
000666
000678
000689
000701
000712
D.00724
NeNN735
000747
000758
0.00770
000781
0«00793
000804
0« 00815
0.00826
0.00838
000849
0.00860
0.00872
0.00883
0.00895
000906
D.00917
000929
000940

80

009250
009500
Qie 095750
0.10000
010250
010500
010750
0.11000
Q11250
0.11500
0611750
012000
012250
0.12500
Qe 12750
0.13000
013250
0.13500
0«2 750
014000
0614250
0614500
0614750
015000
015250
0.15500
0« 15750
0.16000
016250
016500
0e16750
0.17000
017250
017500
Qe L {50
0.18000
018250
018500
018750
0.19000
0619250
019500
019750
0.20000
0420250
0.20500
020750
021000
0621250




000952
0.00963
D0«00974
0.00986
000997
0.01008
0« 0L019
0.01031
001042
0.01053
0.01065
0.01076
0.01088
001099
0.01111
0.01122
0« 01133
N0.01145
001156
0.01167
0.01179
0.01189
Ols Ol 2011
NDs01212
001223
0601234
0601246
0.01257
001269
001280
001292
0.01303
Blrsiis i
0.01326
Qi OA 3
001348
001359
001364
001368
D.01372
001377
0.01381
0.01386
0/« 01391
0.01395
DO LGS
0.01898
002177
0.02483

81

021500
0621750
022000
Ole 22250
0622500
0622750
023000
D «23250
023500
(e 2 3750
024000
0624250
0624500
0«24750
025000
0625250
05255050
0625750
0626000
0626250
0626500
026750
0627000
Qs 27250
0627500
Qw29 750
028000
028250
028500
028750
0429000
0629250
06429500
0629750
030000
0630250
030500
030750
031000
0s 31250
031500
B3N T50
0632000
0632250
0432500
0438600
0e44700
050800
0456900




N.02813
0.03180
003584
004046
004568
Q05189
005121
0.05058
004995
0604937
0.04879
0.04826
004772
004723
0.04674
004628
004593
004571
004575
Des04607
0.04689
0.04843
0605142
005745
Qis O T3 52
1.00000
0.21148
020837
0620527
020220
019913
0e19610
Qe19307
019007
Ne18708
0.18411
0.18116
017822
017530
017238
0616949
0616661
0616375
016090
0415805
Ols 13525
0615241
0614962
014682

82

063000
069100
075200
0.81300
087400
093500
0699600
1l 85700
111800
L o7 900
1624000
1.30100
1436200
1.42300
1448400
154500
1.60600
1.66700
1.72800
1478900
1.85000
liie 91100
1.97200
203300
2409400
215500
216750
218000
2 250
2420500
Zie 20450
223000
2424250
2425500
2426750
2428000
2029250
230500
2ol L0
2433000
2434250
2435500
e 2 B
238001
25239251
240501
2441751
2443001
2444251




Del&405
0614128
0+13852
D¢ 13578
013306
013032
Desl12761
012491
Oel12222
0611954
011686
Dell4l9
0e11154
0.10889
D0.10624
0.10361
De¢10099
009837
0.09576
0.09316
009057
008797
008539
0.08282
008024
NDeNT7768
007512
Ne07256
0407001
006747
006493
0406240
005987
0.05734
005482
0's 05230
004979
004728
004477
De04226
0.03976
D e DBT20
003477
0.03228
0.02978
002730
002481
D0 2232
001984

83

2445501
2646751
2448001
2649251
26 50501
R |
2453001
2454251
2455501
Zs 5651
258001
2459251
2.60501
261751
263001
264251
2465501
2666751
2.68001
2969252
270502
2w oL 5
2473002
2674252
2415502
2% T6T52
278002
219252
2480502
2681752
2483002
2484252
2485502
286752
2488002
2489252
290502
2o I LTaZ
293002
2494252
295502
2967152
2498002
2932953
3.00502
3.01753
3.03003
304253
27 05503




001736
0.01487
0e0 1239
000991
000743
000496
0.00248
Q0129
000000

84

306755
3.08003
3409259
8's 18509
Je 1103
De 13003
36414253
Sl 5HA3
3e 16723




TABLE

ILI=C

OPERATION

VALVE NOe« 4

A=

TAU

0.00000
0.00005
0.00010
0.00016
000021
0.00026
0.00031
0.00036
000041
0.00051
000061
0.00071
0.00081
0.00091
0.00101
0,00110
000120
0.00130
000140
000150
0.00159
000169
000179
0.00189
000199
000209
0.00218
0.00228
0.00238
000248
0«00257
0.00267
0.00277
0.,00287
000296
0.00306
000316

3000 FPS

TIME

0.00000
0.00208
0.00416
0.00624
000832
0.01040
0.01248
001456
0.01664
001872
0.02080
0.02288
002496
002704
002912
0.03120
0.,03328
0.,03536
003744
003952
004160
0.04368
004576
0e04784
004992
0.05200
005408
0.05616
0.05824
006032
0.06240
0.06448
0.06656
0.06864
0.07072
0.07280
0.07488




000326
000335
0.00345
000355
0.00364
0.00374
0.00384
0.00393
0.00403
D0s00413
0.00422

0.00432

0600442

0.00451

0.00461

000471

000480

0.00490

0.00500

0.00509
0.00519
0.00528
000538
000548
000557
000567
0.00576
0.00586
0.00595
000605
0.00615
0.00624
0.00634
000643
0.00653
0.00663
000672
0.00682
000691
0.00701
0.00710
0.00720
0.00729
0.00739
0.00748
0.00758
000767
0«00777
0.00787

86

007696
007904
0.08112
0.08320
0.08528
0.08736
0.08944
0.09152
0.09360
0.09568
Qe QI TG
0.09984
010192
010400
010608
010816
0.11024
011232
011440
011648
011856
012064
Dl 2272
012480
012688
0.12896
0.13104
Qs 13312
013520
0.13728
Ol 13536
De14144
0e14352
0614560
0614768
0614976
015184
Qie1 5392
0.15600
0.15808
016016
0616224
0el6432
0616640
0.16848
017056
0s.17264
0.17472
0.17680




0.00796
0.00806
0.00815
0.00825
0.00834
0.00843
0.00853
0.00862
0.00872
0.00881
0.00891
000900
0.00910
000919
000929
0.00938
0.00948
0.00957
0.00967
0.00976
0.00986
000995
001004
0.01014
0.01023
0.01033
0.01042
0.01052
ND«01061
0.,01071
0.01080
0.01090
001099
0.01109
0.01118
0.01128
0.01137
0.01146
0.01155
001165
001174
0.01184
001193
001202
0.01212
0.01222
Oef 17230
0.01241
001250

87

0.17888
0.18096
0.18304
0.18512
0.18720
0.18928
0.19136
019344
0.19552
0419760
019968
020176
0.20384
020592
0.20800
0.21008
0.,21216
0621424
0621632
021840
022048
0622256
022464
022672
0.22880
0.23088
0623296
0423504
0623712
023920
0s24128
024336
024544
0624752
024960
0.25168
e 25376
025584
025792
0426000
026208
0e26416
0e26624
0626832
027040
0627248
0627456
0e27664
0e27872




0601260
001269
0.01279
0.01288
001297
0.01306
0.01315
0.01325
001334
001344
0.01353
001363
0.01369
0«01373
001377
0.01380
001384
001387
0.01391
0.01394
0.01395
001599
0.01818
002052
002306
0.02581
0.02885
003218
003594
004019
0.04515
004475
004437
004400
004365
004329
004296
0604262
0404231
0604199
004170
0.04163
004169
004200
Ne04261
004371
004556
004885
(e 05522

88

0.28080
0.28288
028496
028704
0.28912
029120
0.29328
029536
0629744
De29952
0.30160
0.30368
030576
030784
0«30992
031200
031408
031616
0.31824
0632032
0632240
Qs 3323
0642406
0e47489
Qe 52572
057655
062738
0.67821
072904
Oe77987
083070
088153
093236
0+ 98319
1.03402
1.08485
Lel3568
118651
1623734
1.,28817
1433900
1.38983
1e44066
1449149
1654232
L e iels s
1.64398
169481
ls74564




0.07161
1.00000
019387
019107
0.18829
0418553
0.18278
0.18005
Qe 1132
Del17462
017193
0616924
0e16657
Qe L6291
0616126
015863
0415601
OisEl5B 3
015080
014820
NDel4562
0614305
0614049
0l 3793
Q13539
013286
D«13034
Q12782
Owl2521
Oel2281
012032
0.11784
0.11536
0611290
011043
010798
010554
N0.10310
010066
0.09823
009582
009341
0.09100
0.,08859
0.08619
ND.08381
0.08142
De07904
007666

89

le79647
1.84730
1.85770
1.86810
1.87850
1.88890
189930
1490970
1.92010
193050
194090
195130
1.96170
1% 97210
1.98250
e S 250
200330
2.01370
202410
2.03450
204490
2405530
2406570
207610
2.08650
2.09690
210730
2411770
212810
2413850
2414890
215930
2+ 16910
2418010
219050
2420090
221120
26220170
Z 23210
2624250
25 25290
2426330
Zis. it 3110
2428410
2429450
2430490
2431530
2432570
2433610




007429
007192
0.06956
0.06720
006484
006249
0.06015
0.05781
D0+05546
0.05313
005080
004847
Ne04614
004382
004149
003918
0.03686
003455
0.03223
002992
002761
0.02531
002300
002070
0.01839
001609
0« Q1373
0.01149
000919
0.00689
000460
000230
0.00121
000000

90

2434650
Za 256950
2436730
2377170
238810
2 3FBOD
2440890
2441930
2442970
2444010
2445050
2446090
247130
248170
249210
2450250
2651290
2i«D2330
2.¢ 953370
2454410
2455450
2456490
2457530
2458570
2¢59610
260650
2461690
2462730
2+ 63770
2464810
2465850
266890
2 6:1930
2468970
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TABLE IV-A

OPERATION

OF

VALVE NOe 6

A

TAU

1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.,00000
1.00000
1.00000
1.00000
003953
002796
0.02284
0.01978
001769
0«01615
001495
0.01399
0.01319
Oe0 1251
001251
0.01251
Qe 0250
0s0T291
0.01251
0.01251
001251
001251
0.01251
0701251

2000 FPS

TIME

0.«330.72
0.40697
0e48322
0655947
0663572
Do TE L9
0.78822
086447
0694072
1601697
1.09322
1e16947
1624572
le32197
e @282
le&7447
155072
1.62697
lie TO322
le 77947
10585512
s 2 3ET |
2.00822
2.08447
2602
2623697
L 322
2438947
2646572
2654197
2561822
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TABLE Iv-B
OPERATION

oF

VALVE NOe 6

A=

TAU

1.,00000
1.00000
1.00000
1,00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
0le 03953
002796
002284
0.01978
001769
Olel01 615
0601495
001399
001319
0.01251
001251
0.01251
0re 01152 511,
0+0125%
0.01251
Ole @1 251
001251
001251
OO 5
0.01251

2500 FPS

TIME

032500
0.38600
044700
0450800
0656900
0.63000
069100
075200
081300
087400
093500
099600
1.05700
1.11800
1417900
124000
130100
136200
1442300
148400
154500
1,60600
1.66700
1.72800
1.78900
1.85000
e 91100
1.97200
203300
2409400
2415500
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TABLE I'V=C
OPERATION

OF

VALVE NOe 6

A=

TAU

1.00000
1.00000
1.+ @0B00
100000
1« 00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
003953
002796
002284
0.01978
0.01769
001615
001495
0.01399
001319
001251
001251
001251
001251
Qe 1251
D0 1251
001251
0«0 1251
Ul O 253
(e 0 1254
001251

2000 " FPS

TIME

0632240
De37323
0442406
0647489
0 e 52512
Die S TEDS
0.62738
0.67821
0672904
077987
0.83070
0.88153
0693236
0.98319
1.03402
1.08485
1.13568
1s18651
123734
1.28817
133900
138983
le44066
1649149
1454232
1+59315
1.64398
1469481
le74564
1l.79647
184730
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