- ii -

b, . : ACKNOWLEDGEMENT -

b

e author &fshes to express his’graditude and:deep

-

.appreciation to his thesis supervisors, Dr, J. Svoboda and

s

‘DR. C.K. Kwok for initiating the project and providing con-

tinued guidance throughout the:investigation.

- {
The author appreciates the cooperation of Riteprop

»

Inc. and - the technical assistance given. The author also

wishes to express his thanks to Mr. R. Blakely and,Mr. H.

Hong for pregafﬁng the manuscripts. Thanks is also extended

to Mr. N. Krouglicof énd Mr. W. Fitch for their assistance.
This work is supported by the Natural Sciences and

Engineering Research Council ,of Canada under a grant for

Project Research Applicable in Induétty.

. .
B
T N T T P .




o

“t

- v

e L1

S

a

- il - ,
1 ¢ .
TABLE OF ‘CONTENTS >
- : , ' PAGE
ABSTRACT « & oo e v v o o v et a e o e e o i-
ACKNOWLEDGEMENT & = & o % o & o s o o 'v v o o o o o . ii
LIST OF FIGURES + v & « o v o v v o o s v v e o & o s v

CNOMENCLATURE = + o 4+ o o o /A o o o o s oo o oo  ix
CHAPTER 1 ‘' INTRODUCTION
l-l GEneral - -‘ - “’ » . . [ - L] v ‘c o, ¥ 1
. 1.2 Review of Previous WOrk s e e a ¢ o . 4 °
1.3 General Chéck vValve Design Factors .o o 6
‘l.4 Objective of the Project . . . . L . . 10
CHAPTER 2 SYSTEM DESCRIPTION
2.1 INtroduction .. . v 4 4 4 % b ete o o 12
2,2, System Description of the Hydro-
~ Pneumatic Spring Closing Valve . . , . 13
2.3 ©System Description of the Counter ’
Weight Closing Valve . « ¢ +- ¢ o o o o . 13
CHAPTER 3 SYSTEM MODELLING
3.1 Introductlon e . T TR ; 18
i 3.2 Valve Body and Valve Disk Design . . . 18
3.3 _Model Development of Hydro~-Pneumatic
Spring Closing Valve . . . «. « ¢« « « & 20
3.4 Model Development of Counter Weight *
ClOSing Valve - . o e i» o o' @ . o« Io . 33
CHAPTER 4~ DEVELOPMENT OF EXPERIMENT TEST STAND
3.1 Introductlon o« o . e e e s e 4 s e & 37
. 4.2 Test Stand Description e+ o e o o o &« 37
" 4.3 Test Stand Design Problems . .« . « + .. .4}
CHAPTER 5 . SYSTEM PERFORMANCE . . &
. ' L)
. ; ’
5-1 Introduction - . : ,o“.- . 3 * - 3 - . 48
5.2 Model Performance of Hydrc-Pnedmatic .
- . Spring Closing Valve . . . v « « « « « 48
5.3 Experimental Performance jof Hydro- :
Pneumatic Spring Closing valve , . . . 50
y

LIST OF TABLES .+ = o o o o o o o o o o v v u c e e vidd

-

PRITE—— PRI Sy . ot Ay i Uil S (P i it oihanehiafinsmememn et et S —



5.4

* Parameters on Hydro-Pneumatic Spring '
' ClOSlng Valve o 3 3 . ) L] L] [ . . o o : 56
5.5 Model Performance of Counter Weight .
Closing Valve '« . « o ¢ o s o ¢ o o o & 70
5.6 Effects of various Parameters on Counter
Weight Closing Valve . ¢ ¢ o o ¢ o+ . . 72
; CHAPTER & CONCLUSIONS AND RECOMMANDATIONS FOR ‘
v FUTURF WORK L] L] . » L] L] L] . - L] - .D '. . 78
E Y
REFERENCES and BIBLIOGRAPHY . % . . . . . . T -
- \ APPENDIX A Moment of Ihertia. Estimation of Valve ’
. Disk and its Associated Parts . . . .. ~T85
- . APPENDIX B MIMIC Model of Hydro-?néumatic ‘Spring
: ) . n" % ClOSing Valve - » 3 ¥ e . » - . . o .0 . 92
’ N @ N ¢ K T - .
APPENDIX C Four th-Order Runze-xutta #ethod . . . . 97
- s L
APPENDIX D MIMIC Model of C unter Weight Closing
¢ valve . . L ] Q - 1 ] . . al . - L ] \. . - .' L4 99
) s APPENDIX E Component Detalled Drawings of the Test
’ . Rig . e 0 e 4 o . . e o o e @ s s e o+ s " }03
. APPENDIX F “Equipment Deséription and Calibrations. ° 119 .
APPENDIX 'G MIMIC Model of Hydro- Pneumatlc Closing
' "valve with Experimentally found . ’
a Cushionxng Condition . . o-c o ¢va o & 140
e . - N .
» .
i .
i/ ¢ - *
'( M ¢ v
Q“‘\ + 1
1 ~ '
\
; * ', ' - - . 1 ‘h
. .‘;o v

Correlatiol and Effects of Various



2

3-1

FIGURE
a1

bl

- . LIST OF FIGURES -~

~ J oL

Check leve'Design'Problem.Areas and Their .
Inte[‘actioné e« o 8 & 6 & & e & s a & & & e

¢

Flow Model‘for Wafer Type Swing Check Valve .

Schematic Diagram of Hydro ~-Pneumatic Spring
Closing Valve e v ¢ v o 3 o o o o ¢« o o o o &

Schematic Diagram of Counter Weight Closing
valve » . L » - » . » . L . - . - - . * L] L ] .

Valve D1sk and Valve Body Configeration . . .

Hydro-Pneumatic Spring , Closing Valve Acolal
Arranqsment ot e e e et e e e e e e e e e

~

o

g .
>
7]
ta

4

Simp11f1ed Kinematic Dlagram of Hydro-Pneumatic

Spring Closing Valve . o ¢« ¢ sfe s 4 0 s e e

- Flow Force on Cylinder Piston . . . . . . . .

Operatidh of ‘the Chgck-Needle valve . . . . .

Plot of Effective Or1f1ce Area A vs

Equ1va1ent Resistance R . . . . 2. s s e ..
“Block Diagram of the Test Rig « ¢ .0 v & .

'Side Viéw Of the TeSt, Rig ¢« e 0 0 s a o ; .

Front View of the Test Rig . . + o ¢« o o s o =«

'

Pictorial View of thé Test Rig . . . . . ..
Experimental Test Stand Schematics . . . .. .

Pictorial View of Experimental Test Stand . .
Test Stand Force- Servo Performance without
Accumulator o e ¢ s s+ s e e e s o 8 8 + o o a

Test Stand Force- Servo Performance with
AccUmMUlator ¢« v o + v o o o o o o o o o« o o @

~ . -

Typical Model Response of Hydro-nneumatxc !
valve L] L[] . [ ] L ] L] [ ] L] » - L] - L] - L] . - - L] a

‘

Experimental Force Input . . . . .’.A. . .

‘

P

VI s bk, b S e =

14

16"
19

21 . o

22

‘23

- 47 . r

aa

26

29 . T

©38°

»

40

- !

s

42

43

14

. 46

49
52.

Voess ke B T T g ~ - -




k)

'5f15 Piston-Orifice Arréngement « . . . . . . .

A

. o - v‘i—

L.

.5-3 ° Typlcal’Experlmental Result® of TeSt Run ‘

\ NO . 4 . » s e . LI ] LA ) LI " e e 9 (] « e

M I3

5-4  Typical Experimental Results .of Test Ruh

No. 5 . L] . . e . l L] . * 0 . L) l . L) - u’ .

) 4’

5-5 Typical Experimental Results of Test Run-

No. 6 . LI . ., 0 L] . s s . o o o o s o

5-6 Experimental Result of Test Run No. 7. with

leferent Cushion Settings . . . . . . ..

5-7 Model Respohse of.Hydqc—Pneumatic-vélve -
without Cushion Checking . .-. . . e

5-8 Correlation of Experimental Test Run No. 4
and the Model Response ".'v . s .0 &4 s .

5-9 szton*Accumulatﬁ? Arrangement . . . . ...,
5-10 The Hydro—Pneumath Spring Force and Piston
. Displacement Relationship™. . . . . . 1 . .

,5-11“que1 Response of Hyd{oaneumatic Valve with

Decrease in Accumulator Precharge Pressure'

5-12 Model, Response Gf Hydro-Pneumatic valve wlth
*  Decrease in O:ifice Area, Ao et e e
‘s ‘o

5-13 Model Response of Hydro ~Pneumatic Valve with

Increase in Inertla e e i e e e e e e el

5-14 Typical Model Response of Countet~wexght
va lve . » * . [ . . L -' L3 [ L] . * . . . - -

" 4

5-16 Model Response of Coﬁnter~Weight Valve with
Increases in Counter Welght c o s e e v s

5 17‘“Mode1 Response of Cocunter-Weight Valve with
Decreases in Orifice Area ... « « 4+ + « + &

.

A-] Simplified Valve Disk and Associated Parts

E-1  Front View of Test Rig Base . . . . . . . ..

E-2 | .5ide View of Test Rig Base . . . .. . . .
E"3 RaCk CleVIS . ; - L L I L D I A ’o

E"4 Rack Guide Clamp 4. 8 % 8 ¥ B & & & s & e o

/ »

65

66

68

v

69:

I3

71

73

76 °

77

87
105

- 106

107
108

-

Ay




1 ' - "'Vii‘-»

AT

E-5 Actuator Clevis . I .Lﬁ'. . s e 199

T

, . : . §
'E—s' Rack CleViS Pin . » - - e o @ LY I . . . . LI llp ’ f
E-7  Test Rig Base Clevis . . . . ¢« s o « v o o« o ,111° .
| ‘ E-B. 'ACtuator CIEV\Q Pin L) ,-U . ;'- l‘ ‘- v 8 '.’ - o . 1.!._2 ‘-‘I ' :
3’9 wafer. Shaft‘ « s o .' W -‘\.\. . o » io . ¢ -‘ o o 113
. \\\gE—IO' Load Cell Clevis . . . . . W e e e e . 114
s - T ‘EQll - Bearing Spacer . . . ¢ < . . . . e . s o o o 115
-12  Load ‘Cell Adapter . « « » + v & 4. o « +.. « & 116.
S ’ o o
E-13 ‘Rack e« o+ . . ;. . s e @ . e a o, s s e -k . L 117
E-14 »Siiding Guide . . . R 1 -
F-1. Moog 122-105 Servo-Controller Sghematic . . . 122
o F=2 Sectional View of Servd—Valye e e e e e e 124 s
Ly o ‘ : .
. ® F-3 - .Servo-Valve Flow-Load Characturistics . . . . 124
[ : o . o
, , ) F-4 . Servo-Valve Flow Plot at 1000 psi supply. . . 126
) F-5 Servo~Valve Freguency Response , . AN 126
F-6 Simplified Strain ‘-Gage and its Schematics . . 128. 4
) F-7 Schematic Diagram of Differential Input
Amplifier~. . « . ¢« o ¢ " @ » o @ T Y ) ] . :13‘0‘0.’,
" F-8 Pictorial View.of the_Force Transducer ‘
© Calibration Set-up . . . +'v . ¢ v o ¢« o . 132
oo . E-9 .Force Transducer Calibration Cufvé e o & o « 134
" F-10 sSchematic of Differentia;or'. - e el . . 135 °
' ' .
' F-11 Valve Disk Displacement Output Voltage . . . 135
. F-12 Differentiator-OuEpuﬁ”at 0.5236 rad/sec . . . 136 %
. .F;13 Differentiator Output at 1.0472 rad/sec . . . 137
; F-14 Differentiator Qutput at 2,0944 rad/sec . . . 138
% N : , F-15 Differentiator Calibration Curve *. . . . . . 139
' SERERE .
%
4 A .
| . - '
aQ [ -
! - >
{
i . \ .
.-1;:-'. Ty P : r—vw.’—:T (,.‘.‘T.;;MM“

i
A B T s W o T ot =

. . L
WM | a? I A S . -



; - viii -
s 3 ! ! ' i
‘ A | | \‘
1 : LIST OF TABLES , i . ‘
) : . - : . ‘
TABLE - S PAGE
1-1  Aplication of Various Type of Check Valve . . 9
e , 5-1 "~ Experimental Fluid Resistor Settings . . . .’ 51 ),
) F-1  Force Transducer Calibration Data . . . . .. . 133
. . » . ' ‘ N N
¥ . \
y Al
’ N 4 v !
» “'
' - . . i
: - : ‘ |
- P . . o ) :

v
ety o Y e

™ e
R . . =
' » -~ ) . o
8 ¢
. e, & - t
4
&
. - e
v — ~ » . B .
i
¥ - t
P
N °
H
i -
* '
.
»
+ kS ®
’ . ' /]
* L
1 . »
4 \
v,
SN 0, '
- hd B A ~ 4
- A
© .
4 7 .
. —
. . o
3 - -
',
\ " s
Vo a . v ’
»
.
-




o

Eaad

—

-

m m o o o o o o o0
W N

[N

&

= = -
[ad ()]

o
Lt

gﬂ gﬂ up»'jb

;iXT‘ ' 2 ‘r . l ' ’1

. ’ L R
NOMENCLATURE j) 3 R -ibn

close plunger discharge area, in?’

open plunger discharge area‘,,in2

gffective orifice area, in? . R

e

piston side piston area, in2

rod sidenpf5ton area, in?' ' -
needle valve orifice area, in?

viscous dampfng eoefficient,‘in-lbé/eec L ' ‘ ) (
discharge coefficient L SR ‘

external leakage coefficient, in3/sec/psi g

internal leakage coefficient, in3/sec/psi

closp plunger straight 1ength, in

o
r

cféae plunger tapper length, in’

close plunger clearance, in - I ‘
plunger piston diameter,in': ) ,‘ L
plunger diameter, in : : ;
force generated or developed by piston, 1bf

friction force, b,

lumped inertia, slug-ih2

[T

load spring gradient, 1b /in )’

d 4

total mass of piston and 1oad, lbf-Sec /ine

~

-

open plunger straigpt length, in
open plunger tapper length’, in . o »

open plunger clearance€, in -

L4

torque lever, counter weight lever?, 'in.

reference pivot distance, flapper weight lever,in

X L
A




£ par e gt e e 4 e oy

. - X -
’ J
P = hydrauliC'préssure, psi : '
P. = accumulator pressure, psi
a : . ]
P = atmospheric pressure, psi " ‘//,
atm ‘
.Pa; = initial accumulator pressure, psi o
Paf = - final accumulator preséure} psi o
By = piston end pressure, psi
P, « = rod end pressure, psi
Py = upstream pressvre, psi )
: ‘Pz = downstream pressure, psf
) = fluid flow, ind/sec

(/ ) . 4 . »
9 = rod end fluid flow, ins/sec '

i 0, = plston end fluid flow, fns(sec. . :" , :
c Q, = . accumulator fluid fléw, in3/sec‘ ' -
h = egquiivalent &lﬁid registance, lb-.seqz/in8 . 7
) R, . = check‘valve resistance coefficient, lb-secz/ins‘ '\
., * Rp = pinion radius, in =
» L Ry ’ = “lower‘;ushion resistance coefficient,‘lb-secz/in?‘
| 3 R, ‘é":uppef cushion resistance coefficient, 1b—$ec2/in8' )
IRV3 ’ =  needle valve resistance coefficient, lb—secg/iné ; :J
. T;o = ;ﬁltia} accugulator temperature, °R , A ;" 3 :
’ Taf = finalkqbcumulafo; temperature, °R )
Tcy = “torque generated by actuator, lbg—in ‘. ) L
’ : ;TQ .‘ = Ava?ve qggning torque, lbg-in oo ; T ' S
. i.$ Uy = upStreai fluid v;loc{ty, in/sec . ‘ o ‘ : - .
‘ ‘ .Uz = downstream f}uid'velovityq in/sec ’
‘ . 'Va .= accﬁmulgtor yélpme, in3‘ .
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3

[}

piston end chamber volume, in

-!'Xi - &

final accumulafor volume, in3
injtial accumulator volume, in3
initial rod side chamber volume, in3
3

rod end chamber voldme,ﬂin-3 ‘ .
counteé weight, ibf
flapper wéightl lbf
plunger displacement, in °
piston displacement, in

piston velocity, in/sec

actuator displacément, in
actuator veiocity, in/sec .

actuator lower cushion limit, in

actuator upper cushion limit, in

torque angle, tounter weight angle, rad .

- &

effective bulk modulus, psi

4

valve disk anéle, rad
max imum disk angle, rad
minimum disgkangie, rad -

- s i

1n§tia; valve disk displacement,, rad

i

‘valve disk anqular velocity, rad/sec

initial valve disk angular velocity, rad/sec
mass density, 1b-sec?/in?
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CHAPTER 1 ’

¢ ' INTRODUCTION )

1.1 _ General -

Check valves are essential components in fluid pipe
lines since they prevent flow reversal. The detrimental
effects of reversed flow include water hammer, driving a

B
failed pump in the Teverse direction~and leakage of down-

stream fluid from ruptured pipes. Thus the checkK valve is a

“ >

saﬁefy device. The penalty to achieve safety is the devel-’

opment of a'pressure‘Qrop across the valve and the possible
creation. of high pressure , transients in the pipe during

b -
valve closure. As a result, optimum design for these ' valves

)

involves hinimizing pressure loss and controlling the valve

dynamics. . At the same _time simplicity, compactness and .

check valve fﬁnction must be retained.

\
v

/7 Aiming at optimal design‘ of wafer-type swing-disk

\\Eheck valves, a research project is currently in progress at
- . :

Concordia University. It is directed into two major problem

areas:.

2
-

1. A study of energy loses and'their minimization
é.\‘A“study of valve dyna@ics to limit pressure
surges and mechanical shocks.
?hé interaction betyeéﬁ these effects is shown 1in fig;re

1-1.

t

<
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There are two main aspects in the energy loss inves-

v 3

tigation. One aspect is ‘the alteration of the discharge

, coefficient and the minor loss factors associated with the
. q
. o valve geometry. The other aspect is the passage area ratio.

A D S S P

effects. v e

The valve ‘dynamics investigation is divided into

three distinct areas. These include the valve mechanism

~
dynamics, the valve flow forces and fluid transients caused

. r
by valve closure. ! . :

\

y Lo . . '
; This work is an attempt to obtain\dequate analytical

- models of the valye mechanism ~ the first‘step in the wvalve
- 4
L\\¥/ ) dynamic study. Analytical models’ are developed for two check
val;e mechanisms and programmed for cQﬁputer solution. Both
models relate the angular positioh of the valve disk to an
iéput ;orque. .0one of the check valve mechanisms is based on
\ a hydro—éneumatic closing spring and the other on a counter

. ‘ . Wweight closing system. Experiments are then performed to

~
7

| confirm the adeguacy of the models.

. B /
.

> ‘ The emphasis in this investigation is given to the

"study’ f the current-wafer-type swing check design so that

e

. its ad antages can be retained. At the. same time .the limit-

o o

ations/ of the present valve are established and design
guidelin to improve valve performance are developed.

Pl

- . . . .
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mance of check valves has' been the

subject of seve ¢stigations. s

o
1

Csemniczky (1] showed that the moment acting on the
wafer shaft created by the fluid force on a valve disk
depends not only upon the*disk angle -but also on‘the loca-

tion of the disk pivot. In'his‘work, a half-embirical for-

mula was developred to determine the infduence of the pivot

N

location.on the hydraulig parameters such as . pressure ‘drop .

and moment acting on the shaft. The importance of kinematic

-

design has been considered in conjunction with the perform-

ance characteristics of the check valve. . \

Krane and Cho [2] examined the hydraulic performance

characteristics of a swing-disk check valve. In particular,

oy
design parameters affecting the pressure drop, flow reversal

+

and surge pressure were considered. . In their experimental

results, - the pressure 1loss was expressed as a function of
. R , n

disk angle and Reynolds' number, A method of calculating
fluid torque on a moving disk was described. It was shown
that the fluid torgue was mainly dependent on the pressure

dron across the valve, The friction between moving parts of

‘the valve was expressed as a function of the reverse flow.

The surge presgﬁie was estimated by a function of contact

¢

angle of the disk together with the known initial pressure

€




tio for a valve disk closure impact speed under trip loads
could assist the piping work design.
Uram (4] prese an interpretation ofithe valve . disk

dynamics. The motion of the diskK assembly about the wafer

shaft was considered to be function ofj\the drag force

-

-
moment , moment due 'to disk weight, and the m¢ment - due to the T

pressure differentialoacross the valve. B comparing the
order of magnitudes éf these three\momen s, the former two
CQTJ/ are usually gﬁall and can be negleé;eéi Therefore, the

motion of wvalve disk can be estimated if the pressure drop
! across the valve is known. This is in agreemedt with Krane
and Cho ([2].

Esleeck and Rosser [5] investigated the check.valve
water hammer chardcteristics. Tﬂey have shown that the pro-
blem of check valvé water hammer could be reduced to a sec-
ond order differential equation of motion. 'The disk -motion
was analyzeé using a moment equation consisting of the fol-
lowinq\ forces: the disk weight and inertia, the spring tor-‘
sion, and the reaction between the water and the aisk. The
. last item is similar to the drag force moment and moment due

to pfessure differential across the valve meritioned by Uram

A

{4]. Esleeck and Rosser [5] ' concluded that no simple type

SO




mazemar e s

[T 3

v

Y
of valve could Pe ‘designed to achieve complete elimination

‘of water hammer effects. However minimization of the effects

could be achieved. This is :done by intensive tests and
. . »

calculations to determine the proper combination of disk

welght, shape, pivot location etc.

Extensive investigations on check valve related pres-

sure surges have been conducted\ by. Pool [6] and 'Porwit,

Carlton and Pool [7]. They found that it was possible to

(a

predict the surge pressure accurately from thé&dbasic design

\
ﬂ‘d: ’

pérameters of pivoting‘cheék valves,

~

It foiko;s from the above that a well designed check
valve should be able to keep surge pressure, pressure loss

and reveirse flow within acceéfable limits.

1.3. General Check Valve Design Factors

Since all valve mechanisms contain a finite amount of

inertia and friction, the valve will close sometime after

the start of the flow reversal. If the closure is fast, as

T

it would be in quick-actién.valves, the sudden stoppage of a
small’ amount of reverse flow will ﬁrqduce 3 large pressure
surée which might cgﬁse significant d;%ages to the piping
system and the' valvye. On the. other handf if the va;Qé

&
closes too slowly an excessive reverse flow 1is introduced,

¥ _ . . .
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which 1is not desired,K either. In addition to the abdve,
there;is the prbSlem of thb'pressure d}op across the valve,
. . . \

w\

: : Ve X . :
A close _inspection'*of the valve shows two restrictions in

vy

‘series as shown in figure 1-2, " The first restriction Iis

formed by the . valve seat orifice. The second restriction

"depends on the area between the tiltéd swing-disk and the

v

pipe inside diameter. Obviouéiy, for every piping system,

there must exist a certain valve closing pattern resulting

in an acceptable pressure surge and reverse flow. To reduce
4

pressuie vloss, Svoboda, Katz and Fitch [8} used'a‘smpoth

valve seat orific entrance as well as a favourable valve
seat to pipe size ratio.

In general, check valve specificatidns should include
pressure drop across the valve, allowance for the maximum
amount -of reverse flow during closure as well as the limita-

tions on the maximum amount of surge pressure. The' check

valve design will then strive to acrhieve an optimum perform-

ance,

»

. f | .
. The checﬁ. valye~4§:;:;; ikcorperates a disk which

swings on a hinge. 'The selection of Ehe most suitable pat-
tern and size Is determined by the number of parameters,
such as working pressure and tempqratufe, vélocity of fluid,
permissible friction losses etc. Table 1-1 suﬁharizes“ the

K]
applications of various type of check valves.
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Table 1-1  Aplication of Various Type of Check Valve .
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One of the ﬁgjor criteria in.check valve design js
the regulation'of the closure speed and the elimination of
the slamming action in the final stages éf closure. There
are many techﬁ}gues used ,in valve design to countéract the

‘ o .
b
slamming action. Some ewamples inclu

with weight and lever, spring lo
Ideally every check valve mechanism should be deésigned in

regard to each pipe flow condition

<

s

1.4, ° Objective of the Project .

As discussed earlier,‘the dptimal design of the check

valve entails the ' minimization of tHe pressure loss and a

v

- R
proper contrel of the valve dynamics. It is important that

maximum surging-pressure and mechanical shocks must be kept
within'acceptable limits during the valve closimg .and open-~
ing. This thesis deals with the initial step in the optimal
check valve desién - the development of a realistic analyti-
cal model of two hydraulically daﬁﬁed check valves.

‘(i) hydro-pneumatic spring closing valve

(ii) counter weight closing‘valve

These values are selected for their system damping flexi-

as their Wwide industrial usage.

<

5bility and control, as well
‘The models will be used in further investigations of the
valve flow forces: and the water hammer effects, during

closure.

4 . -~ Ty
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4

To make . the models realistic, all system parameters

are sized according’to actual specifications. Follewing the
[N . ' \

K

ped using MIMIC, a digital simulation language. With the

cémputér models, the valve dynamic performances and the

“ v

system parameters effects are studied in detail.

For a qualitative evaluation of the simulated respon-
ses, an experiment is set up far the hydro-pneumatic. spring
closing check valve. Since both valves investigated in this

thesis, 1i.e. hydro-pneumatic type and the counter weight

.type, are operated on a similar, principle, the experimenfal

evaluation of the hydro-pneumatic type valve is sufficient,

A H

0

‘.

- . e

- - r :
T PRI PLY S Y IR pgre Pa) Nt ) Vi3 e
s

mathematical model fdrmulations,'computer models are devg&:;dﬁzﬁl/ﬂi(




o . . CHAPTER 2 ‘ ' ‘
SYSTEM DESCRIPTION ‘ o L
. ' . ’ ' - . '
fh«\i;;. Introduction ) 0 . »
‘ ) . ‘ ‘ ) _ ) oy
' The most common mechanism uséd ih'check.valye design ’
' ig the springlreturn mechanism. This mechanism 'is simple
i and maintenance fféev However, it has several drawbaéks. , E
" This mechanism can be described as an und afmped syétgm wﬁe;« : -
i mechanical friction is small and peglegibie. As a rg§u1t of )
. the undamped <characteristics, the disk rfovement has a
tendqncy of following the fluid flow clos Duriné ny ) .
b ‘flo' teversél orisudden stoppage pf flow, the val will. agt "
X ' as uick~action valve. MeqhanicaleQBCk can be crea. by :
the vglquaisk slamming against the ‘valve seat during éapid
closdire. At the same time, a significént water hammer surge '
1\.pressure occugs. Both mechanical shocks and surge rgressure‘ .
#

are very des Quctive and not desirable. The application.of

a spring rétur valve in small - size piping networks is o

« ' generally ade¥quate,. The problem of water hammer becomes

more aclte aé'ﬁhe valve size vincreases. Ignoring these

+

pro71ems may lead to the failure of the entire system.' It
becomes necessary to control the valve closing .and opening. !
{ - - A hydraulic damper is an | attractive solution for such a

-

| . . control task.

\

3.

vy .
- . <
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2.2. System Description of the Hydro-Pneumatic Spring

'Closing valve

Figure 2-1 depicte the schematics of the hydro-
pneumatic spriné closing valve.. The Qaive is closeé by a
hydreulic accumulator spring (5) via the the actuator (2)%
Dynamics ‘of the valve closureﬁ can be controlled by the

T

viscous resistor (4) which, can be ad]usted accotdlng to "the
dampﬁng requirements.' Valve closure can be slowed d%wn in
drder to reduce surge pressures to acceptable levels. With

the ,actuator's upper cushion adjusémenb, the slamm’ing of the

.valve disk againsﬁ the valve seat during closing €an be

reduced to a minimum. Valve opening depends on thé\_net

- force difference, bétween the actuator (2) and the opening

s

closed.

torque (T ) Bcth upper and 1ower cushions oE the actuator

(2) are used to reduce mechanical shocks whlfk valve disk

i

approaches its extreme positions 1i.e. completely open or

" The hfdtaulic‘sérinb closing ‘torque on the disk valve

is credted ih actuator (2) by the area difference between,

- (AL) and.(ApY. Valve opening torque. (T ) is created by £luid

‘"“flow against the valve disk,' When the opehihg torque (T)

Co v . . ,
at the pivot point (0) exceeds the hydraulic spring closing

torque, egngaIve disk will open causing the piston actuator

k2) to retract. ‘Due to the difference in area between (Ar)'

and (Apj;-bhe displaced flow rate (Q,) will " be greater

v

&

1
g
H
5
»
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than that of (Ql). The difference in .flow is balanced by
the dellvéry of f£fluid ﬁhrough check valve- (3) into accumula-

I

tor (5).

The opening operation prbduces a flow difference

across tbe acluator (2) gnd résulﬁs in 'increasing the energ?

'Stbred in Eccumulator (5). dhen the opening torque is remov-

ed, the differ;ntial forée across the piston of actuator (2)

: yiil cause the piston to extgnd and the disk valve to close.

, . Stored ‘oil is discharge& from accuﬁulator' {5)° wvia the
» adjustable needle valve (4). Thus variable viscous damping .

is obtained during closure. ¢

J

. . L4
-2.3. System Description of the Counter Weight Closing

valve \

Figure 2-2 showslAthg mechanical schematics of the.
counter weigﬁt élcsing check valve. The torque generated to
close the clapper (B) results from the combined torsional
momeﬁt due to the weight of the clapper"wf) and Ehe counter
weight (Wp). (BX)’ahd (EF)'repEesent, respéctively,.the can-.

: ) tilever lengths from -the weights (wf) énd (Wp) to the valve
disk pivot (0). Torque generated at point‘(O) is transmitted .
through the pinioh {(8) to the rack (3), which in turn drives

the plungers (1) and (2). In the closing operation, the
“ ]




B 7S s b T AP SR UL S [P . B . . .. B ..

uo3std

I3

aanTeA

1sjuno) 3jo weiabeilg oijewsayog

N
¥y

L Lol L L L

S

0

Z-¢ @ianbig

uo3sTd

.F"A:
N

»

o>

“Zsnbaoy,
butuadg

uoTuTg

: | QM_-\ mua - - ﬁmo ..\,,

ubtom 7
I93UN0D

o

e amA Mt b s = T

"y

5

- R ot A A ot 1§ P
CR AT YRR N -y TR % Gty s W R T O e agina aahee TN T3 VA TR T oAy v

-



(.

,'.

<
L e e e ———— Ay T g

- 17 -
plungers move from left to éight.‘During the initial portioﬂ
of traVe%, when (X<C3), no kluid resistance 1Is encountereéd
and the vaive closure is undamped. Ey furthe? closing the
valve,((C2<X<C3+02)),‘Ehe cpnical portion of the plunger (1)
‘enters the middle oylinder Hole resulting in a damping ef-
fect of ingreasing intensity. F{né}ly, plunger (1)"§eals—
off the middlé cylfnder“pagsage completely, (X>(C3+Cé)), and
oil is forced throd;h tﬁe‘adjustable orificé/TAv) thus fur-
, ther restricting the oil 'flow for end cushioning.

.The‘opening cycle of‘thé ;alve ié damped in a sim?laf
 fashion b§ engaging of the plunger (2). \ﬁuriﬁg the oﬁéning
“operation, the.valve disk is working against the ‘closing

‘torqué created by the counter weight. During the portion of

, the travel when (X)Of, no fluid r§strictance is encountered

and the valve opening is undamped. By further opening the
valve, the conical position of the plunger (2) enters the
middle cylindrical hole, (Ol<x<(olf02)),land the flﬁid damp-
.ing f;effect is. increased. When the valve opens éven more
(X<O1 the plunger (2) seals off the middle cylindrical pas-
sage completely fogcing fluid through the|adjustab1e prificé
(Av) only. As a result,ifurther and greater fluid damping

is obtained.
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CHAPTER 3

SYSTEM MORELLING

3.1. Introduction . : .

This chapter is divided into two parts. The model

' development of hydro-pneumatic spring clesing valve is dis-

cussed first, followed by the countér weight closing valve.

Each of the system model is formed by modules of individual
components in ‘the system. This facilitates the changes and

corrections required during later system development.

3.2. Valve Body and Valve'Disk Design

~
i

The design of the valve body and the valve disk- is

‘the same for both valves. The valve body is made of cast

iron aﬂd the valve disk is made of mild -steel. As shown in
figure 3-1, the wvalve inside diqmet%t is 8", outside
diameter ié 11* and the internal flow diameter is 6.5". The
valve disk pivot is iocated at 4.5" above the pipe center
line. The disk’shapg is ,shown in the cross-section view of
figure” 3-1.- The valve disk is bolted on to:..the linkage
iever which is keyed on to the wafer shaft. The moment of

inertia of the disk and its associated parts 1is calculated

as 10.75 slug-in. The calculation is shown in appendix A.
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3.3 ‘ Model Development of Hydro-Pneumatic Spring Closing
vValve

n ,
‘FE3§§% 3-2 shows the actual arrangement of the hydro—

pneumatiC/éffinq closing valve. A simplified kinematic dia~-
Xgrqy’ of _the actuator piston travel is shown in figure 3-3.
. The kinematic relationship of the arrangement can be found‘

by using law of cosines, such that-

~

2 = OF + OB - 2(0K-0F-cos(y+d)) (3.1)

<
f

O
>
+

or Y = |OA” + 5§2 - 2(0” cos(Y+6))]i + {3.2)

and also

(3.3)

—1Y2+O—A_2-b§2 . -
o = COSs —
) 2(Y+0A)

The hydraulic actuator (2) in figure 2-1 can be view-.
ed as a dynamic component responding to t e pressure differ-
" ence (P -p ) with the force (F) as output. In figure 3- 4,
assuming constant supply pressure (P ) with- fluid flow (Qz),

equation is

-c. (@ -p) = v LN I (3.9
Q" Ci =¥ = aGEpt B TaEr
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Figure 3-3  simplified Kinematic Diagram of Hydro-Pneumatic
' Spring Closing Vvalve
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where
¢, = internal }eakage coefficient, in3/sep/psi
Vp = piston side chamber volume, in3 .
‘ Pp = control pressure Qn the piston side, psi‘
Be = effective bulk moFulus, psi .

»

The piston side chamber volume is given by

~
¢ - b

where
, ) N St 3
Vpo = initial piston side chamber volume, in

_Ap = piston side piston area, in?
If small piston motion is assumed such that IApxp|<_<vpo by
substituting (3.5) into (3:3) then
' V__+*A
d_ ' _po ', d
- - —— - P
Q, ,Ci(Pp P = F (vpo"Apxp)f Ee at " p
‘ d Vgo d
[ Qi P — 3.6
= Ap 3t xp + Bé aE Pp . ( )
Since Vpo is of @ much smaller magnitude then e and.

lApxp|<<V then the 1last term in equation (3.6) can be

po’

eliminated. To further simplify the equation, it is assumed"

3

x that there is no internal and external leakages. Then the %
simplified continuity équation is
B ’ //
Q, = A_ -S-x | | (3.7 /
2 p dt'p ’ \ . -
& T '
§ .
2 B - ;rw-,-mm.-— “ 2] 'Ex!»-
ot P

.
N
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The force equation for the piston is -
' \
. ‘ ; 42 4. :
. F .= PpAp-’PrAr = Mt-.d_t_z.xp + B"‘dT:'xp + pr .(3'8) v

F = force generated or developed by piston, lbf

M, = total mass of piston and load, lb-seczlin.

v vl

B = _viscous damping coéff@cient of piston‘and

load;' in-lb/sec , - -
K = load spring gradient, 1b/in o oa
Ap = plston side pisFo§ area, in2
A = rod side piston area, in? .
! xp = pist?n dfsplﬁcement, in .

~

The specifications of the "actuator 'used “in the hydro-"

pnéuﬁatic spring closing valve are

manuéécturer : Miller
" cylinder b;rg : 2%‘ in
rod dia ‘1% A{n
stroke : 4 in

model

81 B .-

‘ The operation: of the check-flow control valve 1s
shown in figure 3-5.. In forward flow, tﬁe fluid is restrict-

ed by the ngedle and body orificé. As .the needle is with-

e

o
L i ot i S »
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"drawn from its  _seat, flow:-increases. 1In the revtrse flow
direction, pressure acts to unséat the integrated check

valve. and prbvidés free flow. The fluid‘thrqugh the valving

“ orific is dgséribed by + , ' .
Q - ' CdAo B/ 3 (Pl_Pz) ” . . ] (3.91
» i':?) “ \ " ' L i
. -
where . . R "
" P = mass density, lb"-sec?/in4
'ul a uypstream fluid veloc&t&, in/sec_"
- - . @ . - N 1
' 62 = -downstream fluid velocity, in/sec . . s
Pl = upstream pressure, psi - ) ~ J
By = 'downégream-presuré,“psi" . ' i
. . ' F " . 7 ‘
. Q- = fluid flow, in3/sec L
- Ca = dischafég coefficient ' :
‘ A, = effective orifice area, in? ", 7 .
: e - 8 . A :
If 91 ané P2 are constant, Ehen the flow passing through i
4 ! ’ ' * . . ¢
is gpverned by the éffectiye orifice area.  For simplicity. i
equation (3.9)' can be written as . | L 2
. : ) ] - i
“ . 3 g
P.-F, = RO ' (340 .
! 1 2 - ;
[ - B ' ’ C;CE? - ! %
where . .° %
- R = T_l___ * lb-secz ' ) (3 11, é
. E(CdAO) in . s
‘ ?\\\‘ﬂ .

c:
3
.-
=W

o T S
et v haatats By -
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w A r’, ""0
” (.,.T;:*"‘
assuming ‘
Cy = 0.6, (for of’ifice)

o = 0. 78x10‘4,1b—sec /ind

(for petroluim base hydraulic oil)

The - ;elakionship between effective area Ao and equivalent

£Iuid resistance R is shown in figutre 3-6. ~ The specifica—

B e me v 4 8 s oA Aot - ot e are < oo
. -«
<

tions of the check-flow control valve are " ‘
manufecturer :. Alkon Products
pipe size : '% NPT, o '
check walve q:ifice t 0.515 in 4 S
. " ‘ needle valve : 0.375 in : . .
"check valve Cv factor = 4.96 . - k )
'C!ﬂ ! N . \ rl X “
. needle valve €, factor : 1.25 : Lo . -
! ' ’ " ' 1
Accumulator (5), in. figure 2-1, has an initial volume of 30 ~
in3. The ideal-gas equation'qﬁ state 'yields the relatienshlp
PaoVao ' “PagVar B SPUC O
22 %0 . At ar. S e T @Ean T L L
ao : CTaf . e T » SRS
where e . o e T e
o [y ) ' * S B ..
PPy, = initial pres8ure, psi- :
vao' = initial volume, in3 _J * '" . s
Tao = initial temperature, R. ) ) ‘ - ‘.
Paf = final pressure, psi .
: , - : 3 3 -
Vaf final Yo}ume,,inn . ’ -
* T,e- = final temperature, R . .
, O " . -
) ; : .
- ¥ N ’ . T
RO YT S NN Sl
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: \ If an isothermal process 1is assumed then equation ,(3.12) . ’
| becomes | ’ g
,& ‘ . . Pa'ovao = Pafvaf - (3.13) : z
. | ;
, l %
The accumulator specifications are .ot
) manufactdrér : Millgr é
- ‘,‘ type : bladder E
' capacity : 30 in3 %
opera;ing pressure : 3000 psi i
ppérating temperature’ : 14 °F to 158 OF" {é
model : 05 ‘§<

' To summarize, the hydro-pneumatic spring closing vé;ve can

be ‘described by the following equations:

=]

R O P P W

Cylinder hydraulic force:

o

-

K . E . :
' . ] - - - ' ] 3 2
, F o = PpAp Pr Ar Ff ; where Ff = friction (3.14) ;
- ' o i
.77 . AN Hydraulic torque: :
o | Ty ™ F «0A ¢ sin o ‘ (3.15) :
* ~ N ;‘3;
3 ! ‘ i
Torque angle: :
A N ,
o : Y. =2 2] =
) I cos-l[ +OA -0B | o (3.16)
- u . 2-Y-0R
et et s pat iy AL PSRPURIRANFRIR—
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Actuator displacement: ‘ j
Y = [517.2+(’)"I§2-Z‘E)—-<Tl§'-cos(f\(-+e)]i " O (3.17)

)

J

,Actuator velocity:-

Y = OA<OB+sin(y+8)-8/Y.

. (3.18)
Valve angular velocity: - » ‘
b 'lJ' (P '=-T ) dt + 6 ‘ T (3.19)
. I cy o 0 ’ .
o)
¥ vyalve angle: o : *
. t ﬁ [ ] ‘ , -
8 = J eo-dt + 6, ¢ where emin < f <« emaig (3.20)
Q ) . 5 . L .
8 = 1,0472 rad

max

emin = O.Qrad

'Accumulator flow:

I % :‘ Q-9 l " (3.2'1)
C};linder flow: ) : ’ | ‘ . /
Q - *s'r?Ar
Qz = Y. Ap )
' A Y
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Accumulator gas volume: '
3 t . ‘
= . + ) l
Va .[ Qa, dt xva}d"'
o

“ Accumulator pressure:

| Pao‘vao : S !
a «
( ‘ u
Cylinder pressures:
Pr = Pa (3.26) :
\ 1
2 . .
Pp = Pr Rv -02 ¢ if (Y >0) and (Y <Yuc) (3..27) |
2 } . ° ' . » f
Pp. = Pr Ru Q2 : if (¥ >0) and (Y >Yuc) (3.28) .
P, = P_+R, +Q,° ; if (¥<0) and (¥Y>Y ) (3.29) 3
. c0.2 . iE (3 i
Py, = B ¥Ry Q)7 if (Y<0) and (¥< Y,J) (3.30)
) ’ The system parameters are
“ “ . il i I3
y . 2 - 2
f\ ) Ag 3.68 in Ap 4.9 in
R, = 0.15 ; R, = 0.5
I° = 10.75 slug~in? Y = 0.588 rad.
Omax = 1-047 rad. . " Bpyp = O.rad.
OR = 4 in ‘ J UB' = 8 in
\
. .@-__n_. ; . e T e AP - mmmmm
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R, =1 Ry, = 0.8 ’
Yo = 8.251n _ ¥j0 = 5.75 in
b 3 - .
Vao =. 30 in . 3 Pao' = 150 psi
8, = 1.047 rad. 8- = 0,rad/sec

T

A listing of the computer MIMIC program solving the above
equations is shown in appendix B. The particular algorithm
employed for integrations 1is a Runge-Kutta Fourth Order

method, which is described in appendix °C.

3.4. . Model Development of Counter Weight Closing Valve

The valve disk operating principlé is govefned by the

orifice equation (3.9). The equations describing the

counters weight cloéing valve are as follows:

The force balance equation:

”

To -. Wb * OA *» sin(a+b) +wf * OB * s:.n(emax-e) +F-RP ‘(3-. 31)~

14

Rack (piston) displacement:

X

R *9 3.32
o ’ L ’} )
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" Rack (piston) veloci;;y /—N\}

R 0il flow rate:

-

!
/
Valve angular velocity:
. " ‘ ' t
- 1 On . 1 » OR . 3 -

?,‘ = 7 Jo [,wb OA « sin(a+§) +W_ - OB s:.n(emax 8)

+F Ry - T lat + 8 . (3.35)
\\
Valve angle: '
. ¢ | '
8 = {Oe cdt + 0 ; whe::e. emin'< e‘vfemax (3.36)
Hydraulic force: ' ’
. " 2 s . N . ' .
F o= -g°D":P ; if CFRTP (3.37)
Y m 2 2 |
F = -3 -(Dl -D, ) P ; if CRES ‘ (3.38)
T 2 : '
F = 7 "Dl’ *P ; if QFRTP (3.39)
LA 2 - 2 . Y . .

e F = Iu (D;"-D,")+ P ; if ORES (3.40)

(3.33)

v (3.34)
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‘\ Cylinder pressure:’ N
P o= 0 , ; if FREE (3.41)
P = —F . 0° ; if RES (3.42) .
. 2.c%
) o
: p A2
, P = PR INRE Q" 3 if CTAPR, A,=f) (X) (3.43)
« o d v ¢xX
RV e ‘
p. 2
P = +Q° ; if OTAPP, A __=f_(X) (3.44)
2-Cd2(A +a )2 ox "2
v . oX
a ' Logic functions:
CFRTP = (§<0) and (X< CytCy) (3.45)
. CRES = (620) and (X2C,+C,) (3. 46)
, OFRTP = (§<0) and (X20;) (3.47)
v
ORES = (6<0) and (x<0;) (3.48)
; | . : :
: FREE = [(620) and (X<C3)]or [(8<0) and (X >0,+0,)](3.49) :
¢ ‘ , .
' . . - . ‘ N '
RES = [(8>0) and (x_>_c2+c3)] or [(6 <0) and (x<ol)](3.50)
’ CTAP =  (§20) and (Cqy <X <Cp4C,) (3.51)
{‘ . R
o i TR B oo e N
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OTAP = (8<0) and (0; <X O0,+0,) (3.52)
The system parameters are s
D, = 1.75 in . D, = 0.625 in
DCy = .0.3125 in DO, = 0.437 in
R, = 2.25 in I = 4 slug-ft-in
C; = 0.875 in, 0, = 0.875 in
C2 = 0.875 in 0, = ‘0.875 in-
C3 = 0.875 in . 03~ = 0.875 in
W, = 10 lbg We = 1 1lbg
oA = 12 in _ 08 = 4.5 in
. o = (.523 rad. P = 0.78x10'4 ib-secz./in4
- ' A a 2
Cq = 0.6 A, = 0.0123 in
emax = 1.0471 raq. | nin = O rad.
6, = 0 rad/sec 6, .= 1.0471 rad.

A 'computer MIMIC' program ‘solving

; - listed in appendix D.

i
1
A
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the above equations is
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CHAPTER 4

. DEVELOPMENT OF EXPERIMENTAL TEST STAND

4.1. Introduction

The experimental tests have béen performed in order
to tune-up the computer models and to acquire a better in-
sight into the actual system dynamics. The design of the
test stand is based on a force feedback stiem wﬁioh has the
éapability of controlling force or'torque‘input applied to
the w§fer‘ shéft. ‘Some design problems such as safety,
stability and accuracy which occured during the test stand

deveiopment are considered and discussed.¢

4.2, Test Stand Descript?on

- ‘A block- diagram of the force feedback\ test stand’

system is shown in figure 4-1. The closed—léop r control
system ‘derives the output until it equal§ the input and Fhe
error is zero. Any differences between t;e actual and
\de§1red pdtput /wfll be automatically corrected in the
Closed-loop systeém. The fluid force on the valve disk is
simulated and controlled by the force feed back loop.

¢

A slightly modified hydro-ppeumatic spring closing

A

B
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valve is used in the experiment. Fiqure 3-2 and figure 4-=3
show the assembly dra&ing of tﬁé test rig andvthe detailed .
drawings are shown in appendix "E. The arrangement of the
test rig can also be seen in éhe pictorial view in fiqure
4-4. ‘The'éomplete schematic of the experimental. test stand
is shown in figure 4-5 followed by the pictorial"ie& of the
entire, experiméﬁta; set-up in figure 4-6. Calibrations and
descriptions of the equipmerits used in tﬁe éxpériment are

described in appendix F:

¢ ‘ 4.3. Test Stand Design ,Problems i

° - “ . M i

Fl

| Safety 1is one of the important consiéerations in the
test';tand design. Thus it is necessary to control the peak
pressure value in the hydraulic driving system. It would be
possible to control the movement of the actuator in order to
eliminate shocks. However, this would require a fairly
elaborate and costly control. A far simpler solution is to
" Insert a relief valve on the supgly line. The relief valve

perm}ts preséure to rise to a seﬂ value and to maintain that .

- pressure. | C

Stability is . another important consideration in the
test stand design. In order to obtain .stabilty in the

system,"cértain damping should be maihtained., A needle
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valve as cross-port leakage, is inserted across the cylinder
lines to adjust the test q&andhdamping ratio. The drawbacks
of this are the. increased. power loss and the decreased pres-
sure sensitivity. s

N
)

Besides the above,mentidged considerations, an; accu-
mulator is added‘to the test stand hydraulic power supply.
It isiﬁ device which holds reservéyfluid at the system pres-
sure. It functions to filter mpessure pulsations from théﬁ
ump ana to ptovide additi§nal fluid under pressure to acco-

modate peak flow demands and thus improving system response.

Figure 4-7 shows a test stand force-servo performance with-

" out the accumulator. ' Figure 4.8 shows the force-servo

performances when accumulator was added. The performance of

the syétem with accumulator is clearly superior.
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CHAPTER 5

' SYSTEM PER?O’RMANCE \ ‘

" 5.1, Introduction o

1

In order to investigate the relatiye effects of var-

ious system parameters on valve dynamics, model performance
I B +
and experimental performance are discussed and compared. It

shows how the governing equations describe the system )ad-'

‘ »

" equately. It is ’‘seen that systems dynagri re generally

governed by two of the major parameters such as wvalve clos- -

ing force and fluid resistor.

Y

5.2. Model Performance of Hydro-Pneumatic Spring Closing

valve

The theoretical investigation of the hydro-pneumatic

>~

\spring closing valve using the model mentiohed in section

3-3 is carried aut. Figure 5-1 shows the model response
o S
with an input torque of 1000 lbf—in applied to the wafer

shaft. It shows the valve has a maximum opening velocity of

0.64 rad/sec and a maximum closing velocity of 0.5 rad/sec..

The valve disk closing and opening impact velocity/pre 0.36
rad/sec and 0.24 rad/sec respectively. In the opening

process, the accumulator 1is charged to a higher pressure.

3
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DISK DISPLACEMENT (rad)

DISK CLOSE VELOCITY (rad/sec)
o
w

DISK OPEN vs?xm (rad/sec}
»
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JR R T TR T B e o T L S

- 49 -~
.
o o o e e —————
- ’ ;
- 4
- )
- Tin = 1000 Lbf-ln ’, .
| Pao = 150 psi '[ '
{ =« 1 slug-in? ’I ’
L \ R, = 0.5 lb-sec’/inl’, ra
\ ¥ .2 fin? / N
R = 0.5 lb-sec?/in
- \ <] 4
\ R_ = 1 lb-sec?/in® ! ’
- \ u . / i
A R, = 0.81lb-sedhn’
\ 1 . 1
\
- \ ’
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N
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It acts as a spring to work against the valve opéning. The

‘valve disk velocity decreases "from 0.42 rad/sec to 0.18

rad/sec when the cylinder piston reaches the lower cushion.
This is begause‘the pressdre,difference acrosg the cylinder
chémbers increases. During the closing process, the closing
velocity is governed by the check-needle-contrgl valve. The
\ .
upper cushion has the samé effects as the lower cushion in
the opening ‘process. It increases the cylinder chamb;r
pressuré difference. As a result it slows down the closing

velocity.

/
\

5.3. Experimental Performance of Hydro-Pneumatic Spring

Closing Vvalve

The éettings of - the check-needle control valve énd

- the cushions used in the test are shown in table 5-1. The

input torque on the wafer shaft is adjusted to 1500 lbf-in{‘
Thé torque is generated £y a force acting on the piston of
the wafer shaft, as shown in the plot in figure 5-2. Figures
5-3, 5-4-and 5-5 depict the typical results of test runs
;o. 4, 5, and 6, respectively (see table 5-1). In test run

. R : .’ .
no. 4, for example, the maximum opening and closing veloci-

ties are 0.68 and 0.60 rad/sec respectively. The valve disk

opening and <closing impact velocities are 0.45 and 0.23

rad/sec respectively. The fluid resistor effect of the
¢

)

e
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ng: ' ' NUMBER OF TURNS FROM SHUT OI;‘F.
B o | oD B cosiron | PTSTON B
1 5 2.5 2.5
2 ) 3 2,5 2.5
3 2.5 ‘ 2.5 2.5
4 5 2.0 2.0
5 3 2.0 2.0
6 2.5 2.0 zio
7 ' s 1.0 120
8 3 1.0 1.0
9 2.5 : 1.0 1.0
v
'If‘able 5-1 ‘Exper%menta‘l Fluid Resistor Settings
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o

check-needlé coqtrol valve is clearly'§hown. It reduces the
m§ximum closing veloéity from 0.6 to 0.23 rad/sec. However, '
the adjustment on both cushions ’does not work properly.
Even with diffgrent cushion settings, thg results of .tesﬁl
‘run  ho. 7, shown;fh'figure 5-6, do not differ from those of
test ;un no. 4, It is also learned that the checking func-

tion of the cushion mechanism does not EUnclion properly.

5.4.  Correlation and Effects of Various Parameters on

Hydro#Pneumatic SE;ithCIOSing Valve

The expeéimenﬁqlly found cushioning conditions are
inserted into *the model by omitting ' the cushion checking.

mechanism. - ‘hb“ computer - 1isting of the modified model is

o«

ghown in appendix G, The model output is ‘'shown ,iﬂ "figure

5~7, 'indicatihg the maximum opening and closing velocity,
° . . .

0.64 and 0.48 rad/sec respectively.

-

By. carefully replotting and suﬁerimposing the experi-
mental resylt of test run-no. 4ckn figure 5-3, and the model

response in figure 5-7, a good corfelation‘is, found.  This

. %
is shown clearly in figure 5-8.
' ? “ .
.Some dqyia}idhw are observed from figure 5-8. The

eiperimental rggbqnse Is somewhat slower than the madel °
3 / . . © . )

- response.

— -

The ~deviation is due to the friction between
- ” . ‘ ' ) N y t
//
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mechanical moving parts is not implemented in the ' model,
However, the overall response of both model and experimental
agree with eath other. The deviations are well within
acceptable limits. It leads to the conclusicn that the equa-
tions deséribing the hydro:pneumatic spring closingrvalve

are adequate. Also confidence is gained for the counter

Ay

weight closing valve model which is based on the similar °

principle. As a result, the éxperimental investigation  for

r

the counter weight closing valve is not nécessary.

Y

The effects of various parameters on 'the hydro-

»

&

pneumatic spring, closing valve a;é "studied by using the

model listed in appendix B. ) ’ , . (

A |
Considering a system as shown in figure 5-9. The flow
equation is

0o
i

Q = fluid j;ow, in3/sec
C

discharge coefficient

Q.
]

Ao = effective orifice area, in2
Pp = piston head end pressure, psi
N

r"= ‘piston rod end pressure, psi

<@

: 2 R : ’
CaBy /5B P ¢ (5.1)

.
o
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The contindity eguation is e
S , . .
d : d : -
ApaExp +”E§ atPp | (5.2)
where
. . . |
Ap = head side piston area, in2 - . , !
- . f
xp = piston displacement, in
¥
Vp = head side chamber volume, in3 A » T
Be = effective bulk modulus, psi
The relationship between the accumulator pressure, Pa, and 2
the piston displacement can be expressed as ﬁ——
' PV \ L
ao _ao ,
P = P = — = : . {5.3) n
a r . Vaio (Ap Ar)xp ’ !
. ]
]
!
‘assuming Py =.P {
%-
' i
1N i
and P.o = 1initial accumulator pressure , CL .
Vao = initial accumulator volume
\
By neglecting friction and leakages, the system equation is ;
-fPA -PA) = MX 5.4
F %Pp p~Fr r) P , 0 ( | )
where =
F =’ force, lbg
M = sysEem mass,lbf-secz/in L -

N om— . ’ m——sl§ 1%
v ” s . v o) o ST RS SRS R T e T ‘ —nJ
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From (5.1) and (5.2) it yields
v ‘ ¢ — ’
d 2 . ..
‘ . . B‘Sd— = CyA /-D-(Ppu P,) ‘ (5.5)

And by arranging terms,equation (5.5) becomes
a \ '

v
. cpr 1
P, = P+ 7[65"‘ (A, x B-E A 55'°'6)

., Substituting (5.6) into (5.4) it givesk

LI ]

‘ ;;_—~Ei-{A§@@* %E———*ﬁ?ﬁfvrfad;ﬁ?ﬁ%—f=7yzjg}= Mip (5.7)
. ‘ o

o

Substituting (5.3), into (5.7) and rearranging terfs will

yield

AX 2 A P

v
. _ ao ' ao
o R e ‘g_‘ch +_}5_(é__.&5dtp X By r)Vao—(Ap-Ar)’xp

v

(5.8)

By neglectlng the hydraullc compressibllity term, which s

J h . usually small, equation (5.8) bBecomes v

{ \ . 1

< . A:p A X 2 P,V ‘

! F o= MX,+ SB35 5.9
ao P ao “p “r'p.

describing the system when the piston is moving towards the ’

valve opening.

b it e Tt s ok @ e

R D
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by

Similarly, if the force, F, in fiqure 5-9 1is removed, the
équation describing the piéton moving upwards thus closing

valve is

, P Vao .. Ap A_X_ 2 _
(A=A ) 20’8 = MY +. £ ) (5.10)
D r Vao (Ap Ar)xp P ’2 _Cd Ao , c
3 ¥ ao Vao ‘ ' :
Let ~ £f(X) = (A_-A )o—73F2 2 (5.11)
P P "'V, (A , Ar)Xp o

A

which is the hydro-pneuﬁatic spring force of' the _system.
The relationship between f(Xé), and the piston displacement,

X is shown in figure 5-10.

pl

From equations (5.9) and (5.10), it is shown that by.

decreasing the accumulator precharge pressure, the - valve

opens faster and closes slower. The model response shown in

figure 5-11 confirms the above analysis. With a lower '

aécumhlator precharge pressure at 85 psi, the valve opens
faster with a maximum opeﬁ?ng velocity of 0.81 rad/sec. It
closes slower with a maximum velocity of 9.4 rad/sec. The
opening and clﬁsing impact velocities,are 0.37 rad/sec and

0.27 rad/sec respectively.

From equation (5(5),if the orificeareaAb decreafes,

the velocity also décreaées. However, the damping term,

i

ikt b

paeL e —

e
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Ermgree

ApA X .2
_g_ PP ) .
(CdAb) + in equation (5.10) decreases much faster. As a
matter of Ufaét} the  damping force becomes comparLtfve}y
- small and can be negleéted. Then equation (5.10) can be

written as

B P

.

PV

. O ao £+

(A=A )g——Th — = MX (5.12)
p ‘r Yao (Ap Ar)xp P

indicating a spring-mass oécillating system, The analysi§
"is again confirmed with the model respoiise shoﬁn in figure
5-12. . It shows that a decrease in orifice area, results in
a decrease of the input velociﬁy. Thg opeﬁing and‘ closing
impact velocities are found to be 0.17 rad/sec and 0.24
rad/sec respectively. However, the decrease of damping

results in oscillation during closing.

G

Equations (5.9) and (5.10) indicate that the valve

inertia will affect the valve response. However, {f the

SadBhicws ex{ e b Tn T

! . damping -and the hydro-pneumatic spring force in the system
1]
are comparatively lérge,'the effect- of wvariation in wvalve

e~ " inertia becomes negligible. Figure 5-13 shows, even with

AT i W

‘ SRR valve inértia increased, that the model response gisplays a
negligible chanqg; . ‘ ' fe

r
v

It is also observed'from'the ébove eqdations that the

v

rAr, has the similar effect

differential .piston area, Ap

as the accumulator precharge pressure. The increase in the

AN A DA T T ST U i AP Ot Ay 0o\t - Pt ot T T 37t P PP
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differential piston area increases the"hydro-pnehmatic

b

o

spring force of the system.

& . o ]
» 5.5 . Model Performance of Counter Weight Closing valve  °

v

b

' Figure 5-14 depicts the response of the model de-

L
g-in .

"on. the wafer shaft, the maximum opening and, closing

seribed in section 3-3. With an'input torque of 500 1lb

vélog}ties are 4.97 rad/séc and 4.1 rad/sec respectively.
It is found thét the openin; imPabt velocity is 0.64 rad/sec
aﬁd_the closing impaét velocity *is 0.34 ;ad/sec. Tge
perform;nce shoﬁs, ,the fluid resistor is one of the major

system parameters. It contgols the valve disk velocity.
. ) .

x & _/ \/
- ,
During the. valve opening, the .input 'torque works-

against the closing torque created by the counter weight. .

v If Ehe inpué torqué is removed; the valve is’‘closed by the

t

" closing torque.
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bos 5.6 Effects of Various Parameters on Counter Weight
: Closing valve
:
i .
f Considering a system as shown in figure 5-15, the
. flow equation is
P .
i : ' . - 2 |
P . Q = CdAo pAP (5.13)
i , '
§ ‘where AP = Pp - P
,‘.‘ . .' . ¢ , - s \
h The continuity equation is .
' a Yy a R '
= o - .14
y Q Apdtxp+-6§dtpp (5.14)
¢ . :
. : " " and the system equation is
| F (P_A ‘p A) = M¥ 2 | 5.15
- (P - = . ! .
PP rr P . ¢ .)
\
For ApsAr, equation (5.15) becomes '
A : .
-« ‘ .9
- P_ P = M .
¥ -Ap( p r) P (5.16)
i4 i ﬁ" ' » . £ . .
- ‘\ ' / \
L) & '[ r s » N
! )

L
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Combining equation (5.13) and (5.14) becomes

. ,
g a a5 Vv
,f‘paixp* EEdth = 5 AP (5.17)
~ V:
p 1 d da 2
°f. 2 &35, [PoacXp* Bﬁdtpp]} = AP
Substituting (5.17) into (5.16) yields
| , ; - ™

e

Ap v_. , .
. 1 d d R
PR At T S I

By neglecting:tﬁe hydraulic compressibility, (5.18) becomes

‘... A pA_X 2 .
= 5.1
r o= owi e B[R] 15419
For valve opening, the net:force equation is
- 5.20)
F = Fo Fc ( )
\ Where '
F, = opening force, 1b, -
v F, = closing forfe, lbf,
and’ equation (5.19) becomes : \ s
g ‘ ~— . A)‘ : ) ' .
. B . 2" . - ,
. A A X . : e :
. P o X B P N .
. FgmFo o= ME e -g—[cho]' \ (5.21)
: : '
- X‘

A weng EEAt s ey v gkl <y w4
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Similarly, for valve“ﬁlosing,’equation (5.19) becomes
J

. A Ak i
¢ Fo= M _P_[-P_R} «  (5.22)
c p 2 CdAO )

From.equation§ (5.21) and (5.22), with increase 1in closing

force, Fc' the valve opens slower and closes faster.

'The model result in figure 5-16 confirms the above-

- analysis. By increasing the closing torque which is created

by increaéing the counter weight, the yalve opens Slower
with maximum opening 'velocity, of 4.2 rad/sec.and closes
faster with maximum closing velocity of 4.3 rad/sec. The
opening andw'closing impact velocities are 0.6 and 0.48

rad/sec respect?vely.

S
o

The equation (5.17) shoﬁs that the velocity, xp'

quireases with.decreases in orifice area, Aol This is also

confirmed by the model response in figure 5-17. The‘opening

and closing 1ﬁpact velocities arezdecreased to 0.36 and 0.19°

rad/sec respectively.

d

o
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CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

The dynamic performance of the hydro-pneumatic spring
closing and the counter weight closing valves are investi- - f

géted in this thesis, It is performed by stddying the dynam-

ic response of both digital simulation models. The models

are made accurate and realist$£‘hq utilizing m?nufacturer-s

data of individual comﬁonent whenever possible.

Experimental investigation of the hydro-pneumatic

'spripg closing valve shows good correlation with the simula-

-
v (' i tion” model. ' It can be concluded that the model equations

. describing the valve are quite adequaie. Confldence is also

gained in the fidelity of the counter weight‘ closing valve
\

e

simulation ﬁpdgl. -

e St S

The development of simulation models is an essential
—— and initial step in the valve dynamic study. The models will
be used to study the valves d&namics as rklated to the valve

flow forces and the fluid transients.

3
o o ———

' ) , . Based' on the results of the valve dynamic study, the

following conclusions can be drawn.
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Hydro-pneumati¢ spring closing check valve

The wvalve dynamics depends to a great extent, on the

accumulézgr“precharge pressugé—énd the qﬁjystﬁéﬁt of
- 4, .

the fluid resistor.

The 1increase in the accumulator precharge pressure

increases the system spring constant. '
With lower accumulator precharge pressdre, the valve

3

opens faster and closes slower., ‘ ¢
The system damping is provided by the fluid resistor

of the

which is governed by the orifice area fluid

‘resistor. Decréasing the orifice area until a certain

critical value increases the dqmpihgf’ﬁ\furthey

decreasing of the orifice area beyond ~ the critical

4

va}ue results in the decrease of damping and oséi}ea-
tions méy occur.
The valve disk velocity is governed by the orifice
area of the fluid resistor. The disk_ vélocity de-
creases wiéh decfease in fluid resistor orifice area.

The system spring constant increases with increases

in piston differential area. _ !

4
L

NSO s e
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T :
Counter wgight closing Zhec%;valye
The valve éynamics depends mainly on the value oﬁjthe
counter weight and the adjﬁstment of‘the resistor.
The increase in the counter weight increases the
closing torque. The: valve closes faster and opens
slower with increase in counter weight.
The system damping is governed by the fluid r?fistor.
System damping increases with decrease in oriflée
area of the fluid resistor. ' :
The valve ‘disk velocity 1is governed by the fluid

resistor orifice area. The disk velocity decreases

. with decrease in orifice area.

damped

‘made.

3.

4.

~af valve dynamics should be carried outtwith various .

r

. A
For future investigation in the area of hydraulically

swing~-disk check valve, the following suggestions are-

For the hydro-pneumatic spring closing valve, the

accumulator precharge pressure should be-optimized by

the application objectives,

Experimental investigation should be carried out to
study dynamic; under the influence of water haméet.
Investigation .should be carried on to study the cyl-
inder chamber leakage efféct on the valve dynémics.

For the counter weight closing valve, investigation

a

)

e
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where RP i = . radius of pinion, 2.25 in . ‘ ‘ ' i
\ ) . \
RPH = radius of pinion hole, 0.4375 in Co
ﬁp = mass of pinion, 0.21 slu§ B ) ’
””\'mPH = mass of pinion hole, 0.002 slug . -
3. E“ﬁﬁament of Inertia of Disk Lever about Z-axis ) Lo ‘g'
. . : e |
' w i5 calculated as ’ ‘ r ;oo )
. 2' 2 |
. (b +C ) .
1 2 1 . 2 mr(Prr *Crp , 2
o= e R ampy Ryl L 12° g lpg

~
1]

[3(0.0258) (0.68) % - 2(0.010) (0.4375)°]

' . {0.021(0.252+ 4 4812%)

‘ 2
5 +0.021(3.0) ]

‘ i

= 0.234 sl\ug-in2 b

whgrb m . = mass of lever circulai portion, 0:0255 slug -

‘ ' m , = mass of lever hole, 0.0107 slug"

N

& m 4 .= mass of lever rectangular portion, 0.021 slug
Re = radius of lever circular portion, 0.68 in

radius of lever hole, 0.4375 in

.
L}

lLR = distance from mass center of lever rectangular . {

- ) . portion to Z-axis, g\in ' ' -

o
[]

LR width oflléver rectangular poction,.O{ZS in

\*’CLR = height of lever rectangular portion, '4.812 in
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i\\\i LT 4. E,Moment of In&rtia of Valve Disk about Z-axis
\ : ’ - \ — ,
' . ig calculated as e e
4 ’ ’ . -
' ... . . N v 2 v .
b . . mplby CDZ) 2 - ' .
- . Ip =~ 12 *omyl, L Lo
N o 0.133(0.375% + 7.1252) 2 * 'i
. . = - - 13 = + 0.133(4.437)° » %
. . .2 ;
= 3.18-.slug-in ]
T ';
/ ‘L where my = mass of valve disk, 0.133 slug " ;
/ . » v, { N ‘ ‘ o ) ' s
' - Cp, = height of valve disk, 7.125 in "
. \ .. .
| . o -+ by = width of valve disk, 0.375 in :
. ) ., ' , :
~\JE lD = distance from valve disk mass center to g
/, o " z-axis, .437 in , ‘ - i
Jw A l' .' i . ‘ ) T . q e
S L N L -
[ { - B, . Moment of Inertia of Connecting Linkage about Z-axis ' -
. . * X ‘ %
o .is calculated as
: 2 2 -
o m, (b,° + C.%) . '
. - 1. =~ [ c ¢ ¢ + m.,l ] - lmc R 2
o 12 ccC 2’CH'CH .
X o2 2 T -
S , e [0.112(1.75 + 5.757) + szfz(z.O)ﬁ . Coe
. - s A 12 v 7 q ¢ }
‘ ' ‘ ' 1(0.007) (4.37 Zj/ ' '
‘ _ . - [5(0.007) ( .3:/54 | .
- - 078 stugein?
" . - . - ug {.
i
whe}e -mC."= mass of connecting linkage, 0.112 slug N
| { Moy = mass of linkage hole, 0.007 slug ’
R Cco = height of linkage, 0.57 in < )
‘ s bo, = width of linkage, 1.75 ‘in
o
AR " / ! .
- i —nq a0
""“'ft-ff‘:f\j"ff‘f'f’f b M adanasadi kel Lodand T R O IR R P - Mot A




.,

. . =90 - ] oo
' . . -
lc' = ‘distance from linkage mass’center to Z-axis, - S
2 in -
‘Roy = radius of linkage hole, 0.4375 in '
J - | . -
6. Moment of Inertia of Valve Actuator Piston about o 3
Z-axis o ' .
i . ' . B , ' .
s calcglated 'as/ o E . ' ;
r ' g.
I, ‘= m lar o . . S ‘;
= 1.88 s,'h{g---.ur2 5
. . (‘ }2
. where 'ma . = mass ¢f actuator piston, 0.1179 slug ’ , < %
\ D i s . , R v “ , .."' \
1, = distance from actuator mass center to A
Z-axis, 4 in . v . . {)'
. ” & ) . ) :
S ‘ ‘ . : .
7. Moment of Inertia of Rack about Z-axis . Y
. ’ + ;
is talculated as , ' . i ) ; ,
- 1. = m 12 ’ L — i
R .- R . . . ¥
) : 2 i v b ;-
= 2.33 slug~in ‘ ?
where m’R, = mass of rack, 0.23 slug T ' -t .
<3 0 N T 1
' Iy = distance from rack center to Z-axis, 3.187 in_  *°
B - “
? 1] - o . /;
. ‘ . v
=0 : oo ‘ : :
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parts about the Z-agjs is found to be .
2
10.75 slug~in - ,
N ) ) R
.’ h
n “ ’
P v . v
- - i Y
4 l
( & .
. ! ’ ‘ ¥
-~ ¢ 1
! b . . - 1
1
s y B
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1 v
[
¢ a | »
N N
" i
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b ) M ! ' ’ / . . y o )
§. Moment of Inertia of'Inpht Actuator about Z-axis
is calculated as ' o .
) 2 .
Jro= Ml |
. . o .., 2 .
» = 1:812 slug-in ‘ o

v

. ) o .
where fmI = mass of input éqtuator piton, 0.069 slug '

distance from acuatoé mass center» to Z-axis:;,

-
n

5,125 in - - C

N -

v

‘The * total moment of inertia of valve disk and the associated
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APPENDIX B . .

. "' P

. : N L ,
: , . - . , |
. , a M . 5
MIMIC Model of the Hydré-Pneumatic * . . !
. ) - . . -y, :

' - { -«
' . 'Spring Closing valve . oo
- .. 4 ¢ . i ) ' . .
' 1o
4 o
. | . - "o L] .
‘ ‘ . -
o Ea et :
r i 0
’ ~
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. * o . -
i > ' DYNAMICS SIMULATION OF HYDRO-PNEUMATIC' CLDSING
* VALVE ' ‘ - .
*
* ; .
* INPUT FUNCTION GENERATOR .
* .
FN1 CEFN(6.) -
. . ' * ' ) - L‘\ :
: * . INITIAL CONDITIONS . g
* : ; . X“ﬂ
PAR(DTETA, TETA,ALFA, DY) , .
* R
* SYSTEM PARAMETERS . , . |
* . “ -
VA 30. . , .
PAO 150. - '
Al 3.68
A2 4.9
J e 1. ' ,
‘Rv -005 . A n
© RC 0.15 ' o '
RU Jl- R - : ',
RL 0.8 . - :
* “ ;
* “ INPUT TORQUE FUNCTION ;
. % ° . ‘
TIN FUN(FN1,T) !
* * !
* HYDRAULIC CYLINDHR' TORQUE AT ANGLE ALFA - o
N * . . ' ) .
‘TCY (P2*A2-PLl*Al) *QIN (ALFA) *4.0 ' ‘ .
. _ | .
-k DISK ANGULAR ACCELERATION IS OBTAINED
s & * FROM.DIVIDING TORQUE DIFFERENCE BY INERTIA
. .

IDIFF  (TCY-TIN)/J

* %

MAXIMUM ANGULAR DISPLACEMENT WHICH IS 1.0472 RAD.

»

TEMAX FSW(TETA-1.0472,FALSE, TRUE,TRUE) ¢ o N

»

MINiMUM ANGULAR DISPLACEMENT WHICH IS 0. RAD,

‘TEMIN FSW(TETA, TRUE, TRUE , FALSE) ‘ »

%

POSITIVE ANGULAR VELOCITY

PDTETA FSW(DTETA, FALSE,FALSE, TRUE) ’ : - -

»

NEGATIVE ANGULAR VELOCITY

»

NDTETA FSW(DTETA,;RUB;FALSE,FALSE)

PHYSICAL LIMITATIONS
FIRST LIMITATION IS MAX. DISPLACEMENT 3 i
AND POSITIVE ANGULAR VELOCITY . : ) '

EEER Y

N . . » ’
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* ) . SECOND LIMITATION IS MIN. DISPLACEMENT

} y [
R AND NEGATIVE ANGULAR VELQCITY ]
* ' B .
LIMIT IOR (AND (TEMAX, PDTETA) AND(TEMIN NDTETA)) ‘ . '

RANGE NOT (LIMIT)

%

WHEN LIMIT CONDITION IS SATISFIED S
., THE ACCELERATION IS SET TO ZERO o
LIMIT TDIFF1 0. , ’ !
RANGE TDIFF1 TDIFF . - :

* -

TO FIND ANGULAR VELOCITY BY INTEGRATING \\\\
ACCELERATION '

* % %.%

’
»

D R T L

o b » ,
LIMIT DTETA o. ‘
RANGE  DTETA INT(TDIFFl 0.,LIMIT, FALSE)

. :
* . TO FIND ANGULAR DISPLACEMENT BY INTEGRATING
* ANGULAR VELOCITY
. :
TETAL INT (DTETA, TETA) . ' ‘
* ' .
* THE ACCEPTABLE ANGULAR .DISPLACEMENT VALUE ]
* IS FROM 0. TO 1.0472 RAD. ;
* B i
C SETL . FSW(TETAL,TRUE,TRUE ,FALSE). }
: ’ SET2 . . FSW(TETAl-1. 0472 FALSE TRUE TRUE)
: . SET3 NOT (IOR (SET1, SET2)) :
0 SET1 -~ TETA’ 0. . . ;
" SET2 TETA 1.0472 ' ;
SET3 TETA TETAL \ ’ ‘ oo
* ‘ : 4 ' ) : 1
* HYDRAULIC ACTUATOR DESPLACEMENT
* ; -, R ‘ .
LY SQR(76.999-62.482*(COS (.5877+TETA) ) ) , 1
* . .
* TO FIND ANGLE ALFA N
s * . ’ . .
- FN (Y*Y-45.) /(8.%Y) ' , S, ;
b ALFA ' ACS(FN) ' '
! . . . : _ e , .
. ] . HYDRAULIC ACTUATOR VELOCITY ;
* WITH PHYSICAL LIMITATIONS IN CONSIDERATION o
* . ¢ Q » * - "
L LIMIT DY 0. . _ 4 _ S - !
IR ' RANGE DY - 62.482%SIN(0.5877+TETA) *DTETA/ (2.*Y)
. * S . N
SR " " ROD END FLUID FLOW RATE
' ) .
. 0} Al*DY . :
. ‘ :
v . PISTON END FLUID FLOW RATE .
02 . -A2%*DY "’ )
* . - 3 .
* : 'ACCUMULATOR FLUID FLOW' RATE g "
oA Q2-Q1 : o ot '

AT G AR T



*

PDY

* % % ¥

* »

PDY . P2

* *

2 2%

*.
AN

NDY P2

ODY -
1810) 4 pP2.

* % % %

DT
DTMAX
DTMIN

-OUT(DY,¥,PA), - 7 = ; X
" OUT (VA,TCY,TIN, IDIFF,P1,P2) . :

-95 - _ -

THE COMPRESSED GAS VOLUME IS OBTAINED .
BY INTEGRATING THE ACCUMULATOR FLUID FLOW RATE

INT(QA 30.)
INSN\NTANEOUS ACCUMULATOR PRESSURE

PAO*VAO/VA . ~ ‘
PA o : .
goéxTIvz ACTUATOR VELOCITY
FSW(DY,FALSE, FALSE,TRUE)

+ “ o

UPPER CUSHION REGION IS 75 IN. FROM THE END OF
STROKE

FSW(Y-8.25,FALSE, FALSE, TRUE)
THE P2 VALUE DEPENDS ON THB‘FLUTD’REéTRIC&;ON
PSW(upcu,p;-au*oz*oz,bl—év*ozﬁoz) "
NEGATIVE ACTUATOR VELOCITY‘

FSW (DY, TRUE FALSE FALSE) Y

4

. LOWER CUSHION REGION IS .75 IN. FROM THE END 0#

STROKE °

FSW(Y-5. 75, TRUE FALSE Fﬂ/éz)

THE P2 -VALUE DEPENDS ON THE FLUID RESTRICTION
LSW(LOCU, P1+RL*Q2*Q2, P1+RC*Q2#02)

FOR ZERO ACTUKTON VELOCITY P2=P1]

FSW(DY, FALSE, TRUE EALSE) . !

Pl . . | .

»

'OUTPUT TIME INTERVAL AND INTEGRATING TIME

INTERVAL

0.05 S g
0.0005 ‘
§.0005

OUTPUT FORMAT

OUT(T,DTETA, TETA)
ouT(,Q2,0Q1,QA, TETAl,DTETAL) . A
PLO(T,DTETA, TIN, TETA) Te \ ..

FIN(T,9.9)
END
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APPENRPIX C

*\\ Fourth-Order Runge-Kutta Method

3
L2

+ Ordinary differential equations can be solved using a

Runge-Kutta integration method. The procedure for. the

Fourth Order Runge-Kutta method started by evaluatlng) the»
dependent variable' at the beginning, halfway, and end of the
integration interval. The:fipal step is then made across the
interval using a weighted average of all three derivations.

The general procedure involved is outlined as follows.

b

Let .g¥ = 'F(x,y)
L ~ s |
then using the Fourth-Order Runge-Kutta method [(27], the

o
:

discrete solution is given as

y(r+l) = y(npeg(k 42k, +2k 44k )

2°°73

where

ky = b+ F(x,y)

~ ok,
F(x+§IY+§1)

. X

[N
]
=
-

; oy kg
3 .= h . F(x+§,y47 ) N
N
k4, = h .;F(x+h;y+k3) . ' ' ’:

h is the step size equal to [x(n+1) ~x{(n)]
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- b - MIMIC Model of Counter Weight : '
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& : .
DYNAMICS SIMULATION OF COUNTER WEIGHT .CLOSING ) ,
VALVE . ' N

SYSTEM CONSTANTS ( — <<g\

CON(D1,D2,DC3,D03,R) .

CON(Cl,C2,C3,01,02,03) ; '
"CON(IM,WB,WF,OA, OB ,ALFA) :
CON (RO, CD,AV) .

CON (TEMAXO, TEMINO)

*» % % * F % %

* ' . FUNCT™ON GENERATOR

' F1 CFN(6.) y . o,
F2 _ CFN({(2.) :
F3 CFN(2.) : . -

* © SYSTEM INITIAL PARAMETERS
* \ .

PAR{DTETAO, TETAO) . S | :
. “ . INPUT VALVE OPENING TORQUE |

. fo FUN(F1,T) .,Z ‘
* 1 : 'PLUNGER TAPER FUNCTION

ACX FUN (F2,X) o : : .
AOX FUN(F3,X) .

-

* .. . TORQUE BALANCE EQUATION : o '

DELTA wsieA*SIN(AL#A+TETA)+wP*os*SIN(TEMAxo-TETA)+F*R-To
* . “
ok ' VALVE DISK ACCELERATION

* v . 3

» TDIFF DELTA/IM

& .

x. .- MAXIMUMANGULAR DISPLACEMENT WHICH IS TEMAXO

1 TEMAX FSW(TETA-TEMAXO,FALSE,TRUE,TRUE) =, .
LI .. MINIMUM ANGULAR DISPLACEMENT WHICH IS TEMINO ‘
' TEMIN 'FSW(TETA—éEMINQ,TRUE;TRUE,FALSE) . L
" POSITIVE ANGULAR VELOCITY / S N

PDTETA FSW(DTETA, FALSE,FALSE, TRUE) ‘ 1

* NEGATIVE ANGULAR”VELOCITY

" NDTETA- FSW(DTETA, TRUE,FALSE,FALSE)

* oo - PHYSICAL LIMITATIONS
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3

FIRST LIMITATION IS MAX. DISPLACEMENT
AND POSITIVE ANGULAR VELOCITY.

SECOND LIMITATION IS MIN. DISPLACEMENQ
AND NEGATIVE ANGULAR VELOCITY.

* % * %%

LIMIT ‘IOR (AND (TEMAX, PDTETA) AND(TEMIN NDTETA))
RANGE NOT (LIMIT)

WHEN LIMIT CONDITION IS SATISFIED I
THE ACCELERATION IS SET TO ZERQ. '

* * % *

LIMIT TDIFF1 0.
- RANGE TDIFF1 TDIFF

TO FIND ANGULAR VELOCITY BY
INTEGRATING THE ANGULAR ACCELERATION. -

* * ¥ *

DTETA INT(TDIFF1,DTETAO,LIMIT,FALSE)

PHYSICAL LIMITAIONS SAME AS BEFORE
ANGULAR VELOCITY IS SET TO ZERO
WHEN LIMIT CONDITION IS SATISFIED.,

* % ¥ e ¥

LIMIT DTETAl' O. ‘ : ~ o
RANGE DTETAl  DTETA ‘ . g

t «

* .
* TO FIND ANGULAR DISPLACEMENT BY
* INTEGRATING ANGULAR VELOCITY.
* . -
TETAl INT (DTETA, TETAQ) *[\ '
* . K
* . THE ACCEPTABLE ANGULAR DISPLACEMENT VALUE ¢ ~.
* IS FROM TEMINO TO TEMAX0 RAD. .
SET1 FSW(TETA1,TRUE , TRUE , FALSE) o .
‘ . SET2 FSW(TETA1-TEMAXO, FALSE TRUE, TRUE) ‘
- : SET3 NOT (IOR (SET1, SET2))
SET1 TETA TEMINO
SET2 TETA TEMAXO -
. SET3 TETA TETAL : 4 .
‘ . % - ) . .
» RACK DISPLACEMENT AND VELOCITY,
o * o - '
: . X .. R*TETA : - T 2
. - DX "\ R*DTETAL - »
* AY
Toow . FLUID FLOW RATE
* . R 1 M
Q 0.785%(D1*D1-D2*D2) *DX ~ . ) .
. * . LU .
‘ * THE PRESSURE DROP ACROSS THE ‘CHAMBERS C
* * ‘ AND THE HYDRAULIC FORCE ON THE PLUNGERS. .
* DEPENDS ON THE ORIFICE CONDITIONS WHICH
B - IS GOVERN Y- THE OPENING AND .
* CLOSING LOGICS. . - )
* > ) °
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" FREE

RES
CTAP
OTAP
CFRTP

. CRES

* %

OFRTP,
" ORES

\

OPEN

- XLO1

AGEO1
XLol2 .

XGEO012

OFREE
OTAP
ORES

_QFRTP

CLOSE
XLC3

- XGEC3

XLC23

‘XGEC23

CFREE
CTAP
CRES

CF?%B

+

' 'FREE
‘RES

, DT

DTMAX

-~ DTMIN

E - 102 -

[

0. A" (\‘ \

RO*Q*Q/ (2. *CD*CD*AV*AV)
RO*Q*Q/(2.*CD*CD* (AV+ACX) * (AV+ACX) )
RO*Q*Q/(2.*CD*CD* (AV+AOX) * (AV+AOX) )
-0.785*01*D1*Dp
~0.785%(D1*D1-D2*D2) *DP
0.785*D1*D1*DP

0.785*(D1*D1~-D2*D2) *DP

'OPENING LOGIC .

FSW(DTETAl, TRUE, FALSE, FALSE)
FSW(X-01, TRUE, FALSE, FALSE) .
NOT(xLOJ)

FSW(X-01-02, TRUE, FALSE, FALSE) -
NOT (XLO12)

AND (OPEN, XGE012)

AND (OPEN, XGEO1,XL012)

AND (OPEN, XLOY)

AND (OPEN, XGEO1)

7

CLOSING LOGIC

NOT (OPEN) |
PSW(X~-C3, TRUE, FALSE,, FALSE)

NOT (XLC3)

FSW(X~C2-C3, TRUE, FALSE , FALSE)
NOT (XLC23). - \
AND (CLOSE ,XLE3)

AND{CLOSE , XGEC3, XLC23)

AND (CLOSE , XGEC23)

AND (CLOSE , XLC23)

FREE.OF ORIFICE CONDITIONS
IOR (CFREE;OFREE)
RESTRICTED BY ORIFICE- 'CONDITIONS

IOR(CRES,ORES)

OUPUT CONTROL ., .. . = -

0.05

0.0005 ) : Y
0.0005 ( 5 e
OUT (T, DTETA TA) .

PLO(T,TO,DTETAl, TETA)
FIN(T,4.9)
END °

et
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1.750
0.875

v 0.00078
. 1.0472
0. '
1.00
1.5
2.5
3.00
10.

1.7883
0.

- 2.625
0.

et ey

-~y v

0.625
0.875
10.00
0.6

0:

O.

0. s
500.
500'

0.

0.
0.57325
0.
~0.13240
0.30170
1:0472 .

© =103 - ,
0.3125  ° 0.437 12,5000
0.875 0.8750 0.8750 0.875
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Equipemént Description and Calibrations
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Equipement Description and Calibrations ‘
Rack ‘and Pinion : . . }

The combinationh of rack. and pinion is used for the
generation of torque on’the wafer shaft. Both of them are
Boston, Gear products and the specifications are

.
Gear Model : YH36 . '
Diametral Pitch : 8 .
) Pressure Angle : 20o
. v [N
Pitch Diameter : 4.5" ‘
; ' . %
1
Rack Model :-. L208 . §
, ‘ q
Diametral Pitch : 8 v '
Pressure An%le : 20° o ' %
. ‘ .
Hydrauiic Actuator , '

A hydraulic actuator force output 1is used for the i
simulation of flow force on the valve disk. ‘The actuator %
chosen 1s manufactured by Parker Hannifin and the specifica- -
tions are

model : 2-H-2HI42
max. pressure : 3000 psi v
N Bore : 2"
L " Stroke :. 2" _
r " i ’
. " Cushioned on both sides .

‘ [4
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Hydraulic Power Supply’

o ‘ o The hydraulic power supply used in this*experiment. is,

g
af
"a variable displacement piston pump which is manufactured by
fl
Sperry Rand Vic¢kers, and the specifications are
Theoretical Displacement” : 0.843 in3/rev )
Operating Speed : 1800 rpm
Delivery at 1800 rpm : 6.5 GPM
- . Operating Pressure : 1000 psi max. R
Case Pressure : 5 psi ‘
Minimum Inlet Pressure : 12 psi
C B {
Servo Controller )
¢

The feed back controller, Moog'm?del 12?5105, is uged
to ensure the force generated by the actuator ié the:d;sired
one. fhe schgmatic of the controller is shown in Figure F-l.
‘Moog  122-105 controller contaips an operational ahglifier
inpﬁt stége Al' an operational amplifier current drive stage
Az, and a complimentary pair IF transformers Ql' Qz‘fQE*XEHr'\\
rent boost. The input stage will accept multiple signals
(términals g, 3, 4). Input stage A1 may be used to provide

. either proportional or integral control. The output.of stage
A, is summed with an additional input, terminal. 1, at the

current drive stage A,. This additional input ealigrs an'

id T Qe T
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~shaplng Terminals 7 and 8 are used for

'Servo~Va1ve

N e -t

- 123 =

-
kY

o fa Al

1nner loop feedback 1ndependent of outer loop gain and signal -
external cqnnectlons

and ‘in this case, connected to the servo-valve.

"105, is

A two—stage'electro—hydraulic servo-valve, ,ﬁoog 62~

used, tq ‘control the input actuator.- Servo-valves

convert electric signal into a “hydraulic oﬁtput which

controls the acceleration, velocity and position of the

actuator. Figure F-2 shows the sectioned view of the

o

servo-valve.. A'. current difference 111,12) causes the

speed to a new position directly proportional to the

current. ) h o, . .
The hydraulic characteristics of the servo-valve can -
' be described by 'the rate flow cuyrves and the flow-load )
Acharacteristics which'are illustrated in.figure F-3. Controln

flow rate to the load will change with load pressure drop and

electrical 1npug The characteristics follow ctlosely with the

Iy

theoretical square-root relationship ﬂor a sharp_edge o;ifice

¢ L}-

which is

: (F.1)

input <

M X " -
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! where QL = control flow p -
.4 3 .
! - . 3
; o ‘ . K = valve size constant
\ R ~
‘i = input current ' "
- P, = valve pressure drop o V . g
° ' v B : ‘ : . L ,,j«--
’ ' ' . % i .
; The static performance of the valve can be shown by .
; the flow plot figure F-4. The performance of the valve '  can
' ‘ .

. g ‘. be expressed by the frequency-response curve' as shown in

.
R S

figure F+5." Generally, the dynamic_response of servo-valves

can be approximated by a second order transfer funtion with a .

~

damping ratio between 0.5 and 0.7. The '‘Moog 4%?4105 servo-

valve specifications are

. PN

200 'psi minimum ’ 0

(1]

Supply Pressure

n

: o 2000 psi maximum

’ Operating Temoerature : 0 °F minimum " - . ) j
® ' 200 °F maximum ’
_ Rated Flow : 5.0 GPM'GIOOO psi valve drop
"Inﬁernél ﬁeakage : . <0.4 GPM
A ‘Hysteresis. : <6% €1000 psi
- . Linearity : . <7% 3 )
g Threshold : <2%-€1000 psi N A
: Pressure Gain : '>20% supply 1% input . | >
. . < ’ ' ) i
‘ . ~ - ¢ ',«— ’ .‘. . | \
° ' .\ ! t _,‘- .
; » ’ . . i . o
i . v ‘ W ran : AT ..
s e s ot e i ot E RO s 2 L E
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Force Transducer

¢

A straiA gage load cell is used in this experiment as
a force measuring.device. A stain gage based transdhcer is a
unit conyerting weight or force into an electrical output by
virtue of the internal strain gage installation. fhe elec-
trical output is then connected to different types of measur-

ing instruments for indication.

Figure F-6 shows the simplified form of the stgain
gage Fransducer and its schematiés. This type of . load cell
"is capable of both steady and dynamic load measurements.? The
deformation of the load column of the transducer results in a
strain at its surface. This strain is.transmitted to the
wire via the bonding cement, changing their résfstance - in

2

accordance with the following relationship.

%5 = KA = K %E ) " . (F~2)
where AR = change in resistance of gage ? ’ ;

R . = original gage resistance v

K = gage factor

A. = elogation per unit length __

n
5

4

The force transducer used in this experiment is manufactured

by Kulite Semiconductor Inc, model TC-3000 and the specifica- .

- * <

e
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Force Transducer

¢

A straifh gage load cell is used in this experiment as
a force measuring‘device. A stain gage based transdhcer is a ; @
unit converting weight or force into an electrical output by '
virtue of the internal strain gage installation. fﬁe elec~
trical output is then connected to different types of measur-

. ing instruments for indication.

Figure F-6 shows the simplified form of the stgain
gage Fransducer anﬂ its schematiés. This type of . load cell
'is capable of both steady and dynamic load measurements.? The
deformation of the load column of the transducer results in a

strain at its surface. This strain is.transmitted to the

B

. wire via the bonding cement, changing their resistance . in

.

accordance with the following relaﬁionshib. -

|
|

B o= o, = g B . (F-2)

whefe' AR

#

changé in resistance of gage ? ‘

R, = origiéal gage resi’stance "'

K = gage faqtor‘

A = elogation per unit length __ .o
: N

14

The force transducer used in this experiment is manufactured

by Kulite Semiconductor Inc, model TC-3000 and the specifica- .
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tions are !
Rated Load :° 3000 lbs max 4500 1lbs
he Diaphram Thickness : 0.160" : :
Nominal dgflection ¢ 0.0001"
Natural frequency : 50 KHz
Over load’, : 150%

Operational mode : .tension and compression

Rated electrical excitation

10 VDC/AC (RMS) -

Input resistance

1535 ohms o

Full scgle'output 138 .mv FS8O (nominél)

(23

Output resistance : 676 ohms .
Residual Unbalance . : +2% ’
. Non-linearity : 0.5%
Hysteresis :-VO.l%
\ .7 Repeatability : 0.1%

Temperature range

-40° F to 250° F

Differential Input Amplifier

The input signal from thé force transducer- is ampli-
T, 4 ‘
fied by a Burr-Brown 3620 qifferential input amplifier. Fig-

ure F-7 shows the amplifier schematics. It is used to adjust

the gain of the feed back signal for the servo-controller. .

. The amplifier gain is governedhby the equation . t'
] & '
B o= o+ 25x10° (F-3)
o - R d : _
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where 'Eo = output voltage, mV
Ed = input differential voltage, mV
R =

resistance, ohms

o THe specifications are , -

Rated output

+10 V,.+10 mA

Input +10 V
Dynamic response : 5 KHz

Power supply : +15 VDC
)

Operating temperature -40° Cc to 85° ¢’

'Calibration af the Force Transducer

]

A tensile testing machine with the capacity 60,000 1lb
by Tinlus Olsen is used as standard in the calibration of the
force transducer. Figure F-8 shows the pictorlal view of the
calibration set-up.

) !

b N | A zero reference.éoint is taken when no load is. ap-.
plied to the transducer. A minimum scale readlng is obtained
on tﬁe recorder when the transducer is sub]ect to a 2000 1b
compression load. This can be done by adjusting the recorder

/ gain while load increases graduall& from 0 to 2000 . 1lb. The

suitable'raéorder gain is found to be 2.5 mvV/cm. The.calibra-

e
e
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L4
tion data, as shown in table F-}, are obtained by gradually
increasing compressive load from, 0 to 2000 lbs. The calibra-
tion, curve plotted according to the data is shown 1in figure

F-9. and the static gain K is found to be

1

.

5 ‘ .
K =‘2'b'8‘b' mV = 0.025 mV/lb (F-4)"

1

Calibration of the Differentiator.

Differentiation is the process of findfng instantan- .
eous rates of change by findﬁng the slope of a line tangent

to the point of interest on the' graph of a function. Figure

F-10 shows a sihple electronic differentiator using an opera-

. - tional amplifier.

The output amplitude of the valve disk which is‘ope;a-
ting from close, (0 rad) to open (1.0472 rad) is 4.45 vV, as‘
shown in figure F-1l1. A saw-tooth function of 4.45 V ampli-
tude is usea as an ihput of the differentiato;. By var§ing
the saw-tooth function frequency, the differentiatdr'output
characteristics can be obtained. Figures F-12, F-13 and F-14
show the effect of various.input frequencies_on tﬂe differ-

entiator output. The differentiator -calibration curve is-

; ‘ shown in figure F-15.

3
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J Figure F-10 Schematic of Differentiator
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i
b Tk . .
' * DYNAMICS SIMULATION OF HYDRO-PNEUMATIC &LOSING
* VALVE WITH EXPERIMENTAL FOUND CUSHIONING
* CONDITION .
N * .
* 3
* : INPUT FUNCTION GENERATOR '
* ‘ ,
' FN1 CFN(6.) ‘
*
* INITIAL CONDITIONS
.
. N PAR(DTETA, TETA,ALFA, DY)
. : .
. o SYSTEM PARAMETERS
*
VAOQ 30.
PAO 85.
Al 3.68
A2 4.9
J : 1. ~ Ve
RV 0.4 : |
RC 0.3 - 1
RU 0.85 .
RL 0.85
* L
Lo w - INPUT TORQUE FUNCTION
* . o .
; TIN FUNTFN1,T)
-~ * . te
. L , . HYDRAULIC CYLINDER TORQUE AT ANGLE ALFA
. '
: TCY - (P2*A2-P1*A1) *SIN (ALFA) *4,0 ’ _
* , ' '
o . "DISK ANGULAR ACCELERATION IS QBTAINED
* - FROM DIVIDING TORQUE DIFFERENCE BY INERTIA -
" * ' '
TDIFF  (TCY-TIN)/J
¢ * ) . ‘ .
; * MAXIMUM ANGULAR DISPLACEMENT WHICH IS 1.0472 RAD.
; ) * . »
f TEMAX FSW(TETA-1.0472, FALSE, TRUE, TRUE)
1 * ;
g * MINIMUM ANGULAR DISPLACEMENT WHICH IS 0. RAD.
. * e . R .
TEMIN FSW(TETA, TRUE , TRUE , FALSE)
* . . o
* . POSITIVE ANGULAR VELOCITY . ’
* : ‘ ' i
o PDTETA  FSW(DTETA,FALSE,FALSE, TRUE) ‘
* . . M
* NEGATIVE ANGULAR VELOCITY N
. , ‘ . \ " -
. NDTETA  FSW(DTETA, TRUE,FALSE,FALSE) !
*
* PHYSICAL LIMITATIONS

* . FIRST LIMITATION IS MAX. DISPLACEMENT
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AND POSITIVE ANGULAR VELOCITY
SECOND LIMITATION IS MIN. DISPLACEMENT
AND NEGATIVE ANGULAR VELOCITY

* % * %

LIMIT = IOR(AND(TEMAX, PDTBTA) AND(TEMIN NDTETA) )
RANGE NOT (LIMIT)

*

* . WHEN LIMIT CONDITION IS SATISFIED
THE ACCELERATION IS SET TO ZERO

LIMIT TPIFF1 0.

RANGE TDIFFl TDIFF

*

* , ’ o
* TO FIND ANGULAR VELOCITY BY INTEGRATING i
* ACCELERATION ‘

* . . g

.LIMIT DTETA 0.

. RANGE  DTETA INT (TDIFF1,0.,LIMIT,FALSE) ;
* ’ o N
* TO FIND ANGULAR DISPLACEMENT BY INTEGRATING
* ANGULAR VELOCITY
* - . . . . H
: TETAl INT(DTETA TETA) o ' S
* .

* THE ACCEPTABLE ANGULAR DISPLACEMENT VALUE
* IS FROM 0. TO 1.0472 RAD.
* .
] "SET1 FSW(TETAl, TRUE, TRUG, FALSE)
SET2 FSW(TETAl-1.0472,FALSE, TRUE, TRUE)
SET3 NOT (IOR (SET1,SET2))
SET1 TETA . 0.
SET2 TETA 1.0472
SET3 TETA TETAl -
R * t ] \
v * , . HYDRAULIC ACTUATOR DISPLACEMENT
- * .
‘ NS SQR(76.999-62.482*(COS (.58 77+TETA))) }
* B
. \
* . TO FIND ANGLE ALFA
FN (Y*Y-45.)/(8.%Y) |
ALFA ACS (FN) . )
. ‘ z
L HYDRAULIC ACTUATOR VELOCITY .
* WITH PHYSICAL LIMITATIONS IN CONSIDERATION
% B .
LIMIT DY 0.’ .
RANGE- DY 62.482*SIN(0. 5877+TETA)*DTETA/(2 *y) . (ﬁ»
* . '
* ROD END FLUID FLOW RATE ‘
*
Q1 Al*DY
* . " - .
* PISTON END FLUID FLOW RATE s
* . . N -
Q2, ~  A2*DY )
* 5 '
* - ACCUMULATOR RLUID FLOW RATE

. , ,
. ‘ : 0 t “
. a ' ‘ - L . g ::‘l
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P2

10)0) 4
P2

DT
DTMAX
DTMIN

- 143 -~

02-Q1

THE COMPRESSED GAS VOLUME IS GBTAINED
BY INTEGRATING THE ACCUMULATOR FLUID FLOW RATE .

e ———

INT(QA, 30.) «
INSTANTANEOUS ACCUMULATOR PRESSURE

PAQ*VAQ/VA -
PA

POSITIVE ACTUATOR VELOCITY

FSW(DY, FALSE, FALSE, TRUE)

»

UPPER CUSHION REGION IS ,75 IN. FROM THE END OF
STROKE .

FSW(Y-8.25,FALSE,FALSE, TRUE)

THE P2 VALUE DEPENbS ON THE FLUID RESTRICTION -
LSW(UPCU,P1-RU*Q2*Q2,P1-RV*Q2%Q2)

NEGATIVE ACTUATOR VELOCITY

FSW (DY, TRUE, FALSE,FALSE)

LOWER CUSHION REGION IS .75 IN. FROM THE END OF
STROKE \ : -
FSW(Y~-5.75,TRUE,FALSE,FALSE) . T
EOR(UPCU, LOCU) :

RU

RL .o
LSW(CU,R1,RC)

THE P2 VALUE DEPENDS ON THE FLUID RESTRICTION

P1+R*Q2*Q2 “

+ FOR ZERO ACTUATOR VELOCITY P2=Pl

PSW(DY, FALSE, TRUE,FALSE) '
Pl

OUTPUT TIME INTERVAL AND INTEGRATING TIME INTERVAL
0.05 .

0.0005 , ) )

0.0005

OUTPUT FORMAT

OuT (T,DTETA,TETA)

[RSRY




