0 ) - 7
- //%%yiﬁ /
%[ {j&féf VAN NUVS, CAUFORNIA M

wsmwmv - vy /

December 1970 . TMC Report S5-985

FINAL REPORT
GASEOUS OXYGEN-GASEQUS HYDROGEN
ROCKET ENGINE INJECTOR VALVE TECHNOLOGY

NASA Contract No. NAS9-10086
TMC Project No. 5082

N7l - 17555

=

2 (ACCESSION NUMBER) (CI.R%
: :2(‘9 ] (Cope)
frat (o]
: 0 X137 5
S (NASACR OR TMX OR AD NUMBER) (CATEGORY)
Prepared by # Approved by AJJK])&/’&%W%
R. A. . Wichmann

- A

T, Linton, Manager
Rocket Programs




NOTICE TO USERS

Portions of this document have been judged by the Clearinghouse
to be of poor reproduction quality and not fully fegible. However, inan
effort to make as much information as possible available to the public,
the Clearinghouse sells this document with the understanding that if the
user is not satisfied, the document may be returned for refund. ..

tf you return this document, please include this notice together with
the 1BM order card (label) to:

Clearinghouse
Attn: 152.12
Springfield, Va. 22151



TABLE OF CONTENTS

SECTION SUBJECT PAGE
1 Introduction 1
1T Summary 3
I1I . Parametric Valve Study 5
ITi-1 Flow Factor Determination 5
I11-2 Parametric Trade-off 9
I1I-3 State-of-the-Art Review 10
IIi-4 Analysis of Performance and Characteristics = 30
ITE-44 Shut-off Device Performance 33
I1T-4A-1 Linear Motion . 33
"III-4A-2 Rotary Motion 35
III-4B Actuator Performance 51
ITr-4R-1 Solenoid 51
III-4B-2 Pneumatic Cylinder 66
II1I~-4B~-3 Hydraulic Cylinder 92
1LX-4B-4 Torque Motor ) 93
I1I-4C Shut-off Device/Actuator Interface Performance

Consideration ’ 112
ITI-4D Physical Characteristics 113
I1i-4D-1 Linear Motion Shut-off Device 113
III-4D-2 Rotary Motion Shut-off Device 118
I11~4D~3 Solencid Actuator 118
III-4D-4& . Pneumatic and Hydraulic Cylinder Actuators 126
ITI-4D-5 Torque Motor Actuator , 126
I1I-4E Design Layouts and Design Studies 131
ITI-4F Trade-off Curves 143
TIX-4G Utilizing Parametric Design Curves 150
III~4H Valve Selection 162
111-5 Detail Design : 171
v Conclusions 188
v Recommendations 189
Vi Bibliography 190
Appendix A APL Computer Program for Fast Acting Valves
- Appendix B Sample of Pesign Curve Utilization to Determine a

Valve's Characteristics

-~



Figgre No.

ITi-1
I1TI-2
III-3
I1I-4
I1i-5

III-6
I1i-7

1TI-8

1119

1II-10
III-11
TIT-12
1I1-13
ITI-14
ITI-15
1TI-16
IT1-17
TII-18
IT1-19

ITI-20
IIi-21

III-22
1I1-23
TII-24
111-25
1I1-26

I11-27

LIST OF FIGURES
Title
Valve Study Program Plan - ¥low Diagram

Fuel Valve C4A. Required vs. Inlet Pressure
Oxidizer Valve CjA. Required vs. Inlet Pressure

Weighting Factor Determination - Emphasis Curve

Method/Shut-off Device :
Stroke per Convolution Capability of CRES Hydro
Bellows

Free Length (in/conv) Capability - CRES Hydrofo
Bellows .

Span of CRES Hydroform Bellows

Free Length Required - Nesting Ripple Welded
Metal Bellows

Stroke per Convolution Capability - Nesting Rip
Welded Metal Bellows

Span of Nesting Ripple Welded Metal Bellows
Flow Diagram for the Valve Analysis Program
Linear Motion Shut-off Dewvice - Schematic Prawi
Linear Motion Shut-off Device Moving Mass vs.
Flow Factor (CgAy)

Linear Motion Shut~off, Valve Force Required vs.

Factor, t = .01 sec

Linear Motion Shut-off, Valve Force Regquired vs.

Factor, t = .02 sec

Linear Motion Shut-off, Valve Force Required vs.

Factor, t = .03 sec

Linear Motion Shut-off, Valve Force Required vs.

Factor, t = .05

Linear Motion Shut-off, Valve Force Required vs.

Tactor, t = .07 sec

Linear Motion Shut-off, Valve Force Reguired vs,

Factor, t = .10 sec
Linear Motion Shut-off Device Flow Factor (CgAp
Acceleration for various motion times

gen

i

ple

ng

Flow
Flow
Flow
Flow
Flow
Flow

) vs.

Rotary Motion Shut-off Device - Schematic Drawing

Valve Torque vs. Flow Factor (CgAy) at Various
Pressures for Rotary Motion Shut-off Device, t
Valve Torque vs. Flow Factor (CdAt) at Various
Pressures for Rotary Motion Shut-off Device, t
Valve Torque vs. Flow Factor (C At) at Various
Pressures for Rotary Motion Shut-off Device, t
Valve Torque vs. Flow Factor (Cgh) at Various
Pressures for Rotary Motion Shut-off Device, t
Valve Torque vs. Flow Factor (CqhA.) at Various
Pressures for Rotary Motion Shut-off Device, E

" Valve Torque vs. Flow Factor (CgA.) at Various

Pressuxes for Rotary Motion Shut-off Device, t

Inlet
= .01
Inlet
= 02
Inlet
= .03
Inlet
= .05
Inlet
= .07
Inlet
= .10

sec

sec

Sec

sec’

sec

sec

Rotary Shut-off Device - Ball Diameter vs.. Flow Factor

~-ii-

Page

O~ N

24

25
26

27
28
29
32
34
36
41
42
43
44
45
46

47
48

56
57
58
59
60

61
62



Figure No.
TI1-28
. 111-29
T1I-30
TTT-31
T11-32
T1I-33
TYT-34
1TI-35
1T1-36
TIT-37

I1E-38
I1I-39

| TTI-40
TII-41

ITI-42
II1-43
I1I-44
TiI-45
ILII-46
ITYI-47
ITI-48
ITI-49

TI7-50

ITi-51 :

I1I-52
III-53
I1I-54
ITi-55
ITI-56
I1I-57

ITI-58

LIST OF FIGURES (Continued)

Title

.Roﬁary Motion Shut-off Device ~ Moving Mass vs. Flow

Factor

Solencid Actuator - Schematic Drawing

Penumatic Cylinder Actuator - Schematic Drawing
Cylinder Output Yorce vs. Piston Diameter, Py = 20 psia

Cylinder Output Force vs. Piston Diameter, P; = 30 psia
Cylinder Output Force vs. Piston Diameter, Py = 60 psia
Cylinder Output Force vs. Piston Diameter, P; = 150 psia

Cylinder Output Force vs. Piston Diameter, Py = 400 psia
Auxiliary Pressure Pneumatic Dylinder Qutput Force.vs.
Piston Diameter

Pneumatic Cylinder Actuator - Pnematic Cylinder Delay
vs. Required Motion Time (0, gas media)

Hydraulic Cylinder Output Force vs. Piston Diameter
Hydraulic Cylinder Actuator - Hydraulic Delay vs.
Required Motion Time

Torque Motor Actuator ~ Schematic Drawing

Torque Motor Output vs. Motion Time-Torque Motor
Length = .4 inches .

Torque Motor Qutput vs. Motion Time-Torque Motor
Length = .6 inches

Torque Motor Oubtput vs. Motion Time-Torque Motor
Length = .8 inches

Torque Motor Qutput vs. Motion Time-Torque Motor
Length = 1.0 inches

Torque Motor Output vs. Motion Time-Torque Motor
Length = 1.25 inches .

Torque Motor Qutput vs. Motion Time-Torque Motor
Lengtth = 1.50 inches

Torque to Linear - Force Required Conversion Factor vs.
Acceleration

Actuator Linear Force to Valve Torque Conversion
Factor vs. Acceleration

Linear Motion - Shut-off Device - Physical Characterlstlc
Schematic

Linear Motion Shut-off Device Envelope Dimensions vs.
Flow Factor

Linear Motion Shut-off Device Weight vs. Flow Factor
Rotary Motion Shut-off Device - Physical Characteristic
Schematic

Rotary Shut-off Device Envelope Dlmen31ons vs.

Flow Factor

Rotary Motion Shut-off Device W81ght vs., Flow Factor
Solenoid Actuator - Physical Characteristics Schematic
Hydraulic or Pneumatic Cylinder Actuator-Physical
Characteristics Schematic

Cylinder Actuator Envelope Dimensions vs. Piston
Diameter

Line Pressure Operated Linear Cylinder Weight vs.
Piston Diameter

-iii-

63
64
72
84
85
86
87
88
89

90
99

100
101

106
107
108
108
110
1il
114
115
116

119
120

121
122
123
124
127
128

129



Figure No.

TI1T-59
IIT-60
III-61
. ITI-62

1T1-63
ITI-64
TTI-65
ITT-66
ITI-67
T1I-68
11169
TIT-70
TI7-71
TIT-72
ITI-73
1T1-74

IXI-75
ITi-76
11177

IIL-78

III-79

ITX-80

I1I-81

III-82

LIST OF FIGURES (Continued)

Title

Auxiliary Pressure QOperated Cylinder Actuator -
Piston Diameter vs. Actuator Weight

Torque Motor Envelope Dimensions for Various Power
Levels :

Torque Motor Weight vs. Length at Various Power
Levels

Double Acting Poppet Valve

Vall Valve

Coaxial Poppet Valve

3-Way Pilot, Line Pressure Pnematic Operated

Poppet Valve

Dual Piloted, Line Pressure Pneumatic Operated
Poppet Valve

Torque Motor Operated Ball Valve

Auxiliary Pressure Pneumatic Operated Ball Valve
Auxiliary Pressure Pneumatic Operated Poppet Valve
Torque Motor, Ball Secrew Operated Poppet Valve
Auxiliary Pressure Hydraulic Operated Poppet Valve
Configuration Feasibility Chart for Opening Response
less than ,020 seconds

Configuration Feasibility. Chart for Opening Response
less than .050 seconds

Configuration Feasibility Chart for Opening Response
less than .100 seconds L

Weight vs. Flow Factor at Various Inlet Pressures
for a Line Pressure Pneumatic Cylinder Operated
Linear Motion Valve, topen £ 10 ms

Weight vs. Flow Factor at Various Inlet Pressures for
a Line Pressure Pneumatiec Cylinder Operated Rotary
Motion Valve, topen £ 10 ms

Weight vs. Flow Factor (CdAt) at Valve Inlet Pressure
from 20 to 400 psia, for an Auxiliary Pressure
Cylinder Operated Linear Motion Valve, ty . € 10 ms
Weight vs. Flow Factor (CdAt) at Valve Inlet Pressures
from 20 to 400 psia, for a Hydraulic Cylinder Operated

Valve, t £ 10 ms
open

Weight of Torque Motor Operated Linear Motion Valve,
Eopen £ 10 ms

Weight vs. Flow Factor (CdAt) at Various Inlet
Pressures for a Line Pressure Pneumatic Cylinder
Operated Linear Motion Valve, Topen = 80 ms
Weight vs. Flow Factor (CdAt) at Various Inlet
Pressures, for a Line Pressure Pneumatic Cylinder

Operated Rotary Motion Valve, Topen = 80 ms

Weight vs. Flow Factor (CdAt) at Valve Inlet Pressures
from 20 to 400 psia, for an Auxiliary Pressure
Pneumatic Cylinder Operated Linear Motion Valve, t,pepn
£80ms P,,y. = 1500 to 3000 psia

-jy-

130
132
133
134
136
137
138
140
141
142
144
145
146
147
148

149

151

152

153

154

155

156

157

158



Ficure No.
II1-83

I1I-84

III-85

F1I-86

- I¥T-87

111-88
I11-89
I1I-90

LIST OF FIGURES (Continued)

Title \ ’ . Page
Weight vs. Flow Factor (CdAt) at Various Tnlet

Pressures from 20 to 400 psia, for an Auxiliary

Pressure Pneumatic Cylinder Operated Rotary Motion

Valve, B, = 1500 to 3000 psia, t ., £ 80 ms 159

Weight vs. Valve Inlet Pressure at Various Valve
Flow Factors and Electrical Power Levels for a

Torque Motor Operated Linear Motion Valve, = 80 ms 160

topen
Weight vs. Valve Inlet Pressure at Various Valve
Flow Factors and Electrical Power Levels for a Torque

Motor Operated Rotary Motion Valve, t,,qp = 80 ms 161

Valve Performance Characteristics - Rating Charts

and Limits ) 169
Ox Valve CdAt required vs. Py (AP = .04 Py) 172
Fuel Valve CdAt required vs. Pl (AP = .04 Pl) 173

02/}12 Pilot Operated Coaxial Shut-off Valve (400 psia) 184
02/H2 Pilot Operated Coaxial Shut-off Valve (22 psia) 186

-y



Table No.

ITI-1
TII-IE
IIT~-IXT
I1I-1IV
I1I-v
ILI-VL
ITI-VIX
III-VIII
ITI-YX
II-X
IIi-XI
III-XII
ITI-XIII
ITI-XIV
ITI-XV
ITE-XV1
IITI-XVII
III-XVIIT
ITI-XIX
ITI-XX

ITI-XXT

ITI-XXIT

ITT-XXTITIT

ITI-XXIV

ITI-XXV

- LIST OF TABLES

Title

Range of Interest

Valve - Shut-off Device

Valve - Guidance (Linear)

Valve - Guidance (Rotary)

Valve - Dynamic Seal (Linear Motion)

Valve - Dynamic Seal (Rotary Motion)

Valve - Static Seal

Valve - Shut-off Seal

Valve Shut-off Seal Alignment

Actuator Type

Selected Valve Detail Configuration Candidates
Valve Element - Motion Characteristics

Linear Motion Shut-off Device Data Summary
Rotary Motion Shut-off Device Data Summary
Solenoid Actuator Data Summary

Preumatic Cylinder Actuator Data Summary
Preumatic Media Correction

Hydraulic Cylinder Actuator Data Summary .
Torque Motor Actuator Data Summary
Instructions for Utilizing Design Curves to Predict
Performance and Physical Characteristics of
Valve Configurations

Analysis Summary - Fuel Valve, 1000 1b thrust,
O0/F = 2.0, Py = 30 psia

* Analysis Summary - Ox Valve, 1000 1b thrust,

O/F = 2.0, P = 30 psia

Analysis Summary - Fuel Valve, 1000 1b thrust,
0/F = 2.0, Py = 400 psia

Analysis Summary - Ox Valve, 1000 1b thrust,
O/F = 2.0, 400 psia

Analysis Summary - Fuel Valve, 1000 1b thrust,
O/F = 2.0, Py = 22 psia

eyl

103

163
175
177
179
181

183



Abbreviation

r

NEF’

el

o

oW o o g o o w
=Y
rt

T - - - = = - B - I~
H L~ - ) g} =T

tf
B>

L B o] tr]
== 6éd'ﬂ

n&,%t—e wﬁ

[x]
Q
=}

=

LIST OF ABBREVIATIONS

Descripition - Uniis

Flow area - in.2

Solenpid magnetic area - in.
Acceleration - g's ‘
Magnetic flux density - kilogauss
Flange thickness -~ inches
Constant, of pneumatic media
Equivalent orifice coefficient
Flow factor - in.

Digmeter - inches

Armature diameter - inches
Diameter of Ball - inches

Coil Outside Diameter - inches

Motor maximmum diameter - inches

Flow Passage maximum diameter - inches
Piston diameter - inches

Seat sealing Diameter - inches..——
Coil wire diameter - inches

Piston rod diameter - inches
Young's modulus - psi
Force - 1b

Total Actuator force developed - 1b
Shut-off device opening force required - 1b
Shut-off device closing force required - 1b
Coefficient of fraction

Magnetomotive force - OERSTAD

Electrical current - amperes

Moment of inertia - in.-lb-sec2
Spacific heat ratio

Inductance - Henries

Length - inches

Coil length - inches

Iron path length - inches
Mass - 1bf

~yvii-



Abbreviation

H
LIST OF ABBREVIATIONS (Contiﬁued)

Desgcription - Units
Mﬁ_ Actuator moving mass - 1bf
Ms Solenoid moving mass - 1bf
MV Shut-off deviece moving mass - 1bf
N Number
Nc Number of turns of wire in solenoid coil
NI Ampere turns of solenoid coil
P Pressure -~ psia
P1 Valve inlet pressure - psia
P2 Valve outlet pressure - psia
?aux Auxiliary pressurant supply pressure - psia
Pc Cylinder closing chamber pressure - psia
Po Cylinder opening chamber pressure - psia
n Volumet:ric flow rate - in.3/sec
in.~1b

R Gas constant - b OR
Rt Solenoid coil resistance - ohms
s Stroke - inches
T Temperature, - °r
TV Torgque required - in.-1b
TT Total torque developed - im., 1b
t Shut-off device travel time - sec
t, Opening delay time - sec
£, Closing delay time -sec
W electrical power - watts
WE . Weight - 1bs
w Wall thickness - inches
w Flow rate - P

1b
P Density - ____f3

in.
0 Seat half angle - degrees
@ Angular acceleration - radé

sec

~yiii-



Report §-985

E. IRTRCDUCTION

Under NASA Contract NAS9-10886, the work described in this report
was performed to generate parametric data on injector valves for controlling
gaseous propellants to rocket engines.

The objectives of the program were to develop a comprehensive
technology base in the field of high performance rocket engine injector
valves for gasecus propellant service in spacecraft reaction control systems.
This technology base will provide the basis for sound system selection and
configuration decisions on an overall wehicle basis; and will provide assur-
ance that system functional requirements and characteristics represent achiev-
able goals. The total effort establishes a sound techniecal framework for
the expeditious development of engine valves.

The method of accomplishing these objectives is illustrated in the
Program Plan Flow Diagram of Figure I-1. This effori has resulted in the
accomplishment of the following:

. A comprehensive technique was developed for systematically
performing trade-off studies of valve designs. This
technique represents valid decision modeling of valve
design features requiring evaluation on a subjective
basis.

. A state-of-the-art survey was completed to assess the
- current status of metal bellows technology with respect
to high performance valve requirements.

. A comprehensive analysis program was developed for predicting
performance and physical characteristics of at least eight
valve configurations as a function of rocket engine per-
formance criteria.

The analytical program was substantiated by a concurrent
design effort to document several sample applications.

. Parametric design curves were prepared for predicting valve
" performance and physical characteristics.

. Trade-off curves of various valve configurations, as a function
of performance and physical characteristics, were prepared.

. A systematic approach for presenting and evaluating valve
configurations for a specific application was developed and
demonstrated.

. Detail design layouts were completed of valve configurations
for two specific applications. The configurations of these
designs were selected using the analysis program and evalua-
tion systems developed during this effort.
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CIr. suMmMARy

The development of a comprehensive valve technology base to support
gaseous propellant reaction control system design studies, establish a basis
for objective trade-offs and selection and support valve design and develop-
ment programs has been recognized as a critical item in the overall advanced
spacecraft development program. As a result, the program described in this

.report was executed by The Marquardt Cowpany during the period from 6 May
1970 to 15 December 1970, under contract to NASA-MSC, Houston, Texas. As a
result of this effort, a parametric valve program has been developed which
is a useful tool to the systems designer in establishing realistic valve
requirements and estimating the impact of valve characteristics on the total
system, and to the valve designer in selecting optimum elements and con-
figurations of valves for a specific application. ’

. To establish a common denominator, applicable to all valves, which
would combine several criteria of a rocket engine injector valve, the equi-
valent orifice of the valve was adopted as a2 convenient method. This flow
factor (CdAt) and the inlet pressure provide sufficient input to establish
the valve's physical and performance characteristics and is readily trace-
able to application criteria such as thrust, 0/F, valve pressure drop, and
propellant. )

Having established a base from which to analyze valve characteris-
tics, the scope of the analytical effort had to be established within reasomr
able bounds of a workable number of configurations. A valve concept trade-
off study was performed wherein various alternative elements which perform a
function essential to the total-valve's function, were evaluated on the basis
of their capability to demonstrate desirable characteristics. This evaluation
was performed in a systematic method comparable to decision modeling since
subjective judgments were primarily involved. The result of this trade-off
was the selection of a limited- number of candidate valve configurations
which appeared compatible with the design goals and the range of interest.
The trade-off also indicated an optimum breakdown of a valve design for
analysis such that the analysis would provide maximum utilization.

A detailed analysis program was developed which produced data on
shut-off devices and actuators, and established interface ecriteria such that
various combinations of shut-off device and actuator could be evaluated and
performance and physical characteristics generated. This program offers
capability to perform analytical studies of eight basic valve configurations
and can include several other configurations with minor modifications. The
analysis program was employed to compute parametric data for several sample
applicationsg and design curves covering the total range of interest were
preparad. Employing the data and design curves, sample trade-off curves were
prepared which define the operating envelopes of the eight configurations as
a function of several typical design criteria. For two specific applications
(1000 1b thrust, O/F of 2.0 inlet pressure of 22 psia, and 10001b thrust, O/F
of 2.0 and inlet pressure of 400 psia) performance and physical characteris-
tics data on the various configurations were calculated and ccompiled. In
lieu of specific system criteria, an arbitrary rating system was developed
and the compiled data evaluated to systematically select the optimum valve
configuration for each specific application.
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Following a design review with the NASA technical monitor, detail design
layouts of the selected valve configurations for the two specific applications
were prepared. For a 1000 1b thrust engine with a propellant supply pressure of 400 psiaz,a
preumatic operated linear motion valve configuration was selected as offering the
- optimum performance and physical characteristics for thesgpplication, wherein a
prepellant inlet pressure of 22 psia is available for a 1000 1b thrust rocket
engine. In arviving at these recommended valve designs, the analytical techniques

developed during this effort were employed, and the data were evaluated by the
methods described herein.

The completion of this program resulted in the develogment and demonstration
of a comprehensive valve evaluation technicque and the generation of extensive para-
metric data applicable to gaseous propellant valves. The systematic approach
to the evaluation of valve designs and characteristics, employed throughout this
effort, results in valve selection with a maximum of objectivity.
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TIT. PARAMETRIC VALVE STUDY

This sectiorn of the report presents the results of work performed

' with the goal of developing techniques whereby optimum selections of

valves for gaseous propellant systems can be made with a maximum of objec-
tivity. The range of interest of this particular effort was for hydrogen/
oxygen fueled rocket engines with thrusts from 300 to 2500 1bf, O/F ratios
from 2.0 to 8.0 and inlet pressures from 20 to 400 psia (Table IITI-I). The
techniques and methods described herein, however, have universal application.

TII~1 Flow Factor Determination

For the range of interest, 2llowable valve pressure drop was de-
fined as a function of valve inlet pressure only. To facilitate the hand-
ling of the variables of fluid, pressure drop and flow rate, a convenient
factor had to be found which would easily relate to the valve, For this
purpose, the wvalve was equated to an orifice in the gaseous propellant line.
By combining flow rate, inlet pressure, pressure drop and flowing gas
properties in the orifice flow equation (eq. (1)) the Flow Factor (product
of minimum orifice area and orifice coefficient) for the required valve can
be determined.

~ W
N ) B, i

k + 1 ) &
k-1 P2 k . Pz k
where: ("‘;]'-‘") ?]T )
Cd = orifice coefficient
‘At - minimum orifice area -~ in%

w = gas flow rate - 1lb/sec
. . in, - 1b
R = gas constant for flowing media - ——%—
ib - °R
e o= gas temperature - °R
k = specific heat ratio of gas
P1 = inlet pressure - psia
P, = outlet pressure = Py - AP ~ psia

The Flow Factor is also indicative of the valve's physical size. A substan-
tial quantity of data exists which relates various valve types to the
equivalent orifice coefficient.

For the range of interest of this effort, Floi- Factor versus Inlet
Pressure is plotted in Figures II~1 and IT1I-2 for oxygen and hydrogen
respectively. Shown on these plots are the locus of specific engine
thrust levels and 0/F's within the range of interest. Similar type plots
can be easily derived for any combination of inlet pressure range, pressure
drop characteristic, flow rate and gaseous media.



TABLE ITI-I

RANGE OF INTEREST

FLUID GASEOUS HYDROGEN GASEOUS OXYGEN

SUPPLY PRESSURE 30 TO 400 PSIA

SPECIFIC IMPULSE " 400 SEC

FLOW RATE .45 TO 225 PPS AT 30 PSIA .92 TO 4,63 PPS AT 30 PSIA
.40 TO 2.0 PPS AT 400 PSIA .80 TO 4.0 PPS AT 400 PSIA

O/F 2 T0 8

VOLTAGE ) 18 TO 32 V D-C

TEMPERATURE 200 T0 660°R

THRUST 500 TO 2500 LBF

PRESSURE DROP 3/20 X Pyygr O ~ 100 PSIA

8 +(?/100) Prqgr 100 - 400 psia
CYCLE LIFE- 200,000 CYCLES

LEAKAGE < 200 SCCH AFTER 100,000 CYCLES ‘
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IT1I-2 Parametric Trade OfF

Since many features of a valve design do not readily lend them-
selves to quantitative analysis, a comparison matrix technique is employed
to provide an objective approach to a problem involving }udgment. The
approach chosen was to examine and segregate various valve designs into
the various functional elements which are essential to the over all per-
formance of the valve. For each function, the various alternate mechanisms,
devices or configurations were tabulated. This tabulation was compiled with
no consideration for limitations which might be imposed by pressure, or
valve size, since the purpose of the trade off was general, and over a wide
vange of pressures and sizes.

Independent of the various alternative methods of performing a
function, & tabulation was prepared of the various characteristics of the
function. These characteristics were qualities which are essential to the
performance of the function which do not lend themselves to objective evalw
ation. When considering a specific application wherein valve size and
operating pressure, and the total system is defined,additional character-
istics may be applicable and several of those listed in this report may
lend themselves to objective analysis.

Having compiled the characteristics and alternates tabulations,
a two dimensional matrix can be constructed for each function. The remain-
ing task, before performing the trade off, was to assign appropriate
weighting factors to each characteristic. 4447

To establish weighting factors, the "emphasis curve' method was
employed. This method consists of a series of comparisons; the importance
of each characteristic for a particular function is compared individually
with each of the other characteristics of that function. The weighting
factor for each characteristic is determined by the number of times the
characteristic is regarded as more important than each of the other charac-
teristics of the function. Figure III-3 illustrates the matrix method
whereby this is systematically accomplished. The characteristics are
listed sequentially both horizontally and vertically similar to a comparison
matrix used in decision modeling. Entering at the line of the first charac-
teristic and proceeding horizontally, characteristic No. 1 is in turn
compared to.each characteristic of the vertical columns,
on 8 one to one basis. Where the line characteristic is deemed more im-
portant than the column characteristic a value of 1 is placed at the inter-
section. Where the line characteristic is deemed less important than the
column characteristic, a zero value is entered at the intersection. When
the complete matrix has been evaluated and checked to be sure that the two
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intersections for each characteristic pairing (e.g. No. 1 to No. 2 and No. 2
to No. 1) do not contain identical values, the sums of the values of each
horizontal line are calculated. These sums represent the weighting factors
for each characteristic, The sum of the weighting factors should equal;

N (N-1) where N = the number of character-
2 istics within the function

Since this method will always result in one characteristic receiving a
weighting factor of zero, an arbitrary value of one is assigned this characteristic.

The evolved weighting factors were employed in the character-
istics-alternatives matrix for each of the Ffunctions. For each characlteris-
tic the alternatives are examined. Each alternative is assigned a weight
between zero and the maximum weighting factor,which iza relative judgment
of that alternates ability to possess or demonstrate the characteristic cf
that function. The more desirable the alternative, the higher the propor-
‘tion of the maximum weighting factor. When the total matrix has been
evaluated, the scores of each alternate are compared by summing the assigned
values for each characteristic. The resultant scores represent figures of
merit for each alternative, upon which a selection may be made,

Tables III-IT through TIT-X present the trade off matrices for
the valves of this study effort, Functions and charazcteristics were chosen
on the basis of being totally independent of valve size, inlet pressure or
flowing media to assure applicability to the total range of interest.

On the basis of these trade off matrices a compilation of the
highest ranking alternatives was made (Table III-XI) to establish a prelimi-
nary estimate of the number of candidate valve configurations and define the
scope of the analytical effort. Additionally, specific design details or
elements could be identified and assessed relative to the state-of-the-art
required to meet the design goals.

With reference to Table III-II, it must be noted that the fluidic
shut off which attained the highest figure of merit was not among the
selected details of Table III-XI, This exclusion was based upon the inability
of a fluidic device to meet the required leakage goal of less than 200 SCCH,
when considering the total range of interest (pressure and flow fator)..

171-3 State of the Art Review

With reference to Table III-XI, each candidate detail was examined
to assess its current status with respect to reliably performing its func-
tion over the range of interest of pressure, temperature, life cycle and
size requirements. Specific items wherein additicnal investigation was

-10-
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WETIGHTING FACTOR DETERMIWATION - EMPHASIS CURVE METHCD,/SHUT OFF DEVICE

Characteristic
. Complexity

Stroke Required
Yorce Required
Cycle Life

Dirt Sensitivity

. Temperature SensSer

S LY, B S I CR

. Dyn. Environment
Sensitivity

Characteristic

1 2 3 4 5

- 1 1 - -

- 1 - - -

1 1 i - 1

1 1 1 - -

1 1 1 - 1

1 1 1 - 1
TOTAL

7206 _ o5

*Assign an arbitrary value of 1

-fi-

-t

Total Figure
of Merit
2

-D-mwmw?

21

Figure III-3



TABLE ILI~1X

VALVE ~ SHUT-OFF DEVICE

wmmm%‘m
{TIANRRT NN

o
ord
0
=
Y4
b
° 9 4 92 8 5 ° §
[«H
1 X]
=
[+4]
el
=]
= £ TATATSUSG
i suoxTAUg owmeulgl O M 0~ 0 oo o n
Y
O} L4TaTaTsUes *dRYl 4+ o M o o+ M
m,w LITATATSUSE GITQ] o o H & o o o
&) BITT AT n o 4+ o o+ o 0
m *D,bayg 900L o A A A A A
fﬂ._.u *‘Pybog eorigll A o A A4 A O H
)
& fopxerdmon| o H & H N A o
o
g 8
L2
al T 2 2
HE o -
5 b g~ [ 8
[ ]
Py m m H M .
.M s 4 ' 3]
o = ® ° l.u 82 4
m“ 0] o T4 = m
B & B S 8
s 8 38 & B & 8 .=

L]



CORMIRATION

&mﬁﬂqmm‘&x VAN HUTYS, ﬂbzwﬂnx_ub

25
32
28
.23

w
e
)
(]
=
U4
@]
a
bt
=
[s13]
i
=3
- AJTATYTSURG
~ "UCLTAUY OTWRUAR
~ £4TATYTSURY ITQ
"
o B I FTTTqegeaday
= e ~~
) f Latatyrsusg dusy
R =
= o
I B
k m & XBof}
2 8
._ - Agrrigsde)
— peOT SpPTS
:
B = 8ITT oTokD
y
9, syoIgg
L
G .—ﬁCHn_.Uﬂﬂ.m:_
o
o o
52 :
Qe o
L
L1} ~
S <
\\.
[

Sliding Fit
Flexure
Ball Bushing
Linkage |



- af

TABLE TIT-IV

VALVE - GUIDANCE (ROTARY)

{XKURATION

QQ\Q\M VAR NMUVY, CALIPOSHIA

=14~

14
L2l
-
a)
=
4
° N Y N
Q 4V ~ | [xY
13
b=
o
i
e
— Ly TaTyTIUSY
& suoLTAWY OfmRuLg il 4 0~ o o
i} -
S AaTATaTSUSE tali R © o A
Lt
S Aypargrsusg *dmel{] + o = n
Came
rh.,.\ I834 vy od (AU
N L37TTqRdB) :
- PEOT SPIS [l A © A o
= BITT 8T |l v & v -
Py .
L, 9HoIAGII VO W W
Lot
'nud.\ _-ﬂoﬂu-ﬁ.ﬂm.m: ~ L= o o
4]
ord
o “
0]
1k 2l
] i
.m m / m m wo s
i L g1 8 -
= 5 D]t ow & tf) [
WC g4 g
. V' : o
- w 2 4 3
4 i m w m



(XATIRRIATH

\Aﬁﬁ.@%&m

21,
16
16
18

| b

43
wi
=
]
<
5]
e-
el
o]
b0
ot
B
w— —
m > adexwoT
= m.mp.?.ﬁ.ﬁmcvm *gedag
M — L3 TATGTSUSY
M = Q| cuoxTAud oTwRUAQ
b
(i
E Lt
m m o wHOTIOTAS,,
B4 o — _
M Y, a1
A ~80p Ly paTgTsueg cdmsyg
m Twn 8JTT 9ToAD
= .
-~ @ TOLUCH
‘BTE SATIOBISH
(3]
~f
B
L] ol ®
+
5l 8 A
o} ¥ g
¥ o =1
H i
o Q
W ; :
<

Bellows
Isbyrinth
Piston Ring
" Q-Ring"
Disphragn



§

m@%w&

TABLE III-V1

VAILVE - DYNAMIC SEAT (ROTARY)

(LRIIBATHN

wetiimy

i
ol
H
2l o o gy 4
Uy
[+
Q
H
ju]
b0
-t
F
- £ TATYTSUSS .
) TUOITAUY OTWBUAG|d M = ~ © ©
C ot Y . —_—
o ZUOTFOTAS, i © ©o o 7THA H
L ]
A eafiiy o A N
~
& | £9tapgrsusg cdmaf|jedn ™ & 0 O o
Lo
m 9ITT oTofnlld o "t N o+ e
n 8
n preeaf(lvn, ~H o S W™ Ny
o
,w.m_ .w m,
Mm K o
ot2 - 8
Mo b= o 3 @m
© o L~ B
[ aitn o 0 - o
3 2l % i3
8 M 5 Ed % f
O I 0
] 4 2 o A B®



§ﬁm‘q

TABLE IIL-VIL

VAIVE ~ STATIC SEAL

(XRTFIRATIONY

NN%MYQ‘—MN VAR HUYS, CALIFORNIA

1
ot
o
s}
=28 4 4 0
Uq
o]
a
&1
3
bh
ot
R
. £3TATYTSUSY
& ‘uoxtaug OTweUAQ|l v o o w
] .
! BITIHH ™M o o o~
— A3TATYTSUSY
o) UOTGEUTIRIUODl # © © ©
Ean.)
S} uorjedtaqed Jo oseHll 1 O 9~ ©
—
o fataTyTsusg *duwsyi =+ o o
L
n aeEagl in o 4
(9]
ol
©
1w o
t 1
51 @ 5 o
01 B g £
ol I \ <} & e
3 H ?
5 1 P i
2 2 4 A4

-=17-



_8’{ -

TABLE TIII-VIILR

VAIVE - SHUT-OFF SEAL

Maximum Points @ (WG] eE (@
™. Characteristic . |
49
\ S ls .-
AN
\ e o o B =
S O ] 8-,
ol 0 e B
AR 5 210
. art
Nol3E e | 6 2E| e .
~ O gf - ] 55! 3 1 £ Merit
Alternative a3t A & 8331 3 Figure of Meri
Hard
Flat 4 1 3 1 1 40
Cone 2 1 2 1 0 6
Ball 2 1 2 1 0 6 '
Labyrinth X 1 1 2 0 5
Compression 1 0 1 2 1 5
Soft
Press. Energized 3% 1 3 2 1 10
- Ioad Compression 4 1 3 2 0 10
ILimited -«
Dimensional . -~ 2 0 2 1. 1 6
. Compression Idmited "

ML)

VIHUOAIVD 'SANN HYA ;Pjgﬁ.éi@

JHe



nm:w‘ QQ@»‘ Qm VAR RUYE, CAULDINIA

TARLE ITL-1IX

VAINE -~ CHUER-OFF SEAL ALTGNMENT

CORPUSATION

3
o
o]
K
=
9
o)
il
5
Bl @ A
¢ =]
.~
QL MATaISUSE jIIq o N o
— Ly TaTqTsusg
n ‘UOLTAUY OTRUAG ffer v @
= 2JTTI aT24p livv w  n
L]
s JUOTROTAE,, |4 ~ ©
- o r a -y ey !!.4 . -
-
& Ieop lln = A
~~ *
o B Jo es®E |4 © o
= aney Futxdg |+ @ .o
3] faramarsueg cdmegls o
\t\
[ 4]
ol
£
t
..TJ st z
18 2
5|5 7 2
83 el W y
o | & 9
- - e_”au m [~
Bl s 8 7
. <
e 82 &

-19-



\\ﬁmﬁ:@&

TABLE III-X

ACTUATOR TYFE

IXRRIN AR MNY

" -20-

+J
i
¥
Q)
=
kS o 8.77790
A H 3 Aad A
~
o
o)
)
Iy
]
.\..lm
N Maeqs oA |lH A H A O O 0 o H O ©
N
O juorgdimsuo) xamodlio © ©o 4 -+ © © © © H ~
L
A peadgiln m & N o F F 4 © N
.
o aPOIIG M M S S OO NN m
-
MiLypatgrsusg *dmegli! 4 4 N W O © © © H H
— I03BULOR JO O]
P A0 SAOT|™M 7 N F o o F N N
r
§ B
2 8 4
L
B a3 2 o
ol @ [
HE 5 =N
g1 H T el O B
wof O i Q O H o0 ¥
O] 8 & 2 P . £ 5 q L)
[N r_MMt « 0 P R o
o @ jd 3] K T 5]
o ol b= < mlo_o
1 © =10 o -« ¢ L2 H o o
- <G Hg O g e MOetﬁe
_ ec..cw [} © =
i3 258838
_..\ 3 & 3 A& a & R R o



..‘[z.-

TABLE ITIX-XI

SELECTED VALVE DETAIL CONFIGUEATION CANDIDATES

Function Selected Alternates
Valve Shut-Off POFFET BALL
Guidance Flexure Sliding Ball Flexure Ball Bearing
Bushing
Dynamic Seal Bellows "0-~Ring" Bellows "O~Ring"
Static Seal Weld Weld
Icad o
Shut-0ff Seal (Hard) Flat (Soft) Limited (Soft) Ioad Limited
Shut-0ff Seal . .
Alignnent Flexure Floating Flexure Floating

2k Possible Configurations

8 Possible Configurations
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‘warranted were bellows and "O-ring" type seals. These elements were selected
on the basis of a lack of readily available information, covering the entire
range of interest, and a need to assess the most current status of
development and establish the required development necessary to fulfill the
requirements of the range of interest.

The state-of~the-art review was accomplished in two ways; a
literature search was conducted for documented experience applicable to the
range of interest; a direct request was made of the suppliers to provide
full range of capability information, and historical data on their component
which would be applicable to the range of interest,.

The Marquardt Engineering Library indexes were screened for
references pertaining tc bellows, seals, leakage and control components. A
listing of the technology reports reviewed and which rendered significant
impact on this study effort is -presented in the Bibliography of this report
- (Section VI ). Numerous trade magazine articles were consulted but in
general, lacked sufficient detail to provide a meaningful contribution to
ttie review. Technology reports provided tangible data for assessing develop-
ment status.

To compliment the information gleaned from the literature search
on the subject of bellows, an industry survey letter was prepared and sub-
mitted to twelve suppliers of metal bellows to the aerospace industry. This
survey requested capability information relative to applications within the
range of interest, including design characteristics and variables, and
specific historical dats to substantiate design capability. The responses
to this survey were notably lacking in significant data, being primarily
general catalogues and die listings covering the size ranges available. One
supplier, Gardner Bellows Company of Van Nuys, California, did provide a
listing of aerospace application bellows they had fabricated. This tabula-
tion did include design criteria and traceability to the specific program applica-
tion. This would have provided sufficient data to evaluate current capability
had other suppliers responded to the survey in a like manner. The paucity
of historical data can, perhaps, be explained by the usual remote subtier
relationship of the bellows supplier to the agency that ultimately tests
the component in which the bellows is used. The testing usually does not
provide specific bellows performance data other than an indication that
over all function of the tested hardware was acceptabile or unacceptable.
The bellows supplier, therefore, can only assume his product fully conformed
to the requirements if in the conduct of the tests, he can ascertain that
the required design loads were imposed. Often times, particularly in
aerospace applications, detailed test data is not made available to the sub-
tier suppliers and confirmation of design can only be assumed.

-22~
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The reponses of the bellows industry survey, though disconcerting,
did augment information obtained in the literature search sufficiently to
prepare several generalized design curves applicable to 4 portion of the
range of interest. These design curves are presented in Figures IIL-4
through III-9, Their range of application, based on_review of available
data, is limited to flow factors of less than 7.5 in? and inlet pressures
of less than 100 psia. This limit is established as a boundary within
which metal bellows may be employed with a high degree of confidence of
meeting a2ll requirements of the range of interest without taxing the cur-
vent state-of-the-art. The use of metal bellows in applications requiring
larger flow factors than 7.5 in2 and/or pressures in excess of 100 psia
must be approached with caution and extensive analysis or demonstration
testing conducted before committing them to a final design.

Additional factors which must be analyzed in depth before
_committing to a metal bellows design are;

a. The accelerations produced by the rapidly moving elements
generate high stress levels, particularly in the convolu-
tions at each end of the bellows, where these accelerations
reverse. These high stresses impose severe restrictions on
cycle life capability or require design compromises which
influence other bellows characteristics (spring rate
effective area stability and pressure resistance).

b. Thermal expansion and contraction of the bellows material
or material property changes with temperature reflect on
bellows performance characteristics.

In spite of the extensive analytical methods developed for the
design of metal bellows by Battelle Memorial Institute (Reference 11 of
Bibligoraphy), the design techniques for metal bellows are as numerous as
the suppliers. Each supplier has developed analytical techniques which are
based upon their own experience and methodology, relying heavily on empiri-
cal data. This lack of a common design approach makes valid design evalua-
tion, by analytical techniques, impractical in most cases, and necessitates
extensive demonstration testing.

The literature search for data supporting the assessment of
"O~-ring" type seal technology yielded substantial theoretical data on
interface requirements relative to types of leakage flow. In general,
these seals exhibit a common design approach; a formed metal spring is
jacketed with a soft material, the spring exerting a preload to force the
jacket material into intimate contact with interface surfiaces. The major
burden of success of any and all seals is placed upon the proper treatment

-23-
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of interface surfaces, A high degree of refinement is essential to pro-
longed seal life since rms criteria for surface finish requirements are
totally inadequate, Particular attention must be paid to surface charac-
teristics such as waviness, lay, crystallinity and grain structure, and
cleanliness. In addition, the method of seal installation greatly influ-
ences reliability. The major emphasis should be placed on how the design
requirements arve achieved, once a successful technique has been developed.

I11-4 Analvsis of Performance and Characteristics

The development of a comprehensive analytical program to confi-
dently predict performance of wvalve designs and estimate their physical
characteristics represents a major portion of this study effort. The
approach taken was to create a method which would be of value to both the
system designer and the valve designer. 7To this end, a2 generalized ap-
proach to the analysis program was formulated. Each valve design can be
divided into two elements; the shut off device, which is the fluid control
element, and the actuator, which provides necessary force/stroke inputs
to the moving component (s) of the shut off device. The interface between
the shut off device and the actuator can be characterized by force, stroke
and time. Shut off device performance is a function of the fluid flow
properties desired and actuator performance is established by available
power source criteria. A total valve performance prediction can be made
when the shut off device force-~stroke-time input requirements equal the
force-stroke~time output of the actuator., Both shut off devices and ac-
tuators can be characterized by the nature of their motion - linear or
rotary. This characterization is illustrated in Table III-XTI. Having
thus reduced the valves to basic elements, the analytical procedure was
developed to establish compatible shut off device/actuator interfaces for
the various combinations of the elements. A general flow diagram for the
analysis program is shown in Figure III-10. The scope of the analytical
program, described herein, has been limited to the two types of shut off
devices and four types of actuators shown in Figure III-10. This results
in capability to analyze a total of eight differemt valve configurations
over the total range of interest.

In depth force balance analyses were developed for each element.
To facilitate the preparation of parametric data over the total range of
interest, specific assumptions had to be made about each element to yield
data. These assumptions are classified as Configuration Criteria (Refer-
ence Figure III-10) and reflect specific design practices normally employed
in valve design. Specific values used were selected on the basis of past
experience, at TMC, in the design of valves for similar type applicatioms.
For a specific application, these criteria may be iterated to determine
impact on valve performance.

The development of the specific analyses for each element is
described in detail in the following subsections.

~30-



TABLE ITI-XII

VALVE ELEMENT - MOTION CHARACTERIZATION

e -
[ ]
MOTION TYPE i LINEAR ROTARY |
; ?oppet Ball ?
. Plug Butterfly ;
‘ :
Shut Off Device : Gate Swing Flapper

8liding Spool
Blade
Diaphragm or Boot

rprdea

Actuator

Cylinder
Solenoid

Piezoelectric

Magnetostrictive

Thermal Expansion

Linear Motor

Torque Motor
Flectrical Motor

Hydraulic or
Pneumatic Motor

Inertia Wheel

ittt byt e ameos Mg e e mmye  me m m e e o R
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111-4‘ A. Shut Off Dev{ée Performance

I1I-4A - 1. Linear Motion - With reference to the schematic drawing

of Figure II1I-1l, the linear motion shut off device is analyzed as a bal-
anced poppet valve. The required poppet preload is assumed to be externally
applied either by the actuator or by & spring.

For the linear motion shut off exhibiting a flow path similar
to that of Figure IIT-11, an equivalent orifice coefficient (Cy) of .65
is 2 valid assumption. Applying this coefficient (Cg) to the flow factor
(CdAt), it is possible to calculate Ar, the minimum cross sectional flow
area. If this is assumed to occur at the valve seat, then the nominal
valve seat can be expressed by equation (2);

pg = L =£ ' )

" When the poppet is withdrawn to open the valve, its stroke(s) must be suf-
ficient to provide an annular flow area across the seat at least equal to
Ay . Therefore,

__.DS

D X S cos O = AT 3)

7 D and § =
With the valve in the closed position, some tolerance exists as to what
exact seat seal diameter is effective, and also how well pressure balanced
the valve remains., From past practical experience a seat land width of .010
is assumed and pressure balancing to a tolerance of + 3% of the seat area is
selected. A nominal seat preload of 5 1b/circumferential inch is & prac-
“tical factor for both soft and hard seat configurations, resulting in a

seat bearing stress of 500 psi on a .010 wide seat land.

Assuming the valve is to be operated in a8 maximum accelera-
tion field of 10 g's, the required valve force to effect opening can be
defined by the sum of the worst case conditions defined above:

F, = 5 1¥in. (wDg) + P1 7{ [(Dg + .010)% - .97 D21 + M, [20 + a] (&)
Where Fy = required valve force - 1b ‘
Dy = seat diameter - inches (See Equation 2)

P1 = inlet pressure - psia
My = mass of moving component - 1bf
a = acceleration of moving component - g's

Two elements of Equa. (%) must be defined in order to solve for Fy. If it
is assumed that poppet stroking is at constant acceleration, Fy remains
constant and the acceleration can be expressed as: -

-33-
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—_ 25 1
@ T 386.L 2 8BS ©)

where s = valve stroke ~ inches :
t = time to travel full stroke(s) - seconds

To complete the solution (M) the moving component mass must be defined.

To this end, several linear motion shut off device valve designs were
reviewed and additional layouts made to cover the range of flow factors
(CgAr). Weight estimates were made for the moving elements based upon
stainless steel construction, and plotted as a function of flow factor. A
first order fit equation reasonably approximated the characteristic and was
adoped as a valid estimate (Reference Figure ITT-12)

‘ 1.66
M = 353 ©

Substituting equation (5) and (6) into Equation (4}, the required valve
force for a linear motion shut 0ff device design can be expressed as a
function of flow factor (CdAt), inlet pressure (P1) and allowable motion
time () as:

+
-

L ) = fcahe \L66
_ . CdAe (ﬂ/———-cK ) CdAt —d—)
Ry = Smy—s + 5 2y L\ 57+ 0.010 .97 247t +\,6i85

Cdat
.51
(20 +3 @os 9)386.4_E2> O

For the purposes of this parametric study a flat seat design (8 = 90°) was
assumed and required valve force calculated for 7 flow factors (CgAt),

5 ‘pressures (P;) and 6 allowable motion times (t). The calculations, which
are tabulated in Table ITI-XILI were carried out on the APL computer terminal
at TMC. A graphic presentation of this data is shown in Figures III-13
through II1~18. Figure IIT-19 graphically presents the relationship between
motion time (t), flow factor (CgA;) and moving component acceleration

Goeiee)

To facilitate the analysis, it is assumed that the calculated Fy,
applled constantly, will effect full opening. Increase in preload due to
compression of springs is equal to the reduction in pressure unbalance force
as down stream pressure builds up, both being proportional to stroke,

IIT-4A - 2. Rotary Motion « Of trhe rotary motion valve types, the ball
valve represents a valid configuration for the total range of pressures and
flow factors of the range of interest. For the purpose of the parametric
analysis a ball shut off comsisting of a hollow spherical ball requiring 90°
rotationwas analyzed. This configuration is shown in Figure III-20,.

-35-
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" Report 5-985

-

F01 straight throug@ essentially unobstructed ‘flow passages
common in most rotary motion shut off devices, an equivalent orifice flow
coefficient (Cq) of .90 is assumed. For any value of flow factor (Cgh:),
the minimum’ cross sectional flow area (A;) can be calculated.

Assuming a nominal seal preload of 5 1lb/circumferiential
inch, a seat land width of .030, constant angular acceleration, and negli-
gible drag due to the shaft seal and shaft bearings, the required valve
torque (Ty) can be expressed as:

T, = {5 whs + P1 % [(Ds + 032 - ()21 £+ Ty @ BN €:))
Where Dg = nominal seat diameter - inches -
P1 = inlet pressure - psia

£ = coefficient of friction between seat seal and
moving component

4 = effective moment arm length seal to axis of
rotation - inches

Izx = moment of inertia of rotating componrent about
axis of rotation - in.-1b-sec?

«

@ = angular acceleration of rotating component ~
. radians/sec2
By definition,_the flow passage minimum flow area shall be Eg§£ . With

reference to Figure III-2, the seat inside diameter is .1 larger than the
minimem flow passage diameter and for a .030 wide seat land, the nominal
seat diameter can be expressed as:

Dg = ,/ES—AE-?, + .13 _ . (9)

X%

The coefficient of friction between the seal material and the ball is esti-
mated at .1, equal to teflon against well finished steel. It is anticipated
that seal interface surfaces will be super finished in the actual application.

The effective moment arm length from seat seal interface to
axis of rotation (£) and rotating component moment of inertia (L) are
functions of the physical dimensions of the ball. To assure adequate over-

~ lap of the seat seal in the open aBd closed pOSltlon the maximum diameter
of the seat seal is defined as 2 ( B cos 45°). Using previous developed
values,

pg = @ Cd = _ - (10)

ﬁhere DB = ball outside diameter - inches

- 49~



Report S-985

Having established a relationship for the ball diameter (Dp), the effective
momwent arm from the axis of rotation to the seal nominal diameter can be
calculated. To simplify this expression and to add an element of comserva-
tism to the analysis a simplified relationship was chosen where:

L= 2 X . an

The exact relationship for more refined analysis would be

at)
L= J(D—g - (707 oo™

To simplify the determination of the moment of inertia of the
rotating component, it is assumed to be a hollow sphere. The contributions
of the flow passage liner and the mounting shafts are ignored but a con-
servative wall thickness estimate is used to cover potential error of this
- agsumption. The assumed wall thickness is defined as:

w = .090 4+ .02 (bp) {12)
Where w = wall thickness - inches
Dy = ball diameter - inches

Employing equation (12) and previous relationships for dimensions of the
ball, and assuming stainless steel construction

Q} %%1;-, + .16\ ° aae Cahe >
Iy = .00123 : B ik + .023 (13)
: 7

1.414 707

Assuming constant angular acceleration and a "stroke" of 90° to cycle from
open to closed,

o RAD . '
D=2 T Sed 14

where t - zllowable motion time - seconds

Combining the functions of Equations (9) through (14) into Equation (8),
the required valve torque is defined in terms of flow factor (CgA¢), inlet
pressure (P;) and allowed motion time (t) only:

C7g7+‘16 Cdht. . [ TGk 2
p, = VL [517 Sdit . 13} 4+ By T —d—£+.16) -

1.414 . 707 4 . 707
[ cghe T ’cht ’ 5 48&!9—‘1&‘ ’
Py % 307 .00123 s ( 367 + .16) _ 7;-)%707 + .023 (15)
1.414 *

-50-



- Report S-985.-

A presentation of data resulting from solv1ng Equation (15)
for 7 flon factors (CdAt) 5 pressures (P1) and 6 allowable motion times -
(t) is in tabular form in Table III-XIV and graphical form in-Figures
ITI-21 through III-26. TFor reference only, the relationship-betweei-flow -
factor (CgaAt),-and ball diameter and ball masss are»shown in F1°ures III 27
and-T1I-28.

IIT-4 B. Actuator Performance

Of the numerous actuator types available (Reference Table
III-IX), the solenoid, torque motor and linear pneumatic cylinder appeared
most promising and inherently reliable for the anticipated mission:. "The
potential for an onboard hydraulic system existed and a linear hydraulic
cylinder was added as a potential alternate for further analysis. Each
actuator type was analyzed on the basis of a single design configuration for
each type. The selected design configuration is not necessarlly the 0pt1mum
conflguratlon for the total range of interest. . R

III 4B 1. Solenoid ~ Several solenoid design configurations are
available which result in force-stroke characteristics similar to -thode

fequired for the linear motion shut off devices. Of these configurationms,
d°flat face plunger configuration was chosen for analysis. With referénce
to* Flgure ITI-29, the solenoid ana1y51s program is developed. . oEET.

r 5

For 'a flat faced plunger solencid using 400 series corrosion .
resistant steel as the core material, an operating flux density of 8 kilo-

gauss-is assumed. The force generated is expresséd as: <
Laethe 2 2 L. - .
. T/4 Dp~ B :
Ea 1.73 (16)
Where Fp = total force developed - 1lbs
N

Dp = armature diametexr .- in.
B operating flux density = 8 kilogauss

The total force developed is the sum of the useful output force and the
force necessary to accelerate the solencid's moving mass. Using a plunger

L of 1.25,

3 3 (3 20) _ g
Fy= Fy+ ?L25 T op° \386.4 e2 L - an -
Where Fo= total force developed ~ 1b
LA F, = useful output force - 1b g 5
P = density of woving mass material - ,.283 1b/4in?
s = stroke - in. '
t = allowed motion time - seconds
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Report 35-985

Combining equations (16) and (17)

2 . ’ ) - .
w/4 DA® BS  _ T 3 ( 2s ) ,
‘ Fv‘fig 7 Dp” 1.25 386 42 + 20 : ng)

1.73
In terms of valve operation, Equation (18) is solved for armature diameter
Qp)for any combination of required valve force (Fy), stroke (s) and alloved

motion time {(t).

Coil sizing is then estimated for the operating condition

‘by: .
= 3 vaxw
NI = 1.25 X 2,02 [Hiyon #pon + 10° X B X (s + .01)] (19)
Where NI = ampere turns in coil - ampere turns
H = magneto motive force to drive iron to flux density

. of B - Oerstad
faron = length of ivon path - inches
B and s are previously defined
A reasonable estimate of the iron path length of 5.5 X Dp is made, and for a

400 series corrosion resistant steel core operating at- 8 kilogauss, an H of
10 oerstad is conservative. Equation (19) can then be solved for NI.

For operation at minimum supply Ggitage and maximum temperature,
-the pull in current is defined as

18

Ipull in -(20)
¢ max. temp. .
Where Ipg1l in = pull in current - amps

coil resistance at maximum temperature - ohms

[ o4

With an operating temperature range of 200°R to 660°R, alloy 30 wire was
selected for the coil winding to minimize resistance change with temperature,
This will result in more repeatable response over the temperature range.
Defining maximum electrical power at ambient temperature (530°R) and 32 V d-c
the coil resistance at 530°R is defined as:

322 ' _
. Be 530°R = (@
where W = maximum'electrical power - watts
Re 530 = coil resistance at 530°R - ohms

For alloy 30 wire the coil resistance at the maximum operating temperature
{660°R) is:

Re 660°r = 1-1 X K307 : (22)
and substituting intd Equation (19) )
_ NI _2.02 Xx1.25 [ 55 DA = 8000 (S + .01)]
¢ Ipull in i8 ) -
d 322
1.1 "
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“.Where : E£= number of tuips in coil windings

The time required to reach the pull in current in an inductive-
resistive circuit such as a solenoid c¢an now be defined. The time constant
of the circuit can be calculated from the above determined terms as:

2 . .
- T .2 N . :
3. 3
(%) _3.19 X 10 #Da" e (23)

T 102 (Re temp) . X 1.25 s

L ) inductanc h i . - o
Where 2 o 10du ¢ _(henxries) = geconds - time to achieve 63.2%

R, resistance (ohms)

of steady state current draw
Since the current rise-time characteristic of an inductive/resistive circuilt
is an exponential function of the circuit time constant (1./R) and the steady
state current, the time required for the solenoid current to build up to
the required pull in current is expressed as;

tl = - @ (l - _I_pull‘*itl XRcat temp) (24)
at temp i E
-Where t1 = time to pull in - seconds

E = applied voltage - volts d-c

A tabulation of calculated data obtained for 4 flow factors

(CahAr), 4 pressures (Pj), 6 allowable motion times (t) and 4 electrical
power levels (W) is shown in Table ITI1- V. It must be noted that signifi-
“cant delay times are predicted for the solenoid actuators for the specific
applications analyzed. This delay is the result of the relatively long
strokes required, which necessitate large numbers of windings(Nc) to generate
sufficient magnetomotive force. Coils with large numbers of turns are
characterized by slow rates of current build up, hence, long delays. The
magnitude of the delays calculated are generally too long for this applica-
tion. Therefore, either solenoid actuator strokes must be limited to no
greater than .100 inch or an alternate solenoid configuration must be
analyzed if reasonably acceptable electrical delays are to be achieved.

IIX-4B - 2. Ppeumatic Cylinder - The performance analysis is based upon
a simple double acting cylinder. Cylinder operation is defined, to establish
an analytical base, as follows; to open, the opening chamber is pressurized
while the cleoging chamber, which is unpressurized, is vented to ambient;

to effect closing, the opening chamber is vented to ambient while the

closing chamber is pressurized. FigureIlI-30 presents a schematic drawing
‘of the pmeumatic cylinder actuator and defines specific characteristics
employed in the analysis.

The total force developed by the actuator is the sum of the
output force (Py) and the force required to accelerate the moving mass of the
actuator. Assuming constant acceleration, consistent with previous analyses,
and assuming the required total force is developed with choked flow across
the pneumatic supply orifice;
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. i 2 29 ) ’
JOEL A S A RS (Goezz + 20 (26)
Where Fyp = total force developed - lbs
Paukl.z pneumatic supply pressure -~ psia
Dp = piston diameter ~ in.
Fy = required output force - 1b
p = density of piston material - 1b/in§
8 = stroke -~ imn.
£ = allowable motion time -~ seconds

This relationship assumes the piston thickness to be Db and assumes that
the piston rod areas and masses are negligible. The .52 coefficient of

P qux1, 1s representative of the critical flow pressure ratio for any of
the candidate pneumatic gases (hydrogen, oxygen, nitrogen or helium).

From this relationship the required piston diameter (D Y can be calculated
for any set of values of the other variables.

For a specific allowed motion time (t), the pneumatic supply
orifice must be sized such that the required opening chamber pressure is
maintained, resulting in constant force generation. TFor choked flow through
an orifice, the volumetric flow rate is expressed by:

Q= 27.82 éCdAt)o Psupply _ k-1 -L—(f‘hzf**) - GFEE;IT- k 27
p _auxl, JET auxl.
15 .

Where Q = volumetric flow rate =~ in.3/sec 2

(CghAt) o = flow factor of supply orifice - in|

p = density of pneumatic media at standard

conditions - 1b/in.

R = gas constant of pneumatic media - 1n.~1b/1b °R

T = temperature of gas -~ °R .

k = gspecific heat vatio of pneumatic gas

Po = pressure down stream of orifice -(eylinder pressure)

-~ psia

Since the cylinder piston moves at constanf acceleration the maximum flow
rate occurs at the end of the stroke and:

2
T
~ % Dp 2s
Q max, = (28)

Combining Equations (27) and (28), the required supply orifice flow factor
(Cghr) o can be derived for choked flow

ﬂrDpzx_zsx;z./k'r

1S5t 27°82.1/T€3 E (.sn2/k o (. sy K

(CdAr)o = (29)-

~73~
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|

i
With the cylinder piston in the valve clésed position and
assuming an initial opening chamber volume equal to that of .0l0 head end
piston clearance, the time required to charge this volume to the pressure
necessary to initiate motion (required output force), can be
determined. Since relatively short times arve anticipated, adiabatic
charging of this volume is assumed and:

T 2
7 D .010
t1= G 1ZcA) Rv T 1P> \ (30)
1 \vdit/o " T auxl.
wherea t = time to charge to required pressure - sec
C1 = constant of pneumatic media
P = required cylinder pressure to initiate motion =
.52 P - psia
auxl,

Substituting values derived in Equations {26) and (29) into Equation (30)

T Dps k-1 1 2/k _
.2782¢t !‘F + + 20 P~— ],\/ ( 52) - (. 52)"'k_' '
t]_ - v (386 ZI-tz ) _l (31)

kClZDpstJRT

For the candidate pneumatic gases, the various constants and properties are
tabulated as follows:

Gas K . R 20 c1 p - 1b/ind
- Hydrogen | 1.40 9190 .141 3.06 x 1076
Oxygen L 1.40 - 577 .560- 48.6 x 1076
Nitrogen & 1.40 662 .523 42.8 x 1076
Helium l 1.66 4630 ' | 210 ] 5095 x_%g-fm__

The determination of the closing pneumatic delay is a more
complex task, since simultaneous venting and charging of the cylinder volumes
is occurring. The following performance amalysis is based upon having equal
supply orifice flow factoxrs (CgAt)o for the two cylinder veclumes. Also,
it is assumed that piston-head clearance is ,010 inch. Since the piston
diameter (Dp) and supply orifice flow factor (CdAt)o were derived during the
opening analy31s the force balance at incipient closing motion is expressed

by

7,2 ( ): 3 ( )
=D - L T pDpl

Fo =5 0% \Pc-Po)=TFy, +7 PP 20 + 52 (32)
where P. = pressure on closing side of piston ~ psia

pressure on opening side of piston - psia
required output force to effect cloging - 1b
,allowed motion time for closing - seconds

et
1l

- 74_.
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The required output force to-effect closing is derived for
the particular application and the pressure differential across the cylinder
piston (P, < Pp) can be calculated. Since the charging and venting of the
cylinder volumes is simultaneous, the time to charge the closing volume to
Po is equal to the time to vent the opening volume to P,. Assuming adiabatic
charging and venting:

s + .010 -
£ = 4 P ( ) - l_(Psupply) ZE— - ?J
it~ P
k C; (Cahtdo R /Tzzg—
—‘E Dp2 (.010) Pe

(33)
Where all terms are as previously defined. From Equation (32)
the total force developed (F,) is known and

F
P, P+':T-A-—

2
41)

Substituting this into Equation 33 and combining terms:

. - o R
s 010 (T +Po),_,_9l(2 L(?EERRLX)‘TE-]_J (34)
z Tp 2k

This relationship can be solved-for Py, for any set of variables for the
application. The derived Pg is substituted into Equation (33)—and the
closing delay time (t2) solved. The validity of the solution must be
checked by solving for Pe and establishing that choked flow at the closing
chamber supply orifice exists at the time of incipient closing motion

50———“— S .52) . I1f choked flow is not verified a more complex analysis
auxl,

is required which ceonsiders critical and suberitical flow. For the sample

data points of this program critical flow was verified and the development

of the more complex analysis method was not undertaken.

For the 7 flow factors (CgA¢), 6 allowable motion times (t),
and 5 inlet pressures (P,) a tabulation of pneumatic cylinder actuatox.
data for the linear wmotion shut off device is presented in Table TII-XVL
Data was ecalculated for pneumatic pressures of 13500 psia and 3000 psia as
well as the shut off device inlet pressures, for a pneumatic media of oxygen.
Figures ILI~31 through III-36 present design curves for determing piston
diameters required as a function of required output force (Fy), preumatic
pressure (P_,x}. ) and required acceleration (25/386.4 t?), and Figure III-37
is a design curve for determining opening pneumatic delay (t1) as a function

of acceleration (55%32—22) and allowable motion time (£). Table ILI-XVII
gives correction factors for the pneumatic opening delay time (t1) for the
pneumatic media used,.
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TABLE ITI-XVIT

PNEUMATTC MEDIA CORRECTION

MEDIA MULTIPLY t = FROM FIGURE III-37 by
0, 1
Hy 1.0106
Ny 1.1008
H, .8258

-91-
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TII-4B 3. Hydraulic Cylinder - A double acting cylinder identical to
that assumed for the pneumatic cylinder actuator analysis is the basis for
the hydraulic cylinder analysis. All assumptions and nomenclature are
identical with the exception of the supply orifice pressure ratio at time of
incipient motion. For a hydraulic system, a cylinder pressure of 80% of

the supply pressure is assumed at time of motion. For purposes of the data
generated, a hydraulic fluid with a specific gravity of 1.0 relative to
water was assumed and viscosity affects are considered negligible,

Assuming rod areas and masses are negligible, the force
balance at the time of imcipient motion is:
_ frD3( 25>_ T 2
EA F, + 4 20 + 356 4 2/ = .8 Pouxi. 7 Dp {(35)

Deriving the piston diamter (Dp), the maximum volumetric f£low rate at the
end of the stroke can be determined by:

T2 28 ind
Q= 4 Dp t sec (36)

With the maximum volumetric flow rate established, the supply orifice flow
factor (CgAy), can be derived from:

il
A Z 2 in 3
Cohdo =630 /2w, @0

The hydraulic opening delay is the time required to £ill and pressurize the
cylinder volume to 80% of the supply pressure. Since an incompressible
fluid is assumed, pressurization is instantaneous once the volume has been
filled. Assuming a .010 inch piston head clearance and a hydraulic line
volume, downstream of the supply orifice equal to .0L5 inch of piston head
) clearance the hydraullc delay time can be calculated from:

: ()'5,2 .02
tl = (38
(CdAt)o X 6430 ‘/Pauxl. _
where (CgAi)o= supply orifice flow factor fromEquation (37) - in% )
t1 = hydraulic opening delay time - seconds

For an incompressible hydraulic fluid it can be assumed, with
reasonable validity, that the closing hydraulic delay will be equal to the
opening hydraulic delay (t1 = t3).
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For the sample points within the range of interest (7 flow
factors, 5 inlet pressures and 6 allowable motion times) hydraulic actuator
data is tabulated in Table IIIXVIII for hydraulic supply pressures of 1500
and 3000 psia. Design curves for determining piston diamter (D,) and
hydraulic delay tim° (t1 = ty) as a function of required output force (F),

acceleration g and allowable motion time (f) are plotted in Figures
ITI-38 and II §8 %or he assumptions stated in this discussion.

ITI-4B - 4. Torque Motor - A torque motor with a rotary output and
having a configuration similar to that shown in Figure III-40 was the basis of
the analysis described herein. The relationships used to define torque

motor performance and characteristics were developed on the basis of data
offered by Magnetic Technology, Inc. of Canoga Park, California, a recog-
nized supplier of special application torque motors to the aerospace industry.

The configuration of the torque motor to which this analysis
applies is shown in Figure III-40. The peak torque capability of a motox
is a function of the physical dimensioris.and is expressed as:

2 .
Tpeak = 2.375 B, X (£- .25) (39)
where peak peak torque - in. 1b
Dy armature outside diameter ~in.
JL armature length - in,

This peak torque must egqual the sum of the required output torgue plus the
torque necessary to accelerate the rotating element of the motor.

nou

. . ) .
Y. Tpeak = Ty + I @ = 2,375 D4 (£~ .25) (40)
where Ty = required output torque - in. 1b 9
I = moment of inmertia of rotating element - in. 1b sec

@ = angular acceleration - RAD/sec

From previous torque motor designs fabricated and tested by
Magnetic Technology, an armature inside diameter of 80% of the ocutside
diameter is & reasonable proportion. The armature contains the windings
and commutator ring and average densities of this element are of the_ order
of .21 1b/in. The moment of inertia of the armature (rotating element)
then becomes:

_ 'nu& 4 .
Iy, = 8966 (.59 Dy ) (4L

Assuming constant acceleration and 90° of rotation to cycle from open to
closed or closed to open, the expression for peak torque (Equation 41) can
be rewritten as:

. 2 :
- T ~6 b
peak = 2.375 DA (4&- .25) = T, + EQ.IO.OB X 107° Dy 2 (42)-

~93-
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Report 5-985

Power density within the armature coil windings impose another limitation.
From previous designs, the relationship between peak torque power and motor
physical characteristics is defined as:

W=33 (£- .25 + 12 Dy (43)

vhere W = power at peak torque - watts-
Since power is defined at 32 V d-c and 70°F and motor opera-
tion is required at 18 V d-c and 200°F. Assuming that the motor armature
coil windings are of copper wire, Equation (43), revised to the worst case
operating condition becomes:

433 W =33 (- .25)F 12 Dy (44)

For' each combination of maximum powér (W) and an assumed motor

length (£) Equation (44) is employed to calculate armature diameter (Dp).

The resultant combination of armature diameter (DA) and motor length (£)
are utilized in Equation (42) to calculate torque output (Ty).

Torgue
time constants. The
torque within a very
torque motors within
of 2 milliseconds is
estimate of response

motorg, by design, have inherently small electrical
low self inductance results in the achievement of peak
short pexriod of time after application of current. For
the scope of this analysis a rise time to peak torgue ~
assumed, For an application wherein a more refined
time is desired, a more rigorous analysis should be

performed. This more refined analysis would include consideration for
optimizing operating flux density and the number of magnetic poles in addi-
tion to a more refined output characteristic analysis.

Since the analytical approach is not consistent with the
previous actuator analyses, in that the.required output (Ty) is calculated
from other factors rather than being employed as an input to determine the
actuator factors, the data tabulation as shown in Table III-XIX does not
relate directly to the sample flow factors (CgAt) and inlet pressures (P1)
within the range of interest. To facilitate the use of this data and to
-relate it to a specific application (Ty) Figures III-41 through IIX-46
present design curves wherein ocutput torque (Ty) versus allowable motion
time (t) is plotted as a function of maximum electrical power (W) and motor
length (&£).
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IIT-4C  Shut-off Device/Actuator Interface Performance Considerations

" Uniting an actuator with a shut-off device to constitute a valve
configuration requires some consideration for interface effects on per-
formance. Since the ultimate valve design will integrate these elements
into one package it was assumed that where the actuator output character-
istic (linear or rotary) is identical with the required input character-
istic to the shut-off device (linear or rotary), 100% efficiency is
accomplished at the interface. In a design wherein motion conversion is
required (linear to rotary or vice versa) to accomplish total valve
function, 90% efficiency results. Mathematically, the relationship is:

8
T = .90 (F_= (&5)
v v 2
vhere TV = required torque to operate rotary motion shut-off device--in.lb.
Fv = output force of linear motion actuator -- in.

s = stroke of linear motion actuator =-- in.

and
s
T ) = F — (46
oT ) = F, 3 )
where 'I‘v = torque output of rotary motien actuator -- in.lb,
Fv = required force to operate linear motion shut-off device -- 1lbs

s = stroke of linear motion shut-off device -~ in.

These relationships are consistent with the previous assumptions of 90°
rotary motion to effect opening or cleosing. ‘

- To include a consideration for motion time (t) and facilitate
the preparation ot useful design curves, the linear motion element stroke
and allowable motion time are combined into the dimensionless quantity
for acceleration,

accleration (a) = -——gﬁ_—g ;&
T 386.4 t4 T 2

Substituting this quantity into Equations (45) and (46) results in: ~

T = F xB6.9 at? - (a7
v h's .

for a rotary motion shut-off (Tv) operated by a linear motion actuator
(Fv) and

~-112~
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Tv'= F,ox 19?.3 £? a ‘ ‘ :‘(485

for a linear motion shut-off (¥ ) operated by a rotary motion (T ) actuator.
Design curves of these relationships are presented in Figures 11Y-47 and
III-48. -

III-4D  Physical Characteristics

During the development of the analyses to predict performance of
the shut-off devices and actuators specific dimensional characteristics of
each element were determined and employed as transfer functions in solving
for performance parameters. To make reasonable estimates of the weight and °
volume characteristics, the dimensions were employed as well as considera-
tions for the assumed configurations. Additional supportive data was
generated by a concurrent conceptual design effort. This conceptual design
effort was done without the benefit of the developed parametric performance
analysis program. Rather, specific valve concepts were developed for se-
lected flow factors {CgAt) and inlet pressures (Pl) within the range of
interest to document several unique packaging concepts., These layouts also
served as a basis for determining the relationship between flow factor (Cgh.)
-and moving mass., These designs and discussion of them is found in Section
ITI-4E of this report.

4s in the development of the analysis program for performance pre-
diction, the approach taken to develop physical characteristic parametric
data was to consider a valve to consist of a shut-off device and an
actuator, and developanalysis programs for each element.

IIT-4 Linear Motion Shut-off Device
D-1

With reference to Figure III-49, the linear motion shut-off device
was assumed to be a coaxial flow balanced poppet configuration. For the
coaxial configuration the annular flow area must be at least equal to the
minimum flow area allowed in the valve. Allowing a 10% margin on this area,
relative to the minimum, the maximum flow passage diameter can be defined in

terms of the seat diameter (DS) or the flow factor (CdAt) as:

D = V2.1D2 _ \f.1 :,dAt (49)
7 Ca :
where Do = maximum flow passage diameter -- in.
g = ROm. seat diameter -- in.

equiv, orifice coef, = .65 for linear motion shut-off

2

c At = flow factor -~ in
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Having established the inside diameter ot the pressure vessel (D ),
the wall thickness (w) is determined by the operating pressure range, and )
stress limits of the material of construction. Based on hoop stress at 2,5
times the inlet pressure, wall thicknesses (w) were determined for several
flow factors (CyAy) and inlet pressures (P1) at the extremes of the range
of interest. This analysis showed that required wall thicknesses ranged
from .003 to .030 inches. In the interest of conservative prediction, a
constant wall thickness of the pressure vessel of .075 inches was selected.
Pressure vessel 0.D. hence maximum envelope diameter thus became a function
of seat diameter (Dg) or flow factor (C4A¢). only.

i1 o2 Cahe
Max, Envelope Diameter ={ f£.1 D +.15= 2.1 p= ) + .15 (50)
- C

4 °d

Overall length was broken down into elements related to seat dia-
meter (Dg) or flow factor (CgA.) as shown in Figure III-49., A length to
diameter ratio for the balance mechanism of 1.25 was assumed adequate to
assure alignment. An allowance of .250 inches for the inlet and cutlet
interfaces was selected and additional length allowed for the moving element
stroke, The 250 inch inlet and outlet interface allowances were judged to
be sufficiently generous to accommodate the contribution of the seat szal
holder and inlet diffuser length and the overall envelope length relation-
ship was defined as: :

Cahe )
£ = .50+ 1.3125 D_ = .50 + 1.3125\/— (51)
Z Ca

To predict element weight, the configuratior geometry was simplified.
The pressure vessel was considered to be a tubular section of length,ﬁ,
(Equation 51) outside diameter of the maximum envelope diameter (Eq. 50)
and inside diameter D, (Eq. 49). The internal elements volume of material
were considered to be two times the volume of the moving element., From
prior analysis, the moving element mass, hence material volume, relation-
ship to flow factor (CdAt) had been defined., The weight prediction thus
becomes: ’

2

Cabe Cabe
WT = Q % 2.1 -+ .15 - (2.1 s —— X
. 'E:C T.C.A /
4 ~d 4 dt
C A —_
C
.50 + 1.3125\ [ =25 fu, 5\ Td £ (52)
} %Cd 52.72

where 0 = dénsity of material of construction =-- 1blin3.
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Design curves presenting envelope dimensions and element weight as
a function of flow factor (Cqa.) are plotted in Figures III-50 and IIX-51,
respectively. The weight prediction is based upon 100% use of the material
of construction noted. __—

III-4D-2 Rotary Motion Shut-0ff Device

The ball valve configuration is considered representative of the
rotary motion ghut-off device. Figure IIT-52 defines the basic configuration
and notation employed in the physical characteristics analysis.

Assume the basic housing, exclusive of inlet and outlet fittings
and shafl bearing housings is equivalent to a spherical shell surrcunding the
ball, with a 0.15 inch wall thickness and a 0.100 diametral clearance with
the rotating element. End fittings are assumed to be (.25 thick flanges of
a diameter equal to the ball diameter. The bearing housings have 0.15 walls;
have a sum total length of 0.1 x ball diameter and have ID = 0.l Dy + 0.2 and
0D = 0.1 Dy + 0.5. The sum total of the volumes of the assumed elements of
the housing is expressed as:

vol. = 2- [(DB +0.25)° - (D, * 0.1}3] +0.5 (DB2 - Dsz) I

+[(o.1 DB+0.5)2 - (0.1 DB+0.2)2]'1I— 0.1 Dy (53)
where DB = ball diameter (equa. 10) - in.

DS = geagl diameter (equa. 9) - in.

Vol. - volume of material in housing - in.

Multiplying the volume of equation 53 by the density of the material of con-
struction yields housing weight. From Figure III-28 the moving mass may be
obtained and the sum of housing weight and moving mass is equal to shut-off
device weight. ‘' The envelope dimensions are obtained by properly summing the
assumed relationships of the various elements which constitute the housing.

Design curves presenting envelope dimensions as a function of flow
factor (C.,A ) are presented in Figure III-53 for the assumed configuration.
Figure 1T -E& plots rotary motion shut-off device weight as a function of flow
factor (CdAt) for all aluminum construction and all stainless steel construction.

IYI-4D-3 Solenoid Actuatorx

Nomenclature and configuration of the flat faced plunger type solenoid
. actuator are shown in Figure ITI-55. TFor reasonable proportions, the coil length
(L ) is assumed equal to the 2.25 times the armature diameter (D,). From the
pe%formance analysis, the nominal coil resistance at 530 R and the number of
turns in the coil have been derived. For alloy 30 wire, the resistance per

foot of coi% wire can be expressed as a function of the wire resistivity
ohms
(30 ciiﬁzfar MIL-It

} and also in terms of the coil dimensions and number of

turns
2
olws . __30__ . . (5%
t 2
10° 4 TN DC.O + (DA + 0.13)
12 Cc 2
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= wire diameter - inches

where d
W = max -power at 530°F and 32 vde - watts
© No= number of turns of wire on coil - turns
- D -

coo coll outside diameter - inches

) (DA-P 0.13) = coil inside diameter - inches

The cross-sectional area of the coil window can be expressed in similar terms:

2 Peo.m(m, +0.13 ' :
Nd“ =g (0T 3y (55)-

¢ 2

where J% = length of coil = 2.25 DA ~ inches
Combining equations 54 and 55,‘a relationship is ‘established which can be solved
'forD a ’ -

o]

2 - -
D¢ .o, -7(DA_+ 0.13) _ 30 Nc 2 (56)
D D, +0.13 .
co. T By ) 12x106x322xﬁc
Should a negative solution to P in equation (6 result, the feasibility of

a coil of alloy 30 wire is non-éxistent. Prior analytical efforts have demon-
strated that changing to a copper wire coil is not a practical alternative

in such cases since the thermal coefficient of resistance is predominant.
Where negative solutions for D result, the solenoid actuator is not a
feasible alternate, .0

Since the cross sectional area of the magnetic core must be constant

(Am = DA } the solencid maximum diamter and flange thickness can
4
be determined;
Ao p2 . T z 2 :
4 DA 4 (Dmax Deo ) GN

where DmaX = maximum diamter - inches

and 2

kL
—_— = T +0.13) b
PR (D, ) (58)
where b = flange thickness
Sufficient dimensional data is now available to determine solenoid
1b
envelope and weight - based upon corrosion resistant steel construction (0.285 — 3).
in.
For the sample data points within the range of interest, no positive
solution for D was obtained, and solenoid actuators for these applications

" were not feasifi® as a direct acting actuator. The long strokes regquired (>0.100)
were the predominant factor which ruled out this type of actuator.
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11TI-4D-4 Pneumatic and Hydraulic Gylinder Actuators

1
Since both pneumatic and hydraulic cylinder actuators assumed identical

configurations, the analytical method of establishing envelope and weight
estimates are common. OCylinder wall thickness as a function of piston diameter,
internal pressure and hoop stress were determined for the range and a wall
thickness of 0.075 inches was selected as adequate and practical for aluminum
or stainless steel construction. The configuration and nomenclature employed
in the following analysis is shown in Figure III-56. The cylinder and piston
material volume can be defined in terms of the piston diameFer (Dp).

D
__T 3 T 2 2 p ]
Vv 16 (Dp) + W [(Dp + 0.15) Dp] [s + + 0.47

4
+ T_p? (. '
— D, (0.47) (59)
where V = material volume of cylinder and piston - in.
D = piston diameter - in.

g = stroke - in.

The remaining element that constitutes material volume is the piston
rod. Rod diameter is determined by the eritical buckling of the rod in com-
pression when 2 x the maximum load is applied. The analysis is based upon the
rod being treated as a column with one end fixed and the other end free, and
of length equal to the stroke (s). Rod diameter may be expressed as

g = 4128P1D232 ‘
r > = (60)
(s E
where dr = rod diameter - inches
Pl = maximum cylinder pressure - psia
Dp = piston diameter -~ inches
s = stroke - inches
E = Young's modulus for material of construction - psi

Rod material volume then becomes;

D .
rLog 2 p
4 dr (s + i + 0.47) (61)
Summing equations 59 and 61 resilts in the calculated volume of material for
the actuator configuration.

A design curve for predicting cylinder actuator envelope dimensions
as a function of piston diameter and stroke is plotted in Figure III-57. Weight
design curves as a function of piston diameter and material of comstruction
are plotted in Figure III-58 for cylinder pressures up to 400 psia and Tigure
I111-59 for cylinder pressures from 400 to 3000 psia.

111-4 D-5 Torque Motor Actuator

The performance analysis program of paragraph III-4B-4 generated
sufficient dimensional data to establish the actuator envelope and weight
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(Ref. Figure III-40). Torque motor maximum diameter is;eXpressed as
: Lo

+
D_=D, + 1.0 (62)

]

motor maximum diameter - inches

1]

where D
m

DA = armature diameler - inches

Torque motor length is determined directly from the performance analysis or
read from the design curves (Figure III-41 through Figure III-46). Motor
weight is calculated by applying appropriate material density factors to the
available envelope and derived detail dimensions;

W, =0.283 T (L 0.15) [(DA +1.0)2 - DA?" +
T 2 2
0.21 -Z-,A[DA - (0.8D,) ] (63)

Design curves for motor envelope and weight as a function of motor length
(Aﬁ) and maximum electrical power (W) are plotted in Figures III-60 and III-61.

III-4E Desien Lavouts and Design Studies

Concurrent with the effort to develop the analytical program, a
design effort was initiated. The initial objectives of this effort were
document several unique design concepts which appeared feasibile, establish a
basis for developing a relationship between moving mass and some characteristic
common to all valve designs, and to determine the validity of scaling factors
to overall valve ‘design. As the development of the analytical program progresséd,
the design effort objectives were modified to include verification of the detail
design assumptions used in the analysis and to demonstrate the capacity of the
analysis program to provide comprehemsive design criteria which will expedite
the design effort.

The conceptual designs of Figures III-62, IIT-63, and III-64, are
representative of the initial design layout effort. The design criteria for
these layouts was flow factor and inlet pressure only, as development of the
analysis program had not progressed sufficiently at that time. The configura-
tions were representative of concepts which would ultimately be consistent with
the scope of the analysis and embodied features which offered solutions to
anticipated problems of the application.

The double acting sblenoid operated valve,of Figure IXI-62 was
initially sized for a flow factor (C,A ) of 0.45 in” and an inlet pressure
of 400 psia. This concept incorpora@eg several unique features. The double
acting configuration (both seat and poppet move) wherein the sum of the 'motion
- of the seat and the poppet results in the appropriate flow area across the
valve seat allows the use of flexures to provide friction free absolute guidance
of the moving elements. The type of flexure anticipated has been developed and
used in TMC valve designs but is limited in stroke capability. The double action
effectively doubles the range of applicability of flexure guides. Dividing the
moving mass into two separate elements, magnetically linked, also proves ko be
advantageous considering the force stroke characteristic of the solenoid. A
reduction in solenoid force requirement is achieved since each moving mass moves
only through 1/2 of the total stroke (1/2 the acceleration). The reduced stroke
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of each element also favors metal bellows as the method of accomplishing dynamic
sealing at the balance area and required seat preloads. Though the analysis
program ultimately indicated that a solenoid actuator for'this application was
not feasible, the configuration provided a basis for developing a relationship
to predict shut-off device moving mass and documented several unique design
concepts applicable to other configurations. : ’ - ’

Figure ITI-63 defines a rotary motion shut-off (ball) and torque
motor actuator csnfiguration. Original design criteria was for a flow factor
{C At) of 12 in.” and an inlet pressure of 30 psia. OF int?rest is the cam
actudtion to retract the seal on opening, thereby reducing the required torque
to effect opening and minimizing scrubbing of the seal. The seal is bellows
mounted such that the seal is pressure energized against the ball, in the closed
position, in addition to the preload resulting from initial compression of the
bellows. 'Wetted" ball bearing méunting of the rotating element was selected
and a spring loaded shaft seal was incorporated. Performance analysis ultimately
invalidated a torque motor actuator for this particular application. The concept
documents the basic design of a rotary motion shut-off device assumed in the
analysis program and substantiates envelope and weight estimates.

The coaxial, pressure operated valve of Figure III-64 offers perhaps
the highest density packaging concept. For the design criteria of 17 in.
flow factor (C At) and 30 psia inlet pressure, the configuration incorporates
a balanced poppet with metal bellows dynamic seal. The actuator section
operates off line pressure and also incorporates a metal bellows dynamic seal.
Pressure control of the actuator is accomplished by a 3-way solenoid operated
wvalve. The pneumatic cylinder actuator is a single acting cylinder in that
it is pressurized to effect opening, while closing forces are exerted by the
inherent spring characteristic of the metal bellows when the cylinder is vented. '
The analysis program substantiated the validity of this concept for this parti-
cular application, though specific dimensional relationships shown would have
t+o be altered to agree with the data generated by the program.

As the analysis program developed, the design effort was revised toutil-
ize the analytical data generated, to the fullest extent. Design criteria became more
explicit and the configurations were limited to those which were compatible
with the analysis program. TFigures III-65 through III-71 present design layouts
of valve configurations which reflect design criteria generated by the analysis
program.

The line pressure pneumatic operated poppet valve of Figure III-65
is a characteristic vented-pilot operated valve configuration. This concept
répresents a slight variation of the basic configuration -assumed for the analysis
program; but is readily analyzed with only slight modification to the analytical
techniques described in the previous sections.

With the valve in the closed position, as shown, the seat is preloaded
closed by the coil spring and inlet pressure acts to hold the poppet closed.
Upon opening command (electrical signal) thesolenoid causes the pilot valve
poppet to move to a position where the bleed tube from the inlet manifold to
the cavity within the main valve poppet is closed and the main poppet cavity
is vented through the pilot valve. As cavity pressure decays, the differential
pressure across the poppet creates opening forces which cause the poppet to
move to the full open position. Upon termination of the command signal the
pilot poppet moves to effect closing of the vent passage and opens the bleed

tube to permit the poppet cavity to be pressurized by inlet pressure, negating

-135-
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Report 5-985

opening pressure forces until the spring moves the main poppet to the closed
position. This configuration requires line pressure to effect operation and
also exhibits a fail-safe characteristic in that the valve will close in the
event of electrical failure or decrease in inlet pressure below a predeter-
mined minimum pressure. Sizing of.the valve was based upon a flow factor
(CdAt) of 0.62 in.2 and an inlet pressure of 400 psia.

Figure III-66 defines a line pressure pneumatic operated poppet
valve which embodies all characteristics of the assumed configuration of the
analysis program. Sized for a flow factor (CdAt) of 0.62 in.“ and an inlet
pressure (P;) of 400 psia, valve actuation is accomplished by a double acting
cylinder. The packaging concept is unique in that minimum height and width
of the package is achieved and the seat seal is the only potential internal
leak path with the valve in the closed position. Three-way solenoid operated

pilot valves are used to control the pneumatic cylinder actuator. With slight
"modification, the pilot valves could be combined into a single 5-way valve.
Valve seat preloads are exerted by coil springs to assure a fail/safe design.

A rotary motion shut-off, torque motor actuated valve configuration is
shown in Figure III-67. Designed for a flow factor (CpA.) of 0.94 in.“ and
60 psia, the configuration is totally consistent with the analysis program
and embodies several unique features. Spherical surfaces of the rotating ball
are minimal by virtue of the large diameter trunions. Minimum weight is
achieved by the thin shell design and assembly is simplified by the design
appreoach. As shown, the bearings are dry, being isolated from the flow media
by shaft seals, however, the design is such that leakage of the shaft seals
is tolerable since the total housing is a pressure vessel capable of being
welded or bolted to contain the media. The valve seal is located at the inlet
side of the rotating element, at some minor increase in dribble volume, but
minimizing potential leak paths when the wvalve is in the closed position. The
seat is a preloaded soft seal configuration employing metal bellows as a spring
loading element and a positive dynamic seal to allow the seal to “float" to
achieve the seat seal. As the valve is opened, a cam profile on the ball
trunion mechanically retracts the seal o minimize scrubbing and reduce torque
requirements to effect rapid opening.

For a flow factor (CdAt) of 10 in.? and a valve inlet pressure of 30
psi, a rotary motion auxiliary pressure pheumatic cylinder actuated valve design
is shown in Figure I1I-68. Actuator sizing is based upon the availability of
a 1500 psia auxiliary pressure source. .

The rotating element is a trunion mounted thin wall spherical element.
Shaft seals are eliminated by utilizing the cylinder piston seals to contain
line pressure. The actuator is a double acting cylinder with actuator force
output being converted to torque by a rack and pinion drive. Actuator pressure
control is performed by three-way solenocid valves. As in the previous ball-
‘ valve design, cam action retraction of the seat seal is incorporated to minimize
seat scrubbing. Metal bellows mounting of the seat seal is employed to achieve
pressure energizing of the seal and allow "float" to ‘enhance sealing capability
with minimum preload.
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An auxiliary pressure pneumatic cylinder actuator is employed to
operate a linear motion shut-off in the valve design shown in Figure III-69.
The poppet is totally balanced in all positions with seat preload exerted
by the coil spring, which also assures fail/safe operation. Actuator -conktrol,
by the 3- way solencid valves provides rapid response opening and c1051ng.

The configuration of Figure III-70 utilizes a torque motor actuator
to drive a linear motion shut-off through a ball-screw linkage. By the unique
employment of the ball-screw the poppet rotates 90° as it is retracted. This
type of motion imparts a self-cleaning capability or high dirt tolerance to
the valve seat seal. The poppet is fully balanced to minimize operating force
requirements. The ball screw drive mechanism provides greater than 90% effi-
ciency power transmission as well as imparting the unusual poppet motion.
Design criteria for the configurations were determined by the analysis program

 for a flow factor (CgA,) of 0.31 in.? and an inlet pressure of 400 psia.

Hydraulic cylinder actuation of a linear motion shut-off device
is depicted by the design of Figure III-71. For the design criteria of a flow
factor (CgAp) of 3.3 in.? and an inlet pressure (P1) of 30 psia, metal bellows
were selected for the dynamic seals in the propellant wetted volumes. Hydrau-
lie cylinder pressure control is performed by 3-way solenoid operated valves.
Valve seat preload is exerted by the coil spring to assure fail/safe operation,
and moving element guidance is by sliding fits located outside the propellant
cavities. Hydraulic fluid wetted volumes have been isolated from the pro-
pellant cavities and located such that appropriate thermal control of the
hydraulic fluid may be incorporated, if required, without compromising the
design.

I1IT-4F Trade-Qff Curves

The sample .calculations, performed in accordance with the developed
analytical techniques produced a significant quantity of data relative to
several valve configurations at operating points within the range of interest.
For a specific application, and imposing selected boundaries such as a maximum
response time, and maximum weight, it would be advantagecus to have available
a simple method of determining what valve configuration or configurations are
feasible. With such a tool, both the systems designer and the valve designer
can more efficiently direct their efforts, concentrating on only feasible
confipurations.

The analysis program provided detail data on six basic valve con-
figurations, and the design curves facilitate the prediction of performance
and physical characteristics data for any of these configurations for any flow
factor (CdAt) and inlet pressure (Pq) within the range of interest. Utilizing
this data,several examples of trade-off curves were prepared to demonstrate

the capability which had been developed.

If opening response (at 28 vde and 530°R in this case) is a prime
criteria of the application, operating envelopes of the various configurations
can be defined. TFor a specific maximum allowable opening response time, the
analysis program and design cruves were employed to define the flow factors
(C A ) and inlet pressures (P.) at which the opening response time was equal
to tﬁe maximum allowed. Figures TII-72, III-73 and III-74 present the operating
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envelopes of the six basic configurations when the maximum allowable opening
response is 0.02 seconds, 0.05 seconds, and 0.10 seconds, respectively. BEach
figure includes four curves to clearly document the operating envelopes of
.the six basic configurations. Curve A defines the operating envelope of

a torque motor actuated rotary motion shut-off, the cross-hatched area repre
senting the range wherein this configuration will exhibit opening response
equal to or lees than the noted maximum. Two boundaries are defined, as a
function of the maximum electrical power limit. Curve B establishes similar
operating envelopes for torque motor operated linear shut-off device valves.
In curve C, line pressure prneumatic cylinder operated shut-off valve operating
envelopes are defined for the allowable opening response times. Curve D
established the operating envelope of auxiliary pressure cylinder operated
valves, the actuator utilizing either penumatic or hydraulic fluid at 1500 to
3000 psia supply pressure. Where the intersection of an applications flou
factor (CdAt) and inlet pressure (Py) falls within the operating envelope for
" a particular valve configuration, that configuration is capable of opening
response equal to, or less than the stated limit.

Where valve weight and opening response are prime considerations,
a more useful format of trade-off curve, for each configuration, is shown in
Figures I11I-75 through III-85. Since valve weight will generally increase
with decreasing response time, each curve represents the maximum weight of a
valid candidate valve configuration which will have an opening response equal
to ox grveater than the value indicated (Ref. Figure ILI-75 through III-79)
for valve opening response times > 0.0l0 seconds). IXIf slower opening responsc
times are acceptable, reduced velve weights will result and the operating
envelope for each configuration will be modified (range of flow factor and
inlet pressure where configuration is feasible). This change is illustrated
by comparing Figures ITI-80 through ITI-85 with Figures III-75 through II1I-79
for identical configurations. In each figure the extent of each curve is
determined by the operating envelope of the configuration at the specified
inlet pressure (Py), or the range of interest, whichever is most restrictive.

These figures are representative of the type of trade-off curves
which may be prepared utilizing the analysis program developed during this
program. For other characteristics, such as electrical power, envelope dimen-
sions, or wminimum valve open time, similar trade-off curves mav be prepared.
The number of variables and the influence each exerted on valve performance
and/or physical characteristics precluded the preparation of a comprehensive,
generalized trade-off curve, but access to an IBM 360 computer, or equivalent,
and utilizing the analysis program described herein, the total spectrum of
variables can be considered and trade-off curves prepared for the desired incre-
ments. Appendix A presents a TMC internal report on the APL programming
employed to generate data presented in this report.

III-4G  Utilizing Parametrie Design Curves

Employing the design curves generated by the analysis program, pro-
vides a method whereby the system designer and/or the valve designer may readily
compile a significant quantity of data about a valve, for a specific applica-
tion, without performing extensive analysis and ‘design studies. For the systems
designer, rapid predictions can be made of feasible candidates and data gener~-
ated to appraise valve contributions to system weight and envelope and wvalidate
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REPOLT D~750

system performance and design criteria. The valve designer may utilize the
curves to establish the optimum configuration for a specific application.

Table ILI-XX presents step by step instructions for utilizing the
design curves presented in this report. TFollowing the sequence presented, in
its entirety, enables the user to determine performance and physical charac-
teristics data for up to six candidate valve configurations for a specific
application wherein the thrust level, 0/F, and inlet pressure for an oxygen/
hydrogen fueled rocket engine are the input factors.' Further refinement of
the pneumatic and hydraulic actuated valve configurations may be accomplished
by employing the shut~-off device analysis and solenoid analysis to appralse
the impact of the actuator control valves.

As an example, Appendin B presents the appropriate design curves,
- marked to indicate their use in determining the valve characteristics of an
application where thrust level is 1000 1b, O/F is 2.0 and inlet pressure is
30 psia. The pazrticular valve configuration selected for the example is a

line pressure pneumatic cylinder operated linear motion shut~off valve,

J1I-48 Valve Selection

Having developed an analytical tool that facilitates the generation
of specifiec data for a number of valve configurations, the .evaluation of this
data relative to the design goals of a particular system must be accomplished
in the most objective manner possible. This evaluation will result in the
selection of the optimum valve configuration. To accomplish this evaluation,
a comprehensive rating system may be developed which assigns objective figures
of merit to each of the valve's characteristics. Since the requirements of
each particular valve application are the criteria for assigning weighting
factors to each characteristic, a generalized rating system is not meaningful.
A rating system for each application may be developed by the method described
in paragraph ITII-Z. In lieu of a specific application and to illustrate the
composition of a rating system, Figure I1I-86 presents an arbitrary rating
system shown to jillustrate a method whereby objective assignment of Ligures
of werit to each valve candidate characteristics may be accomplished.

With a valid rating system available, the analysis program and/or
degign curves are employed to generate performance and physical characteris-
tics data for likely candidate valve configurations. The data is tabulated
in some workable fashion, the rating system utilized to assign a figure of
merit to each data point, and the figures of merit for each valve cenfigura-
tion summed to vield a total score which is compared with the scores achieved
by other candidate valves. If the rating system is truly valid, the highest
scoring candidate is the most optimum choice. The highest scoring three or
four candidates should then be examined on an intuitive basis to see whether
the apparent optimum choice is a reasonable selection from the standpoint of
overall engineering judgment. If some doubt still exists as to the validity
of the selection, sensitivity analysis of the rating.system may be performed
to assess the impact of changes in the rating system on the final scores of
the various candidate valve configurations. If the results of the scoring
are highly sensitive to small changes in the rating system, effort should be
directed toward improving the validity of the rating system. Should the
scoring show little reaction to small changés in the rating system, the indi-
cated optimum choice may be selected with confidence.
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TABLE TII-XX

INSTRUCTIONS FDR UTILIZING DESLIGN CURVES TO PREDICT PERFORMANCE AND PHYSICAL CHARAC-
TERISTICS OT VALVE CONFIGURATIONS

Given: 02H2 Engine Thrust, O/F and Inlet Pressure

1 From Figures ITI-1 and III-2, determine flow factor (CdAt) for fuel
’ valve and oxidizer wvalve.

2. For each value of flow factor (CdAt)’ inlet pressure (Pl), and assumed

motion time, t, determine

A, Tinear motion shutoff device force required (F ) (Figures III-13
through III-18 and Acceleration (Figure III-19Y

,B. Rotary motion shutoff device torque required (T ) (Figures III-21
v
through IITI-26.

3. . Design curves are available for predicting performancé and characteristics
of 4 actuator types.
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TABLE III~-XX (Conmtinued)

SHITOFF DEVICE | ACTUATOR PROCEDURE- ) %_
? LINEAR MOTION |LINE FRESSURE| &. FOR VALUES OF F_, P, AND
OPERATED ACCELRATION, DETERMINE PLSTON
| PNEUMATIC DIAMETER (Dp) FROM FIGURES 11731
{ CYLINDER TRROUGH I11-35. !
ACTUATOR :

B, FOR VALUES OF MOTION TIME (t)

AND ACCELERATION, DETERMINE |
. OPENING PNEUMATIC DELAY FROM
FIGURE ITT-37 (CORRECT FOR
APPROPRIATE PNEUMATIC MEDIA
PER TABLE IIT-XVITL).

C. THE CLOSING PNEUMATIC DELAY
CAN BE CALCULATED -BY SOLVING
A COMPLEX FUNCTION, BUT DOES |
NOT LEND ITSELF TC A TWO
DIMENSIONAL PLOT

D. DETERMINE SHUTOFF DEVICE i
ENVELOPE DIMENSIONS AND WELGHT!
FROM FIGURESIII-50 and x11-51é
RESPECTIVELY, FOR VALUE OF |
FLOW FACTOR (Cghe)

E. DETERMINE ACTUATOR ENVELOPE
DIMENSIONS AND WEIGHT FROM
FIGURES Tii-57 & 58 RESPECTIVELY:

" FOR VALUE OF PISTON DIAMETER
D
( p)

——

F. OPENING RESPONSE = MOTION TIME
(t) + PNEUMATIC 5ELAY +
COMMAND VALVE RESFONSE (MAY
BE KNOWN OR CAN BE COMPUTED
BY THIS ANALYTICAL PROGRAM)

G. UNIT WEIGHT = SHUTOFF DEVICE
WEIGHT + ACTUATOR WEIGKT
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LINEAR MOTION

LINEAR MOTION

LINEAR MOTION

AUXILIARY
| prEsSURE
| OPERATED
| PNEUMATIC
CYLINDER
ACTUATOR

HYDRAULIC
OPERATED

CYLINDER
ACTUATOR

TORQUE MOTOR
ACTUATOR

R R 4

-

TABLE III-XX (Confinued)

H,

-6. ACTUATOR PRESSURES AT TIME

]

UNIT ENVELOPE = SHUTOFF DEVICEi
ENVELOPE + ACTUATOR ENVELOPE
(DESIGN CONSIDERATIONS MAY
ALLOW BOTH ELEMENTS TO BE
CONTAINED'@ITHEN SHUTOFF
DEVICE ENVELOPE « SUBJECTIVE
JUDCMENT)

THE ANALYTICAL PROGRAM MAY BE :
EMPLOYED TO DETERMINE: |

1. VALVE STROKE '

2. SEAT DIAMETER

3. VALVE MOVING MASS '

4, ACTUATOR SUPPLY VALVE FLOW
FACTOR REQUIRED

5. VOLUME OF GAS USED PER -
VALVE CYCLE

OF CLOSING MOTION
INLTIATION

. FOR VALVES OF F,_, ACCELERATION}

AND THE SELECTED AUXILIARY ;

PRESSURE, DETERMINE PISTON :

DIAMETER (Dp) FROM FIGURE ITI-36
. 1

FOR BALANCE OF PERFORMANCE AND.
CHARACTERISTICS, PROCEED AS IN'
(B) THROUGH (I) ABOVE EXCEPT -
ACTUATOR WEIGHT IS DETERMINED
BY FIGURE III-59 (RATHER THAN
FIGURE ITI-58.

o e ———— i e o
0

PROCEED AS IN (A) AND (B) ABOVE
(AUXILIARY PRESSURE OPERATED |
PNEUMATIC CYLINDER) j
EXCEPT, USE FIGURES TII-38 & 39
FOR PISTON DIAMETER DETERMINA k
TION AND HYDRAULIC DELAY, . |

RESPECTIVELY
. 4
FOR VALUES OF ACCELERATION AND,
MOTION TIME, DETERMINE TORQUE !
FACTOR FROM FIGURE TIT-47 CALCD-
i

LATE REQUIRED TORQUE (1)

-
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ROTARY MOTION

OPERATED
PREUMATIC
CYCLINDER

ACTUATOR

!
LINE PRESSURE

TABLE III-XX (Continued) -

Bc

. FIGURE III-37.

| TWO DIMENSIONAL PLOT

~ OBTAIN TOTAL UNIT CHARACTER~

. AND ACCELERATION, DETERMINE

DETERMINE MOT@R LENGTH AND
ELECTRICAL POWER FROM TIGURES
IYI-41 THROUGH ILI-46

TORQUE MOTOR DELAY. IS < .002
SEC BY DESIGN LIMIT. THEREFORE
OPENING AND CLOSING RESPONSE =
(t + .002) SEC

FROM MOTOR LENGTH AND POWER
DETERMINE ENVELOFE. DIMENSTONS
FROM FIG.ITE60 AND WEIGHT FROM

FICURE TTI-61. '

ENVELCPE VALUES TO ACTUATOR
WEIGHT AND ENVELOPE VALUES TO

ISTICS

FOR VALUE OF TORQUE (&;) AND
MOTION TIME (t) CALCULATE
REQUIRED ACTUATOR OUTPUT FORCE|
(F.) UTTLIZING FACTOR SELECTED,
FROM FIG. ITT-48 AT A SELECTED
ACTUATOR ACCELERATION. VALUE

j

. FOR VALUES OF F_, P, AND g

Vil
ACCELERATION, DETERMINE PISTON{

DIAMETER (Dp) FROM FIGURES.ZII-31

THROUGH IIT-35. |
' ]
FOR VALUES OF MOTION TIME (t) i

OPENING PNFIMATIC DELAY FROM

APPROTRIATE PNEUMATIC MEDIA
PER TABLE ITI-XVIII.

THE CLOSING PNEUMATIC‘DELAY
CAN BE. CALCULATED BY

SOLVING A COMPLEX FUNCTION, |
BUT DOES NOT:LEND ITSELF TO A

i
. ADD SHUTOFF DEVICE WEIGHT AND |
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| TABLE IIT-XX (Continued)

E. DETERMINE SHUTOFF DEVICE

ENVELOPE DIMENSYONS AND WEIGHT
. FROM FIGURES III-53.& IIT-54, BE-
; SPECTIVELY, FOR VALUE OF FLOW
FACTOR (Cght)

F. DETERMINE ACTUATOR ENVELOPE
DIMENSIONS AND WEIGHT FROH
" PIGURES IIT-57 & 53, RESPECTIVELY
FOR VALUE OF PISTON DIAMETER
(Dp) 1
G. OPENING RESPONSE = MOTION TIME ()
+ PNEUMATIC DELAY + COMMAND VALVE
RESPONSE (MAY BE KNOWN OR CAN BE
COMPITED BY THIS ANALYTICAL l
PROGRAM)

S -

H. UNIT WEIGHT - SHUTOFF DEVICE
WEIGHT + ACTUATOR WEIGHT

L3

T. UNIT ENVELOPE = SHUTOFF DEVICE
ENVELOPE + ACTUATOR ENVELOPE
(DESIGN CONSIDERATIONS MAY ALLOW
BOTH ELEMENTS TO BE CONTAINED |

i WITHIN SHUTOFF DEVICE ENVELOPE -

SUBJECTIVE JUDGMENT)

e A e o e et okt kit .

el e et Y ® M A kst et e

EMPLOYED TO DETERMINE:

|
=
. J. THE- ANALYTICAL PROGRAM MAY BE |
1. ACTUATOR STROKE :

T A T AL g ¥ il sttt o A iy A
———

. 2. SEAT DTAMETER
3. VALVE MOVING MASS _
4. ACTUATOR SUPPLY VALVE FLOW ;
! FACTOR REQUIRED T
5. VOLUME OF GAS USED PER VALVE
CYCLE
6. ACTUATOR PRESSURES AT TIME OF
4 CLOSING MOTION INITIATION
ROTARY MOTION | AUXILIARY = 1 A. PROCEED AS IN (A) THROUGH (J) ABOVE
PRESSURE ! EXCEPT PISTON DIAMETER (Dp) SHALL
OPERATED BE DETERMINED FROM FIGURE IZI-36 AT THE
PNEUMATIC SELECTED AUXILIARY PRESSURE, AND
CYLINDER b ACTUATOR WEIGHT SHALL BE DETERMINED
. ACTUATOR | FROM FIGURE TTI-59. . ;
I
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i
ROTARY MOTION | HYDRUALIG A, PROCEED 'AS IN (A) AROVE (AUXILTARY

OPERATED . PRESSURE OPERATED PNEUMATIC
CYLINDER) EXCEPT USE FIGURES 1TI-38

CYLINDER - AND ITI-39 FOR PISTON DIAMETER

ACTUATOR DETERMIRATION AND -HYDRAULIC DELAY
RESPECTIVELY

{
ROTARY MOTION | TORQUE MOTOR | A. SELECT DESIRED MOTION TIME (t) |

. AND ELECTRICAL POWER LIMIT !
- t

B. DETERMINE MOTOR LENGTH AND
ELECTRIGAL POWER FROM FIGURES ITI-41
THROUGH IIT-46. ° 3

.

.C. TORQUE M)TOR. DELAY 1§ < .002 SE? BY

" DESIGN LIMITATION. THEREFORE OPENING
AND CLOSING RESFONSE = (t + .00R)
SEC

i

D. FROM MOTOR LENGTH AND POWER DETERMINE

ENVELOPE DIMENSIONS FROM FIGURE, LII-60
AND WEIGHT FROM FIGURE III-61l.

B, ADD SHUTOFF DEVICE WEIGHT AND §

. ENVELOPE VALUES T0 ACTUATOR WELGHT
AND ENVELOPE VALUES OBTAIN TOTAL

© UNIT CHARACTERISTIC :

A
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Report $-985

, To illustrate valve selection by this method and present a matrix
format which provides ready reference to data items and to scoring, Tables
ITI-XXT and III-XXII have been prepared for the hydrogen and oxygen valves,
respectively, for a 1000 1b thrust, O/F of 2.0 and inlet pressure of 30 psia
application. Tables TIT-XXIII and III-XXIV present similar data for the
same application, except that inlet pressure is increased to 400 psia. The
performance rating portion is based-upon the sample rating system defined in
Figure IIX-86. The data presented in these tables reflects the capability of
the analysis program to predict detail performance data on the basis of the
most elementary design criteria.

I11-%8 Detail Design

At this point in the program a design review was held with the

- NASA Houston technical monitor, for the purpose of reviewing overall program

effort, and to finalize the selection of candidate valves, for two applications,

for further design effort. The criteria established at this time requived a revi-
sion in the inlet pressure, for the low pressure engine application, from 30 psia

to 22 psia. Also, the pressure drop characteristic was revised such that it satisfied
the relationship AP = .04 x Pj. This revised pressure drop characteristic is reflected
in Figures IITI-87 and ITII-88 which present flow factor vs. inlet pressure relation-
ships for various thrust and O/F levels. The rating sytem weighting factors were
revised to more severely penalize a design requiring auxiliary pressurant since this
additional requirement would add complexity to the total vehicle system design.

In addition, the commonality of design of the fuel and oxidizer valves for a parti-
cular application was deemed essential.

These changes resulted in no change in the selected configuration ~
for the high pressure (400 psia) application as shown in Tables ITTI-XIII and
ITT-ZIV and the agreed upon configuration would be a line pressure preumatic
cylinder actuated linear motion shut-off valve. The impact on the low pressure
application (P} changed from 30 to 22 psia) was significant and the analysis
program was employed to generate new predicted characteristics. At this time,
more in-depth analysis was performed to refine the characteristics predictions
and the rating system was modified to impose a severe penalty on designs
requiring auxiliary pressure. A summary of this analysis and the subsequent
applicationof the revised rating system to the data is presented in Table
III-XXV. Also included in this table, are data for aluminum construction
configurations and a line pressure pneumatic operated poppet valve incorpora
ting a nmovel sliding seat seal which would significantly reduce force require-
ments. The final selection of the candidate configuration for detail design
was based on only those configurations for which rating points are shown, and
is a line pressure pneumatic cylinder actuated poppet valve.

Detail design of the two selected configurations commenced with an
analysis effort employing the analysis program applicable to the configuration
" but with several iterations to refine specific criteria. Minor iterations of
detail element design criteria were performed to optimize the design and
establish design margins. The design criteria were then issued for prepara-
tion of drawings.

The detail design layout for the hydrogen valve for a 1000 1b thrust,
O/F of 2.0 and inlet pressure of 400 psia application is shown in Figure III-89
(TMC drawing L4687). The coaxial configuration of the valve results in the
highest density packaging. All stainless steel construction was selected since
minimal weight savings can be achieved by utilizing aluminum for sections which
do not require magnetic properties (the solenoid operated pilot valve accounts
for approximately 60% of the material volume}.
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Figure 11I-87
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Figure I11-88
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CONFIGURATION COLE

(Reference TABLES ITI-XXI through III-XXV)

SHUTQFF
I = LINEAR MOTION

II = ROTARY MOTION

ACTUATOR

A = SOLENOID

B = PNEUMATIC CYLINDER

C = HYDRAULIC CYLINDER

D = TORQUE MOTOR (ROTARY)
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I ;
As shown, the main valve seat and the pilot valve seats are

KEL-F¥, in contact with defined lands, and have controlled compression by
_virtue of metal to metal stops. The seals are maintained in their normal
position by spring prelcads which assure adequate sealt stress to preclude
leakage at all pressures up to operating and resistance to dynamic environ-
.ments up to 10 g's. 1In the closed position, inlet pressure acts to pressure
unbalance the seats in the normally closed position, proportional to the magni-
tude of the pressure differential across the seat. Inlet pressure fills all
internal cavities, except the centerbody inlet cone when the valve is in the
normally close, deenergized position. Pressure to the volume within the
poppet enters through tubes, projecting into the main flow annulus, passes
through the normally open seat of the coaxial pilot valve and into the volume
within the main poppet through manifold passages. Energizing the solenoid

coil cxreates tractive magnetic forces which move the pilot valve armature such
that the passage from the main flow annulus is blocked and the manifold from
the volume within the main poppet is opened to the volume within the inlet
cone (rhe inlet cone interior volume is open to ambient pressure via drilled
passages in the struts which support the centerbody). As pressure withia the
main poppet volume bhleeds down inlet pressure, acting on the annular area
between the ssal sealing diameter and the seal at the major diameter of the
poppet, creates force which ultimately exceeds the main poppet spring force
and causes the main poppet to move to the open position. So long as the pilot
solenoid remains energized to vent the main poppet interior volume to ambient,
pressure forces act to hold the main poppet in the open position. Upon ter-
mination of the electrical signal to the pilot solenoid coil, the pilot valye
armature is returned to its normal position by spring force, such that the
interior volume of the main poppet is open to inlet pressure. As pressure

in this volume builds up, pressure forces holding the main poppet open, ) -
dimirnish until the spring causes the poppet to move to its normally closed
position. For the design shown, the nominal (70°F, 28 vdc) opening and closing
response times are 0.028 seconds and 0.27 seconds, respectively at an inlet
pressure of 400 psia.

The materials and design concepts shown, all reflect current state-
of-the-art capability. The '"O-ring" dynamic seal at the main poppet maximum
diameter was selected on the basis of the seal experiencing pressure differential
only  during valve open condition and the ability to accommodate some leakage
past this seal without jeopardizing the valve's operational capability, although
some external leakage will result through the vent line should leakage of this
seal occur. Sliding fit guidance of moving elements, together with soft seal
seats 1s a workable concept even over the wide temperature range and prolonged
cycle life. Sliding surfaces will be: treated with hard surface coatings
exhibiting excellent friction coefficients and the thin sections, required to
provide structural stability over the temperature and pressure range, assure
minimal thermal gradients within the wvalve that could jeopardize valve function.

The detail design for the low pressure {(inlet pressure = 22 psia)
application is shown in Figure IIL-90 (IMC drawing L4688). This design embodies
the same principles of operation as-the high pressure valves, but specific
geometry and geometric relationships were required to accommodate. the large
flow factor (CygA, ) required to meet a pressure dropof 1 pei at rated flow. In
this design, structural stability and minimum weight became a predominant
consideration. Thin wall ribbed constructicn of the main poppet was selected
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1 IR ) - ’ . . .. wa ” vm——— o tr ke oy ‘ ..\-, R ' : \ . .,»,-.»:n-----'n:-‘-» .
! 7 l ¢ ! 8 & ] 3 i 2 1
' nizs - . ) . =Ty T 20 £t
' N A I IR THAL DRAmIAS b3S E
125 ——tl o ——— f bl o
] ‘ ) . - ' E
- r '
2719 Losa
-1 D]T'ﬂ WIRING DIASRAM
—y '
[ , @
| - N .
: LT
- o\B ) .
Pt Vit
’ 0—‘ “?‘/,/” 3 F
\ W ' -
) =111
e lags1a7 POTTING e meedion |33
=7 ! nuse =3 =T |COEY 30 A2
[ l s ] LPRRGATMATLE S5 A0 Ipuntiaaee (3 g
' 1 DIvERTER | AMs 85T [oegzy 3ay %0
H AR PN BT e e 22
t — g 2% t lKover K2 |CEEs chG )
g . " ! cows Qo576 [LeEs aio 22
b
& 27 10 [wePoRT | AMS 5654 | ZrRES DT 24
1 ! ] [SPRING FOEFET] AMS 5608 |oees ot 25
28] . 1 PoPPETY AMh EBSS | CRES BT 28
= t Cup AMs B8 | cees 3anf (a2
o ) ' PETAMCE, scaL] AMS TEI2 | CRES 24T 220
' A ) ) AL, POPPET[ A S Doas | LEL-F 0oL 21
" 1 pooroumet A Baie | C2ES 34T 20
33 &) 1 [UTE, POPPTI| AHS 5T | CBTS AT 19
— NOTES UNLETS OTHERWISE $PECHIED L [FUOE CLon B AMS BRI cRes B M8
b [RXICATOCA 26| SEAY, 17
V. BRAZE/WELD TYPE TUANGED ARE SHOWR, VALVE MAY BE 7 pp—
PROVIDED WITH SOLTED O THESADED INTCRRACE ON ENITHER ) :—:":ﬁ AL ::5 '::.: vy :2
ATURE =5 o= O
WM A% APPLICATLE,
s o
¢ 2 ELTCTIICAL RECEPTAGLE SHOWN MAYDE ANGLED 1R la — ::‘:}-mw ::: 3‘:’2 i::s'::: :‘; c
APPLICABLE. - -
BVENT PORT MAYDE PLUMED TO REMGTC INTRRFAGT 1R | NIERT AMS D258l cRES 24T 12
ProLIED 2 AEAL, PILOT | AMS 264G [wBL-7-81 it
\ =AY AMS 8654 | CRED B4 =)
— 4 TEMPEBATULE SANGE ZOrE- GLO'R
B OHLET PREIDURE 25 PUUA(T2-DO PRIA) 40 FLIA PROOT L l::"“ 2 Am B30 CREY Bid 2
-, e
& VOLTAGE BAMGE 18-D2Y BC {84 WATTI AT 2ZvDAQ AND : T IBLET IAMS ":“ SEES 247 8 N
EETAINER | AMD SSTI | CEED B4 ki
e,
2] e T ENGINE THRUST 1000 L (OFF - Gy /1 2), : BING Q036> CBES Sde) 1% 3
e 1 PLLG A moxd | CRES 347 S|
OE L3 coMe AMA SHIZ{CTEDS 34T 4 -—’
'1 L] RO, TMLET] AMS S5T1] CEED D47 3
o . |neomy TUBIG :;’:ﬁag,?;—.‘% 2 |&
— \ RECEPTAOE I iy e | b—
= N o it LN M wreres -nr-uu:s = ey
E ol LA OF wadeasaty o8 FanTa LFLT
et B T =
oo . S o B apc ] dz’?”_m_,
& S | S| T P e FCOAR AL SHITOFF VALVE]
. ey LVE,
S A ' seenon B-13 e e e ST e,
WM ACTUATED . LT I FENGINE INTECTOR
TR b LR FTUrt ST T ey 1
: e T Flosews. |LABS
R AT ae Vh T o L |
. . LT [ " et u.hj etiabtoash 0 L L . A L R e sty w— e
b T L R T L g C g T Alaiinl | Lt




Report $-985

to minimize the mass of the moving element and assure rigidity of sealing and
guidance surfaces. The relatively low operating pressure requires substantially
large pilot valve flow passages to effect valve operation. As shown, the valve
is predicted to have an opening response at 70°F, 28 vde and 22 psia inlet
pressure, of 0.143 seconds and closing response is predicted to be 0.022
seconds. The wide divergence in response time is related to the significant
change in volume, within the main poppet, which occurs in opening and closing.
Further refinement of the analysis and additional iterations to optimize
specific design criteria should result in convergence of these response times.

Materials of construction of the designs have been selected on the
basis of compatibility with the propellants and the total operating environ-
ment. Joint design of the 400 series stainless steel magnetic circuits
consider changes in structural allowables resulting from the grain growth
+ which occurs when this material is exposed to temperatures of welding or brazing.

KEL-F 81 (3-M Company polytrifluorochloroethylene) was selected for
the soft seat material on the basis of compatibility with the propellants,
desirable structural and thermal properties and retention of resilience at low
temperatures. Vespel (DuPont Co. polyimide) is an alternate soft seat material
possessing desirable properties. This relatively new material has not been
used extensively in similar applications, therefore available information will
have to be augmented by development test data before committing to this new
material.
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- IV, CONCLUSIONS

As a result of the effort described in this report, a comprehensive
program to predict valve performance and characteristics has been developed
and demonstrated. The analysis program developed is of a generalized nature

-and is not refined to the fullest extent possible in that only limited con-
figurations can be accommodated. In its present status, the analysis program
is a valuable tool to both the systems designer and the valve designer, in
that rapid analysis and comparison of several valve configurations may be

"rapidly and conveniently performed. :

Employing the data generated by the analysis program to select the
optimum valve configuration for a specific application requires the develop-
_ment of a velid rating system. The rating system must properly weigh each
characteristic of the valves and proper figures of merit must be assigned to
each item of data. The rating system must consider the total impact of each
characteristic on the system, and relation to each other charvacteristic. The
systematic method of developing a rating system, described in this report,
should be employed to formulate an objective rating system for each application.
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V. RECOMMENDATIONS

The eight month study effort described in this report resulted in
the development of methods and techniques for predicting valve performance
and physical characteristies for a wide range of valve sizes and operating

préssures.

As a result of this study, the following recommendations are

offered as a logical extension of the accomplished effort:

1.

Convert the analysis program to batch procegsing computer
to preclude bit storage capacity limitation’and realize
more economical computer utilization.

Expand the znalysis program to include additional actuator
concepts and unique shut-off concepts.

Incorporate optimizing routines intoc the basic analysis
programs for establishing the most favorable geometric
relationships within each configuration as a function of
performance goals.

Conduct systems integration studies to resolve optimum
interface criteria with propellant supply system, vehicle
power system, command control logiec and thrustor.

Expand the state-of-the-art evaluation of metal bellows,
employing available NASA resources, with emphasis on
characteristics peculiar to valve applications.

Continue detail design studies of selected.valve con-
figurations for specific application. Fabricate develop-
ment hardware to demonstrate design concepts and substantiate
analytical program. Conducta comprehensive test program to
demonstrate valve capability and document subelement
performance and life characteristics.

Employing methods and techniques developed, expand capa-
bility to include such other gaseous propellant system
components as isolation valves, pressure regulators and
mass flow regulators.
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APL Computer Program for Fast Acting Valves

LMSOD and RMSOD

18 September 1970

A, General Description

Two APL computer programs were written for the actuation parameters of a

+ Linear Motion Shutoff Device (LMSOD) and a Rotary Motion Shuloff Device RMSOD).
The programs were designed to handle a large matrix of input variables; however,
individual cases can be input also. The programs were writien by D. Berndt and

K. Dreming for Bob Lynch.

B. Input Procedure

The names of the programs required are;

LMSCD
PFT
EFT
QUEREIC

TITLE

RMSOD
DFT

Main program

Library sub program

" Library sub program

Special sub program for LMSOD
Special sub program for LMSOD

Main program

Library sub program

A description of the input variables are listed below:



Lenn
RHTUR 1 0 PRING VALIPS nF OLOCAL YAPTARLUT, nppprpirpen o mpioenpof,

n Printout of local variables is only required for program checkout.

FHPPR 1 FOR HOPDO PTPLE,  QTURPUTSR Dazrron
.,

n The short title lists the name of the pneumatic gas and the variable names. The
long title lists the above plus the definitions of variables and their units.

FUTTR L 7N TRTHS OUT ANSUPRT TOR PUNDALLTC ACTRACAD ASEPTHTAN muocn p

1
APF [ETT DATA PROLTPIRR ARSIRR A DOR XIS AID A AP IA,
m. '
1 New data means new values for the input variables. The input variables are

global ard are available from the previous use of the program, If "0" is entered,
this is the last input.
rippe mpAT VALNIC

P . Input positive numbers larger than zero. Sample input:

LA LBk 2.5 5,5 10 D5 046
THRUT PL VALYTS TN MATPTY RPORM (571
™. ' ) _
The rows of the matrix are the pressure values to be input. The colunins correspond
to the various CDAT values. The length of the columns has to equal the length of the
CDAT input. Sample input:
O N #0150 LG0
0 31 37 157 LoNn
nn 3n 82 150 0
365 RO " X
N 3N 60 a n
20 &0 n n n
20 30 r o r

Note: It is convenient to form a matrix and set it equal to some global variable (PX)
before LMSOD is executed. Then for P1 input, enter PX. Whercver there is a zero
in the matrix, the calculations are skipped over.

Continued next page
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"'l .
: * Input positive numbers larger than zero. Sample input:
LN1 .02 .03 .05 ,07 .1
FHTH™ POITR VALURS
g Tnput positive numbers larger than zero. Sample input:
28 86 By 312 .
THPIS? AQX PRPRSUPE VALITS

-
.

Input positive numbers larger than zero or input zero. If zero is the input, some of .
the calculations and printouts are skipped over. This is the only variable that can
aceept an input of zero., Sample input: '
4500 3000 ‘
RNLTCT PITUMATTC AR s M2 =1, 02 =2, {2 =3, 7 =k PUTTR ONLY QT ONITREP

.
l": .

2 Only one pneumatic gas can be used for each execution of the program. Sample input:

' : ' E v
This is all of the input: The printout of the title is pext. - RU’ RQDUG\BL o
: ' y N
\ Lo



C. Output

The title (short or long) is the first printout. The numerical values of the
variables is printed out after each loop of the calculations. If zero is printed out
for a variable, it means there was no solution for that variable, or it means that
one of the calculated inputs was zero. The sohiion to the equation for magnetic
area AM produces either two roots or none. The actuator time TA is calculated
directly from AM; therefore, TA has the same form as AM. When AM is Zero,
the 2nd, 34d -~ nth line for TA and W are not printed out. '

If the program is interrupted before the printout is completed, it can be
compieted by the proper branch. If it is interrupted in one of the LMSOD steps,
" branch to LAB2 (enter — LAB2). If it is interrupted in one of the sub programs,
branch to zero (enter—+0}. The data from one case may be lost.

The program ends by primting out ko,

D. Auxiliary Program

An auxiliary progran named INPUT was written to conveniently list the input
parameters. This program has no effect on the LMSOD program but does use the
same global variables. The INPUT program lists the current values of the input
parameters including:

Options on local varishles, title, new data, and pneumatic gas.
CDAT : Valve flow factor
Pl 4 Preasure

T . : Time
W : Power

|
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- PoR - T . " " PSiA i
CB Fo3 - FIRST GUESS oOF PO FSIA
- (N T te ACTVATOR TIME SEC
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V LMSOD G T3 s Ky LMD 23 D33 D0 P63 D7 013023035043 05307308:093010 11 AMO; Aﬁﬂz ¥1:X:1PACE;FA0;GA8: V0 1
A%I] "ENTER 1 TO PRINT VALUFS OF LOCAL VARTABLES. OTHERWISE ENTER 0,
2] De«(]
[31 YERTER 1 FOR SHORT TITLE. OTRERWISE ENTER 0 1
43  Dp3epls+l _ '
gs) '‘ENTER 1 T0 PRINT OUT ANSWERS FOR RYDRAULIC ACTUATOR., OTHRPWISE ENTRR 0 ,°
61 D10<[} ' ) .
{71 'ARE HEVW DATA REOQUIRED? ANSWER 1 FQR YES AND 0 FOR HO.?
(8] Di<fl] .
e +(N1=n)/LAB1 Stronces
£10) ‘ZNPUT CDAT VALUES!
{317 CBAP«, T}
1123 YFNPUT Pi VALULS TH MATRIX FORM [J3T1¢

£137 . Pi+}
[147 YTHPUT 7 VALURS!?
£151 7«01

&L16) INPYT POWER VALUES?®
=171 Pe D
187 'IHPUT AUX PRESSHRE VALURS!
197  PAUX«{PAUX#0)/PAUX+,N
L&zn} YSELLCT PURUMATIC GAS + K2 =1 , 02
L2171 GH<O j
[22] DABL1:9p ' 1 seap=
£231 7Pr7PLE
{247 2p' ¢
£257 GAS«((3.76F76 9120 1.4 0.488 0,.181)x(GF=13)+(8,86F° 8 577 1.4 0.48 0.56)x(FVW=2)

[26) GAS+GAS+({4,.28F75 622 4.4 0,48 0.523)x(AN=3)Y)+(5.95F 5 U630 1.6 0,u85 n .23 )% (=)
[277 GAS+{FHO+GAST1]),(?G+GASF21).(KG+GAS[3]),(K?PP+GASFH7),(Cﬂ1+GAR[ST},Wﬂ+5°0 .
TR AB T T edeeLet <] =

\{297 LAR2:+(PI[I37)=0) /L0
(307 Du<«(85x01xpP2)+( (P sdNx01+u)x({{(D2+0.01)%2)~0, Q7xf(02+fCDA”rI] 0.51)%0.,5)=2)))
£317 POCMI+DUu+(((ODATITI40,65) %1 663185 Ix204+N2:722xT[ X Tx 2"
T327 S<«D2xsn
oL 33T €2+1,25%x(20,785%1,5)%x0,283%x20+5%193,2xP[IT1%2
QL334T C5+~30,02703125%(02
2357 C7+({(053)«3)~(FOLT202)+05x(C523)%2
1367 8«(72xC8x((05+3))-3x((H%3)Y%2 \BLE
371 DEeDTX4+TA<AMN«0x 13 , REpRODUC
€381 X1<C8 OUBIC C7 NOT
lcaqj ¥<X1-(C523)xX1%0 :

. o | CwA
- LMSOD e JL
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§%as}« FACK«{POLMI+COxXFL %5 . 5)xPA=0

66 ]

26715 CPAOFAX((CDATIT148, 468 %0, 5 )XRHOX((BGPR)#0. 8347 . 25xPOT HIRTL Y I 5xYAPP
BLBY T PAN(FPAPST A1 xEGxCOL*CDAORRGRTGHD . 5 )xPA%H
?[nqj

€7o1
IE711

ﬁ[731

N 7um
74:[75%
r7614
5&771“
&I731

|L?g1 L10tPO+PO3+( CU28+0.,01) %20 43 ~ame—— L

M

fu0] AMO«AM+X%2
{817 AMCK+((1.73+647 FOLMI+1,25%x{(AM+0.785)%1,5)x0, ?33x20+37(193 2xTLRI=2) Y ak=20
[u23 AM<(([(AM-AMCK) *AM+1E"™ 7)<1r 7Y/ AM
L8431 D6+((FOMMI+0.981x((AM20,785)%1,.5)%x5.6640.0038x3+7 [r 1#2) (32%2)x1, ?Jx°'”r51}x4"wn
Cuu7 D7+C((2.525x80+(aoonxs)+55x(AM%o.785)*o.5)=n NL598xILLT)*2)xAM20
fu5] TA«-(0.NRG3210#3)xD6XNTx00,.585 :
L4861 'SOL'3(3 2 41 3 11 2 11 2 DFT POCM1,8,AM),(46 4 11 4 EFT 74),'6 0 8 2 8 0 8 2 DFT WEL],03§TEI}—3
fu7l €i1i+0p0 . :
Tug] +(D9=1)/L4 ~Bo— b ,P1T T3
m[ug‘j LI
& 501 €2,05,07,08
£ 511 D&,D7,X1
521 AMO.AHCK,I,J.K.L,GﬂS
§81 ¢ |
WEEUT L e ((AM=0)W(pH) =1 )y L7 & — ——
[55) ©L<«L+1
(567 D6+((FOLMI+0.981x((AM+0,785)%1 ,5)x5,66+0,0088x3+TTX]1$2):(3242)x1, QSxS%ﬂTLﬁ)xAMxO
L5871 D7«(((2.525x80+(8000xF)+55%(4M+0,788)40.5)30.01598xT V)42 )xAM20
[587 PA+-(0.0363210%8)xNExN7xan, 58S
{597 (60 4 11 & FFT T4), & 0 DFP WIL] ,,J
(601 >(L<pWY /Ly s s
f811 .L+1
$[6?1 L7 :PSePA[ T3, PAUX ~& -
6317 cq+(((cn47[11*0 5):551, %7xTFK1*?}+20)xn 21292:PST T 1%1.5
L6

Fﬁ+FA0*F0fH1+CqX(F”EH1+PQ*(PO[H]+C°X(F0f"1+quF4r"1*1 5)%1. 5)*1 5)*1 5

FPA«({{(FA~FACK)YsPA+LE '3‘)-<1’Fr SIxFA

PAC+FA-((22x(CDATTIT 10, 5))+PA[ T3S 1%x(7.85F 54(0,n2109xCPATT TI%0, 5)+0 QUBIXCNAT frn
C3-({(S+0, N1 IxPACEO,7854)+0. 01301« (FE=1)+2xX0

Cu+( 0, nixrﬁfd1*(ﬂ1+133 1

"*“01+°02+P03«”0+V0*”C+PAHO+VAHCF+0

>(F4=0)/012 o

POL<(Cu+2xC3)Y% 5001

PO2+(us2xS+n, 01 )x501+1

> POL>PO? )Y/ L[5 0 ~ 2
PO+PO3+( 0303 )kt ”1
e o

MiSOD race 2 \fff


http:PO1+-'C2PO34-flO-vo-.c4.rN
http:3-(+~j)FCo7s)oo~�-;o1.2g
http:5)551.17

£807 L11:PO«PO~((C3xPO%01)+((5+0. 01)XP0*01+*\'Pu)‘(F?XC1NP0*01—1)+(¢+0.01)K(Cl+i)nP0ﬁC1w

(811 @G<C+1

fa237 =((o, 0001<(I(ﬁ3qu*01)+((u+0 01)YxPO=CL+1)~ cu})aﬁ<100)/L11—m»
(831 PO+POxG<1n0

[84] VO+FAx(S4+0,01)20,52=PS[H]

{857 PCVOx(({PSTHIzPO)2C1)~ 1)‘foﬂﬂirCDAGKRfvﬁixTPwn 5

863 Li2:'PNEUMC';(% 0 12 2 DFT PSTH]I,FA), 16 8 414 4 11 4 11 u.FFT CDAb,TAO,PO,TC=§&———;—**

[87] —+{(F=1)vD10=0)/L6 3=

[8871 C10«C9%0,.524 .

Q891 FAR+FARO<FOLM1+C10x{FOLMI+CL0%(FOLHI+CL0x{ FOLM12CLOxFOCH 1 .5) %1, 5)&1 5)%1.5

diqo1 FAHCK<(FOLMI+C10xFAH®1 ,5)xFAHR0

2re11l FAH+(€!(FAH-FAHGK)%FAE+1R“7)<1E‘5)xFAH

éiqzj ON<FPAH%S40.8%T[ K1%xPSLH

£ 931 CDAOH<0.00061762xQH:PSLH]*0.5 o

af o8] TAR«0,06252FANsORxPSLH]
[951 C14+C11, HYDRLC?,(9 0 12 2 DPT PS[H1,FAH), 46 4 11 4 39 4 FFT CDAOH,TAH, Ol
TOET TH (N1 ) /L8 cretrmre i
fa7} * N
{981 YPRREUMATIC ;FAOQ,PACK.H,FAC: | HYDRAULTC *;PANO FPAHCE
{991 €1,03,C4,.P01,P02,P03,70,0,V0
f1001 ¢ ° '
£101108 s He 4] met
{1027 ~(ASCoPAUX)Y+1)/ LT—=

{1037 +{D10=0)+1+L26 ~—Twmo—
[1017 ((pPAUY),“?)oPi;mm&m-
L1087+ 7777777 -
(1067 Hel

LAn7 1L s KK+ 1 =t

f1083 +(EsSpTY/LAR? et : . *
1097 K<t .
F1107 JeJ+1

o L111]) »(IspPif1; ])/LAP? e

£1427 J<D3+1
£1131 PI7LE
L1147 T«I+1

mc—%

4187 »{T<pCDAF)Y/LADR 2~ e —
11871 ¢ IR |

LMSOD " pace 3

*

H


http:t(S+O.01

dde ol

LITRRAR MOTION SRUT QFF pRVINE

2/

LT X 3]
 INPUT: . : V = PQWER ~ WATTS CDAT = VALVE FLOW FACTOR g0 11
: P1 = UPSTREAM PRESSURFR ~ PETA ? = REOUTRED MOTIQN TTHME ~ SiC
) PS = Pi OR PAUX ~ PSIA - PAUX = AUXILARY PRESSURE ~ PSTA
SOLENOID ACTUATOR: FO = OPENING FORCE ~ LB 8 = STROKE ~ TNCH . -
AM = MACHNETIC ARF4A ~ 80 T4 PA = ACTUATOR TTHMF «~ 8I'C
PNRUMATIC ACTUATOR: FA = ACTUATOR FORCE ~ LB CDxAQ = TNLRET ORTFICE ARRA ~ 80 TN
(OPENTHGY . TAO = ACTUATOR TIME ~ SEC : . :
(CLOSTNC)Y : PO = OPENTRG CHAMBFR PRESS~DPSTA PC = ACTUATOP PIMFP ~ SRC
AYDRAULIC ACTUATOR: P4 = ACTUATOR FORCE ~. LB CD%AD = THLRET ORIFICH AREA ~ 70 TH
A0 = ACTUATOR TIME ~ SREC 0 = FLOWN RAPR ~ CQURTC TH/8EC .
THE PNRUMATIC GAS TS ' -
> OXFEEN < :
PO 8 AM AN - TR TA 174 coam r1
PS ra CDxAQ A0 PO i e
SQL 20,26 0,276 3.02 1.07 1,618009 4,3077701 28 0,02 60
8.080F701 .2.153F 01 56
5.3937 01 1.436F 01 =
, 4%,0058701 1.D77F 01 112
PHODUMC 60 21.86 5.171F 03 65,7865 03 1.536E01 5.592F7 07
PHEUMC 1500 20.27 41,9187 04 6.766F 03 4,378E02 5.,0048 03
PHEUMC 3onn 29.2R 9,585, 05 K,766F n3 8,761502 5.002F 03
BYDRLC 1500 20,26 7T.423F 06 4.818F 03 ‘4. 655801
HYDRLC 3000 20.26 . 2.824E706 1.314F703 2.3275701
S0 20,20 ° 0.276 8,32 0.76 2,959500 1.99677 01 29 0,62 60
: 1 HTOE00 9.978I' 02 56
9,863 N1 6.652R 02 8Y
7.307FR701 4,98977n2 112
PHRUMC 50 21.26 2.514E° 03 1,35377a2 1.602F01 1,.030P707
PHEUMC 1500 20.21 9,.560F 05 1,3537°n2 4,379F02 1.0017°n9
PHEUHC 3000 20,20 L,7TTORT05  1.3537702 8.761%02  1.0007702
- RYDRILC 1500 20.20 " 3.701F7N6  3,.R2R1TNA 52,3217 0%
JIYDRLC -~ 3000 70.20 1.3088706  3.628187 03 \ 1.160%701
" ' ' - C\BL 5
LM SO D SAMPLE ouTPUT TN RE"ROD“ i



11
{21
£37
[41
[5]
sl
£71
|
[al
[101
[113
[12]
£137
[143
[15])

[16]

£171.

{181
{191
f20]
fa11
{223
(231
{241
(251
f261

~d

© YRMSODITIIV

9 BMSOD:I:J:3KsM3D13D2;D3304

YARE NEW DATA REQUIPED? ANSPER 4 FNR YRS AND 0 FOR 70.°
D+ ‘ '
+{D1=0)/LARBL
YITHPYT CDAT VALUES!
CDAT+T -
SINPUT P1 VALUES!
“Piel]
tINPUT O VALURS?
VR ,
L4B1:? OPRUTHC CDAT UPSTRTAM oPRIIIC
' TOROUFR PRESSURE TIMEY
Zpt !
I«-J-e-}'(-@-,ﬂ.}q-i
Du«PO+0x1{pCDAT)Yx(pPi)xo T ' .
Lzzuu[M}+((92+o.16)a1u.14)x(sxnixpz+n.13)+Gn3x((D2+o.15)*2))-(D3+P1£J}xo1eu)x(92+§cpnyzr1%o.707)*
N.5)x2 '
POTM1+DHIHI+¢0.00123x01 # P[XI#2)x(((D2+0,16)+1.816)%5)~(((0.18xD2)20.707)+0,023)#5
10 2 13 2 15 0 16 2 DFT TOTM),CDATTI] ,PLLJ, T V] :
Mapi+1
T<T+1
w(T<pCDATY/L2
T«1
Jed +1 :
+(TspP1)Y/ L2
J1 '
EeE+13
+{ F<p ™Y /L2
v

RMSOD


http:D[]M)((D+0.16

£23
£31]

(]’

£51
[6]
£71
[81}
£ 2]
{1201
{1171
[121
{121
fiu1
{151
fis]

v

VOUBICLIYIV

R+4 QUBIC B;P;03C;D;U

R+0%13 )

P+A+3

0«32

D+ (0%2)~Px3

+{(D>0)/L1

+~{D=0)/L2

+{D<0)/L3 . : .
512251%if(xc)x(19+o+pwols)*%3)+(x0)x(IC+0-D#0.5)*73
+0

L2:R{1Ye2x{(xC)yx(|C+0) =23

RL21e~(xC)x( {C)ez3

-+{)
L3:U«"2004PxP20,.5 .

1Je2%x{Px0,5)x20U33

§E2§+2x(PwD.5)XZO(U%3)+01X120%180

RE3T+2%( P20, 5 n20{U33)4+01%240%180

QUBIC



£1]
{23
[3]
fu]
(5]
[s]
£71
sl
[2]
£103
111
[12]
£i3l
f14]
{151
(161
£173]
(1873
{191}

&

v

ITITLECT)V

V PITLE
+D3/I2

tn
t
L
?
t
)
L)
b
1
)

L
&
8

(Pp8=1})/T1

werd ek
13

INPUT:

SOLENOCID ACTUATOR:

PREUMATIC ACTUATOR:
(OPENING)

- (CLOSING);
HIDRAULIC ACTUATOR:

FO
)

TITLE

1

LINEAR MOTION SRUT OFF DEVICE

T =

POWER ~ VATTS

Pi = UPSTREAM PRFESSURE ~ PSIA
P5 = Pl OR PAUX ~ PSIA
FQ = OPENING FORCE ~ LR
Al = MAGIETIC ARFEA ~ S0 TI
FA = ACTUATOR FORCL ~ LB
TAOQ = ACTUATOR TIME ~ SEC?
., PO = OPENING CHAMBER PRESS~PSIA
FA = ACPUATOR FORCE ~ LB
TAQ = ACTUATOR TIME ~ SEC

s ¥

8 AM
Pa

AM

CDxAQ TAC

e o=
. CD»A0 =
o

****ﬁ{
CDAT = VALVE. FLOM FACTOR SO0 I8N °
T = REQUIRED MOTION TIME ~ SEC?Y
PAUX = AUXTLARY FPRESSURE ~ PSTA!

€ -

S o= STROKE ~ THCH® .
ACTYATOR TINE ~ SEC!

TA =

CO%AQ = INLET ORITICE AREA ~ 5@ IHY.
ACTUATOR TTME ~ SEC?

INLET ORIFICE AREA ~ SQ I

= FLOV RATE ~ CQUBIC IN/SFC? '

Lt

TA . Fr
TC

CDAT pPi

PO or



L1
£23
{33
ful
Fs7
fel
£713
a1
{97
{1n]
f413
{127
f133
Ciuld
{451
{167
{171

g

v IRPUT
Tt

'3(N8=0)/'DO 0Pyt PREINT LOCAL VARTARLRS!

fpo = fiD9T =

N8 = ;PR3 = "3(NB/ISPANRTY (NB=0)/LONAY Y TFTOLTY :

SD10= 301037 =.';(D10=0)/'00 NOT'3' PRINT ANSU'ERS FPOR HYDPAULTC ACTUATOR?
YD1 = Y4D1st = FET DATA ARF Vi(D1=0)/'RNTr.% RROUTRPD? .
G o= Y3CH3 (1= 72, 2= 02, 3= ]2, 4u=§E)

[} [

YODAT = Y3 40 2 DFT CDAT

Pl = 7327 0 L ({{(oP1T1; 1)-1)x2)p{10 03} pry P1

? ;]

vy = 's 10 2 DFP T .

L = t: 10 0 DFT I . ’ D“G\BLE
'PAUX = '; 10 O DFT PAUX < RE?“O

LI | . “0
'PUMBFR OF CASES = '3({(p,P1)~+/,Ple0)xp? - :

'YMAX NUMBER OF LIBRSJCASE = '314((1+D10)%pPAUXY+p W
. R . .

INPUT



D9
D8
D10
01
GN

E O N T | |

N DD

J
5
ion

T
¥
PAUX

nnn

FUMBER

ITRPUT

= LONG TITLE
= NEW DATA ARE RFEOQUIRED
(1= H2, 2= 02,

0,62 0,94

0 0

. 0 30

20 an

20 30

210 an

20 an

20 30

0,01 0,02

‘28 56

1500 3000

@' CASES =126

MAX HUMBER OF LINES/CASE =

Iz

3= N2,

DO NOT PRINT LOCAL VARIABLES

u=JIf )
2,50

60
60
60
60

EN F?LJTF SAMPLE @qxébf

PRINT ANSWERS FOR HYDRAULIC ACTUATOR

150
150
150

200 0

0.05
112

16,00

uoo
noo

o000

0.07

25.00 .

0,10

36.00
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LURFOIRATION

APPENDIX B

SAMPLE OF DESIGN CURVE UTILIZATION TO
DETERMINE A VALVE'S CHARACTERISTICS
FOR AN APPLICATION WHERE:

Thrust = 1000 1b
0/F = 2.0 (Oxygen/Hydrogen)
Inlet Pressure = 30 psia

&t = 0.03
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