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ABSTRACT

This report documents the development and findings of a computer model that simulates the behavior
of the Eaton-Throat Valve Element (ETVE) prototype, and describes a proposed modification concept for
the ETVE. This high-speed valve was designed for the U. S. Army Research Laboratory, Aberdeen Prov-
ing Ground, Maryland, to control the simulation of the dynamic effects of a nuclear blast.

The computer model reveals three main findings: (1) the ETVE chatters during the open cycle, (2) the
chatter is caused by the high gas forces on the sliding sleeve as the driver gas passes through its portholes,
and (3) the chatter is aggravated because there is insufficient damping in the system.

The INEL recommends opening the ETVE by sliding the sleeve toward the downstream end of the
valve instead of toward the upstream end, as the ETVE is presently configured, and to provide additional
damping to the system. However, neither of these configuration changes can be achieved easily, and a
redesign and analysis of the ETVE must be completed prior to performing any work on the current ETVE
prototype. The ETVE simulation model proved to be an extremely valuable tool in analyzing the quali-
tative nature of the valve's operation. Further development of the model is recommended for quantitative
analysis and design of the ETVE. This report explains the mode’ and stress analysis findings, and pro-
poses a redesign concept.
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SUMMARY

This report documents the development and
findings of a computer model that simulates the
behavior of the Eaton-Throat Valve Element
(ETVE) prototype, and describes a proposed
modification concept for the ETVE. This high-
speed valve was designed for the U. S. Army
Research Laboratory, Aberdeen Proving Ground,
Maryland, to control the simulation of the
dynamic effects of a nuclear blast.

The computer model reveals three main find-
ings: (1) the ETVE chatters during the open
cycle, (2) the chatter is caused by the high gas
forces on the sliding sleeve as the driver gas
passes through its portholes, and (3) the chatter is
aggravated because there is insufficient damping
in the system

The ETVE simulation model has proven to
be an extremely valuable tool in assessing the
qualitative nature of the current valve’s operation
and is indispensable in assessing the effects of
valve modifications or redesigns. The ETVE's
complex nonlinear behavior is impossible to pre-
dict in any way other than numerical simulation,
even if the numerical simulations are accepted on
a qualitative basis only.

In addition, the model can be used to input
new Belleville washer characterization data for
different washer configurations and then assess
the qualitative effects of each configuration on
the overall valve behavior.

The INEL recommends opening the ETVE
by sliding the sleeve toward the downstream end
of the valve instead of toward the upstream end,

vii

as the ETVE is presently configured, and to pro-
vide additional damping to the system. The main
areas of redesign follow.

1. Increase the length of the sleeve by approxi-
mately 1.6 in. and add two sets of seals in the
added length to seal the last row of body
portholes. Reduce the length of the liner by
0.7 in.

2. Place the sleeve upstream (from its current
as-built location) as indicated in Figure 5-1
so the pneumatics can slide the sleeve for-

ward to its open position.
3. Increase the length of the ETVE body to

house approximately 32 Belleville washers
on the open chamber and 8 washers in the
close chamber. This modification requires
retapping the pneumatic actuation lines.

4. Lengthen the piston rod to accommodate the
added number of washers.

5. Increase the stop plate size and increase the
number and size of bolts used to fasten the
stop plate to the valve body.

3. The close-cycle actuation needs to be evalu-
ated and redesigned to overcome the driver
gas forces that will make the valve difficult
to close.

4. Any general design concepts should be eval-
uated by using the already developed valve
sleeve dynamic simulation model to qualita-
tively predict and evaluate the design con-
cept’s effects on the ETVE performance.
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1. INTRODUCTION

1.1 Background

As part of an ongoing effort to improve
techniques for simulating nuclear blasts, the
U.S. Amy Research Laboratory (ARL) has
been studying the merits of computer-controlled
valves. The valve studies have been aimed at
providing the Department of Defense (DOD)
with the capacity to conduct nuclear blast and
thermal survivability testing on full-scale tacti-
cal vehicles. In support of this DOD objective,
two new simulators are currently under devel-
opment: (1) the Large Blast/Thermal Simulator
(LB/TS), a Defense Nuclear Agency facility
currently under construction at the White Sands
Missile Range, and (2) the ARL 1/6-scale Test
bed, a technology demonstrator currently under-
going characterization testing at the Aberdeen
Proving Ground, Maryland. If use of computer
controlled-valves proves feasible and cost
effective, it is expected that the computer-con-
trolled valves will replace the more labor-inten-
sive rupture disks currently used to simulate
nuclear blasts. The computer-controlled valves
would be retrofitted first to the ARL Test Bed
and then to the LB/TS at the White Sands Mis-
sile Range.

In support of the U.S. Army’s work, the
Idaho National Engineering Laboraiory (INEL)
studied a number of valve design concepts and
determined that a multi-element valve would
best control blast simulation. A multi-element
valve is formed from an array of small valves
whose openings and closings are coordinated to
give the required total output through the valve
as a whole. The INEL subcontracted Eaton Con-
solidated Controls to build the valve element
prototype, called the Eaton Throat-Valve Ele-
ment (ETVE), which uses a pneumatically-dri-
ven sliding-sleeve (see Figure 1-1). The term
throat was given to the prototype since the valve
acts like a throat in that the driver-gas released is
funneled through an opening much narrower

than the driver cross section. We tested this pro-
totype ETVE at the INEL during 1991. The test
results revealed segmented shock waves, which
suggested the possibility that the ETVE chat-
tered during the ETVE opening cycle. We also
observed that the duration of the chatter
increased with increased gas pressure in the
upstream pressure chamber (hereafter called dri-
ver tube).

The primary objective of our work per-
formed during 1993 has been to develop a com-
putational fluid dynamics model of the valve and
then use it to propose a preliminary modification
design concept of the ETVE to meet the original
design requirements. If the U.S. Army approves
the design, and funds are available, the IINEL
may perform the final analysis, design, modifica-
tion, and testing of the ETVE, and then ship the
valve back to ARL to perform full conditions
testing there (700°F and 1800 psi nitrogen driver
gas).

1.2 Valve Testing History at the INEL

The INEL tested the ETVE’s performance in
two separate phases: the first phase during 1989,
the second during 1991. The 1989 phase used
the ETVE; however, the effort was focused on
the equipment that had been purchased from
Thermal Sciences Incorporated of St. Louis,
Missouri. The equipment consisted of the high-
pressure tube (called the driver tube), its interior
insulation, and the gas heater.!

The 1991 phase focused on testing the per-
formance of the ETVE, during which testing the
chattering condition was diagnosed as a possible
malfunction.2 The main objection to the ETVE’s
chatter is its effect on the downstream shock sig-
nal; as the valve chatters, the effective flow area
for the driver gas changes, causing a segmented
wave downstream, which is unacceptable for
blast simulation.
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Figure 1-1. Photograph of ETVE main components.



1.3 Current ETVE Configuration

Figure 1-2 illustrates the current ETVE con-
figuration . The main features of the current con-
figuration are as follows:

« The ETVE is designed with three rows of
portholes in both the ETVE body and sleeve.
When the corresponding portholes are
aligned, the gas in the upstream driver tube
flows freely through these portholes.

« The ETVE is closed when the sliding sleeve
is in its most downstream position, as indi-
cated in Figure 1-2.

« The ETVE is actuated back to its open posi-
tion by an electronic signal sent to the open-
solenoid, which opens a 2000-psi gas supply
line. The gas pressurizes the open-actuating
line and the open-chamber. As the chamber
is pressurized, tue piston, which is rigidly
connected to the sliding sleeve, will move to
align the body and sleeve portholes. This is
the ETVE open position, illustrated in Fig-
ure 1-3,

+ The ETVE is actuated to its closed position
by an electronic signal that actuates both the
close-solenoid to supply 2000 psi to the

close-chamber, and the open-solenoid to
relieve the pressure in the open-chamber and
its actuating line.

1.4 Purpose

The primary objective of the work per-
formed during 1993 has been to develop a com-
putational fluid dynamics model of the ETVE
that can be used to propose a preliminary modi-
fication design concept to meet the ETVE's orig-
inal design requirements. The gas dynamics
model uses the ETVE moving parts equation of
motion and associated parameters calculated in
the mechanical dynamics subroutine. This sub-
routine calculates these parameters by using the
results from tests we performed on the ETVE to
characterize the sleeve’s displacement history,
and from tests we performe:i on Belleville wash-
er stacks similar to those in the ETVE. Note that
the characterization of the ETVE sleeve dis-
placement was performed under ambient pres-
sure and temperature conditions on the upstream
end of the ETVE. This report presents the results
from the characterization tests for the sleeve and
the Belleville washers, and the results from the
mechanical dynamics subroutine and the gas
dynamics model.
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2. VALVE COMPONENT
CHARACTERIZATION AND VALVE MODELING

We developed the computer model in four
phases: (1) characterization of the sleeve’s dis-
placement history, (2) characterization of the
Belleville washer stack behavior under quasi-sta-
tic loading, (3) development of the mechanical
dynamics subroutine, and (4) development of the
gas dynamics model. The sleeve displacement
and Belleville washer characterization tests were
necessary to complete the mechanical dynamics
subroutine. In tum, the mechanical dynamics
subroutine was necessary prior to finishing the
gas dynamics model. Each of the four phases are
described in this section.

2.1 ETVE Characterization Testing for
the Existing Configuration

We performed two sets of tests to character-
ize the behavior of the ETVE under its existing
configuration. The first test characterized the
ETVE sleeve’s displacement behavior using a
linear variable displacement transducer (LVDT).
The LVDT data were used in the development of
the ETVE moving parts mechanical dynamics
subroutine. The second test set explored the
effects of varying the open- and close-actuating
solenoids sequencing to reduce or eliminate the
ETVE chatter. Appendix A describes this work
in greater detail.

2.1.1 Characterization Test 1 — LVDT
Testing. The tests performed at the INEL dur-
ing 1991 indicated that the ETVE was possibly
chattering during the opening cycle before
achieving steady-state open position. At that
time, when the ETVE arrived at the INEL for its
initial testing in 1989,1 it was not possible to
exactly confirm the chatter, since the only means
provided to detect the sleeve’s movement was a
Hall Effect Sensor. This instrument provided
only qualitative displacement information. Prior

to characterizing the sleeve’s displacement histo-
ry, we purchased and installed an LVDT and used
it to obtain a high-resolution sampling of the
ETVE’s sliding sleeve displacement during the
open cycle. It is important to note that we tested
the ETVE at ambient temperature and pressure
because the driver tube was not available for use
at the INEL facility during this 1993 work.

2.1.2 Characterization Test 2 —
Damping with Solenoid Valves. We per-
formed these tests to explore the possibility of
reducing or eliminating the chatter by varying
the sequencing of the actuating-solenoids. We
tried two different actuating sequences:

1. We used 2000 psi to open the ETVE while
the close-chamber was pressurized to 1000
psi; we then vented the close-chamber 70
msec after the LVDT detected any move-
ment (see Appendix A for detailed test infor-
mation).

2. Similar to Sequence 1, we pressurized the
close-chamber to 100G psi and used 2000 psi
to actuate the ETVE to open. However, we
kept the close-chamber pressurized at 1000
psi for 500 msec after the LVDT detected
any movement before venting it. Figure 2-1
shows overlaid plots of the ETVE sleeve dis-
placement for the tests results in the two
sequences. The initial LVDT test results are
described in Section 2.1.1.

These tests show that the actuating
sequences described in sequences 1 and 2 did not
change the chattering considerably. Further-
more, the overlaid plots clearly show that pres-
surizing the close-chamber before opening the
valve increases the valve open time considerably,
approximately 60 msec.
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2.2 Belleville Washer
Characterization Testing

We characterized the Belleville washers
under quasi-static load-deflection behavior for
the current washer configuration and for other
alternative configurations. We tested the wash-
ers in compression and monitored the deflection
with respect to the load applied for each washer
configuration.

Tte tests reveal that the Belleville washers
experience a sigmficantly different loading and
unloading force-displacement behavior, and that
damping decreases exponentially as the loading
approaches the design load. To provide high-
load damping, we believe it is necessary to stack
several washers (eight to ten) in parallel and con-
nect them in series with one or more similar
stacks. Appendix B describes in detail the test
results for the different washer stack configura-
tions.

In addition to characterizing the washers, we
developed a simple FORTRAN program using
the mechanical dynamics subroutine to study the
washer’s damping behavior, We observe that
overloading the washers reduces the effective
damping significantly; however, the Belleville
washers are an effective method to provide
damping for the system if designed correctly.
Appendix C describes the FORTRAN program
in greater detail and discusses the conclusions
drawn from its use.

2.3 Mechanical Dynamics Model

We analyzed the ETVE’s moving parts
(sleeve, piston, piston rod, and Belleville wash-
ers) and derived the equation of motion for their
configuration. The resulting solution of the non-
linear equation of motion is represented as
explicit time-difference equations. Appendix D
details the FORTRAN implementation of the
motion solution and its supporting subroutines;
namely “belspr,” **fact,” and “motion.”

2.3.1 General Code. Since all of the
moving pans of the ETVE are rigidly connected,
the mechanical dynamics model developed uses
a single degree-of-freedom rigid-body dynamic
model, represented in Figure 2-2. The gas
dynamic model described in Section 2.4 calls up
the mechanical dynamics model as a subroutine.
The LVDT test results provided the sleeve dis-
placement information used in the subroutine.
The Belleville damping characteristics were
obtained from the quasi-static compression tests
described in Section 2.2.

2.3.2 Description of Subroutines.

Subroutine belspr — This subroutine com-
putes the Belleville springs’ stiffness from the
force-displacement characterization values spec-
ified in BLOCK DATA. The subroutine is only
called from the main program once (prior to first
call to motion).

Subroutine fact — This subroutine calcu-
lates the current actuator force acting on the
moving ETVE parts. The only argument passed
to the mechanical dynamics model from fact is
the current solution time. This subroutine must
be called prior to each call of motion.

Subroutine motion — This subroutine cal-
culates the incremental motion of the ETVE
movable parts and outputs their displacement,
velocity, and acceleration. Arguments passed to
the subroutine are current calculation time, cur-
rent time increment, net fluid dynamic force act-
ing on the moving mass, and an integer flag. The
flag indicates whether a Belleville spring is load-
ing or unloading, which is very important owing
to the very large changes in the motion parame-
ters that occur in the transition between relative-
ly free motion (neither Belleville spring is com-
pressed) and very stiff resistance (either of the
Belleville springs are compressed). The remain-
ing section of the subroutine consists of logic
blocks wherein the applicable motion parameters
are specified, and, finally, the updated motion
variables are computed. Appendix D presents
this subroutine in Table D-3.
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Figure 2-2. Mechanical dynamic model.
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23.3 Findings. Once the mechanical
dynamic model was completed, the actual sys-
tem's damping characteristics were obtained by
running several algorithm predictions and vary-
ing different parameters until the axial displace-
ment history matched the actual test data
obtained from the tests described in Section 2.1
and 2.2. We found that the following damping
parameters produce a reasonable fit to the test
data:

Sleeve Coulomb damping force = 100 Ibf
Sleeve viscous damping ratio = 0.0

Belleville washers Coulomb damping force = 0.0
Belleville washers viscous damping ratio = 0.08.

Figure 2-3 compares the subroutine-calculat-
ed ETVE displacement response damping data
with the test data obtained from actuating the
ETVE to open at ambient pressure and tempera-
ture, as described in Section 2.1.1.

2.4 Gas Dynamics Model

Figure 24 shows the gas dynamic simula-
tion model representing the ETVE configuration.
The stationary and moving valve parts are
approximated as rectangular solid blocks; the
mesh spacing used is dx = dy = 1 mm, in the
axial and radial direction, respectively.  Con-
stant pressure boundary conditions were applied
at the inlet and outlet boundaries of the flow
model. On the high-pressure boundary
(upstream in Figure 1-2) the pressure is set to
1800 psi and 700°F; the low-pressure boundary
(downstream in Figure 1-2) is set to 14 psi and
ambient temperature. Appendix E presents the
gas dynamics model work in detail.

2.4.1 Description of the Model. We
used the compressible Euler equations formulat-
ed for two-dimensional, axisymmetric coordi-
nate systems to describe the gas dynamics of the
ETVE during the actuating open cycle. The code
uses a variable thickness or depth in the radial
direction for each mesh cell, named A.
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In two-dimensional computations, the vol-
ume of a cell of width dx and height dy is Adxdy,
giving a quasi-three-dimensional effect. The
physical assumption underlying the variable
depth description is that the flow variables are
depth-averaged in the depth direction to give
mean values with variation only in the x and y
dimensions, or equivalently, that the flow vari-
ables are independent of displacement in the
depth direction.

The variable-depth equations are used
because they greatly increase the geometrical
flexibility of the description without increasing
its complexity. The variable, A, may be used to
represent flow through a two-dimensional duct
of gradually varying thickness. The use of zero
values of A in selected mesh cells provides a
convenient means of including intemnal obstacles
in the flow region. In particular, a cell with A =
0 will allow no flow across its boundaries. The
stationary obstacles (valve internal parts) are rep-
resented with this technique. Axisymmetric
coordinates are generated by having A increase
linearly with the distance from the axis. Since
the ETVE valve is approximately axisymmetri-
cal, this feature is also used. As presently coded,
the A-quantity must be a constant in time.

Equations and Constitutive
Relations — The Euler equations describing
the dynamics of an inviscid gas have been cast in
many forms. The dependent variables are cho-
sen here to be the mass density, p, the gas veloc-
ities, u and v, and the internal energy per unit vol-
ume, E. In terms of the chosen dependent vari-
ables, the basic two-dimensional Euler equations
used in the code are the continuity, the momen-
tum, and the intemnal energy equations.

In these equations, the independent variables
are time, t, and coordinates, x and y. The gravita-
tional acceleration terms, the heat conduction terms,
and the viscous terms have been neglected, owing
to their insignificance. To complete these equa-
tions, a constitutive relation, which relates pressure,
p, and intemal energy per unit volume, E, is defined.
The following equation is based on the assumption
that the gas obeys the perfect gas laws.
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p=(-DE
The relation v is the ratio of specific heats.

Dynamical Coupling — To represent the
valve opening dynamics, the moving parts of the
valve must be coupled to the subsequent fluid
dynamics of the gas as it flows through the valve.
The gas surrounding the valve moving parts
exerts a force (the dominant force) on these mov-
ing parts to produce its motion. The ETVE
sleeve motion, in tum, influences the gas direct-
ly with its motion and indirectly by opening or
closing the portholes to alter the gas flow dynam-
ics. The ETVE sleeve motion is also influenced
by the dynamic response of other components
and phenomena such as the coil spring, the
ETVE sleeve friction, the Belleville spring load-
ing and unloading, and the actuating pneumatics.
The gas dynamic system and ETVE sleeve mov-
ing parts dynamics are solved together in a fully
coupled manner,

2.4.2 Findings from the Current ETVE
Configuration.  The overall ETVE model
clearly shows that the driver gas dynamic force
on the sleeve portholes dominates and is respon-
sible, when coupled with the Belleville washer
force, for the sleeve’s oscillations during the
open cycle. The other dynamical forces, such as
the actuating pneumatics, the coil spring, and the
coulomb damping forces during the open cycle
have little effect on the ETVE sleeve motion, as
is seen in the following discussion. Examination
of the driver gas dynamic force on the sleeve
shows that this force predominantly acts on the
left side of the portholes or toward the direction
of valve closure for the current configuration.
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Figure 2-5 plots the predicted displacement
of the sleeve with respect to time. The plot was
generated by running the model using 8%
Belleville washer viscous damping. Figures 2-6
plots the predicted displacement of the sleeve
using 16% Belleville washer viscous damping.

The model predicts oscillation rates similar
to those observed during the 1991 tests at the
INEL. The 1991 tests suggest average oscilla-
tions of 153 cycles per second. The model pre-
dicts average oscillations of approximately 180
cycles p~- second for 8% viscous damping, and
125 cyc.. . per second for 16% viscous damping.
These results indicate that shifting the system’s
viscous damping can shift the system’s frequen-
Cy response. :

It is important to keep in mind that (1) the
model is an idealized situation with an infinite
supply of gas at 1800 psi, contrasted to the actu-
al test situation where the drive gas pressure
decreases very quickly, and (2) the model uses
driver gas at 700°F, contrasted to the actual test
situations where the driver gas temperature was
ambient for that time of the year at the INEL
(approximately 30°F). Appendix E contains
plots of other variables such as the sleeve veloc-
ity, sleeve acceleration, and gas pressure at the
pressure plot point with respect to time.

Since the model shows that the driver gas
forces dominate the open cycle, we began
exploring different ETVE configurations to use
the driver gas forces to our advantage, or to
reduce their overall effect on the valve.
Section 3. describes the different configurations
explored.
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Figure 2-5. Eight percent Belleville washer viscous damping-model plot.
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3. EVALUATION OF ALTERNATIVE CONFIGURATIONS

3.1 Model Runs

The main objective of reconfiguring the
valve is to diminish or eliminate the valve chat-
ter effects on the shock wave produced by the
opening of the valve. We made many different
configuration runs; however, only those configu-
rations that show the most significant results are
described here.

3.1.1 Beveled Portholes. The first con-
figuration change attempted was to bevel the
downstream edge of each porthole in the sleeve.
This intuitive approach was to obtain the least
obstruction possible to the gas thereby decreas-
ing the net force by the gas on the sleeve. Figure
3-1 shows the configuration used in the attempt.
The sleeve’s response frequency changed some-
what, but the sleeve still oscillated violently dur-
ing the open cycle (see Figure 3-2).

3.1.2 Backward Sleeve Configuration.
Since beveling the portholes had no net effect on
reducing the driver gas forces on the sleeve, we
changed the ETVE configuration so that the ini-
tial sleeve position was shifted to the right
(upstream), with the sleeve ports on the right side
of the stationary ports. This configuration revers-
es the opening motion to the left (downstream), as
illustrated in Figure 3-3. We term this configura-
tion backward. The intuitive thinking in this case
was that, perhaps, the gas dynamic forces on the
sleeve would assist the open actuating force to
thrust the valve into the open position.

Running the model with the sleeve backward
forced us to lengthen the downstream end of the
sleeve, for two reasons: (1) to maintain the
required alignment of the seals and portholes,
and (2) to block the gas flow through the body’s
most downstream portholes when the ETVE is to
be in the close position.

The backward configuration model runs
show that the gas dynamic forces thrust the valve
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into a strongly open position after 3 to 4 small
bounces on the Belleville washers. Beyond this
initial opening transient, we observe that the
valve maintains the open position with a slightly
growing, high-frequency oscillation imposed on
a fairly significant steady Belleville washer com-
pression (see Figure 3-4).

The growing, high-frequency oscillation is
seen to correspond with the gas dynamic force
on the sleeve. However, the net average gas
dynamic force on the sleeve is shifting toward
the open position. In the interest of time, we did
not run the model any more time steps to deter-
mine if the sleeve’s apparent growing oscillation
could eventually grow to the point of blocking
enough of the flow port to force the sleeve
motion into another transient form. We recom-
mend performing a longer run (at least the dura-
tion of the longest expected blast) to determine
the oscillations trend and prove or disprove the
possibility of another transient in the open cycle.

Figure 3-4 plots the predicted displacement
of the sleeve with respect to time. The plot was
generated by running the model with the sleeve
in the backward configuration using 8%
Belleville washer viscous damping. The finer
inlaid plot of force in the plot represents the net
force on the moving parts (sleeve, piston, and
piston rod) acting in the axial direction. A posi-
tive value represents a force in the upstream
direction.

3.2 Stress Analysis

Since the ETVE was not designed to run with
the sleeve in the backward configuration, we
performed a cursory stress analysis on the
ETVE stop plate, and we calculated the maxi-
mum allowable width for the body portholes for
the original design conditions (700°F and 1800
psi). Appendix F presents this portion of the
work in greater detail.
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° Finer inlaid plot of force represents the net force on the moving parts (sleeve, piston, piston rod,
and Belleville washers) acting in the axial direction. A positive value represents force in the
upstream direction.

Figure 3-2. Predicted displacement history for the sleeve with 45-degree beveled portholes.
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Figure 3-4. Model predictions for running sleeve in the backward configuration,
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3.2.1 Wider Portholes In Body. As the
sleeve portholes oscillate around the body port-
holes during the opening cycle, the effective flow
area changes. This change in the flow area gen-
erates a segmented shock wave which is unac-
ceptable for blast simulation.

Since the real requirement is to maintain a
constant effective flow area, one possible config-
uration would be to increase the width of the
body portholes to allow the sleeve to oscillate,
yet maintain the effective flow area constant. We
analyzed the valve to determine the largest width
the portholes could be widened to and still main-
tain its integrity under operating conditions
(700°F and 1800 psi).

The stress analysis determined that the port-
holes in the ETVE body could be widened to
0.76 in. centered on the existing portholes cen-
2rlines, as shown in Figure 3-5. This means that
the sleeve’s centerline can oscillate at an ampli-
tude of 0.155 in. to either side of the body port-
hole centerline and still maintain a constant
effective flow area.

3.2.2 Stress analysis on stop. When
the ETVE is actuated open in the current config-
uration, the actuating piston slides to the back
(upstream) end to impact on the end plate. How-
ever, in the proposed backward configuration,
the actuating piston will move to the front
(downstream) to impact on the stop, exposing it
to much larger forces than it was originally
designed for.
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The analysis revealed that the stop would expe-

rience stresses over 400 ksi; the six bolts fasten-
ing the stop to the body would experience 224.9
ksi; and the ETVE body around the portholes
would experience stresses in excess of 58 ksi.
All these stresses exceed the maximum allow-
able stress of 32 ksi for these components
(defined in the ASME Boiler and Pressure Vessel
Code, Section VIII, Rules for Construction of
Pressure Vessels).

The large dynamic (impulse) forces created
by the deceleration of the piston and sleeve are
aggravated by the stiffness of the Belleville
washer stack; the stack is clearly very stiff and
has a short distance to travel before bottoming
out. However, the piston impulse forces can be
greatly reduced if either of the following modifi-
cations are made:

« Arrange (or add to) the stack of Belleville
washers so that the effective travel length
(before bottoming out) is much longer. Note
that this recommendation is based on the
observations from the washer characteriza-
tion tests; when the washers bottom-out,
their stiffness increases tremendously, which
in turn increases the piston/sleeve decelera-
tions.

* Employ Belleville washers (or other springs)
that have a lower stiffness value and a longer
travel length. This will reduce the magni-
tude of the piston/sleeve deceleration.
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4. SEALS STUDY

The 1991 ETVE tests at the INEL revealed
another area of the ETVE's performance that needs
further development: the main valve seals. Sever-
al kinds of seals were used during testing, but none
were successful under the operating conditions
(700°F and 2000 psi). We performed a cursory
seal manufacturer and material study to determine
the available seal materials and configurations
capable of withstanding the operating conditions.
Appendix G presents this work in detail.

The study concludes that no commercial
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scals are readily available that will withstand the
operating conditions. We recommend testing
different types of seals, including split-metal pis-
ton ring type seals and VESPEL seals. Appen-
dix G presents a Draft Proposed Seal Test Pro-
gram to evaluate existing seal technologies.

All vendor information gathered will be
maintained in EG&G 1daho, Inc., Project File
93-713, and a copy will be transmitted to the U.
S. Amy Research Laboratory technical monitor,
Mr. Richard J. Pearson.
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5. CONCLUSIONS AND RECOMMENDATIONS

The ETVE simulation model has proven to
be an extremely valuable tool in assessing the
qualitative nature of the current valve's operation
and is indispensable in assessing the effects of
valve modifications or redesigns. The ETVE's
complex nonlinear behavior is impossible to pre-
dict in any way other than numerical simulation.
Even if the numerical simulations are accepted
on a qualitative basis only, they increase under-
standing of behavior, show trends and sensitivi-
ties, and suggest alternative designs. On the
other hand, the alternative, iterative “cut and try”
approach to design would be a long, tedious, and
expensive route to valve design/redesign. In
addition, the model can be used to input new
Belleville washer characterization data for differ-
ent washer configurations and then assess the
qualitative effects of each configuration on the
overall valve behavior.

For future design/analysis work and to pre-
dict accurate quantitative performance, we rec-
ommend that the numerical technique developed
to simulate the gas dynamics be modified in four
main areas:

1. Modify the model to give a partially implic-
it time integration instead of the explicit time
integration (this would reduce the CPU time
required to make runs and should increase
the accuracy by reducing the large number of
time steps required for the model runs)

2. Examine the importance of viscous effects,
especially in the valve-open position where
the high-speed flow through the ports could
possibly place significant shear forces on
the sleeve, and, therefore, influence its
motion

3. Modify the model to study the ETVE close
cycle under operating conditions

4. Design the valve's effective damping with
cither Belleville washers or another damping
system for both the open and close cycles.

27

5.1 PROPOSED MODIFICATION

We propose the ETVE configuration change
(Figure 5-1) as a preliminary concept only, and
strongly caution that further design and analysis
work must be performed prior to executing any
actual modification to the existing ETVE. Fur-
thermore, we recommend taking advantage of
the already developed valve sleeve dynamic sim-
ulation model to characterize the performance of
the ETVE under its proposed modified configu-
ration or any other configuration that may be
developed by further analysis and research.

The study described in Section 3.2.1 analyz-
ing widened portholes in the body is left as a
matter of consideration for the next redesign
phase. Time precluded our running the model
with widened portholes. Since we do not have
model predictions for this configuration, we do
not include widened portholes as part of the pro-
posed modification concept.

The preliminary concept makes reference
only to correcting the chatter in the open cycle;
however, no analysis was performed on the close
cycle. The proposed concept evolved from the
results of the dynamic simulation model of the
open cycle, the stress analysis performed on the
stop plate and the valve body, and from the
Belleville washers characterization studies.

The modification concept is best illustrated
in Figure 5-1. Its main areas of redesign follow.

1. Increase the length of the sleeve by approxi-
mately 1.6 in. and add two sets of seals in the
added length to seal the last row of body
portholes. Reduce the length of the liner by
0.7 in.

2. Place the sleeve upstream (from its current
as-built location) as indicated in Figure 5-1
so the pneumatics can slide the sleeve for-
ward to its open position.
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3.

Increase the length of the ETVE body to
house approximately 32 Belleville washers
on the open chamber and 8 washers in the
close chamber. This modification requires
retapping the pneumatic actuation lines.

Lengthen the piston rod to accommodate the
added number of washers,

Increase the stop plate size and increase the
number and size of bolts used to fasten the
stop plate to the valve body.

A full set of nonreleased drawings for this

proposed configuration is included in the engi-
neering design file at EG&G Idaho, and a copy is
being sent to U. S. Army research Laboratory
technical monitor, Mr. Richard J. Pearson.

5.2 CONCLUSIONS

1.

The ETVE sleeve dynamic simulation model
confirms that the ETVE does undergo chat-
tering during the opening cycle. In fact, we
observe, from Figure 2 no indication that the
total amplitude of the sleeve oscillations
decreases within the first 40 msec. We also

observed, during the 1991 testing at the
INEL, that the duration of the sleeve oscilla-
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tion increased as the driver gas pressure
increased. From these two observations, we
deduce that the sleeve will continue to oscil-
late for as long as there is a relatively high
pressure driver gas flow through its port-
holes. The model reveals that the main dri-
ving force causing the chatter is generated by
the driver gas as it flows through the sieeve
portholes. The model also reveals that the
ETVE does not have sufficient damping to
absorb energy from the moving sleeve.

. The ETVE should not be used under its cur-

rent configuration in high-pressure or high-
temperature gas conditions. Furthermore,
the current ETVE configuration requires sig-
nificant redesign, analysis, and refabrication
to meet its original design requirements .

. The close-cycle actuation needs to be evalu-

ated and redesigned to overcome the driver
gas forces that will make the valve difficult
to close.

4. Any general design concepts should be eval-

uated by using the already developed valve
sleeve dynamic simulation model to qualita-
tively predict and evaluate the design con-
cept’s effects on the ETVE performance.
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Appendix A

Eaton Throat-Valve Element Prototype 1993 Testing

I performed two sets of tests in November 1993
at the Idaho National Engineering Laboratory
(INEL) to characterize the behavier of the Eaton
Throat-Valve Element (ETVE) under existing con-
figuration. The first test characterized the ETVE
sleeve’s displacement behavior with a linear vari-
able displacemcnt transducer (LVDT). The LVDT
data then contributed to J. G. Arendts’ analytical
development of a computer model of the mechani-
cal dynamics of the ETVE prototype moving parts
(see Apendix D). The second test determined
whether different sequencing of the open and close
actuating sloenoid valves could reducc the valve
chatter observed in the initial testing of the ETVE
prototype at the INEL.

This report describes and documents the two
sets of tests. The system setup was slightly differ-
ent for each test, so a block diagram of each con-
figuration is presented in the following discussiond
for each.

C2. CHARACTERIZATION OF THE ETVE

The initial ETVE tests performed at the INEL
indicate that the ETVE was possibly chattering dur-
ing the opening cycle berfore achieving steady-state
open position. However, the instrumentation avail-
able at the time could not give a detailed dis-
placemnt history of the ETVE's sliding sleeve.
Therefore, in order to subsequently characterize the
suspected chatter, a linear variable displacement
transducer (LVOT) was purchased and installed
(STARRET Model 254, Serial Number 702168),
and the ETVE characterization test was performed
to obtain a high sampling of the ETVE'’s sliding
sleeve during the open cycle. The testing was per-
formed at the INEL’s North Holmes Laboratory in
Idaho Falls, Idaho. Since the pressure tube that nor-
mally is pressurized during the Large
Blast/Thermal Simulation tests was not available
for use at the INEL facility, the tests were per-
formed only at ambient temperature and pressure.

Figure A-1 shows the hardware configuration.
The data system consisted of a Kaye MDAS 7000
data system with a 20-Mbyte hard drive and a 1.2-
Mbyte floppy disk. Data were collected to memo-
ry then stored in ascii format to hard disk and flop-
py. The LVDT and pressure transducers where both
calibrated (see Afttachment 1), and the data were
converted to the corresponding values in engineer-
ing units before being saved to disk. Two separate
tests were performed under this configuration.

2.1.2 CHARACTERIZATION TEST 1.
Under this test condition, 1200 psi were used to
open the ETVE. The data acquisition system was
then used to measure the sleeve displacement,
open pressure used and fire signal from the Eaton
control box. When the fire button was pressed on
the Eaton control box, a signal was sent to the
data acquisition system to start collecting data at
10,000 samples per second for 1.5 seconds.
Attachment 2 contains the results of this test.

2.1.2 CHARACTERIZATION TEST 2.
Under this test condition 2000 PSI was used to
open the ETVE. The data acquisition system was
then used to measure the sleeve displacement,
open pressure and fire signal from the Eaton con-
trol box. When the fire button was pressed on the
Eaton control box, a signal was sent to the data
acquisition to start collecting data at 10,000 sam-
ples per second for 1.5 seconds. Attachment 3
contains the results of this test.

2.2 Damping Testing

The characterization test confirmed that the
ETVE chattered during the open cycle. This test set
was performed to determine whether pressuring the
close side of the valve would dampen the chatter.
During the testing, both the close and openactuating
pressures and the sleeve displacemtn were mea-
sured. The data system was triggered from the

A-3




LVDT movement (sece Figure A-2). The system
was modified so that the Eaton control box con-
trolled only the ETVE opening. The close solenoid
was controlled by the Kaye data system through a
solenoid state relay. A 28 volt dc power supply
was connectted across this relay to actuate the
close solenoid. With this control system, it was
possible to apply a pressure to the close side of the
valve and then release that pressure an arbitrary
time from when the valve moved. Two tests were
run with this configuration.

2.2.1 Damping Test 1. Test 1 was set so
that the close pressure would be relieved in the

middle of the valve opening stroke. See appendix
D for these test results.

2.2.2. Damping Test 2. Test 2 was set so
that the close pressure was left on for 0.5 seconds
after the valve was actuated open. This configura-
tion allowed the valve fully open and stabilize
before the close pressure was released. See
Attachment 5 for the plotted test results. Both test
used a open pressure of 2000 psi and a close pres-
sure of 1000 psi. The data was collected at 10,000
samples per second for 1 sec for both of these tests.
Figure A-3 shows the ETVE's sleeve displacement
overlayed for both damping tests.
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Fugure A-3. ETVE s sleeve displacemem overlayed for both dampmg tests.



Attachment 1

CALIBRATION DATA
FOR THE
LINEAR VARIABLE DISPLACEMENT TRANSDUCER AND
PRESSURE TRANSDUCERS
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MANUFACTURER:

VIATR

SERIA
29557

PRES
HIGH

- o

0.

300.

600.

800.

1500.

1800.

2100.

2400,

2700.

3000.

REMAR
THPUT

AN

L &:
8

SURE
SIDE

00000

00000

00000

00200

.00000

00000

00000

00000

00000

00000

00000

NOMI
myU

596.

8386.

1186.

1496.

1797.

2097.

2397.

2697.

EGAG ldaho, Inc.
STANDARDS & CALIBRATION LABORATORY
CALIBRATION DATA SHEET

DATE: 08/24/1983

L:

Attachment 1

PROPERTY #:
703182

NEXT DUE DATE:
11/24/1994

LINEARITY

LOWER UPPER
LIMIT LIMIT

-15.

284.

584.

8e4.

1184,

1484.

1785.

2685.

8064 8.1064

2536 308.2664

4136 50B.4264

§736  908.5864

7336 120B.7464

0536 1809.0664

.21368 2109.2264

.3738 2409.38B4

5336 2708.5464

NOMENCLATURE ¢ MODEL #:

PRESSURE 218

TRANSDUCER

PROCEDURE #: NOMINAL INTERVA

2043 15 MONTHS

ACTUAL ACTUAL
NAL mVy m\ mV
INCREASING DECREASING HYSTERISIS

9000 -3.98000 -3.2000 -0.7000
2600 295.8000 296.8000 -1.0000
4200 595. 8000 595.9000 -1.1000
5800 896.0000 896.9000 ~-0.9000
7400 1186.7200 1197.5000 -1.3000
9000 1496.3000 1487.1000 -0.8000
Q600 1796.6000 1797.3000 -0.7000
2200 2096.8000 2087.4000 -2.65000
2800 2397.2000 2397.5000 -0.4000
5400 2697.5000 2897.7000 -0.2000
7000 2997.7000 2997.7000 0.0000

2897.

THE HYSTERESIS, IN

PRESSURE IN UNITS OF PSI
FULL SCALE PRESSURE:

LINEARITY ACCURACY:
HYSTERESIS ACCURACY:
EXCITATION VOLTS:
TECHNICIAN:
CALIBRATED FOR:

KE:

1+ 2-s0uTRYT

-
o

-

mV, MUST BE LESS THAN 12.0064

3000.0000 PSI

0.4000 %
0.4000 %
T4.0000 VOLES
K.ANDERSON - 7C )
E.COLSON

A-9
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Attachment 1

EGAG Idaho, Inc.
STANDARDS & CALIBRATION LABORATORY
CALIBRATION DATA SHEET

DATE: @8/24/1983

MANUFACTURER: NOMENCLATURE: MODEL #: PROPERTY #:
VIATRAN PRESSURE 218 703191
TRANSDUCER
SERIAL &: PROCEDURE #: NOMINAL INTERUAL: NEXT DUE DATE:
295478 3043 1S MONTHS 11/24/18%4
ACTUAL ACTUAL LINEARITY
PRESSURE NOMINAL mV my my LOWER UPPER
HIGH SIDE mV INCREASING DECREASING HYSTERISIS  LIMIT LIMIT
0.00000 2.3000 2.35000 3.4000 -1.1000 -9.6880 14,2880
300.00000 302.0000 302.1000 303.4000 ~-1.3000 290.0120 313.9880
£00.00000 6@1.7000 602.0000 B503.3000 -1.3000 588.7120 6513.6880
500.00000 901.4000 901.5000 803.2000 -1.3000 889.4120 913.3880
1200.00000 1201.1000 1201.8000 1203,0000 -1.2000 1189.1120 1215.0880
1500.00000 1500.8000 1501.5000 1502.8000 -1.3000 1488.8120 1512.7880
1800.00000 1800.5000 1801.1000 1802.3000 ~-1.2000 1788.5120 1812.4880
2100.00000 2100.2000 2100.5000 2101.5000 -1.0000 2088.2120 2112.1880
2400.00000 2399.9000 2400.2000 2401.0000 -0.8000 2387.9120 2411.8880
2700.00000  2689.6000 2685.7000 2700.0000 -0.3000 2687.5120 2711.5880
3000.00000  2999.3000 2999.3000 2999.3000 0.0000 2887.3120 3011.2880
THE HYSTERESIS, IN mV, MUST BE LESS THAN 11.9880

PRESSURE IN UNITS OF PSI
FULL SCALE PRESSURE: 3000.0000 PSI

LINEARITY ACCURACY: 0.4000 %
HYSTERESIS ACCURACY: 0.4000 %
EXCITATION VOLTS: 24.0000 VOLTS
TECHNICIAN: K.ANDERSON/*Z3
CALISRATED FOR: B.COLSON =.2J

REMARKS :

INPUT 1+ 2-/0UTPUT I+ 4- A-10
£DIn B "



vitran 703191

0
300
600
900

1200
1500
1800
2100
2400
2700
3000
3000
2700
2400
2100
1800
1500
1200
900
600
300
0

0.0023
0.3021
0.602
0.9019
1.2018
1.5015
1.8011
2.1006
2.4002
2.6997
2.9993
2.9993
2.7
2.401
2.1016
1.8023
1.5028
1.203
0.9032
0.6033
0.3034
0.0034

vitran 703192

0
300
600
900

1200
1500
1800
2100
2400
2700
3000
3000
2700
2400
2100
1800
1500
1200
900
600
300
0

-0.0039
0.2958
0.5958

0.896
1.1962
1.4963
1.7966
2.0968
2.3972
2.6975
2.9977
2.9977
2.6977
2.3976
2.0974
1.7973
1.4971
1.1975
0.8969
0.5969
0.2698

-0.0032

Regression Output:
Constant
std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s)
Std Err of Coef.

1001.186
0.154164

Regression Output:
Constant
std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

997.8521
1.24637

X Coefficient(s)
Std Err of Coef.

A-11
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-3.40787
0.685176
1

22

20

7.544301
5.557849
0.999969
22
20




Attachment 1

ons‘,;EEaG Idaho STANDARDS & CALIBRATION LABORATORY Fage | of 2
CALIBRATION DATA SHEET
FORM EGLG-15108 oate 8 - 24{— 93
Rev. 04 80)
MANUFACTURER [_UM? NOMENCLATYURE MoogL KO. SERIAL WO, v—l
SCHAEVITZ LVDT |00D HCA= 2181 n072
PROPLRTY NO, PROCEOURD w0, IntgRYAL SALIGRATEOD FON:
7117248 3550 1 2 Mo.
CALIBRATION EQUIPMENT USED
STANDARDS CEHTJFIED TRACEABLE TO THE NATIONAL BUREAU OF STANDARDS
(Records on lile in the EG&G Standards & Calibration Laboratory. CF-698)
MANYFACTURLR ¥OOLL N0, StRIAL N0, RECALL 04t MAMUFACTURCR MOOEL MO, SChrdL w0, RECELL OaTC
STARRETT| 254 |702/468 | 9-25-93
FLUKE BOSLA |70/1652]|/10-//-93
CALIBRATION DATA
'"xclltnru“ FURCTION TESTEO NOMINAL nu'u.n:t molu'r“n"r" ‘“?::l;tul ToLERANCES
No. (4 W) (REA0ING) LeveERr (amire verge LMt
i Thel LVDT whe lizhthk clamhped in A V-Block
- r[’ restinag onltwel anele nlaes
; = Y -
| Support Arm N n
- Thie covelvas attbched 34 a holdina vrod
- Holding Rod serured o a Heialtl Aocel su LoTxamJiuarm
- T4 as wiovers (Db ovdbubn faAhle L vDT
- Core wlth +he Weiaht 2dimstmebt of +ke
_ [ Lvor Helzht Bdas. ~
v d
- e gro —Lhbee sep rale vuns weve made sver the
- full roavae o€ the LVDT. The oullnud
— Angle Angle vol/trad ubas med ctar aZt o, 11
_ Pl e [utevvals slvey + oY oF phve Fralel,
- 0 ‘f‘)m(t“ ta s listed on page
- ] ’ _The Dui‘pu'f‘w;zs frimrm am ATA -0 Avals
- Transcuces Amplifier , SN-29ay aje
Pybperty Np, 7//725, to whirh #helLyDT
wdt _condcted.
TYPL OF 044 REMARRS: .
O restowerenng O cvicvarion The ATA-/O0! Am Jfier was

P.o.

D CALionation

D cross CuLcC

cal, brate

1)

fovr )0 Yeolt DC

ou i‘PuT as ouf//‘{qeaa I Zhe
ManuTacturer's /nstruction pranal.

O caniriearion O seccinn weasunuen Uni T meg-f_g Zhe //”2:4,./'7‘
T us, OATL WEAT LALIBRATION DUL| S CC;F’C‘mbh 07‘: 0'24 70,
R Woddebeck | 9,0| eoan-7y [

A-12




’

CALIBRATION DATA

Attachment 1

rage L o L

PROCTOURE
STE?
NO,

FUNCT ION
TESTED

NOWINAL

IN
TOLERANCE
(CK)

ouT OF
TOLERANCE
(READING)

ADJUSTMENT
(429)

TOLERANCES

LOWER LINIT

UPPER LIMIT

EASUVREMENT LV DT 3
PosiTION DITPLT
m _Tuches Vplts DC |
- 1.000 ~2.975
- 0D.8D0 -R.% 4 ¥ These avie an averaze |
-D.BDO -7.256 of 4he \wolues Froim '
-N.700 = 1947 three < 'Ilaara'fp NS
WY -5.94) |
=0, 50D =40, 240 ’
=L, LD -32.945
=P 3DD -2.952 NOTEL All wiehsuremehls 1we
=0£.200 -1.272 wiade ith veference
-0 100 —0.98b +n the wnull mt=
0 (null) o - wheve outnutlvoltage
+ 0. ID0D +0.993 veads | zeyy, v
+ 0,200 +/.273
+0.300 +2.953
+0. UL + 394
+p. GO0 +44,9 43
+0. DD +5.947
+0,. 900 +6.9585
+ D, A0 +72.270
, +0.900 +8.9284
j +1, 00D +10.600
|

LLLd

B

A-13



lvdt 711724 Attachment 1

0 10

8.984
7.97
6.955
5.947 Regression Output:
4.943 Constant 1.000416
3.944 std Err of Y Est 0.002634
2.953 R Squared 0.999983
1.973 No. of Observations 21
0.993 Degrees of Freedom 19
0
-0.986 X Coefficient(s) =-0.10054
-1.972 Std Err of Coef. 0.000095
-2.952
-3.945
-4.94
-5.941
-6.947
-7.956
-8.961
-9.9752

O0OO0O0OO0O0O0O0O0
NOWONOAUVDBWNRERREROUONAULEWN R

HRPRPRHEBPR PR
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Attachment 2

ETVE CHARACTERIZATION TEST DATA PLOTS

TEST 1

Open actuating pressure: 1200 psi
Data sampling rate: 10,000 samples per second
Data sampling time: 1.5 seconds

A-15



9l-v

Datasst Name:

FIRE1208

Sample Rdteﬁ' wu:>1&+884»

Uersion Number:

1

Max imum: 9.99512

Series Name:

1208PS1

B Hininum: ~9.551758

! Date Acquired:

9-24-1993

Time Acquired:

9:36:28.67

UVert Units:

Uolis |

Horiz Units:

Sec

15008 §

Num Samples:

Wi: FIRE1200.4,1200PST

Comments: Signal to start data

system sent from Eaton control

: box

12 0- ............ Lree e OO O R S I A I I ) I N R A A I AT T AT AT AP ; .......................... : ------
s|9nnl to, :+mr+ dm+e acquiFition sen+ by Eaton con+rol box :

‘Open p»essure se+ m+ 1200 p#j..... CEEEEE NRREER

-2.0 7

0.0 0.1

0.2 0.3

o.% 0.5 0,6

0,7 0,8
S&c

¢ uswiydeny




LY

| Dataset Name: IVDTZ00a8 Sample Rate: 1etBB4 |
B Uersion Number: 1 Bl Maximum: 1.72108
B Series Name: 120868PS1 Minimum: B.572827
8 Date Acquired: - 9-24-1993 | Coments: Valve position signal |

Time Acquired: 9:36:28.67 M from LVIT

Uert Units: INCHES -
B Horiz Units: Sec
BN Num Samples: 156688

[ W2: LuDT1200.1,1200PST

Valve positi on medsured by LUDT
Ogen pressure sq+ ot izoo'psi X

. - . . . . .
. . . . . . .
. . . . . . .
. . . . . .
. ] . . . . . . . . . . .
g . . . . . . . . . . . . .
o - . . . . . . . . . . . .
sresees R R seceens KRR R L] sees e KL R R R RN LR
. . . . . . . . . . . . . .
. . . » . . . . . . . [} . .
. . . . . . . . . . . . . .
. ° . . » . . . . . . . . .
. . .

nmrnNnz H

0.0 0.y 0,2 0,2 0.4 0,5 0,6 0,7 0,8 0.9 1.0 1.4
S5ec

T juewyoeny



8l-v

Da

~ OPEN120@

Uersion Number: |

Series Name: 1288PS1

Date Acquired: 9-24-1993

B Time Acquired: 9:36:28.67

Uert Units: PSI

! Horiz Units: Sec

TER

B Nun Samples: 15000 |

Sample Rate: 1etfd

| Maximum: 1252.12
Minimum: -1956.62
Comments: Pressure measurement
on the open side of valve

I
-1000.,0 +

Vaive open pressure meossurement
Pressure e+ o+ 1200 psi . .

1000,0 1

-2000.,0 1

.
L

¢.0 0,4 0,2 0,3 0.% 0.5 0,6 0.7 0.8 0.9 1,0 1.1

Sec

Z wewyoseny



3 Dataset Name:

‘Unspecified

Uersion Number:

| Series Name:

Unspecif ied

Date Acquired:

12-89-1993

Time Acquired:

14:11:21.86

Uert Units:

INCHES

> 1 Horiz Units:

Num Samples:

W4: Extrac+Cl2.500,3000)

Sample Rate:

1e+004

| Max imum:

1.72108

Minimum:

8.576754

Comments:

6L-v

nwmxIXMNZH

Expansion of valve posfi
open pressure fet ot 12

.
T

0,070 0,080 0,090

.
T

0.100 0.110

Sec

0,120 0.130 0.140

T Wwewyosyy




- Datdsét“NaMBiA o UnSpecified

UVersion Number:

@

Series Name: Unspecif ied

Date Acquired: 12-89-1993

Time Acquired: 14:48:48.63

} Uert Units:

INCHES

Horiz Units:

Sec

Num Samples:

_WS: Ex+rac+(h2,13000.1000)

1608 §

Sample Rate: 1et864

Max imum: 1.69114

Minimum: 8.572827

Comments: Valve position signal

from VDT

0c-v

wmITNAZH

LVDT messurement at valve clofure
Open pressure set+ at+ 1200 psi,

0
L]

1,200 1,310 1,320

1.230

1,340

.
¥

1.350 1$.360 1,370 1.380 1.39¢

.
L4

Sec

Z wewyoeny



Attachment 3

ETVE CHARACTERIZATION TEST DATA PLOTS

TEST 2

Open actuating pressure: 2000 psi
Data sampling rate: 10,000 samples per second
Data sampling time: 1.5 seconds

A-21




cev

| Dataset Name: FIREZ000 Sample Rate: ietdnd §
Version Number: 1 | Maximum: 9.99512 |
Series Name: 2000PSI B Minimum: -9.878125
Date Acquired: 9-24-1993 B Comments: Signal to start data
Time Acquired: 9:36:28.67 I system sent from Eaton control

| Vert Units: Uolts box
Horiz Units: Sec .
Num Samples: 15600

: FIRE2000.1,2000PSI

12.0 - . 3 : R . : . . 2 ) : .
‘ ianal +o0 F+ar+ date. acquiFition f2nt+t by Es+on con+ro! box

10,04 K '!"l r~rg$$¢,\r~ s:w;_+ +0 2000 ,:i .......... : ...... Cecenn

Jalva opan 2ignal

LA Am s 2 aanar ama ma s A am s L a s An Foa A AR AS AR A A A AR BA S A AL AA ra s s s

-2|0"

. . .
T T Ll

0.0 0,4 0,2 0.3 0.4 0.5 0.6 0.7 0,8 0.9 t.0 1,1 1.2 1.3 1
Sec
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. 4 : SNCaF S L W
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ge-v

Sample Rate: ietBf4
Max imum: 1.71961
Minimum: 8.567917
Comsents: Valve position sigmal
from IVDT

Dataset Name: IVDTZ0008
Uersion Number: 1
Series Name: 2888PS1
Date Acquired: 9-24-1993
Time Acquired: 9:36:28.67
Vert Units: INCHES
Horiz Units: Sec
Num Samples: 156008

W2: LVDT2000.4.2000PSI

nuwmInzZH

€ wewyoeyy




ve-v

Dataset Name:

OPENZA88

UVersion Number:

1 :

Series Name:

2008PS1

Date Acquired:

9-24-1993

Time Acquired:

9:36:28.67 |

Vert Units:

PSI

Horiz Units:

Sec

Num Samples:

_W3: OPEN2000,1,2000PSI

Sample Rate: 1etBi4

Maximum: 2499.48

Minimum: -1333.18

Coments: Pressure measurment

on the open side of valve

EHNN).O~L
2000.,0 1
1000.0 7",
0.0
-1000.0

=2000.0 1

[ VR OFRN KrASSUrD MR Euranan + R

rREsure =2+ +0 2000 ws$;

0.6 0,7 0.% 0.9 1.0 1.t

Sec

€ uewyoeyy




ge-v

Dataset Name: Unspecified

Sample Raté:

161004
UVersion Number: ) Max imum: 1.71961

| Minimum: 8.576754
Comments: Expansion of LVDT
| measurement when valve comes
fully ope

Series Name: Unspecif ied
Date Acquired: 9-24-1993
Time Acquired: 9:46:45.28
Vert Units: INCHES
Horiz Units: Sec
Num Samples: 1660

WY: Extract(2.500.1000)

H, 71327 inchos

................................................................................................

YRPIMEion 0F valvd Eofi+i10Nn
s pressure s2+ 2+ 2000

wmwmxInm ZH

. . . . . . . . .
°|5- ....................................................................................................
N . . . . . . . . .
. . . . . .

0.050 0.060 0,070 0,080 0,090 0,100 0,150 0.420 0,130 0.140
Sec

€ uswyoRyy




92-v

D&faset Nam'e': | Unspeciied Sample Rate: Ale+BB4

Version Number: ) Max imum: 1.6931

Series Name: Unspecified [ Minimum: 8.567917

Date Acquired: 9-24-1993 Bl Comments: Expansion of IVDT at

f Time Acquired: 9:45:38.69 valve closure

Uert Units: INCHES

Horiz Units: Sec

Num Samples: 1000

_W5: Ex+rac+(l2.,12500,1000)

VDT naasuranant at valvae 2iofuprs

S XN Prassure 04+ o+ 2000 ks

nmInzH

o . - .
S I I N N I I N T N S S P e T e e S rsa s e ans #ev e s s e pr s as s eane e sr e gesesecsan

{.250 1.260 1.270 4,280 1,290 1.300 {.340 1.220 1.3230 1,340
Sec

¢ wewyosuy



Attachment 4

ETVE DAMPING TEST DATA PLOTS

TEST 1

Open actuating pressure: 2000 psi

Close actuating pressure: 1000 psi

Close actuating pressure—release time: 70 msec
from start of sleeve displacement

Data sampling rate: 10,000 samples per second

Data sampling time: 1 second

- A27




8c-v

e .Dataset Name:‘

CLOSE B

Sample Rate: 1e+094 .

UVersion Number:

1

Maximum: 1167.44 |

| Series Name:

CLS_PRES_ON

R Hinimum: -14.3174

- Date Acquired:

12-89-1993

B Comments: Close pressure left

} Time Acquired:

14:47:02.52

§ on for .5 seconds open pressure

B Vert Units:

PSI §

set 2088 psi close pressure at

B loriz Units:

Sec

I Nua Samples:

) : CLOSE,1,CLS_PRES_ON

4

B 1700 psi

p uewyoeny



6c-v

B Dataset Name:

. Sample Rate:

B Uersion Number:

Maximum:

R Series Name:

CLS PRES ON [ Minimum: 1201.33

B Date Acquired:

Close pressure left

12-89-1993 g Comments:

B Time Acquired:

14:47:02.52 &8

l on for .5 seconds open pressure

{ Uert Units:

set 2000 psi close pressure at

! Horiz Units:

P
5
I

Num Samples:

B u2: OPEN.31.CLS PRES_ON

B 1008 psi

2000.,0

1800.0

1600.0

1400 .0 -

1200.,0 7

p wewyseny



0e-v

[l Dataset Name:

VDT

Sample Rate:  1ctond B

UVersion Number:

1

Maximum: 1.6985

! Series Name:

CLS_PRES_ON

B Hinimun: 8.57773 B

Date Acquired:

12-89-1993

Comments: Close pressure left

“ Time Acquired:

14:47:82.52

on for .5 seconds open pressure

UVert Units:

INCHES

set 2088 psi close pressure at

| Horiz Units:

', Num Samples:

nwmIMNzZH

1006 psi

S
: 1
v s e e e § e g g mr e oot - [ —

¥ wewydeyy




le-v

| Dataset Name:

Unspecified

Sample Rate: 1et004 |

i Uersion Number:

Max imum: 1.69507 =

Series Name:

Unspecif ied

Minimum: 1.6715

Date Acquired:

12-89-1993

Comments: Close pressure left

Time Acquired:

14:53:52.38

on for .5 seconds open pressure

Uert Units:

INCHES

set 20088 psi close pressure at

Horiz Units:

Sec

B Num Samples:

B 1600 psi

W8: CLS_PRES_ON LVDT expanded at+ valve open

1,700 4.

nwmInNnzH

1.570-:

0.090

0.09%

¥ Weuwyoseny



ce-v

Dataset Name: N Sanple Rate:  1etBRd

‘ Uersion Number: 1 B Maximum: 1.6985

B Series Name: CLOSE_ON [ Minimum: 8.577736

B Time Acquired: 15:19:18. 77

Date Acquired: 12-86-1393 W Comments:

UVert Units: INCHES

8 Horiz Units: Sec

wmITNzZH

jf‘ Num Samples: 166068 §

b wio: cLs ERES_DN LVUDT v£ clofg pressfure

0.0 0,4 0.2 0,3 0.4 0.5

. . . . . .
---------------------------------------------------------------------------------------

Close Pressure

p uewyoeny




Attachment 5

ETVE DAMPING TEST DATA PLOTS

TEST 2

Open actuating pressure: 2000 psi

Close actuating pressure: 1000 psi

Close actuating pressure—release time: 0.5 sec
Data sampling rate: 10,000 samples per second
Data sampling time: 1 second

A-33



ve-v

Sample Rate: 1etbbq )

l Maximum: 1135.33
Minimum: -15.6139
{ Comments: Close pressure on for §
3/4 open cycle then released.
open pressure set at 2008 psi
B close pressure set at 1068 psi

S Dataset Name: CLOSE |
B Uersion Number: 2
B Series Name: CLS_PRES_TRIG
Date Acquired: 12-69-1993 |
Time Acquired: 14:52:42.48
Uert Units: PSI
Horiz Units: Sec
Num Samples: 16680

S 'V A

B Li: CLOSE.2.CLS _PRES_TRIG

g juswyoeny




se-v

Dafaset Name:‘

OPEN

B Sample Rate:  1etBB4

B Uersion Number:

2

N Maximum: 2013.6

§ Series Name:

CLS_PRES_TRIG

Minimum: 1176.58

Date Acquired:

12-89-1993

Comments: Close pressure on for [

B Tine Acquired:

14:52:42.48

3/4 open cycle then released.

| Vert Units:

PS1

open pressure set at ZB08 psi

Bl Horiz Units:

Sec

B close pressure set at 1888 psi

Num Samples:

16088 §

oo

WE: OPEN,2.CLS_PRES, TRIG

g Juswyouny




9e-v

Dataset Nmmef‘

VDT

Sample Rate: * fetdld |

Uersion Number:

2

Max imum: 1.78341

Series Name:

CLS_PRES_TRIG

| Min fun: 8.577245 B

Date Acquired:

12-89-1993

Comments: Close pressure on for

Time Acquired:

14:52:42.40

3/4 open cycle then released.

Uert Units:

INCHES

&l open pressure set at 28088 psi

Horiz Units:

Sec

Num Samples:

nmmxNnzZH

10660 |

We: LYDT.2.CLS_PRES_TRIG

close pressure set at 1888 psi

T ———— e e =

X 3

———————e

g wewyosyny




LE-Y

"Datasét Némé:

Uersion Number: |

Series Name: CLOSE_OFF

Date Acquired: 17-86-1993

! Time Acquired: 15:19:18.37

Vert Units: INCHES

1 Horiz Units: Sec

nmmIrnzZH

Num Samples: 18004

Sample Rate: 1et004 |

| Maximum: 1.78341

| Hininun: 8.577245

| Coments: Close pressure on for

3/4 open cycle then released.

open pressure set at 2008 psi

d close pressure set at 1000 psi

0.0 0., 0,2 0.3 0.4 0.5

B L7: CLs PRES_TRIG LVDT vE Clofe pressure

palve.Positﬁon

Close Pressure

g wewyosyy




Dafasef Name:

Unspecif ied

Sample Rate: 1et884

Uersion Number:

Max imum: 1.78341

Series Name:

Unspecified

Minimum: 1.56841

Date Acquired:

12-89-1993

Comments: Close pressure on for

| Time Acquired:

14:58:17.01

3/4 open cycle then released.

INCHES

open pressure set at 2008 psi

UVert Units:
Horiz Units:

Sec

Num Samples:

250

close pressure set at 1688 psi

wmmINZH

Wii: CLS_PRES _ON LVUDT expanded at valve open

g uswyosyy




APPENDIX B

BELLEVILLE WASHER CHARACTERIZATION TESTING

G. E. Korth






Objective of Tests: These tests were conducted to determine the quasi-static
load-deflection behavior of different configurations of Belleville washers used
or proposed to be used in the Eaton Throat Valve prototype. This Toading
behavior provides input for the numerical modeling task of the dynamic valve

evajuation.

Description of Material: The test specimens were made from 17-7PH CH900 CRES
(AMS 5529). They were nominally 1.00 inch in diameter with a 0.50 inch hole and
0.073 inches thick. The part number of these washers is B1000-073-S. A free
standing height of one washer without load is 0.088 to 0.090 inches.

Description of Test Equipment: The washers were tested in a compression mode
using an Instrcn Model 1128 Universal load frame. This load frame is a four post
screw-driven machine with maximum capacity of 100,000 pounds. The washers were
loaded between two compression platens. The accuracy of the Toad cell is within
+ 0.5% of the indicated load or % 0.25% of the load range in use. Deflection was
monitored between the compression platens with a linear variable capacitance
transducer with an accuracy of within 0.02% of full range (0.50 inches).

Test Procedure: The washers were tested either dry (as received) or lubed with
DN-600 Polar Start grease manufactured by Conoco. They were placed directly on
the compression platen in various configurations as shown in Figure 1. The load
frame cross-head was manually moved down until the first indication of Toad was
noted and then the electronic cross-head positioner was zeroed so upon unioading
the cross-head would come back to that same position. Using this technique,
permanent deformation would be evident on unloading or in subsequent cycles of
the same stack. The cross-head was programmed to move with a speed of 0.05 to
0.50 inches/minute. After the desired load was reached the reverse was activated
and the stack was unloaded with the same cross-head velocity (0.05 to 0.50
in./min.). Compliance was measured on the system by loading the compression
platens without any washers present (See Chart 16). The compliance of the
machine can probably be neglected since it was measured to be 1.25 x 107%
inches/pound.




The same set of washers were used for the dry and lubed tests of configuration
(a) and (b), but for all other configurations, a new set of as-received washers
were used with one exception: configuration (1) used four washers which had also
been tested in the configuration (k) stack. The load and deflection were
recorded on an X-Y plotter with the load range, load calibration, and deflection
calibration noted on each chart. The test temperature was ambient laboratory

temperature (approximately 22-24°C).

Results: The loading and unloading behavior of the various stack configurations
shown in Fig.l is described by the X-Y plots. The matrix of tests conducted is
Tisted in Table 1 which also lists the maximum load and deflection for each

configuration stack.

B-4



r-\—‘ \ A\ '\ \

L\ N R

— N 1 R

AR ’ by e AR
Configuration (a) Configuration (b)

Stack of 1 Stack of 4

Ny 7o /.

f1f1] S

VN R

NN 777 e

5\: . Ko~ N N [ T m/-‘/‘

NN NN R | R
AN NN O\ N ; ! —
\\\,\ B -t k\‘\\, ~, \

\ B N \_.\\ S \\
— — —_— o
7 — —— l —

) i E : b =]
’L.T_/-'f! t N - T N
7 ! G ———— _
_'—7#-—,' n . —'\ —

———em—
Configuration (c) Configuration (d)
Stack of 12 Stack of 16

Figure 1. Stack configurations used in testing Belleville washers
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Figure 1. (cont’d) Stack configurations used in testing Belleville washers



Table 1. Belleville washer load-deflection stack tests.

Stack Max. Max.
Configura- Configuration Load Defl. No. Chart
tion Description Lube (1bs) 107 in. Cycles No.
( Fig.1)
a Single N 3,500 14.5 3 1
a Single Y 3,500 14.5 3 1
b 4 Parallel N 14,000 16.1 3 2
b 4 Parallel Y 14,000 17.3 10 2,3
c 12(Two 6’s) N 21,000 34.2 3 4
c 12(Two 6's) Y 21,000 38.8 10 5,6
d 16(Two 8's) Y 45,000 39.4 6 7,8
e 20(Two 10's) Y 70,000 65.0 5 9
f 12(Alternating) Y 4,500 176.5 5 10
g 16(Alternating) Y 4,500 228.5 5 11
h 20(Alternating) Y 4,500 264.0 5 12
i 20(Ten sets of Y 14,000 146.5 5 13
alternat. 2's)
J 12 Parallel Y 70,000 29.3 5 14
k 16 Parallel Y 80,000 42.2 5 15
1 20 Parallel Y 100,000 74.0 5 16
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APPENDIX C

BELLEVILLE WASHER DAMPING CHARACTERIZATION

Unloaded initial displacement ringdown of the
Belleville washers is examined herein to ascertain
the damping behavior of the Eaton Throat-Valve
Element Prototype (ETVE). The ideal spring
behavior assumed is that described in Appendix A
of this report. I wrote a simple FORTRAN pro-
gram to use the ETVE mechanical motion subrou-
tines described in Appendix D. Ringdown behav-
ior of both ETVE opening and closing Belleville
washer stacks is observed; we see that overload of
either washer significantly reduces its effective
damping.

Ringdown Model

Figure C-1 illustrates the mechanical motion
ringdown model used. A single degree-of-freedom
mass is allowed to oscillate between two identical
ideal Belleville washers. Mass and washer stiff-
ness properties are those defined in Appendix A of
this report. An initial displacement, y(0), is
imposed, followed by free oscillation of the mass.
Figure C-2 illustrates a typical ringdown displace-
ment history for an idealized Belleville washer
subjected to moderate initial displacement.
Observe that the absolute values of succeeding dis-
placement relative minima and maxima decrease
with respect to the absolute values of time.

Damping Models

Again, referring to Figure C-2, the envelope
curve tangent to the displacement history relative
maxima is defined to be Y(t). If, for a simple
washer-mass system, Y(t) is linear with respect to
time, the damping behavior is termed Coulomb or
friction damping, having the following description,
Yc(b):

where

y(0) = The initial displacement
Fc¢ = The Coulomb damping force
M = The mass of the system
T = The natural vibration period.

Thus, if the mass is known and the period is
measured from the actual decay curve, the equiva-
lent Coulomb damping force may be found
through substituting y(t) and a relative maxima and
corresponding time into the above relationship.

An exponentially decaying definition, Yv(t), of
the envelope defines classical viscous damping of
a simple washer-mass-dashpot system:

—2x5t
Y, 0 =y(0) 5 e T
where
d the viscous critical damping ratio

i

T the natural vibration period.

In this case, z is easily found by means of a
technique termed logarithmic decrement; if the
natural logarithm of the ratio of adjacent relative
maxima or minima of y(t) is found,

_ L y(® ]
¢= 2n ln[yﬁ+T

History Calculations

A simple FORTRAN program, listed in Table
C-1, numerically determines the ringdown behavior
of an ideal Belleville washer. Force-displacement
behavior of the ideal washer, as described in
Appendix D of this repor, is defined in BLOCK

a. Figures and tables are found in a section beginning on page S.




DATA (respectively listed in Tables C-2 and C-3 for
the opening and closing washers). Variables input
during program execution are initial displacement,
calculation duration, and file output interval.
ASCII file output records consist of the following:
time, displacement, velocity, and acceleration.

Opening Belleville Washer

Figures C-3 and C-4 illustrate results of two
ringdown calculations for the opening Belleville
washer (12 washers). The first figure represents
behavior where the initial displacement is set to be
d3 (idealized characterization data, Appendix D)
which represents normal loading of the washer.
The second figure represents behavior where initial
displacement is greater than d3 (overloaded condi-
tion). It is seen that effective damping is signifi-
cantly reduced for the overload case. Also, it is
seen that the damping envelope is essentially lin-
ear, which indicates that the equivalent simple
washer-mass damping is predominantly frictional
(Coulomb). If the mass of the moving parts of the
ETVE is taken to be 0.0324 1bf-s2/in., then, from
Figure C-3 (T = 0.0023 s, y(0) = 0.0327 in.,
Yc(0.004” s) = 0.0159 in.), the equivalent
Coulomb damping force for normal Belleville
washer ringdown is

Fp, = 540 Ibf.

However, from Figure C+4, if the initial dis-
placement of the Belleville washer is increased to
0.050 in., damping is significantly reduced. In this
case, the equivalent damping force is approximately

C4

Fo = 310 Ibf .

Logarithmic decrement of the latter relative
maxima and minima from Figure F-3 results in an
average equivalent critical viscous damping ratio:

Cn = 0.066 .

Closing Belleville Washer

Figures C-5 and C-6 present the results of ring-
down calculations for the ETVE closing Belleville
washer (4 washers). Again, the first figure illus-
trates results for initial displacement, representing
normal loading on the washer. The second figure
depicts results of an overload conditinn is. In this
case, the ratio of the overload initial displacement
to the normal initial displacement is not as great as
this ratio was for the opening washer comparison.
We see that the reduction of equivalent damping is
not as great as in the opening washer comparison.
Coulomb damping force calculations, similar to
those previously performed, indicate

Fep = 360 Ibf
Foo = 240 Ibf .

Logarithmic decrement calculations for the
normally loaded ringdown case result in an aver-
age equivalent viscous critical damping ratio:

¢, = 0.055 .



Figures and Tables

Identical Belleville springs

Force

|dealized
Belleville
spring behavior

Figure C-1. Belleville washer ringdown model.

Displacement

Time, t

Figure C-2. Typical Belleville washer damping behavior.
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Table C-1. Belleville Spring Ringdown Program Listing

C
C
C
C
C
C

[ 2N o

Program damp --- Calculates Belleville spring ringdown history.
An initial displacement is specified for a mass located
between two identical Belleville springs and allowed to
oscillate with no external applied force.

Displacement, velocity, and acceleration are calculated and
output to file for subsequent analysis.

Developed in support of ETVE behavior coupled hydrodynamic -
mechanical motion prediction code for U.S. Army.

J G. Arendts, INEL/EG&G Idaho, Dec. 1993.

PROGRAM damp
IMPLICIT REAL*8 (a-h, 0-2)
CHARACTER*12 z_fout
COMMON /mtn/ tmass, gap_sc, gap_so, f_act,
& f_cdc, f_cdb, s_csp, c_csp, c_bsp,
& d_cur, d_upd, v_cur, v_upd, a_cur, a_upd
COMMON /bspr/  fl_bsc, f2_bsc, f3_bsc, fl_bso, f2_bso, f3_bso,
& dl_bsc, d2_bsc, d3_bsc, dl_bso, d2_bso, d3_bso,
& sl_bsc, s2_bsc, s3_bsc, sd4_bsc,
& sl_bso, s2_bso, s3_bso, sd_bso

C *** Calculate Belleville spring characteristics ***

CALL belspr

C *** Open output file ***

PRINT *, ‘Output File Name:
READ *, z_fout
OPEN (UNIT=2, FILE=z_fout)

C *** Input data ***

PRINT *, ‘Initial Displacement: '
READ *, d_upd

PRINT *, ‘Calculation Duration: '
READ *, t_end

PRINT *, ‘Output Interval: '

READ *, t_del
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Table

C-1. (continued)

C * ke ok

c *kk

10

c * Kk

Initialize ***
iu_flg =0
Time loop ***

time = - t_del
time = time + t_del
d_cur = d_upd
v_cur = v_upd
a_cur = a_upd

WRITE (2,FMT=" (4E20.6)') time, d_cur, v_cur, a_cur

CALL motion (time, t_del, 0.0, iu_flg)
End time loop **

IF (time.LT.t_end) GO TO 10
CLOSE (2)

STOP

END

Table C-2.

Opening Spring Ringdown Block Data Listing

BLOCK DATA

IMPLICIT REAL*8 (a-h, 0-2)
COMMON /mtn/ tmass, gap_sc, gap_so, f_act,

& f_cdc, f_cdb, s_csp, c_csp, c_bsp,

& d_cur, d_upd, v_cur, v_upd, a_cur, a_upd
COMMON /bspr/ fl_bsc, f2_bsc, f3_bsc, fl_bso, f2_bso, f3_bso,

& dl_bsc, d2_bsc, d3_bsc, dl_bso, d2_bso, d3_bso,

& sl_bsc, s2_bsc, s3_bsc, sd4_bsc,

& sl_bso, s2_bso, s3_bso, s4_bso
DATA tmass, gap_sc, gap_so, f_act

& / 0.0324, 0.0, 1.0e-6, 0.0 /
DATA f_cdc, f_cdb, s_csp, c_csp, c_bsp

& / 0.0, 0.0, 8.0, 0.0, 0.0 /
DATA d_cur, d_upd, v_cur, v_upd, a_cur, a_upd
& / 0.0, 0.0, 0.0, 0.0, 0.0, 0.0/

C *** Initialize Belleville spring force-displacement data here ***

DATA f1_bsc, f2_bsc, f3_bsc, fl_bso, f2_bso, f3_bso
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&
DATA
&

/ 8.5E+3, 5.5E+3, 2.1E+4, B.5E+3, 5.5E+3, 2.1E+4/
dl_bsc, d2_bsc, d3_bsc, dl_bso, d2_bso, a3_bso
/ 0.0280, 0.0285, 0.0328, 0.0280, 0.0285, 0.0328/

C (XTI IL LSS RITA L2222 232 2222222 22222l 222 2 22122 ddsdddd

DATA sl_bsc, s2_bsc, s3_bsc, sd4_bsc
& / 0.0, 0.0, 0.0, 0.0 /
DATA s1_bso, s2_bso, s3_bso, s4_bso
& / 0.0, 0.0, 0.0, 0.0 /
END
Table C-3. Closing spring ringdown block data list.
BLOCK DATA

IMPLICIT REAL*8 (a-h, 0-2)

COMMON /mtn/

&
&

tmass, gap_sc, gap_so, f_act,
f_cdc, f_cdb, s_csp, c.csp, c_bsp,
d_cur, d_upd, v_cur, v_upd, a_cur, a_upd

COMMON /bspr/ fl_bsc, f2_bsc, f3_bsc, fl_bso, f2_bso, f3_bso,

&

&

&
DATA

&
DATA

&

DATA
&

dl_bsc, d2_bsc, d3_bsc, dl_bso, d2_bso, d3_bso,
sl_bsc, s2_bsc, s3_bsc, sd_bsc,
sl_bso, s2_bso, s3_bso, s4_bso
tmass, gap_sc, gap_so, f_act

/ 0.0324, 0.0, 1.0E-6, 0.0 /
f_cdc, f_cdb, s_csp, c_csp, c_bsp
/ 0.0, 0.0, 8.0, 0.0, 0.0 /

d_cur, d_upd, v_cur, v_upd, a_cur, a_upd
/ 0.0, 0.0, 0.0, 0.0, 0.0, 0.0/

C *** Initialize Belleville spring force-displacement data here ***

DATA
&

DATA
&

fl_bsc, f2_bsc, f3_bsc, fl_bso, f2_bso, f3_bso

/ 5.6E+3, 4.1E+3, 1.4E+4, 5.6E+3, 4.1E+3, 1.4E+4/

dl_bsc, d2_bsc, d3_bsc, dl_bso, d2_bso, d3_bso

/ 0.0127, 0.0135, 0.0155, 0.0127, 0.0135, 0.0155/

C khkkkkhhhhhhhbhhhhbhhhbhkkbhkhhhhkhkddhhb kbbb kbbb hkdh kb kbbb dd

DATA
&

DATA
&

END

sl_bsc, s2_bsc, s3_bsc, sd4_bsc

/ 0.0, 0.0, 0.0, 0.0 /

s1_bso, s2_bso, s3_bso, sd4_bso

/ 0.0, 0.0, 0.0, 0.0 /
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Appendix D

Mechanical Dynamics Subroutine
for the Eaton Throat-Valve Element Prototype

This appendix presents the analytical develop-
ment of the mechanical dynamic model represent-
ing the Eaton Throat-Valve Element (ETVE) pro-
totype moving parts. The ETVE’s moving parts
(sleeve, piston, piston rod, and Belleville washers)
are analyzed, from which the equation of motion
for the ETVE’s configuration is derived. The
resulting solution of the nonlinear equation of
motion is presented as explicit time-difference
equations. The paper also presents FORTRAN
implementation of the motion solution, with sup-
porting subroutines.

Analytical Model

Since all of the moving parts of the ETVE are
rigidly connected and, thus, move together, we
assume a single degree-of-freedom rigid body
dynamic model. Figure D-1 represents the assumed
model. We see that nonlinearities are introduced
owing to the slide opening and closing gaps (G, and
Gy, respectively) and Coulomb damping friction
forces acting on the sliding mechanism and
Belleville washers (F ¢ and Fy, respectively). Stiff-
ness and viscous damping of the coil spring and slide
mechanism are represented, respectively, as K and
Cs. Since the closing and opening rebound Belleville
washers have differing stiffness properties, their

Figure D-1. ETVE mechanical motion model.

respective stiffness properties are represented as

and Ky,,. Viscous damping of the Belleville washers
is represented as Cp,. Finally, extemally applied
force, resulting from time-dependent actuator pres-
sure and hydrodynamic gas pressure (both time- and
slide position-dependent), is represented as Fp(y.t).

Belleville Spring Characterization

Quasi-static compression tests of representa-
tive ETVE Belleville spring stacks indicate signif-
icantly different loading and unloading force-dis-
placement behavior. Figure D-2 represents ideal-
ized quadrilinear Belleville spring behavior. We
see that the entire ideal behavior may be represent-
ed through specification of three force-displace-
ment coordinate pairs, (Fj, d;), where i = 1, 2, 3.
The four stiffnesses that represent the overall
Belleville spring behavior are then found as the
slopes of the linear curve segments. For maximum
compressive forces exceeding F,, unloading
behavior follows the bounding unloading curves.
However, for maximum spring compressive forces
less than F3, initial unloading behavior is assumed
to follow a curve parallel to the bounding initial
unloading curve until intersection with the final
oounding unloading curve, at which time unload-
ing behavior follows the latter curve.




Figure D-2. Idealized Belleville spring behavior.
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Equivalent Spring Force

Since the Belleville spring force-displacement
characterization curves do not necessarily pass
through the origin of the force-global displacement
coordinate system, the restoring force acting on the
moving mass caused by the Belleville spring com-
pression is not equal to the current global displace-
ment multiplied by the corresponding stiffness.
Figure D-3 illustrates the Belleville spring restoring
force F,, as related to global displaccment, y, for a
typical spring characterization curve. We see that F,
is equal to Ky less Fg, the equivalent spring force.
Note that when neither of the gaps is closed, the
equivalent spring force is zero, and the coil spring
restoring force is equal to Ky.

Equation of Motion

Equating restoring forces acting on the single
degree-of-freedom mass (inertial, viscous damping,
spring, and Coulomb friction) with the total disturb-
ing force from actuator and hydrodynamic pressures
yields the following equation of motion:

Mj+ Cly)y +K(y)y-F () +F_(y.y)=F (.0

where
M = the total mass of all moving valve parts
Cl(y) = the viscous damping function

Ciy)=C,.-G, <y<G,,
Cly)=C,,y<-G, or y>G_

K(y) = the stiffness function

K(y)= K,,-G, <y<G,,
K(y)=K,.y<-G,,
Ky) =K, ,y>G,,

F,(y) = the equivalent spring force function
F (y)=0,-G, <y<G,
F (y)=,F,,y<-G_
F (Y)=F_.y>G,

D-5

F (y,y) = the Coulomb damping force function
F(y,y)=0,y=0
F(y.y)=F_,-G,_<y<G,_, andy >0
F(y,y)=-F, -G, <y<G,, . andy<0
Fc(y. y)= F,.+F,.y>G ,ory<-G_,

andy >0
F(y.9)=—(F_ +F,)y>G ,ory<-G, .
andy>0

Fp(y.t) =F, (y,t) + F F(t) is the pressure
induced load history
F, (y.t) is the net hydrodynamic pressure
load history

F (1) is the actuation pressure load history.
Linearized Equation of Motion

If C(y), K(y), F,(y), and F (y,y) are constant
over some small time, T, 0 <T<At, and are equal to
C. K, F,, respectively; and if
FO=F l)(y.t) +F -F,

then
dy d

ML L +ky = F(.
@ 4@

Frequency Description
If the following frequency terms are defined,
Undamped natural frequency, = (k/M)1/2

Damping factor frequency, f = C/2M
Damped natural frequency, wd = (w2 -p2)1/2



then,

dy

dv

Closed Solution

+2;3-—+m y=—-F(I).

The above equation has the following general
solution:

1 . .
y@® =e [-(;d- (yo + Byo) sinof+y_ cos® di]

—Bi—)

+ Yo J F(©)e sinw, (t- 1) dt

=Y, ®
+y, ®
where y and )'fo are, respectively, displacement and
velocity att- 0.
Particular Integral

Since the present linearized solution is to be
used for explicit time integration, the disturbing
force is set to be constant over the interval, 0 St <1,

F(r)=F, .

or,

t
_ -0 .
y,® = Vo, L F(te sinw, (i- 1) dt

F

{
__o© -p({~)
= Mo, J; e sinw, (i-1) dt .

Upon integration,

[1 - - (?g—sinmdi + coswd’t)] .

d

y, 0=

Upon combination of the above homogeneous
and particular solutions and differentiation of the
result, displacement, velocity, and acceleration are,
respectively,

y(@® =e_u[(—ﬁ-y +-Z:y )sm(od”Hy cos(n't]

F
+ T° [ 1-¢ ¥ (-%sinmdi + coscodf)] .

2
- c‘“[ ”(%Yo+‘ioﬂ‘d9o) sim}+y°coscoai]

Fot:ozc_m )
+ K(Od sino .t
2
. d
y = y(®

-pi o P L
= li( (Dd yo - (Dd yoJ Sm(l)dl

- (mzyo +2By_) cose d‘t]

F e
5

tTXK

- ‘m—d Sll’l(Dd[+ COS(Odl) .

Explicit Time Integration

Let
Yo =y
Yo =y

be the previously calculated displacement and
velocity at time, t. Then, from the closed solution,
Where i: 8t ’

yt+ 80 = ™ [(-f,— Y0+ = 500 ) sin (080

d d

+y(b) cos (wd&)]

+ f!% [ 1—e P (%sin (@,80 + cos (md&))} .
4




2
, - (0 . .
y(t+8) =e pat [»[B)-d- y(V) + -g-; y(l)] sin (@ 51)
+y(1) cos (o dSt)]
FO) oe ™
-—T(E:_ sin (® dSt) .
9 -5
y(t+ 8t) = o [ B(;: y(D) ~ dmf y(» } sin (S0

— & (@Py(®) + 2By(D) cos (80

-5
F(O) w6
+.—————

K

(— }E; sin (w80 + cos (mdbt) ) .

Experimental Characterization

To determine the Belleville washers’ ideal
stiffness behavior and dynamic model overall
damping characteristics, results from quasi-static
Belleville spring compression tests and ETVE
opening tests are used.

Belleville Spring Characterization

Figures D-4 and D-5 illustrate the force-dis-
placement idealized Belleville spring stiffness
characteristic curves used herein. The closing
spring is a stack of four parallel Belleville washers,
whereas the opening spring is two stacks of six
washers oriented in series. Also represented are
actual average test data (see Appendix B of this
report). The idealized curves are determined by
visual best fit to the overall test data.

Actuator Force History Characterization

I used the results from a recent ETVE opening
test that used 2000-psi actuator pressure (quickly
applied and having a long duration) but no driver
gas volume or pressure. Figure D-6 represents a
typical actuator force history derived from mea-

sured actuator pressures (see Appendix A of this
report). Also shown is the ideal actuator history
specified for the mechanical motion model. The
time and force values referred to in Figure D-6 and
used in the mode! are

tg1 = 0.05 sec

152 = 0.50 sec

Faj = 1425 1bf

Fap = 2850 Ibf.

Overall Model Damping Characterization

We obtained the system’s damping characteris-
tics by running several algorithm predictions, vary-
ing different parameters until the axial displace-
ment history matched the actual test data obtained
from the tests described above (see Appendix A of
this report). We found that the following damping
parameters produced a reasonable fit to the test
data:

Slide Coulomb damping force = 100 1bf

Slide viscous damping ratio = 0.0

Belleville spring Coulomb damping force = 0.0
Belleville spring viscous damping ratio = 0.08.

Figure D-7 compares the calculated ETVE dis-
placement response damping data with the test
data.

Subroutine Descriptions

Three FORTRAN subroutines that support and
perform the ETVE motion calculations depicted
above are described here. The only significant
deviation from ANSI FORTRAN-77 is in the use
of underscored variable names (which will be
included in ANSI FORTRAN-90). Generic names
are used for intrinsic library functions, 32 bit real
words are implicitly defined, and constants are
defined in either floating point or “E” formats.
Three named common blocks are used for global
variable storage and a BLOCK DATA segment is
defined for global variable value initialization.
The three subroutines, namely “belspr,” “fact,” and
“motion,” are described below. BLOCK DATA is
also listed.
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Subroutine “belspr”

The purpose of this subroutine is to compute
the Belleville washers’ stiffness from the force-
displacement characterization values specified in
BLOCK DATA. This subroutine is only called
from the main program once (prior to first call to
“motion”). The source list of this subroutine is
given in Table D-1, and use of the variables is
described as follows (see Figure D-2):

f1_bsc = F, (closing Belleville spring)
f2_bsc = F, (closing Belleville spring)
f3_bsc = Fj3 (closing Belleville spring)
f1_bso = F; (opening Belleville spring)
f2_bso = F, (opening Belleville spring)
f3_bso = Fj3 (opening Belleville spring)

Table D-1. Subroutine “belspr” List.

d1_bsc = d; (closing Belleville spring)

d2_bsc = dj (closing Belleville spring)

d3_bsc = dj (closing Belleville spring)

d1_bso = d; (opening Belleville spring)

d2_bso = dj (opening Belleville spring)

d3_bso = d3 (opening Belleville spring)

s1_bsc -

s4_bsc = calculated stiffnesses (closing
Belleville spring)

sl_bso -

s4_bso = calculated stiffnesses (opening
Belleville spring).

Subroutine “fact”

This subroutine calculates the current actuator
force acting on the moving ETVE parts. One argu-

[ 2]

o0

Subroutine belspr -- Calculates Belleville spring stiffness
characteristics from force displacement values.

Developed for inclusion in ETVE behavior coupled hydrodynamic -
mechanical motion prediction code for U.S. Army.

€C J. G. Arendts, INEL/EGA&G Idaho, Nov. 1993.

SUBROUTINE belspr
IMPLICIT REAL*8 (a-h, o0-2)

COMMON /bspr/f1_bsc, f2_bsc, f3_bsc, fl_bso, f2_bso, f3_bso,
d1_bsc, d2_bsc, d3_bsc, d1_bso, d2_bso, d3_bso,

& sl _bsc, s2_bsc, s3_bsc, s4_bsc,

& s1_bso, s2_bso, s3_bso, s4_bso

C *** Belleville closing spring characteristics ***

sl_bsc = fl_bsc/dl_bsc
s2_bsc = f2_bsc/d2_bsc

s3_bsc = (f3_bsc-fl_bsc)/(d3_bsc-d1_bsc)
s4_bsc = (f3_bsc-f2_bsc)/(d3_bsc-d2_bsc)

C *** Belleville opening spring characteristics ***

s1_bso = f1_bso/dl_bso

s2_bso = f2_bso/d2_bso

s3_bso = (f3_bso-fl_bso)/(d3_bso-dl_bso)
s4_bso = (f3_bso-f2_bso)/(d3_bso-d2_bso)
RETURN

END




ment is passed, the current solution time. This sub-
routine must be called prior to each call of
“motion.” The source list of this subroutine is
given in Table D-2, and use of the variables is
described as follows (see Figure D-6):

fl_act = Fy
f2_act = Fyp
t1_act = tg
12_act = ty
f act = calculated current actuator force.

Subroutine “motion”

This subroutine, listed in Table D-3, calculates
the incremental motion of the ETVE movable parts
in terms of the variables: displacement, velocity,
and acceleration. Arguments passed to the subrou-
tine are current calculation time, current time
increment, net fluid dynamic force acting on the
moving mass, and an integer flag, iu_flg, which
indicates whether a Belleville spring is loading
(iu_flg = 0) or unloading (iu_flg = 1). Note that
iu_flg is not initialized in BLOCK DATA; it must
be initialized to zero early in the main program.

The subroutine first determines if either of the
the Belleville washers are compressed upon sub-
routine call or, if not, will a Belleville spring
become compressed at the end of the time step. If
either of the above cases are true, the motion cal-
culational time step is reduced to 1.0 x (10)'7 sec

Table D-2. Subroutine “fact” List.

and the incremental motion calculations are sum-
marily performed until the argument passed time
increment is attained. The reason for this small
incremental motion calculation is due to the very
large changes of the motion parameters that occur
in the transition between relatively free motion
(neither Belleville spring compressed) and very
stiff resistance when either of the Belleville wash-
ers are compressed.

The following section of the subroutine con-
sists of logic blocks wherein the applicable motion
parameters are specified. Finally, the updated
motion variables are computed. It is important to
know that the subroutine does not update the cur-
rent motion variables; rather, the updated (end of
time increment) variables are re-computed in the
subroutine. It is the responsibility of the calling
program to update the current variables, either
before “motion” is called, or after.

Parametric variables (mass, stiffnesses, and
damping values), as well as motion variables and
forces, are described in the subroutine listing and
will not be repeated here.

Block Data

The purpose of BLOCK DATA, listed in Table
D44, is to initialize all global variables. General
motion and spring parameters are specified here.
Changes to these parameter values are easily made
in the source module (with recompilation).

C Subroutine fact --- Calculates actuator force as a function

c of current time.

c Developed for inclusion in ETVE behavior coupled hydrodynamic -
C mechanical motion prediction code for U.S. Army.

C J. G. Arendts, INEL/EGAG Idaho, Nov. 1993.
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Table D-2. (continued)

SUBROUTINE fact (time)
IMPLICIT REAL*8 (a-h, o0-2)
COMMON /fac/ f_act, fl_act, f2_act, tl_act, t2_act

C *** Current actuator force ***

IF ( time.LT.t1l_act ) THEN
f_act = fl_act*time/tl_act
ELSE IF ( time.GT.t2_act ) THEN
f_act = f2_act
ELSE
f_act = fl_act+(f2_act-fl_act)*(time-tl_act)/(t2_act-t1l_act)
ENDIF

RETURN
END

Table D-3. Subroutine “motion” list.

C Subroutine motion --- Calculates and updates displacement,

C velocity, and acceleration of single degree-of-freedom,

C damped, and forced (constant over time step)

C dynamic mechanical system. A closed-form solution of

c equation-of-motion is utilized for explicit time integration.

C Developed for inclusion in ETVE behavior coupled hydrodynamic -

C mechanical motion prediction code for U.S. Army.

C J. G. Arendts, INEL/EG&G Idaho, Nov. 1993.

C Argument passed variables:

c time = current absolute time (sec)

C t_del = time increment (sec)

c f_hyd = current net hydrodynamic force (1bf)

C fu_flg = Belleville spring unlaoding flag (= 1 1f unloading)

C Named common (motion) variables:

c tmass = total mass of moving parts (1bf-sec**¢/in)

C gap_sc = slide closing gap (ref. to undisplaced position - in.)
c gap_so = slide opening gap (ref. to undisplaced position - in.)
C f_act = current actuator force (1bf)

c f_cdc = coil spring Coulomb damping force (1bf)

C f_cdb = Belleville spring (both) Coulomb damping force (1bf)

c s_csp = coil spring stiffness (1bf/in)

c c_csp = coil spring viscous critical damping ratio (dim.-less)
C c_bsp = Belleville spring viscous critical damping ratio (*)

c d_cur = current displacement (in.)

c d_upd = updated displacement (in.)

¢ v_cur = current velocity (in/sec)

c v_upd = updated velocity (in/sec)
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Table D-3. (continued,

[z o]

OO0

a_cur = current acceleration (in/sec**2)
a_upd = updated acceleration (in/sec**2)

Calculated volatile variables:
fre_u = undamped natural frequency (rad/sec)
fre_.d = damped natural frequency (rad/sec)
beta = damping factor frequency (rad/sec)
f_cd = velocity dependent Coulomb damping force (1bf)
f_es = effective gap-closure spring force (1bf)

SUBROUTINE motion (time, t_del, f_hyd, {u_flg)
IMPLICIT REAL*8 (a-h, 0-2)

COMMON /mtn/  tmass, gap_sc, gap_so,
f_cdc, f_cdb, s_csp, c_csp, c_bsp,

& d_cur, d_upd, v_cur, v_upd, a_cur, a_upd

COMMON /fac/  f_act, fl_act, f2_act, tl_act, t2_act

COMMON /bspr/ fl_bsc, f2_bsc, f3_bsc, fl_bso, f2_bso, f3_bso,
& d1_bsc, d2_bsc, d3_bsc, di_bso, d2_bso, d3_bso,
& s1_bsc, s2_bsc, s3_bsc, sd4_bsc,
& s1_bso, s2_bso, s3_bso, s4_bso

SAVE f2_bst, d2_bst

%% Net external force ***
f_ex = f_hyd + f_act
*** Initialize *+*

tt = t_del
tt_sum = 0.0
dl = d_cur

vl = v_cur
g_sc = -gap_scC
g_so0 = gap_so

*** Set gap boundary and Belleville spring compression flags ***
i flg=0
IF ( d_cur.6T.g_so .0OR. d_cur.LT.g_sc ) i_flg =1

10 j_flg=0
IF ( 1_f1g.EQ.1 .AND. t_del.GT.1.0E-07 ) tt = 1.0E-07

*** Current stiffness, damping, and effective forces ***
20 IF ( d1.G6T.g_so ) THEN
**+ Belleville opening spring is active ***

beta = c_bsp

f_cd = f_cdc + f_cdb

d_rel = dl - g_so

f_so = s_csp*g_so
IF ( v1.GE.0.0 ) THEN
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Table D-3. (continued)

C *** The spring is loading ***

ju_flg=0
IF ( d_rel.GT.d3_bso ) THEN

stif = sd4_bso

f_es = s4_bso*(g_so+d3_bso) - f_so - f3_bso
ELSE IF ( d_rel.LT.d1_bso ) THEN

stif = sl_bso

f_es = sl_bso*g_so - f_so
ELSE

stif = s3_bso

f_es = s3_bso*(g_so+d1l_bso) - f_so - fl_bso
ENDIF

ELSE
C ***The spring is unloading ***
IF ( fu_f19.EQ.0 ) THEN
C ***Do this only for the initial unload step
{u_flg = 1
IF ( d_rel.LT.d1_bso ) THEN
d2_bst = d_rel*(s4_bso-s1_bso)/(s4_bso-s2_bso)
f2_bst = s2_bso*d2_bst

ELSE IF ( d_rel.LT.d3_bso ) THEN
d2_bst = d_rel*(s4_bso-s3_bso) + d1_bso*s3_bso

d2_bst = (d2_bst-fl_bso)/(s4_bso-s2_bso)
f2_bst = s2_bso*d2_bst
ELSE
d2_bst = d2_bso
f2_bst = f2_bso
ENDIF
ENDIF

IF ( d_rel.GT.d2_bst ) THEN
stif = sd4_bso
f_es = s4_bso*(g_so+d2_bst) - f_so - f2_bst

ELSE
stif = s2_bso
f_es = s2_bso*g_so - f_so

ENDIF

ENDIF
ELSE IF ( d1.LT.g_sc ) THEN

¢ ***Belleville closing spring is active ***

beta = c_bsp

f_cd = f_cdc + f_cdb
d_rel = -dl1 - gap_sc
f_sc = s_csp*gap_sc
IF ( v1.LE.0.0 ) THEN
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Table D-3. (continued)

C ***The spring is loading ***

fuflg=20
IF ( d_rel.GT.d3_bsc ) THEN
stif = s4_bsc
f_es = -s4_bsc*(gap_sc+d3_bsc) + f_sc + f3_bsc
ELSE IF ( d_rel.LT.d1_bsc ) THEN
stif = s1_bsc
f_es = -s1_bsc*gap_sc + f_sc
ELSE
stif = s3_bsc
f_es = -s3_bsc*(gap_sc+dl_bsc) + f_sc + fl_bsc
ENDIF
ELSE

C *** The spring is unloading ***

IF ( 1u_f1g.EQ.0 ) THEN
fu_fig = 1
IF ( d_rel.LT.d1_bsc ) THEN
d2_bst = d_rel*(sd4_bsc-s1_bsc)/(s4_bsc-s2_bsc)
f2_bst = s2_bsc*d2_bst
ELSE IF ( d_rel.LT.d3_bsc ) THEN
dZ2_bst = d_rel*(s4_bsc-s3_bsc) + dl_bsc*s3_bsc
d2_bst = (d2_bst-fl_bsc)/(s4_bsc-s2_bsc)
f2_bst = s2_bsc*d2_bst
ELSE
d2_bst = d2_bsc
f2_bst = f2_bsc
ENDIF
ENDIF
IF ( d_rel.GT.d2_bst ) THEN
stif = s4_bsc
f_es = -s4_bsc*(gap_sc+d2_bst) + f_sc + f2_bst
ELSE
stif = s2_bsc
f_es = -s2_bsc*gap_sc + f_sc
ENDIF
ENDIF
ELSE

C ***Only the coil spring is active ***

stif = s_csp

beta = c_csp

f_es = 0.0

f_cd = f_cdc
ENDIF

C *** Displacement and velocity dependent properties and forces ***

fre_u = SQRT(stif/tmass)

beta = beta*fre_u

fre_d = SQRT(fre_u**2-beta**2)
IF ( v1.GE.0.0 ) f_cd = -f_cd
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Table D-3. (continued)

IF ( time.LT.t1l_act ) f_cd = f_cd*f_act/fl_act
f_tot = f_ex + f_cd + f_es

C *** Exponential and trig factors **+

fac_e = EXP(-beta*tt)
fac_s = SIN(fre_d*tt)
fac_c = COS(fre_d*tt)

C ***{pdated or incremental displacement ***

d2 - fac_e *(fac_s *(dl*beta/fre_d + v1/fre_d) + fac_c*dl)
d2 = d2 + f_tot*(1.0 - fac_e *(fac_s*beta/fre_d + fac_c))/stif

C ***Check gap boundary crossings **+

IF ( 1_f1g.EQ.0 ) THEN
IF ( d2.6T.g_so .OR. d2.LT.g_sc ) THEN
1_flg = 1
J_flg =1
ENDIF

ENDIF
IF ( §_f1g.EQ.1 ) GO TO 10
C *** Updated or incremental velocity ***

v2 = -fac_s *(dl*fre_u**2/fre_d + v1*beta/fre_d)
v2 = fac_e *(v2 + fac_c*vl)
v2 = v2 + f_tot*fac_e*fac_s*fre_u**2/stif/fre_d

C *** Updated or incremental acceleration ***

a2 = dl*beta*fre_u**2/fre.d - vl *(fre_d**2 - beta**2)/fre_d
a2 = fac_e *(a2*fac_s - fac_c *(d1*fre_u**2 + 2.0*v1*beta))
a2 = a2 + f_tot*fre_u*+*2*fac_e *(-fac_s*beta/fre_d + fac_c)/stif

C *** Check for end of step ***

dl - d2

vl = v2

tt_sum = tt_sum + tt

IF ( tt_sum.LT.t_del ) GO TO 20

C ***Finish-up ***
d_upd = d2
v_upd = v2
a_upd = a2

RETURN
END
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Table D-4. Block Data Listing.

BLOCK DATA
IMPLICIT REAL*8
COMMON /mtn/
&
&
COMMON /fac/
COMMON /bspr/

)
]
&

(a'h’ O'Z)

tmass, gap_sc, gap_so,

f_cdc, f_cdb, s_csp, c_csp, c_bsp,

d_cur, d_upd, v_cur, v_upd, a_cur, a_upd
f_act, fl_act, f2_act, tl_act, t2_act

fl_bsc, f2_bsc, f3_bsc, fl_bso, f2_bso, f3_bso,
dl_bsc, d2_bsc, ds_bsc, dl_bso, d2_bso, d3_bso,
sl_bsc, s2_bsc, s3_bsc, s4_bsc,
s1_bso, s2_bso, s3_bso, sé4_bso

C **** Initialize general motion parameters here *****ewwwwawntuwwuw

DATA tmass, gap_sc, gap_so
& / 0.0324, 0.0, 1.12 /
DATA f.cdc, f_cdb, s_csp, c_csp, c_bsp
& / 100.0, 0.0, 8.0, 0.0, 0.08 /
DATA d_cur, d_upd, v_cur, v_upd, a_cur, a_upd
& / 0.0, 0.0, 0.0, 0.0, 0.0, 0.0/

C **** Initialize actuator force data here **w*wewswwwwwruruawwswis

DATA
& /

f_act, fl_act, f2_act, tl_act, t2_act
0.0, 1425.0, 2850.0, 0.05, 0.5 /

C **** Inftialize Belleville spring force-displacement data here **+

DATA f1_bsc, f2_bsc, f3_bsc, fl_bso, f2_bso, f3_bso
& / 5.6E+3, 4. 1E+3, 1.4E+4, 8.5E+3, 5.5E+3, 2.1E+4/
DATA d1_bsc, d2_bsc, d3_bsc, dl_bso, d2_bso, d3_bso
& / 0.0127, 0.0135, 0.0155, 0.0280, 0.0285, 0.0327/

c LA A A RS e a ol R at ettt e s ldl eI es eyl ydy

DATA
& /
DATA
) /
END

sl_bsc, s2_bsc, s3_bsc, s4_bsc

0.0, 0.0, 0.0, 0.0 /

sl_bso, s2_bso, s3_bso, s4_bso

0.0, 0.0, 0.0, 0.0 /
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APPENDIX B
GAS DYNAMIC SIMULATIONS

This appendix describes the gas dynamics of the Eaton Throat-Valve Element Prototype
(ETVE) with compressible, inviscid, nonheat conducting, time-depenrent Euler equations formu-
lated for axisymmetric coordinate systems. The code is formulated with a variable thickness or
depth, denoted by A for each mesh cell. In two-dimensional computations, the volume of a cell of
width 8x and height 8x is A8x2, giving a quasi-three-dimensionai effect. The physical assumption
underlying the variable depth description is that the flow variables are depth-averaged in the depth
direction to give mean values with variation only in the x and y dimensions, or, equivalently, that
the flow variables are independent of displacement in the depth direction. The variable-depth
equations were used here because they greatly increase the geometrical flexibility of the descrip-
tion without correspondingly increasing its complexity. The variable A may be used to represent
flow through a two-dimensional duct of gradually varying thickness. Axisymmetric coordinates
are generated by having A increase linearly with distance from the axis. The use of zero values of
A in selected mesh cells provided a convenient means of including stationary internal obstacles
(valve internal parts) in the flow region. In particular, a cell with A = 0 will allow no flow across
its boundaries. As presently coded, the A-quantity must be a constant in time.

The valve model uses an Eulerian description for the gas dynamics (with the stationary
valve internals represented with zero depth, A = 0), while the moving valve parts are treated as a
moving material interface. Various problems can arise in the treatment of material interfaces: (a)
their discrete representation, (b) their evolution in time, and (c) the manner in which boundary
conditions are imposed on them.

In an Eulerian representation, the computational grid remains fixed, and the identity of
individual fluid elements is not maintained. It is then necessary to compute the flow of fluid
through the mesh. This flow, or convective flux calculation, necessarily requires an averaging of
the flow properties of all fluid elements that end up in a given mesh cell after some period of time.
This convective averaging results in a smoothing of all variations in flow quantities, and, in par-
ticular, a smearing of surfaces of discontinuity such as material interfaces. In order to overcome
this loss of boundary resolution, an adaptation of the VOF (fractional volume of fluid) technique!
was incorporated that recognizes a discontinuity and avoids averaging across it.

With the modified VOF technique used here, a function F(x,y,t) is defined whose value is
zero at any point occupied by gas and unity elsewhere. When averaged over the cells of a com-
putational mesh, the average value of F in a cell is equal to the fractional volume of the cell occu-
pied by a solid. In particular, a zero value of F corresponds to a cell full of fluid, whereas a unit
value indicates that the cell contains no fluid and is occupied totally by solid, moveable valve
components. Cells with F values between zero and one contain a material interface.

The F function is also used to define where fluid is located in an interface cell. The nor-
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mal direction to the boundary lies in the direction in which the value of F changes most rapidly.
Because F is a step function, its derivative is computed in a special way, using a donor-acceptor
method.2

This technique was used because it provides a means of following the gas-solid interfaces
of the valve through an Eulerian mesh of stationary cells, and because it follows regions rather
than boundaries; it avoids the logic problems associated with explicitly tracking interface sur-
faces.

Equations and Constitutive Relations

The Euler equations describing the dynamics of an inviscid gas have been cast in many
forms. In the present case, is chosen the dependent variables are chosen to be the mass density
0, the gas velccities u and v, and the internal energy per unit volume E. In terms of the chosen
dependent variables, the basic two-dimensional Euler equations used in the code are the continu-
ity equation,

3_P+_1_[?.£B“_A2+M]=o

gt Al ox dy )]
the momentum equations,

%—+u§%+v%=-%%—£— @
%{-+u%}+v-§-}=—%%§7 3)
and the internal energy equation

%f' * '}\'[ a(ngA) * aa;;m] =T (Y;‘I)E [ a(&;lf) * a(av; )] @)

In these equations, the independent variables are time t and coordinates x and y. The grav-
itational force terms have been neglected, as have the heat conduction term, assuming they are
insignificant. The viscous terms have been dropped to simplify the model, with the assumption
that reasonable approximations could be attained without their inclusion. The quantity A is the
time-independent thickness or depth of the flow channel. Thus, the volume associated with an
area 6x wide and Oy high is Adxdy. Suitably defined A values were used to represent cylindrical
coordinates (A =y, the circumferential area per unit azimuthal angle) and stationary obstacle
regions (A = 0).

To complete these equations, a constitutive relations relating pressure, p, and internal
energy, E, must be defined. For this case, assume the gas to obey the perfect gas relationship
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p=(y-1E )
where 7 is the ratio of specific heats at constant pressure and at constant volume.

The time dependence of the solid volume fraction function F is governed by the equation,

oF oF
-5t_ + u, 3‘; =0 (6)

where ug(x,t) is the velocity of the moveable solid valve components in the x-coordinate direction
since, or the valve considered, a single degree of freedom in the axial direction exists. The solid
volume fraction function F(x,y,t) takes on point values of O or 1- 0 if the point (x,y) is occupied
by gas at time t, and 1 if the point is occupied by a solid at time t. In the numerical scheme, the
mesh value of F is an average of the point values of F within a computational cell, which repre-
sents the volume fraction of that cell occupied by the solid. Obviously, the volume fraction of
that cell occupied by gas is 1-F.

Dynamical Coupling

To represent the valve opening dynamics, the moving parts of the valve must be coupled
to the subsequent fluid dynamics of the gas as it flows through the valve. The gas surrounding
the moving valve parts exerts a force (in fact, the dominant force) on the valve parts to produce
their motion. The valve sleeve motion, in turn, influences the gas directly with its motion and
indirectly by opening or closing the port holes to alter the gas flow dynamics. The valve sleeve
motion is also influenced by other components and phenomena such as the centering spring,
sleeve friction, Belleville spring loading and unloading, and the actuating hydraulics. The gas
dynamic system and valve slide train dynamics are solved together, in a fully coupled manner.
Information is exchanged explicitly between the gas dynamic and sleeve dynamic models every
gas dynamic time step. The sleeve dynamic model, hc ‘ever, may subcycle its time step to val-
ues smaller than a gas dynamic time step when appropriate (such as near the reversal times, etc.).

Numerical Methods

This section briefly describes the numerical technique used to integrate the gas dynamics
and advecting solid fraction function. The numerical technique used to integrate the valve slide
train dynamics is included in Appendix D.

For simplicity, the solution domain is divided into a two-dimensional array of rectangular
cells or control volumes each of dimension 8x by 8y. To each of these cells, a cell-averaged den-
sity p;j, pressure p; 3 internal energy E; @ depth A; 3 and solid volume fraction F; g are assigned.
A staggered mesh is used wherein average velocities, u; gand v, (respectively for the x- and y-
coordinate directions), are assigned at the cell edges. For cell-centered quantities, the ; ; subscripts
indicate position (idx, jdy); for edge-defined u-velocities, the ; j subscripts indicate position ((i+
1/,)8x, jdy); for the edge-defined v-velocities, these subscripts indicate position (idx, (j+ 1/;)8y).
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Since we expected rapid valve motions to produce significant gas dynamical waves, we
used an explicit Euler method to integrate the conservation and F-advection equations in time.
The convective terms are differenced spatially with a fixed variable weighted upwind differenc-
ing formula. By setting the parameter o equal to unity, full upwind differencing results; where-
as, setting o to zero produces centered differencing. Setting o to a value between zero and one
gives a linearly weighted combination of upwind and centered spatial differencing.

The first calculation in the solution sequence involves computing the forces on the move-
able valve parts owing to the pressures in the gas. This is accomplished by assigning to each cell
an index, the value of which depends on whether the cell is an interface cell. If it is an interface
cell, its index value depends on the orientation of the interface. To compute the gas dynamic force
on the sleeve, an individual cell’s contributions are summed with appropriated coefficients deter-
mined by the cell’s interface index. For example, if a cell’s index does not indicate the ce!ll to be
an interface cell, the coefficient for this cell is zero, i.e., it contributes no force to the sleeve. On
the other hand, if a cell’s index indicates it has an interface with positive outward normal in the
positive x-direction, the cell’s coefficient is -8y, and its contribution to the total force on the sleeve
is -p; Jﬁy. Interface cells with orientation in the negative x-direction contribute +p; JSy to the total
force. Other cell interface orientations contribute nothing to the total sleeve force since a single
degree of freedom (in the x-direction) was assumed for the valve sleeve spool.

Next, the valve dynamics are integrated for a time step, or, if warranted, several sub-time steps
to get the new displacement, velocity, and acceleration of the moveable valve parts. With the new
valve velocity, the F-function is advected for a time step to get the new gas dynamic flow con-
figuration. With the flow configuration, the gas dynamic solution is ready to be updated
(advanced one time step). First, the u- and v-velocity equations, Equations (2) and (3), are updat-
ed as

" 2(p..—-p., ;)
1
v, =y 8 o L) -FUX—FUY] 0
' J Lo+ pyy ) |
[ 2(p. .~ p....)
v?;.q =v;;+ ot 3 (l'J id 3~ FVX - FVY:| (8)
' ' [ OY P i+ Pijn
where
1
FUX =  5s=lu (o, v, )-a lui,j | (g 5= 20+ 0, )l
1
FUY = By (V5% Vin g ¥ Vit + Vienjon) (g — 95
- al Vii ¥ Vieni T Vigo1 T Vi ja | W, g = 20,5+ 0 )]
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FVX = 85x == [, FRE LR L A )(v|+1., l—l.j)
- o l ul—l Jt+l +u ._H'] +tu 1-1]+u 1,j I (vi+1_]_ 2V' +Vl 1,1)]
1

In these discretized equations (and in all subsequent discretized equations), the superscripts indi-
cate time level, e.g., u; j™*! indicates the u-velocity at

n+l

timc:ZStl

i=1

where dt; is the time step size, and the absence of a superscript implies that the variable is evalu-
ated at the current time level,

timc=i5ti-

i=1

Using the updated velocity field, the mass density is next updated to the new time level as

el _ 8t['_F_§_-FL+FT—FB]
Pij =P T AL T 8x By
where

ABR . n+1

n+l
FR 5Ly (pi.j+pi+1,j)+a'|ui.j | ®;;=Pin, !

ABL  n+1
FL= T[ui-l.j (px—l J+ p )+ a iux—l o I (pl'-l W i J)]
ABT, n+l n+l
FT= ——lvi; ;4 o) +alviy (o= py )
ABB . n+l

ABR = 2Ai JAH-I j
A . tA

1,J i+, j

ABL = 2A, JA}_1 i
A it A_
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At Ain

ABT =

2A.A1
ABB = ——l 2l

A;. +Al -1

In a similar manner, using the new time velocities the energy equation is updated to the new time
level, as follows:

B = - ] g + EELFER | k] (10)
1j ij AijL ox dy

where

ABR [ n+1( )]

- E +E )+a|u+1|(E

i+1,j H-l.j

€ . +E)+alu | & . ~E )

i~-1,) 1,j i-1,j i-1,j 1,j

7 Vi B 13+1)+°“ |(Ei,j"Ei.j+1)]

3 Vi V-1 T B ij- 1|(E Ex.j)]

n+l

ABR-u"  ABL vii ABT-v[ ABB]

u. .
— (v— i .
FWK = (y l)Ei'j[ = 4 - 5

For the cell boundary depths, a linearly interpolated value is not used, but, instead, a combined
geometric and arithmetic average is used. For example,

2A. A,

i,)° i+l,j
ABR = A +A

i+1,j

This choice has the convenient feature that a cell boundary depth vanishes when either of the cell
depths on each side of boundary is zero, i.e., for this case, ABR vanishes whenever A;; or Ay,
is zero.

E-8



Finally, with the new time energy field, the pressure is updated as

1 1
p; =(-DE, (1)
and the new time specific internal energy, € , can be obtained as
£
n+l
"
%i T Tan (12)
pl.j
RESULTS

Figure E-12 shows the gas dynamic simulation model used for the ETVE. The stationary
and moving valve elements are approximated as rectangular solid blocks. The mesh spacing used
is 8x = 8y = 1 mm. Constant pressure boundary conditions were applied at the inlet and outlet
boundaries of the flow model. For the first set of runs, the high-pressure boundary (upstream,
right boundary in Figure E-1), is set to 1400 psi while the low-pressure boundary (downstream,
left boundary) is set to 14 psi. Figures E-2 and E-3 show the results for runs with combined 8%
viscous and 100 1bf coulomb damping on the Belleville washers; Figures E-4 and E-5 show the
results for runs with a combined 16% viscous and 100 1bf coulomb damping on the Belleville
washers. In Figures E-2 and E-4, the “a” figure is a plot of valve sleeves displacement with time,
the “b” figure is a plot of its velocity with time, and the *“c” and “d” figures are plots of its accel-
eration with time. The “‘¢” figures show pressure in the gas as a function of time for a location 6
mm in from the low-pressure boundary and 29-mm radially outward from the axis of symmetry
(labeled as pressure plot point in Figure E-1). In Figures E-2 and E-4, each of the plots also have
the total gas static pressure loading acting on the valve sleeve as a function of time shown as a
“ghost” dotted line. Figures E-3 and E-5 show the pressure distribution (spatial) at the instant in
time corresponding to the last time step in each run; isobars are at 10-psi intervals.

Clearly, the gas dynamic force on the sleeve dominates and is responsible, when coupled
with the Belleville spring force, for the severe oscillations. The other dynamical forces have lit-
tle effect on the sleeve motion. Examination of the gas dynamic force on the sleeve shows that
this force predominantly acts left or toward the direction of valve closure. In an attempt to reduce
this large gas dynamic force on the sleeve, a run was made in which the downstream face of each
of the sleeve ports was beveled along its entire face at a 45 degree angle. This had some effect,
but not enough,; the sleeve still oscillated violently.

Based on the above observation, the question was asked, what might happen if the initial
sleeve position was shifted to the right with the sleeve ports on the other side of the stationary
ports, with the opening motion now being to the left (reversed). Then, perhaps, the gas dynami-

a. The figures are found as a section of the report beginning on page E-12.
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cal force on the sleeve would act to force the valve into the open position. When this change in
geometry was made in the simulation model, that is exactly what was observed.

In order to reposition the valve sleeve as described above with the same sleeve travel
length with the same dimensions between ports, it was necessary to lengthen the downstream end
of the sleeve in order that the downstream stationary port hole be totally blocked (closed) in the
initial configuration. Figure E-6 shows the gas dynamical simulation model for this new config-
uration. With this modification, and with 8% viscous and 100-1bf coulomb damping in the
Belleville springs, the simulation produced the results shown in Figures E-7, E-8, and E-9.
Figures E-7a and E-7b show the time history of the sleeve displacement and velocity, respective-
ly. Figures E-7c and E-7d show the valve sleeve acceieration history. Figure E-7e shows the gas
pressure history, again at the position 6 mm in from the left (low) pressure boundary and 29 mm
radially out from the axis (pressure plot point in Figure E-6). Figure E-8a and E-8b show the
phase portrait (displacement versus velocity) for the sleeve motion with Figure E-8b being an
enlargement of the region around the region of attraction to the open position. Figure E-9 shows
the spatial pressure distribution at the time corresponding to the last time step of the problem, with
isobars at 10-psi intervals. These results shown that the gas dynamic forces do force the valve
into a strongly open position after 3 to 4 small bounces from the Belleville spring. Beyond this
initial opening transient, we observed that the valve maintains the open position with a growing,
high-frequency oscillation imposed on a fairly significant steady Belleville spring compression.
A growing, high-frequency oscillation is seen in the gas dynamic force on the sleeve. However,
the average gas dynamic force on the sleeve is seen to be strongly toward the open position. It is
not known whether this growing oscillation of the sleeve could eventually grow to the point of
blocking enough of the flow through the portholes to force the sleeve motion into another tran-
sient form. We do not know whether this growing oscillation is physical or just numerical arti-
fice.

For the second set of runs, the high-pressure boundary was increased to 1800 psi with con-
ditions corresponding to 700°F, and the low-pressure boundary was lowered to 12 psi. Figure E-
10 shows, in a manner similar to the earlier set of runs, the displacement, velocity, acceleration,
and single point pressure histories with total static pressure gas load on the sleeve (dotted line)
included, all for the case of 8% viscous damping plus 100 1bf coulomb damping. Figure E-11
shows the corresponding pressure distribution for this case at the last time step, with 12 psi iso-
bar intervals. Similar data are shown in Figures E-12 and E-13 for the case of 16% viscous plus
100 Ibf coulomb damping. Figures E-14 and E-15 show the same data arrangement displays for
the modified, backward opening valve. Again, a high-frequency, low-amplitude wave form is
seen imposed on the approximate steady state for later times, after the valve is open. The same
caveat applies. We are unsure at this time of the physical reality of this phenomena.

In the pressure distribution figures, we noted the large pressure gradients occurring in the
vicinity of the low-pressure boundary. This may be due to the fixed pressure boundary condition.
If the flow local to the exit boundary is supersonic, it is no longer appropriate to impose a pres-
sure at this boundary. To rule out the possibility of such a boundary condition causing the high-
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frequency oscillations about the open position, the code’s boundary condition subroutine was
rewritten to impose an exit boundary condition as a local extrapolation from the interior of the
flow field where the velocities are locally supersonic. The backward opening valve with length-
ened spool was executed (8% viscous plus 100 Ibf Belleville damping) with the new boundary
conditions. Figure E-16 shows the displacement, velocity, acceleration, and pressure point histo-
ries, all plotted with the total gas dynamic force history on the valve spool (dotted line). Figure
E-17 shows the pressure distribution (~13 psi between isobars) at the last time step. The large
pressure gradients that were piling up at the exit boundary are now gone. However, the high-fre-
quency oscillation is still present, and the valve opening dynamics are the same. While the new
boundary condition is certainly appropriate, the oscillating phenomena cannot be attributed to the
previously used, fixed pressure boundary condition.

CONCLUSIONS AND RECOMMENDATIONS

The coupled gas dynamic and valve slide dynamic simulation model has been found to be
an extremely valuable tool in assessing the nature of the current valve’s operation and is indis-
pensible in assessing the effects of valve modifications or redesigns. Such complex nonlinear
behavior is impossible to predict in any way other than numerical simulation. Even if the numer-
ical simulations are accepted only on a qualitative basis, they increase understanding of behavior,
show trends and sensitivities, and suggest alternate designs. On the other hand, the alternative,
cut and try approach to design would be a long, tedious, and expensive route to valve
design/redesign.

For future design/analysis work, we recommend that the numerical technique used to sim-
ulate the gas dynamics be modified to give a partially implicit time integration instead of the
explicit time integration. This will reduce the CPU time required to make runs and should
increase the accuracy by reducing the large number of time steps required for these runs. The
importance of viscous effects should also be examined, especially in the valve open position
where the high-speed flow though the ports could possibly place significant shear forces on the
sleeve, and therefore influencing its motion.
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Figure E-2a. Histories of valve spool displacement and total gas dynamic force on valve spool.
Damping forces are set at 8% viscous (on spool) plus 100lbf (on Belleville) Coulomb damping. The high-
pressure boundary is 1400 psia; the low-pressure boundary is 14 psia.
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Figure E-2b. Histories of valve spool velocity and total gas dynamic force on valve spool. Damping
forces are set at 8% viscous (on spool) plus 1001bf (on Belleville) Coulomb damping. The high-pressure
boundary is 1400 psia; the low-pressure boundary is 14 psia.
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boundary is 1400 psia; the low-pressure boundary is 14 psia.
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Figure E-2d. Histories of valve spool acceleration (enlargement) and total gas dynamic force on valve
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Figure E-2e. Pressure history at the pressure history point and total gas dynamic force on valve spool.
Damping forces are set at 8% viscous (on spool) plus 100Ibf (on Belleville) Coulomb damping. The high-
pressure boundary is 1400 psia; the low-pressure boundary is 14 psia.
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Figure E-3. Spatial pressure distribution at time = 0.042 sec. Isobars are at ~10-psi intervals.
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Figure E-4c. Histories of valve spool acceleration and total gas dynamic force on valve spool. Damping
forces are set at 16% viscous (on spool) plus 1001bf (on Belleville) Coulomb damping. The high-pressure
boundary is 1400 psia; the low-pressure boundary is 14 psia.
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Figure E-4d. Histories of valve spool acceleration (enlargement) and total gas dynamic force on valve
spool. Damping forces are set at 16% viscous (on spool) plus 100Ibf (on Belleville) Coulomb damping.
The high-pressure boundary is 1400 psia; the low-pressure boundary is 14 psia.
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Figure E-4e. Pressure history at the pressure history point and total gas dynamic force on valve spool.
Damping forces are set at 16% viscous (on spool) plus 1001bf (on Belleville) Coulomb damping. The
high-pressure boundary is 1400 psia; the low-pressure boundary is 14 psia.

E-23



ve-3

- Pressure Contours / Last Time Step

Figure E-5. Spatial pressure distribution at time = 0.0443 sec. Isobars are at ~10-psi intervals.
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Figure E-7a. Histories of modified valve spool displacement and total gas dynamic force on modified
valve spool. Damping forces are set at 8% viscous (on spool) plus 100 Ibf (on Belleville) Coulomb
Damping. The high-pressure boundary is 1400 psia; the low-pressure boundary is 14 psia.
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Backward Opening / Lengthened Spool

0
200 | ]
- i€
| -1000
.-g B [~
2 100 -2000 £
'E L
e :
2 A -3000 £
> ~4000
+i 4 -s000
-100 a
I "4 -6000
[ 1 A 7000
-200 '
vel " 3 8000
el L L N " A 1 N " L A ] i A A . | S

1.1060E0 2.0001E4 4.0001E4 6.0001E4 8.0001E4
Time (usec)

Figure 7-b. Histories of modified valve spool velocity and total gas dynamic force on modified valve
spool. Damping forces are set at 8% viscous (on spool) plus 100 Ibf (on Belleville) Coulomb Damping.
The high-pressure boundary is 1400 psia; the low-pressure boundary is 14 psia.
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Backward Opening / Lengthened Spool
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Figure 7-d. Histories of modified valve spool acceleration (enlarged) and total gas dynamic force on
modified valve spool. Damping forces are set at 8% viscous (on spool) plus 100 Ibf (on Belleville)
Coulomb Damping. The high-pressure boundary is 1400 psia; the low-pressure boundary is 14 psia.
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Figure 7-e. Pressure history at the pressure history point and total gas dynamic force on modified valve
spool. Damping forces are set at 8% viscous (on spool) plus 100 Ibf (on Belleville) Coulomb Damping.
The high-pressure boundary is 1400 psia; the low-pressure boundary is 14 psia.
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Figure 8-a. Phase plane portrait for modified valve spool motion. Damping forces are set at 8% viscous
(on spool) plus 100 Ibf (on Belleville) Coulomb damping. The high-pressure boundary is 1400 psia; the
low-pressure boundary is 14 psia.
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Figure E-8b. Phase plane portrait enlargement of node region (Figure E-8a) around the valve open position.
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Figure E-9. Spatial pressure distribution about modified valve spool at time = 0.090 sec. Isobars are at

~10-psi intervals.
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Figure E-10a. Histories of valve spool displacement and total gas dynamic force on valve spool.
Damping forces are set at 8% viscous (on spool) plus 1001bf (on Belleville) Coulomb damping. The high-
pressure boundary is 1800 psia; the low-pressure boundary is 12 psia.
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Figure E-10b. Histories of valve spool velocity and total gas dynamic force on valve spool. Damping
forces are set at 8% viscous (on spool) plus 1001bf (on Belleville) Coulomb damping. The high-pressure
boundary is 1800 psia; the low-pressure boundary is 12 psia.
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Figure E-10c. Histories of valve spool acceleration and total gas dynamic force on valve spool.
Damping forces are set at 8% viscous (on spool) plus 1001bf (on Belleville) Coulomb damping. The high-
pressure boundary is 1800 psia; the low-pressure boundary is 12 psia.
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Figure E-10d. Pressure history at the pressure history point and total gas dynamic force on valve spool.
Damping forces are set at 8% viscous (on spool) plus 100Ibf (on Belleville) Coulomb damping. The high-
pressure boundary is 1800 psia; the low-pressure boundary is 12 psia.
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Figure E-12a. Histories of valve spool displacement and total gas dynamic force on valve spool.

Damping forces are set at 16% viscous (on spool) plus 1001bf (on Belleville) Coulomb damping. The
high-pressure boundary is 1800 psia; the low-pressure boundary is 12 psia.
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Figure E-12b. Histories of valve spool velocity and total gas dynamic force on valve spool. Damping
forces are set at 16% viscous (on spool) plus 1001bf (on Belleville) Coulomb damping. The high-pressure

boundary is 1800 psia; the low-pressure boundary is 12 psia.
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Figure E-12c. Histories of valve spool acceleration and total gas dynamic force on valve spool.
Damping forces are set at 16% viscous (on spool) plus 1001bf (on Belleville) Coulomb damping. The
high-pressure boundary is 1800 psia; the low-pressure boundary is 12 psia.
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Figure E-12d. Pressure history at the pressure history point and total gas dynamic force on valve spool.
Damping forces are set at 16% viscous (on spool) plus 1001bf (on Belleville) Coulomb damping. The
high-pressure boundary is 1800 psia; the low-pressure boundary is 12 psia.
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Figure E-13. Spatial pressure distribution at time = 0.0432 sec. Isobars are at 12-psi intervals.
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Figure E-14a. Histories of modified valve spool displacement and total gas dynamic force on modified
valve spool. Damping forces are set at 8% viscous (on spool) plus 100 1bf (on Belleville) Coulomb
Damping. The high-pressure boundary is 1800 psia; the low-pressure boundary is 12 psia.
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8% Viscous + 100 Ibf Bellville Damping
Backward Opening / Lengthened Spool
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Figure E-14d. Histories of valve spool velocity (enlargement) and total gas dynamic force on modified
valve spool. Damping forces are set at 8% viscous (on spool) plus 100 Ibf (on Belleville) Coulomb

Damping. The high-pressure boundary is 1800 psia; the low-pressure boundary is 12 psia.
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8% Viscous + 100 Ibf Bellville Damping
Backward Opening / Lengthened Spool
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Figure E-14f. Histories of valve spool Acceleration (enlargement) and total gas dynamic force on mod-
ified valve spool. Damping forces are set at 8% viscous (on spool) plus 100 1bf (on Belleville) Coulomb
Damping. The high-pressure boundary is 1800 psia; the low-pressure boundary is 12 psia.
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8% Viscous + 100 Ibf Bellville Damping
Backward Opening / Lengthened Spool
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Figure E-14g. Pressure history at the pressure history point and total gas dynamic force on modified
valve spool. Damping forces are set at 8% viscous (on spool) plus 100 1bf (on Belleville) Coulomb
Damping. The high-pressure boundary is 1800 psia; the low-pressure boundary is 12 psia.
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Figure E-15. Spatial pressure distribution about modified valve spool at time = 0.092 sec. Isobars are at
13-psi intervals.



8% Viscous + 100 Ibf Bellville Damping
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Figure E-16a. Histories of modified valve spool displacement and total gas dynamic force on modified
valve spool, with modified boundary condition. Damping forces are set at 8% viscous (on spool) plus 100
1bf (on Belleville) Coulomb Damping. The high-pressure boundary is 1800 psia; the low-pressure bound-
ary is 12 psia.
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Figure E-16b. Histories of modified valve spool velocity and total gas dynamic force on modified valve
spool, with modified boundary condition. Damping forces are set at 8% viscous (on spool) plus 100 1bf
(on Belleville) Coulomb Damping. The high-pressure boundary is 1800 psia; the low-pressure boundary
is 12 psia.
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Figure E-16¢. Histories of valve spool acceleration and total gas dynamic force on modified valve spool,
with modified boundary condition. Damping forces are set at 8% viscous (on spool) plus 100 1bf (on

Belleville) Coulomb Damping. The high-pressure boundary is 1800 psia; the low-pressure boundary is 12
psia.
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Figure E-16d. Pressure history at the pressure history point and total gas dynamic force on modified
valve spool, with modified boundary condition. Damping forces are set at 8% viscous (on spool) plus 100
Ibf (on Belleville) Coulomb Damping. The high-pressure boundary is 1800 psia; the low-pressure bound-
ary is 12 psia.
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1. SUMMARY OF RESULTS

Revision 1 to this report employed an updated acceleration history for the backward
opening piston and sleeve. Section 7 contains that data.

Selected components of the Eaton Throat-Valve Element were evaluated with respect to
the rules of the ASME Boiler and Pressure Vessel Code, Section VIII (Rules for
Construction of Pressure Vessels). An exception was taken for the valve element because

one of its materials (AMS 5643 in plate form) was not approved for use by the ASME Code
Section VIII.

The body of the valve contained three rows of rectangular portholes sized 0.76" x 0.50"
each. The analysis showed that the valve body could withstand the design conditions of
2,000 psi external pressure at 700 °F with its current porthole size and configuration. It also
showed that the portholes could be enlarged to 0.76" x 0.76" square with 1/8” radius

corners while under design conditions and remain stable, maintaining a factor of safety of
2 against buckling.

However, the dynamic forces associated with a backward opening piston and sleeve (used
to "open” the portholes) caused excessive stresses throughout the valve. The location and
magnitude of selected elastically calculated stresses wera: (1) the valve body around the
portholes (using the current porthole size) exceeded 58 ksi, (2) the piston stop plate
exceeded 400 ksi, and (3) the stop plate attachment boits reached 224.9 ksi. All above
elastically calculated stresses exceeded the allowable stress level of 32.0 ksi defined by

the ASME Boiler and Pressure Vessel Code, Section Viii (Ruies for Construction of
Pressure Vessels).

The large dynamic (impulse) forces created by the deceleration of the piston and sleeve
were primarily due to the stiffness of the Belleville washer stack. The stack was clearly very
"stiff", and had a short travel before bottoming out. The piston impulse forces would be
greatly reduced if either of the following madifications were made:

(1) Arrange (or add to) the stack of Belleville washers so that the effective travel length
(before bottoming out) is much longer. When the washers bottomed out their stiffness
increased tremendously, thus increasing the piston/sieeve decelerations.

(2) Employ Belleville washers (or other springs) that have « lower stifiness value and a
longer travel length. This will reduce the magnitude of the piston/sleeve decelerations.
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2. INTRODUCTION

2.1. General: The Eaton Throat-Valve Element Prototype’ is a quick—opening vaive
designed to vent gas at 2,000 psig. The valve element consisted of a cylindrical body
with one end blocked and the other open. The body had three rows of slotted portholes
around the circumference. An inner cylindrical sleeve also had three rows of portholes
through which pressurized passed when the sieeve was positioned so that its portholes
coincided with those of the body. The sleeve position was controlled by a piston, which
was in turn located by a control system. Two components of the vaive were evaluated
in this analysis: (1) the valve body at the location of the portnoles, and (2) the end plate
that stops the travel of the piston when the sleeve is in the "open porthole” position.

2.2. Design Code: The design code followed was the ASME Boiler and Pressure
Vessel Code Section VI, Rules for Construction of Pressure Vessels? (ASME Code).
Strict observance of the ASME Code requirements was not always kept — specific
exceptions will be noted in this report as they were employed.

2.3. Design Conditions: The design conditions on the valve were: 2,000 psi external
pressure, and 700 °F material temperature.

2.4. Materials: All components that were evaluated were constructed of the
precipitation—hardened stainless steel AMS 5643 (SAE Standard)3. This material had
an equivalent in the ASTM Standards*, A-564 for bars, A-693 for plates, and A-705 for
forgings. The ASME Code gave the properties for this material as listed in Table 1.

Table 1. Material Properties for ASTM A-564, A-693, & A-705
Temperature °F

Property 100 200 300 400 500 600 650 700
Yield Strength, ksi |115.0 |106.3 |101.9 |98.3 95.2 92.8 91.5 *[90.0]
Modulus ::{ Elas- : *

ticity x 1078, psi 28.3 27.6 27.0 26.5 25.8 25.3 [25.1]) |24.8
ASME Code Al- *
lowable Stress, ksi } 35.0 35.0 35.0 341 33.3 32.8 32.6 (32.0]

*Properties not specified at this temperature. Number in brackets was either interpolated or extrapolated.

The minimum yield strength specified by the ASME Code (shown in Table 1) was
somewhat lower than that specified by the AMS 5643 Standard. This appeared to be
because the ASME Code applied a reduction factor (factor of safety) to the yield strength
before it calculated allowable stress levels (from that yield strength). It was noted that the
ASME Code only approved the bar material (A564) for Section VIll Code use. This design

used the approved bar as well as unapproved plate material. An exception was taken from
the ASME Code for the plate material.



.

LAY d

Prepared by: S D Snow “Checked by G. K. Miller
Revision 1

3. VALVE BODY PORTHOLE EVALUATION

3.1. Purpose: The purpose of the valve body porthole evaluation was to determine if
and (if so) how much the body portholes could be widened, given the design conditions.
This was done by: (1) checking the body to determine the minimum required thickness
at design conditions, (2) checking the porthoies to determine the wall thickness around
them required for reinforcement, and (3) determining the maximum allowabie size of
the portholes based on the actual valve body wall thickness. One additional condition
that was evaluated on the portholes was due to the force produced by the piston,
operating in a backward opening mode, on the stop plate. That force would be carried
from the stop plate through its attachment bolts to the valve body.

3.2. Valve Body Minimum Thickness Under Design Conditions: The ASME Code
developed charts to indicate the minimum required thickness for cylindrical components
subject to external pressure. However, since the plate material that the valve body was
made of was not approved by the Code, no external pressure chart was available.

(The ASME Code did not set up a chart for the approved bar material because it was
not expected to be used in vessel shell constructions). Therefore, the following process

was followed to establish a minimum required thickness for the cylindrical wall of the
valve body.

S. P. Timoshenko® developed a method for determining the thickness required for a
cylindrical vessel subject to external radial and end pressure. It employed the modulus of
elasticity and Poisson’s Ratio of the material, the cylinder dimensions, and a variable
buckling node term. The buckling node term accounted for the fact that the cylinder couid
collapse flat (2 nodes), collapse in a three corner shape (3 node), and so on. An initial
assumption for his solution was that the cylinder edges were simply supported.

Weingarten® further simplified Timoshenko's equation for cylinders that met the following
additional requirement:

« 80 < (/)2 (rh) < 2.5 * ()2

The parameters for this cylinder were: | = unsupported length = 10.3", r = outside radius
=5.872/2 =2.936", and t = thickness of wall (t nominal = 0.339"). This gave:
« 60 <(10.3/2.936)2 * (2.936/0.339) = 107 < 2.5 * (2.936/0.339)2 = 188

Therefore, the simplified equation was used, and was as follows:
o @ =(0.92*E)/ ({1} * {r1}25), where E = the modulus of Elasticity at 700 °F

The term q’ was the critical buckling pressure for the cylinder. It is important to note that
actual tests have shown that a cylinder may buckle at pressures that are 20% higher or
lower that the calculated critical buckling pressure’. Table 2 showsthe required valve body
thickness for various factors of safety against the 2,000 psi external pressure.
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Table 2. Minimum Valve Body Wall Thickness Required vs. Factors of Safety
(External Pressure of 2,000 psi)

Factor of Safety Against Buckling Thickness Required, in.
1.0 0.115
1.25 0.126
1.43 0.133
1.67 0.141
2.0 0.152
10.0 0.290

Since the actual valve body wall was 0.339" thick Table 2 shows that a factor of safety of
10 against buckling was maintained under a 2,000 psi external pressure load.

: Valve Body Thickness was Adequate!

3.3. Required Reinforcement for Portholes Under Design Conditions: The ASME
Section VIl Code defined the required reinforcement for holes in the cylindrical shell of
the valve body. Paragraph UG-37 (d) (1) stated that the required reinforcement around
each porthole was 50% of that required by paragraph (c) which was:

. infor Area Required=d*t,* F
where: d = cord length ot porthole opening = 0.760"
t, = required thickness of Table 2
F = correction factor = 1.0 for shells

The dimensioned portholes are shown in Figure 1 in solid lines. The valve body has three
circumferential rows of 16 portholes, each circumferentially spaced as shown on the figure.
The smaller circles indicate an equivalent hole with a diameter equal to the cord length
of the portholes. The areas between the larger and smaller circles are those where
reinforcement must be in order to qualify as materal available to reinforce the portholes.
Since the portholes were (area wise) smaller than the smaller circles, the calculations for
reinforcement available will be somewhat conservative. However, the ASME Code does
not define that magnitude of conservatism.

The areas required for reinforcement of the portholes overlap as shown on Figure 1 in the
circumferential direction only (each row is longitudinally spaced, from center to center, at
2.214" apan, which equated to about 3 times the inner circie diameter). On the outside
diameter of the valve body the areas do not cross into the portholes, but they do on the
inside diameter. However, it was assumed that the material in the reinforcement areas lost
to the portholes was made up by the extra material available in the longitudinal direction.

The metal available for reinforcing the portholes was calculated using ASME Code Figure
UG-37.1, as follows:

* Metal Available =d * (E1*t -F*t,) - 2", * (E1"t = F*t;,) * (1 = 114)
where: fr4 = 1.0 (no nozzle reduction)
E4 = 1.0 (no welds at porthole)
F = 1.0 correction factor
which reduced Metal Available =d * (t—t;)
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Area Overlap
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Porthole Dimensions on Inside Diameter of Valve Body

Figure 1. Porthole Dimensions on Valve Body Outside & Inside Diameters
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Equating the required area (reduced by 50% as allowed) and the available area (dividing
the available area of metal between two adjacent portholes equally) gave:

e 12°d*t < d"1/2*(t-t)
—or-
2t, < t

The thickness of the valve body around the portholes had to be twice that required to
maintain stability of the wall. Table 3 compares the required thickness for stability listed
in Table 2, doubles it for that required for reinforcement, and lists the actual wall thickness.

Table 3. Valve Body Wall Thickness Required at Portholes
(2,000 psi External Pressure)

Factor of Safe- | Thickness Required | Thickness Required | Actual Valve Body
ty Against for Stability, in. for Reinforcement, in. | Wall Thickness, in.
Buckling

1.0 0.115 0.230 0.339

1.25 0.126 0.252 0.339

1.43 0.133 0.266 0.339

1.67 0.141 0.282 0.339

2.0 0.152 0.304 0.339

10.0 0.280 0.580 0.339

: The reinforcement provided by the valve body wall at the portholes allowed
a 2,000 psi external pressure with a factor of safety of 2 against buckling!

3.4. Maximum Allowable Porthole Size Under Design Conditions: The evaluation
reported in the previous subsection used a "d” value equal to the cord length of the
porthole opening. That "d” value would be the same if the hole were circular, with a
diameter equal to "d". If the hole were square (with a corner radius) at the current
dimension of 0.760" as shown on Figure 1, the cord length would still be that which was
used above. A porthole with larger dimensions (than 0.760" square) would not maintain
a factor of safety of 2 against the theoretical buckling pressure on the vaive body.

: Maximum recommended porthole size was 0.760” square, with a corner

radius value of 0.125”! This maintained a factor of safety of 2 against buckling under
a 2,000 psi external pressure.

3.5. Valve Body Under Piston Loads: Section 4.4 calculates a maximum equivalent
static force of 103,518 Ibs that will be applied to the valve body via the stop plate. That
force was produced by the dynamics of the sieeve being positioned by the piston
operating in a backward opening mode. The force is compressive on the body of the
valve, and will produce higher stresses on the row of "webs”. Each web is that material

between portholes in the circumferential direction. The total area of the webs, and the
resulting stresses in them would be:
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* Web Area =16 Webs * Area per Web (={(0.26 + 0.0665) * 0.339})
=16*0.111
=1.77in.2

» Compressive Stress in Webs = Force / Area
= 103,518bs / 1.77 in.2
= 58,485 psi

From Table 1 the allowable stress level of the material that the valve body was constructed
of was 32.0 ksi. The actual compressive stress caused by the maximum force of the
backward opening piston (58,485 psi) exceeded the allowable stress level. It was also
suspected that the valve body wall would be unstable under the above piston load.
However, no further calculations were performed since the allowable comprassive stress
was unacceptable.

: Vaive Body, in its Current Porthole Configuration Could Not Carry the Piston
Impact Loading from Backward Opening!
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4. PISTON STOP PLATE

4.1. General: The end plate that stops the travel of the sleeve—positioning piston was
made of AMS 5643 steel. The stop plate consisted of a 3.75" diameter disc, 1.0" thick.
A central hole allowed the piston guide rod to be attached to the valve sleeve. Two
180° opposed holes were provided for piston actuating pressure ports, along with six
0.33" holes for mounting the stop to the valve body with 5/16" bolts.

4.2. Load Conditions: The loading on the stop plate contained several components:
(1) the actuation pressure on the piston, (2) the force caused by the nitrogen gas
flowing through the portholes, and (3) the dynamics of the piston during its actuation.

4.3. Stop Plate Dynamics: A finite element model of the stop plate was developed in
order to determine its fundamental frequency. This was needed to see how that
frequency compared to the frequencies of the input forces. The stop plate was
modeled and analyzed using the I-DEASE software. Parabolic tetrahedron elements
(1,355 total) simulated the stop itself and spring elements took the place of the
attachment bolts. Two boundary corditions were considered possible for the stop
plate: (1) the outside edge of the stop plate was simply supported (this assumed that
the bolts always kept the stop plate in contact with the valve body), and (2) the stop
plate was unrestrained except by the springs that took the place of the attachment bolts
(this assumed that some small gap existed between the stop plate and the valve body).
Figures 2 & 3 show the top and isometric views of the model (only iioif of the stop
needed due to symmetrical geometry). Material properties from at 700 °F used were:
Modulus of elasticity of 24.8x10€ psi, Poisson's ratio of 0.29.

Figure 4 shows the fundamental frequency of the stop plate with simply supported edges.
This mode shows the stop plate center flexing in and out at 12,367 Hz. The valve body
will allow the outward movement but will restrain the inward movement of the stop plate.
The second natural frequency, shown in Figure 5, shows the stop plate shifting from
side-to—side. The geometry of the valve body should impede this mode.

Figures 6 & 7 show the first two natural frequencies of the stop plate that was restrained
only by the attachment bolts (represented by nodal rigid restraints). Their frequencies
were at 7,136 and 9,256 Hz. Much of their motion will also be restrained by the valve body.

One other possible motion of the stop plate not evaluated in the finite element model was
that of the mass of the stop plate riding on six attachment boilts (i.e., rigid motion of the stop
plate on springs). The spring constant of each bolt was:

» Spring Constant K = Modulus of Elasticity * Bolt Area / Spring Length of bolt
= (24.8x108) * 0.077in.2/ 1.0 in.
= 1,909,600 Ibs/in. per bolt

» Total Spring Constant K; = 6 bolts * K per bolt = 11,457,600 Ibs/in.

The weight of the stop plate was about 3 Ibs. The fundamental frequency of this
mass—spring system was

o fy=(1/2n)* (K;/ mass of stop plate)'/?
= (1/2m) * (11,457,600 / {3 / 386.4})"2

10
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Figure 3. Model of Stop Plate (Isometric View)

1




Prepared by: S, L. Snow Checked Dy g, 1, ML

'\

Y,
2

v

/

Figure 4. Mode Shape #1 for Simply Supported Edges at 12,367 Hz

/1;1: -(éi iim ;)A";'.
-—

Figure 5. Mode Shape #2 for Simply Supported Edges at 12,895 Hz

12




I

Prepared by. S, L. 200w Lheckeu Uy sa i, Vil
Bevisior: 1

/)
A

Figure 6. Mode Shape #1 for Stop Plate with Free Edges at 7,136 Hz

R
VAR
O

X R
LY
‘.ﬁ‘}b )

[N
4

Figure 7. Mode Shape #2 for Stop Plate with Free Edges at 9,256 Hz

13



T
Prepared by: S, L), S00w Cneckea oy \a, K, villier

Therefore, of the three conditions on the stop plate the minimum calculated natural
frequency was 6,114 Hz,

4.4. Forces on Stop Plate: The actual forces applied to the stop plate were:

*

Piston Actuation Force: The actuation force on the piston started at 0,
linearly increased to 1,425 Ibs at 0.05 seconds, continued to increase at a

somewhat slower rate to 2,850 Ibs at 0.5 seconds where it remained constant
(See Reference 9).

Gas Forces on Sleeve: The gas forces on the portholes in the sleeve
began at zero at time 0 and remained there until the piston and sleeve sid
just enough to allow flow through the portholes. At that time (roughly 0.077
seconds) the force fluctuated until the piston stopped moving (bouncing on
the washers and the stop, at about 0.027 seconds). Then the gas force
oscillated in a pattern that increased in magnitude with time (See Ref. 10).

Piston Impact Loads: The piston actuation force and the gas force on the
sleeve caused the motion of the piston. When the piston contacted the stop
plate a spring-type washer stack (Belleville washers) compressed. The
dynamics of the piston from the initial contact to when it came to rest on the
stop plate were given in Reference 10. The force history associated with the
piston impacting the stop was determinad by multiplying the acceleration
history of the piston by its mass (inc. the mass of the attached sleeve and
etc.). Those forces were small until the piston moved the sleeve to "just
begin to open” the portholes, at which time the force increased until the
piston impacted the washers and the stop. Four piston impact loads
occurred until the piston settled onto the stop, as follows:

Table 4. Piston Impulse Loads
Piston Impulse |Max. Accelera- | Associated Frequency of Freq. between
or impact tion, in./sec? Force, Ibs Impulse, Hz this and next
impulse, Hz
First 3.0E6 97,200 1,515 382
Second 1.85E6 59,940 1,316 649
Third 1.0E6 32,400 1,000 794
Fourth 4.3E5 13,932 1,667 (last impuise)

Note that the piston impact frequencies were all less that the lowest natural

-frequency (6,114 Hz) of the stop plate. The magnitude of the piston impact force

that was actually transmitted into the stop plate as an equivalent static force was
dependent on the piston impact frequency and the natural frequency of the stop
plate. The transmission ratio for the first and most severe impulse was
calculated as follows:

Transmission Ratio’! = 1/ {1 — (Forcing Freq.2 / Natural Freq.2)}
=1/{1=(1,5192/86,1142)}
= 1.065

14
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This meant that during the application of the first impulse load the equivalent
static force applied to the stop plate was 97,200 Ibs * 1.065 = 103,518 Ibs! All
other impulse loads were much smaller.

Note that if a triangu|ar impulse approach'? was taken to determine the
"Dynamic Load Factor” (equivalent to transmission ratio) the results would give
about the same value (1.06).

» Total Load on Stop Plate: The two cases of interest were:
(1) Maximum equivalent static load on stop plate before the piston came to
rest (from maximum piston impuise force) =_103,518 Ibs

(2) Maximum load on stop plate after impuise loads ceased

= actuation force + gas force

= 2,850 Ibs + Increasing Gas Forces
Gas forces and their associated frequencies (< 1,000 Hz) did cause
amplification in the stop plate response since the stop plate’s lowest natural
frequency was so much higher (6,114 Hz). This load could not be evaluated
since it was not known if the gas forces continued to increase, or stabilized
with time. However, it was not expected that the gas loads would approach
those of the piston impulses. '

Only the maximur. equivalent piston impact static load of 703,518 lbs was used for
calculating stresses.

4.5. Stresses in Stop Plate Bolts: The stresses in the stop plate bolts were tensile,
due to the 103,518 Ib maximum equivalent static load from the piston maximum
ir ypulse force. Six 5/16" attachment bolts were machined from the same material as

t.1e valve body and stop plate, AMS 5643. The elastically calculated stresses in the
boits were:

e Tensile Stress = Force / Area
= 103,5181bs / {6 * (/4)*(5/1 6/2}
= 224.9 ksi

The elastically calculated stress in the bolts (224.9 ksi) exceeded the tensile strength of
the material(190 ksi per Ref. 3).

: Bolts Could Not Carry the Piston Impact Loading!

What bolt size and quantity would be needed to adequately carry the loads? Table 1
showed that the allowable tensile stress in the specified material was 32.0 ksi. The
required area of the bolts to give a tensile stress at 32.0 ksi was:

» Bolt Area Required = Force / Allowable Stress
= 103,519 Ibs / 32,000 psi
=3.23in.2

Table 5 shows sizes and quantities of bolts required to limit the tensile stress to 32.0 ksi.

15
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Table 5. Bolts Required to Carry Maximum Piston Impulse Load

Bolt Size, in. Tensile Area per Bolt, in.2 | Number of Bolts Required
1 0.606 6
7/8 0.462 7
3/4 0.334 10
5/8 0.226 15
9/16 0.182 18

4.6. Stresses in the Stop Plate: The finite element model of the stop plate was
employed in a linear elastic analysis. The analysis used the equivalent static load of
92,728 Ibs (load used in the original release of this report). That force was converted
into a pressure load on the face that contacts the piston. The piston (specifically the
spring-type Belleville washers) did not contact the entire raised back face of the stop
plate, shown cross—hatched in Figure 8 below, but that was assumed for a first
approximation. %

o Pressure Load = Force / Area of Application
= 92,728 Ibs / {(n/4)* (1.4262 - 0.7802)}
= 82,850 psi

Revision 1 Note: Since a linear elastic analysis was used in the original analysis, those
results were scaled to determine the results for the higher load of 103,518 Ibs.
Scale Factor = 103,518 /92,728 = 1.116

Back Raised Face of
Stop Plate (d; =
1.426", d; = 0.780")

Figure 8. Assumed Piston Contact on Stop Plate
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The above equivalent pressure load of (82,850 * 1.116 =) 92,461 psi was also the bearing
stress at the face where the force was applied. That stress exceeded the level allowed by
the ASME Code, listed in Table 1 of 32,000 psi. If the load was distributed over the

somewhat smaller area that the piston washers actually contact that value of stress would
be even greater.

The finite element model with restraints at the attachment bolts only was stressed as
shown in Figure 9. The maximum elastically calculated von Mises stress level was located
under the bolts in the stop plate at a magnitude of (362.0 * 1.716 =) 404.0 ksi.

: Stop Plate Could Not Carry the Maximum Piston impact Force!

Eaton Throat-‘ralve Stop

LOAD SET: 1 - PISTON LOAD
FRAME OF REF: GLOBAL
STRES5S - VON MISES MIN: 2199.83 MAX: 3.62E+0S5

Max. Stress of
362.0 ksi

OOH WN -
—
wn
(o))
m
(34]

Figure 9. Stress Contour in Stop Plate Under 92,728 Ibs Piston Load

17



Prepared by: S, D, Snow Cneckea Dy sa.n, gl
Bevision 1

5. COMPUTER PROGRAM CONFIGURATION DOCUMENTATION

The following documentation presents the traceability for computer programs used
in the analysis reported here. This documentation should accompany any and all
analysis reports transmitted by Applied Mechanics.

Task: Analysis of Selected Eaton Throat-Valve Element Components
Charge No. or Work Package: 820253914

Report Title: Same as task

Author: S. D. Snow Date: December 1993
‘Program Used: |-DEAS Version: VL.i Moduie: NA
Computer Used: WCUSV2 Model: DECstation 5000/200

Verification Manual/Test Problem Manual/Example Manual:

W. D. Richins letter tc Applied Mechanics, "Verification of SDRC I-DEAS VI Software,”
WDR-28-91

Author: W. D. Richins Date: December 18, 1991

Comments: "SDRC I-DEAS V Verification Manual” is also available within the Applied
Mechanics Unit.

18
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6. FINITE ELEMENT MODEL INPUT & OUTPUT

(The finite element model input and output data from the original release of this report did
not change in this revision. In the interest of conserving pater, that data was not included
in this revision.)
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7. ACCELERATION HISTORY FOR BACKWARD OPENING PISTON
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SEAL STUDY

INTRODUCTION

A meeting was held with M.R.Stacy (Requester) on Dec 7, 1993 to develop scope of
assignment, review problem, and identify design and operating conditions; and a follow up
meeting was held with Jim Hall (Test Technician) to determine test scenario, test conditions
and results.

o Scope of Assignment
Review Valve operation and conduct scoping study to identify available seal materials and
configurations capable of withstanding the conditions experienced by operation of the
LB/TS Throat Valve Element. The study shall aiso identify Manufacturers, cost, and delivery.
Schedule: Complete draft study by December 17, 1993
Budget: 60 mhrs
Charge No. 820253914

o Background
EG&G was previously requested by the US Army to evaluate the performance of the LB/TS
Throat Vaive Element, which was supplied to them by Eaton Corporation. A series of tests
were conducted. However, design conditions were never achieved because of seal failure
and excessive leakage. The seals were completely destroyed during one of these tests.
(see figure 1 ). Close examination of this photo, which was taken after the performance test,
reveals that only three of the six seals were damaged. These are the three seals that cross
the ports located on the valve nody. Since the other three seals appear to be undamaged, it
is reasonable to assume that damage was due to pinching rather than temperature,
however, high temperature may be a significant contributor.

o0 Test Scenario, Test Conditions, and Results
Three series of tests were conducted as follows:

First test using original seal design
Two different configurations of seals were used. The design of the seals crossing the
cylinder ports was comprised of a teflon 15% graphite filied split overlapping joint ring
(piston ring type) with a rectangular cross section, a radial metal spring (approx 0.010 thk x
.25 wide), and a metal spacer (approx 0.010 thk x .25 wide) between the spring and the
gland diameter. The design of the seals that were not required to cross the ports was
comprised of a teflon 15% graphite filled guide ring with a lip on the leading edge. This
guide ring was supported by a silicon o—ring with two segmented half washers 0.030 thk
that backed up the o—ring. See figure 2. Experienced significant leakage. Unable to reach
design temperatures or pressures. Leaked at approximately 400 psi and 350 degrees F.
Installation of the teflon guide ring required use of an expanding mandrel type tool to
expand the ring over the piston diameter and the use of a swaginging type tool to then
reduce the seal diameter after installation into the seal gland.

Second Test
The same seal design was used for all six seals. This design was of the same configuration
used previously for those seals not crossing the ports (guide ring with o—ring energizer and
segmented backup rings). The seals crossing the ports were destroyed. The lip of the tefion
guide ring was sheared off during valve cycling. See figure 1. Unable to get any where near




design pressure or temperature.

Third series of tests
All six seals were of the same configuration. A thicker teflon 15% graphite filled guide ring
with a rectangular cross section was backed up by a silicon o~ring energizer and the two
segmented metal half rings. Tests were conducted at room temperature. Leakage was
experienced at approximately 375 psi.

NOTE: Many of the test deta’ls were recalled from memory and there was some
difficulty in developing the actual test scenario. Hence, no real evidence of
actual seal loading exists.

o Valve Operating Conditions, Materials, Operation, and Configuration
The requester was consulted and drawings were reviewed to determine Valve operating
conditions, materials, operation, and configuration as follows: «

Valve Operating Conditions

inlet pressure : 2000 psig
outlet pressure : 0 psig
inlet temperature : 700 degree F

outlet temperature : 70 degree F (room)

flow media : nitrogen gas

ambient humidity : 10—100%

operating speed (close to open) : 45 ms

piston travel (close to open) : 1.12 inches

acceptable leakage (valve closed) : 87lom/hr at 2000 psig and 59 degree F
seal design life : 150 cycles between replacements

Materials
Valve Body : CRES 17-4 PH Cond H925
Valve Sleeve : CRES 17—4 PH Cond H1025 (OD chrome plated by Electrolize process)
Seal : Teflon 15% graphite filled ( drawing not available to EG&G) Seal configuration as
described above.

Valve Operation
All components at room temperature, valve closed, exterior pressurized to 2000 psig with
700 degree F nitrogen gas and held for 15 minutes. Valve is then opened. Full rest to full
open (1.12 inches) in 45 ms. Sleeve oscillates at open position until damped out.

Valve Configuration

Valve Body : Cylinder 5.197 dia. with 3 sets of 16 slots (ports) equally spaced around the
circumference of the cylinder. Each port is 0.497 wide by 0.750 long. Each set of ports is
spaced 2.20 inches apart.

Valve Sleeve : Cylinder 5.191 OD with 6 O—Ring glands and 3 set of slots (ports). Each set
of ports consists of 8 siots 0.449 in wide equally spaced around the circumference of the
cylinder and separated by 0.100 in wide webs. Each set of ports is spaced 2.20 inches
apart.

ASSESSMENT OF PROBLEM
The O—Ring seal glands are iocated on the OD of the Valve sleeve, hence, a continuous
ring seal must be stretched over the OD of the Sleeve for seal installation. During valve
operation, the seals are moved at high speed across the cylinder ports. The present seal is
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a fairly hard polymer (15% tefion graphite tilled) at room temperature, however, tetion wiil
cold flow and as the seal passes the cylinder port. it is left unsupported. The seal is then
extruded into the port and pinched or stripped.

SURVEY OF MATERIALS

A literature search was conducted to identify candidate materials for this seal application. The
most commonly used seal materials for piston/cylinder applications are the elastomers.
However, silicon, which has the highest temperature limit for continued service is limited to
600 degree F. Table 1 provides temperature limits for these materials

Table 1 —Temperature for Continued Service (Elastomers)

elastomer Temp (F)
Nitrile rubber NBR 300
Natural Isoprene NR 250
Ethylene Propylene EPM,EPDM 350
Flurosilicon FYMQ 400
Flurocarbon, FPM >550
Silicon vMQ 600

Ref: Materials Engineering, Material
Selector—1987. p177—179

Because of the low temperature limit, no manufacturers of elastomer seals other than silicons
and flurocarbons were contacted.

Supplier literature from various Seal Manufactures was also reviewed to select candidate
suppliers. These candidate suppliers were then contacted to determine their interest and
capability. If they expressed interest, an information package consisting of drawings and fact
sheet describing materials, operation, and operating conditions was sent to them by FAX.
No manufacturers of silicon or flurocarbon seals have expressed interest in submitting a
proposal for this application. See Appendix (Memos of conversation). They have expressed
the following concerns:
1 Temperature— Seals made of Teflon, a flurocarbon, are fabricated by the
sintering (powder metallurgy) process at approximately 700 degree F. At
approximately 720 degree F, teflon has the consistency of jelly. [Ref 2 and 3]
2 Ports — Teflon will cold flow and with the high design pressure, the seals can
be expected to expand into the ports and be pinched as they pass over the
port. Teflon has a high temperature coefficient of expansion, hence, it can be
expectected that under high temperature, it will expand to fill the gland space
and when unsupported at the outer diameter, especially with high load , will
expand into the port.
Information provided by the Flurocarbon Mechanical Seal Division indicates that temperature
limits for their seal norrnally rated at 550 degree (F) is approximately 325 degree (F) at 2000
psi radial dynamic seal with reciprocating motion. See appendix (Data).

Manufacturers contacted include:
Bal Seal Engineering Co. Inc.
620 West Warner Ave
Santa Ana, Ca 92707 -3396
Tel (714)—557-5192 Fax (714)—241-0185 Michael Binder



Hydra Pak Seal Div (Parker Hannafin)
Salt Lake City, Ut
Tel (801)-973-7325 Jeff Walker

FURON Mechanical Seal Div

(formerly FLUROCARBON)

PO box 520

4412 Corporate CenterDr

Los Alamitos, Ca 90720

Tel (714)-995—1818 Fax (714)-761-1270 Mark Maloney

Row, Inc

703-T Annoreno Dr

Addison,11.60101

Tel (708)-628—-9221 Fax (708)-628-9229 Ores Kozinczuk

Du Pont, manufacturers of VESPEL, a polyimide, claim that VESPEL will retain it's properties at
temperatures from cryogenic to 500 degrees F, with excursions to 900 degrees F. Therefore,
they were contacted to determine if VESPEL could be used as a piston/cylir. fer seal in our
application and to determine if Du Pont would be interested in submitting a propesal. Mr. Ed
Miller reaffirmed Du Pont’s claim and expressed interest in submitting a proposal. An
information package, including drawings and fact sheet were sent by Fax to Mr. Miller.

Du Pont Co.

Tel (302)-733-8120 Fax (302)-733-8362 Ed Miller

Temperature limitations for various metals and coatings are provided in tables 2 and 3. Piston
rings fabricated from cast iron, commonly used in the hydraulic and automotive industries at
temperatures of up to 850 degrees are not recommended for high pressure nitrogen service
above 450 degree F. Severe leakage would be expected until the rings wear in.

Table 2 —Metal O-Ring Seals
matl max temp (C) max temp (F)
copper 400 752
mild steel 550 1022
cupra—nickel 600 1112
monel 600 1112
nickel 700 1292
stainless steel 800 1472
inconel 850 1562
Ref[1]




Table 3 —Plating materials for metal O—Ring seals
matl max temp (C) max temp (F)
Indium 140 284
cadmium 200 392
silver 800 1472
gold 850 1562
PTFE 300 572

Various suppliers of metal piston/seal rings were contacted to determine their capabilities and
¢ interest. Information packages were sent via Fax to those expressing interest. These include:

Precision Ring Inc.

5611 Progress Road

PO box 418187

Indianapolis, In. 46241

Tel (317)-247-4786 Fax (317)—248-9781 Dave Dyer

C.Lee Cook/Dover Corp

PO box 1038

Louisville KY 40201-1038

Tel (5020—-587—-6783 Fax (502)587—-6786 Paul Hanlon

Grover Piston Ring Co.

PO box 340080

Milwaukee, Wi 53234 0080

Tel (414)—384—-9472 Fax (414)-384-0201 Paul Cero Mike Knoebel

Superior Piston Ring Co.

6427 Epwort Bivd

Detroit, Mi 48210

Tel 1-800—-899-1827 Fax (313)-361-0530

A quotation has been received from C.Lee Cook/Dover. They quoted $115.02 each for
quantiteis of 6—11 and $78.21 each for quanties of 12—48 with delivery of 10+ weeks. Their
quotation did not include costs for any special quality control specifications. Any efforts
required to meet these would be billed at cost.

SEAL CONFIGURATIONS

Seal rings are provided in various configuration, however, piston ring seals where the seal
gland is machined on the piston require an expandable seal for installation over the piston
diameter. Elastomer seals, which are expandable, are provided in a continous ring
confiuration while metal seals must have a split joint for this type of application. Flurocarbons
(Teflon) are expandable to a small extent and with tooling, thin teflon rings can be stretched
over the piston and swaged back to original diameter after installed in the gland. However,
thicker rings must be split for installation. Elastomeric seal can be provided with various cross
sections including round, square, X, T, V, rectangular, and lip configurations. They are also
sometimes used with back up face rings to prevent extrusion or blow out and with spring
retainers or energizers. Flurocarbon seals can also be provided with a teflon outer layer and a
silicon or viton core. Metal seals can also be provided with various cross sections including O,




X T, K, and C onfigurations, however, continuous metal rings are generally used as face seals
or where they can be installed without expansion. They are are also sometimes used with back
up rings and spring energizers or pressurized in some cases. However, a metal seal for this
application would have to have a split joint. Joint configuration for Piston/Seal rings include 45
degree split joint, stepped, straight cut, stepped tongue, angled tongue, and stepped hook
joint. They are also sometimes used in combination. See Appendix (Data— Design Update —
Cver Corporation).

CONCLUSIONS
1 If Testing would have continued, there is fair probability that both the teflon guide ring and
the silicon seal energizer ring would have failed since their operating temperature limit is
600 degree F.
2 Seal failure can be attributed to pinching of the seal while passing over the ports
due to unsupported section of a material that will cold flow under high load
conditions.

RECOMMENDATIONS
1 Consideration should be given to performance of a temperature test to determine behavior
of teflon (15% graphite filled) at 700 degree F.
2 Conduct Seal Test Program to develop seals capable of meeting design conditions.
Program should include testing of split metal piston ring type seals and VESPEL seals.
3 Continue efforts to obtain proposals from fabricators of split metal seals.
4 Continue to follow up DuPont on proposal of VESPEL seal.
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This appendix has been sent to R. J. Pearson file at the U.S. Army Research Laboratory,
Aberdeen Proving Ground, Maryland.
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