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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 as the ETVE is presently configured, and to pro-
findings of a computer model that simulates the vide additional damping to the system. The main
behavior of the Eaton-Throat Valve Element areas of redesign follow.

(ETVE) prototype, and describes a proposed
modification concept for the ETVE. This high- 1. Increase the length of the sleeve by approxi-

- speed valve was designed for the U. S. Army mately 1.6 in. and add two sets of seals in the
Research Laboratory, Aberdeen Proving Ground, added length to seal the last row of body
Maryland, to control the simulation of the portholes. Reduce the length of the liner by

- dynamic effects of a nuclear blast. 0.7 in.

The computer model reveals three main find- 2. Place the sleeve upstream (from its current

ings: (1) the ETVE chatters during the open as-built location) as indicated in Figure 5-1
cycle, (2) the chatter is caused by the high gas so the pneumatics can slide the sleeve for-
forces on the sliding sleeve as the driver gas ward to its open position.
passes through its portholes, and (3) the chatter is 3. Increase the length of the ETVE body to
aggravated because there is insufficient damping house approximately 32 BelleviUe washers
in the system on the open chamber and 8 washers in the

close chamber. This modification requires
The ETVE simulation model has proven to retapping the pneumatic actuation lines.

: be an extremely valuable tool in assessing the
qualitative nature of the current valve's operation 4. Lengthen the piston rod to accommodate the
and is indispensable in assessing the effects of added number of washers.
valve modifications or redesigns. The ETVE's
complex nonlinear behavior is impossible to pre- 5. Increase the stop plate size and increase the
dict in any way other than numerical simulation, number and size of bolts used to fasten the

even if the numerical simulations are accepted on stop plate to the valve body.
a qualitative basis only.

3. The close-cycle actuation needs to be evalu-

In addition, the model can be used to input ated and redesigned to overcome the driver
new BeUeviUe washer characterization data for gas forces that will make the valve difficult
different washer configurations and then assess to close.
the qualitative effects of each configuration on
the overall valve behavior. 4. Any general design concepts should be eval-

uated by using the already developed valve
The INEL recommends opening the ETVE sleeve dynamic simulation model to qualita-

by sliding the sleeve toward the downstream end tively predict and evaluate the design con-
of the valve instead of toward the upstream end, cept's effects on the ETVE performance.
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1. INTRODUCTION

1.1 Background than thedrivercrosssection. Wetestedthis pro-
totype ETVE at the INEL during 1991. The test I

As pan of an ongoing effort to improve results revealed segmented shock waves, which 1techniques for simulating nuclear blasts, the suggested the possibility that the ETVE chat-
U.S. Army Research Laboratory (ARL) has tered during the ETVE opening cycle. We also

. been studying the merits of computer-controlled observed that the duration of the chatter
valves. The valve studies have been aimed at increased with increased gas pressure in the

providing the Department of Defense (DOD) upstreampressurechamber(hereaftercalled dri-
with the capacity to conductnuclear blast and ver tube).
thermal survivability testingon full-scale tacti-
cal vehicles. In supportof this DOD objective, The primary objective of our work per-
two new simulators are currentlyunderdevel- formed during 1993 hasbeen to developa com-
opment:(1) the Large Blast/Thermal Simulator putationalfluid dynamicsmodelof thevalve and
(LB/TS), a Defense Nuclear Agency facility thenuseit to proposea preliminarymodification
currently underconstructionat the White Sands designconceptof the ETVE to meet the original
Missile Range, and (2) the ARL 1/6-scaie"lest designrequirements.If the U.S. Army approves
bed,a technologydemonstratorcurrently under- the design, and funds are available, the INEL
going characterization testing at the Aberdeen may perform the final analysis, design, modifica-
Proving Ground, Maryland. If use of computer tion, and testing of the ETVE, and then ship the

controlled-valves proves feasible and cost valve back to ARL to perform full conditions
effective, it is expected that the computer-con- testing there (700°F and 1800 psi nitrogen driver
trolled valves will replace the more labor-inten- gas).

sive rupture disks currently used to simulate
nuclear blasts. The computer-controtled valves 1.2 Valve Testing History at the I_EL
would be retrofitted first to the ARL Test Bed
and then to the LB/TS at the White Sands Mis- The INEL tested the ETVE's performance in

sile Range. two separate phases: the first phase during 1989,
the second during 1991. The 1989 phase used

In support of the U.S. Army's work, the the ETVE; however, the effort was focused on

Idaho National Engineering Laboratory (INEL) the equipment that had been purchased from
studied a number of valve design concepts and Thermal Sciences Incorporated of St. Louis,
determined that a multi-element valve would Missouri. The equipment consisted of the high-

best control blast simulation. A multi-element pressure tube (called the driver tube), its interior

valve is formed from an array of small valves insulation, and the gas heater. 1
whose openings and closings are coordinated to
give the required total output through the valve The 1991 phase focused on testing the per-
as a whole. The INEL subcontracted Eaton Con- formance of the ETVE, during which testing the

, solidated Controls to build the valve element chattering condition was diagnosed as a possible

prototype, called the Eaton Throat-Valve Ele- malfunction. 2 The main objection to the ETVE's

ment (ETVE), which uses a pneumatically-dri- chatter is its effect on the downstream shock sig-
- ven sliding-sleeve (see Figure 1-1). The term nal; as the valve chatters, the effective flow area

throat was given to the prototype since the valve for the driver gas changes, causing a segmented
acts like a throat in that the driver-gas released is wave downstream, which is unacceptable for

funneled through an opening much narrower blast simulation.





1.3 CurrentEWE Configuration close-chamber, and the open-solenoid to
relieve the pressure in the open-chamber and

Figure 1-2 illustrates the currentETVE con- its actuating line.
figuration. The main features of the currentcon-
figuration are as follows: 1.4 Purpose

• The ETVE is designed with three rows of The primary objective of the work per-

portholesin both the ETVE body and sleeve, formed during 1993 has been to develop a corn-

" When the corresponding portholes are putational fluid dynamics model of the ETVE
aligned, the gas in the upstream driver tube that can be used to propose a preliminary modi-
flows freely through these portholes, fication design concept to meet the ETVE's orig-

inal design requirements. The gas dynamics• The ETVE is closed when the sliding sleeve
is in its most downstream position, as indi- model uses the ETVE moving pans equation of
caredin Figure 1-2. motion and associated parameters calculated in

the mechanical dynamics subroutine. This sub-

. The ETVE is actuated back to its open posi- routine calculates these parameters by using the
tion by an electronic signal sent to the open- results from tests we performed on the ETVE to
solenoid, which opens a 2000-psi gas supply characterize the sleeve's displacement history,

line. The gas pressurizes the open-actuating and from tests we peffonne_:_on Belleville wash-
line and the open-chamber. As the chamber er stacks similar to those in the ETVE. Note that

is pressurized, :lie piston, which is rigidly the characterization of the ETVE sleeve dis-
connected to the sliding sleeve, will move to

placement was performed under ambient pres-
align the body and sleeve portholes. This is

sure and temperature conditions on the upstream
the ETVE open position, illustrated in Fig-
ure 1-3. end of the ETVE. This report presents the results

from the characterization tests for the sleeve and

• The ETVE is actuated to its closed position the BeUeville washers, and the results from the
by an electronic signal that actuates both the mechanical dynamics subroutine and the gas
close-solenoid to supply 2000 psi to the dynamics model.
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2. VALVECOMPONENT
CHARACTERIZATIONAND VALVEMODELING

We developed the computer model in four to characterizing the sleeve's displacement histo-

phases: (1) characterization of the sleeve's dis- ry,we purchasedand installed an LVDT and used
placement history, (2) characterization of the it to obtain a high-resolution sampling of the
BelleviUe washer stack behavior under quasi-sta- ETVE's sliding sleeve displacement during the
tic loading, (3) development of the mechanical open cycle. It is importantto note that we tested
dynamics subroutine, and (4)development of the the ETVE at ambient temperature and pressure
gas dynamics model. The sleeve displacement because the driver tube was not available for use
and BeUeville washer characterization tests were at the INEL facility during this 1993 work.

necessary to complete the mechanical dynamics

subroutine. In turn, the mechanicaldynamics 2,1.2 Characterization Test 2 --
subroutinewas necessaryprior to finishing the Damping with Solenoid Valves. We per-

gasdynamicsmodel. Eachof the fourphasesarc formed theseteststo explore the possibilityof
describedin thissection, reducingor eliminating the chatterby varying

the sequencingof the actuating-solenoids.We

2.1 ETVE Characterization Testing for tried two differentactuatingsequences:
the Existing Configuration

1. We used 2000 psi to open the ETVE while
We performed two sets of tests to character- the close-chamber was pressurized to 1000

ize the behavior of the ETVE under its existing psi; we then vented the close-chamber 70

configuration. The first test characterized the msec after the LVDT detected any move-

ETVE sleeve's displacement behavior using a ment (see Appendix A for detailed test infor-
linear variable displacement transducer (LVDT). mation).

The LVDT data were used in the development of

the ETVE moving parts mechanical dynamics 2. Similar to Sequence 1, we pressurized the
subroutine. The second test set explored the close-chamber to 100Gpsi and used 2000psi

effects of varying the open- and close-actuating to actuate the ETVE to open. However, we

solenoids sequencing to reduce or eliminate the kept the close-chamber pressurized at 1000

ETVE chatter. Appendix A describes this work psi for 500 msec after the LVDT detected

in greater detail, any movement before venting it. Figure 2-1
shows overlaid plots of the ETVE sleeve dis-

2.1.1 Characterization Test 1 --LVDT placement for the tests results in the two
Testing. The tests performed at the INEL dur- sequences. The initial LVDT test results are

ing 1991 indicated that the ETVE was possibly described in Section 2.1.1.

chattering during the opening cycle before

achieving steady-state open position. At that These tests show that the actuating

time, when the ETVE arrived at the INEL for its sequences described in sequences 1 and 2 did not

initial testing in 1989,1 it was not possible to change the chattering considerably. Further-

exactly confirm the chatter,since the onlymeans more, the overlaid plots clearly show that pres-
provided to detect the sleeve's movement was a surizing the close-chamber before opening the

Hall Effect Sensor. This instrument provided valve increases the valve open time considerably,

only qualitative displacement information. Prior approximately 60 msec.
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2.2 Belleville Washer 2.3.1 General Code. Since all of the

CharacterizationTesting movingpartsof theETVE are rigidly connected,
the mechanicaldynamicsmodeldevelopeduses

We characterized the Belleville washers a singledegree-of-freedomrigid-body dynamic

under quasi-staticload-deflectionbehavior for model, representedin Figure 2-2. The gas
the current washerconfigurationand for other dynamicmodel describedin Section2.4 callsup
alternative configurations. We tested the wash- the mechanical dynamics model as a subroutine.
ers in compression and monitored the deflection The LVDT test results provided the sleeve dis-

" with respect to the load applied for each washer placement information used in the subroutine.
configuration. The BelleviUe damping characteristics were

obtained from the quasi-static compression tests

'l?,e tests reveal that the BeUeville washers described in Section 2.2.

experience a sigmficantly different loading and
unloading force-displacementbehavior,and that 2.3.2 Description of Subroutines.
dampingdecreasesexponentiallyas the loading Subroutinebelspr -- This subroutinecorn-
approaches the design load. To provide high- putes the BeUeville springs' stiffness from the
load damping, we believe it is necessary to stack force-displacement characterization values spec-

ified in BLOCK DATA. The subroutine is only
several washers (eight to ten) in parallel and con-

called from the main program once (prior to first
nect them in series with one or more simS_let

call to motion).
stacks. Appendix B describes in detail the test

results for the different washer stack configure- Subroutine fact --- This subroutine calcu-
tions, lates the cun'ent actuator force acting on the

moving ETVE pans. The only argument passed
In addition to characterizing the washers, we to the mechanicai dynamics model from fact is

developed a simple FORTRAN program using the current solution time. This subroutine must
the mechanical dynamics subroutine to study the be called prior to each call of motion.
washer's damping behavior. We observe that

overloading the washers reduces the effective Subroutine motion--This subroutine eel-
damping significantly; however, the Belleville culates the incremental motion of the ETVE

washers are an effective method to provide movable parts and outputs their displacement,
damping for the system if designed correctly, velocity, and acceleration. Arguments passed to
Appendix C describes the FORTRAN program the subroutine are current calculation time, cur-
in greater detail and discusses the conclusions rent time increment, net fluid dynamic force act-
drawn from its use. ing on the moving mass, and an integer flag. The

flag indicates whether a BeUeville spring is load-
2.3 Mechanical Dynamics Model ing or unloading, which is very importantowing

to the very large changes in the motion parame-
We analyzed the ETVE's moving parts ters that occur in the transition between relative-

(slee,,e, piston, piston rod, and Belleville wash- ly free motion (neither BeUeviUe spring is corn-
ers) and derived the equation of motion for their pressed) and very stiff resistance (either of the

configuration. The resulting solution of the non- Belleville springs are compressed). The remain-
linear equation of _notion is represented as ing section of the subroutine consists of logic
explicit time-difference equations. Appendix D blocks wherein the applicable motion parameters
details the FORTRAN implementation of the are specified, and, finally, the updated motion
motion solution and its supporting subroutines; variables are computed. Appendix D presents

namely "belspr, .... fact," and "motion." this subroutine in Table D-3.
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Gso = Sleeve opening gap
Gsc = Sleeve closing gap

M = Mass of the moving parts

Fcs = Coulomb damping on sleeve
Fcb = Coulomb damping on the Belleville washers

Cs = Stiffness and viscous damping on the sleeve
Ks --- Stiffness and viscous damping on the coil spring

Kbc = Closing Belleville washers stiffness
Kbo = Opening Belleville washers stiffness
Cb = Belleville washer viscous damping

Externally applied force resulting from the time-dependent actuator pressure
and hydrodynamic gas pressure (time- and sleeve position-dependent)-
Fp(y,tl

°

Figure 2-2. Mechanical dynamic model.
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2.3.3 Findings. Once the mechanical In two-dimensional computations, the vol-
dynamic model was completed, the actual sys- ume of a cell of width/)x and height/)y is A_x/)y,
tem's damping characteristics were obtained by giving a quasi-three-dimenslonal effect. The

running several algorithm predictions and vary- physical assumption underlying the variable
ing different parameters until the axial displace- depth description is that the flow variables are
ment history matched the actual test data depth-averaged in the depth direction to give
obtained from the tests described in Section 2.1 mean values with variation only in the x and y

and 2.2. We found that the following damping dimensions, or equivalently, that the flow vari-

parameters produce a reasonable fit to the test ables are independent of displacement in the
data: depth direction.

. The variable-depth equations are used

Sleeve Coulomb damping force = 100 lbf because they greatly increase the geometrical

Sleeve viscous damping ratio = 0.0 flexibility of the description without increasing
its complexity. The variable, A, may be used to

Belleville washers Coulomb damping force = 0.0
represent flow through a two.dimensional duct

BeUeville washers viscous damping ratio=0.08. of gradually varying thickness. The use of zero
values of A in selected mesh cells provides a

Figure 2-3 compares the subroutine-calculat- convenient means of including internal obstacles

ed ETVE displacement response damping data in the flow region. In particular, a cell with A =
with the test data obtained from actuating the 0 will allow no flow across its boundaries. The
ETVE to open at ambient pressure and tempera- stationary obstacles (valve internal parts) are rep-
ture, as described in Section 2.1.1. resented with this technique. Axisymmetric

coordinates are generated by having A increase

2.4 Gas Dynamics Model linearly with the distance from the axis. Since
the ETVE valve is approximately axisymmetri-

Figure 2-4 shows the gas dynamic simula- cal, this feature is also used. As presently coded,
tion model representing the ETVE configuration, the A-quantity must be a constant in time.

The stationary and moving valve parts are Equations and Constitutiveapproximated as rectangular solid blocks; the

mesh spacing used is _x =/)y = 1 ram, in the Relations -- The Euler equations describing
axial and radial direction, respectively. Con- thedynamics of an inviscid gas have been cast in

many forms. The dependent variables are cho-
stant pressure boundary conditions were applied
at the inlet and outlet boundaries of the flow sen here to be the mass density, p, the gas veloc-

ities, u and v, and the internal energy per unit vol-
model. On the high-pressure boundary ume, E. In terms of the chosen dependent vari-
(upstream in Figure 1-2) the pressure is set to

ables, the basic two-dimensional Euler equations
1800 psi and 700°F; the low-pressure boundary used in the code are the continuity, the momen-
(downstream in Figure 1-2) is set to 14 psi and tum, and the internal energy equations.
ambient temperature. Appendix E presents the

gas dynamics model work in detail. In these equations, the independent variables
are time, t, and coordinates, x and y. The gravita-

2.4.1 Description of the Model. We tionalaccelerationterms,theheatconductionterms,
used the compressible Euler equations formulat- and the viscous terms have been neglected, owing
ed for two-dimensional, axisymmetric coordi- to their insignificance. To complete these equa-
nate systems to describe the gas dynamics of the tions, a constitutive relation, which relates pressure,
ETVE during the actuating open cycle. The code p, and internal energy per unit volume, E, is defined.
uses a variable thickness or depth in the radial The following equation is based on the assumption
direction for each mesh cell, named A. that the gas obeys the perfect gas laws.

11
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p = (_- 1) E Hgure 2-5 plots the predicted displacement
of the sleeve with respect to time. The plot was

The relation y is the ratio ofspccificheats, generated by running the model using 8%
Belleville washer viscous damping. Figures 2-6

Dynamlcal Coupllng -- To representthe plots the predicteddisplacementof the sleeve
valve opening dynamics, the moving parts of the using 16% BelleviUe washer viscous damping.
valve must be coupled to the subsequent fluid
dynamics of the gas as it flows through the valve. The model predicts oscillation rates similar
The gas surrounding the valve moving parts to those observed during the 1991 tests at the
exerts a force (the dominant force) on these mov- INEL. The 1991 tests suggest average oscilla-

ing parts to produce its motion. The ETVE tions of 153 cycles per second. The model pre-
sleeve motion, in rum, influences the gas direct- diets average oscillations of approximately 180 -

ly with its motion and indirectly by opening or cycles !_:" second for 8% viscous damping, and
closing the portholes to alter the gas flow dynam- 125 cyc. __per second for 16%viscous damping.
ics. The ETVE sleeve motion is also influenced These results indicate that shifting the system's
by the dynamic response of other components viscous damping can shift the system's frequen-
and phenomena such as the coil spring, the cy response.
ETVE sleeve friction, the Belleville spring load- , _

ing and unloading, and the actuating pneumatics. It is important to keep in mind that (1) the
The gas dynamic system and ETVE sleeve racy- model is an idealized situationwith an infinite
ing parts dynamics are solved together in a fully , supply of gas at 1800 psi, contrasted to the actu-
coupled manner, al test situation where the drive gas pressure

decreases very quickly, and (2) the model uses
2.4.2 Findings from the Current ETVE driver gasat 700°F, contrastedto the actual test

Configuration. The overall ETVE model situations where the driver gas temperature was

clearly shows that the driver gas dynamic force ambient for that time of the year at the INEL
on the sleeve portholes dominates and is respon- (approximately 30°F). Appendix E contains

sible, when coupled with the BelleviUe washer plots of other variables such as the sleeve veloc-
force, for the sleeve's oscillations during the ity, sleeve acceleration, and gas pressure at the
open cycle. The other dynamical forces, such as pressure plot point with respect to time.

the actuating pneumatics, the coil spring, and the
coulomb damping forces during the open cycle Since the model shows that the driver gas

have little effect on the ETVE sleeve motion, as forces dominate the open cycle, we began
is seen in the following discussion. Examination exploring different ETVE configurations to use
of the driver gas dynamic force on the sleeve the driver gas forces to our advantage, or to
shows that this force predominantly acts on the reduce their overall effect on the valve.

left side of the portholes or toward the direction Section 3. describes the different configurations
of valve closure for the current configuration, explored.
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8% Viscous + 100 Ibf Bellville Damping
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• Sleeve viscous damping set at 8%
• Belleville washers Coulomb damping set at 100 lbf
• Portholes are fully aligned at the 1.12 inch mark on the displacement axis
• BelleviUe washers are fully compressed at the 1.2 inch mark on the displacement axis: 1.12 inch-

¢s to alignment of downstream edges of portholes, plus 0.05 inches portholes width mismatch
(washers begin to be compressed at 1.17 inches), plus 0.03 inches maximum washer deflexion

. (form Appendix B data plots).

• Finer inlaid plot of force representsthe 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 2-5. Eight percent BeUeville washer viscous damping-model plot.
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16% Viscous + 100 lbf Bellville Damping
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• Sleeve viscous damping set at 16%
• BeUeville washers Coulomb damping set at 100 lbf
• Portholes are fully aligned at the 1.12 inch mark on the displacement axis
• Belleville washers are fully compressed at the 1.2 inch mark on the displacement axis: 1.12 inch-

es to alignment of downstream edges of portholes, plus 0.05 inches portholes width mismatch
(washers begin to be compressed at 1.17 inches), plus 0.03 inches maximum washer deflexion
(form Appendix B data plots).

• 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 2-6. Sixteen percent Belleville washer viscous damping-model plot.
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3. EVALUATIONOF ALTERNATIVECONFIGURATIONS

3.1 Model Runs into a stronglyopen positionafter 3 to 4 small
bounces on the Belleville washers. Beyond this

The main objective of reconfiguring the initial opening transient, we observe that the
valve is to diminish or eliminate the valve chat- valve maintains the open I_ositionwith a slightly
ter effects on the shock wave produced by the growing, high-frequency oscillation imposed on

. opening of the valve. We made many different a fairly significant steady Belleville washer com-
configuration runs; however, only those configu- pression (see Figure 3-4).
rations that show the most significant results are

. described here. The growing, high-frequency oscillation is
seen to correspond with the gas dynamic force

3.1.1 Beveled Portholes. The first con- on the sleeve. However, the net averagegas
figuration change attempted was to bevel the dynamic force on the sleeve is shifting toward
downstream edge of each porthole in the sleeve, the open position. In the interest of time, we did

This intuitive approach was to obtain the least not run the model any more time steps to deter-
obstruction possible to the gas thereby decreas- mine if the sleeve's apparent growing oscillation

ing the net force by the gas on the sleeve. Figure could eventually grow to the point of blocking
3-1 shows the configuration used in the attempt, enough of the flow port to force the sleeve
The sleeve's response frequency changed some- motion into another transient form. We recom-

what, but the sleeve still oscillated violently dur- mend performing a longer mn (at least the dura-

ing the open cycle (see Figure 3-2). tion of the longest expected blast) to determine
the oscillations trend and prove or disprove the

3.1.2 Backward Sleeve Configuration. possibility of another transient in the open cycle.
Since bevelingthe portholeshadnonet effecton=

reducingthe driver gas forceson the sleeve,we Figure 3-4 plots the predicteddisplacement
changedthe ETVE configuration so that the ini-

of the sleeve with respect to time. The plot was
tial sleeve position was shifted to the right
(upstream), with the sleeve ports on the fight side generated by running the model with the sleeve

in the backward configuration using 8%of the stationary ports. This configuration revers-
Belleville washer viscous damping. The freeres the opening motion to the left (downstream), as

illustrated in Figure 3-3. We term this configura- inlaid plot of force in the plot represents the net
tion backward. The intuitive thinking in this case force on the moving parts (sleeve, piston, and
was that, perhaps, the gas dynamic forces on the piston rod) acting in the axial direction. A posi-
sleeve would as_;ist the open actuating force to tive value represents a force in the upstream
thrust the valve into the open position, direction.

Running the model with the sleeve backward 3.2 Stress Analysis
forced us to lengthen the downstream end of the
sleeve, for two reasons: (1) to maintain the Since the ETVE was not designed to run with
required alignment of the seals and portholes, the sleeve in the backward configuration, we

and (2) to block the gas flow through the body's performed a cursory stress analysis on the
most downstream portholes when the ETVE is to ETVE stop plate, and we calculated the maxi-

- be in the close position, mum allowable width for the body portholes for
the original design conditions (700°F and 1800

The backward configuration model runs psi). Appendix F presents this portion of the
show that the gas dynamic forces thrust the valve work in greater detail.
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Side and end view schematics of the sleeve with

beveled portholes. The portholes were beveled
45" only on the downstream side of the
porthole.

Figure 3-1. Sleeve portholes beveled 45 degrees.
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8 % Viscous+ 100 Ibf BellvilleDamping
Beveled (45 °) DownstreamSliderPorts
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• Sleeve portholes are beveled at a 45-degree angle on the downstream edge of each porthole
• Sleeve viscous damping set at 8%
• BeUeville washers Coulomb damping set at 100 lbf
• Portholes are fully aligned at the 1.12 inch mark on the displacement axis
• Belleville washers are fully compressed at the 1.2 inch mark on the displacement axis: 1.12 inch-

es to alignment of downstream edges of portholes, plus 0.05 inches portholes width mismatch
(washers begin to be compressed at 1.17 inches), plus 0.03 inches maximum washer deflexion
(form Appendix B data plots).

• 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
upstreamdirection.

Figure 3-2. Predicted displacement history for the sleeve with 45-degree beveled portholes.
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Figure 3-3. Gas dynamic model for sleeve in the backward configuration.
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• Valve opens by sliding the sleeve in the upsteam direction--backward configuration
• Sleeve viscous damping set at 8%
• Belleville washers Coulomb damping set at 100 lbf

• Portholes are fully alignedat the 1.12 inch mark on the displacement axis
• BeUeviUe washers are fully compressed at the 1.2 inch mark on the displacement axis: 1.12 inch-

es to alignment of downstream edges of portholes, plus 0.05 inches portholes width mismatch

(washers begin to be compressed at 1.17 inches), plus 0.03 inches maximum washer deflexion

(form Appendix B data plots).

• 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 3-4. Model predictions for running sleeve in the backward configuration.
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3.2.1 Wider Portholes In Body. As the The analysisrevealedthat the stopwould expe-
sleeve portholes oscillate around the body port- rience stresses over 400 ksi; the six bolts fasten-
holes during the opening cycle, the effective flow ing the stop to the body would experience 224.9
area changes. This change in the flow area gen- ksi; and the ETVE body around the portholes
elates a segmented shock wave which is unac- would experience stresses in excess of 58 ksi.
ceptable for blast simulation. All these stresses exceed the maximum allow-

able stress of 32 ksi for these components
Since the real requirement is to maintain a (defined in the ASME Boiler and Pressure Vessel

constant effective flow area, one possible config- Code, Section VIII, Rules for Construction of "

uration would be to increase the width of the Pressure Vessels).
body portholes to allow the sleeve to oscillate,

yet maintain the effective flow area constant. We The large dynamic (impulse) forces created
analyzed the valve to determine the largest width by the deceleration of the piston and sleeve are

the portholes could be widened to and still main- aggravated by the stiffness of the BeUeville
tain its integrity under operating conditions

washer stack; the stack is clearly very stiff and
(700°F and 1800 psi). has a short distance to travel before bottoming

The stress analysis determined that the port- out. However, the piston impulse forces can be
greatly reduced if either of the following modifi-

holes in the ETVE body could be widened to cationsaremade:
0.76 in. centered on the existing portholes cen-
terlines, as shown in Figure 3-5. This means that

• Arrange (or add to) the stack of Bellevillethe sleeve's centerline can oscillate at an ampli-
washers so that the effective travel lengthtude of O.155 in. to either side of the body port-

hole centerline and still maintain a constant (before bottoming out)is much longer. Note
effective flow area. that this recommendation is based on the

observations from the washer characteriza-

3.2.2 Stress analysis on stop. When tion tests; when the washers bottom-out,
the ETVE is actuated open in the current contig- their stiffness increases tremendously, which
uration, the actuating piston slides to the back in turn increases the piston/sleeve decelera-

(upstream) end to impact on the end plate. How- tions.
ever, in the proposed backward configuration,
the actuating piston will move to the front • Employ BelleviUe washers (or other springs)
(downstream) to impact on the stop, exposing it that have a lower stiffness value and a longer

to much larger forces than it was originally travel length. This will reduce the magni-
designed for. tude of the piston/sleeve deceleration.
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4. SEALS STUDY

The 1991 ETVE tests at the INELrevealed seals arereadilyavailablethatwill withstandthe
anotherareaof theETVE'sperformancethatneeds operating conditions. We recommendtesting
furtherdevelopmem:the mainvalveseals. Sever- differenttypes of seals, includingsplit-metalpis-
al kindsof sealswereusedduringtesting,butnone ton ring type seals and VESPELseals. Appen-
were successful under the operatingconditions dix G presents a Draft ProposedSeal Test Pro-

, (700°F and 2000 psi). We performeda cursory gramto evaluateexisting seal technologies.
seal manufacturerandmaterialstudy to determine
the available seal materials and configurations All vendor information gathered will be

. capableofwithstandingtheoperatingconditions, maintainedinEG&G Idaho,Inc.,ProjectFile
AppendixG presentsthisworkindetail. 93-713,andacopywillbetransmittedtotheU.

S.ArmyResearchLaboratorytechnicalmonitor,
The studyconcludesthatno commercial Mr.RichardJ.Pearson.
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5. CONCLUSIONSAND RECOMMENDATIONS

The ETVE simulationmodel hasproven to 5.1 PROPOSED MODIFICATION
be an extremely valuable tool in assessing the

qualitative natureof the currentvalve's operation We propose the ETVE configuration change
and is indispensable in assessing the effects of (Figure 5-I) as a preliminary concept only, and
valve modifications or redesigns. The ETVE's suongly caution that furtherdesign and analysis

• complex nonlinear behavior is impossible to pre- work must be performed prior to executing any
diet in any way other than numerical simulation, actual modification to the existing ETVE. Fur-
Even if the numerical simulations are accepted thermore, we recommend taking advantage of
on a qualitative basis only, they increase under- the already developed valve sleeve dynamic sire.
standing of behavior, show trends and sensitivi- ulation model to characterize the performance of
ties, and suggest alternative designs. On the the ETVE under its proposed modified configu.
other hand, the alternative, iterative "cut and try" ration or any other configuration that may be
approach to design would be a long, tedious, and developed by furtheranalysis and research.
expensive route to valve design/redesign. In

addition, the model can be used to input new The study described in Section 3.2.1 analyz.
Bellevillc washer characterization data for differ- ing widened portholes in the body is left as a
em washer configurations and then assess the matter of consideration for the next redesign

qualitative effects of each configuration on the phase. Time precluded our running the model
overall valve behavior, with widened portholes. Since we do not have

model predictions for this configuration, we do
For future design/analysis work and to pre- not include widencti portholes as pan of the pro-

diet accurate quantitative performance, we rec-
posed modification concept.

ommend that the numerical technique developed
' to simulate the gas dynamics be modified in four

The preliminary concept makes reference
main areas: only to correcting the chatter in the open cycle;

however, no analysis was performed on the close
1. Modify the model to give a partially implic-

it time integration instead of the explicit time cycle. The proposed concept evolved from the
results of the dynamic simulation model of the

integration (this would reduce the CPU time
required to make runs and should increase open cycle, the stress analysis performed on the
the accuracy by reducing the large numberof stop plate and the valve body, and from the
time steps required for the model runs) Belleville washers characterization studies.

2. Examine the importance of viscous effects, The modification concept is best illustrated

especially in the valve-open position where in Figure 5-1. Its main areas of redesign follow.
the high-speed flow through the ports could

1. Increase the length of the sleeve by approxi-possibly place significant shear forces on
the sleeve, and, therefore, influence its mately 1.6 in. and add two sets of seals in the
motion added length to seal the last row of body

" portholes. Reduce the length of the liner by

3. Modify the model to study the ETVE close 0.7 in.
cycle under operating conditions

" 2. Place the sleeve upstream (from its current

4. Design the valve's effective damping with as-built location) as indicated in Figure 5-1
either Belleville washers or another damping so the pneumatics can slide the sleeve for-
system for both the open and close cycles, ward to its open position.
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3. Increase the length of the EIWE body to tion increased as the driver gas pressure
house approximately 32 Belleville washers increased. From these two observations, we
on theopenchamberand 8 washersinthe deducethatthesleevewillcontinuetooscil-
closechamber.Thismodificationrequires lateforaslongasthereisa relativelyhigh

retappingthepneumaticactuationlines, pressuredrivergas flowthroughitsport-
holes.The modelrevealsthatthemaindri-

4. Lengthenthepistonrodtoaccommodatethe vingforcecausingthechatterisgeneratedby
addednumberofwashers, thedrivergasasitflowsthroughthesleeve

• portholes. The model also reveals that the
5. Increase the stop plate size and increase the ETVE does not have sufficient damping to

numberand sizeofboltsusedtofastenthe absorbenergyfromthemovingsleeve.
stopplatetothevalvebody.

2. The ETVE shouldnotbeusedunderitscur-

A fullsetof nonreleaseddrawingsforthis rentconfigurationinhigh-pressureorhigh-
proposed configuration is included in the engi- temperature gas conditions. Furthermore,
neering design file at EG&G Idaho, and a copy is the current ETVE configuration requires sig-

being sent to U. S. Army research Laboratory nificant redesign, analysis, and refabrication
technical monitor, Mr. Richard J. Pearson. to meet its original design requirements.

5.2 CONCLUSIONS 3. Theclose-cycleactuationneedsto beevalu-
ated andredesignedto overcomethe driver

1. The ETVE sleevedynamicsimulationmodel gas forcesthat will make the valve difficult
confirmsthat the ETVE doesundergochat- to close.
tering during the opening cycle. In fact, we
observe, from Figure 2 no indication that the 4. Any general design concepts should be eval-
total amplitude of the sleeve oscillations uated by using the already developed valve
decreases within the first 40 msec. We also sleeve dynamic simulation model to qualita-

observed, during the 19911 testing at the tively predict and evaluate the design con-
INEL, that the duration of the sleeve oscilla- cept's effects on the ETVE performance.
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Appendix A
I

Eaton Throat-Valve Element Prototype 1993 Testing

I performed two sets of tests in November 1993 Figure A-1 shows the hardware configuration.
at the Idaho National Engineering Laboratory The data system consisted of a Kaye MDAS 7000

(INEL) to characterize the behavier of the Eaton data system with a 20-Mbyte hard drive and a 1.2-
Throat-Valve Element (ETVE) under existing con- Mbyte floppy disk. Data were collected to memo-
figuration. The first test characterized the ETVE ry then stored in ascii format to hard disk and flop-
sleeve's displacement behavior with a linear vari- py. The LVDT and pressure transducers where both
able displacement transducer (LVDT). The LVDT calibrated (see Attachment 1), and the data were

data then contributed to J. G. Arendts' analytical converted to the corresponding values in engineer-
development of a computer model of the mechani- ing units before being saved to disk. Two separate
cal dynamics of the ETVE prototype moving parts tests were performed under this configuration.
(see Apendix D). The second test determined

whetherdifferent sequencingof the open andclose 2.1.2 CHARACTERIZATION TEST 1.

actuating sloenoid valves could reduce the valve Under this test condition, 1200 psi were used to
chatter observed in the initial testing of the ETVE open the ETVE. The data acquisition system was
prototype at the INEL. then used to measure the sleeve displacement,

open pressure used and fire signal from the Eaton
This report describes and documents the two

control box. When the fire button was pressed on
sets of tests. The system setup was slightly differ- the Eaton control box, a signal was sent to the
ent for each test, so a block diagram of each con- data acquisition system to start collecting data at
figuration is presented in the following discussiond 10,000 samples per second for 1.5 seconds.for each.

Attachment 2 contains the results of this test.

C2. CHARACTERIZATION OF THE ETVE
2.1.2 CHARACTERIZATION TEST 2.
Under this testcondition2000 PSI was usedto

The initial ETVE tests performed at the INEL open the ETVE. The data acquisition system was
indicate that the ETVE was possibly chattering dur- then used to measure the sleeve displacement,
ing the opening cycle beffore achieving steady-state
open position. However, the instrumentation avail- open pressure and fire signal from the Eaton con-

trol box. When the fire button was pressed on the
able at the time could not give a detailed dis-

Eaton control box, a signal was sent to the data
placemnt history of the ETVE's sliding sleeve.
Therefore, in order to subsequently characterize the acquisition to start coUecting data at 10,000 sam-
suspected chatter, a linear variable displacement pies per second for 1.5 seconds. Attachment 3
transducer (LVOT) was purchased and installed contains the results of this test.
(STARRET Model 254, Serial Number 702168),
and the ETVE characterization test was performed 2.2 Damping Testing
to obtain a high sampling of the ETVE's sliding

" sleeve during the open cycle. The testing was per- The characterization test confirmed that the
formed at the INEL's North Holmes Laboratory in ETVE chattered during the open cycle. This test set
Idaho Falls, Idaho. Since the pressure tube that nor- was performed to determine whether pressuring the
really is pressurized during the Large close side of the valve would dampen the chatter.
Blastcq'hermal Simulation tests was not available During the testing, both the close and openactuating
for use at the INEL facility, the tests were per- pressures and the sleeve displacemtn were mea-
formed only at ambient temperature and pressure, sured. The data system was triggered from the
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LVDT movement(see Figure A-2). The system middleof the valve openingstroke. See appendix
was modified so that the Eaton controlbox con- D for these test results.
trolledonlytheETVEopening. Theclose solenoid
was controlledby the Kaye datasystemthrougha 2.2.2. Damping Test 2. Test 2 was set so
solenoid state relay. A 28 volt dc power supply that the close pressurewas left on for 0.5 seconds
was connecttedacross this relay to actuate the afterthe valve was actuatedopen. This configura-
close solenoid. With this control system, it was tion allowed the valve fully open and stabilize
possibleto applya pressureto the close sideof the before the close pressure was released. See
valve and then release that pressure an arbitrary Attachment5 for the plottedtest results. Both test
time from when the valve moved. Two tests were used a open pressure of 2000 psi and a close pres-
run with this configuration, sure of 1000psi. The data was collected at 10,000

samples per second for 1 sec for both of these tests.
2.2.1 Damping Test 1. Test 1 was set so FigureA-3 shows the ETVE's sleeve displacement

that the close pressure would be relieved in the oveflayed for both damping tests.
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Attachment t

EB&8 Idaho, Inc.
STANDARDS & CQLIBRATION LABORRTORY

CRLIBRATION DATA SHEET

DATE: 08/2411993

MANUFACTURER : NOMENCLATURE : MODEL #: PROPERTY # :

" VIATRAN PRESSURE 218 7031 92
TRANSDUCER

. SERIAL _: PROCEDURE #: NOMINAL INTERVAL: NEXT DUE DATE:

29S878 3043 IS MONTHS I112411994

ACTUAL ACTUAL LINEARITY

PRESSURE NOMINAL mV mV mV LOWER UPPER

HIGH SIDE mV INCREASING DECREASING HYSTERISIS LIMIT LIMIT

0.00000 -3.9000 -3.9000 -3.2000 -0.7000 -}5.9004 8.10B4

300.00000 298.2600 295.8000 296,8000 -I .0000 284.2536 308.2664

600.00000 596.4200 SSS. 8000 596.9000 -I .1000 584.4136 608.4264

900.00000 896.5800 896.0000 896.9000 -0. 9000 884.$736 908.5864

17.00.00000 I196.7_00 1196.7000 1197.$000 -I .3000 1184.7336 1208.7464

1500.00000 1496.9000 1496.3000 1497.1000 -0.8000 1484.8938 ISOB.9084

1800.00000 1797.0600 1796.6000 1797.3000 -0.7000 1785.0536 1809.0664

2100.00000 2097.2200 2098.8000 2097.4000 -0.8000 208S.2138 2109.2284

2400.00000 _1397.3800 2387.2000 2397.6000 -0.4000 2385.3738 2409.3884

2700.00000 2897.$400 2897.$000 2697.7000 -0.2000 268S.$336 2709.5464

3000.00000 2997.7000 2997.7000 2997.7000 0.0000 2985.6936 3009.7084

THE HYSTERESIS, IN mV, MUST BE LESS THAN 12.0064

,l

PRESSURE IN UNITS OF PSI

FULL SCALE PRESSURE: 3000.0000 PSI
LINEARITY ACCURACY: 0.4000 %

HYSTERESIS ACCURACY: 0.4000 %

EXCITATION VOLTS: "4.0000 VO_
TECHNICIAN: K.ANDERSON 70:}

CALIBRATED FOR: E.COLSON "_"

REMARK S : A-9
!HPUT ;_ 2-/OUTmUT -+ -;-
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Attachment 1

EB&B Idaho, Inc.
STANDARDS & CRLIBRRTION LABORBTORY

CALIBRATION DATA SHEET

DATE: 08/24/1993

MANUFACTURER: NOMENCLATURE: MODEL #: PROPERTY =:

VIATRAN PRESSURE 218 703191

TRANSDUCER

SERIAL _: PROCEDURE _: NOMINAL INTERVAL: NEXT DUE DATE:

295478 3043 15 MONTHS II/24/1994 ,

ACTUAL ACTUAL LINEARITY

PRESSURE NOMINAL mV mV mV LOWER UPPER

HIGH SIDE mV INCREASING DECREASING HYSTERISIS LIMIT LIMIT

0,00000 2.3000 2.3000 3.4000 -1.1000 -9.6880 14.2880

300.00000 302.0000 302.1000 303.4000 -1.3000 290.0120 313.9880

600.00000 601.7000 802.0000 803.3000 -1.3000 589.7120 813.8880

900.00000 901.4000 901.9000 903.2000 -1.3000 889.4120 913.3880

1200.00000 1201.1000 1201.8000 1203.0000 -1.2000 1!89.1120 1213.0880

1500.00000 1500.8000 I501.5000 IS02.8000 -1.3000 1488.8120 1512.7880

1800.00000 1800.5000 1801.1000 1802.3000 -1.2000 1788.5120 1812.4880

2100.00000 2100.2000 2100.8000 2101.B000 -1.0000 2088.2120 2112.1880

2400.00000 2399.9000 2400.2000 2401.0000 -0.8000 2387.9120 2411.8880

2700.00000 2B99.6000 2699.7000 2700.0000 -0.3000 2687.6120 2711.5880

3000.00000 2999.3000 2999.3000 2999.3000 0.0000 2987.3120 3011.2880

THE HYSTERESIS, IN MV, MUST BE LESS THAN II.9880

p

PRESSURE IN UNITS OF PSI

FULL SCALE PRESSURE: 3000.0000 PSI

LINEARITY ACCURACY: 0.4000 7.

HYSTERESIS ACCURACY: 0.4000 _.
EXCITATION VOLTS: 24.0000 VOLTS

TECHN ICIAN : K.ANOER SON_.n',_

CALIBRATED FOR: 8 COLSON "'.-_,"

REMARKS:

INPUT I+ 2-/OUTPUT 5+ 4- A-tO
_,,' ,_'/, '.



Attachment 1

vitran 703191

0 0.0023

300 0.3021

600 0.602

900 0.9019

1200 1.2018 Regression Output:
1500 1.5015 Constant -3.40787

" 1800 1.8011 Std Err of Y Est 0.685176

2100 2.1006 R Squared 1
2400 2.4002 No_ of Observations 22

2700 2.6997 Degrees of Freedom 20
3000 2.9993

3000 2.9993 X Coefficient(s) 1001.186
2700 2.7 Std Err of Coef. 0.154164
2400 2.401

2100 2.1016

1800 1.8023

1500 1.5028

1200 1.203
900 0.9032

600 0.6033

300 0.3034

0 0.0034

vitran 703192

0 -0.0039

300 0.2958

600 0.5958

900 0.896

1200 1.1962 Regression Output:
1500 1.4963 Constant 7.544301

1800 1.7966 Std Err of Y Est 5.557849

2100 2.0968 R Squared 0.999969
2400 2.3972 No. of Observations 22

2700 2.6975 Degrees of Freedom 20
3000 2.9977

3000 2.9977 X Coefficient(s) 997.8521
2700 2.6977 Std Err of Coef. 1.24637

2400 2.3976

2100 2.0974

. 1800 1.7973
1500 1.4971

1200 1.1975

900 0.8969

600 0.5969

300 0.2698
0 -0.0032

A-11



Attachment 1

,m

;,%_'_'_' Idaho STANDARDS & CALIBRATION LABORATORY "_O";_ _' J O1C _

CALIBRATION DATA SHEET

,o,,,_,o,_.,,,0, ,,,, _ 9- :2W_ =/3 ....
:Re,,0440)

'7// 7_U"
CALIBRATION EOUIPMENT USED

! STANDARDS CERTIFIED TRACEABLE TO THE NATIONAL BUREAU OF STANDARDS

j (Records on I',le ,n the EG&G Standards & Calibrat=on Laboratory. CF-698)
.INuriCTuI[R vOO[L .0. SinlAL *0. nCCAL_ 0_I[ I! .J,U;ACVU*C' .OOIL NO. S(*r4t NO. *,Cl_ O_T(

FLUKe 8DSDA 7D/GS_

l
• , ,, , ,, i ,; , ,'/' ,_""",,'' i ," , ,,,,,,j,, ,, ,

CALIBRATION OATA

PlOC[Oul[ [ lit OU! O; AO )U|VI|NI IOL(IANC|$

$|[P f UPlCr IOR TI[ | I'[ 0 HOHINA£ TOL| lille| YOt[IINC[ TNO. ,C|! (I|AOINCp re|) Lt',l(I LlUll ' UPP(I £1Ul|
............... ', , ,,, ,,'",,' 'h, ,, " , :J,", ,,,, ,,

.....

U

..,. _ .J

- .--- _.voT __/=Y__,,3h t _e.

,"P__Y__/s Y" _ I, _, m" ' ": Plate% /""" .....i',- ,_I_,,="*" " F _-_ "/'_,_.'_/
_ - t i I

P,,._,_,.,.,l_,/vb, 9//7._ .t-g ,._,_1,'_/.,"+I_Lv.pT I
lIP[ 0t OIlA: l|lllll_|_"

[],,,,.,,,,,.,. rn.,,,.,,,,,,o,,,,.,u_;t _ef_ _ //_'_)f_
.......... _zy_-•"""' I"'"ITM' ,,,,,.,,,,,,,o.,,,sp_1_',__ _f'_._ .

.J,',4.'E_,,_.-b,_f_Ie'_l s_-;_x-_
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Attachment 1

/ CAI.IBRATION IATA

pROr..OURE IN OUTOF TOLERANCES
ST[? FUNCTION NOWIHAL TOLERANCE TOLERANCE ADJUSTIIENT

NO. TESTED (el) (READING) (CK) LO|ER LINIT UPPERLINIT
,,,

,,....

MEA_ uR_/q_FF t. VDT
"P_ /TI DN DDTPD'r"

"" 1

-/_. 8 D0 - %'Y5/_,, _'_ 4=i_e .v'alue.s "_

l -_,$no -_;.gEI ' '
- . -=,
-D.u nt_ -_'d,'_¢._"
•-D._DO -_,:I'_ IVD7"£_ All _e,_u_'e_e_ m_,r_

D C_ul/) D /_J_,Pe IDM"]"L_I_(_ v_J_L_tt=t

4-o. _DD 9-/,qTlT 1

.D, nOn 1+3,_.'4 ,i
! ... "I'D, q'DD ,..]-_,qzt3

; [ +D.[_DD -J--5,9 a.7 ,i
i I +O. '7,50 -/-6, q.'---,3- I

[. -f O. _nO +7,97D I
J -t.D.,CtDD +9',_ _'_ ....

+ I, _l)O +lO, OOO [1
1i

I

7 ": [ ' '
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ivdt 711724 Attachment 1

0 i0

0.1 8.984

0.2 7.97
0.3 6.955

0.4 5.947 Regression Output:
0.5 4. 943 Constant i. 000416

0.6 3.944 Std Err of Y Est 0.002634

0.7 2.953 R Squared 0.999983
0.8 I. 973 No. of Observations 21

0.9 0. 993 Degrees of Freedom 19
1 0

i.i -0.986 X Coefficient(s) -0.10054
1.2 -1.972 Std Err of Coef. 0.000095

1.3 -2.952

1.4 -3.945

1.5 -4.94
1.6 -5.941

1.7 -6.947

1.8 -7.956

1.9 -8.961
2 -9.9752

A-14



Attachment2

• 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



])ataset lime: FIRE12_)B Sample Bate: le+81)4
Uersio, limber: 1 Ilaxiu_: 9.99512

SeriesN_ne: 1288PSI Ministm: -8.551758

Date Acquired: 9-24-1993 Conuents: Signal ioslal,l;da_a
Tiue Acquired: 9:36:28.67 sgstemsent fro_ Eatoncontrol
UeetUnits: UoIts box
HotizUnils: Sec i

No_Staples: ISB86

, RI' F'rREIIIOO,I,tZOOPS;Z

lZ , 0 ....... ....... "...... ' ...... ....... ' ...... " ....... "..... , ...... , ....... " ..... , .............. •...... I

:5 i 9no.. I +o. :l:+,=.r...l. d_..l..e _.c Cl.U.i =l:i .-I.i on _en+ .b'V Ea.+on .con+r'.o I box :
tO,O ....... .Open pressure _e. Q.+ LZO0 p_:i ..... , ...... • ..... _

$, 0 "1 ...... _...... "_ ...... : ...... _...... "_ ...... ? ...... _ ...... "_...... _ ..... m ...... _ ...... _....... i ...... _ .....

,, • • ,m • e • • • , •

U 6 , 0 ....... '...... " ............ "...... ' ............ "...... ' ...... ' ............ ' ...... •....... '...... I .....
W

• • • • • • • m • . •

ej . . • • • ,,
i

I ___,o ....... •...... " ............ •...... • ............ •...... , ...... , ....... CIo:l=e =_ign_.l ...... '
. . • ,,

z,o-'opeh _igha.I ......... i.................... i...... ._...... " ..... : ." ...... ;...... i .....

0 I 0 ....... ' ..................... I .....

O i

, • • • , w • j • • • • • •

0,0 O,t O,Z 0,3 O,Lt O,S 0,6 0,7 0,_ 0,$ 1,0 1,1 1,1! 1,3 l,q ""
S_c



• i

• 4

DatasetHme: _])T2888 SampleRa%e: 1e+8B4
UersionHumber: 1 Maximum: 1,721B8
Series Hame: 1288PS] Minimum: 8.57Z827

DateAcquired: 9-24-1993 Comen%s:Valve posi%ionsignal
TimeAcquired: 9:36:28.67 t tomLU])T
Uert Units: ]HCHES
Hotiz Uni%s: Sec

HunStop]es: 15888

El2: LUDTI2eo,I,1200PS'rI

• • UG.I v_ po:_ i + i on m,e_.su.r'_d b'9 LVDT •
. • • • . • •

: Open prersure set _. 1200 ps; , .

1,5 .......................... "..... "

i • • • • e • t * e

Z • • , • j • • • i

N _ _ i _ i _ ' i i
C • • • • • • , • •

H i, 0 ............ Z.................. "....... "...... "...... ' ...... "....... "...... ' ...... "...... "..... ' ......• • • •

s

• . • • . _lp

• O*
15 ************************************** ...... ********************************************************

o • m _"

, . • o ¢ t • ' • ' •

o • m . m , . m ,, • • ' ' • 0

0,0 0,1 0,2 0,3 O,q 0,5: O,G 0,7 0,8 0,9 i,O 1,1 1,2 1,3 l,q
Sec



Dataset Nine: 0PEN1280 Sample ]]ate: 1e_084
Oersion NuBber: 1 Maximum: 1252.12

Series Name: t2BSPSI Ilinimum: -1956.82

DateAcquired: 9-24-1993 Cements: Pressuremeasureuent
Tiue Acquired: 9:36:28.67 on the open side of valve
Pert Units: PSI

Horiz Units: Sec

HumS_ples: 151188

W3: OPEN1200 , I , 1200PSZ
oo

1000,0

0,0
_ • • i i i • , i i • • • • i

5

T -1000,0

-lO00,0 El
0
=1"
g
0

0,0 0,1 0,2 0,3 0,½ 0,5 0,6 0,7 0,_ 0,9 1,0 1,1 1,Z 1,3 1,½
:Sec M



r

Dataset Hme: Unspecitled SampleRa_e: le+8114
Uersion Ntmber: 8 Maximum: t, 72188

Series Hame: Unspecitled Ilinim_: 8.576754

Date Acquired: 1Z-89-1993 Comen_s:

TimeAcquired: 14:il: 21.86
Uert Units: INCHES

Hotiz Uni_s: Sec

Hm Stoples: 11188

, Uq: Ex.r,_¢+CW2,SO0,1000:).,4,

CO
• . • • , , , , . •

t,S : : '
: : /: ":....... :.'-- : Exp_n, ion o? v_lv= po,; I

i,,0 I .0o0,5 _"
i • • I e a • q

o • • o • o
o
amq.

0,0_:0 O,OGO 0,070 0,050 0,090 0,100 O,ttO O,lZO O, 1:_0 0,1_0



Dataset Nine: Unspecif ied SampleRate: le+084
Version Nmber: 8 Maxim_: 1. G9114

Series Name: Unspecif ied Minimum: 8.5?282?

Date Acquired: 12-09-1993 C_en_s: Valve position signal

Time Acquired: 14:4fl:48.63 ftom lYlff
Uert Units: IHCHES
Hotiz Units: Sec

HumSamples: 1088

,_' WE: Ex.ra.¢'l'¢W2,13000,1000)
fo
O

.... LVDT N_S.:_UV_M_n4- O.-I-VO.Ive CI os_re

Z
H

i l,# ................
$

ID,

O,S ..................................................................................................... n

3
I)

1,300 1,310 1,3_:0 1,330 I, 3H'O 1,35:0 1,3GO 1,370 1,350 1,390
5ec



Attachment3

• ETVE CHARACTERIZATIONTEST 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



])atasetHme: FIREZBB8 SampleRate: le+084
PersionHuzber: 1 rlaxizum: 9.99512
Series H_e: 2888PS[ rlinim_: -8.878125

Date Acquired: 9-24-1993 Camenis: Signal to start data
Tiue Acquired: 9:36:28.67 svst_msent fz,m Eatonconteol
UePtUnits: Uolts box
Horiz Units: Sec

HumSamples: 15088

ro kJ1: F_RE2OOO,I,2OOOP:SZ
ro

1_,0 ...... •...... "...... : ...... •...... "...... : ...... -...... : ...... : ...... •...... : ...... •....... •...... : .....
v r_ ,1 ,j [] :J :i [] • •

10 I 0 ..... " ..... ' ...... " .....

• • • o • • • • • • . • •

#,0 ..................................................................................................

_u 6,0 • ' •...... " .......... '- ' ...................... .....°, o.. °, ... o.,,,o oo, • o ..,, • o.,., ...,. oO, I
I • • I • i • i • • • • e

I

I o ° o o . • . • . • . . .

+ _,0 ..................................................................................................
ti

-2_ ,0_ ............. ' ...... ' ............. "...... ' ............. ' ...... " ............. ' ..................... ° ...... S0

0,0 O,L 0,2 0,3 O,q 0,_; 0,_ 0,7 0,8 0,$ 1,0 1,1 1,2 1,3 l,q u



Dataset Nine: _1yr2888 SampleRate: 1_4
Uersion Nmber: 1 I_ iron: 1.71%1

Series flame: 2888PSI Min_: 8.557917

Date Acquired: 9-24-1993 _nts: Ualve position sig_l
TimeAcquired: 9:36:28.67 frm LUI)T
Pert Units: INCHES

_r iz tini_s: Sec

Hm $_p les: 15eBB

K2: LVDT2000,1 2000PSZ

w

i IS .... i" ...... : ...... *: ...... i ...... : ....... : ...... ***...... _" ...... : ...... _ ...... _ ..... * •

Z . • . • • . . • . . . * •

N e * • * • • * * •i i

• • • • * • *i

0 e i ii o i_ll i • iii I 0*0 • • 8 • i I• • • * ! o O i o • * • e** I * I I I 0.* 0• * * I_* i• I * It * • * • * leo I * * * * ••1 * I O I * o* * ° e I °_ • * * * I ice • • ii I ,0 ! i • Q •

s : : : : : : : : : : : : : :

^ p ............................. . ................................... • ...... ............................. - ..... a
V

q

• • • • • • * • • • • * • • Q
=1

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 i,O t,i t,2 t,3 I,H
$e<



l)ataset Itame: OPEH2808 Sample Rate: 1_4
_rs ion Ituzber: 1 MaxL._: 2499.48

Series Hame: 2888PSI tlin_: -1333.18

])ate t_cquired: 9-24-199_ Cements: _su_e ueasumen_
Time_lcguired: 9:36:28.67 on the openside of valve
Uert Units: PSI
Hotiz Uni_s: Sec

Hm Smples: 151188

3_
_o Id3: OPEH_OOO,I,2OOOP-_Z
J_

3000,0

• • • • • • • • • • • • •

_00000 . • _ _ 0! "., "! _oe!uoleeeoleeee" " • _.... ..... " ......

• " III " " " "i i" i " "'qL" "

• I_ " " " "

1000,0 . " ...................
P
S • • •

Z 0,0 .........
• i i • * • • • • • • • •

• • e • e , • • • ,m • • •

• • * o e • i, • , • • • •

- 1000 ,0 ...................................................................................................... . . . . . . . . . 3,.

• • • • • . . • . J

• • • , • • i e e • • • • • _J)

-Z000,0 ...... •...... ' ...... ' ...... ' ..... • ...... " ..... ' ...... •...... ' ...... •...... ' ...... •...... • ...... •....... =
0

0,0 0,t 0,2 0,3 0,4 0,5 0,6 0,7 0,# 0,$ 1,0 I,L 1,;_ 1,3 1,½ -'



Dataset Itme: Unspecified Sample Bate: le+_4
Uersion HinDer 8 Max' ": _. 1.71961

SeriesName: Unsgecified Minimum: 8.576754

DateAcquired: 9-24-1993 Comen_s: Expansionof
Tble _tcquired: 9:46:45.28 measurementwhenvalve cemes
Uert Units: ]HCHES fu]]9 open
Hotiz Uni_s: Sec

HumStaples: 1088

Mq: Ex.r_¢.CNZ, _;00,1000)

° iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii:ii
l,O"

0,$ ....................................................................................................

m
o

3

O,OSO 0,060 0,070 0,0_0 0,090 0,100 0,£10 0,1ZO 0,130 0,1½0 W
_C



])ataset Nine: Unspecified SampleRa_e: 1em884
Version Number: 8 Maximum: 1.6931

Series Name: Unspecified Minimum: 8.567917

Date Acquired: 9-24-1993 C_ents: Expansion of I_T a_
Time _lcquired: 9:45:38.69 va lye c losure
Oert Uw,its: l HCHES

Horiz Units: Sec
HumSaeples: 1888

' HE' Ex.Fr,zc+CW2,i2SO0,1OO03
O'J

e •

l,S

0,5

VDT

m
o

g

L,_SO 1,260 1,270 1,280 1,290 1,300 1,310 1,320 L,330 1,3½0



Attachment4

. ETVE DAMPING TEST DATA PLOTS

TEST 1

Open actuating pressure: 2000 psi
Close actuating pressure: 1000 psl
Close actuating pressure--release time: 70 msec

from start of sleeve displacement
Data samplingrate: 10,000 samples per second
Data samplingtime: 1 second
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H

bataset Nine: CLOSE Sample Rate: le_884
Uersion Nmber: 1 Maxieom: 1167.44

Series Name: CLSPRESOH Minim_: -14.3174

])ate Acquired: 12-119-1993 Commen_s:Closepressureleft
TimeAcquired: 14:47:82,52 on for .5 secondsopenpressure
Uert Units: PSI set 2888psi c lose pressurea_
Hotiz Units: Sec 1888psi
HumStaples: 18888

3_
o

_o Wi: CLOSE,t,CL

0,o,o.................. "...iii_ . •......i.........:..........:.........".........
• • i t • •

J

:_ _00,0 .......... •.......... •......... , ......... • ......... •....... , ......... , ......... •......... , .........

0,0-T ............................ . ............................ : ......... : ........ . ..... • ...... mm
D

i

0,0 O,L 0,2 0,3 0,½ 0,5 0,_ 0,7 0,_ 0,$ a,



• I

Dataset H_e: OPEM Sample Bate: le_884
Uersion Hobber: 1 Maxino_: 1998.?
Seties Name: CLS__PRES_ONMinimum: 12111.33

DateAcquired: 12-119-1993 Counents: Closepressureleft
TimeAcquired: 14:47:112.52 on fop .5 secondsopenpressure
Pert Units: PSI set ZSBBpsi close pressure at
Hotiz Uni_s: Sec 18BBps i

HuMStoples: 18BBO

r_ I,J2: OPEN, 1, CL$ )H

2000,0

1_00,0

<_ 1600,0 ""
I"

l_fO0,0
>
::¢
0

a
0
3

0,0 O,i. O,Z 0,3 0,4 0,5 0,_ 0,7 0,8 0,9 "
S_c



Dataset Hme: LU])T Sample Rate: le+8114
Persi0n Number: 1 Maxieum: 1.6985

Series Name: CLS_PRES_ON Ilinimum: 8.577735

DateAcquired: 12-09-1993 Continents:Closepressureleft
TimeAcqu|red: 14:47:112.52 on for .5 secondsopenpressure
Uert Units: INCHES set 28111]psi c lose pressureat
Hoti______zUnits: Sec 181]Bpsi
Hm Samples: 181]BI]

3>
Id3' LVDT,I,CL$

o

1,5

i 1,0

t
0,5 o

:=-

|
0,0 0,1 O,Z 0,3 0,½ 0,5 0,6 0,7 0,_ 0,$



Dataset Xme: Unspecified SampleRate: le+884
Ueesion Humber: 8 Max]mum: 1.69587

Series Name: UnspecifJed Minimum: 1.G?15
Date Acquieed: 1z-Bg-1993 Comme._s:Closepressueeleft
TimeAcquired: 14:53:52.38 on for .5 secondsopenpressure
VertUnits: INCHES seL28B8psiclosepressureat

Hotiz Units: Sac 18130psi
HumSamples: 2S8

3>
ldO: CLS LVX)T ex ¢+ v_lve

1,700 ......... ......... ......... ................ "....... , ....... "....... "....... "....... : ....... • ....... :"

• i J i • • • • • • •

• I • • ,I • • • • e i

:l., 690 -

T
N
C
H
I= :L,6_0 -
S , I , , m

• • . • o ,

t,670 - mt_

0

0 ,090 0 ,09q 0 ,058 0 , iOZ 0 , lOr_ 0 . 1iO 0 , ilq
SeC a.



............ " i

Dataset Name: LUDT SampleRate: le+884
Uersion Nmber: 1 Ilaximum: 1.698S

'1

Set ies Name: CLOSEOH Miniuum: 8.577736

Date Acquired: 12-86-1993 Camen_s:
TimeAcquired: 15:19:18.37
UertUnits: INCHES

Hotiz Uni_s: Sec

HumStoples: 18888

!

WI0" CL LVDT v$ ¢1o$_ _$$_re

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,$ 0,9

1,5 - tO00,0

HC SO0,O

E 1,0

O,O mlo
0,5 ._

3
0
:I

0,0 0,I 0,_: 0,_ 0,4 0._; 0,6 0,7 O,_ O, _) _.
S_c



Attachment5

. 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
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Dataset Nine: CLC_,E Sample]_a_e: le_OB4

Uersion Nmber: 2 Maximum: 1135.33

Series Name: CLSPRESTRIG Minimum: -15 6139

])ateAcquired: 12-09-1993 _e pressureonfor
TimeAcquired: 14:52:42.4E] 3/4 opencgcle then_eleased.

Pert Units: PSI openpressureset at 211118psi
Hotiz Units: Sec close pressureset at 11188psi
HumStaples'. 181166

Wq: CLOSE,2:,CLS RES TRZG

1ooo,o-

• J • I •

p • i i •

.oo,o111111111." i i"i i.........
I 0***,o0,. 0 0,,o o 0o0,.o0,o0 o.o ,s0, ow0,.

D
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i i i i i i i _•
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• ,_........... -

Dataset Nine: OPEN Sample Ra_e: 1e+OB4
Oersion Nuuber: 2 Maximum: 2013.6
SePies rl_ee: CLSPRESTRIG rlinimum: 1176.58

DateAcquired: 12-119-1993 C_ents: Closepressureon for
TimeAcquired: 14:52:42.41] 3/4 opencycle then released.
Uert Units: PSI openpressureset at ZBB8psi
Hotiz Units: $ec c lose pressureset at 1888psi
Num8aeples: 18BBB

M_: OPEH 2 CL$
¢31

_ olo e t io ee IoJooee J • I olu m owl e

• • • . •

• o • • I •

2000,0"

1800,0 "

_ 1600,0-
"r
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1200,0- . ........ sJ
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:1

0,0 O,L O,_ 0,3 0,_ O,S 0,_ 0,7 0,8 0,9



Dataset Name: LUDT SampleRate: le_84
Version Number: 2 Ilaximum: 1.78341
Series Hame: CLSPRESTRIG Minimt_: 0,577245

Date Acquired: 12-B9-1993 C_nts: Closepressueeon for

Time l_cquieed: 14:52:42.48 3/4 open cgcle then released.
Uert Units: INCHES openpressureset at Z888psi
Hotiz Uni_s: Sec close pressureset at 1888psi
HumStoples: 181188

X6 : LVDT,2 ,CL$ _ZG

s • • • • l , •

l,g-

T
N

1,0"
S • • I • • • •

• • 0 • • • •

• o • _D

o
O,E: ...................................................................................................... _"
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s . ,i e , • ¢ • •
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Dataset Hme: _I)T SampleRate: le_4
Uersion Hmber: 1 Maxiu_: 1.78341

Series Name: CLOSEOFF Minim_: O.57_45

Date Acquired: 12-86-1993 -__enJcs: Close pressure on for
TimeAcquired: 15:19:18.37 3/4opencgclethenreleased.
Uert Units: INCHES open pressure set at 2888 psi

Horiz Uni_s: Sec close pressurese_ a_ 1888Fzi
i.

HumStaples: 18688
3>
£o
-_ El7 : CL$ FF LVI)T v_ CIo_e -_re

0,0 0,1 0,2 0,3 O,q 0,5 0,6 0,7 0,$ 0,9
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DatasetHame: Unspecified SampleRate: leH_4
Petsion Huuber: 8 I_x _w_: 1.78341

Series Name: Unspecified tlin_: 1.56841
DateAcquired: 12-119-1993 CeMents: Closepressureon toe
TimeAcquired: 14:58:17.81 3/4 opencgcle thenreleased.
Vert Units: INCHES openpressure set at 2888psi

Hotiz Units: Sec close pressure set at 1888psi
HumSamples: 258

W11: EL$ LVDT _x a,+ vo.lve
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o i • o • • • • • • • •
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Ob.iectiveof Tests. These testswere conductedto determinethe quasi-static

load-deflectionbehaviorof differentconfigurationsof Bellevillewashersused

or proposed to be used in the Eaton Throat Valve prototype. This loading

behaviorprovides input for the numericalmodelingtask of the dynamic valve

evaluation.

Descriptionof Material" The test specimenswere made from 17-7PH CHgO0 CRES

(AMS5529). Theywere nominally1.00inchin diameterwith a 0.50 inchhole and
P

0.073 inchesthick. The part numberof these washersis BI000-073-S. A free

standingheightof one washerwithoutload is 0.088to o.ogo inches.

Descriptionof Test.Equipment. The washerswere testedin a compressionmode

usingan InstronModel1128Universalloadframe. This loadframeis a four post

screw-drivenmachinewith maximumcapacityof 100,000pounds. The washerswere

loadedbetweentwo compressionplatens. The accuracyof the load cell is within

± 0.5%of the indicatedloador ± 0.25%of the loadrange in use. Deflectionwas

monitored betweenthe compressionplatenswith a linearvariable capacitance

transducerwith an accuracyof within0.02% of full range (0.50inches).

Test Procedure. The washerswere testedeitherdry (asreceived)or lubed with

DN-600Polar Startgreasemanufacturedby Conoco. Theywere placeddirectlyon

the compressionplatenin variousconfigurationsas shownin FigureI. The load

framecross-headwas manuallymoved down untilthe first indicationof loadwas

notedand thenthe electroniccross-headpositionerwas zeroedso upon unloading

the cross-headwould come back to that same position. Using this technique,

permanentdeformationwould be evidenton unloadingor in subsequentcyclesof

the same stack. The cross-headwas programmedto move with a speed of 0.05 to

0.50 inches/minute.Afterthe desiredloadwas reachedthe reversewas activated

and the stack was unloadedwith the same cross-headvelocity (0.05 to 0.50

in./min.). Compliancewas measuredon the systemby loadingthe compression

platenswithout any washerspresent (See Chart 16). The complianceof thet

machine can probably be neglectedsince it was measured to be 1.25 x I0B

'" inches/pound.
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The same set of washerswere used for the dry and lubedtests of configuration

(a) and (b),but for all other configurations,a new set of as-receivedwashers

were usedwith one exception:configuration(1) usedfourwasherswhich had also

been tested in the configuration(k) stack. The load and deflection were

recordedon an X-Y plotterwith the loadrange,loadcalibration,and deflection

calibrationnoted on each chart. The test temperaturewas ambientlaboratory

temperature(approximately22-24°C).

Results: The loadingand unloadingbehaviorof the variousstackconfigurations •

shown in Fig.1 is describedby the X-Y plots. The matrixof tests conductedis

listed in Table I which also lists the maximum load and deflection for each

configurationstack.
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Configuration(a) Configuration(b)
Stack of I Stack of 4

" Configuration(c) Configuration(d)
Stack of 12 Stack of 16

Figure1. Stackconfigurationsused in testingBellevillewashers
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Configuration (e), Stack of 20 Configuration (f), Stack of 12

Configuration (g), Stack of 16
Configuration (h), Stack of 20
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Configuration(i), Stack of 20 Configuration(j), Stack of 12
Configuration(k), Stack of 16
Configuration(1), Stack of 20

Figure 1. (cont'd) Stack configurationsused in testingBellevillewashers
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Table I. Bellevillewasher load-deflectionstack tests.

Stack Max. Max.

Configura- Configuration Load Dell. No. Chart
tion Description Lube (Ibs) 10_ in. Cycles No.

(Fig.l)

• a Single N 3,500 14.5 3 I

a Single Y 3,500 14.5 3 I

b 4 Parallel N 14,000 16.1 3 2

b 4 Parallel Y 14,000 17.3 10 2,3

c 12(Two6's) N 21,000 34.2 3 4

c 12(Two6's) Y 21,000 38.8 10 5,6

d 16(Two8'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

l 20 Parallel Y 100,000 74.0 5 16

B-7





I

+. ,,. • •









II



I •



.J

I

I





+++++++ AIIM +
AisociallonforlnformationandlmageManagemenl , _ ++_ ._+ . _+0"

\\+ _%p +0+]++__++0+++ +++ +

Centimeter
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 mm

1 2 3 4 5

Inches 1.0 ++o
, i: ,+-+Im Illll_

+ UIII_IIIII'.' tlL_t_













, |

4-

12-13-93

0
- Cycle 1

Q

m •' I

to , Y (Load)
I
, 1000 lug. 100,000 IbsJlOV

= i div. Plotter:lv/10 div.! ,

__8 1 -H-HTLH-HX (Deflection)

_-- F Plotter:0.1V/10div.__.0005 in.
- Configuration(j) _ div._: 12 total

Q

0 Configuration(j)

Chart 14



c

Cycle 5

Cycle 4 12/13/93
0

Cycle 3

0 - Cycle 2

Cycle 1

g

s !
I I
I I
I I
i I

I I

I I

| _ ,

" Y(Load)
=" 100,000 IbsJlOv

__8 [1000 Ibm. I Plotter: 1V/10 div._! Configuration (k) [ div.

16 Washers Total
u_ X(Deflection)

0.5in./lOV

.0005 in. Plotter: 0.1V/10 div.
div.

e

Chart 15



-- Cycle 5 • 12/13/93

- Cycle 4

Cycle 3::

W
|

Y(Load)

2000 Ib$, 100,000 IbsJlOVPlotter: 2VI10 div.

i I div.

_ " X(Deflection)i I
i = i 0.5in./10 V

= i i I " 0.5V/10 div.

= .0005 in.I ..
I f div.
I I
I I

1 '

Configuration (I)
20 ,=rsTotal

Chart 16





I I

APPENDIX C

BELLEVlLLE WASHER DAMPING CHARACTERIZATION

J. G. Arendts



C-2



APPENDIX C

BELLEVILLE WASHER DAMPING CHARACTERIZATION

Unloaded initial displacement ringdown of the y(0) = The initial displacement

Belleville washersis examinedhereinto ascertain Fc = Tic Coulombdampingforce
the dampingbehaviorof the EatonThroat-Valve
Element Prototype (ETVE). The ideal spring M = The mass of the system

" behavior assumed is that described in Appendix A T = The natural vibration period.

of this report. I wrote a simple FORTRAN pro-
gramto use the EI'VE mechanical motion subrou- Thus, if the mass is known and the period is

" tines described in Appendix D. Ringdown behav- measured from the actual decay curve, the equiva-
ior of both ErVE opening and closing BelleviUe lent Coulomb damping force may be found
washer stacks is observed; we see that overload of through substituting y(t) and a relative maxima and
either washer significantly reduces its effective corresponding time into the above relationship.

damping. An exponentially decaying definition, Yv(t), of

Ringdown Model the envelopedefinesclassicalviscousdampingofa simplewashcr-mass-dashpotsystem:

Figure C-1 illustrates the mechanicalmotion l 1 ....

ringdown model used. A single degree-of-freedom Yv (t) = y (0) V _2 e' Tmass is allowed to oscillate between two identical 1 -
ideal Belleville washers. Mass and washer stiff-

ness properties are those defined in Appendix A of where
this report. An initial displacement, y(0), is

imposed, followed by free oscillation of the mass. _ = the viscous critical damping ratio
Figure C-2 illustrates a typical ringdown displace- T = the natural vibration period.
ment history for an idealized Belleville washer

subjected to moderate initial displacement. In this case, z is easily found by means of a
Observe that the absolute values of succeeding dis- technique termed logarithmic decrement; if the
placement relative minima and maxima decrease natural logarithm of the ratio of adjacent relative
with respect to the absolute values of time. maxima or minima of y(t) is found,

1Damping Models _ = _ In Y (i + T

Again, referring to Figure C-2, the envelope
curvetangentto the displacementhistory relative
maxima is defined to be Y(t). If, for a simple History Calculations
washer-mass system, Y(t) is linear with respect to
time, the damping behavior is termed Coulomb or A simple FORTRAN program, listed in Table

- friction damping, having the following description, C-1, numerically determines the ringdown behavior
Yc(t): of an ideal Beileville washer. Force-displacement

behavior of the ideal washer, as described in

° where Appendix D of this report, is defined in BLOCK

i

a. Figures and tables are found in a section beginning on page 5.
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II

DATA (respectivelylistedinTablesC-2andC-3for Fco= 310Ibf.
theopeningandclosingwashers).Variablesinput

duringprogramexecutionareinitialdisplacement, Logarithmicdecrementof thelatterrelative
calculationduration,and fileoutputinterval.maxima andminimafromFigureF-3resultsinan
ASCIIfileoutputrecordsconsistofthefollowing:

averageequivalentcriticalviscousdampingratio:
time, displacement, velocity, and acceleration.

Opening Belleville Washer _n = 0.066 .
,b

Figures C-3 and C-4 illustrateresults of two Closing Belleville Washer
ringdown calculations forthe opening Belleville
washer (12 washers). The first figure represents Figures C-5 and C-6 present the results of ring-
behavior where the initial displacement is set to be down calculations for the ETVE closing Beileville
d3 (idealized charaaerization data, Appendix D) washer (4 washers). Again, the first figure illus-
which repre_centsnormal loading of the washer, trams results for initial displacement, representing
The second figure represents behavior where initial normal loading on the washer. The second figure
displacement is greater than d3 (overloaded condi- depicts results of an overload condition is. In this
tion). It is seen that effective damping is signifi- case, the ratio of the overload initial displacement
cantly reduced for the overload case. Also, it is to the normal initial displacement is not as great as

seen mat the damping envelope is essentially lin- this ratio was for the opening washer comparison.
ear, which indicates that the equivalent simple We see that the reduction of equivalent damping is
washer-mass damping is predominantly frictional not as great as in the opening washer comparison.
(Coulomb). If the mass of the moving pans of the Coulomb damping force calculations, similar to
ETVE is taken to be 0.0324 lbf-s2/in., then, from those previously performed, indicate
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 Fcn= 360 lbf
washer ringdown is

Fco= 240Ibf.

Fcn= 540Ibf.
Logarithmicdecrementcalculationsfor the

However,from FigureC-4,iftheinitialdis- normallyloadedringdowncaseresultinan aver-
placementoftheBeUeviHewasherisincreasedto ageequivalentviscouscriticaldampingratio:

0.050in.,dampingissignificantlyreduced.Inthis

case,theequivalentdampingforceisapproximately_n= 0.055.
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Figures and Tables

villesprings

y(O)
overload
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normal
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" spring behavior I
I
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Figure C-1. Bellevinewasherringdownmodel.
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Figure C-2. TypicalBeUevillewasher dampingbehavior.
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Figure C-3. Normal ringdown---opening Belleville washer.
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Table C-1. Belleville Spring RingdownProgram Listing
__ IIIII III I I _I I II II

C Programdamp --- CalculatesBellevillespring ringdown history.
C An initialdisplacementis specifiedfor a mass located

C betweentwo identicalBellevillespringsand allowedto
C oscillatewith no externalappliedforce.

C Displacement,velocity,and accelerationare calculatedand
C output to file for subsequentanalysis.

C Developedin supportof ETVE behaviorcoupled hydrodynamic-
C mechanicalmotion predictioncode for U.S. Army.

C J G. Arendts, INEL/EG&GIdaho, Dec. 1993.

PROGRAMdamp

IMPLICITREAL*8 (a-h, o-z)
CHARACTER*12z_fout

COMMON /mln/ 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/ f1_bsc,f2_bsc,f3_bsc,fl_bso, f2_bso,f3_bso,
& d1_bsc,d2_bsc,d3_bsc,dl_bso, d2_bso, d3_bso,
& s1_bsc,s2_bsc,s3_bsc,s4_bsc,
& sl_bso,s2_bso,s3_bso,s4_bso

C *** CalculateBellevillespring characteristics***

CALL belspr

C *** Open output file ***

PRINT * 'Output File Name. '
READ * z_fout

OPEN (UNIT-2,FILE-z_fout)

C *** Input data ***

PRINT * 'InitialDisplacement-')

READ * d_upd) ^

PRINT * 'CalculationDuration-')

READ * t_end
PRINT * 'Output Interval.'
READ * t_del)

C_



Table C-1. (continued)
i i i ill

C *** Initialize***

iu_flg- 0

C *** Time loop ***
°

time..- - t_del
10 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)

C *** End time loop **

IF (time.LT.t_end)GOTO 10
CLOSE (2)
STOP
END

.., ,,. i i

Table C-2. Opening Spring RingdownBlock Data Listing
i ii ,, i, i

BLOCKDATA
IMPLICITREAL*8(a-h,o-z)
COMMON/nYcn/ 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/f1_bsc,f2_bsc,f3_bsc,f1_bso,f2_bso,f3_bso,
& d1_bsc,d2_bsc,d3_bsc,d1_bso,d2_bso,d3_bso,
& s]_bsc,s2_bsc,s3_bsc,s4_bsc,
& s1_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 fl_bsc, f2_bsc, f3_bsc, fl_bso, f2_bso, f3_bso
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& / 8.5E+3, 5.5E+3, 2. ]E+4, 8.5E+3, 5.5E+3, 2.1E+4/
DATA dl_bsc, d2_bsc, d3_bsc, d]_bso, d2_bso, o3_bso

& / 0.0280, 0.0285, 0.0328, 0.0280, 0.0285, 0.0328/

C _t_tt t_t_twt _tt_k_ww_tt_tt _tt_t_ttttt_tt_tt_t_t_ttt_t_twt_

DATA sl_bsc, s2_bsc, s3_bsc, s4_bsc
& / 0.0, 0.0, 0.0, 0.0 /
DATA sl_bso, s2_bso, s3_bso, s4_bso

& / o.o, o.o, o.o, o.o / -
END

ii i i

Table C-3. Closing spring ringdown block data list.
i i i , H| i iH i i

BLOCKDATA
IHPLICIT REAL*8 (a-h, o-z)
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
COHMON/bspr/ fl_bsc, f2_bsc, f3_bsc, fl_bso, f2_bso, f3_bso,

& dl_bsc, d2_bsc, d3_bsc, d] bso, d2_bso, d3_bso,
& sl_bsc, sZ_bsc, s3_bsc, s4_bsc,
& sl_bso, sZ_bso, s3_bso, s4_bso

DATA tmass, gap_sc, gap_so, fact
& / 0.0324, 0.0, 1.0E-6, 0.0 /
DATA f_cdc, f_cdb, s_csp, c_csp, c_bsp

& / o.o, o.o, 8.0, o.o, o.o /
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 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/
DATA dl_bsc, d2_bsc, d3_bsc, dlbso, d2_bso, d3_bso

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

i

DATA sl_bsc, s2_bsc, s3_bsc, s4_bsc
& / o.o, o.o, o.o, o.o /

DAT_ sl_bso, s2_bso, s3 bso, s4_bso
& / o.o, o.o, o.o, o.o / .

END
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Appendix D

Mechanical DynamicsSubroutine
for the Eaton Throat-ValveElement Prototype

This appendix presentstheanalyticaldevelop- respectivestiffnesspropertiesarcrepresentedas Kbc
. meritofthemechanicaldynamicmodelrepresent-andKbo.ViscousdampingoftheBellevillewashers

ingtheEatonThroat-ValveElement(ETVE)pro- isrepresentedas Cb. Finally,externallyapplied
totypemovingparts.The ETVE's movingparts force,resultingfromtime-dependentactuatorpres-
(sleeve,piston,pistonrod,andBeUeviUewashers) sureandhydrodynamicgaspressure(bothtime-and

areanalyzed,fromwhichtheequationofmotion slideposition-dependent),isrepresentedasFp(y,t).
fortheETVE's configurationisderived.The
resultingsolutionof thenonlinearequationof BellevllleSpring Characterization
motionis presentedas explicittime-difference
equations.The paperalsopresentsFORTRAN Quasi-staticcompressiontestsof representa-
implementationofthemotionsolution,withsup- tiveETVE BeIleviUespringstacksindicatesignif-
portingsubroutines, icantlydifferemloadingandunloadingforce-dis-

placementbehavior.FigureD-2 representsideal-
Analytical Model ized quadrilinear BeUeviile springbehavior. We

seethat the entireideal behaviormaybe represent-
Sinceall of the moving partsof theETVE arc ed throughspecificationof three force-displace-

rigidly cormcctedand, thus, move together, we ment coordinatepairs, (Fi, di), where i = 1, 2, 3.
assumea single degree-of-freedomrigid body The four stiffnesses that representthe overall
dynamicmodel.Figure D-I representstheassumed Belleville spring behavior arc then found as the
model. We see that nonlinearitiesare h_tmduced slopesof the linearcurvesegments.Formaximum
owingto theslideopeningandclosinggaps(Gsoand compressive forces exceeding F3, unloading
Gsc, respectively)and Coulomb dampingfriction behaviorfollows the boundingunloadingcurves.
forces acting on the sliding mechanism and However,for maximumspringcompressiveforces
Belleville washers(FcsandFcb,respectively).Stiff- lessthanF3, initial unloadingbehavioris assumed
heSSandviscousdampingof tic coilspringandslide to follow a curveparallel to the boundinginitial
mechanism are represented, respectively, as Ks and unloading curve until intersection with the final
Cs. Since the closing and opening rebound Belleville bounding unloading curve, at which time unload-
washers have differing stiffness properties, their ing behavior follows the latter curve.

FigureD-1. ETVE mechanicalmotionmodel.
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Equivalent Spring Force Fc(y,7) ---theCoulombdampingforcefunction

Since the Belleville spring force-displacement Fc(Y, 7) = 0, 7 = 0

characterization curves do not necessarily pass Fc(Y, Y) -Gsc_< _ O,o, andS,>0through the origin of the force-global displacement = Fcs' Y

coordinate system, the restoring force acting on the Fc(Y, Y)-- -Fcs, -Gsc < Y_ Gso, and_,< 0
moving mass caused by the Belleville spring com-
pression is not equal to the currentglobal displace- Fc(Y, Y)= F_, + F_, y > G c, or y < -G,c,
ment multiplied by the corresponding stiffness.

" Figure D-3 illustrates the Belleville spring restoring and7 > 0

force Fr, as related to global displacement, y, for a Fc(Y, y) =-(F, + Feb), y >G,o, ory < -Gsc,
typical spring characterization curve. We see that Fr4

is equal to Ky less Fes, the equivalent spring force, and 7 > 0
Note that when neither of the gaps is closed, the
equivalent spring force is zero, and the coil spring

restoring force is equal to KsY. Fp(y,t) = Fh(Y,t) + FaF(t) is the pressure

Equation of Motion induced load history

Equating restoring forces acting on the single Fh(y,t) is the net hydrodynamic pressure
degree-of-freedom mass (inertial, viscous damping,
spring, and Coulomb friction) with the total disturb- load history

ing force from actuatorand hydrodynamic pressures F (t) is the actuation pressure load history.yields the following equation of motion:

Linearized Equation of Motion
M_+ C(y) 7 + K(y) y - F (y) + Fc (y,_,)= Fp(y,O

where If C(y), K(y), Fes(y), and Fc(y,7) areconstant

M = the totalmass of all moving valve parts over some small time, I, 0 < t <_At,and are equal to

C(y) = the viscous damping function C, K, Fee respectively; and if

C(y) = Cs , -Gsc < y < Gso F(I) = Fp(y,t) + F -F c

C(y) = Co , y < -Gsc or y > Go then

K(y) = thestiffness function 2

Md Y _tyK(y) = K s,-Osc< y < Gso _ + C + ky = F(D.

K(y) = Kbc,y < -Gsc

Frequency Description
K(y)= Kbo, y > Go

" F(y) = the equivalent spring force function If the following frequency terms are defined.

Fe,(y) = 0. -G,c < Y-<Gso Undamped natural frequency. (o = (k/M) 1/2

F(y) =, Fes,y < -Gsc Dampingfactorfrequency,[_= C/2M

F(y) = F o,y > Gso Damped naturalfrequency,cod= ((02._2)I/2

D-5
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then, [(_ --dlY°)sin_dI+ Y°c°s ¢OdI]
ym =e"_ yo+_

d2y dy 2 1

7 +2p_.+= y=_ F_).
F

+_[ l- f'-_ k0._d( _-_--SillO) '] + COSO)d])]"d

Closed Solution

dy(D
The aboveequationhas the following general "" ="_

solution:

-,r o°sOd lyf0 =e4tL_(:_o+Pyo)Sm%_+ - _d'dYo+_dYo sinmi+YoCO
[

150 e"_(''_) Fo(O2e-_+ _ F(I;) sincod (I- x)dx + K----_d sino_ .

=Yh(O

Yp (D y(]) = d2y(i._._)
+

where Yoand _'oare, respectively, displacement and dt'2

l[I_,_= Yo 22ltod
%-I_ Yo sm%_velocity atI - 0. = e"_

Particular Integral
2

Since the present linearized solution is to be -(to yo + 2_, o) costod]
used for explicit time integration, the disturbing

force is set to be constant over the interval, 0 _<t < x, F ¢o2e-I_

o I,F(x) = Fo . K

or, ExplicitTime Integratlon
[

1 f -_(t-_) Let
YP(i) = "_d Jo F(%)e smto d ([- 10 dl:

Yo= Y(t)

F t
o [ -13(t-x) Yo= _'(t)

= M_d dO e Sill(Od (i-x) dx . be the previously calculated displacement and
velocity at time, t. Then, from the closed solution,

Upon integration, where i = 8 t,

yp (i)= "_" 1 - e-pt cosodi y(t + 80 = e-I_t y(t) + _,(t) sill (_dSt)
_,tod d " L d _dd

"1

Upon combination of the above homogeneous + y(t) cos (todSt)1
and particular solutions anti differentiation of the

result, displacement, velocity, and acceleration are, F(t)[ (_.._ )]respectively, + .-if=. 1- e I_t sin ((odSt)+ cos (todSt) .
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sured actuator pressures (see Appendix A of this

,(t+St)__.e__tl I_2 (t)+._d,(t)lsin(0}dSt) report,. AIso shown is the ideal actuator history[.-_, % specified for the mechanical motion model. The
time and force values referred to in Hsure D-6 and

used in the mode_ are+yCt)cosC%St) tal=0.05sec
ta2= 0.50sec

F(t) _2e-I_t Fal ---1425 lbf

+ K_ d sin((OdSt). Fa2 2850Ibf.

Overall Model Damping Characterization

- ( ")_(t+ 80 = e-l_t_ Y(O (0d-13
COd _d _,(t)sin(¢0d80 We obtainedthesystem'sdampingcharacteris-ticsbyrunningseveralalgorithmpredictions,vary-

-e (_2y(0 + 213_(0)cos ((odS0 ing different parameters until the axial displace-
ment history matched the actual test data obtained
from the tests described above (see Appendix A of

+ .-_ - sin(¢OdSt)+ COS(odSO . thisreport).We foundthatthefollowingdampingparametersproduceda reasonablefittothetest
data:

ExperimentalCharacterization Slide Coulomb damping force = 100 lbf
Slideviscousdampingratio = 0.0

To determine the Belleville washers' ideal Belleville springCoulombdampingforce= 0.0
stiffness behavior and dynamic model overall Belleville springviscousdampingratio = 0.08.
damping characteristics,results from quasi-static
BelleviHe spring compression tests and ETVE Figure D-7 compares the calculated ETVE dis-
opening tests are used. placement response damping data with the test

data.
Belleville Spring Characterization

Figures D-4 and D-5 illustrate the force-dis- Subroutine Descriptions
placement idealized BeUeville spring stiffness
characteristic curves used herein. The closing Three FORTRAN subroutines that support and
spring is a stack of four parallel BeUeviUewashers, perform the ETVE motion calculations depicted
whereas the opening spring is two stacks of six above are described here. The only significant

deviation from ANSI FORTRAN-77 is in the usewashers oriented in series. Also represented are

actual average test data (see Appendix B of this of underscored variable names (which will be
report). The idealized curves are determined by included in ANSI FORTRAN-90). Generic names
visual best fit to the overall test data. are used for intrinsic library fdnctions, 32 bit real

words are implicitly defined, and constants are

ActuatorForceHistory Characterization defined in either floating point or "E" formats.
Three namedcommonblocks are used for global

- I used the results from a recent ETVE opening variable storage and a BLOCK DATA segment is
test that used 2000-psi actuator pressure (quickly defined for global variable value initialization.
applied and having a long duration) but no driver The three subroutines, namely "belspr," "fact," and
gas volume or pressure. Figure D-6 represents a "motion," are described below. BLOCK DATA is
typical actuator force history derived from mea- also listed.
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Subroutine "belspr" dl_bsc = dI (closing Betlevitle spring)

d2._bsc = d2 (closing BeUeville spring)

The purpose of this subroutine is to compute d3_bsc = d3 (closing Belleville spring)
the Bellevitle washers' stiffness from the force- dl_bso = dI (opening BetleviUe spring)

displacement characterization values specified in d2_bso = d2 (opening Beileville spring)

BLOCK DATA. This subroutine, is only called d3_bso = d3 (opening Belleville spring)
from the main program once (prior to first call to sl_bsc -

"motion"). The source list of this subroutine is s4_bsc = calculated stiffnesses (closing
given in Table D-I, and use of the variables is Belleville spring)

described as follows (see Figure D-2): sl_bso -
s4_bso = calculated stiffnesses (opening

fl_bsc = F 1 (closing BelleviUespring) Belleville spring).
f2bsc = F2 (closing BelleviUe spring)

f3_bsc = F 3 (closing BelleviUe spring) Subroutine "fact"
fl_bso = F 1 (opening BelleviUe spring)
f2_bso = F2 (opening BelleviUe spring) This subroutine calculates the current actuator
f3_bso = F 3 (opening BelleviUe spring) force acting on the moving ETVE parts. One argu-

Table D-1. Subroutine "belsp_ List.

C Subroutine belspr -- Calculates Bellevllle spring stiffness
C characteristicsfrom force displacementvalues.

C Developedfor inclusionin ETVE behaviorcoupledhydrodynamic-
C mechanicalmotionpredictioncode for U.S.Army.

C d. G. Arendts,INEL/EG&GIdaho,Nov. 1993.

SUBROUTINEbelspr
IMPLICITREAL*8(a-h, o-z)

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,s4_bsc,
& sl_bso,s2 bso, s3_bso,s4_bso

C *** Bellevllleclosingspringcharacteristics***

sl_bsc- fl_bsc/dl_bsc
s2_bsc- f2_bsc/d2_bsc
s3_bsc= (f3_bsc-fl_bsc)/(d3_bsc-dl_bsc)

s4_bsc- (f3_bsc-f2_bsc)/(d3_bsc-d2_bsc)

C *** Bellevllleopeningspringcharacteristics***

sl_bsom fl_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
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ment is passed, the current solution time. This sub- and the incremental motion calculations are sum-
routine must be called prior to each call of marily performed until the argument passed time
"motion." The source list of this subroutine is increment is attained. The reason for this small

given in Table D-2, and use of the variables is incremental motion calculation is due to the very
described as follows (see Figure D-6): large changes of the motion parameters that occur

in the transition between relatively free motion
(neither Belleville spring compressed) and very

flact = Fal stiff resistance when either of the BelleviUe wash-

. G_act = Fa2 ers are compressed.

tlact = tal
The following section of the subroutine con-

t2_act = ta2 sists of logic blocks wherein the applicable motion
fact = calculated current actuatorforce, parameters are specified. Finally, the updated

motion variables are computed. It is important to
Subroutine "motion" know that the subroutinedoesnot updatethe cur-

rentmotionvariables;rather,the updated(end of
This subroutine,listedin TableD-3, calculates time increment)variablesare re-computedin the

the incrementalmotionof the ETVE movableparts subroutine. It is the responsibilityof the calling
in terms of the variables: displacement, velocity, program to update the current variables, either
and acceleration. Arguments passed to the subrou- before "motion" is called, or after.
tine are current calculation time, current time

increment, net fluid dynamic force acting on the Parametric variables (mass, stiffnesses, and
moving mass, and an integer flag, iu_flg, which damping values), as well as motion variables and
indicates whether a Belleville spring is loading forces, are described in the subroutine listing and
(iu_flg = 0) or unloading (iu_flg = 1). Note that will not be repeated here.
iuflg is not initialized in BLOCK DATA; it must

be initialized to zero early in the main program.
Block Data

The subroutine first determines if either of the

the BeLleville washers are compressed upon sub- The purpose of BLOCK DATA, listed in Table
routine call or, if not, will a BeUeville spring D-4, is to initialize all global variables. General
become compressed at the end of the time step. If motion and spring parameters are specified here.
either of the above cases are true, the motion cal- Changes to these parameter values are easily made
culational time step is reduced to 1.0 x (10) "7 sec in the source module (with recompilation).

TableD-2. Subroutine"fact"List. .......

C Subroutinefact --- Calculates actuator force as a function
C of currenttime.

. C Developedfor inclusion in ETVEbehavior coupledhydrodynamic-
C mchanlca] motion prediction codefor U.S. Army.

C 0. G. Arendts, INEL/EG&GIdaho, Nov. 1993.
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Table D-2. (continued).................

SUBROUTINEfact (tim)
IMPLICITREAL*8(a-h,o-z)
COMMON/fac/ f_act,f1_act,f2_act,tI_act,t2_act

C *** Currentactuatorforce ***

IF ( tlm.LT.tI_act ) THEN
f_act- fI_act*tlme/tl_act

ELSE IF ( tlme.GT.t2_act) THEN
f_act - f2_act

ELSE
f_actl fl_act+(f2_act-fl_act)*(tlme-tl_act)/(t2_act-tl_act)

ENDIF

RETURN
END

Table D-3. Subroutine"motion"list.

C Subroutlnemotion--- Calculatesand updatesdlsplacement,
C velocity, and acceleration of single degree-of-freedom,
C damped,and forced(constantover time step)
C dynamlc mechanical system. A closed-form solution of
C equatlon-of-motionis utilizedfor explicittime integration.

C Developedfor inclusionin ETVEbehaviorcoupledhydrodynamic-
C mechanicalmotionpredictioncode for U.S.Army.

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

C Argumentpassed variables:

C time - currentabsolutetlme (sec)
C t_del m time increment(sec)
C f_hyd - currentnet hydrodynamicforce (Ibf)
C lu_flg - Bellevlllespringunlaodlngflag (- I if unloading)

C Named common(motion)variables:
C tmass - totalmass of movingparts (Ibf-sec'*Z/In)

C gap_sc - slideclosinggap (ref.to undlsplacedposition- In.)
C gap_so = slideopeninggap (ref.to undlsplacedposltlon- In.)
C f_act - currentactuatorforce (Ibf)
C f_cdc = coll spring Coulombdamping force (lbf)
C f_cdb m Bellevlllespring(both)Coulombdampingforce (Ibf)
C s_csp - coll springstiffness(Ibf/in)
C c_csp - coll springviscouscriticaldampingratio (dlm.-less)
C c_bsp - Bellevlllespringviscouscriticaldampingratio (')
C d_cur - currentdisplacement(in.)
C d_upd - updateddisplacement(in.)
C v_cur = currentvelocity(in/sec)

C v_upd = updatedvelocity(in/sec)
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Table D'3' (continued_.............................

C a_cur -current acceleration (ln/sec**2)
C a_upd = updated acceleration (ln/sec**2)

C Calculated volatile variables:
C fre_u = undampednatural frequency (rad/sec)
C fre_d = dampednatural frequency (rad/sec)
C beta = damping factor frequency (rad/sec)
C f_cd = velocity dependent Coulombdampingforce (lbf)
C f_es - effective gap-closure sprlng force (lbf)

SUBROUTINEmotlon (time, t del, f_hyd, lu_flg)
IMPLICIT REAL*8 (a-h, o-z)

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/far/ f_act,fl_act,f2_act,tI_act,tZ_act
COMMON/bspr/ fl_bsc,f2_bsc,f3_bsc,f1_bso,f2_bso,f3_bso,

& d1_bsc,d2_bsc,d3_bsc,dI_bso,d2_bso,d3_bso,
& s1_bsc,s2_bsc,s3_bsc,s4 bsc,
& sl_bso, s2_bso, s3_bso, s4_bso

SAVEf2_bst, d2_bst

C *** Net extervlal force ***

f_ex - f_hyd + f_act

C *** Initialize ***

tt - t_de]
tt_sum- 0.0
dl = d_cur
vl = v_cur

g_sc - -gap_sc
g_so = gap_so

C *** Set gap boundary and Bellevllle spring compression flags ***

l_flg- 0
IF ( d_cur.GT.g_so .OR. d_cur.LT.g_sc ) l_flg = 1

10 J_flg- 0
IF ( l_flg.EQ.1 .AND. t_del.GT.l.0E-07 ) tt - 1.0E-07

C *** Current stiffness, damping, and effective forces ***

20 IF ( dl.GT.g_so )THEN

C ***Bellevllle opening spring is active ***

. beta = c_bsp
f_cd = f_cdc + f_cdb.
d re] = d] - g_so
f_so = s_csp*g_so
IF ( vI.GE.O.O ) THEN
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TA_bk)D-3. Icontinued) ..............

C ***The spring ts loading ***

lu_flg = 0
ZF ( d_rel.GT.d3_bso ) THEN

stlf = s4_bso
f_es = s4_bso*(g_so+d3_bso)- f_so - f3_bso

ELSEIF ( d_rel.LT.dl_bso ) THEN
sttf = sl_bso
f_es = sl_bso*g_so - f_so

ELSE
stlf - s3_bso
f_es = s3_bso*(g_so+dl_bso) - f_so - fl_bso

ENDZF

ELSE

C *** The sprlng Is unloadlng ***

IF ( lu_flg.EQ.O ) THEN

C *** Do thts only for the tnlttal unload step

lu_flg = 1
IF ( djel.LT.dl_bso )THEN

dZ_bst = d_re1"( s4_bso-sl_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) + dl_bso*s3_bso
d2_bst = (d2_bst-fl_bso)/(s4_bso-s2_bso)
f2_bst = sZ_bso*d2_bst

ELSE
d2_bst = d2_bso
f2_bst = fZ_bso

ENDIF
ENDIF
IF ( d rel.GT.d2_bst ) THEN

stlf = s4_bso
f_es = s4_bso*(g_so+dZ_bst) - f_so - fZ_bst

ELSE
stlf = s2_bso
f_es = sZ_bso*g_so- f_so

ENDIF
ENDIF

ELSEIF ( dl.LT.g_sc ) THEN

C ***Bellevllle closlng sprlng ls active ***

beta = c_bsp
f_cd = f_cdc + f_cdb
d_rel- -dl - gap sc
f_sc- s_csp*gap_sc
IF ( vl.LE.O.O ) THEN
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Table D-3. (continued)
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C ***The $prlng Is loadtng ***

tu_flg = 0
IF ( d_rel.GT.d3_bsc ) THEN

sttf- s4_bsc
f_es - -s4_bsc*(gap_sc+d3_bsc) + f_sc + f3_bsc

ELSE IF ( d_rel.LT.dl_bsc )THEN
sttf- sl_bsc
f_es = -sl_bsc*gap_sc + f_sc

ELSE
stlf - s3_bsc

, f_es - -s3_bsc*(gap_sc+dl_bsc) + f_sc + fl_bsc
ENDIF

ELSE

C ***The sprtng Is unloading ***

IF ( Iu_flg.EQ.O ) THEN
lu_flg- ]
IF ( d_rel.LT.d]_bsc ) THEN

dZ_bst = d_rel*( s4_bsc-sI_bsc)/(s4_bsc- sZ_bsc)
fZ_bst- s2 bsc*dZ_bst

ELSEIF ( d_rel.LT.d3_bsc ) THEN
d2_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
fZ_bst- f2_bsc

ENDIF
ENDIF
IF ( d_rel.GT.d2_bst ) THEN

stlf- s4_bsc
f es = -s4_bsc*(gap_sc+d2_bst) + f_sc + f2_bst

ELSE
stlf - s2_bsc
f_es = -s2_bsc*gap_sc + f_sc

ENDIF
ENDIF

ELSE

C ***Only the cotl sprlng ts active ***

stlf = s_csp
beta - c_csp
f_es = 0.0
f_cd - f_cdc

ENDIF

C *** Displacement and veloclty dependent properties and forces ***

fre_u m SQRT(stlf/tmass)
beta- beta*fre_u

fred = SqRT(fre_u**2-beta**2)
IF ( vI.GE.O.O) f_cd= -f_cd
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Table D-3. (continued)
IJII J_.. II I IIII I [ IIII I[ i nllllllllllllrrll I I I

IF ( tlm.LT.tl_act ) f_cd - f_cd*f_.act/f1_act
f_tot l f_ex _ f__cd + f_es

C *** Exponential and trtg factors ***

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

C *** Updated or incrementaldisplacement***

42 "' fac_e *(fac_s *(dl*beta/fre_d + vl/fre_d) + fac_c*dl)
d2 - d2 + f_tot*(1.0 - fac_e *(fac_s*beta/fre_d + fac_c))/sttf

C *** Check gap boundary crossings ***

IF ( l_flg.EO..O )THEN
IF ( dZ.GT.g_so .OR. d2.LT.g sc )THEN

l_flg- l
J_flg- I

ENDIF
ENDIF
IF ( J_flg.EO..l) GO TO 10

C *** Updated or incremental velocity ***
)

v2 - -fac_s *(dl*fre_u**Z/fre_d + vl*beta/fre_d)
v2 - fac_e *(v2 + fac_c*v])
v2 - v2 + f tot*fac_e*fac_s*fre_u**2/sttf/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 *(dl*fre_u**2 + 2.0*vl*beta))
a2 - a2 + f_tot*fre_u**Z*fac e *(-fac s*beta/fre_d + fac_c)/stlf

C *** Checkfor end of step ***

dl - d2
vl = vZ

tt_sum = tt_sum + tt
IF ( tt_sum.LT.t_del ) GOTO 20

C ***Finish-up ***

d_upd- d2
v_upd- v2
a_upd- a2

RETURN
END
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TableD_: BlockDate Listing. ..................................................

BLOCKDATA

IMPLICITREAL*B (a-h,o-z)

COMMON/eta/ 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, fZ_act, tl_act, t2_act

. COMMON/bspr/ fl_bsc, fZ_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, s4_bsc,
& sI_bso, s2_bso, s3_bso, s4_bso

.

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

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
& I 0.0, 0.0, 0.0, 0.0, O.O, 0.01

C **** Initializeactuatorforce datahere *************************

DATA f_act,fl_act,f2_act,tl_act,t2_act

& / 0.0, 1425.0,2850.0, O.OS, 0.5 /

C **** InitializeBellevlllespringforce-dlsplacemntdatahere ***

DATA fl_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 dl_bsc, d2_bsc, d3_bsc, dl_bso, d2_bso, d3_bso

& / 0.0127, 0.0135, 0.0155, 0.0280, 0.0285, 0.0327/

C W*tWt*tW_*WWWWtWW*W*W_WWtt_*_WWW*WW_W*t**W_****W_W**tWt.t_**tW_*

DATA sI_bsc, s2_bsc, s3_bsc, s4_bsc
& / 0.0, O.O, 0.0, 0.0 I
DATA sl_bso, s2_bso, s3_bso, s4_bso

& / 0.0, 0.0, 0.0, 0.0 /

END
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APPENDIX B

GAS DYNAMIC SIMULATIONS

This appendix describes the gas dynamicsof the Eaton Throat-Valve Element Prototype
CETVE)with compressible, inviscid, nonheat conducting, time-dependent 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 A_x 2, 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 variationonly in the x andy 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 internalparts) 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)
th_h' 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 I
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 corn-

" 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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real 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
p, the gas velocities 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,

Op I[ O(puk) O(pvA)]0"_"+ _ ....0X +'' By =0 (1)

themomentum equations,

0u 0u 0u 1 0p
O---_-+u_'+v_-_'y= p Ox (2)

Ov Ov Ov 10p
0"T+U_x'x+V_ "= p 0y (3)

andtheinternalenergyequation

"_+_" Ox + 0y J= A +----- (4)

Intheseequations,theindependentvariablesarctimetandcoordinatesxandy.Thegrav-
itationalforcetermshavebeenneglected,ashavetheheatconductionterm,assumingtheyare
insignificant.Theviscoustermshavebeendroppedtosimplifythemodel,withtheassumption
thatreasonableapproximationscouldbeattainedwithouttheirinclusion.ThequantityA isthe
time-independentthicknessordepthoftheflowchannel.Thus,thevolumeassociatedwithan

area8xwideand8),highisASxSy.SuitablydefinedA valueswereusedtorepresentcylindrical
coordinates(A = y,thecircumferentialareaperunitazimuthalangle)and stationaryobstacle
regions(A---0).

To completetheseequations,a constitutiverelationsrelatingpressure,p,and internal

energy,E,mustbcdefined.Forthiscase,assumethegastoobeytheperfectgasrelationship
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p = (y- I)E (5)

wherey istheratioofspecificheatsatconstantpressureandatconstantvolume.

ThetimedependenceofthesolidvolumefractionfunctionF isgovernedbytheequation,

_F _F
0"7+ u =o (6)

whereUs(X,t)isthevelocityofthemoveablesolidvalvecomponentsinthex-coordinatedirection
since,orthevalveconsidered,asingledegreeoffreedomintheaxialdirectionexists.The solid

volumefractionfunctionF(x,y,t)takesonpointvaluesof0 orI-0 ifthepoint(x,y)isoccupied
bygasattimet,and1 ifthepointisoccupiedbya solidattimet.Inthenumericalscheme,the
meshvalueofF isanaverageofthepointvaluesofF withina computationalceil,whichrepre-
sentsthevolumefractionofthatcelloccupiedbythesolid.Obviously,thevolumefractionof

thatcelloccupiedbygasisI-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 subeycle 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 By. To each of these cells, a cell-averaged den-

sity Pi,j, pressure Pi,j, internal energy El,j, depth Ai,j, and solid volume fraction Fi,j are assigned.
A staggered mesh is used wherein average velocities, ui,j and vi,j (respectively for the x- and y-

. coordinate directions), are assigned at the cell edges. For cell-centered quantities, the i,j subscripts
indicate position (iSx, jSy); for edge-defined u-velocities, the i,j subscripts indicate position ((i+
1/2)8x,jSy); for the edge-defined v-velocities, these subscripts indicate position (iSx, (.j+ l/_)Sy).
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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 a equal to unity, full upwind differencing results; where-
as, setting a to zero produces centered differencing. Setting a 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 appropriatedcoefficients deter-
mined by the cell's interface index. For example, ff a cell's index does not indicate the ce!l 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 -By,and its contributionto the total force on the sleeve
is -p._i{iy Interface cells with orientation in the negative x-direction contribute +p. i{iYto the totalI,. " 11o
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

n+l [ 2(Pi,j - Pi+l,j) _ FUX _ FUY] (7)ui,j = ui,j + {it {ix(Pi,j + Pi+l,j)

n+l I 2(Pi,j - Pi,j+l ) - FVX - FVY1vi,j = vi,j + {it,. 8"y_i,_+" p_,j+_)., (8)

where

1
FUX = 2{i--'_[ui,j (Ui+l,J- Ui-l,J) - a lui,j I (Ui+l,j - 2ui,j + Ui_l,j)]

1

FUY = 8{i--"y"[(vi,j + vi+l,J + vi,j-1 + Vi+l,J-1) (ui,j+1- ui,j-1)

-- Of, I Vi, j + Vi+l, j + Vi,j_ 1 + Vi+l,j_ 1 I (Ui,j+ 1 -- 2Ui, j + Ui,j_l)]
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1

FVX = _ [(Ui_l,j+ 1 + Ui,j+ 1 + Ui_l, j + Ui, j) (Vi+l, j -" Vi_l, j)

-- OL [ Ui_l,j+ 1 + Ui,j+ 1 + Ui_l, j + Ui, j J (Vi+l, j -- 2Vi, j + Vi_l,j)]

1

FrY = 28-"7[vi,J(vi,j+1- v_,j__)-a I v_,jI (vi,j+_- 2vi,j+ vi,j__)]
q

In these discretized equations (and in all subsequent discretizeA equations), the superscripts indi-

cate time level, e.g., ui,jn+l indicates the u-velocity at
n+l

time= E 8t
i=l

where 5ti is the time step size, and the absence of a superscript implies that the variable is evalu-
ated at the current time level,

n

time=_ 8_ •
i=1

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

n+l 8t [FR-FL FT- FB]
Pi,j = Pi,j ,_,j _ix + 8y

where

ABR • n+l, un+l
FR = --_lui, j (Pi,j + Pi+l,j ) + a[ i,j [ (Pi,j- Pi+l,j )]

ABL. n+l n+l

FL = --_[Ui_l. j (Pi-l.j + Pi.j ) + _ [Ui-l.j I (Pi-l.j - Pi,j )]

ABT. n+l vn+l
FT= 2 [vi,j (Pi,j + Pi,j+l ) + a[ i,j [ (Pi,j- Pi,j+l )]

ABB. n+l n+l ] (Pi,j_l_ Pi,j)]FB = "-_[vi,j-l(Pi,j-1 + Pi,j ) + t_ i vi,j_ 1

2A .A..
ABR : _,j _+l,j

Ai, j +/L_+l, j

ABL = 2Ai'jAi-l'J,
Aid + Ai_l, j
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2_,j_,j+lABT=
Ai, j + Ai,j+ 1

ABB=
Ai. j + Ai,j_ 1

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

E.n+l= E. 8_ FER- FEL FET- FEB ]i,j t,j - 'Sx + 8y + FWK (10)

where

ABR- n+l. un+l
FER = ---_[ui, j (Ei. j + Ei+l. j) + Ix[ i.j [ (Ei,j - Ei+l.j)]

ABL. n+l . n+l

FEL = --_[Ui_l,j(Ei_l.j + Ei, j) + Ix I Ui_l, j I (Ei_l, j - El,j)]

ABT_ n+l- vn+l
FET = --_[vi, j (Ei,j + Ei,j+1)+ a l i,j I (Ei,j - Ei,j+l)]

ABB. n+l - I n+l

FEB = -'_[vi,j+ 1(Ei,j_ 1 + Ei, j) + 0_ IVi.j_ 1 [ (Ei,j_ 1 - Ei,j)]

I u.n+IABR .+I vn+IABT n+l 1
t,J - Ui_l,j ABL i.j -- Vi;,j71ABB

FWK = (_, - 1)Ei, j 8x " + 5y ............

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

2Ai,jAi+l,jABR = ..........
Ai,j + Ai+l,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 Aij or Ai+lj
is zero.
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Finally, with the new time energy field, the pressure is updated as

n+l . n+l

Pi,j = (7-1)Eid (11)

and the new time specific internal energy, e, can be obtained as

E."+1
n+l i,j

ei,j -- ..__.' n+l (12)
" Pi,j

" RESULTS

Figure E-la 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 _x - _y = 1 mm. Constantpressureboundaryconditions were applied at the inlet and outlet
boundaries of the flow model. For the first set of runs, the high-pressure boundary (upstream,
fight 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 lbf coulomb damping on the Belleville washers; Figures E-4 and E-5 show the
results for runs with a combined 16% viscous and 100 lbf 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 "e" 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,
de 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 stationaryport 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 andE-7d show the valve sleeve acceleration 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-Sb 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 correspondingto 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-
rice.

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-
l0 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 lbf 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 lbf 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 lbf BeUeville 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 boundarycondition.

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 understandingof 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. Historiesof valve spooldisplacement and total gas dynamic force on valve spool.
Dampingforcesarcsetat8% viscous(on spool)plus 1001bf(on Bclicviilc)Coulombdamping.Thehigh-
pressureboundaryis 1400psia;thelow-pressureboundaryis 14psia.
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8 % Viscous + 100 Ibf Bellville Damping

I

Figure E-2b, Histories of valve spool velocity and total gas dynamic force on valve spool. Damping
forces are _t at 8% viscous (on spool) plus ]00lbf (on BeUeville) Coulomb damping. The high-pressure
boundary is 1400 psia; the low-pressure boundary is 14 psia.
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8 % Viscous + 100 Ibf Bellville Damping

Figure E-2c. 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 Bcllevillc) Coulomb damping. The high-pressure

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

spool. Damping forces arc set at 8% viscous (on spool) plus 1001bf (on Bcllcville) Coulomb damping.

The high-pressure boundary is 1400 psia; the low-pressure boundary is 14 psia.
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8 % Viscous + 100 Ibf Bellville Damping
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Figure E-2e, Pressurehistoryat thepressurehistorypoint andtotal gasdynamicforceonvalve spool.
Damping forces are setat 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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Figure E-3. Spatial pressuredistribution at time = 0.042 sec. Isobarsareat -lO-psi intervals.
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16 % Viscous + 100 Ibf Bellville Damping
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Figure E-4¢. 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 BeUeville) Coulomb damping. The high-pressure
boundary is 1400 psia; the low-pressure boundary is 14 psia.
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16% Viscous + 100 Ibf Bellville Damping .
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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 1001bf (on Belleville) Coulomb damping.
The high-pressure boundary is 1400 psia; the low-pressure boundary is 14 psia.
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16 % Viscous + 100 Ibf Bellville Damping
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Figure E-4e. Pressurehistoryat thepressurehistorypointandtotalgasdynamicforceonvalvespool.
Dampingforcesaresetat 16%viscous(onspool)plus1001bf(onBeileville)Coulombdamping.The
high-pressureboundaryis 1400psia;thelow-pressureboundaryis 14psia.

E-23



2 4 6 8 10

Figure EJS. Spatialpressuredistributionattime = 0.0443 sec. Isobarsareat ~lO-psi-;n_rvals.
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Figure E-6. Proposedbackward-opening ETVE gasdynamic simulation model. All dimensionsare mm.
(The schematic is not to scale.)



8 % Viscous + 100 Ibf Bellville Damping
Backward Opening / Lengthened Spool
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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 lbf (on BelleviUe) Coulomb

Damping. The high-pressure boundary is 1400 psia; the low-pressure boundary is 14 psia.

E-26



I .......

f

8 % Viscous + 100 Ibf Bellville Damping
Backward Opening / Lengthened Spool
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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 BeUeville) Coulomb Damping.
The high-pressure boundary is 1400 psia; the low-pressure boundary is 14 psia.
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8 % Viscous + 100 Ibf Bellville Damping
Backward Opening / Lengthened Spool
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Figure 7-d. Historiesof modifiedvalve spool acceleration (enlarged) andtotal gas dynamic forceon
modified valve spool. Damping forces are set at 8% viscous (on spool) plus 100 lbf (on BeUeviUe)
CoulombDamping. The high-pressureboundaryis 1400 psia:the low-pressureboundaryis 14psia.
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8 % Viscous + 100 Ibf Bellville Damping
Backward Opening / Lengthened Spool
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Figure 7-4), Pressure history at the pressurehistory point and total gas dynamic force on modified valve
spool. Damping forces are set at 8°70viscous (on spool) plus 100 Ibf (on BelleviUe) Coulomb Damping.

The high-pressure boundary is 1400 psia; the low-pressure boundaryis 14 psia.
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• 8 % Viscous + 100 Ibf Bellville Damping
Backward Opening / Lengthened Spool
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Figure 8-a. Phase plane portraitfor modified valve spool motion. Damping forces are set at 8% viscous
(on spool) plus 100 lbf (on BelleviUe) Coulomb damping. The high-pressure boundary is 1400 psia; the
low-pressure boundary is 14 psia.
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8 % Viscous + 100 Ibf Bellville Damping
Backward Opening / Lengthened Spool
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Rgure E-Sb. Phase plane portraitenlargementof node region (Figure E-8a) aroundthe valve open position.
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6 Pressure Contours / Last Time Step

5

Figure E-9. Spatialpressuredistributionaboutmodifiedvalve spool at time= 0.090 sec. Isobarsareat
-lO-psi intervals.



8% Viscous + 100 Ibf Beliville Damping
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Rgure 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 BelleviUe) Coulomb damping. The high-
pressure boundary is 1800 psia; the low-pressure boundary is 12 psia.
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- 8% Viscous + 100 Ibf Bellviile Damping
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Rgure E-10b. Historiesof valvespoolvelocityandtotalgasdynamicforceonvalvespool.Damping
forcesarcsetat 8%viscous(onspool)plus1001bf(onBclleville)Coulombdamping.Thehigh-pressure
boundaryis 1800psia;thelow-pressureboundaryis 12psia.
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Figure E-10¢, Historiesof valve spoolaccelerc_ionandtotalgasdynamicforceon valve spool.
Dampingforcesaresetat8%viscous(onspool)plus1001bf(onBellevillc)Coulombdamping.Thehigh-
pressureboundaryis 1800psia;thelow-pressureboundaryis 12psia.
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. 8% Viscous + 100 Ibf Bellville Damping
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Figure E-10d. Pressurehistoryat thepressurehistorypointandtotalgasdynamicforceonvalvespool.
Dampingforcesarcsetat8% viscous(onspool)plus100lbf(on Bellcvillc) Coulombdamping.Thehigh-
pressureboundaryis 1800psia;the low-pressureboundaryis 12psia.
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Rgure E-11. Spatialpressuredistributionattime= 0.0432scc.Isobarsarcat 12-psiintervals.
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Figure E-12a. Histories of valve spool displacement andtotal gas dynamicforceon 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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16% Viscous + 100 Ibf Bellville Damping
e

Rgure 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 BelleviUe) Coulomb damping. The high-pressure
boundary is 1800 psia; the low-pressure boundary is 12 psia.
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Figure E-12c. Historiesof valve spoolaccelerationandtotalgasdynamicforceon valve spool.
Damping forces are set at 16% viscous (on spool) plus 1001bf (on BeUeville) Coulomb damping. The

high-pressure boundary is 1800 psia; the low-pressure boundary is 12 psia.
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Rgure E-12d. Pressurehistoryatthepressurehistorypoint andtotal gasdynamicforce on valve spool.
Damping forcesarc sotat 16% viscous(on spool)plus 100lbf (on Bcllcvine) Coulombdamping. The
high-pressureboundaryis 1800psia; the low-pressureboundaryis 12 psia.
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6 Pressure Contours / Last Time Step

Figure E-13. Spatial pressure distribution at time = 0.0432 sex. Isobars are at 12-psi intervals.



8% Viscous + 100 Ibf Bellville Damping
BackwardOpening / Lengthened Spool
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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 lbf (on BeUeville) Coulomb

Damping. The high-pressure boundary is 1800 psia; the low-pressure boundary is 12 psia.
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I

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 lbf (on BeUeville) 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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Rgure 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 lbf (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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1. SUMMARYOF RESULTS

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

Selectedcomponentsof the EatonThroat-Valve Element were evaluatedwith respectto
- the rules of the ASME Boiler and Pressure Vessel Code, Section VIII (Rules for

Constructionof PressureVessels).An exceptionwastaken forthe valve elementbecause
one of its materials(AMS 5643in plateform)was notapprovedfor useby the ASME Code

, SectionVIII.

The body of the valve containedthree rows of rectangularportholessized 0.76" x 0.50"
each. The analysisshowedthat the valve body couldwithstand the design conditions of
2,000 i_siexternalpressureat 700°F with itscurrentportholesizeandconfiguration. Italso
showed that the portholes could be enlarged to 0.76" x 0.76" square with 1/8" radius
cornerswhile underdesignconditions and remain stable,maintaininga factor of safety of
2 against buckling.

However,the dynamicforces associatedwitha backwardopeningpistonand sleeve(used
to "open"the portholes)causedexcessivestressesthroughoutthe valve. The locationand
magnitude of selectedelasticallycalculated stresseswere: (1) the valve bodyaround the
portholes (using the current porthole size) exceeded 58 ksi, (2) the piston stop plate
exceeded 400 ksi, and (3) the stop plate attachment bolts reached224.9 ksi. All above
elastically calculated stresses exceededthe allowable stress level of 32.0 ksi defined by
the ASME Boiler and Pressure Vessel Code, Section VIII (Rules for Construction of
Pressure Vessels).

The large dynamic (impulse) forces created by the decelerationof the piston and sleeve
were primarilyduetothe stiffnessofthe Bellevillewasherstack. The stackwasclearlyvery
"stiff", and had a short travel before bottoming out. The piston impulse forces would be
greatly reduced if either of the followingmodifications were made:

(1) Arrange (or add to) the stack of Bellevillewashers so that the effectivetravel length
(before bottoming out) is much longer. When the washersbottomed out their stiffness
increased tremendously,thus increasingthe piston/sleevedecelerations.

(2) Employ Bellevillewashers (or other springs) that have ,:,lower stiffness value and a
longer travel length. This will reducethe magnitudeof the piston/sleevedecelerations.
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2. INTRODUCTION

2.1. General: The Eaton Throat-Valve Element Prototype1 is a quick-opening valve
designed to vent gas at 2,000 psig. The valve element consisted of a cylindricalbody
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
throughwhich pressurized passed when the sleeve 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 valve were evaluated
in this analysis: (1) the valve body at the location of the portholes, and (2) the end plate
that stops the travel of the piston when the sleeve is in the "open porthole" position. 4

2.2. Design Code: The design code followed was the ASME Boiler and Pressure
Vessel Code Section VIII, Rules for Construction of Pressure Vessels 2 (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 Standards4, 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-6931 & A-705
i i i i

.... Tern _erature°F
.... i iii

Property 100 200 300 400 500 600 650 700

Yield _;trength,k_si 115.0' 106.3 1'01.9 98.3 95.2 92.8 91.5 *[90.0]
,, i ,,,=l i i i,, ,

Modulus .., Elas- *
ticityx 10.6, psi 28.3 27.6 27.0 26.5 25.8 25.3 [25.1] 24.8

,,,

ASME code AI- .... *
Iowable Stress, ksi 35.0 35.0 35.0 34.1 33.3 32.8 32.6 [32.0]

ii i iii ,,,

•Propertiesnotspecifiedatthistemperature,Numberinbracketswaseitherinterpolatedorextrapolated.

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 reductionfactor (factorof safety) to the yield strength
before itcalculated allowablestress levels (fromthat yield strength). It was noted that the
ASME Code onlyapproved the bar material (A564) for Section VIII Code use. This design
usedthe approvedbar as well as unapproved plate material. Anexception was taken from
the ASME Code for the plate material.
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3. VALVEBODYPORTHOLEEVALUATION

3.1. Purpose: The purpose of the valve body porthole evaluation was to determine if
and (if so) how much the body portholescould be widened, given the design conditions.
This was cloneby: (1) checkingthe body to determine the minimumrequired thickness
at design conditions, (2) checking the portholes to determine the wall thickness around

" them required for reinforcement, and (3) determining the maximum allowable 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 requiredthicknessfor cylindricalcomponents
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 expectedto be used in vessel shell constructions). Therefore, the following process
was followedto establish a minimumrequired thickness for the cylindricalwall of the
valve body.

S. P. Timoshenko5 developed a method for determining the thickness required for a
cylindricalvessel 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 could
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 6 further simplified Timoshenko's equation for cylinders that met the following
additional requirement:

• 60 < (I/r)2 * (r/t) < 2.5 * (r/t)2

The parameters for this cylinder were" I = 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:

• q'= (0.92 * E) / ({I/r} * {r/t}2.5), 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 thatthe calculated critical buckling pressure 7. 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
i ii i ii

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 VIII Code defined the required reinforcementfor holes in the cylindrical shell of
the valve body. Paragraph UG-37 (d) (1) stated that the requiredreinforcement around
each porthole was 50% of that requiredby paragraph (c) which was:

• Reinforcement Area ReQuired= d * t, * F
where: d = cord length m portholeopening= 0.760"

tr = required thickness of Table 2
F = correction factor = 1.0 for shells

The dimensionedportholes are shown in Figure 1 in solid lines. The valve body has three
circumferential rowsof 16 portholes,each circumferentiallyspaced as shownon the figure.
The smaller circles indicate an equivalent hole with a diameter equal to the corcllength
of the portholes. The areas between the larger and smaller circles are those where
reinforcement must be in order to qualify as mater,ai 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" apart, which equated to about 3 times the inner circle 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 * (El*t -F*tr) - 2*tn * (El*t - F*tr) * (1 - frl)
where" frl = 1.0 (no nozzle reduction)

E1 = 1.0 (no welds at porthole)
F = 1.0 correction factor

which reduced Metal Available = _ * (t- t,)
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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:

• 1/2*d*tr <__d*l/2*(t-tr)
---or--

2tr <_ t

The thickness of the valve body around the portholes had to be twice that required to
maintain stabilityof the wall. Table 3 compares the requiredthickness 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 osi External Pressure)

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

i -- i i i

oi Is 0.230 0.339
.... 1.25 0.126 0.252 01339

1.43 ' 0.133 .... 0.266 0.339

11"67 0.141 ......... 0.282 01339

2'i'0 0.152 ...... 0.304 01339

1C).0 "' 01290 0.580 ' 0.339
' lira

: 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 buckling2

3.4. Maximum Allowable Porthole Size Under Design Conditions: The evaluation
reported in the previous subsectionused a "d" value equal to the cord length of the
portholeopening. 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 valve 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
staticforce of 103,518 Ibsthat will be applied to the valve body via the stop plate. That
force was produced by the dynamicsof the sleeve being positionedby the piston
operating in a backward opening mode. The force is compressive on the body of the
valve, and will produce higherstresses on the row of "webs". Each web is that material
between portholesin _he circumferential direction, The total area of the webs, and the
resultingstresses in them would be:
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• Web Area = 16 Webs * AreaperWeb (_{(0.26 + 0.0665) * 0.339})
=16"0.111
= 1.77 in.2

• CompressiveStress in Webs = Force/ Area
= 103,518Ibs/ 1.77 in.2
= 58,485 psi

FromTable1theallowablestresslevelofthematerialthatthevalvebodywasconstructed
of was 32.0 ksi. The actualcompressivestresscaused by the maximumforce of the
backwardopeningpiston(58,485 psi)exceededthe allowablestress level. It was also
suspectedthat the valve body wall wouldbe unstableunder the above pistonload.

• However,no furthercalculationswereperformedsincethe allowablecomprr)ssivestress
wasunacceptable.

•ValveBody,in itsCurrentPortholeConfigurationCould Not Carrythe Piston
Impact Loadingfrom BackwardOpening!
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4. PISTON STOP PLATE

4.1. General: The end plate that stopsthe travel of the sleeve-positioningpistonwas
made of AMS5643 steel. The stop plateconsistedof a 3.75" diameterdisc, 1.0"thick.
A centralholeallowedthe pistonguiderod to be attachedto the valvesleeve. Two
180oopposedholeswere providedforpistonactuatingpressureports,alongwithsix
0.33" holesfor mountingthe stopto the valvebodywith5/16" bolts.

4.2. Load Conditions: The loadingonthe stopplatecontainedseveralcomponents"
(1) the actuationpressureonthe piston,(2) the forcecausedbythe nitrogengas
flowingthroughthe portholes,and (3) the dynamicsof the pistonduringitsactuation.

4.3. Stop Plate Dynamics: A finiteelementmodelof the stopplatewas developedin
orderto determineitsfundamentalfrequency.Thiswasneededto see howthat
frequencycomparedto the frequenciesof the inputforces. The stopplatewas
modeledandanalyzedusingthe I-DEAS8 software. Parabolictetrahedronelements
(1,355total)simulatedthe stopitselfand springelementstookthe placeof the
attachmentbolts. Twoboundaryconditionswereconsideredpossiblefor the stop
plate: (1) the outsideedge of the stopplatewas simplysupported(thisassumedthat
the boltsalwayskeptthe stopplateincontactwiththevalvebody),and (2) the stop
platewasunrestrainedexceptby the springsthattookthe placeof the attachmentbolts
(thisassumedthatsomesmallgapexistedbetweenthe stopplateandthe valve body).
Figures2 & 3 showthe top and isometricviews of the model (only ILclfof the stop
needed due to symmetricalgeometry). Materialproperties from at 700 °F used were:
Modulus of elasticity of 24.8x106psi, Poisson's ratioof 0.29.

Figure 4 showsthe fundamentalfrequency of the stopplate with simply supportededges.
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 movementof 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 7,136and 9,256 Hz. Muchof their motionwill also be restrainedby the valve body.

One other possible motion of the stop plate not evaluatedin the finite element model was
that of the massof the stop plate ridingon six attachmentbolts (i.e., rigidmotion ofthe stop
plate on springs). The spring constantof each boltwas:

• Spring Constant K = Modulusof Elasticity* Bolt Area/Spring Length of bolt
= (24.8xl 06) * 0.077 in.2 / 1.0 in.
= 1,909,600 Ibs/in. per bolt

° Total Spring Constant Kt = 6 bolts * K perbolt = 11,457,600Ibs/in.

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

• fl = (1 / 2_) * (Kt/ mass of stop plate)1/2
= (1 / 2=) * (11,457,600/ {3 / 386.4})1/2
= 6,114 Hz

10
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Figure 2. Model of Stop Plate (Top View)

Figure 3. Model of Stop Plate (Isometric View)

11
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Figure 4. Mode Shape #1 for Simply Supported Edges at 12,367 Hz

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

12
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Figure 6. Mode Shape #1 for Stop Plat(; with Free Edges at 7,136 Hz

Figure 7. ModeShape #2 for Stop Platewith Free Edgesat 9,256 Hz

13
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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 slld
just enough to allow flow through the portholes. At that time (roughly 0.017
seconds) the force fluctuated until the piston stopped moving (bouncing on o
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 determined 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./sec2 Force, Ibs Impulse, Hz this and next

Impulse, Hz

First " 3.0E6 ' 97,200 1,515 382

"_;econd..... 1.85E6 59,940 -1,316 6'49 ....

:lhird ...... 1.0E6 32,400 1,000 794 -

'l=ourth .... 4.3E5 ....... '13,932 1,667 (last impulse)
,,, ii i,iii,, __ =,,,=

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 11= 1 / {1 - (Forcing Freq.2 / Natural Freq.2)}
= 1 / {1 -(1,5152 16,1142)}
= 1.065

14
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This meantthat during the applicationof the first impulseload the equivalent
static force applied to the stop plate was 97,200 Ibs * 1.065= 103,518 Ibs! All
other impulse loadswere muchsmaller.

Note that if a triangular impulse approach12 was taken to determine the
"DynamicLoad Factor" (equivalentto transmission ratio) the resultswouldgive
about the same value (1.06).

• Total Load on Stop Plate: Thetwo cases of interestwere:
(1) Maximum equivalentstatic load on stop plate beforethe piston came to
rest (from maximum piston impulse force) = 103.518 Ibs

" (2) Maximum load on stop plate after impulse loadsceased
= actuationforce + gas force
= 2,850 Ibs + IncreasingGas Forces

Gasforcesandtheirassociatedfrequencies(< 1,000 Hz) didcause
amplificationinthe stopplateresponsesincethe stopplate'slowestnatural
frequencywasso muchhigher(6,114Hz). Thisloadcouldnotbe evaluated
sinceitwas notknownifthe gasforcescontinuedto increase,or stabilized
with time. However,itwas not expected that the gas loadswould approach

. those of the piston impulses.

Only the maximu:,, equivalent piston impact static load of 103,518 Ibs was used for
calculating stresses.

4.5. Stresses in Stop Plate Bolts: The stresses in the stop plate bolts were tensile,
due to the 103,518Ib maximumequivalentstatic loadfrom the piston maximum
i__pulseforce. Six 5/16" attachmentboltswere machinedfrom the same materialas
t,_evalve body and stop plate,AMS 5643. The elasticallycalculated stresses in the
bolts were:

• TensileStress = Force / Area
= 103,518Ibs / {6 * (_4)* (5/16/2}
= 224.9 ksi

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

• Bolts Could Not Carry the Piston ImpactLoading!

What bolt size and quantity would be needed to adequatelycarry the loads? Table 1
showed that the allowable tensile stress in the specified material was 32.0 ksi. The

" requiredarea of the bolts to give a tensile stress at 32.0 ksi was:

. • Bolt Area Required= Force/ AllowableStress
-- 103,519Ibs/ 32,000 psi
= 3.23 in.2

Table5 shows sizes and quantitiesof bolts requiredto 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 BoltsRequired
n ii i i nun

1 0.606 6

7/8 0.462 7

3/4 0.334 10
i

5/8 0.226 15
ii , u

9/16 0.182 j 18
in i i ii i i l

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 (specificallythe
spring-type Beilevillewashers) did not contact the entire raised back face of the stop
plate, shown cross-hatched in Figure8 below, but that was assumed for a first
approximation. "

• Pressure Load = Force / Area of Application
= 92,728 Ibs / {(rJ4)* (1.4262- 0.7802)}
= 82,850 psi

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

O Back Raised Face ofO O Stop Plate (do =
1.426", di = 0.780")

O O

o Qo

Figure 8. Assumed Piston Contact on Stop Plate

16



Prepared byi S: D._Snow CnecKeO oy G. _. Ivl,lter
Revision 1

Theaboveequivalentpressureloadof (82,850 * 1.116=) 92,461psi wasalsothe bearing
stressat thefacewherethe forcewasapplied. Thatstressexceededthe levelallowedby
the ASME Code, listed in Table 1 of 32,000 psi. If the load was distributedover the
somewhatsmallerarea thatthepistonwashersactuallycontactthatvalueofstresswould
be evengreater.

The finiteelementmodelwithrestraintsat the attachmentboltsonlywas stressedas
showninFigure9. ThemaximumelasticallycalculatedvonMisesstresslevelwaslocated

. under the bolts in the stopplate at a magnitudeof (362.0 * 1.116=) 404.0 ksi.

• Stop PlateCould Not Carry the MaximumPiston Impact Force!

Eaton Throat-_'alve Stop
LOAD SET: 1 - PISTON LOAD
FRAME OF REF: GLOBAL
STRESS - VON M_SES MIN: 2199.83 MAX: 3.62E+05

Max. Stressof
362.0 ksi

3.

1

ContourLevel Stress(osi_
1 3.11E5
2 2.59E5
3 2.08E5
4 1.56E5
5 1.05E5

. 6 53,608

Figure 9. Stress Contour in Stop Plate Under92,728 Ibs Piston Load

17
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5. COMPUTER PROGRAM CONFIGURATION DOCUMENTATION

iiii ii || it i iii I iiiii iii iii i ii i i I

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.

i i i ii i i i i ii i

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: I-DEAS Version: VI.i Module: NA

Computer Used: WCUSV2 Model: DECstation 5000/200

, Verification Manual/Test Problem Manual/Example Manual:
W. D. Richins lettertc 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 withinthe Applied
Mechanics Unit.

18
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6. FINITE ELEMENT MODEL INPUT & OUTPUT

(The finite element mode/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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SEALSTUDY

INTRODUCTION

A meetingwasheldwithM.R.Stacy(Requester)onDec7, 1993to developscopeof
assignment,reviewproblem,and identifydesignand operatingconditions;anda followup
meetingwasheldwithJimHall (TestTechnician)to determinetestscenario,testconditions
and results.

o Scopeof Assignment
ReviewValveoperationand conduct scoping studyto identifyavailablesealmaterialsand
configurationscapableof withstandingthe conditionsexperiencedby operationof the
LB/TSThroatValveElement.ThestudyshallalsoidentifyManufacturers,cost,and delivery.
Schedule:Completedraftstudyby December17, 1993
Budget:60 mhrs
ChargeNo. 820253914

o Background
EG&Gwaspreviouslyrequested by the USArmyto evaluatethe performanceof the LB/TS
ThroatValveElement,whichwassuppliedto themby EatonCorporation.A seriesof tests
wereconducted.However,designconditionswereneverachievedbecauseof sealfailure
andexcessiveleakage.The sealswerecompletelydestroyedduringoneof thesetests.
(seefigure1 ). Closeexaminationof thisphoto,whichwastakenaftertheperformancetest,
revealsthatonlythreeof the sixsealsweredamaged.These arethe threesealsthatcross
theports locatedonthe valvebody. Sincetheotherthreesealsappearto be undamaged, it
isreasonableto assumethatdamagewasdue to pinchingratherthantemperature,
however,high temperaturemay be a significantcontributor.

o TestScenario,TestConditions, and Results
Three seriesof testswere conductedas follows:

Firsttestusing originalseal design
Two different configurationsof sealswere used.The designof the sealscrossing the
cylinderportswascomprisedof a teflon15%graphitefilledsplitoverlappingjointring
(pistonringtype)witha rectangularcrosssection,a radialmetalspring(approx0.010 thk x
.25wide), anda metal spacer(approx0.010 thkx .25wide)betweenthespringand the
glanddiameter. Thedesignof the sealsthatwerenotrequiredto crossthe portswas
comprisedof a teflon15%graphitefilledguideringwitha lipon the leadingedge.This
guideringwassupportedby a silicono-ring with two segmentedhalf washers0.030thk
thatbacked up the o-ring. See figure2. Experiencedsignificantleakage.Unableto reach
designtemperaturesor pressures.Leakedat approximately400psiand350 degreesF.
Installationofthe teflonguideringrequireduseof an expandingmandreltype toolto
expand the ringover the pistondiameter and the useof a swaginging type tool to then
reduce the seal diameter after installation into the seal gland.

Second Test
Thesame sealdesignwas usedfor all sixseals.Thisdesignwasof the sameconfiguration
usedpreviouslyfor thosesealsnotcrossingtheports (guideringwitho-ring energizerand
segmentedbackuprings).The sealscrossingthe portsweredestroyed.The lipof the teflon
guideringwasshearedoffduringvalvecycling.See figure1. Unableto get anywhere near
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designpressureor temperature.

Thirdseriesoftests
Allsixsealswereof the sameconfiguration.A thickerteflon15% graphite filledguidering
witha rectangularcrosssectionwasbackedup by a silicono-ring energizerand thetwo
segmentedmetalhalfrings.Testswereconductedatroomtemperature.Leakagewas
experiencedat approximately375 psi.

NOTE: Many of the testdet_.'/swererecalled from memory and there wassome
d/fficulty in developing #_eactual test scenario. Hence, no real evidence of
actual seal loading exists.

o ValveOperatingConditions,Materials,Operation,andConfiguration
Therequesterwasconsultedanddrawingswere reviewedto determineValveoperating

- conditions,materials,operation,andconfigurationasfollows:

ValveOperatingConditions
inletpressure: 2000 psig
outletpressure: 0 psig
inlettemperature: 700 degreeF
outlettemperature: 70 degreeF (room)
flowmedia: nitrogengas
ambienthumidity: 10-100%
operatingspeed(closeto open) :45 ms
pistontravel(closeto open) : 1.12 inches
acceptableleakage(valveclosed): 871bm/hrat2000 psigand59 degreeF
seal design life : 150 cyclesbetween replacements

Materials
Valve Body : CRES17-4 PHCond H925
ValveSleeve : CRES17-4 PH Cond H1025 (OD chrome plated by Electrolizeprocess)
Seal :Teflon 15%graphite filled ( drawing not availableto EG&G)Seal configuration as
described above.

Valve Operation
All components at room temperature, valve closed, exteriorpressurizedto 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. Sleeveoscillatesat open position until damped out.

ValveConfiguration
Valve Body : Cylinder 5.197 dia. with 3 setsof 16slots (ports) equally spaced around the

circumferenceof the cylinder. Each port is 0.497wide by 0.750 long. Eachset of ports is
spaced 2.20 inchesapart.

Valve Sleeve : Cylinder 5.191 OD with 6 O-Ring glands and 3 set of slots (ports). Eachset
of portsconsistsof 8 slots0.449 in wideequallyspaced around the circumferenceof the
cylinderandseparatedby 0.100 inwidewebs.Eachsetof portsisspaced2.20 inches
apart.

ASSESSMENTOF PROBLEM
The O-Ring sealglandsare locatedon theOD of the Valvesleeve,hence,a continuous
ringsealmustbe stretchedoverthe OD of theSleeveforseal installation.Duringvalve
operation,the sealsaremovedat highspeedacrossthe cylinderports.The presentsealis
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a fairlyhard polymer(15%teflon graph=ret_llea)at room temperature,however, tetlonWill
cold flow and asthe sealpassesthe cylinder port. it is left unsupported.The seal is then
extruded into the port and pinched or stripped,

SURVEYOF MATERIALS
A literaturesearchwas conducted to identify candidate materialsfor thissealapplication. The
most commonly used seal materials for piston/cylinder applicationsare the elastomers.
However,silicon,which has the highest temperaturelimit for continued serviceis 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
EthylenePropylene EPM,EPDM 350
Flurosilicon FVMQ 400
Fiurocarbon, FPM >550
Silicon VMQ 600

Ref: MaterialsEngineering, Material
Selector- 1987.p177-179

Becauseof the lowtemperaturelimit,no manufacturersof elastomersealsotherthansilicons
and flurocarbonswerecontacted.

SupplierliteraturefromvariousSealManufactureswasalsoreviewedto selectcandidate
suppliers.These candidatesupplierswere thencontactedto determinetheirinterestand
capability.If they expressedinterest,an informationpackageconsistingof drawingsandfact
sheetdescribingmaterials,operation,andoperatingconditionswassentto themby FAX.
No manufacturersof siliconor flurocarbonsealshaveexpressedinterestinsubmittinga
proposalfor thisapplication.SeeAppendix(Memosof conversation).Theyhaveexpressed
the followingconcerns:

1 Temperature- Sealsmade ofTeflon,a flurocarbon,arefabricatedby the
sintering(powdermetallurgy)processat approximately700 degreeF.At
approximately720 degreeF, teflonhasthe consistencyof jelly.[Ref2 and3]

2 Ports- Teflonwillcold flowand withthe highdesignpressure,the sealscan
be expectedto expand intotheportsandbe pinchedas theypassoverthe
port.Teflonhas a hightemperaturecoefficientof expansion,hence, it canbe
expectecteclthat underhigh temperature,itwillexpandto fillthe glandspace
andwhenunsupportedat theouterdiameter,especiallywithhighload, wi!l
expandintotheport.

Informationprovidedby the FlurocarbonMechanicalSealDivisionindicatesthattemperature
- limits for theirsealnormally rated at 550 degree (F) isapproximately325 degree (F) at 2000

psi radial dynamic seal with reciprocating motion. See appendix (Data).

Manufacturerscontacted include:
BalSeal Engineering Co. Inc.
620 WestWarnerAve
SantaAna, Ca 92707-3396
Tel (714)-557-5192 Fax(714)-241-0185 Michael Binder



HydraPakSeal Div(ParkerHannafin)
SaltLakeCity,Ut
Tel (801)- 973- 7325 JeffWalker

FURONMechanicalSealDiv
(formerlyFLUROCARBON)
PObox520
4412 CorporateCenterDr
LosAlamitos,Ca 90720
Tel (714)-995-1818 Fax(714)-761-1270 MarkMaloney

IV

Row, Inc
703-T AnnorenoDr
Addison,ll.60101
Tel (708)-628-9221 Fax (708)-628-9229 OresKozinczuk

Du Pont,manufacturersof VESPEL,a polyimide,claimthatVESPELwillretainit'spropertiesat
temperaturesfrom cryogenicto 500 degreesF,withexcursionsto 900 degreesF.Therefore,
theywerecontactedto determineifVESPELcouldbe usedas a piston/cylir;._erseal inour
applicationandto determineif Du Pontwouldbe interestedinsubmittinga proposal.Mr.Ed
MillerreaffirmedDu Pont'sclaimand expressedinterestinsubmittinga proposal.An
informationpackage,includingdrawingsandfactsheetweresentby Fax to Mr.Miller.

Du PontCo.
Tel (302)-733-8120 Fax (302)-733-8362 Ed Miller

Temperaturelimitationsforvariousmetalsandcoatingsareprovidedintables2 and 3. Piston
ringsfabricatedfromcastiron,commonlyused inthe hydraulicand automotiveindustriesat
t_mperaturesof upto 850 degreesare notrecommendedfor high pressurenitrogenservice
above450 degreeF. Severeleakagewouldbe expecteduntilthe ringswear in.

Table 2 -Metal O-Ring Seals
matl max temp (C) max temp (F)

copper 400 752
mildsteel 550 1022
cupra- nickel 600 1112
monel 600 1112
nickel 700 1292
stainlesssteel 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 capabilitiesand
interest. Information packages were sent via Fax to those expressing interest.These include:

PrecisionRing Inc.
• 5611 ProgressRoad

PO box 418187
Indianapolis, In. 46241
Tel (317)-247-4786 Fax (317)-248-9781 Dave Dyer

C.Lee Cook/Dover Corp
PO box 1038
LouisvilleKY 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 Blvd
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 12-49 with delivery of 10+ weeks. Their
quotation did not include costs for any special quality controlspecifications.Any efforts
required to meet these would be billed at cost.

f

SEAL CONFIGURATIONS
Seal rings are provided in various configuration, however, piston ringseals where the seal
gland is machined on the piston require an expandable seal for installationover the piston
diameter. Elastomer seals,which are expandable, are provided in a continous ring

" confiurationwhile metal seals must have a split jointfor 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.Elastomericseal can be provided withvarious cross
sections including round, square, X, T, V, rectangular, and lip configurattons.They are also
sometimes used with back up face ringsto prevent extrusionor blow out and with spring
retainers or energizers. Flurocarbon sealscan also be provided with a teflon outer layer and a
silicon or viton core. Metal seals can al;o be provided with various cross sections including O,



X T, K,and C onfigurations,however,continuousmetalringsaregenerallyusedasface seals
or wheretheycan be installedwithoutexpansion.Theyare are alsosometimesusedwithback
up ringsandspringenergizersor pressurizedinsomecases.However,a metalsealfor this
applicationwouldhave to havea splitjoint.Jointconfigurationfor Piston/Sealringsinclude45
degreesplitjoint,stepped,straightcut, steppedtongue,angledtongue,andsteppedhook
joint.Theyarealsosometimesusedincombination.See Appendix(Data- DesignUpdate-
E;wer Corporation).

CONCLUSIONS
1 IfTestingwouldhavecontinued,thereisfair probabilitythatboth the teflonguideringand

the siliconsealenergizerringwouldhavefailedsincetheiroperatingtemperaturelimitis
600 degree F.

2 Seal failurecanbe attributedto pinchingof the sealwhilepassingoverthe ports
due to unsupportedsectionof a materialthat willcoldflowunderhighload
conditions.

RECOMMENDATIONS
1 Considerationshouldbe givento performanceof a temperaturetestto determinebehavior

of teflon(15%graphitefilled)at 700 degreeF.
2 ConductSealTestProgramto developsealscapableof meetingdesignconditions.

Programshouldincludetestingof splitmetalpistonringtypesealsandVESPELseals.
3 Continueeffortsto obtainproposalsfrom fabricatorsof splitmetalseals.
4 Continueto followup DuPonton proposalof VESPELseal.

REFERENCES
1 SealsthatSurviveHeat,G.J.Field,MachineDesignreprintDesigningwithSealsand

Gaskets
2 Memoof Conversation,Dec 12,1993,J.P.SekotwithO.Kozinczuk(Row,Inc.)
3 MachineDesign,Plastics/ElastomersReferemceIssue1973-1974, p 18
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