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Development of DC-ARM Reflexive Smart Valve 

1.0       Summary 

A DC-ARM reflexive smart valve is an assembly of valve and control components for shipboard fluid 
systems capable of automatically isolating piping damage. Reflexive smart valve technology is u^edo 

'ft^f^:^ a ,eak °r mPtUre ^ r6dUCe ^ bUrde" °n ShiP P—1- ^ valvfcoL^: 

• Commercial valve and actuator combination suitable for shipboard fluid systems 
• Microprocessor and communication transceiver embedded in the valve actuator ' 
• Pressure sensors embedded in the valve body inlet and outlet 

• Control logic embedded in the device microprocessor which'can operate the valve based on commands 
from a remote supervisory station, oommanos 

"    J^T, dTi0n and iSOlati0n l°giC Which ^ °perate ^ valve followinS a da™ge event based on local data when communication beyond the smart valve is severed and 
• Communication with a remote supervisory control station system and/or an optional system controller. 

The schematic configuration of a smart valve is shown in Figure 1. Multiple valve types eg (butterfly 
globe, gate and ball) may be used as long as a detectable pressure drop is available. The actSa or can be 
1° rm

Peen"^^°' -P-^ P-u-tic, or hydraulic depending on the application and c^ngTim 
requirements. The valve control circuit board and associated software are provided by the valve 
manufacturer. The applications circuit board hardware is provided by the valve manufacturer and he 
software is provided by the system designer. Layering of rupture logic software may be used to pro"* a 
defense-in-depth approach when multiple simultaneous failures are experienced. Elements of .cTdlcton 
logic may be included ,n the application circuit board depending on the application. 

n QnCKuna x,nCCPt Smart ValVC haS beC" Pcrfomed O" the ««* '™in aboard the ex-USS SHADWELL 
H V  o       Thc/'»art valves successfully isolated a rupture with isolation times ranging from 15 

seconds to 90 seconds.   In addition, the smart valves were able to distinguish between a rupture and other 
t ai.ients such as actuation of vita, loads and a pump trip. Following actuation of a vita, load and a pump 

1 ™ h H VCS °P,CratCd/S dCS'gnCd 3nd remaincd °PCn- Modifications to the pressure averaging 
algorithm and tune delay software can reduce the isolation times to less than 30 seconds with the cxS 
configurat.on on the SHADWELL fire main. existing 

d JnTini^fl^UrC rS "ldlCa!C tHatuthC PrCSSUrC mcasurc»lcnts prov.de a sensitive indication of 
ÄT^S TT  fT bl-V

1
Cna

i
b"nS thc P-formance of the smart valve capabilities to be 

smal"tak d tcct^n r       , ^^ '"^ C°"Cept ,CStS f°r ^«'"S ™P<«* Elation and 
Pt r  c osc^   Fo    7 nlT      i °r 3 ZCr° tiniC dday rUptUrC tCSt- °nl> t,1C S'"art -lvcs «rarest the 

Z elk lo^on   -T!a f      '   °W ratCS aS bXV aS I0 ßPm WCrC dctCCtcd b> thc s'»art vnlvc nearest he leak location^ These results arc prom.smg and indicate that thc capabilities of the existing smart valve 
hardware and software can be expanded substantially. 

Reduced ?W (DcTZT 1 thC Vari°US tCChn0,0g,CS f°r thC DamagC Contro.-Automat.on for Reduced Mann ng (DC-ARM) reflexive smart valve is shown in Figure 2. The technology for thc DC- 
ARM smart «Ivc 1S a trade-off between .eak size and time to detect and isolate damage  therefore  flow 

oÄÄ*T* t,mCn° dC,CCt and,,SOla,C a rUPU,rC F'°- dCtCCtCd 'S ^™- a «c of p.pc capac.t> (or maximum flow rate ,n the p,Pc). The time to detect and isolate a rupture is shown over 

Maiuisciipi .ippmvoil April 5. 2(H) I. 



ÄÄxttrjrrrir STATT ■• 
Shipboard experience Ss id ^™ H P e0 ?" ^ able ,0 ****<* **> «°™ct for leaks 

reliabh locate'a W m ta ZfÄS^ST"   ,f I" IT* "s*"™' *fe method <*«• 

:: b   Sman va,ve --w—ü» s^ÄsrÄst-ris 

' ÄStStSZ^'^Ä-1»^ *" ***"' *> -nd tsolation 
de.ee, and isolate a nrpLe Turrentlvdrtlt -T"f "* "* deViCe-'eVel rapturc "W* <° 
pressure decreases below ^0,7^»,^' 'T deteC° a raptllre whe" th= ^ 
detected, a valve closure s« s ,la^     hT**?    ^ ** Se"*"M   0ncc a "»*"* * 
(and nearest the mptnre) ctose fi^,   H H   ^ "' ValVeS *"""*' from <he operating p„mps 

steady pressure dT^ito a,t tim™ TT '08iC " 'imi,ed '°,he «** °" ™st 

Piping systems typicll r^d S'^nts    "SS l" ""^^ ** """'-^ 

Ä2JtoÄ nXd"% T *"*> * fl°" da~- S '°% P^e capacity > 
system leve, ^^üo^Z^ZtZ'^ " iTTT m~~ 
uses accurate now measurements Id XIL    7 g      E"ha"Ced h5,drau,,c resistance logic 
ruptures and leaks. SZS "pab°„ J^    ?    S'n f5!'0"','^ '°SiC) ,0 *'« *"d «^«= 

=c-s:^ 

Performance caS^^S'TTT^ " "^ Signa' Pr°CeSsin8 
testing are nccdi^ t0 ÄX^ " " ^ ^'^ ^ 

^-;ä^ tir r "°-,20°sccond isoiat,°" *»>■ 
immediate vicinity of smart va^ve ^,1 ^i u T^ sensors/mcth°ds on or in the 
Hanged J01nts or^st^ cn^ «o^^^^^^ £7°" * *** ^ at 
approximated based on a review of commercial I,   rau c    The U     ^ "^ <f"abllit>' is 

Agency requirement for gross leak detection is 3 g b lcr hi HI A
E,,V;r0nmCntal Protcct'°" 

detection methods with smart valves has not been tes ed '  '      PP ^ CommcraaI •«* 



Based on the overall functional requirements for a particular system, smart valve technology can influence 
overall architecture (zonal, offset loop, single main, dual main), the number and location of pumps the size 
of tanks, and control methods. v    F ' 

Fireman Svstem 

u-      J? I  ^ Smait Valve [4)5] is ready for Prototype Are main installation on an active duty Navy 
ship.   The hardware and software architecture used on the SHADWELL is appropriate for a prototype 
V ,, u

Com,pare? t0 the existÜlg Smart valves instal,ed on the SHADWELL, a different actuator model 
would be selected, the circuit boards would need to be qualified for shipboard environment and software 
improvements would be added to reduce the rupture isolation time and improve thQ reliability 

Chilled Water System 

A smart valve could be developed for a chilled water system using hydraulic circuit-breaker logic for 
rupture detection and enhanced hydraulic resistance logic for leak detection (using flow inventory system 
logic)[6,7,8]. The reliability and survivability may be improved by implementing hydraulic resistance logic 
in addition to hydraulic circuit breaker logic for rupture isolation. This software could be integrated with 
system level logic to detect small leaks in time to prevent the system from failing due to loss of fluid 



Fuel System 

^^*^*£1Z£««syste™using hydrauIic circuit-b^r 
detection. L reliabilhv and IrvÄ " T™ ^ ^ method) for sma" '«k 
-.stance logic in add,nonl ^^ c 2 Ä 1 ^^ "^ 
enhanced hydraulic resistance logic in addk on 1 T, T™ deteCti°n ** 
detection. g addltl0n t0 the hydrocarbon sensor for leak 
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Figure 1.  Schemati 
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2.0        Introduction 

gies 

2.1 Background 

The overall objective of the Damage Control Automation for Reduced Manning (DC-ARM) reflexive 
fluid systems development is to demonstrate unmanned isolation of fluid svstcm damage while restorinc 
service to intact sections and vital loads. 

To meet this overall objective, the general approach has been to survev commercial technology which 
can be applied to automated damage recovery of shipboard fluid systems. Where possible applicable 
commercial technology has been used or adapted to meet the Navy requirements. Development of new 
techno ogy has been started m a cooperative arrangement with commercial suppliers where commercial 
technology is not available. The objective of the working relationship between the Navy and commercial 
suppliers is to use existing commercial research and development programs to develop products suitable for 
both Navy ships and commercial industrial facilities. 

The fire main system has been selected as the first prototype for DC-ARM reflexive svstcm 
development 1 wo interim reports of the reflexive system development have been published |4] evaluates 
fire mam architectures including offset loop, dual main, and zonal configurations     The results of the 



subject of the ship design.   Cons^uent^Te DC ARM ^     °" °f architecture ^ould be the 
valve technology that ^ be us^ in ^fl^/^™^ ffused « the development of smart 

development of a smart valve which can detect and'b^J^^*' ?***"** 4 «"*"« *ai 
Th.s development has been divided into two parts ^^TmT" ^ *** inf0imation is n^. 
actuator package with embedded sensors and mZZ^Zt^T^ * * ^ Va,Ve ^ 
apphed at a device microprocessor using data ^^Z^™*^^ ^ « b* 

™ ^e^ * * -cussed m the second mtenm 
on a commercial survey and benchtop mS te£ The^ ^T""!- ^ "^ Were invest^ed base^ 

™Stance ls;he most sui^le methods ^ZJ^^^T" ^ ,08,C baSed « h« 
lf PreSSUre deCrefes below a setpomt and differ^ pre«^e net T™* * ^ is detected 

preset time delay3, the vaIve doses { ™ pressure <™**s above a setpoint.   Based on a 

rupture can be isolated without so IZZT^ T^ ^tWs ,0gic and <**u« sequencing a 
logic .that communication to r^^ZlZ^ ^ ^ ^ ^'^^^ 
occurred- P °r °ther ""Poocnts is not required after damage has 

cÄSüt Xr™^ and isoiation ** *»• HOW 
development program at Tyco® to use network™ ^ WOuld be based on the existing 
ex,sting product line of valves.  ToZ^lt^ZZ^ "" f**"««* -ntro. witT 2 
new network interface card was modified to accenf I ^ Valve reG*ui™ts, the design for a 
was selected for embedding pressure sensors s^Te i aireadt"" ^"T '^T  ^ Vm~» m^' ^ 
applications. Jt a,ready was under evaluation for shipboard fire main 

^t^^^£ raftS? "fr!135 ^ ^^ ™ " 
Reconfiguration Management System), flow batneeZ ?™1 F°! *C FRMS ^m (F.rcman 
«re mam ,6,7,8|. A rupture between valves ÄTl^T °" the eX"USS SHADWELL 
.ncreasedabovcathresho.d. Once a rupture^^Tfj^ "7™ 'mbala"CC '" a P'P° segment 
has been tested for a fire main installed at AberdeeTpmCi,r„APP,icat™ of this approach 
Reconfiguration (ASR) program [9J. The rc^Z^l/T w- ^ °f ^ Aut°matcd S>*ems 
can identify rupture or large leak paths  but rel.able anH u!"8 mdlCate that thc flcw baW logic 
needed to ensure the rupture can be isolated SUn"VablC «"""«"ication between the valves Is 

2-2 Purpose and Scope 

This report describes thc initial results of »I,. A     . 
architects of the software and hardua e l^loT   TT °f thC DC"ARM S'"art valve.  Tllc 

the cx-SHADWELL ,s »w^ZteS^^f^ ^ «*"- «* mam design on 

^^ 

^^^ ^ » - — P-"*.   Va,,s nmhest ,0, 
"cares, the rupture close firs,. ",C ^""'"S P1"»»* c.osc las,.   With ,hisvalW seq^endnfr vaK« 



can be used as a basis for the design of damage tolerant, automated shipboard fluid systems and for 
continuing work to further develop the smart valve technology. 

3.0 Approach 

This section discusses the functional requirements of a reflexive fluid system, software architecture for 
a reflexive fluid system, hardware and configuration for a smart valve. 

3.1 Functional Requirements 

The overall goal of developing a reflexive fluid system is to demonstrate the operation of the 
components and logic sequences which respond automatically to fluid system damage with multiple failures 
among components (including loss of communication between components after damage) The following 
functional objectives are based on prev.ous reports [4,5] and form the basis of the DC-ARM reflexive fluid 
system research: 

1. Rupture Isolation. The reflexive system should be able to isolate a rupture and restore system 
services to intact portions of the fluid system. The rupture isolation should be accomplished without 
increasing the safety hazard to ship personnel. For example, trial and error cvcling of fire main valves 
to locate a rupture is not acceptable since fire main pressure may be temporarily lost to fire party 
personnel manning a hose. Fireman ruptures should be isolated and service restored in less than 9 
minutes to ensure that fire main is available before fire spreads to adjacent compartments [2] 

2. No Manned Intervention. The system should perform damage isolation and service restoration 
actions without manned intervention. 

3. Tolerant of Multiple Failures and Degradation. The system should be able to operate successfully 
with failures of more than one valve or pump in addition to other degradation expected in shipboard 
rluid s> stems.   Loss of communication among components following damage should be considered in 

addit'on t0 0tlCr,     ,",?' 0thcrdcSradation mechanisms such as buildup of fouling product (corrosion 
and biological) should be considered along with equipment malfunctions 

4. Leak Detection Leak detection should be implemented to alert ship personnel to potentially 
deteriorating or hazardous conditions. The consequences of leaks are different for different shipboard 
fluid systems. For fuel service, a small leak (less than 1 gpm) is a substantial fire hazard within a few 
minutes. For fire mam operation, detecting smaller leaks is not considered critical to reflexive system 
operation because the flow rates to fire main services remain adequate and fire main pressures arc not 
reduced for small leaks which are not caused by the rupture of piping. For chilled. The system should 
water s> stems, small leaks can disable the system if the tanks arc emptied; however, more time for 
detection is available for smaller leaks than larger leaks. (Previous discussions of reflexive fluid svstcm 
requirements did not include leak detection because the initial work was focused on the firc'main 
system where a small leak docs not have critical consequences ) 

». Simple and Reliable Design. The system should isolate damage and restore services with a minimum 
number of components and with a design based on proven technology that is straightforward to 
implement. In general, simple designs contain fewer components and minimal processing requirements 
for the component level controller. Simple designs generally are less expensive to implement and 
maintain and more reliable 

.. Low Cost. The system must have a low life cycle cost. The maintenance effort must be kept to a 
minimum to meet manning objectives for future ships. Reducing the number of active components in 
the system will help minimize life cycle cost 



3.2 
Reflexive Fluid System Software Architecture 

wh,ch affect the trade-off analysis are staT of Zf        ?     [ ^P01*1*5 «** subsystems.    Factors 
(mcludmg reliability and ™^^£^J^- ^ Perf«e re^remenL 

designs, lt is impractical for DC-ARM to p^de a silt If>       T* ™" ^ for differe* srup 
Instead, an overall goal of the DC-ARM P^L XToZeT ,    f ^ ^^ fluid S>'ste™ 
develop a design using smart technology. P ** ^ deSIgner ^ ne^saiy tools to 

^Ä^ 1S to demonstrate smart technology 
destgn.    This does not mean that cotnpon nts 7^lT   ^ u "^ Iow °°St ** s™bTe 
component level.   Instead, decisions ba^^^^™* ^ "" deC1S10ns « «ade at the 
dec,s,ons based on system wide data are made aTtt     T T ^    ** made St ^ ^P01^ level 
conditions and mission are made J^^^T^J? ^T^ ** °" °^ shiP 
decisions ,s shown in Figure 3. ^     eL   The archltecture based on this breakdown of 

opea/close travel stops (e.g i;mi,switcheT,^? 8 * ValVCS' COntrol loSic associated with 
protection for motor wJ^^Jlt "T^ (<W *™ 
typically prov.ded for commercial valve and actuSö met M ^ ( . ^ ümd temPera™re control) are 
addition to typical commercial so^^^^^ ,For-flexive fluid systems, software in 

(filtenng, A/D conversion and conversion to'ngtnj ^^T *?""" ^ conditioning 
diagnostic checks (includmg prognostic diagnoslcslo Lnd on h? T ^ ** iS°'ation ^ seif" 
Program, each of these log.c methods wi„ J^^^^ ™~c ££ ^ 

J^jfiiyiz Ä2£^^sr (rc,atedw,th pump—-d p— 
commercial pump control.ers.  Vor rS^Z^^rc|,,^on) «« ^««y provided with 
automatic starts and stops, signal conditioningd   enä," c^'^ 'S  nCCdcd t0 P™* for 
these logic methods w„l be demonstrated e^t ^ÄTiS       ^^ Pr°8rani- «** °f 

cond"S^d^- ^ZZ^Jti:Z™C COmr01 ,OSiC 1S - "^ **"» 
units. For reflexive systems, additional softwaTshould bö TlT* * Pr°V,dC °UtpUt in «^nocri^g 
(c* alarm and alert setpomts) and ^f JS^F" ^S^R2 ^ ** trendh* *"d ^Ivsis 
conditioning will be demonstrated. DC-ARM program, only commercial signal 

r ^lc;r s S;sr e^r^ portTof thc—— ^ -^ 
for successful operation.   For shipboard fl id   v^e",     "'77, Up0n uninte™P'«l communication 
system alignment including valve ,L,t,ons   o   Seg^ L " d'^ 'T * ^ l° ^ thc —« 
status, pump status and flow distribution     In add ^,^ °J   " ^^at.ons. «*. .oad demand and 



Supervisory logic provides the primary man-machine interface for the fluid system. To support this 
interlace function, decision aids may be included to provide recommendations for system realiglent to 
support mISSIon requirements and anticipated damage threat. In addition, analysis of system-^vlm 
interactions may be provided. ^icm 10 sjstem 

The hardware configuration need not match with the logical hierarchy shown in Figure 3. For instance 

SSL      h
glC embCdded " ^ COmP°nent microPr°—or, indued in a delated contro 1^ ^ 

Z ™uZ T- 'r^017 StaÜOn- F°r thC SHADWELL ^ »»in system, only component level log c wü 
be embedded ,n the smart components. System level and supervisory logic is installed in the suoervi^ 
control stat.on in the SHADWELL Control Room and/or Damage ControlCentral (DCC) 
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3.3        Smart Valve Hardware Architecture 

The most survivable approach to implement valve logic is with a smart valve architecture consisting of 
pressure sensors embedded in the inlet and outlet of the valve body and an embedded circuit board in the 
valve actuator which contains a microprocessor and communication transceiver.   When the DC-ARM 
program started, several commercial valve suppliers were able to provide valve and actuator packages with 
an embedded circuit board containing a microprocessor and network transceiver ready for a field bus 
connection.   Developing improved capability using the embedded circuit card is an ongoing commercial 
initiative of several valve manufacturers.    Installing embedded pressure sensors suitable for accurate 
differential pressure measurement to meet Navy requirements was considered to be an extension of this 
existing commercial initiative. The DC-ARM program has been working with several valve companies in a 
cooperative arrangement to develop a hardware configuration suitable for Navy shipboard installation 
General functional and performance requirements are developed to ensure that the smart valve can 
adequately perform component level logic (such as rupture logic) and can interface with the system and 
supervisory level software. 

Differential Pressure Measurement 

The most important hardware feature which distinguishes the DC-ARM reflexive smart valve from 
existing commercial smart valves is the use of embedded pressure sensors to measure flow rate. The key 
design constraint is to provide independent measurement of upstream and downstream pressures (for open 
and closed valve positions) along with accurate measurement of small differences between upstream and 
downstream pressure when the valve is in the open position. A review of the sources of flow measurement 
error for the DC-ARM smart valve provides a basis for establishing a design for the pressure sensor 
configuration: 

• Factory Calibration. The factory calibration of the pressure sensors consists of comparing the 
output of the sensors with calibrated pressure instruments. Based on this calibration data, limits of 
repeatability, non-linearity and hysteresis can be established. Alternative!)', methods to correct for 
non-ideal calibration data can be developed to reduce the limits of error. 

• Flow Disturbances. Disturbances such as tees and elbows within a few pipe diameters of the smart 
valve can introduce an error in the flow measurement. This error may be affected by the orientation of 
the valve and pressure sensors (such as in-plane or out-of-planc pressure sensor orientations) As 
discussed in Reference 4, this error is attributed to pipe tap effects and possible swirl effects which 
change the detected pressure at the sensor. 

• Sensor Drift.  Day-to-day temperature variations of the sensor circuits can result in drift in the sensor 
output    In add.tion, pressure cycling of the sensors (by opening and closing of the valve) can result in 
a drift in sensor output. While compensation for these effects is typically included in commercial 
sensors, small changes may be observed in the differential pressure measurements. 

• Variable Flow Coefficient. The Naive flow coefficient may vary with flow rate, fluid properties (such 
as density) and surface roughness of the upstream pipe and valve surface. Variations in the valve 
flow coefficient may introduce errors in the flow calculation performed by the smart valve. 

• Random Fluctuations. AM measurements arc subject to variations that arc not compensated and arc 
random These variations arc attr.butcd to unsteady process conditions and instrument effects. For 
smart valve pressure measurements, the random fluctuations arc dominated bv fluid turbulence. 
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factors are used to determine a suitable designT „ÜLfi™ ^ .a™/ "^ ^ Ktimates of *«= 
used on the SHADWELL fire main it waf ZZ t 7 ^ *"" DC"ARM smm ™^ <° be 
eommercial pressure sensors wi^a 00^^ ,oT ,T ' «""«tafon«* approaeh with two 
data would be measured to identify dST^Z !' ?'*' COnven<ir chi>> U™8 these first yalyes 
factory tests and hydraulic SÄ I™ »EILT* " ^ **« ""»** **> 
determtning design improvements [6-8]. iHADWELL Are ma,n provide the foundation for 

SHADWELL Fireman Smart Valve Wa/tfivare 

For testing and demonstration on the SHADWELL, the objectives for the sntar, va,ve are as foUows: 

which ensures the fire main is ^"Ts^oH^rT* "*" * "mC ■»" 

- %S2rÄ^ ft T vrttsn-s"d - «««« 
smart valve capability should be identified Va'V°    P°,en"al ""Patents in the 
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Based on these general objectives for the initial smart valve on SHADWELL, the following 
specifications were developed: 

Table 1 
SHADWELL Fireman Smart Valve Specifications 

Size and Rating 
4-inch flanged, ANSI 150 lb. Class 
Pressure Sensor 
Location: inlet and outlet 
Low Setpoint: 50 psig 
Range and Accuracy: 0 to 200 psig, ±1 psig 
Flow Sensor 
Location: flow through valve 
High Setpoint: 100 gpm relative4 

Range and Accuracy: 0 to 30 ft/s, ± 50 gpm, 

Implementation of shipboard shock and vibration requirements is not considered for the initial testing 
Due to the environment on the SHADWELL during fire testing, it is desired (although not required for the 
initial tests) that the smart valve operate at temperatures up to approximately 200°F. 

Discussions with Tyco® Flow Control Research and Development identified an approach to develop the 
DC-ARM smart valve concept for the SHADWELL fire main using an existing commercial valve and 
actuator product line. A model of the DC-ARM fire main valve is shown in Figure 4 

'The setpoint is based on relative hydraulic resistance logic |5|. The objective of relative hydraulic resistance is to 
detect an increase in flow rate greater than that of a fire hose which is about 90-100 gpm. 
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Actuator 
ftüitÖ Microprocessor 
äOÖ Network 
Transceiver) 

Sensor 
Wires 

Fire Main 
Valve 

Pressure 
Sensors 

Figure 4. Model of Fire Main Smart Valve on SHADWELL 

™E.^^^^ *• SHADWELL Hre „lain are listed in 
model has been under test anöl^o^S^^ß '"'^'l ^ fire "lai" —   This val 
EPI actuator was selected for SHADWELL in^ai a io        T T^ ^ '^ Works' The Ke>'sto- 
boards for valve control.  Two circuit boards a^ sed f„    , "T* ^^ l° teSt *lew c'™''< 
applications board. The valve control boarIZZan^^C DC no * " ? ^ C°mr01 b°3rd and a" 
and  hardware  associated  with  open/stop/Ze  "^ 
emergency shutdown.    The applications boa d co,T '  ?

a ^^  and   Sta,US   feedb-k  and 
embedded software for valve control and use a IT ^"P"*««* network transceiver and 
software consists of rupture detection d LZ W? T e" SHA°WELL< »** application 
™m™«'«".^pi^^ used are typical of 
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Table 2 
Components of DC-ARM Fireman Smart Valve on SHADWELL 

Valve 
Component 

Actuator 
Circuit Board Control Card 

Description 
4-inch Tyco® Vanessa® Series 30,000 QTG Double 
Flange ANSI 150 
Keystone EPI13 Motor Operated5, 120 VAC 

Pressure Sensors 

Power board containing power supply, A/D, 
switches, etc. 
Network board containing Echelon® FTT-10A 
LonWorks® network transceiver, 
SensSym series 19C sensors, stainless steel isolated, 
temperature compensated, 0-200 psig, 50 uV/V/psi 
output  

Flow testing of the fire main smart valve was first performed at the Tyco® Flow Laboratory in 
Providence, Rhode Island. This testing indicated that the apparent valve flow coefficient was 

approximately 160-gpnWpsi based on the embedded pressure measurements* which corresponds to a 
pressure drop of 0.4 psi at 100 gpm. In addition, these tests indicated that the random fluctuations of the 
pressure measurements are substantial. The standard deviation of the differential pressure measurements 
varied from 0.28 to 0.63 psi. Based on this data, rupture sctpoints were developed for the SHADWELL 
hre main using hydraulic resistance logic consistent with the valve specifications. The condit.ons necessary 
to detect a fire main rupture at an open smart valve arc: 

Pressure < 50 psig 
AND 

Differential Pressure > 0.40 psi + Baseline Differential Pressure 

vAim pressure is die pressure at the upstream or downstream sensor, differential pressure is the absolute 
value of the upstream minus downstream pressure and the baseline differential pressure is die most recent 
smoothed differential pressure when the fire main pressure is greater than 50 psig.  In other words a fire 
main rupture is detected if pressure decreases below the low pressure setpoint and flow increases bv at least 
lUUgpm. 

v7n^a\ hct1rCCOmmCnd, «'» KCVS,0,,C EP1 ilc,l,;',or be used with a Vanessa* QTG valve because .he 
Vanessa uhc s a torque seated valve and (he Keystone actuator does no. stop based on torque The Keystone 
actuator was selected for ,he SHADWELL installation to facilitate eos, effect.ve testing of new circuit control blard 

UlTZTlHZ CTTCiC"' f°r T VaKC ,S 21° 8P,H/Vpsi- ThC app:,rCn* n°W COcmcic»' 1S lcss «'»" "<c 
Srence '° " ^^ '" *"C *"* °f ,1,C 0U,1C* n°W which increa** <hc ««alfccd P^ure 
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rate of approximately 8 Hz   Based on a ZI ,   ^ C°ntro1 Clrcuit board acquired data a the 
valve stroke time Jf ^eco^T™ 
uncertainty associated w,th the r* dorn flucTaln BaTedT^ T * aVen*pd t0 ™^ the 
standard practice, the uncertainty attribu^^JfS"^^"^ f*8**1 methods and mdustry 
deviation of the mean [II], For 95% <^cel^1?S?0,? <*" b,e esti^ted using the standard 
than 2(0.63 psi)/V80 = 0.14 psi.  This un^vt^T ^ * rmdom Kations is less 

100 gPm and is considered t0
P

be s^^^:^^^^^^^ ^ *« « 

3.4        SHADWELL Fireman Configuration 

The original fire main in the ex-USS SHADWFr i  n er» ,« 
hydraulic characteristics of an offset loop fire mam i, L if   ,   ? ^ ^^ in 1998 to sim^c the 
third deck, second deck, and main deck   A sch^^ ""* (   ^ frameS 9 ^ 29) ™ the 
The principal loop of piping for £main ^Zl^TTT °' ** ^ mam ls sho™ » Fgure 5 
deck a 3-1/2 mch main on L port slma^Zk 1thi "^ ^ ^ ^ **»* side - Jd 
«nch forward cross-connect at frames 12 to 17^0^ ^«T* at f™ 23 to 26 and a 4 
capacity of about 600 gpm at discharge pressure of 100 psig ^ * ^ ^ PUmpS «"* with a 

Upon removal of the orifice plate, this discharge fT^ «^ ~£2* *» P-n. 

^ t^^ — ~ valve installation ,n the mam 
capability of a smart valve svstcm iTo^l^T™ "cc^ to demonstrate the functional 
installed, one valve is lost to the damage o."c va vel.f P, T8 * ^^ evcnt with four valves 

two valves remain to isolate the rupture Lso 7 * ^ "^ (S"lg,C fai'Ure> «* 
the main loop ,s planned to imp^thc■ isÄ^ "^"^ °f a" add'<-< smart valve .n 

more than (wo pump supply pallis ■^ 0ln<-r P'PC connections in the test How area 
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Installation of redundant flow paths to a simulated electronics cooling load is planned. Each flow path 
will be provided with a smart valve which provides a reduced flow coefficient to limit flow rate backflow 
protection to eliminate the possibility of the loss of two sections of fire main and rupture isolation logic if 
the branch line is severed. The smart valves are being manufactured by the Curtiss Wright Flow Control 
Corporation and are scheduled for installation in 2001. 

A fire main supervisory control station is provided in the SHADWELL Control Room The 
supervisory control station monitors and displays fire main data, provides control of fire main valves and 
pumps, contains system-level logic which evaluates for large fire main leaks and provides decision aids to 
ship personnel 8. 

x The fire main supervisory control station is an IBM compatible PC miming Windows 2000    The fire 
control station is integrated with an overall supervisory damage control system for DC-ARM testing. 
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4.0 Results and Discussion 

4.1 SHADWELL Fireman Test Results 

The SHADWELL fire main tests consisted of hydraulic characteristics tests, rupture tests using 
hydraulic resistance logic, a vital load test, a small leak detection test, and a rupture test without a time 
delay. The test matrix is provided in Table 3 

Table 3 
Test Matrix for Fireman Reflexive Smart Valves 

Test Date 
11/30/99 

11/30/99 

12/1/99 

12/1/99 

12/2/99 

3/1/00 

3/2/00 

3/2/00 

3/3/00 

3/3/00 

Description 
Zero Flow Test 1 and 
Clockwise Flow Test, 
No Rupture 

Zero Flow Test 2 and 
Counterclockwise Flow 
Test, No Rupture 

Summary 
Flow was routed from fire pump 1 to the peak tank via a 
clockwise path in the test area. Pressure sensor data was 
measured at flow rates ranging from 0 to 540 gpm. Flow 
was measured using a Controlotron strap-on ultrasonic 
flowmeter. 

Operations Office 
Rupture, Fire Pump 2 

Operations Office 
Rupture, Fire Pump 1 
Pump Trip 

Flow was routed from fire pump 2 to overboard via a 
counterclockwise flow path in the test area and four 1-1/2 
inch fire hoses at FP 2-19-1 and FP 1-17-1. Flow rates 
ranged from 0 to 290 gpm. 
Rupture was isolated in approximately 90 seconds. A 15 
second time period is unaccounted for in the design and is 
attributed to a software error. 
Rupture was isolated in 60 seconds. Isolation sequence was 
completed as designed. 

Zero Flow Test 3, No 
Fireman Pressure 
Vital Load Test 

Small Leak Test 

Fire pump was stopped, pressure reduced to zero and the 
valves remained open (as designed). 
Confirms factory determined sensor offset data. 

Fire pump 2 was operating and forward magazine 
sprinkling flow path was activated with a flow rate of about 
245 gpm. Valves did not close (as designed). 

Zero Flow Test 4, No 
Fireman Pressure 
Operations Office 
Rupture, No Time 
Delay 

Fire pump 2 was operating and 2-12-4 was closed. Flow 
rate was adjusted from 0 to 85 gpm using 1-1/2 inch fire 
hose at FP 2-19-1.   Valves monitored flow changes but did 
not close (as designed). 
Provides a check against 3/1/00 data. 

Time delays were removed from smart valves. Fire pump 2 
was operating and a rupture in the Operations Office was 
initiated. Rupture was isolated in about 15 seconds. The 
smart valves nearest the rupture 1-26-2 and 2-23-1 closed. 
Smart valve 2-17-1 started to close and reopened as 
pressure was restored. 

For the tests performed on 11/30, 12/1 and 12/2/99, only smart valves 1-26-2 and 2-23-1 were installed 
For tests performed on 3/1, 3/2, and 3/3/00. all four smart valves were installed For each of the tests 
pressure sensor data was acquired using a laptop PC with a LonWorks* interface card and protocol 
analyzer software supplied by Echelon* 
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Hydraulic Characteristic Tests 

errors attnbuted to upstream disturbances (iusta aL l^i„ , ^l"" 0f Kcond"y imP«a»ce are 
flow rate. For initial testing 0„ SHADTCU^ tsts weff^"'^ *"**""* fl°» «*«*« with 
random flurd fluctuations for a typical shipboarfie ™m LS.    J?™'6 *e ma8ntode °f «" 

KSÄof raria,iM °f - -- - «Ä^a^csr SKA 

Second, flow tests were performed l0^rrj^^rf~^*,,i^^'~X 

a P^:rr„^r u^r ^rr:^: ?ou,p? ^—«*- *—<-. 

c Table 4 

-^^^^ 
Pressure (psk* 

Zero Flow- 
Test 
Number 

From the data ,„ Table 4, the foIlowing 1S ohscn,c& 

•     Magnitude of Random Fluctuations at Zero Flow     Tho 
under cond.Uons of minima! turbulence is 0 47 p , Usm t ""TT T^ dCV'ation nicasurcd 

(two standard deviations bound approximately 9 % oHI ' H 7 ■ ^ dCViat'°nS as a bcnch™rk 
colons with minimal turbulence (no tt^^t^t1^ °f fluctuation u»d- steady 
-tu the allowable error in evaluation oZloZ^Zfl, ^ u"* flUCtUat'°n 'S S"la11 ™W* 
tl-n the changes in differential pressure v | ic ulu hZ ^7 * H°Wvcr' thlS ««««ation is greater 
condmomng of the pressure signals is reoü  ^    i H , ■ A' * KSUK S°mC ^raging or s.gnal 
algonthm ,s used ,n the f,re ntun sma^s ££%£l SCCt'°n 3 3 ^ a ^ -cfagc 

based on 80 measurements.   Tins averaging method 
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results in an uncertainty which is 1/4 to 1/5 the value of the standard deviation.   This reduction is 
considered acceptable for rupture detection. 

• Non-Zero Differential Pressure. At zero flow conditions, the difference between the upstream and 
downstream pressure sensor measurements is non-zero for all of the smart valves. For smart valve 1- 
26-2 (which is installed vertically), a portion of the zero flow difference can be attributed to fluid 
elevation (about 0.2 psi for '/, foot of elevation difference). The remaining pressure difference for 1- 
26-2 and the entire pressure difference for the other smart valves can be attributed to sensor drift 
calibration bias and random fluctuations. The range of non-zero differential pressures is from -1 26 
psi to 0.68 psi. Random fluctuations alone, cannot account for all of these variations 

• Dav-to-Day Sensor Drift. The drift in the pressure sensor output is evaluated by comparing the 
change in the zero flow differential pressure when the fire main is at operating pressure The zero flow 
differential pressure varies from -0.94 psi to -1.26 for smart valve 1-26-2 and from -0.42 to 0 68 for 
smart valve 2-23-1. Additional data is not available to determine the factors which contribute to the 
drift; however, changes in temperature along with other factors contribute to these variations The use 
of relative setpoints is unaffected by day-to-day sensor drift.   Since the day-to-day drift in sensor 

To1?,™^ than the differential Pressure setPoint of 0.40 psi, relative setpoints are required for 
the SHADWELL fire main application. 

• Calibration Bias. The calibration bias is evaluated by comparing the zero flow differential pressure at 
zero pressure with the zero flow differential pressure at operating pressure (zero flow tests 3 and 4) 
Differences can be attributed to methods of implementing the calibration constants and non-linearity in 
the sensor output. The change in differential pressure between zero flow tests 3 and 4 is 0 70 psi for 1- 
16-2, 0.32 psi for 2-23-1, and 0.66 psi for 2-17-1. Some of this change can be attributed to day-to-day 
yanat.ons but some can also be attributed to calibration bias. The observed change in zero flow 
differential pressure impacts the sensitivity of the trigger for the relative differential pressure setpo.nt 
because the differential pressure can change when the system pressure changes even if the flow rate 
does not change. However, this factor did not adversely affect the response of the smart valve for all of 
the rupture, vital load and pump trip tests performed to date. Therefore, this bias is probably limited to 
0.40 psig. Additional investigation of this non-linear calibration bias is ongoing to determine if 
corrective action is needed for the SHADWELL fire main valves. 

For evaluation of data for these initial tests, a simple correction is applied to account for the zero flow offset in 
the evaluation of differential pressure measurements. The correction consists of subtracting the zero flow 
differential pressure from a smoothed average differential pressure. 

The flow test data was measured for smart valves 1-26-2 and 2-23-1 for both clockwise and 
counterclockw.se flow directions in the fire main piping in the test area. For the clockwise flow test the 
forward cross-connect (near Repair 2) was isolated and flow was routed from fire pump 1 to the peak tank 
For the counterclockwise flow test, the forward cross-connect was isolated and flow was routed from fire 
pump 2 to four 1-1/2 mch fire hose stations at fire plugs 2-19-1 and 1-17-1. The average differential 
pressure data is shown in Table 5 
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Clockwise Flow Test 
11/30/99 

0 _ Table 5 

Differential Pressure fpci^ Flow Rate 

(gpm) 

^^^^^^^thC — * valve flow coeffic.en, ^ flow cocfficicnt , 

Cv = Q 

APIJ
P
^ (i) 

where Cv is the valve flow coefficient, gpnWpsi 
Q is the flow rate, gpm 

AP,oss is the pressure loss across the valve psi 
P is the density of fluid 
Prer is the density of water at 60°F 

(Cv) Q 
apparent 

where AP is the differential pressure .cross the valve psi 

*" 'S the d,,TerentiaI Pressure ^oss the valve at zero flow psi 

(2) 
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Table 6 contains the results of the calculations. 

Smart Va 
Table 6 

Test Flow Rate 
(gpm) 

Apparent Flow Coefficient (gpm/Vpsi) 
1-26-2 2-23-1 

Clockwise Flow Test, 
11/30/99 

160 166 142 
280 177 148 
464 192 160 
536 194 162 

Counterclockwise Flow 
Test, 11/30/99 

80 169 163 
144 149 146 
240 160 158 
288 164 157 

The variation in the calculated flow coefficients in Table 6 is attributed to a several factors. The two 
primary sources of variation are considered to be the error of the ultrasonic flowmeter and the calibration 
bias of the pressure sensors (when the fire main pressure changes). Without these two sources of error, the 
true variation in flow coefficient is probably less than ±10%. This true variation includes non-ideal effects 
due to upstream disturbances, flow rate, and valve geometry variations. This testing indicates that the 
variation in flow coefficient for the Vanessa valve is small, and can be incorporated into the margin for the 
differential pressure setpoint. As a result, restrictions which may limit installation locations and 
correction factors for flow rate and fluid property variations do not appear to be required. 

Based on the results of the hydraulic characteristics tests, the uncertainty limits for the sources of error arc 
estimated as follows: 

Random fluctuations: 

Calibration Bias: 

Day-to-Day Drift 

Flow Coefficient 

±0.10 psi or cquivalently ±13 gpm at 100 gpm or ±39 gpm at 500 
gpm 

±0.40 psi or cquivalently ±50 gpm at 100 gpm or ±10 gpm at 500 
gpm 

±0.50 psi or cquivalently ±64 gpm at 100 gpm or ±13 gpm at 500 
gpm 

±10% or cquivalently ±10 gpm at 100 gpm or ±50 gpm at 500 
gpm 

The day-to-day drift docs not affect the operation of relative hydraulic resistance logic. Therefore the 
uncertainty of the flow measurement for the fire main smart valves is approximately ±53 gpm at 100 gpm 
and ±5 1 gpm at 500 gpm. These results are consistent witli the specifications. The setpoint for the relative 
differential pressure may need to be increased to reduce the sensitivity that could cause inadvertent valve 
closure (false alarm). 

9 The uncertainly attributed to each of these factors could be reduced by using different signal conditioning 
methods, improving calibration practices, and implementing self compensation algorithms.  However this is not 
needed for rupture detection on the SHADWELL fire main. 
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Rupture Tests 

was restored to the system.   Hydraulic rLlZelj ^ Staited t0 close "* when pressure 
rupture is detected and the smart valve TT^^™^ t0 **** ^ iS0,ate a ™P^- * a 
schedule programmed in the valve miedst Ä ?™7 ," ^** by ^ time *% 
flow directl0n ^ valye c]os     stroke    P  J«£  The^pture   me delay schedule is a function of the 

For the nutral SHADWELL installation, the ruptTrl toe dell^h ,°f      ?*** ^ °pem^ PumP00- 
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Fire Pump 2 Port 
Passageway 

Rupture 

Operations 
Office 

Rupture 

Flow 
Direction 

Time Delay (s) 
Pump 1 Pump 2 

CW 15 0 
CCW 30 45 

Flow 
Direction 

Time Delay (s) 
Pump 1 Pump 2 

CW 0 45 
CCW 45 0 

2-12-4 

Flow 
Direction 

Time Delay (s) 
Pump 1 Pump 2 

CW 30 15 
CCW 15 30 

Flow 
Direction 

Time Delay (s)        | 
Pump 1 Pump 2    ! 

CW 45 30        ! 
CCW o 15        i 

Magazine 
Sprinkling 

Starboard 
Passageway 

Rupture 

2-17-1 

Fire Pump 1 

Time Delay (s) = l5(3 -Ns) 

where    Ns is the number of smart valves which separate the pump from the valve 
15 seconds is the valve closing time, and 
3 is the maximum number of valve separation 

Figure 6. Closure Time Delays for Fireman Smart Valves During Initial Rupture Tests 

Pressure traces have been measured for several rupture tests. In this report, pressure data is shown for 
two ruptures in the Operations Office. Figure 7 contains the data with fire pump 2 operating and Figure 8 
contains the data with fire pump 1 operat.ng. With fire pump 2 operating, the rupture was isolated in 
about 90 seconds (with 2-23-1 closing after 60 seconds and 1-26-1 closing after 90 seconds) This 65 
second rupture event contains the following breakdown of time periods: 

► 15 second delay for rupture detection (3-5 seconds for pressure decline and 10-12 seconds for 80 
sample rolling average), 

► 15 second time delay for 2-23-1 and 45 second time delay for 1 -26-2 from Figure 6. 
► 15 second valve closing stroke, and 
► 15 second time period for 2-23-1 and 15 second time period for 1 -26-1 unaccounted for. 
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T* unacted time is a«„bnW to software progranming ^ wjft ^ ^ ^ 

'    -pT^^LtT" de,e0'i0n <3"5 """* *'P« **» -'W2 seconds for SO 

> s ss s^ssss1 •*3o ■—fa "* «* '-2« «» Figure 6, a„d 

seconds. Second, rupture detection methods SStrf H?^ 
KPeatable '° wilhm ' °r 2 

seconds of the initiating event. Subsequent.estagte Tho™Iff^ ^ "" rap,ure "^ - «*- 
by eorrectmg the valve software.  With the en rfntl!i      f 1 "* de'ay can be «"««i reliably 
conditioning, rupture detection ^ ^ «^J *sV °f the smart valve dab, acquisition and signal 

o^"r«er °f «« averaged.    TCs no s"  e ™ 'f reSh°ld **de,eCtion ^ «"■*« 
SHADWELL installation. P   S'ble a**1«™« ,s under consideration for the 

rnUrp
8tnreC 5^^^^"^ "^ ** >" •*«*» *» 

«.me cao be reduced to less than 30 s'econds ^ZiZ^lZX^   ™° "^ '-'- 

I en second valve closing stroke 

Ä.£^r "^ - *ee„, valves, and 

confidence ,n one to two seconds. ^ enha"CCd t0 Permit action with a high level of 

jfÄf^ÄK tablL'SS^S ■'" 'T^T'" 'S0,a"°" °r'"'« sccnons.  The "»I tune dcla„ arc repCillablc ,„ „ , a fcw ^d b) .noddy,,,,. ,l,c software. Subsequent icsta.g has sh„„ „ 
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Figure 7.  Pressure Traces for Operations Office Rupture with Fire Pump 2 Operati "g 
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Vital Load Test 

A flow path is installed in the forward cross-connect in the test area to simulate magazine sprinkling 
which is considered a large vital load. Flow is actuated from the Control Room using an air-operated 
valve and the flow is restricted with a 1.43-inch orifice (in a 4-inch pipe). The results of one vital load test 
is shown in Figure 9. Fire pump 2 is operating and smart valve 2-12-4 is closed to direct flow in a 
counterclockwise direction only. The differential pressure increases above its relative setpoint (0.40 psig + 
APbaseiine) but the system pressure remains above 50 psig and a rupture is not detected. Based on this test 
data and using a flow coefficient of 160 gpnWpsi, the magazine sprinkling flow rates for different fire 

main pressures are calculated in Table 7. 

Table 7 
Magazine Sprinkling Flow Rates on 

SHADWELL Fireman 
Fireman Pressure 

(psig) 
Magazine Sprinkling 

Flow Rate (gpm) 
60 245 
70 266 
80 283 
90 301 
100 317 
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Figure 9. ft»« Traces for Magazine Sprinkling Aeu,a«i„„ 
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Small Leak Test 

Even though the concept smart valves on the SHADWELL fire main were not designed for small leak 

detecüon a test was performed to determine the feasibility of applying the differential pressure 
measurements for leak detection of shipboaid fluid systems. The objective of the small leak test wSto 
determme ,f any s.gn.ficant changes in differential pressure measurements are detected for flow rates allow 
as 10 gpm12. 

The operating alignment for the test consisted of closing fire main valve 2-12-4 and operating fire pump 

19 f wtT    ^,Se     W/atteni ^ eStabHshed by °perating tW° M/2 inch nozzles from fireplug 2 19-L With this alignment, flow was routed from the upstream to downstream sides of smart valves 1-26-2 
and 2-23-1, and flow remained stagnant in smart valve 2-17-1.  Flow rate was measured using a turbine 
flowmeter installed m the fireplug piping and was adjusted from stagnant (zero flow) conditions to 85 gZ 

The differential pressure and flow rate measurements for the test are shown in Figure 10     The 
differential pressure measurements shown are based on a rolling average of 40 measurements (which 
corresponds to about 5 seconds of data).   An initial observation indicateTthat pressure conditions aUne 
mart valves are not as steady as the flow conditions in the fireplug piping.  Also, the short surge n flow 

rate to eject air at about 70 seconds into the test was detected at smart valve 2-17-1 only    An inZ 

ITd^Z °n °f the ^traCeS m F,8Ure 10 iS n0t PredSe en°Ugh t0 detemine 'f^aH leaks would 

Tlie average differential pressure for the three smart valves have been calculated for each flow rate and 
the results are shown in Table 8. Using equation 2 and an apparent flow coefficient of 160-gpnWpsi the 
smart valve flow rate was calculated.  The results in Table 8 show that flow rates less than 20 gpm were 

S:Ce?23 Tchlr  C , "~L   ^ rCSUlt ,S C°nSidCred "*«*»* Wlth «"*»* «»**»■■   At smart valve 2-23-1, changes m flow rate as low as 11 gpm were detected but the error ,n the calculated flow rates 
are relatively large. The error in detected flow rates range from a low of 5 gpm at 85 gpm up To   8 gpm a 
64 gpnv   For smart valve 1-26-2, error in detected flow rates ranged from 2 gpm at 85 gp,n to 16 fpm a 

Since the fluctuations in differential pressure measurements are greater than the steady signal for low flow rates 

rnZZT y r measurement. However, such improvements in measurement methods were no. 

^T^Lr*530'      mP,UrC dC'CC,i0n and ,hCrCf0rC WCrC n°' inco"Pon,lcd in the first smart valves on 
12 With a pipe capacity of 600 gpm. this flow rate corresponds to 1.7% of the p.pc capacity. 
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Applying additional quantitative analysis to estimate th,  ■    ■<• 
«. not considered to be appropriate beca^tJ^ÄSf^^ ^ ^^ Wth ** ** 
process variations are large compared to the sifinaIZt *   T UnC^rta,nt,es lnvo1^. In particular, the 
th.s test, the process variations may no^be co3eXLZ^t  ^ ^^ period ^ * 
may be included in the average meLuremLrikn c.T ^ ^ Samplmg Period «** a fixed error 
the range of flow rates and inLlattnSns^ ^ZfT" ™ ^ ^^ " ^^ ~ 
these variations. Nevertheless, the conditions a the smart väf * "T^* ^^ t0 account for 
m-n and these process variations need to be cl^Z K^^T^ ^ °f * ***»«* fo 

th-s test are insufficient to determine UKT^LS^'C^^Sr^ ^ **-■ ^ rautoS 

expected that flow measurement accuracy of+6^JS? * T ^ aPPr°ach' However, it is 
attained with the smart valves installed on S^Ä^Tf * 1% °f ^ ^^ «" be 

for non-hnear calibration characteristics of die s^sol!Ld /n M g Pr0CeSSm8 *S mod'fied t0 account 

process variations. Based on experience ^ZauM 1™ "T ^^ SJ8naI «^«mg of 
Iowenng the flow measurement error to less than V/nf7 P ^ flowmetcrs (orifice and venturi) 
Practical. than ] /o of the p,pe capacity can be expensive and may not be 
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Figure 10.  Pressure Traces and Flow Rate Measurements for the Small Leak Test 
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Hydraulic Circuit Breaker Test 

alternative rupture logic methods which shorten £ il aZ T   f Cfa,Ued ^   ^tigation of 
of these fluid systems. Different approaches are proposS  " " ^ "^ t0 addreSS *e «** 

'    -lir«;^ g^ rupture set points are tnggered first at smart 

action of length of'piping, ^S^Tf^Z S£ fT T ^ ' ""*> ^ * 3 

factors. If each smart valves starts to close aTso!Tifl T * mS)' S1Ze °f mPture «*» <*her 
would start to close first. Near the end o Z ZZ oIl * IUptUI^ Valves neare* the rupture 
sections. If pressure increases above ll^s^^TT Tf *"* * "^ in intact 

further from the rupture), it would reopen P ^ ''^ °f the Smart valv« (those valves 

that smart va.ves nearest the rupture would start cSst PreSSUr6 "«** ^ ensure 

' ^^^^^^^if r - °f c,os-a ™ - is high 
■s restored to intact sections. If pressurT^Tncrea S T^ It 7^ " ProvkW * « 
reopens smce it is not nearest the rupture Th"s a^nm °h ^ , , * ^ Valve' the smart vaIve 
system and provides margin for valveTva ^vaSol ' ^ *** inhcrent*" «* P*^ 

the rupture setpoints (no averaging)    ZtZ^ofüZ !< *"' fpreSSUres from the sensors exceed 
sequence of events was observed ^ tCSt HrC sho™ in FiS^ II.   The following 

^    ^on^ 1-26-2 and 2-23-, 13 

few seconds anJSSIte^^Z^r*^?*"" ^ ^ «* «" ** 
-     Smart valves 1-26-2 and 2 21 « ""^ aftCf about 3'5 seconds 

- Smanva,vc2-^i\z^rs^::^:tzzKr r<°tefire- 
downstream pressures increase above 50 psig. ptUre when the "Pstream and 

Ä "-Ä^^ ««- - valve closing stroke 
.sola„„s ,„,ac, pipc sccllo„s   For        i    „C ,1c ™    ^ e,r    g'C ,0 'SOla'C a ™Pturc "*'«>»• 
■he valvc Cosing slrokc profilc ls cntlca, ,S ^ ^ ° ^ «* .'"** arc ,„ Sc„,„. accuralc con,ro| of 

,s ••"> "™ recommended for cominued develop,,cm ^   HydraUlic CirCuil b"^<" logic 

crcr,„ sc,ec„„n „r „,p,„rc s^,,,, ,„„,. ^ uxd ,o ^ ^^^«« — « demons,™,«, „„,, 
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Figure 11.  Pressure Traces for Operations Office Rupture with Zero Time Delay and No Data 
Averaging 

35 



2. 

3. 

«       »csigo of Damage To,er,„t Shipboard Fluid Systems Using SmM Va|ves 

Additional services may be identifiedT4nfth°Se      f, ^^ ^ minimum conditions 
Identify the Required Recovery Time   ™   lf they fovlde desired redundancy 

small leak (a couple of gpm) couu 2™^ °f a COmPressor- ^ chilled water systems a 

supply/expansion tank. m^u^J^^^^^T^ ^^ °r drain ^ 
leak detection technology available    mn^l 2nT ^P0'^ ^ °f Perso<™'and 
based on a trade-off competing factors iS'cSS of IT """P*"6 Ieak S,ze is dete™"ed 
and personnel response. For example SntSnTj^tTT- teCll"°,0gy' SUPP,y ^^ 
on the supply tank capacity and assuminocom n,?J^, ^ "^ be det™ed based 
personnel can correct the problem. wZTZnJSTl T^ ^ 2° mmUtCS Unt" shiP 
^catc a small leak could be substantially 1 LL ^90 7 ^ '^ ,0Catl0n' Ae «me to 
Determine Smart Valve Locations    ZT mnUteS) 

restore operation to vitals iZVtZ ? ^ at ^^ t0 ^te damage and 
cred,b.e damage scenarios. In tS niPi" lil I "T™ 3CCeptable «»**»* ^wing 
damage (such as at fire zone botdSf, Tb Z ^ ^ "^ at ,OCationS to ^ 
locates for vital services and other s vices for t f P *' ^^ ^ ™ ,OCated at «tout 
«>ntrol. SCmccs for >«* monitoring, damage isolation and flow 

ÄÄÄ AT "^^ *" - - '—s shou,d be 

Ä £ nsr sc Lf "-=--"of thcsc ana,yses are uscd - 
^^^tivily^d^SoiiÄ^?  ddayS   f°r   Va,VC   dOSUrC  ^   ^ 
Develop  Supervisory System  Interface      Vn PCrf°miance ""^is. 

Ä.srshou,d bc d—<° «^^^      s £ 
^d ^«^ '" «*■ «• 7 »« S, specifications 
the smart valve performance: "g informatlon should bc included to define 

Upstream and downstream pressure accuracy 
Flow rate accuracy (flow rate which can be detected) 
1 imc to close ' 

System pressures and temperatures 

.V. 



• 

Maximum valve flow rate and pressure drop 

mSe?^ Wlth SUperviSOry SyStem (such M pressures> flow rates> valve positions and valve 

Additional sensors. 

The uutial apphcation of this design approach may be iterative so that a valve manufacturer can 
evaluate if valve specification can be met with affordable technology. The constraints for smart valJe 
design can be sjnnmanzed by considering the following derivation of non-dimensional ooS^TlS 
with equation (1) and assuming that the pressure loss across the valve is the same as Z diffeS 
pressure across the valve: uuiercnuai 

(3) 

Introducmg Q      the maximum flow rate through the valve, and P, die normal system operating pressure 
equation (1) can be rearranged as follows: B pressure, 

Equation (4) contains three non-dimensional parameters: 

• Q/Qmax is the non-dimensional flow rate. 
• AP/P is the non-dimensional differential pressure across the valve, and 
• Cv/Qmax vP(Prc/p) is the non-dimensional flow coefficient. 

Equation (4) can be used as a des.gn equation where (Q/Qmax )min ls the minimum detected flow rate as 
specified by the system designer, (AP/P)mm ,s the minimum detectable differential pressure as determined by 

tffitrsZtdti ^ ^ v°convcrsion'md signai ™dhio™*mcthods ^ st coetncicnt should be less than the resulting ratio to meet system requirements: 

(5) 

.ecte^    he dnT^S "^ ^ "*"* *" CqUati0" 5' Ckhcr a diffcrcnt vaIve ^ulö be 
S^'stoufd^T  P--urc scns.t.v,^ should be improved by the valve manufacturer, the svstem 
des.gner should relax the leak requirement or a flow meter separate from the smart valve should be used. 

4.3        Areas of Continuing Work 

Continued cooperative work between valve manufacturers and the Naw is needed to ensure that DC- 
ARM smart valve tcchnobgy ,s suitable for deployment.  The development should focus on providing a set 

ex. Z fl^'S  ?   C "? by fC NaVT Sh,pbuiIdmß C0I™1>' for ™ shiP **" and ba'ck-f t of so existing fluid s> stems.  Particular areas for continued development arc as follows: 

37 



Expand Hardware Selection for Rupture Detection 

At this time, DC-ARM smart valve has been demonstrated only for the Tyco® Vanessa valve and 
Keystone motor operated actuator combination.   Plans are underway to test a CVri« ST it     f 
w*h so.enoid operator for electronics cooling apphcations aud a Tyco Z vST^SS^ 

TIT Ff "f SySte,mS' EXpanding ^ DC-ARM smart vaIve «»cept to other actuTrmS^ 
needed.    For example  unplementation with a pneumatic actuator could be used to   «7^ 
closure and reduce the dependence on electric power (only low power DC current is neededT enorL 
network transce.vers).   Implementation on different valve models is needed to demote 22Z for 

le; Sh,P
H
b0ard flU,d rem aPPliCati0nS'   In general> the «"«** * l^ted by teÄ^ Z 

PAZZt0lZ0SS ** Va,Ve" AS a reSU,t' » ^ «* be P-^ to use a fml port ba^   l^eTa DC 

defined P 2* "ff0115 f develoPed> «* lim^s of the smart valve hardware concept can be better 
defined. Pred.c ting the limits of rupture and leak detection based on the current data is uJStaT DiffZZ 
methods to amplify and process the pressure signals may improve the sensitivity o^e dfe t a. nfsu 

Ta fuTlTrt bat S° rffiCati0nS t0, tHe inSidC SUrfaCCS °f — »** fl0W «**** *Ä 
SL !   A r  C) ^ Pr0V,de IOCal prCSSUre var,ations which <*" be used to measure flow  ate 
Based on the m. ,al test.ng, „expensive commercial pressure sensors can provide sensTtTe^"fluid si^na. 

ml^menrbll,ty ^ ^ * ^ » ^ ^ ^'^ P"*^** cfS^S 

Prowde Additional Test Platforms for DC-ARM Smart Valve Demonstrations 

To expand the software and hardware development, demonstrations of the DC-ARM smart valve should 
be performed on test platforms in addition to the SHADWELL fire main    The SHAn^w       , 
svstcm and NAVSFA PI,;I^„I i •     i-n J ^■nuwcbLiircmain.    1 nc bHADWELL water mist 
foT^^^r^ « !fC,ph

t
,a ^ ,Tfr and firC main S>'Stems arc Possibi.it.es. Demonstrations 

tor compressed a.r and fuel systems should be considered. Effort should be focused on demonstration 
platforms which expand the capabilities of current hardware and software. demonstration 

Design and Implement a Smart Valve System for a Fireman Aboard an Active Ship 

theMA^Ä^iC3teS thaJ tH; Smart Va'Ve COnCept f°r rUptUre detection and Elation on 
Fr<, TH Ir     ? rCady f°r Pr°t0type imP'^entation on an active duty Navy ship 

r iVen^^nTd •" 'I ^ "T^ ^ °" °Vera11 ^^ and P^— requirements.   The des.gn would identify smart valve locations, required closing times  ruoture 

SK y Zr^tf °7hl: fPrCSSUre dr0PS' maXimUm fl°W ^ ShiP enyirmentTan reliability requirements and interface requ.rements for the supervisory control system   Based on 

:;arr; NIW r!dcatior cou,d,be prepared for vaive —-rs^OTL:: 
STonZZVJnl   • CV fCCt °ne °r m°re SUppHerS and their sma« valve designs, hollowing installation, a test and evaluation program could be used to identify 
improvements that might be needed. identity 
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Develop Leak Detection Methods 

The use of commercial pressure sensors embedded in a smart valve is a cost effective 
alternative to installing an industrial flowmeter or commercial leak detection system 
Development of accurate flow measurement hardware and software using the DC-ARM smart 
valve concept should be pursued. The development would involve a systematic evaluation of the 
sources of error for the pressure measurement techniques. In particular, diagnostic tests in a flow 
laboratory are needed to establish reliable estimates of instrument corrections needed to 
substantially reduce fixed errors such as attributed to day-to-day variations and non-linear 
calibration. Once sources of fixed errors are minimized, standard signal processing methods can 
be applied to reduce the errors attributed to random fluctuations [13]. Close cooperation with the 
valve manufacturer is needed because the methods applied are closely linked to the hardware 
selection for the valve body, pressure sensor, analog-to-digital converter chip and digital signal 
processing used. In general, this development effort is considered to be low-risk but time is 
needed for evaluation of the data and redesign of the circuit boards. 

Develop Hydraulic Circuit Breaker Logic 

Development of process methods and associated software to very quickly detect and isolate a 
rupture has WIde commercial applicability. The general approach to develop the logic involves 
performing calculates to match (1) time delay versus pressure functions with system pressure 
decay transients, and (2) valve closing rate versus position functions with system repressurization 
trans.ents. Based on the results of these calculations, a concept valve can be developed and tested 
to determine the performance capability. 

5.0     Conclusions 

Fireman Smart Valve 

The DC-ARM reflexive smart valve architecture tested on the SHADWELL is ready for 
prototype installation and evaluation on an active duty ship. The valve for prototype installation 
can be a Vanessa model as installed on the SHADWELL. Alternatively, other valves designs may 
be considered providing that hydraulic characteristic tests are performed with embedded pressure 
sensors to confirm flow measurement capability. A different actuator would be needed to ensure 
reliable valve operation over an extended evaluation period 14. Qualification of the circuit boards 
embedded in the actuator (for shock, vibration, and environmental conditions) would be required. 

4 Tyco Personnel indicate thai the existing valve control board design can be used with several actuators suitable 
for extended shipboard scrv.ee.  Furthermore, the control board can be used with different network protocols. 
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'■me delays. Based on evaluation S, Ta^ ™h T '°Cati0nS' "O*"1» a"d *sure 
seconds and main ,00p mptuKS eould ^ solated StTf, ^ 7'" ^ iS°'a,ed «*"» 15 

software on the SHADWELL would be needed ,„ JJ      ,f      ""^    M°d'fieations to the 

Expanded Hardware and Software Capability 

ÄtrCtrr *> "~* «■ * ««^ «o a wide vaftety of 
ball vaives, and some butterfly ™l^^ ffie V°" " W'th «lobe ™'-s, reduced port 
measurements may be sufficiency accu at  I bo h „ „,    T" •ni0d* differeMial P™«™ 
For valve designs with the highes" flow coefficiem L^h !™ fT" "d SOme leak detec,i™ 
«he range of flow detection may be Iimhed   Ho 8  " Va'VeS and i"1 P« ^11 valves) 
surface of the valve in the vicLfty of hi p"ZZl" "*, ^ P°SSib'e to modi* *• »side 
d.fferent.al pressure measurement. P Se"S°rS ,0 lmProve ^ sensitivity of the 

The existing pressure sensor data indirat« ,1,,,     <■■,.. 
pracca. for smart valve implement   io    wi ho       Iflt ",     """^ **> me,h°ds «/ ■* 
for communication following damage)   Ore ä™l'^ f    8       * SeC"°nS and withou' *e need 
the pressure sensors »to listen" fofLas Sat" """ """* n,p,ure <ktK,io" ™uld <« 
d.fteren, ,riggering mechanj$ms     .    | * j^" «^f™"0 "' ■" R""Ure    A Van'e* °f 

closure stroke, rup,ures raay be jso|a(ed Ji^UsolaTinTL   ^    °a'   By adjUS'in8 tlre valve 
'mplen.entat.on of modified commercial le LTL'°      8 Tf P'PC SeC,ions   For small leaks 
valve.    Since commercial leak deTec, io   me hods rervuT       ' °" , '* Pra°'iCal for ^ ™ 
.ftese methods would be needed to separate ÄECÄ m°di,iCa,i0n °f 

Fluid Systems Other Than Fireman 

po^i^r sz^::s^:/z^^rrother to the*«■* 
mpture «olation and accurate flow measur ment n" LT.f    ^  f mCthods f°r fast acti"8 
pract.cal approach. For fuel systems hyd ocaXn ,1 detmi°n "»* be used ^ a 
detect very small leaks. hydrocarbon sensors may provide a cost effective method to 

Further Development Work 

co^0r;o
sr ^;a:;:u-=r i^frr* -**■— 

accomphshed with continuedcooperativ*       ar^ ^W3re development  can  be 
valve  manufacturers.     This cooperation betwe*,!   T   $ betwee" N^ technical staff and 
cont,nuat.on ofthe current DC-ARM program manufaCtUrers and  «he Navy would  be a 
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