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PREFACE 

On 30 September 1992, the U.S. Army Ballistic Research Laboratory (BAL) was 

deactivated and subsequently became part of the U.S. Army Research Laboratory (ARL) on 

1 October 1992. 
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1. INTRODUCTION 

The US Army Ballistic Research Laboratory (BAL) is currently modifying an existing shock 
tube located at the Aberdeen Proving Grounds to demonstrate Large Blast/Thermal 
Simulator technologies and to provide high fidelity air blast environments for nuclear 
effects testing. This facility will be the first large shock tube to use heated driver gas to 
achieve desired air blast waveforms in the test section. The driver gas must be heated 
and the driver quickly pressurized to minimize heat loss to the driver walls; this required 
innovative solutions to pumping hot gas. 

Under BAL sponsorship SPARTA developed and demonstrated a driver filling method 
which pumps liquid nitrogen (LN) through a previously heated Pebble Bed Heater (PBH) 
thereby vaporizing the liquid and raising its temperature to the desired value in one pass 
(Figure 1 ). A bypass system allows precise control of the output gas temperature by 
selectively mixing LN with the heated gas exiting the Pebble Bed Heater. This approach 
has the advantages that: pumping a liquid is more efficient than pumping a gas (if indeed 
pumping a hot gas can be done at all), the LN pump is much smaller and much more 
robust than a gas compressor system and the constant displacement pump mass flow 
rate is independent of back pressure. 

SPARTA installed a 22 ton Pebble Bed Heater working unit at BAL and successfully 
demonstrated its performance (Reference 1 ). Manually operated valves were used to 
route the liquid nitrogen to the Pebble Bed Heater in these initial tests. However, an 
automatic control system is preferable to manual operation for safety, precise gas 
temperature control and efficiency of operation. 

1.1 Objectives 

The objectives of the present study were to design an automatic control system which 
meets established requirements, analyze its performance, prepare drawings and provide 
a system cost estimate. 

1.2 Requirements 

Four driver gas design conditions were established by BAL (Table 1 ). The driver filling 
strategy is to pump a constant temperature gas (at or above the design temperature) until 
the driver gas reaches the design pressure (Reference 2). During the filling process, the 
PBH back pressure will rise from ambient to the peak value approximately linearly 
(depending on the magnitude of the heat loss to the walls). 

1.3 Scope 

Valves and valve properties were selected from vendor supplied information. Appropriate 
valve settings were established based on a thermal hydraulic model which considered 
pressure drops in the primary and bypass paths. Control system response was 
established based on analytical models of the valve/actuator motion. Cost estimates were 
based on vendor quotes and engineering estimates by experienced personnel. 
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2. GAS SUPPLY CONTROL SYSTEM DESCRIPTION · 

The control system analysis starts with a control system layout and performance 
characteristics of the specific valves used to direct the flow to the PBH and the bypass 
system. 

2.1 Control System Layout 

Liquid nitrogen is pumped from a tank through a series of pipes and valves to the Pebble 
Bed Heater. Numerous diagnostic measurements, exhaust valves, check valves and 
control valves are used to control the fluid flow as indicated in Figure 2 which is taken 
from Reference 3. The PBH control valves denoted as V7 and VS are of specific interest 
to this study. 

The PBH controls perform the functions of regulating the outlet temperature of the PBH 
mixer to a specified setpoint. The PBH operates by receiving LN from the high pressure 
pumping system and branching the LN flow into two subsystems, the primary pebble-bed 
and the bypass thermal mixer. Precise control of valves 7 and 8 in the primary and 
bypass lines is required to produce a stable outlet temperature of the PBH. 

2.2 Control Valves 

Globe valves have been selected for the PBH valves because of their rugged 
construction, cryogenic rating and high capacity. Valve position control is achieved by the 
use of a closed feedback control loop to the actuators using the outlet temperature of the 
mixer as the feedback sensor point. Valtek Mark One valves and Linear Spring actuators 
were chosen to develop valve performance characteristics and establish cost estimates 
(Reference 4). 

TABLE 1 DRIVER GAS DESIGN CONDITIONS 

CASE NUMBER MAXIMUM MAXIMUM GAS GAS 
BACK BACK TEMPERATURE TEMPERATURE 
PRESSURE PRESSURE 
(MPa) (ATM) (K) (R) 

1 12.8 129 663 1193 

2 7.8 79 468 842 

3 2.9 29 361 650 

4 0.98 10 288 518 

3 
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3. THERMAL HYDRAULIC ANALYSIS 

Engineering procedures were developed from analytical models based on conservation 
of fluid momentum and energy. All Pebble Bed Heater thermal hydraulic processes are 
relatively slow so transients are not important. 

3.1 Model 

The relationship defining the temperature of the nitrogen gas leaving the thermal mixer 
is 

Conservation of mass gives 

Substituting (2) into (1) and solving for temperature gives 

For convenience we define a reference temperature 

hv 
TR= Tpg- T LN+ -cp 

EQ (1) 

EQ (2) 

EQ (3) 

EQ (4) 

Both rh7 and rh8 are a function of time during the operation of the PBH due to changing 
back pressure and, near the end of the run, changing PBH exit temperature. Control 
valves located on the primary PBH supply line (V7) and the mixer bypass supply line (VS) 
are assumed identical with respect to flow capability. 

The mass flow rates are determined by equating the pressure drops in the primary and 
bypass legs. In the primary system the pressure drops are due to the pipes, valve 7, the 
elbows and the PBH; in the bypass system the pressure drops are due to the pipes and 
valve 8. Following Reference 5 we have for the primary leg 

Pipes 

p U/ L 
DELP1 = -,---- f P - = C1 Ul 

2 D 
EQ (5) 
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Elbows 

DELP2 = N p U7 
2 

f. = C2 U 2 
2 90 7 

EQ (6) 

Valve 

DELP3 = [ p U7 A L, ] 
2 

= C3 ( ~ )-2 

U 2 

CV X L, 7 
EQ (7) 

Pebble Bed Heater 

DELP4 - P uPB
2 

t. = C4 u 2 

2 PB PB 
EQ (8) 

Here the pressure drop constant was selected such that the pressure drop equalled 20 
psi based on BRL measurements on the existing PBH. 

For the bypass leg 

Pipes 

and 

Valve 

DELP5 ... p U/ f la = C1 U 2 

2 P D 8 

DELP6 = [ p Ua A la ] 
2 

= C3 ( _!_ )-
2 

U 2 

CV x la 8 

Summing pressure drops 

EQ (9) 

EQ (10) 

U,2 [Cl+ C2 + C3 ( i r + C4] - U,2 [CS+ CB ( ~ r] EQ (11) 

Equation 11 can be rewritten as 

6 



Ul C7 (x) = U/ CB (x) EQ (12) 

and therefore 

U8 = [c1J112 

U7 CB 
EQ (13} 

where it is understood that the terms C7 and CS are functions of x. 

Since the liquid nitrogen is essentially incompressible, Equation 3 can be rewritten as 

T .. T .. s - Ua T. = T. - ( 1 + ( CB ]112 )-1 T. 
r, ( U7 + Ua ) R P,B C7 R 

EQ(14) 

which gives the output gas temperature as a function of valve position. Setting the output 
temperature at the desired or set point control temperature 

and performing a bit of algebra, there results 

1/2 
C3 

EQ (15) 

3.2 Calculations 

Sample calculations are made to indicate nominal valve settings and their sensitivities. 
The basic procedure is to set one valve (e.g., V7) at a single setting and control the PBH 
output temperature with the other valve (V8). It is desirable that the valves be operated 
in mid range, if possible, simply to avoid fine settings and/or slamming into the stops 
unnecessarily. The design test conditions are addressed first at their peak back 
pressures. Then the effect of back pressure is considered. 

3.2.1 Design Test Conditions 

A broad range of PBH output temperatures are achievable if the PBH is heated to 2000 
0 R (111 o °K). The peak design temperature of 1193 °R (663 °K) is achieved with a 
secondary valve relative opening of 0.2 to 0.5 as the primary valve relative opening 
ranges from 0.25 to 1.0 (Figure 3). 
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Considering each design case individually, the sensitivity to outlet tempe.rature is 
established by calculating the required valve settings for the nominal design condition and 
for the next lowest outlet design condition (Figures 4 to 7). Initial bed temperatures were 
picked based on enthalpy scaling from present test results (i.e., thermal energy required 
is proportional to the mass and temperature of gas required). However, while technically 
feasible to operate at PBH temperatures near the desired outlet temperature for the lower 
pressures, a minimum bed overheat of 500 °R was evolved by trial and error to insure 
robust valve control (see for example, Figure 8 compared to Figure 6 and Figure 9 
compared to Figure 7). 

3.2.2 Effect of Back Pressure 

All of the pressure drop mechanisms considered except the PBH assumed that the 
nitrogen was liquid; therefore, only the PBH pressure drop will be a function of back 
pressure. We have 

DELP4 = f (Re) £. UPB2 

2 
EQ (16) 

The Reynolds number range considered is about 1 0 to 1000 and according to Reference 
5, the pressure drop across a porous media is not a strong function of Reynolds number 
in this range. Further, the mass flow is constant and the nitrogen gas phase follows the 
perfect gas law which results in 

DELP4- !_ 
p 

EQ (17) 

Thus, at a given bed temperature, the pressure drop is inversely proportional to the back 
pressure. Figures 1 0 and 11 indicate valve setting combinations required at a lower back 
pressure for each of the elevated design temperature conditions. While there is some 
effect (e.g., the required VS relative opening is lowered about 0.1 for a 70 percent V7 
opening), the required valve positions are well within the operating capability of the gas 
supply system and the long pumping cycle (order of minutes) allows plenty of time for the 
automatic control system to adjust. 
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4. CONTROL SYSTEM DYNAMIC ANALYSIS 

A dynamic model of the valve operation and control system was developed to assess 
automatic valve performance. 

4.1 Model 

Once the primary valve has been set, the mass flow rate through the bypass valve is 

rh
8 

= MFR x( t) 
L 

EQ (18) 

where MFR = mass flowrate with the valve fully open (back pressure dependent). 

The valve seat is positioned by a spring loaded pneumatically actuated piston. Modem 
globe valves are fast acting and highly damped so the actuator is modeled as a damped 
spring mass system. The force balance equation for the pneumatic a~uator is 

mx+ tx+ kx= F(t) 

Defining a valve position forcing function as 

and defining the following constants 

Equation 19 becomes 

The Laplace transform of EQ 23 is 

X, (t) ... F(t) 
k 

18 

EQ (19) 

EQ (20) 

EQ (21) 

EQ (22) 

EQ (23) 



where Xi(s) is the transformed valve position forcing function, x(O) is the valve actuator 
initial position determined from Figures 4 to 7 and 

EQ (25) 

Since pumping time (minutes) is long compared to the valve response time ( ~ seconds) 
and valve damping is high, a proportional control system was selected. Setting the 
actuator forcing function proportional to the difference between the measured output 
temperature and the control or setpoint temperature 

EQ (26) 

Substituting (EQ 18) into (EQ 3) gives 

T = T - MFR T x(t) 
PB • L R mT 

EQ (27) 

Taking the Laplace transforms of (EQ 26) and (EQ 27} and combining with (EQ 24} gives 

or 

EQ (29) 

where the nondimensional 

EQ {30} 

Solving for T(s) in (EQ 29} gives 
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T(s) ... T PB (s)+ K1.G(s) Tc(s) _ ~ (s + 2~co,J x(0) G(s) 

1 + Ki G(s) Kco/(1 + K:iG(s)) 
EQ (31) 

Because Tc (the setpoint temperature) is a constant value, the Laplace transform is 

EQ (32) 

The temperature of the outlet gas of the PBH (primary flow), T PB• entering the thermal 
mixer can also be considered a constant because 

1. This temperature will be maintained at a nearly constant value until the pebble-bed 
temperature at the end (bottom) of the pebble-bed starts dropping. This typically 
would occur when approximately 80 % of the process flow has been used. 

2. During the last 20% of the flow period, the gas temperature at the outlet will 
decrease slowly compared to the response rate of the control valves. 

Thus, the Laplace transform of T PB is 

. TPB 
Tpg(S) = -

s 

Substituting (EQ 32) and (EQ 33) into (EQ 31) gives 

T (s) ... ..!_ ( Tp8 + ~ Tc G(s)J- Ki (s+2~con)x(0) G(s) 

s ~ 1 + ~ G(s) · Kco/(1 + K:iG(s)) 

and taking the inverse transform of (EQ 34) gives 

EQ (33) 

EQ (34) 

EQ (35) 

High gain (K1 >> 1) is required to result in the steady state value of T approaching Tc. 
Inspection of EQ 35 indicates that for T PB of the order of 2000°R and Tc of the order of 
1000 °R, K1 must be of the order of 50 to achieve controlled mixed gas temperatures 
within 5 percent of the desired temperature Tc. 

20 



The resulting solution for valve position (from EQ 27) becomes 

where the nondimensional 

4.2 Calculations 

Example calculations were made to demonstrate valve performance using the following 
characteristics from Valtek literature: 

ro" = spring cylinder actuator natural frequency = 2.5 cps 
~ = damping ratio = 0. 7 

Selecting an initial position of the primary valve as 70 percent open, the peak design 
condition of 2000 °Rand 129 atm back pressure, an initial valve position of half open and 
a K1 of 50, the setpoint temperature is achieved in less than a quarter of a second (Figure 
13). Note that the valve motion is minimal due to the excellent choice of initial position; 
Figure 14 provides a better view of the motion by changing the scale of the ordinate. 
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Figure 13. Pebble bed heater valve response. 
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5. Cost Estimate 

Components of the control system are itemized in Table 2 along with a suggested vender 
and catalog prices. Unburdened hardware costs total $56,000. The estimated price to 
procure, assemble, program, install and checkout the system is $200,000. Including 
hardware purchases, the period of performance is expected to be six months. 
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I\) 
01 

DBL 116TH SCALE LBJS TESTBED CONTROL SYSTEM COSTS 
DATA ACQUISITIONICONJBOL AND PC COMPUJEB COMPONENTS 
COMPLETE SYSTEM WITH AUJOMAJIQN ON ALL SYSTEMS 
ITEM QTY UNIT 

1 1 EA 

PARTNUMBER 
M)[)a NUt.13ER DESCRIPTIONISPECIFlr.ATION UNIT COST EXT COST VENDER WH-CH-7 WORKHORSE INDUSTRIAL CONTROL AND DATA ACQUISITION CHASS 750 750 IEIRABVTE CAT24 2 1 EA 

3 1 EA 
4 1 EA 

WH-CIB-PAR V.ORKHORSE PARALL.a INTERFACE CARD 399 399 IElRA8VTE CAT 24 WH-PCDB-ISO WORl<HOASEPCINTERFACECARD 675 675 LETRABYTECAT24 WH-AIN-16 V.ORKHOASE 16 CHANNEL ANALOG INPUT CARD 795 795 LETRABYTE CAT 24 5 1 EA 
8 3 EA 

WH-P-.40 \\ORKHOASEIIOTERMINALFORWH-AIN-16 60 60 IEIRABYTECAT24 WH-TC-16 V.ORKHORSE 16 CHANNEL THERMOCOUPLE INPUT CARD 795 2385 LETRABYTE CAT 24 · 7 3 EA 
8 1 EA 
9 1 EA 

WH.P-.40/CJC WOOKHOASE IIOTERMINALFORWH-TC-16 95 285 LETRABYTECAT24 WH-D18"32 WORKHORSE 32 POINT LON-LEVEL DIGIGTAL LO CARD 595 695 LETRAB'fTE CAT 24 WH-P-.40 WORKHORSE 110 TERMINAL FOR WH-DIB,32 60 60 LETRABYTE CAT 24 10 1 EA 
11 200 FT 

WH-PWfH00'110 WORKHORSESYSTEMPOWERSUPPLY,1.!,~~TT. 110VAC 760 750 tJETRABfTECAT24 WH-CR0-200 INTERFACE CABLE FOR PC TO WO~E. 200 FEET 1.75 350 LETRAB'fTE CAT24 12 1 EA 
13 1 EA 
14 1 EA 

LTN03IOPT.REAL LABTECHNOTEBOOKDATAAOOUISlllONANDCONTROLSOFTWAFE 1290 1290 LETRABYTECAT24 WH-OIAG WORKHORSE DIAGNOSTIC CARO 375 376 LETRABYTE CAT 24 MDL 7810-14H PC CHASSIS, 10 AT SLOlS, RACK tJOUNT WIKEYBOARO DRAWER 1295 1295 INDUSTRIAL COMPUTER SOURCE CAT 15 1 EA 
18 1 EA 
17 1 EA 
18 1 EA 
19 1 EA 

MDL S8386T/33-8t..E PC CARD, ll0386DX CPU, 33 Miz, 8 MEGABYTES RAM 2995 2995 INDUSTFIAL cot.f>UTER SOURCE CAT MDL 80387-SS 80387 MA TH COPROCESSOR CHIP 295 295 INDUSTFIAL cot.f>UTER SOURCE CAT IW>L AT-200MB PC HARD DISK DRIVE, 100 MEGABYTE, IDE 879 879 INDUSTFIAL CQUJUTER SOURCE CAT MlL FD-1.2M FLOPPY DRIVE, 5 1/4", 1.2 MEG 120 120 INDUSTFIAL cot.f>UTER SOURCE CAT MlLFD-1.4M FLOPPYOAIVE,31/2", 1.44MEG 120 · 120 INDUSTFIALcot.f>UTERSOURCECAT 20 1 EA 
21 1 EA 
22 1 EA 

MDL KB3 SMAU. FOOTPRINT KEYBOAFI> 101-l<EY STYLE 150 150 INDUSTFIAL cot.f>UTERSOURCE CAT MDL TB-150AT TAPE BACKUP SYSTEM. 160MBYTE, INTERNAL 1249 1249 INDUSTRALcot.f>UTERSOURCECAT MDL VOA-10241 SUPER VGA GRAPHICS B'.)AR[) 285 285 INDUSTAAL cot.f>UTER SOURCE CAT 23 1 EA 
24 1 EA 

MDL 8531-4D NEC 2A ..a-.llTOR RACK MOUNT l<IT 395 395 INDUSTRAL cot.f>UTER SOURCE CAT NEC..O NEC 2A ~OUR 595 695 INDUSTRIALcot.f>UTERSOURCE CAT 25 1 EA 
28 1 EA 
27 1 EA 
28 1 EA 
29 1 EA 
80 1 EA 

MlLBOOAM UNINTERUPTABLE POWER SUPPLY, RACK MOUNTED · 1099 1099 INDUSTRIAL cot.f>UTER SOURCE CAT MDL6631-PRC3 RACKWJNTPAINTERDRAWER 350 350 INDUSTRALcot.f>UTERSOURCECAT Lill 7600-RM< PRINTER DRAWER SI.JDES 75 75 INDUSTRAL CQ.IJUTER SOURCE CAT t.l>LIOC-1180 PANASONICOOTMATRIXPRINTER.80COL,9PIN 215 215 INDUSTRALcot.f>UTERSOURCECAT MDLC~AR90 PRINTERCABLE 19 19 INDUSTRALca.f>UTERSOURCECAT A-l.S>H24121.P NEMA4 ENCLOSURE, 30X 24 X 12, FOR WORl<HORSE SYSTEM 156 156 HCffMAN ENCLCSURESCAT 11 1 EA 
82 1 EA 

A-RAK:I> RACK MOUNT l<IT FOR ENCLOSURE 33 33 HCffMAN ENCLOSURES CAT D-l722524 NEMA 12 RACK MOUNT ENCLOSURE, 72 X 24 X 30, FOR PC 850 650 HCffMAN ENCLOSURES CAT a:t 1 EA DAHx:mA1 ENCLOSURE HEAT EXCHANGER FOR WORKHORSE COOUNG 400 400 HOFFMAN ENCI.CSURES CAT 

Table 2 Automatic Control System Components 



BBL llliltl S~ALE LBJ& IESIBEll ~tlIDQL SVSIEM ~QSIS 
~QNTRQL AHD MANUAL ~LllE ~QMeOHEHI& 
ITEM QTY UNIT PARTNl.MIER 

LU>ELNUt.EER DESCRIPTIONISPECIACATION UNIT COST EXT COST VENDER 1 1 EA V-1 MOD CONVERT EXISTING VALVE FOR Fal>TE ot«>FF OON1ROl 760 760 AUlOMATEDVAl.VE S'ISTEMS 2 1 EA V-3 LN GI.DBE VALVE wrrn ElECTfD-PNEUMATIC ai.a=F camtOL, r 2798 2798 MASON:ll.ANIDRESSER a 1 EA V-& LN OlDBE VALVE wrrn ElEClRO-PNEUMATIC ~F ~ 2798 2798 MASONEll.AWDRESSER 4 1 EA V-t lN GLOBE VALVE WITH ELEClROPNEUMATIC PROPORTIONAL 6483 6483 I MASONEllANt1>RESSER 6 1 EA V-7 lN GlOBE VALVE WITH ELEClRO-PNEUMATIC PROPORTIONAL a»fT 6483 6483 MASCHR.ANIDRESSER 8 1 EA V-t lN GLOBE VALVE WITH ELEClRO-PNEUMATIC PROPORTIONAL a»fT. 6483 5463 MASONER.ANIDRESSER 1 1 EA V-10 AUX NITROGEN GAS VALVE, 814", MANUAL 376 376 CAPITAL WESTWARD I\) 8 1 EA V-11 CONTROL VALVE SUPPLY HIGH PRESSURE, 314", MANUAL 376 376 CAPITAL WESTWARD m 8 1 EA V-12 CONmoL VALVE SUPPLY, LOW PRESSURE, 814", MANUAL 226 226 CAPITAL WESTWARD 10 1 EA V-13 DRIVER DRAIN VALVE, 814", ~UAL 376 376 CAPITAL WESTWARD 11 2 EA R-1 CONlRCl.. VALVE PRESSURE REGULA~ 814",MANUAL 67D 1140 CIRa..E SEAL CONTRCl.S. 12 250 FT AUXNIT1 AUX NITROGEN SUPPL V BING, 3'8" OD 7.6 1876 TIIBESALES 13 30 EA AUXNIT2 AUX NITROGEN SUPPLY RTilNGS 7.5 226 lDNG BEACH VALVE AND Fl111NO 14 8 EA PGH-4Sl-100 PRESSURE GAGE FOR CON1R>L VALVES, 0-100 PSIG' 115 690 OMEGA CATAlOO 15 0 EA 
0 0 18 0 EA 0 0 17 0 EA 0 0 18 0 EA 0 0 18 0 EA 0 0 20 0 EA 
0 0 

TOTAL CONTROL VALVE SYSTEM COST 28011 

Table 2 (Cont'd) 



I\) 
-..J 

BBL 1/[[H SCALE LBTS TESTBED CONTROL SYSTEM CQSTS INSTRUMENTATION AND MISCELLANEOUS COMPONENTS 
ITEM QTY UNIT PART NutJSER 

t.mELNU..-seR DESCAIPTIONJSPECIACATION UNIT COST EXT ca;r 1 1 EA PANB.-ER>CD1 REWTE ELECTRICAL RElAY STAl\JS DISPLAY PANEL 750 760 2 8 EA CY7-SD7 LN TEMPERAUJRE SENSOR, 10 TO 426 I< 85 680 3 2 EA PX700-300GI LOW PRESSURE lRANSt.lTTER, 0-300 PSI 399 798 4 2 EA P>m.s3KGI HIGH PRESSURE TRANSMTTER, 0-3>00 PSIG 495 990 5 2 EA PGT-608-3XX> AUX NITOOGEN SUPPLY PRESSURE GAGE, 0 3XlO PSIG 282 664 8 2 EA PSW-108 PRESSURE SWITCH, 10-100 PSI 60 120 7 2 EA PSW-133 PRESSURE SWITCH, 600-3000 PSI 111 222 8 2 EA FSW-112R FLOW SWITCH, LOW PRESURE 126 252 9 2 EA FSW-108 FLOW SWITCH, HIGH PRESURE 624 1048 10 12 EA NB2-CASS-18U-12 TYPE K THE~PLE PROBES WINEMA 4 ENCLOSURE, 118" DIA 44 628 11 600 FT EXPP-l<-20-lWSH TYPE l<THEFN)COUPLE WI~ SHIElDED, 20 AWG QJD 0.32 160 12 600 FT 87F3858WF 24 AWG 6 PAIR SHIElDED SfflUMENTATION CABLE 1.35 876 13 8 EA 90AMK>8 NEMA4 ENCLOSURE~ 12X8 52 418 14 1 EA MSCELOON1 MISC ELECTRICAL CONNECTOR WARE 250 250 15 1 EA MSCELTRY1 MISC ELECTRICAL CABLE TRAYS AND FASTENERS 600 500 18 1 EA MSCHDWR1 MISC MECHANICAL HAFVWARE 600 500 17 0 EA 
0 0 18 0 EA 
0 0 19 0 EA 
0 0 20 0 EA 
0 0 

TOTAL INSTRUMENTATION AND MISC HARDWARE COST 8453 

Table 2 (Cont'd) 

VENDER 
C'.ustOM MADE 

ot.EGA ENGINEERING 
otJEGA ENGINEERING 
at.EGA ENGINEERING 
otJEGA ENGINEERING 
otJEGA ENGINEERING 
otJEGA ENGINEERHO 
otJEGA ENGINEERNO 
otJEGA ENGINEERNO 
otJEGA ENGINEERt4G 
otJEGA ENGINEERl«i 

NEWARKELECTRCHCS 
NEWARKEL£C1RONCS 

ENO ESlltMTE 
ENG ESTIMATE 
ENG ESTIMATE 



6. Summary 

Conclusions and recommendations reached as result of this design study are summarized 
below. 

6.1 Conclusions 

* An automated control system for the BAL 1 /6th scale shock tube is 
feasible and practical using off the shelf hardware. 

* Globe valves of the type selected for valves 7 and 8 give positive control over 
the output gas temperature with reasonable valve actuator positions. 

* Driver gas backpressure has a small effect on control valve position based on 
the Pebble Bed Heater pressure drop model developed here. 

* The analytical models should be calibrated with test data for each design 
condition. 

6.2 Recommendations 

* Assembly, programming, installation and checkout of an automated control 
system should begin immediately. 

* The time dependent driver gas filling model developed in Reference 2 should be 
coupled to the gas supply system quasi-steady and dynamic control models in a 
system simulation to develop detailed control strategies for each test condition. 
This simulation should be used to establish test procedures, train operators and 
analyze test data. 

* Pebble Bed Heater and mixer nozzle pressure drop data should be obtained for 
a variety of flow conditions and a more detailed model developed for use in the 
control system model. 

* A control system analysis should be performed for the existing valves which are 
being retrofitted for automatic control and the models should be calibrated with test 
data. 
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Nomenclature 

A area 
CV valve characteristic 
CP specific heat at constant pressure 
d diameter 
f friction factor 
F force 
G transfer function 
hv heat of vaporization 
L actuator full travel 
k spring constant 
K gain constant 
m mass 
N number of units 
Re Reynolds number 
s transform variable 
t time 
T temperature 
U fluid velocity 
x position 

Greek 

m" natural frequency 
~ damping 
p density 

Superscripts 

• derivative wrt time 
• • second derivative wrt time 
Subscripts 

7 valve 7 or primary line 
8 valve 8 or bypass line 
PB pebble bed 
p pipe 
T total 
90 elbow 
LN liquid nitrogen 
R reference 
C control 
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