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ABSTRACT 

During the spring of 1961, Tory  11-A, the f i r s t  experimental reac tor  in 

the Pluto nuclear r amje t  miss i le  program,  was successfully tes ted a t  the 

Nevada Tes t  Site of the Atomic Energy Commission. It i s  current ly under- 

going advanced testing. This  paper kumrriar.izes the methods of contro1,which 
' * .  

a r e  employed on Tory  11-A and presents  unclassified tes t  resu l t s  pertaining to 

the ma jo r  control sys t ems .  

Recent control sys t em developments f ~ r  Tory  11-C, a flight-type ramje t  

r e a c t o r ,  a r e  a l so  descr ibed.  T ~ ~ ' T O ~ ~ - I I - C '  appl icat ion.requires  40-inch, 

l inear  - stroke servo  actuator s capable of .operating in a high radiation environ- 

ment  throughout the tempera ture  range of 7 0 0 ~  to  1200bI?, The problem a r e a s  

and recent  advances in the development of high-performance electropneumatic 

control  sys tems for  this application a r e  discussed. In concluding this paper ,  

the ma jo r  control problems confronting the Pluto program a r e  outlined and 
"r4. 

- the fur ther  development efforts required a r e  indicated. 

>;< 
Work performed under the auspices  of the U. S. Atomic Energy Commission. 
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Projec t  Pluto:.Control System Developments, . . . 

and T e s t  Results.  

. . 
'- R.  E. Finnigan and G.  G .   els son , . 

Lawrence Radiation Laboratory, University of California.  

,Livermor e l  California 

INTRODUCTION' , 

. . . . .  

Projec t  Pluto has a s  i t s  objective the dembnstration of the feasibil i ty of. 

a nuclear reac tor  capable of propelling a super sonic ram3et mis s i l e .  Here ,  
.. . . . 

feasibil i ty is defined a s  the successful  ground operation f o r  l imited of 

t ime of a.f light'+;ype..rea.cto.r.in a near  flight - type envir'onment . However, neither 

miss i le  accelerat ions nor g-loads: can be  real ized during ground tes t s .  Because 

s tored  a i r  i s  used a s  the reac tor  coolant, ground t e s t s  a r e  l imited to a period 
. . 

of seve ra l  minutes;  hence, the lifetime of the reac tor  and i t s  associated 'con-  . . 

. . . . 

t r o l  sys tem must  be ascer ta ined  by 'conducting many t e s t s  in s e r i e s  o r  by ex-  

trapolation f rom long-term component o r  module t e s t s .  
. . . - 

Thus f a r ,  the Pluto p r o g r a m  a t  the Lawrence ~ a d i a t i d n  Laboratory has 

been divided into.two distinct reac tor  development p rograms :  Tory  11.-A and 
. . . . 

Tory  LT-C. Tory  11-A, the f i r s t  experimental reac tor  in the Pluto p r o g r a m , .  
, . . I  . . .  

was successfully tes ted a t  inter 'gediate  power levels at' the Nevada Tes t  s i te  
. . 

. . . .. 

in May 1961 and i s  current ly undergoing advanced testing. The fundamental 

objective of the Tory  11-A program i s  to demonstrate  that a high-power-density, 

high-temperatur.e,  a i r  -cooled'r 'kactor ' c an  be  'succes'sfully designed, constructed, 

and operated. Design point pa ramete r s  for Tory  IS-A a r e  a s  follows: 

Power level . . 155 .megawatts, 

Airflow ra t e  ... . . 708 lb/second 

Maximum core  tempera ture  ' 2250°F 



1060°F Inlet a i r  tempera ture  . 

Exit a i r  tempera ture  ' 1975°F 

As the capacity of the Tory  11-A air :supply i s  approximately 120,000 pounds of 

a i r  a t  3600 ps.i, the duration of . reactor  operation at  design.point i s  l imited to 

l e s s  than one minute.  

T h e  Tory  11-C reac to r ,  which will  be tes ted following completion of the 

T o r y  11-A t e s t s ,  will be  a fu l l - sca le , ,  missi le- l ike reac tor  which will  demon- 

s t r a t e  the feasibility of the Pluto ramje t  reac tor .  A major  poinl: ol difference 
. . 

between ,Tory 11-A and Tory  11-C i s  the use  of control rods inside the co re  on 
. . . . 

the la t te r .  This .*poses seve re  environmental problems on the control-rod 
. . 

ac tua tors  which were  not present  on Tory  11-A,. and a lso  l imits  significantly 

the space  which can be allocated to  these actuators .  

As the Pluto p rogram is fully descr ibed in other l i te ra ture  'J  'J to  which 
. . 

the r eade r  is  r e fe r red  for further programmatic  detai ls ,  this paper will be 

l imited in scope to  the major  control sys tems developed for  Pro jec t  Pluto.  

The  th ree  specific objectives of this paper a r e :  (1 )  Description of major  'l 'ory 

11-A control sys tems and presentation of significant resu l t s  obtained during 

reac tor  field tes t s ;  (2)  Evaluation of Tory  11-A control systems based on tes t  

r e su l t s ;  and ( 3 )  Outline of Tory  TI-C control sys t em developments. Because 

of the r a the r  broad scope of this paper ,  no atte'mpt will be made to present  de- 

ta i led sys t em analysis.  Much of the analysis  has been presented in ea r l i e r  

4, 5,' 6 works  on the. Pro jec t  Pluto control sys tems.  

TORY 11-A CONTROL SYSTEMS 

The Tory  11-A reac tor  var iables  which must  be controlled or  held within 

l imi ts  a r e :  ( a )  reac tor  power level;  (b)  minimum period; ( c )  p res su re  and 

r a t e  of change of p res su re  a t ' t he  reac tor  inlet;  (d )  a i r  tempera ture  a t  the r e -  

ac tor  inlet;  and ( e )  co re  component tempera tures  and tempera ture  derivative.  

Control of the reactor  i s  effected by three  major  control sys tems:  

375 004 



1.  Nuclear control system: This  sys tem maintains de,sir ed p0we.r level.  

o r  inverse-period by automatic or manual positioning of control rods and vanes.  

1 
2 .  ~ i r f l o w  ra t e  control sys tem:  This  ,system maintains.desir ,ed flow 

ra t e  by automatic or.manua1 positioning:of a pres.sure control valve ups t ream 

of the r eac to r .  . . 

3 .  Air -temperatur 'e control system.: Control of r.eactor .inlet a i r  t em-  

pera tur  e is. established by manual positioning' of two differ entially -drivefi con- 

t r o l  valves which determine the proportion of a i r  which goes through the heater 

and that which bypasses  i t .  , . . 

It can be seen that, in this sys tem,  co re  tempera ture  i s  a dependent 

var iable  and can be controlled only indirectly through control of one o r  m o r e  
.. , 

of the other var iables .  F igure  1 shows how reac tor  power and airflow ra t e  . . . . 

might be var ied  during a typical design-point run ,  in o r d e r  to maintain the 

des i red  cor,e tempera ture .  Air inlet tempera ture  i s  manually programmed to 
, .. 

the des i red  value over a period of one to two minutes and held constant through- 

out the run; The nuclear operator can  t r i m  core  tempera ture  by  means  of . . 

manual adjustments of the demanded power level. In addition, he has the capa- 
. . . . .  ' . .  . . . , 

bility of completely overriding the automatic p rogram a t  a l l  t imes .  
. . 

"Manual control,  " when r e f e r r e d  to. in this paper indicates operator  
. . , . 

control of the position demand signal to any part icular  control element actuation 
. . . .  .:. . . .  ' * . . -  . 

sys tem.  . All control e lements  a r e  nqrmally servo-positioned. "Automatic 
. " . . 

control" of any part icular  variable r e f e r s  to closed-loop . .  . contro1,of that quantity . . ,. . .  . .  . . . . . - 4 

with the operator sett ing, the demand level. "Programmed automatic control1'  
. . 

indicates completely automatic contr 01 using preprogrammed function gener - 

a to r s  to schedule a par t icular  variable.  As indicated by  Fig.. 1,  s ta r tup  and 

shutdown of both power-ievel and flow-,rate control sys t ems  a r e  carrie-d out in 
. . . . 

manual control; automatic control i s  used for programming to and f r o m  
. . . . . , . .. 



intermediate  levels ; programmed automatic control is  used for the relatively 

rap id  programming to the design point and back to  intermediate levels.  

An emergency "overr idet!  mode has been pr'ovided'for a l l  Tory  11-A 

control-  element actuation sys tems (nuclear ,  flow ra t e ,  and a i r  tempera ture) .  

In this  mode, the cognizant operator  can electrohydraulically position a control 

element in an open-loop, on-off manner using solenoid valves and ba t te r ies .  

The  major  Tory  11-A control sys tems a r e  next briefly descr ibed.  

~ L c l e a r  cont ro l  System 

As this  sys tem has been descr ibed in considerable 'detai l  in the litera.: . . 

t u re  , 41 51 only an overa l l  summary  is included here .  

The reac tor  control elements used by the nuclear control syste'm consi'st 

of eight electrohydraulically actuated sh im vanes and four electrohydraulically 

actuated control rods' locatkd symmetr ical ly  in the reac tor  ref lector  a s  shown 

in Fig.  2.  The sh im vanes a r e  used to  set  the reac tor  po'wer level and to com- 

pensate for reac tor  tempera ture  changes.  Any one of the four control rods 

can  b e  selected a s  the fine-control rod,  while the remainikg three  ac t  a s  safety 

rods .  All control e lements  a r e  normally.operated a s  position- se rvo  sys tems,  

but can a lso  be operated by means  of an  overr ide actuation sys t em which e m -  

ploys e l e ~ t r o h ~ d r a u ' l i c  open-loop positioning. 

F igure  3 shows a bloc'k d iagram of ' the 'nuclear control sys tem indicating 

location of the var ious comporle;its w h i l e  F ig .  4 shows the radiation-tolerant. . 

electrohydraulic actuator s mounted on the flat c a r .  The hydraulic pump i s  

s een  in the lower center  portion of the la t ter  picture.  

Instrumentation: ' 

Nuclear instrumentation i s  used for  operator  presentation while the 

power control sys tem i s  in the manual control mode. In addition, this  instru-  

mentation i s  used for  feedback information while the sys tem i s  in automatic control. 



In the s tar tup range', four boron-triflouride detectors  a r e  u s e d .  The 

pulses  f r o m  these detectors  a r e  fed through pre-ampl i f ie rs  to  s c a l e r s  and 

then to logarithmic. count - r a t e  meter  s and period amplif iers .  These  count 

ra te  and period 's ignals ,  which a r e  recorded and visually indicated, a r e  us'etl 

for s c r a m  initiation. Two of these B F  detectors  can  be  remotely moved.from 3 

a nor.mal 1ocation.near the r eac to r .  The other two a re . r emote ly  1ocated.to 

provide instrumentation in the intermediate power range.  ' - 

Three  compensated ion chambers  a r e  -used over the upper . s ix  decades 

of power level.  The signals f r o m  these chambers  a r e  fed to logarithmic power 

and.period amplif iers .  . T.his log power and period information i s  used for feed- 

back . in  the automatic c o n t r o l a n d t h e  fas t  r 'eset modes.  In.addition, th i s . in-  I 

formation i s  t ransmit ted to tlie control point where i t  i s  used for visual  indica- 

tion. and s c r a m  initiation. 
\ - 

Over the top two decades of power level, thr.ee.uqcompensated'ion chamb,er s 

'i can  a lso  be  used.  In addition to  providing linear feedback for  the: automatic 

control loop, they a r e  used by the f a s t - r e se t  safety sys tem (a t  the bunker) and 

a r e  t ransmi t ted  to the control point for visual. indication and s 'cram initiation. 

In addition to.  these various pre:sentations, tlie nuclear operator i s  a l so  

provided selected co re  tempera tures  and exit -a i r  tempera tures  which provide 

sufficient information for operator  core- tempera ture  "trimming, I t  . . 

Modes of Control ' . . 

In conjunction with the remaining sys tem electronics ,  the above-described 

control elements and reac tor  instrumentation provide four  .modes of nuclear 

- control.  In addition to. the usual  manual,  automatic,  arid " sc ram"  modes of 

control,  a fourth mode, ,known a s  "fast r e s e t "  has been added.. This i s  a non- 

locking safety mode which i s  descr ibed in detail  below. A brief  description of 

> .  
each  mode follows: . . 



1.  Manual Control: In this  mode, manual positioni,ng of the.  sh im vanes 

and control rod i s  used for  reac tor  control.  .The  sh im vanes have two veloc.ities 

which can  beselected remotely;  these resu l t  in a react ivi ty .rate  of 1.8$/second 

o r  9$,/second. Any one of the four control rods may be used a s  a vernier  con- 

t r o l  with a fixed velocity resul t ing. in  a reactivity r a t e  of. 3$/second. The r e -  

maining three  rods a r e  used a s  safety rods  and a r e  fully withdrawn at a l l  t imes .  

2.  Automatic Control: Closing the loop on the log power signal enables 

the p'ower control sys t em to automatically control  he reactor  power level over 

s i x  decades.  By closing the loop on the l inear power signal, the sys t em i s  

capable of automatic power control over two decades .with a resolution < 1 % .  

F igure  5 depicts a block d iagram of the power level-period control sys tem.  

If the demand power exceeds the actual  power by > 270, the sys tem automat- 

ically switches to  per iod control when using either log o r  linear power control.  

This  p rograms  the power up to its demanded value a t  the prese t  period demand 

which i s  adjustable between one second and infinity. 

F igure  6 shows the l inear power level automatic control sys tem in final- 

ized t ransfer  function form.  The sys tem has  been designed to exhibit a band- 

width (-90" phase-shift  point) of approximately 10 cps ,  using a control rod  

which has  16 - 18 cps response  (smal l - s ignal ) .  The inverse-period control 

s y s t e m  a l so  demonstrates  a 10 cps response.  Both sys tems a r e  insensitive to 

power level  o r  tempera ture  variations.  Because of their  relatively fast  r e -  

sponse,  both demonstrate adequate "stiffness " to reactivity per turbat ions.  

3 .  F a s t  Rese t :  When two out of threc  prese t  levels a r e  exceeded in 

ei ther  power level o r  period, a fast  r e s e t  action i s  initiated. This action causes  

the th ree  safety rods to  be  inser ted  a t  their  maximum servo-controlled velocity, 

which r e su l t s  in a negative reactivity ra te  of $5.40/second. The r e s e t  a l so  

causes  the shim vanes to integrate inward with a resultant negative r.eactivity 



ra te  of 31$/second; Following the r e s e t ,  the safety rods integrate out a t  a 

slow velocity resulting in a positive reactivity.  r a t e  of 9$/second. The shim 

vanes integrate outward a t  a velocity dependent upon sys tem conditions, but 

never greater ; than that which will cause a positive reactivity r a t e  of 28$/second. 

The r e se t  action descr ibed here  i s  nonlocking, s o ,  af ter  the power and.period 
/ 

a r e  reduced by the insertion of negative reactivity,  the sys tem is  re turned  to 

the preselected 'control mode. Because of this nonlocking feature,  very  little 

fi l tering i s ,  required for  the electr ical  c i rcu i t ry ;  thus the t ranspor t  delays 

involved in initiating a fas t  r e s e t  action can be held to approximately three  

mill iseconds. 

4 .  Sc ram:  In the s tar tup range,  a s c r a m  i s  initiated whenever the 

count-rate prese t  s c r a m  levels a r e  exceeded. In the power range,  however, 

s c r a m  is . ini t ia ted only when two out of th ree  levels of either power level or 

per iod exceed their p rese t  l imits .  Because the f a s t - r e se t  points can  be  set  at  

values f a i r ly  clo.se to operating values. ( e .  g .  , 1.5 X design power, 2-second ,. 

period) without causing spurious shutdowns, the s c r a m  set  points can be moved 

much fa r the r  out (e.  g. , 10 X design power, 0.1-second period)  without endan- 

gering reac tor  safety. In fact,, a s c r a m  can only occur following the complete 

fai lure  of the f a s t - r e se t  safety sys tem.  In addition, much m o r e  fi l tering can 

be inser ted  in the s c r a m  c i rcu i t ry .  Consequently, the t ranspor t  delay in the 

s c r a m  chain i s  set  at  approximately 300 mill iseconds. 

Summary 

These  four modes of nuclear control represent  a method of maintaining 

sa fe ,  stable,  and reliable control of the reac tor  through control of two p r imary  

reac tor  pa ramete r s ;  power level and inverse period. Basic safety considera- 

t ions require  ( a )  res t r ic t ion  of the amount of fast  positive excess  reactivity 

available to the control system, and (b)  provision of sufficiently fast  negative 



react ivi ty  to allow recovery .from all foreseeable accident situations.. A unique 

feature of the'.Tory II-A 'control philosophy i s . t he  reliance on the fast  r e se t  

act ion ra ther  than on s c r a m  action to provide . r eac to r .  safety a t  high power . . 

levels .  The fast  r e se t  'action at tempts  to maintain. 'the demanded power level 

in the face of power perturbations,  thus avoiding .core  - compone.nt t he rma l  . 

s t r e s s  problems.  . . 

Airflow Control 'system 

The  Tory  11-A a i r  supply facility shownin  Fig.  7 is.'dapable of storing 

up to  12"0,000 lb of a i r ' a t  3600 ps i  and 70°F.  The airi low control sys t em must  

deliver this  a i r  to the reac tor  a t  tempera tures  approaching 1060°F and a t  

p rogrammed  flow r a t e s  as high'as 80.0 lb/second. To accomplish this ,  two 

control  elements a r e  used:  (a)  AV-3, a 24-inch ~ l e c t r o h y d r ~ u l i ~ a l ' l ~  ,actuated 

pressure- .control  valve which can deliver up to 8000 lb/second of a i r  a t  3600 

p s i  tank-farm p r e s s u r e .  This 'valve i s  used for  ' d e ~ i ~ n - ~ o i n t  runs  (708 lb/sec-  

ond);  ( b )  AV-4, a six-inch electrohydraulically a c t ~ a t 6 d p r . & s s ~ ~ e - c ~ n t r o l  valve 

which i s  used  during runs .  involving inter'm'ediate flow r a t e s  (up to 400 lb/sec-  

ond). The position-control sys tem of each of these v a l v e s h a s  been designed 

to fulfill the following dynamic requirements:  ( a )  2 cps frequency response 

(,-90" phase-shift  ~ o i n t ) ' ;  (b)  no overshoot to  a step; ( c )  po'sition resolution of 

0.0570 of full s t roke;  and (d)  s ta t ic  stiffness sufficient to prevent a position de- 

flection grea ter  than 0.1% of full s t roke with maximum aerodyriarrric load. In 

the c a s e  of AV-3, aerodynamic loads a r e  encountered in a range up to 25 tons 
.. .( .. . 

of force.  Because of this ,  the control sys t em 'has  been'dksigned to exhibit a 

s ta t ic  st iffness of 10-million lb/inch. ' 

' 

Figure  8 shows 'AV- 3 duiihg checkout and optimization'& the Lawrence 

RadTation ~ a b o r ' a t o r ~  factility in Li te=rnor  e ,  Califor &a. 
- .  . . 
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Both AV-3 and AV-4 may be operated during any t e s t .  Although they 

a r e  normally controlled in a posit jon-servo mode, they can be operated in a 

hydraulic over r ide  mode in the event of servo-sys tem failure.  The overr ide  

"holdt' mode is energized whenever p r e s s u r e ,  r a t e  of change of p r e s s u r e ,  o r  

valve e r r o r  signal exceed cer tain p rese t  l imits  which indicate an  unsafe op- 

e r at  ing condition. 

Instrumentat ion 

F igure -9  shows a block d iagram of the overa l l  flow- control sys tem.  

The flow sys tem instrumentation used for  feedback to the operator  in manual 

control and to the automatic control sys tem is  a s  follows: 

1: Three  p r e s s u r e  t ransducers  a r e  loca tedups t r eam of the diffuser to 

sense  inlet a i r  p res su re .  These  signals provide visual indication to the op- 

e r a t o r ,  a r e  used in.the flow computer for feedback in the automatic control . 

system, '  and , .  through a:two-out-of-three logic, a r e  us.ed to .initiate over r ide  

hold.act'ion. . T.hese'.signals a r e  a l so  differentiated to  provide r a t e  of .change of 

p r e s s u r e  indication to the opera tor .  ., 

2. Three  thermocouples located ups t ream of the diffuser sense inlet a i r  

temperature 'which i s  .used in the airflow computer.  

Modes of Contro'l 
8 

' The r.eactor airflow r a t e  i s  .controlled in three  different modes:  (1)  man- 

ual;  (2) over r ide ;  and (3) automatic:. . . 

1. Manual: In the manual mode the airflow opera tor  i'positions the ap- 
. . 

propr ia te  pressure-cont ro l  valve to  program the airflow ra te .  Airflow ra t e  is 

determined f rom stagnation p res su re  gauges o r  the flow-rate computer. 

2. Overr ide:  The control sys tem i s  placed in the over r ide  mode when- 

ever  the reac tor  inlet  p r e s s u r e  o r  p r e s s u r e  r a t e  exceeds p rese t  values. It i s  

a l so  placed in this  mode whenever the e r r o r  s ignal ' in  the valve subsystem 



(AV-,3. o r  AV-4) exceeds a p rese t  l imit  indicating a component malfunction o r  

lo s s  of feedback. Two-out-of-three c i rcu i t ry  i s  used to prev.ent false overr ide 

act ions.  In the over  r ide mode.the operator  can position' either control valve 

accura te ly  using electrohydraulic.  on-off c i rcui t ry .which provides th ree  func- 

t ions: (1)  hold; .(2) in-slow; and (3)  out-slow. . . . .  . 

3. Automatic : In this  mode the operator  can program flow ra t e  .using 

e i ther  a flow ra te  demand potentiometer or  a preprogrammed funct.ion gen- 

e r a t o r  for  automatic scheduling of $low ra t e .  In either case,  the p r e s s u r e -  

control  valve i s  automatical.ly, pos.i;tianed by the control sys tem to maintain the 

d e s i r e d  flow ra t e .  . . . . ,  . . . 

The most  stringent requirements  placed .on the automatic airfldw control 

, s y s t e m  is that of programming flow r a t e  f rom 70 lb/second to:708 lb/second 

in  a per iod of 15 to 60 seconds and. then returning to a r a t e  of 70 lb/second in :  
, . 

approximately the s a m e  length of t ime.  It. i s  requi red  that it maintain flow 

r a t e  within 1% throughout the transient.; The  cont ro l . sys tem shown in Fig.  9 

m e e t s  these  requirements  and, in addition, permi ts  .safe s tar tup and shutduwn 

of .the airflow system. , 

. . 
Only AV-,3, the la rge  pressure-cont ro l  valve, has been wired for  use in 

the auto'matic mode of control. In this mode, the control sys tem senses  dif.- 

fuse r  stagnation p r e s s u r e .  14owever, the la t te r  i s  used with diffuser stagnation 

t empera tu re  to calculate flow r a t e s  according to the relationship 

. . .  
where  

w = flow ra t e  at  diffuser (:lb/i&cond) 

P =. stagnation p r e s s u r e  a t  diffuser inlet. (psia)  
' t o .  . 

T = stagnation tempera ture  a t  diffuser inlet ( O R )  
t o .  2 '  

A = diffuser nozzle a r e a  (in ) . 
d 



Since the diffuser normally operates  in a choked ~condition:throughout. most  of 

the design-,point run,(above 50-70 lb/second),. airflow ra t e  control can be simply 

and accurately achieved using P to and Tto . . . 

The airflow automatic control sys tem is s'hown in l inearized t r ans fe r  

function f o r m  in F ig .  10. As shown, it i s  necessary  to compensate for  the 

drop  in a i r  -supply p res su re  (PAS) in order  to hold loop-gain constant through- 

out the run .  In F ig .  10, VD' ( s )  r ep resen t s  the demand voltage to  AV-3 while 

X represents  valve position. The flow process  t ransfer  function, Pto(s)/XV, 
v 

can  be accurately determined f r o m  a modified lump parameter  analysis  a.nd 

In Equation (2)  

where  

, . R ' =  gas donstant 

T .  = stagnation temperature (OR) at Carious stations in the 'ducting 
J 

L. = physical length '(f t)  of "ducting o r  heater 
J .  . - 

3 ' 

V. = physical comporient volume (ft ) 
' J 

y = specific heat ratio for a i r  a t  T;  

K = valve flow gain 
P 

. . . )  
. . 

P .  
to - 

', 

J 
. 

= steady- state rat io  of diffuser stagnation tempera ture  to a i r  

ss flow ra te  
. . 



. s .  = .complex variable  . .  , .  

. 6 P  = sma l l -  signal variation of stagnatibn p res su re  at  diffuser: inlet 
to 

6Xv = smal l - s ignal  variation of valve position.: . . . 

F o r  Tto = 1060°F (hot run) ,  it c a n b e  shownthat : .  ., 

T = 0.25 seconds . . . . . . 
T 

When T ' = 0 ° F  (cold run) ,  then 
1.1'1 

T. = 0.5 seconds 
7 

T = 3 . 3  seconds. 

The  automatic control sys tem was designed so that it could tolerate  these 

changes in process  t ransfer  function without corresponding instability. With 

such a la rge  t ransportat ion lag (T  ), i t  i s  obvious that the requir.ed sys tem 
Z 

must  be one with a ve ry  slow response t ime.  

The  resultant sys tem,  which has a frequency response of 0.2 cps,  uti l izes 

pu re  intlegral compensation a t  the input to  the pressure-cont ro l  valve. The 

s y s t e m  has been successfully field-operated in a l l  control modes for a lmost  

one year  over a broad range of tempera ture  and flow r a t e s .  

Other Control Systems 

In addition to the power and flow control sys t ems ,  the re  a r e  numerous 

other  sys t ems  (approximately loo),  most  of which a r e  operated in an  "on-off" 

manner .  Typical of thes:e sys tems a r e  the low-pr.essure blowers which have 
8 .  

the capability of continuously blowing a i r .  a t  25  lb/ second through the ducting 

and r eac to r .  These blowers  a r e  used for  preheating and. aftercoo.ling ,the core . 

components.  
. . 

The only other continuous control sys tem which can direct ly  affect  the 

p r ime  reac to r  var iab les  i s  the a i r  - tempera ture  control system. This  sys tem 

u s e s  two electrohydraulically actuated flow valves,  differentially positioned, 



to control the tempera ture  of reac tor  inlet a i r .  . In, the Tory  11-A phase,  this 

sys t em i s  operated manually by the a i r - tempera ture  operator who adjusts  valve 

position demand. Normally,  inlet a i r  tempera ture  i s  var ied.  quite slowly and 

periods of 1-5 minutes a r e  allowed to take the tempera ture  to 1060°F. 

Overall  Reactor Control 

Before discus sing how overal l  control of the' reac tor  i s  c a r r i e d  out, i t  

might be  well to examine how the major  control' s y s t e m s d i s c u s s e d  Above inter - 

ac t  through the process  var iables .  F igure  11 represents  ' a  signal flow dia- 

g r a m  of the Tory  11-A sys tem when operating in the following manner:  

. . 
1. Power -control sys tem in automatic mode 

2.  Flow-control sys tem in automatic mode 

3 .  ~ i r  - tempera ture  control sys tem in manual mode 

4. D'iffuse,r operating choked 

5. kll variables  operating around steady s ta te .  

The unidentified variables  a r e  next defined: 

VD" = position demand voltage, tempera ture  control va1v.e 

X = A V - 5 A p o s i t i o n ( h o t l i n e )  
v1 

X = AV-5B position (cold l ine) 
v2 

6T = variation of inlet a i r  tempera ture  
g 1 
Th = t e m p e r a t u r e  of heat m a s s  in heater  

. . 

Xvl = nonlinear function'  

N . X  = nonlinear function 
"2' . . 

N Th = nonlinear function 
1 , . 

G,  ( s )  = transf.er function of heat t ransfer  process  

G ( s )  = t ransfer  function of inlet tempera ture  process  
T2 

G '  ( s )  = t ransfer  function of flow-core tempera ture  process  
W 

E;k = airflow ra t e  reactivity worth. 



: . It can be-easi ly  shown that the frequency .variant portion of .G ( s ) ,  
1 

( s )  and G k ( s )  i s  approximately the s a m e  .and-can be accurat,ely r e p r ~ s e n t e d  

in a lumped parameter  single-time constant 7 where 
.h 

-.C . =' heat capacity of co re  . .p .r. 

, c = specific heat of a i r  
P!! 

f(W) = nonlinear function. 

In the design-point region 7 - 4  seconds.  
.h 

F r o m  the signal flow diagram shown in F ig .  11, it can be shown that 

t he re  i s  very  little interaction among, the three  major  control systems: The 

a i r  - tempera ture  and flow- control sys tems a r e  unaffected. by changes a t  the 

reac tor  whenever the re  i s  a choked condition a t  the diffuser.  The po.wer -con- 

t r o l  sys t em i s  insensitive 'to changes in flow ra t e  or inlet a i r  tempera ture ,  

because these changes a r e  introduced by relatively slow sys tems through large 

t ime constants.  In addition, it c,an be shown that K k  , airflow ra t e  reactivity 

worth,  i s  quite s m a l l  (about 5$/ 100 lb/second); hence, a l l  major  reactivity 

per turbat ions to the power control sys tem a r e  inser ted through a t ime constant 

of 4 seconds or g rea te r .  

When the diffuser becomes unchoked, the d iagram shown in F ig .  1 1 no 

longer applies and some interaction between, the sys tems re su l t s ,  since ~ e a c t o r  

t empera tu re  perturbations a r e  reflected back to the flow p rocess .  Thus f a r ,  

no appreciable interactions o r  control problems have been observed when oper-  

ating in this  region. Note that the airflow ra t e  computer no longer computes 

flow r a t e  in  this region. 

Since i t  is desirable  to hold reac tor  core- tempera ture  constant ra ther  

than power level, the control scheme shown in Fig.  12(a) has b e e n  recommended 



@ for design-point operation. Here ,  'a  sudden variation of airflow r a t e  programs ,-< 

power-level demand co,rrespondingly. The program to full flow can be sched- 

uled manually or automatically. When using the la t ter  method, the nuclear 

operator  .has full override. t r i m  capability. .Figure 12(b) shows an  al ternate  

method which does not re ly  on t i a n ~ d ~ c e r s  to provide 'an'input signal to  the 

power-control sys tem.  When using this method, the function gener.&tor ..mast 

be stopped or r eve r sed  whenever the safety circui ts  in the flow-contr0.1 sys tem 

detect a n  unsafe condition and per form correct ive ac t ion . ( i .  e .  , .p lace the sys tem 

in override-hold mode).  T h e  f i l ter  shown between V k  D E M ~ N D  and the. loga- 

r i thmic function generator has  the same t ime constant a s  the. flow process ;  

' . Figure  1-3 shows. the response of the slaved power -control sys tem during 

a typical stak.tup and shutdown, .while F ig .  14 shows the response of the flow- 

control. sys tem .during the same star tup.  The response of the two sys tems i s  

identical whether.using the method of F ig .  13 or 14. The data were  obtained 

using ac tua l  hardware,  but with the u s e  of an  analoged p rocess .  

Many other combinations of control a r e  possible besides those shown. 

F o r  example, one could use  programmed automatic flow- r a t e  control with 

operator-programmed automatic power-level control during initial nuclear 

runs where tempera ture  information i.s being sought; The Tory  11-A control 

sys tems have been designed to provide the maximum amount of flexibility in 

keeping with the experimental nature of the t e s t  program.  

Tes t  Resul ts  

P r i o r  to  delivery a t  the Nevada Tes t  Site (NTS), a l l  control sys tems and 

components were  completely checked out a t  Livermore  through.the use of an  

analog representat ion of the process .  Follow'ing installation at  NTS, the sys  - 
t e m  was again checked out using a simplified process  analog. 

The .f.ollowing .t.e.st.s .were. per for.m.ed .at .NT'S ,in. order  t.0. fully qualify the 

37.5 -017  control sys tems:  



1. Measurement  of the t ransfer  dunction of the airflow pr,ocess.  a;, 
2 .  Demonstration of safe ,  stable,  and accura te  control of airflow r a t e  

in the automatic control mode over the range 70- 800 lb/second. 

3 .  Measurement  of the reactor  , t ransfer  function. . . 

4 .  Measurement  of the reac tor  tempera ture  coefficient. 

5. Demonstration of.safe., s table ,  and accura te  control of the reac tor  

in. the automatic power contr 01 mode. 

6.  Demonstration of safe ,  stable,  and accura te  control of the reac tor  

a t  an  intermediate power under actual a.isf1.0~ conditions. 

1 .  Measurement  of Airflow P r o c e s s  Trans fe r  Function 

The air.flow- p rocess  t ransfer  function was .measured at  three  flow ra t e s :  

160 l b / s e c . ,  400 lb/sec , and 800 lb/sec . The inlet a i r  tempera ture  used dur - 

ing , this t e s t  was approximately 1060°F. This  measurement  was made using 

the l a rge  control valve with a sinusoidal position. demand input resulting in a 

sinusoidal a i r  -flow ra t e  of 100 lb/sec peak-to-peak. The reac tor  c,ore was not 

irlstalled during these.. t e s t s .  The calculated value for  the process  t ransfer  

function a s  determined f r o m  a modified lumped param.eter analysis is :  

The  measured  p rocess  t ransfer  functions were  'found to be: 

(a) w = 160 lb/second , \  

( c )  W = 800 lb/second. 



F r o m  this can be  seen  the close correlat ion between the measured  t ransfer  

functions and the calculated value. ' It is  a l so  noted that the t ransfer  function 

does not vary appreciably with flow r a t e .  'As a r e su l t  of this close correlat ion,  

no redesign of the airflow control sys t em was requi red  before demonstrating 

automatic flow control.  

2 .  'Airflow Control System Demonstration 

The flow-control sys tem tes t  consisted of a programmed automatic con- 

t r o l  run over the total  range of flow conditions. Once .again, the reac tor  core  

was  not' installed on the t e s t  vehicle'. At the s t a r t  of the run,  the la rge  control 

valve was  manually opened until approximately 1070 of full flow was attained. 

The a i r - tempera ture  operdtor adjusted the inlet a i r  tempera ture  to  approxi- 

mately 1060°F. Then the airflow sys tem was t ransfer red  to automatic control.  

An init ial  perturbation in demand inser ted by the operator demonstrated the 

stability.of the sys tem.  As 'shown in F ig .  15; the f low-rate  demand was auto- 

matical ly  programmed to 800 Ib/second on a 60- second ramp.  : Following a. 

shor t  per iod a t  full'flow, it was programmed back to  1070 flow in 60 seconds. 

At this  point the system was t r ans fe r red  back to manual servo  control and 

then shut ,down. 

During this run, . the  inlet a i r  tempera ture  dropped to 716°F because of 

heater energy limitations. Despite this variation, the control sys t em main- 

tained the demanded flow ra t e  throughout the run.  

3.  Measurement of Reactor Transfer  Function 

P r i o r  to  a demonstration of the automatic nuclear control system, the 

reactor  t ransfer  function was measured .  This measurement ,  which was made 

a t  two power levels ,  30 watts  and 7 kw, utilized a detector 'placed near  the r e - .  

ac to r .  Thc signal froin this deteclvr was fed to .a logarithmic power amplifi'ei-, 

thus providing a large-amplitude si.gnal a t  the low power levels des i red .  The 



sh im vanes were  used to  b.ring the reac tor  c r i t ica l  and to program power to 

the des i r ed  power leve l . .  At that point, a control rod  was, sinusoidally driven 

to  obtain - a  peak-to-peak reactivity of 7$ .. The resulting plots.. of ,gain and phase 

v e r s u s  frequency a r e  shown in Fig.  16. The  phase curves a r e  identical to .the 

calculated curve for 8::: = 70 microseconds.  Since 8::: = 50 microseconds was 

used  in sys t em design, this  c lose correlat ion obviated the necessi ty  for sys tem 
. . 

redesign.  . ,  . . 

4.  Measurement  of Reactor T e m ~ e r a t u r e  Coefficient 

. Although,the nuclear control sys t e r i~  does not depend upon .a ,negative t em-  

pe ra tu re  coefficient of reactivity for  stability, it was de terminediha t  Tory  . II-A . 

does indeed have a negative tempera ture  coefficient before any attempt was 

made  to use  the automatic control system. . . 

5.  Automatic Nucleaq Control System Demonstration , 

. . 
In o rde r  to ver ify sys t em performance,  an aut0mati.c control run.was 

pe r fo rmed  to fully qualify the power-control sys t em for nuclear operations.  

The significant p a r a m e t e r s  a r e  shown in E'ig. 17. The reac tor  was brought 

c r i t i ca l  and then taken: to a power level  of 180 watts. in m a n w l  control.  At this 

point the t r ans fe r  to  automatic control was performed with no power-level pe r -  

turbations evident. ,  Next, a rapid 50% increase  in demand to 270,watts was 

inser ted  causing the sys t em to  switch to period ~ o ~ l t r o l .  The syslelll qlldilled 

the demanded ZU-second period in a stable manner ,  leveled out smoothly,, and 

maintained the demanded power level'. A ste.p increase .  in demand power level 

to  1050 watts was -then. ins'erted, and again.  the sy.steln responded a s  predicted. 

At this  point, a ,negat ive demand t o  720 watts was rapidly inser ted 'with thc 

sys t em responding in a .  s table  manner .  Following this ,  a l a rge ,  rapid,  nega- 

t ive demand to 180 watts  was inser ted.  The sys tem:recovered  f r o m  this very 

s e v e r e  t e s t  and la rge-  signal stability was demons,trated. 



6.  Intermediate Power Run . . . . . 

The purpose of the intermediate power run was to  operate the reac tor  a t  

a power level of _> 40 megawatts with an inlet a i r  tempera ture  of 400°F while 

maintaining the core  tempera ture  a t  a value in excess  of 2000°F. The control 

modes used for  this tes t  were  a s  follows: 

1. Airflow ra t e  was controlled throughout the run using AV-4, the smal l  

control valve, in thk manual servo  mode. 

2. Power level was controlled in the manua.1 se rvo  mode.up to  400 kw 

and in opera tor -programmed automatic logarithmic powlr  contro1,above this 

level.  

The run was be-gun by bringing the reac tor  c r i t ica l  and to  400 kw of power 

in manual control. '  The power-control sys tem was then t r ans fe r red  to  the auto- 

mat ic  log power control mode, at  which t ime a tes t  of sys tem stabili ty was  

made .  This  consisted of a sudden change in power-level demand t o  820 kw and 

then a rapid reduction in demand to 400 kw. The sys tem exhibited good stability 

and the t e s t  proceeded a s  scheduled. 

The airflow r a t e  was then brought to 30 lb/second and inlet a i r  t emper -  

a tu re  to 400°F.  Following this ,  the power level was increased  to approximately 

10 Mw.and held the re  until the co re  tempera ture  reached 1900°F. The power 

level  was then reduced sufficiently to maintain this co re  tempera ture .  After 

evaluation of a l l  pa ramete r s ,  the planned p rograms  , . of po.wer and flow were  . . 

,begun. The airflow was increased to 122 lb/second. Simultaneously, power 

level was increased bringing core  tempera ture  to a value in excess  of 2000°F. 
. . 

These conditions were  held for two minutes,  a f te r  which both airflow and power 

were  reduced in a l inear manner .  The flow ra t e  was maintained at .  30 lb/second 

while power level was fur ther  reduced to 200 kw. At this point, the 80-second 

delayed neutron group, . pr evented . fur ther  rapid decrease  of power .in the automatic 



control mode so the reac tor  was sc rammed .  After the, r eac to r - t empera tu re  
. - 

had decrea.sed sufficiently, the airflow control v.alve was closed. Everything 

per formed a-s predicted during this run  (including the r eac to r ) ,  and it was .de-  

c l a red  an  "unqualified success .  I t  . . 

The runs  descr ibed above a r e  typical of those required in the tes t  of an  

experimental  r eac to r .  Initially, considerable operator .participation i s  r e -  

qui red  while process  performance and instrumentation a r e  being evaluated by 

the scientific personnel.  Following evaluation of these process  unknowns, a 

high degree. of automation is  des i red  to  remove . a s  much of the human variable 

a s  possible .  Advanced t e s t s  a r e  current ly being conducted which involve pre-  

p rogrammed  automatic. control of airflow r a t e  and power level. , The extremely 

flexible* Tory  II-A control sys tems provide for many'differing tes t  requirements  

without sys tem change or  modification. 

Conclusiolls 

Cb11cept.s Prover1 

F r o m  the experimen'tal resu l t s  obtained during nuclear and non-nuclear 

t e s t s  , the following conclusions may  be  drawn: 

1. The automatic logarithmic power-control sys t em has ample stability 

marg in  and accuracy  in both the l a rge -  and small-s ignal  regions.  The sys tem 

stabili ty margin  does not change appreciably with reactor  power level.  It i s  

concluded that th i s  control mode can  be  used to  control power level in a stable 

and  accura te  manner for power leirels > 100 kw ( a  six-decade range i s  possible) .  

2 .  The automatic inverse-period control provides accura te  and stable 

control  of reac tor  her iod for period demands < 30 seconds and power levels 
. . 

> 100 kw (a six-decade range is  possible)': 

3 ;  The dual--mode concept (power -period cont'rol combination) i s  a de - 

s i rab le  method of reac tor  control'; partiCularly when controlling the logarithm 



of power. Here ,  a smal l  demand-vo'ltage.change appears  a s  a relatively large 

power change. 

4. The "fast r e se t "  safety principle minimizes the probability of a false  

s c r a m  b y  allowing the operator to s e t ' s c r a m  levels quite high without jeopard- 

izihg safety considerations.  

5. A la rge  -capacity airflow process  can be ,controlled automatically in 

a safe manner over a. l a rge  dynamic range. 

6.: Simplified mathematical models of complex processes  have been de- 

veloped. These.  have proved to be of considerable .value in the design and op-: 

timization of the automatic control sys tems.   heir value has been proven by 

the fact that control sys tems using these mode.1~ have been applied "as i s"  to 

the actual process .  
. . 

Improvements Needed 

1. Several  factors  warrant  the addition of a semi-automatic  checkout 
. . . . 

sys tem.  At present ,  s eve ra l  days a r e  requi red  to  p repa re  and validate the 

complex control sys tems prior  to an  operational t e s t .  A sys tem capable of 

checking some variables  .automatically and o thers  with a minimum of human 

ass i s tance  would serve  to mater ial ly  reduce this t ime.  In addition, a sys t em.  

of this type would reduce checkout t ime on actuator and other subsystems with 

a l imited l ife expecta'ncy, a s  well a s  provide accura te  and complete checkout 
. . . . 

r eco rds .  . 

2.  A grea t  deal  of t ime i s  expended during s tar tup 'because of human- 

caused delays in taking action and verifying tes t  conditions. This  delay causes .  

excessive depletion of s tored a i r  and makes s tar tup a tedious j0.b. A semi -  or 

completely-automatic sys tem to begin a tes t  quickly is  desirable .  

3 .  Because s c r a m  and fa s t - r e se t  levels must  be changed frequently a s  

power levels and airf lsw r a t e s  change during the course of a t e s t ,  a method of 

adjusting .these automatically,  yet safel, ,,, &s desirable .  , f ( ~  ,023 :. ~, 



4. A method for reliably programming and- rriaintaining the proper r e  - 

lationship between power and airflow r a t e  during a tes t  is  needed. 

5. .. A m o r e  complete analog simulation of processes  and electrohydraulic 

comp'onents i s  des i red .  This  would provide m o r e  accura te  sys t em checkout, 

m o r e  thorough operator  t ra ining,  and m a y  be used to  ,ver.ify sys tem performance.  

6 .  A new approach. to  the sys tem electronics  and analog computer i s  

necessa ry  to  improve reliabili ty and increase versat i l i ty  in changing t e s t  r e -  

quir ements .  

TORY '11-C CONTROL SYSTEM DEVELOPMENTS' 

Outlinc of PLcquir cmcnto 
q .  

T o r y  11-C, like Tory  11-A, will  be a ground-test reac tor .  However, it 

i s  intended to be a fu l l - sca le ,  missi le- l ike reac tor  with r ega rd  to core  con- 

figuration, core components, and method of reac tor  control. Generally,  the 

control  methods outlined above for Tory  11-A will be used a s  well  for  Tory  11-C. 
/ ' , , 

As many of the hardware improvements which have been indicated will b e  in- 
. . .  

cluded a s  t ime will  permi t .  

The  principal difference between Tory  11-A and Tory  11-C i s  the requi re-  

ment  for reac tor  control within the co re .  This  change f r o m  reflector control 

a s  used in Tory  11-A . . considerably inc reases  . the . control-rod actuation problem. 

The  difficulties a r i se '  f r o m  the severe  environmental conditions which exist  a t  

the reac tor  inlet during design-point runs  in which inlet a i r  a t  tempera tures  
. . 

above 1000°F is used to coo'l the r eac to r .  ' Figure  18 shows a typical Tory  11-C 

power,  flow ra t e ,  and inlet a i r - t empera tu re  program,  indicating the r a t e s  a t  
. . 

which the nuclear ,  airflow r a t e ,  and a i r  - tempera ture  var iables  (hence, the 

actuator  environment) a r e  changed. The environmental l imits  in the inlet duct- 
.. . 

ing a r e  l is ted below: 

1. Tempera ture  : upper l imit  1200 O F  (including radiation heating) 



8 2 .  Nuclear: l O . . . r a d s  total . . . . , .  . . .  . .  

7 5 X 10 r a d s  fast  neutron . . 

7 3 x 10 r ads  . thermal neutron . . 

7 2 x 1 0  r a d s g a m m a .  . 

3 .  Ducting a i r  velocity: 0 to 100 feet /second 

-4. Ducting air .  temperatur.e:  0 to 1060°F . . 

5. Ducting p res su re :  12 to 360 psia  

6. Acceler.ation: 6 g continuous axial  load 

7.  Vibration: 0 to 20 cps - . O .  1 -in. amplitude 

20 to 800 cps - 6 g . 

800 to 1400 cps - 12 g . 

1400 to 2000 cps -' 20 g . 

As this extreme environment precluded the use.of  T o r y  11-A-type actuators  : 

direct ly  connected to control rods at  the reac tor  face,  a l ternate  solutions which 

involve actuation f rom outside the duct were  examined. All such methods in-, 

volved flexible coritrol rods  and couplings, thus replacing actuator problems 

w'ith control-rod problems.  A ser ious  question a r o s e  relat ive to the ability of 

the control actuation syste'm to meet  the dynamic requirements  because of m e -  

chanical and mater ia l  1imi.ta.tions. Important dynamic and life require'ments 

which the.fine (vernie,r)  control-rod sys tem must  fulf i l l .are:  

' 1. Stroke: 40 inches 
. 

2 .  Saturation velocity: grea ter  than 60 inche s/second 

3.  Acceleration: grea ter  than .10 g. . . . 

, . . .  . 
4. Resolution: 0.04 inches 

5. System stiffness ( s ta t ic  and dynamic):  must  be  capable of holding 

2 0 -1b ldad within re'solutibn under environmental cbn'di'tibns :sp,e,d.ifi.ed 
. . 

6. Frequency response:  ' -900 'phase-shift if 15 cps 



7. Life requirements  : (assuming numerous cyclic .and performance 

t e s t s  in the position servo mode):  . 

a .  120 -hour operating life under no rmal  conditions 

b .  30- hour operating life under nonradiation extr eme environmental 

conditions . . 

' . c .  3-hour operating life under extreme conditio'ns (high t emper -  

a tu re  and radiation 

8. Fai l - safe  requirements:  must  be capable of. inserting a 20-lb control 

rod  40 inches.  into reac tor  i n . a  maximum of 0 .25  seconds. . 

The d : p a m i c  and life requirements  for the coa r se  o r  sh im rods a r e  quite 

s i m i l a r .  However, a much slower saturation velocity (1-in.  /second) and f r ~ e -  

quency response (1  to 3 cps)  i s  required. . In addition to the .above requi rements ,  

the maximum cross-sec t ional  a r e a  of a duct-mounted actuator package was 

specified in o r d e r  to avoid "blacking-out" too great  a percentage of the total  

r eac to r  inlet a rea .  

After evaluating the. various control methods in view of the state-of -the- 

a r t  and the sys tem specifications, the 'Lawrence Radiation Laboratory decided 

in ea r ly  1959 on the de.velopment of high-performance actuators  which.could 

withstand the severe  environmental conditions imposed by Tory  11-C. It was 

fel t  that this  approach, had the grea tes t  chance of , . meeting the sys tem requi re-  

ment  s in the t ime period allotted and would repre'sent .a significant "breakthrough1' 

in the design of flyable environmental sys tems.  In the event the development 

effort  did not meet  with 'complete success ,  cooling a i r  .from. the a i r  supply 

could s e r v e  a s  coolant for the individual actuators .  In addition, the temper - 

a t u r e  of the inlet a i r  to the reac tor  could be  lowered. This  approach, however, 

would involve. a ser ious  digression f r o m  the des i red  de s ign-point conditions. 

F igure  19 shows how the actuator package will be  duct-mounted on the 

t e s t  vehicle. , .  
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The scope of the.development program-was  l imited to those components 

which must  be  mounted in the a r e a  of extreme.. environment, i .  e .  , servo valve, 

motor ,  'clutch and t ransmission,  r.ack,'  posi t ion. t ransducer ,  and appropriate . 

e lec t r ica l  a n d  pneumatic conne,ctor s and couplings: ~ n v i r o n m e n t a l .  electronics 

were  specifically excluded f r o m  the development .effort for the..following reasons:  

1. Reliability of the electronics was an absolute requirement  for  the 

Tory  11-C ground tes t ,  dictating use  of solid-state components in the t ime . 

period imposed. 

2. No specification had been wri t ten for the flyable electronic hardwar.e. 

It was felt that components then undeveloped (such a s  tunnel diodes) might be 

introduced between the t ime of ground and flight tes t ,  thus satisfying the flight 

environmental and performance : requirements .  The recent  tunnel-diode work 

being c a r r i e d  on at  IBM under WADD sponsorship shows grea t  promise  for  

t h i s  application. . . . 
. . 

3 .  The Tory  11-C t e s t  could be conducted without environmental e lec-  

t ronics  but not without, environmental actuation sys tems.  Concentration of the 

development effort on the cr i t ical  a r e a  was necessa ry  in view of this.  

After extensive study of electropneumatic,  pneumatic, e lectr ical ,  and 

electrohydraulic methods of actuation, LRL decided upon the use  of e lec t ro-  

pneumatic actuation for , the  Tory  11-C reac tor .  At the t ime of this decision, 
\ . . 

a l l  methods of actuation were  unpr.oven over the t ,emperature range 7 0 " ~  to 

1200°F. . Despite this ,  the electropneum,atic method was chosen for the following 

reasons  : . . 

1. There  i s  no apparent env.i.ronmenta1 limit  which r e s t r i c t s  i ts  use above 
, . .  

a cer tain tempera ture ,  radiation level,  etc.  Conversely, both hydraulic and 

e lec t r ica l  methods do have limited tempera ture  and radiation capabilities. 

2. Small  actuator s ize and, . weight . is  pos,sible while s t i l l  meeting the 
. .., 

sys t em dynamic requirements .  



3 .  The electropneumatic method of actuation i s  compatible with the r e -  

quirement  for remote  operation and control where e lec t r ica l  inputs and outputs 

a r e  needed. The fully pneumatic method i s  deficient in this  respec t .  In addi- 

t ion, high-performance requi rements  dictate that e lec t r ica l  compensation be 

employed in the actuation subsystem. 

4 .  T h e r e  i s  no danger of contamination of the reac tor  i f  leakage of the 

actuator  working fluid occur s .  

5. Both in the ground t e s t  and the flight situation, t he re  i s  a n  abundant 

a i r .  supply aGailable at  a l l  t imes  (approximately 1.2 million Ib a t  the T o r y  11-C 

facil i ty).  

R'eview of Actuator Development P r o g r a m s  

Two development effor ts  have been directed toward meeting. the actuator 

requi rements  bf' the Tory  II-C reac to r .  The s tatus  of each of these effor.ts., 

which a r e  being c a r r i e d  out under LRL t.eehnical..direction, i s  descr ibed here.  

Model 1240 Actuator. . .. 

One phase of the actuator development. program. has r e  s'ulted in .a proto - 

type called the Model' 1240 actuato'r. This  prototype, 'which can be used over 

the p r e s s u r e  range 90 to 1000 psia ,  employs position feedback to accomplish 

closed-loop control. Thie sys tem,  which. i s  shown schematically in F ig .  20, 

employs a two-stage, electropneumatic servo  valve to actuate a gear motor 

which d r i v e s  the control rod through a r ack  and pinion. A high-temperature,  

l inear  Gariable differential  t r ans fo rmer  (LVDT) attached to' the r ack  is used 

f o r  control-rod position feedback and indication. The Model 1240 actuator is 

shown in exploded f o r m  in F ig .  21. ' F i g u r e  22 shows the Model 1240 motor 

be fo re  high-temperature t e s t ,  while F ig .  23 depicts the actuator a s . i t  was p r e -  

pa red  fo r  t e s t  at  the con t rac to r ' s  facility. F igure  24 shows the motor -servo-  

valve combination following e'xten'sive testing above 100Oo.F. An exploded view 

of the motor  following h i g h - t e m p e r a t ~ r e ~ t e s t s  i s  shown in F ig ;  25. 



At the t ime of this writ ing, the Mode1 .I240 actuator .has undergone spec- 

ified ambient and high-temperature life t e s t s  with a considerable degree of 

success .  Under simulated environmental conditions in the laboratory,  it has ' 

accumulated over 10 hours  of cyclic testing. The sys t em exhibits a frequency 

response of 10 to 15 cps  and 0.1% resolution over the t-emperature range of 

7 0 . 0 ~  to 1200°F. It has  operated under ser'vo control  in a n  acceptable manner 

during vibration t e s t s  c a r r i e d  out a t  room tempera ture .  The major  d.eficiencie s 

noted during the above t e s t s  .were: 

1. Repeated fai lure  of position t ransducer  due to breaking of the elec-  

t r i c a l  winding a t  tempera ture .  , 

2. Inability of .servo valve to withstand the large differential between 

ambient and supply tempera ture .  

3 .  Fai lure  of s c r a m  snubbing springs a t  t empera tu re  due to lack of lu- 

brication. 

These problem a r e a s  have been o r  are 'being cor rec ted  with correspond- 

ing improvement of reliabili ty.  

The Model 1240 actuator is current ly undergoing advanced testing in the . .. 

laboratory to evaluate component improvements.  A ful l -scale  environmental 

t e s t  in the Tory  11-A facil i ty i s  anticipated following. reac tor  t e s t s .  

To provide the specified sh im-rod  actuation, the Model 1240 must  be 

modified to include a gear  t ransmiss ion  and clutch assembly.  LRL i s  currently 

sponsoring a development effort which i s  directed toward producing high-tem- 

pe ra tu re  vers ions  of each of these components. 

RAHS Actuator , 

The RAHS (Reactor Actuator, High-Speed) actuator i s  the resu l t  of a 

para l le l  development effort. It differs f r o m  the Model 1240 actuator in that it 

uti l izes .a nutating disc  motor ,in place of. the ,gear motor .  Other related I 
. . 



components such a s  servo valve; position t ransducer ,  etc:, operate  in a s im-  

i l a r  manner .  The nutating d isc  motor has. effe-ctively demonstrated its, p romise  

fo r  high-temperature operation through the use of a .breadboard  version over 

a period of two y e a r s .  

The  RAHS actuator sys tem shown in Fig.  26 has successfully passed 

room-tempera ture  t e s t s  and is  current ly undergoing environmental t e s t s .  No 

t e s t  d a t a . a r e  available at  the t ime of writ ing. . . 

Tory  11-C Control System Improvements' 

Following the successful  implementation of the Tory  11-A control sys tem 

a t  NTS, an  extensive review of reac tor  control philosophy and methods ,was 

initiated in  0rde.r to evaluate methods for achieving the various control functions 

requi red  i n  Tory 11-C with a n  objective 6f recommending a specific sys tem 

design. Various approaches to this  new control sys tem'des ign  problem were  

8 
considered including continuous and discontinuous analog, digital, hybrid, etc.  

'I'he s ta te  of 'development of each  approach was a s s e s s e d  in evaluating , i t s  pus- .- 

sible application in the Tory  11-C control . . system. 

The c r i t e r i a  used fo r  evaluation . . o f ' a  par t icular  sys t em design in o rde r  : 

of importan'ce were :  (1)  safety; ( 2 )  simplicity;  and (3) adaptability. . . 

1. Safety: Safety r equ i re s  protection of operating personnel Irorti nuclear 

hazards through. inherent safety of the nuclear' control sys tem.  In addition, the 

requi rement  for safet,y i s . a l so  necessa ry  ' a t  t h e  reac tor  core  since destruction 

of the c o r e  involves a seve re  economic and programmatic  penalty. 

2 .  Simplicity: Simplicity of 'design i s  required because a simple sys tem 

i s .  inherently m o r e  rel iable  and l e s s  costly. The need for reliabili ty i s  obvious 
4 

in vlew of the number o f ' sys t ems  involved in a tes t  and the cost of conducting 

, . , t h e  t e s t .  

3. Adaptability: The  design 'approach se-le.c.ted must  have a grea t  degree 



of adaptability in o rde r  to meet  the t e s t  requirements .  of. the var ious Tory  pro-  

g r a m s .  The Tory ' I I-A t e s t s  descr ibed above provide an  indication of the r e -  

quired flexibility during just a smal l  portion of the experimental program. '  . 

Following evaluation'of the var ious control methods in light 05 the c r i t e r i a  

given, .  it  was decided that few majo r  dep'artures shou.ld be. made f r o m  the con-. 

t ro l  concepts employed for  T.ory 11-A. This  decisEon was 'based  on: (1)  expen- 

ditur es  a lready mad.e; (2)  'proven reliabili ty experience with the present  sys tem;  

( 3 )  proven performance a l ready achieved; and (4) shor t  T o r y  11-C t ime sched- 

ules .  It was  felt that for Tory  11-C further  development effort would b e  better 

expended in upgrading the components, sub'systems, and sys t ems  and adding 

cer tain desirable  fea tures  r s f h e r  than performing a complete . redesign.  In 

addition, the substitu.tion of digital techniques would. be impract ical  in many of 

the analog subsystems (such a s  the control-rod actuation subsystems).  F o r  

on-line sys tem control, data collection, e t c . ,  it was felt  that digital techniques 

were  lacking ,at the 'moment in adequ'ate reliabili ty and flexibility for  this  type 

of experiment.  ' Also; ' the t.ight T o r y  11- C schedule.did n0t :permi t .a  ma jo r  change 

in control phiibsbphy ol; techniques. 

Some significant improvements a r e  being introduced in the Tory  11-'C 

corltrol s y . s t e ~ r ~ s .  T.hey a re  riext considered. ' ' ,  ' ' .  . 

. . s e m i - ~ u t d r h a t i c .  Checkout. System ; . ' , 

A semi-automatic checkout sys tem which i s  being designed will measure  

and r ecord  power supply and calibration voltages and other  s imi lar  var iables  

automatically. In addition, it will. have t h e  -semi- automatic capability to isolate 

and m e a s u r e  subsystem gains, frequency.response, t ransient  respon'se, 'and 

switching logic accuracy.  F o r  these tes t s ,  an opekator will make  the. actual 

. . 
measurements  and evaluate perfor'mance. . 

The final- stage . - of preoperational che'cko'ut will be done by closing the loop 

with an accurate  simulation of the overal l  proee,ss.. 
, 



Use  of Solid-State Components . 

An evaluation of commercial ly  available solid-state electronic components 

has  resul ted in the decision to  use these for the Tory  11-.C control sys tems.  

"Th,ese include operational amplif iers ,  mult ipl iers ,  logarithmic and variable 

function genera tors ,  and compatible power supplies ..i -These have demonstrated 

a high degree  of accuracy  and have correspondingly high reliabili ty.  They a r e  

built in smal l  modular units which permi t  simplified functional changes and 

relat ively easy  maintenance.. 

Startup 

, - Two s e t s  of th ree  compensated ion chambers  driving log power and pe- 

r iod  amplif iers  will  be included in this  sys tem.  As is now the case ,  one se t  

will  be r,emotely located to provide adtomatic power control over the top six 

decades of power level.  The other se t  will be remotely movable by a reliable,  

high-precision positioning sys tem.  When positioned close to the co re ,  they 

wil l  be used for  feedback in the automatic power-control sys tem at power levels 

down to 10 watts. By switching between the two se t s  of chambers ,  simple and 

rel iable  automatic log power control over approximately 10 decades will be 

provided. 

By mein's of these movable de tec tors ,  power leyel 'can be programmed 
' I  

through the low and intermediate ranges into the power region by retract ing 

, t h e  detectors  while demanding a.  fixed detector voltage output. Shutdown would 

b e  initiated by the r e v e r s a l  of this procedure.  A s imi l a r  method, using fission 

chambers  driving log-count r a t e  m e t e r s  and period amplif iers ,  i s  current ly 

being evaluated for  p o s ~ i b l e . u s e '  in automatic s ta r tup  in Tory  11-C. 

Programming 

A m i r e  versa t i le  method of programming the controlled variables  i s  

.being evaluated with an  analog computer solution. This would replace the 



present  ~electrorne.chanical p rogrammers  with a .solid-state electronic type and 

wouldpermi t  adjustment of the automatic p rogram f rom the control point during 

the t e s t .  It would a l so  permi t  program. stop o r  r e v e r s a l  a t  any time.. ' In T o r y .  

11-C, it will be  possible to program . flow . ra te ,  p.ower level,  and co re  o r  exit 

gas  tempera ture  during any run. It is possible  that c o r e  tempera ture  will  be- 

come a controlled variable  if Tory  l l -A  high power-level t e s t s  demonstrate  

that the thermocouples yield accurate  and rel iable  readings . . a t  high power den- 

s i t ies .  Automatic tempera ture  control would then replace the oper,ator f o r  the 

purpose of carrying out a slow "trimming" .action on power demand. 

Reactivity Computer 

An on-line analog-type reactivity computer is  to be  included to allow the 

operator  to continuously monitor reactivity.  This  may  a lso  be  used in  the r e -  

s e t  sys tem to insure  complete reac tor  safety a t  a l l  t imes .  

The analog simulation for sys tem checkout and opera tor  training will a l so  

be  used a s  an on-line computer.  Significant var iables  will be  provided for  com-  

parison with actual  sys tem conditions. This  will simplify eva1uatio.n of any 

abnormal  condition. . 

Variable Setpoint s 

Since the fas t  r e se t  and s c r a m  set  points must  be fgequently changed 

during a .run, provision i s  being made  for  automatically adjusting them a s  a 

function of the existing demand power level: The adjustment will  be made  a t  . 

a slow ra t e  so  that the reac tor  will s t i l l  be protected against rapid perturbations.  

-, Maximum l imits  will b e  independently se t .  ,, Typically,. power - level  r e s e t  set  

points might be  se t  at  1507'0 of 'demand power level, and the s c r a m  se t  points 

a t  200 to 4007'0 of demand power. 

In the flow-control sys tem,  se t  points ar .e  provided to l imit  maximum 

inlet a i r  p r e s s u r e  and maximum r a t e  of -change of p r e s s u r e .  These a l so  



frequently must  b e  changed dur ing the  course  of .:a tes t .  Provis ion will  be  made 

to automatically . . change these  .as..the t e s t  progr.esses.  However, they will  not 

be  "f1oating"'set points a s  in . the.power-control  sys tem.  

LONG RANGE DEVELOPMENT EFFORT 

The outstanding control problem facing the Pluto p rogram 'a t  this  t ime is  

that of obtaining rel iable  environmental hardware to provide co'ntrol .actuation.. 

All other  problems a r e  insignificant by comparison when considering just the 

T o r y  II-C application. To proyide the reliable hardward needed, an  extensive 

development effort i s  being conducted on electropneumatic actuation sys tems.  

T e s t  r e su l t s  and reliabili ty data  a r e  being accumulated during the course  of 

th is  p rogram and a r e  being used for  continuous 'upgradin'g of component and 

sys t em reliability. Electropneumatic actuation sys t ems  ,have already exhibited 

reliabili ty equal to  that of e l e c t r o h ~ d r a u l i c  sys tems at  room tempera ture .  

Through optimization of actuator design pa ramete r s ,  ma te r i a l s ,  and lubricants,  

it is fe l t  that this s a m e  reliabili ty can eventually be demonstrated throughout 

the en t i re  Tory  11-C environ,ment. 

The  major  control problems which a r e  foreseen  in Pro jec t  Pluto in prog- 

r e s s ing  to an actual  flight engine a r e :  

1. Development of reliable environmental hardware for actuation and 

control.  Both electronic a,nd electropneumatic components and subsystems 

which operatk ;'reliably a t  elevated tempera tures  in a radiatioi.1 field a r e  needed. 

2 .  Development of a s imple,  re l iable ,  and safe s tar tup method. As com- 

pa red  to chemical  engines, nuclear r eac to r s  lend themselves to simple s tar tup. .  
,. 

However,  safety considerations have made most  s ta r tups  a complicated and 

tedious task. A s impler  way must  be found. 

3 .  Development of a s imple,  re l iable  method of engine control in the 
. . 

power region. The methods thus f a r  outlined for control of tlie r amje t  reac tor  



in the power region involve control br  limiting of many variables  s imul taneous ly~ 

(such a s  power level,  period, c o r e  tempera ture ,  Mach number,  e tc .  ) .  A 

simple method of engine control would considerably increase  reliabili ty of the 

corresponding flight vehicle.  

The efforts being c a r r i e d  .on at  the Lawrence Radiation Laboratory a r e  

directed toward solving many of these problems within the Tory  11-C t ime 

period. The, specific s teps being taken a r e :  

1. Fur ther  development of environmental -hardware (electropneumatic 

and ,electronic).  

2. Development of multi-decade power-period control sys tems for auto- 

mat ic  fas t  startup, using movable detectors  with logarithmic ampl i f ie rs .  

3 .  Continued development of s imple,  but re l iable ,  control concepts 

which can  easily be incorporated into overal l  engine control. - 
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Fig .  2. C r o s s  sect ion of To ry  11-A c o r e  showing location of control  e lements .  

MODULE 



CONTROL POI NT 10,000' TEST BUNKER 

PRE-AWL1 F I  ERS \ 

HYDRAULIC 
OVERRIDE 
CONTROL 

2 

W M E T E R  

\ 

MANUAL ROD MANUAL VANE c 

BF3 

r SYSTEM - 
4-CHANNELS 7 

+ 
I 

I 
I 
I 

r LO61 C FAST RESET 
I 

COMMAND 
I 

( ~ 0 6  P (3) 
L- 

I - SCRAM CHAIN I 
I n 

COWTACTS J I + REACTOR 

J I 
2 \L 

Lo6 N L I 
t t t t  ,999 

i 
PER l OD I I 

I 
L 

VANE SYSTEM 
a - g a  8-CHANNELS 

REFERENCE 
VOLTAGE .-- - -- - - - - - - - - -I  - - - - - - - - - - - - - 

Fig. 3.  Block diagram of Tory II-A nuclear control system. 
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Fig. 8. Large pre-,,re -conkrol vu,re durin, dptimizatioa t rcts at Livermore. 
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Fig.  16. Plot of 'heoretical axd measured Tory 11-A t.ransfer h c t i o n .  
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Fig. 17 .  Experimental data .recorded during automatic nuclear control system demonstration run. 





Fig.  19. View of Tory  11-C reac tor ,  showing control actuation components. 
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F i g .  2 0 .  Schema;ic of Model 1240 actuator.  





Fig. 22. Model 1240 motor prior to elevated-temperature tests. 



Fig. 23.. Model 1240 actuator being prepared for high-temperature test. 



Fig. 24. Model 124Q servo valve and motor following high-temperature operation. 



-Fig. Z25, Evhdedvim of Madel 1240 wobr foll~wing high-temperature tests. 
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T h i s  report was  prepared a s  a n  account  of Government sponsored work. 
Neither the United S ta tes ,  nor the  Commission, nor any  person ac t ing  on 
behalf of the  Commission: 

A. Makes any  warranty or representat ion,  expressed  or implied,  with 
respec t  to  the accuracy,  completeness ,  or use fu lness  of the information con- 
tained in th is  repor t ,  or that  the u s e  of any  information, appara tus ,  method, 
or process  d i sc losed  in th is  report may not infringe privately owned rights;  or 
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