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PROJECT PLUTO CONTROL SYSTEM DEVELOPMENTS
AND TEST RESULTS" o
oo ‘
R, E Finniigan and G. G'.T.Nelson»
Lawrence Radiatioq Lébo;atory,‘ Univevrsi.ty of ‘Califo,rnia
Livermore, C>a.1ifornia |
August 21, 1961A ,
ABSTRACT
.During_thé spr.‘ing of 19461,A Tory II-A, the first éxp'erimeﬁtal reactor in
the Pluto nuclear ramjet missile prdgram’, v:l/as 'successfully tested at the
Nevada Test Site of fhé Atlom'ic Ené;gy Commiss.ibn. It is currently under-
going_advance@ testing. This‘paper' ‘sumrriarizés ‘the meéthods of 'co?trol-whic‘h
are employed on Tor;l/ II-A and presents unclassified test résqlts pertaining to
the major control syétéms. -« | .
Re;:ent control system‘developments for Tox:y II-C,. a flight-type ramjet
reakcto_r, are also described. The:Tory'II-C application requires 40-inch,
linear-strok'e servo actuators capable of operating in a high radiation environ-
ment throughout the temperature rangé of 70°F to 12(_)0““F, The problem areas
and recent advances in the development of high-performance 'electropneumatic
control systems fo;' this application are discussed. In concluding this paper,
the masor control problems confronting the Pluto program are outlined and

oy
- the further development efforts required are indicated.

" Work performed under the auspices. of the U, S. Atomic'Energy Commission.
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Project Pluto.Control System Developments .

" and Test Results.

R. E. Finnigan and G. 'G. Nelson -
Lawrence Radiation Laboratory, University of California
Livermore, California

!

INTRODUCTION
-Proj'ect Pluto has ‘a's its 'o;b.je.ctive the dernonstratron of the feaeibil'ity of’
a nuclear reactor capable of propelhng a supersonic rarn_]et mlssﬂe Here,
fea31b111ty' is detlned as the successful ground opera.tlon for limited perlods of
time of a'.fl‘i"ght‘.—_t'ype-tr.ea.c'to‘r'ina near f,l\ight—type envir'onment. However, neither o
mi-ssile accelerations nor g-ioads: ean be 'realvi,z.ed'during ground tests. Because
stored air is used as the reactor coolant, ground tests are limited .to a period
of sever‘al minntes; hence, the lifetirne of the reactor and its'asl'SOC’iated“con-
trol systern must be ascertained oy 'c.:onductin'g many tests in series or by ex-
trapolation from long term component or module tests.
| Thus far the Pluto Program at the Lawrence Radiation Laboratory has
been d1v1ded into. two distinct reactor development programs’ Tory II-A and
Tory II- C Tory II- A the f1rst experlmental reactor in the Pluto program,~
was successfully tested at 1ntermed1ate power levels at the Nevada Test Site
. in Maf 1961 and is currently undergo‘ing advanced tes'tin.g.' The fundamental
R objective of the T'ory II-A program is to .demo‘nstrate that a high-power;den’sity,
" high-temperature, air—co-ole'd'r"eactor'ean be 'suoces'sfully designed, constructed,

and operated. Design point parameters for Tory II-A are as follows:

. -Power level o : v - 155 megawatts,
Airflow rate S ~ 708 lb/second
Maximum core temperature’ 2250°F
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Inlet air temﬁerature , : 1060°F
Exit air temperafure - - 1975°F

As the capacity of the Tory II-A air.supply is a_pprdxirnat,ely 120,000 pounds of
air at 3600 psi, the duration of reactor operation at design.point is limited to
less than one minute. |

The T'éry II-C reactor, which will be tested following completion of the -
Tory II-A tests, will be a full-scale, missile-like reactor which will demon-
strate the feasibility of the Pluto ramjet reactor. A major point of difference
betwegn ,To;y II-‘A'a’nd Tory II-CIis the use Qf coﬁtrol ro_ds insidé th'e‘ cér'e on
the latter. This .iﬁlposes severe envi‘ronmer-ltal problem.s on the control-rod
‘actuators which werne nc.)t‘ present on Tory II-A, and also limits éigniﬁéaﬁtl&r
the space whic;h can be allocated to these actu'ators“. - |

As the Pluto program is fuil? described in otherl iiteraturelv’. 2 3:to‘ \;vhich
,:the reader is‘re‘ferred.lfor‘ further p#‘ogran.lma_.tic deta.ils, this pa.pér will be
limited in scope to the majof control syséems developed -for'Project Pluto.
The three specific objectives of thié 'paper é.re: (1) Descrip’éionv of major 'l‘or'y
II-A control systems and presentation of significAant resx.J.ltsiobtainAed during
reactor field tests; (2) Evaluation of Tory II'-'A control systems based or; test
results; and (3) Ou’gline of Tory II-C co’ntrol s.ystern developments. Because
of the rvatheAr broad scope of this paper, no attempt will bé made to present de-
tailed system analysis. Much of thé analysis has beep presented in earlier
4,56 ‘

works on the Project Pluto control systems.

TORY II-A CONTROL SYSTEMS
The Tory II-A reactor variables which must be controlled or held within
limits are: (a) reactor power level; (b) minimum period; (c) pressure and
rate of change of pressure at‘the reactor inlet; (d) air temperature at the re-
actor inlet; and (e) core component temperatures and temperature derivative.

Control of the reactor is effected by three major control systems:

by th
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1. Nuclear control system: This system maintains desired power level.:
or inverse-périod by automatic or manual positioning of control rods and vanes.
2. Airflow rate control system: This system ma..intains.-desirAed flow
rate by automatic or -manual positioning:of a pressure control valve upstream

of the reactor.

3. Air-temperature control system: Control of reactor inlet air tem-
perature is established by manual positioning of two differentially-driven con-
trol valves which determine the proportion of air which goes through the heater
and that which bypasses it.

It. can be seen that, ip this system, core temperature is a dependerit
variable and can bgcontrolled{ on}y indirectly through contro.1 of one or more
of the other variables. Figure 1 shows how reactor power and airflow rate
might be varied d,ur:ing a ‘typical design-point run, in order to .rna'ir.ltain the
desired core temperature. Air inlet temperature is manﬁally programmed to '
the desired va‘l‘ue Q_\'(er a period of one to two minutes and held constant through—
out the run. 'I'he 1;1uclear operator can trim core temperature by means of
manual adjustme'nts of the dema_tm_i_ed power' level. In addit_ion, he h;}s the capa-
bilit)lr of completely overriding the automatic program at all times.

'""Manual control, " when referred to in this paper indicates operator
control of the position demand signal to any p.arﬂticgl_aricontfpl element actuation
system. - All control elements are normally servo-positioned. 'Automatic
control' ‘of any particular variable refers to clo.sed_-lo'qp‘ contrg}.:of that quantity
with the operator setting the dem;nd level. '"Programmed automatic gontrél"
indicates completely automatic control using preprogrammed function gener -
ators to schedule a particular variable. As indicated by Fig. 1,' sta}r.tup'aﬁd |
shutdown of both pqwer-level and flow-rate control systems are carrie@ out in;

manual control; automatic control is used for programming to and from
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intermediate levels; programmed automatic contr.ol is used f;)r the relatively
rapid pr_ogramming to the design point and back to intermediate levels.

An emergency '"override' mode has been pr‘ovi‘dedvfor all Tory II-A
control-element actuation sSrstems (nuclear, flow rate, .and air temperature).
In this mode, the cognizant operator can electrohydraulically position a chtrol
element in an open-loop, on-off manner using solenoid valves and batteries.

The major Tory II-A control systems are next briefly described.

Nuclear Control System
"As this system has been describéd in considerable detail in the litera~ ..

’5!

ture, only an overall summary is included here.

The reactor control elements used by the nuclear controi system consist
of eight elecfrohydraulically actuated shim vanes and four electrohydraulically
actuated control rods located symmetrically in the reactor reflector as shown
in F.ig. 2. The shim vanes aré used to set the reactor po'wier level and to com-
pensate for feactor tem;ierature changes. Any one of the four control rods
can be selected as the fine-control rod, while the remaini'rig three act as safety
rods. All control elements are normally'o.perate-d as position-servo systems,
but can also be operated by means of an override actuation system which em-
ploys electrohydraulic open-loop positioning.

Figure 3 shows a block diagram of the nuclear control system indicating
location of the various componehts while Fig. 4 shows the radiation-tolerant .
electr(ihydraulic actuators mounted on the flat car. The hydraulic pump is
seen in the lower center porition of the 1attei picture.

Instrumentation’

Nuclear instrumentation is used for operator presentation while the '

power control system is in the manual control mode. In addition, this instru-

mentation is used for feedback information while the system is in automatic control.
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In the staftup range, four boron-triflouride detectors afe used.. The
pulses from these detectors are fed through pre-amplifiers to scalers and
then to logarithmic-count-rate meters aind period amplifiers. These count
rate and period signals, which are recorded and visually indicated, are used
for scram initiation. Two of these BF3 detectors can be remotely moved.from
a normal lbcatio'ntnear the reactor. The other two are remotely located to
provide instrumentation in the intermediate power range. ' -

Three compensated ion éhambers are used over the upper six decades
of power level. The signals from these chambers are fed to logarithmic power
and period amplifiers. - This log power and period information is used for feed-
back in the automatic control and the fast reset modes. In addition, this in-
formation is trahsmitted to the control point where it is used for visual indica-
tion and scram initiation. \

Over the top two decades of power level, threeuncompensatedionchambers
can also be used. In addition -to providing linear feedback for the automatic
control loop, they are used ‘by the fast-reset safety systefn (at-the bunker) and
are transmitted to the control point for visual indication and scram initiation.

In addition to-these various prefsentations, the nuclear operator is also.
provided selected core temperatures and exit-air temperatures which provide
sufficient information for operator core-temperature 'trimming. " |

Modes of Control -

In conjunction with the rémaining system eléctronics, the above-described
control elements and reactor instrumentation provide four modes of nuclear
control. In addition to the usual manual, automatic, and ''Scram' modes of
control, a four'th mode, known as ''fast reset' has been added. This is a non-
locking safety mode which is described i‘n- detail below. A brief description of

each mode follows:
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UCRL-6590 o -6- .

1. Manual Control: In this mode, manual positioning of the.shim vanes
and control rod is used for reactor control. . The shim vanés have two velocities
which can beselected remotely; these result in a reactivity.rate of ,1.8¢/second
or 9¢/second. Any one of the four control rods may be used as a vernier con-
trol with a fixed velocity resulting.in a reactivity rate of 3¢/second: The re-
maining three rods are used as; safety rods and are fully withdrawn at all times.

2. Automatic Control: Closing the loop on the log power signal enables
the power control system to automatically control the reactor powei‘ level over
six &ecades. By closing the loop on the linear power‘ signal, the system is
capable of automatic power control over two decades with a resolution < 1%.
Figure 5 depicts a block diagram of the power: level-period.control system.

If the demand power exceeds the:actual power by >2%, the system automat-
ically switches to period control when using either log.of linear power control.
Thié programs the power up to its demanded value at the preset period demand
which,is‘ad-justable between one second and infinity.

Figure 6 shows the linear power level automatic control system in final-
ized transfer function form. The system 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 (small-signal). The inverse-period control
system also demonstrateé a 10 cps response. Both systems are insensitive to
power level or temperature variations. Because of their relatively fast re-
sponse, both demonstrate adequate ''stiffness'' to reactivity perturbations.

‘3. Fast R‘eset: When two out of three preset levels are exceeded in
either power level or period, .a fast reset action is initiated. This action.causes
the three safety rods to be inserted at their maximum servo-controlled velocity,
which results in a negative reactivity' rate .of $5.40/sec_ond. .The reset also

causes the shim vanes to integrate inward with a resultant negative reactivity
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rate of 31¢/second.‘ Following the reset, the safety rods integrate out at a

slow velocity resulting in a positive reactivity rate of 9¢/second. The shim
vanes integrate outward at a velocity dependent upon system conditions, but
never greater than that which will cause a positive reactivity rate of 28¢/second.
'fhe reset action described here is nonlocking, so, after the power and.period
are reduced by the insertion of negative reaéti-vity, the syst/em is returned to.
the preselected control mode. Because of this nonlocking feature, very little
filtering is required for the elgctrical circuitry; thus the transport delays
involved in initiating a fast reset action can be held to apprqximately three
milliseconds.

4. Scram: In the startup range, a scram is initiated whenever the
count-rate preset scram levels are exceeded. In the power range, however,
scram is.initiated only when two out Qf three levels of either power level or
period exceed their preset limits. Because the fast-reset points can be set at
values fairly close to operating values (e.g., 1.5 X design power, 2-second _
period) withou_t causing spurious shutdowns, the scram set points can be moved
much farther out (e.g., 10 X design power, 0.1-second period) without endan-
gering reactor safety. In fact, a scram can only occur following the complete
failure of the fast-reset safety system. In adfiition, fnuch more filtering can
be inserted in the scram circuitry. Consequently, the transpc.)rt.dela.y in the
scram cha_in is set at approxirﬁately 300 milliseconds.

Summary

‘These four modes of nuclear éontrolw represent a method of maintaining
safe, stable, and reliable control of the reactor through contrpl of two primary
reactor parameters; power level and inverse perio.d.‘ Basic safety considera-

tions require (a) restriction of the amount of fast positive excess reactivity

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

1375 009
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reactivity to allow recovery from all foreseeable accident situations.. A unique
feature of the . Tory Il-A control phiiosophy is.the reliance on the fast reset
‘action rather than on scram action to provide reactor safety at high power .. .
levels. The fast reset 'a.ction. attempts to maintain the deménded power level
in the face of power perturbations, thus avoiding'core-COméon'e~nt thermal

stress problems.

Airflow lControl 'System
‘The Tdry II-A air éupply facility shown in Fig. 7 is"'c'a'pable of storing

up to 120,000 1b of air at 3600 psi and 70°F. T’hé airflow control system must
deliver this air to the reactor at témperatures approaching 1060°F and at
programmed flow rates as high as 800 lb/second. To accomplish this, two
control elements are used: (a) AV-3, a 24-inch élec"crohydra'ul'i'cal‘ly actuated
pressure-'control valve which can deliver up to 8000 lb/second of air at 3600
psi tank-farm pressure. This valve is used for 'désigﬁ—pOiht runs (708 lb/sec-
ond); (b) AV-4, a six-inch eléctrohyaraulicaily acttiateldnprés sure-control valve
which is used during runs. involving intermediate flow rates (up to 400 Ib/sec-
ond). The ?ositiori—control syéfém of each of these valves has been designed
to fulfill the followihg dynamic reqﬁirements: (a) 2 cps frequency response
(-90° phase-shift point); (b) no overshoot to a step; (c) position resolution of
0.05% of full stroke; and (d) static stiffnésé sufficieht to p-revent a pbsition de;
flection greater than 0.1% of full stroke with maximum Aerodynaxnic load. In
the case of AV-3, aerodynamic loads are encountered in a range up to 25 tons
of force. Because of this, the control system has been‘d'esigned to exh:ibit a
stati(; stiffness of 10-million lb/iﬁch. "

' Figure 8 shows AV -3 during checkout and optimization‘a;t the Lawrence

Radiation Laboratory factility in Livermore, California.
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Both AV-3 and-AV-4 may be operated during any test. Although they
are normally controlled in a position-servo mode, they can be operated in a -
hydr'aulic override mode in the event of servo—systém failure. The override
"hold' mode is' energized whenever pressure,.rate of change of pr.essuré, or
valve error signal exceed certain preset .lirﬁits which indicate an unsafé.op-
erating condition. = - : o B

Instrumentation

Figure 9 -shows a block diagram of the overall flow-control system.
The flow system instrumentation used for feedback to the operator in manual
control and to the automatic control system is as follows:

- 1. - Three pressure transducers are located upstream of the diffuser to
sense inlet air pressure. These signals provide visual indication to the op-
erator, are used in‘'the floW computer for feedback in the. automafic control
system, and, "through a'two-out-of-three logic, are used to initiate override
ho‘ld-act'ionl. . These signals are also differentiated to provide rate of change of
pressure indication to the operator.

2. Three thermocoupies located upstream of the diffuser sense inlet air ‘
temperature which is used in the airflow computer. .

Modes of Control E . ’

"The reactor airflow rate is controlled in thI:ee different modes: (1) man-
ual; (2) override; and (3) automatic.

1. Manual: In the manual mode the airflow operator ‘positions the ap-
pfopriate pressure-control valve to program the airflow rate. Airflow rate is
determined from stagnation pressure gauges or the flow-rate computer.

2. Override: The control system is placed in the override mode when-
ever the reactor inlet: pressure or pressure rate exceeds preset values. It is

also placed in this mode whenever the error signal in the valve subsystem
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(AV-3. 0or AV-4) exceeds a -pr'eset limit indicating a component malfunction or
loss of feedback. Two-out-of-three circuitry is used to prevent false override
actions. In thé override mode the op‘era,utorj can posit’ion‘eithef control valve.
accurately using electr-ohyldraulicon-off circuitry which provides three func- .
tions: (1) hold; (2) in-"slo;iv; and (3) out-slow.

3. Automé.tic: In this mode the operator can program flow rate using
either a flow rate demand potentiometer or a préprogrammed function gen-
erator for automatic scheduling of flow rate. In either case, the pressure-
control valve is automatically positioned by the control system to mainf;ain the
'desired flow rate.

The most stringent rquixlements placed on the autématic airflow _cohtfoi
system is.that of progfamming’ flow rate from 70 lb/second t6:708 Ib/second
in a peripd of 15 to 60 seconds and. then returning to a rate of 70 lb/second in: .
approximately the same lengthAof time. It is required that it maintain fl;)w.
rate within 1% throughout the t.ransien-t; The control system shown in Fig. 9
meets these requirements and, in addition, permits safe startup and shutdown
of .the airflow system. .

Only AV -3, the large pressure-control valve, has been wired for use in
the automatic mode of control. In this mode, the control system senses dif-
fuser §tagnatioh pressure. However, the latter is used with diffuser stagnation _
.temperature to calculate flow rates aAccc')rdin'g to the relationship

W=053P A -
NT,

d

(1)

to
where
W = flow rate at diffuser (Ib/séecond)
"to_: stagnation pressure at diffuser inlet (psia)
Tto = stagnation temperature at diffuser inlet (°R)
Ad = diffuser nozzle area (inz) .

375 012
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Since the diffuser hormally operates in a choked ccondition:throughout most of
the design-point run (above 50-70 lb/second), airflow rate control can be simply
and accurately achieved using Pto and Tto .

The airflow automatic control s‘ystern‘ is shown in linearized transfer
function form in Fig. 10. As shown, it is necessary to compensate for the
drop in air-supply pressure (PAS) in or&er to hold loop-gain constant through-
out the run. In Fig. 10, VD' (s) represents the demand voltage to AV -3 while
XV represents valve position. The }low process transfer function, Pto(s)/XV'
can be accufately determined from a modified lump parameter analysis and

has been shown7‘ to be

-T s
G- (‘s')=6 to(s) __pN¥ to ASe (2)
P 6XV (l + 7 s)' ,
In Equation (2)
e |, Vv, ' . ' .
.- ORZ g | )
1 Wlss v:T. A . ' '
J )
T =) —d — . o (4)
T & NyRT, ‘
J - J
where
R = gas constant
Tj = stagnation temperature (°R) at various stations in the ‘ducting
Lj = p'hysical length (ft) of 'ducting or heater
. Vj = physical comporent volume (ft3)
vy = specific heat ratio for air at Tj
Pt ‘ :
—-T-Cl = steady-state ratio of diffuser stagnation temperature to air

W. ss flow rate

Kp = valve flow gain

375 013
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s. = 'complex variable
'.6Pto = small-signal variation of stagnation pressure at diffuser inlet -
6Xv = small-signal variation of valve position.’
For Tto = 1060°F (hot run), it can.be sh(-)w_nAthat:‘ ;
T'r = 0.25 seconds
T = 3.15 seconds
Wﬂen Tl_:c =

0°F (cold run), then

J

Tﬁ' = 0.5 seconds .
LT = 3.3 seconds. ,
The automatic control system was designed so that.i’c could tolerate these
changes in process transfer function without corresponding instability. With
such a large transportation lég (TT), it is obvious that the required system
must be one with a very slow reépohse time.

The resultant system, which has a frequency respons.e. of 0.2 cps, utilizes
pure intsegral compensation at the inpuf to the pressure-control valve. The

system has been successfully field-operated in all control modes for almost

one year over a broad range of temperature and flow rates.

Other Control Systems

In addition to the power and flow control systems, Fhere are numerous
other systems (approximately IOQ), most of which are op:er?gted in an '"on-off"
manner. Typical of these systems are the lovs}-pr‘e_ssure blowers which have
the capability of c'ontinuéusly blowing air. at 25 1b/second through the ducting
and reactor. These blowers are used for preheating and aftefcoo‘lin‘g'the core
components.

The.o;lly' other continuoué control system. which éan directly affect the
prime reactor variables is the air-te‘mpei‘ature control system. This system

uses two electrohydraulically actuated flow valves,. differentially positioned,

315 Ok
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to control the temperature of reactor inlet air. - In the Tory II-A phase, this
system is operated manually by the air-temperature operator who adjusts valve
position demand. Normally, inlet air temperature is varied.quite slowly and

periods of 1-5 minutes are allowed to take the temperature to 1060°F.

Overall Reactor Control

Before discus sihg how overall contrél of the reactor is carried out, it
might be well to examine how the major control systems discussed above inter -
act through the process variables. Figure ll. represents’'a signal flow dia-
gram of the Tory II-A system when operating in the following manner:

1. Power-control system in automatic mode

2. Flow-control system in automatic mode

3. Air-temperature control system in manual mode

4. Diffuser operafing choked

5. All variables opératihg arouﬁd steady state.

The unidentified variables are next defined:

<
n

position demand voltage, temperature control valve

D
'X"l = AV-5A position (hot line)
sz = AV-5B position (cold line)
6'"'g1 = variation of inlet air temperature
Ty = temperature of heat mass in heater
N le = n‘onlinear fﬁnc-:t;ion'
N'X"z' = nonlinear function
N Thl =‘honlinear function
‘GTl(s) = tra,nsf.ér fimctio.n of heat tranéfer process
GTZ(S) = transfer fﬁnctioﬁ of inlet temperature précess
GW(S) = transfer functio.n of flow-core temperature procéss
KW & airflow. rate reacti;\rity wofth. |

3ia 0I5 -
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- . It can be easily shown that the frequency variant portion of 'GT (s),
1
GT (s) and GW(S) is approximately the same.and can be accurately represented
2

in'a lumped parameter single-time constant LN where
Ty = —B2 f(w) (5)
c. W

: pPg

—'Cp'r = heat capacity of core
c. . = specific heat of air
by o

f(W) = nonlinear function.

In the design-point region h

~4 seconds.

From the signal flow diagram shown in Fig. 11, it can be shown that
there is very little interaction amon‘g'the three major céntrol systems: The
air-temperature and flow-cé'nﬁrol systems are unaffecfed» by changes at the
reactor whenever there is a choked condition at the diffuser. The power-con-
trol system is insensitive to changgs in flow rate or inlet air temperature:
because these changes are introduced by relatively slow s,ystems.through large
time constants. In addition, if can be shown that KW , airflow rate reactivity
worth, is quite small (about 5¢/100 lb/second); hence, ha_.ll major ireactivity -
perturbations to the powerlcontrol system are inserted throqgh a time constant
of 4 seconds or greater. |

When the diffuser becomes unchoked, 'the diagrarﬁ sthn in Fig. 11 no
longer applies and some interaction between the systems results. since reactor
temperature perturbations éxje reflected baci( to the flow process. Thus far,
no appreciable interactions or control problemé have Been observed when oper-
ating in this region. Note that the airflow rate computer no longer computes
flow rate in this region. |

Since it is desirable to hold reactor coré-temperafure constant rather

than power level, the control scheme shown in Fig. 12(a) has been recommended
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for design-point operation: Here; ‘a sudden variation of airflow rate programs
power-level demand correspondingly. The program to full floW can be sched-
- uled manually or automatically. When using the ‘latter method, thé nuclear
operator has full override trim capability. Figure 12(b) shows an alternate
method which does not rely on transducers to provide an'input signal to the
power-control system. When using this method, the function generator.must
"be stopped or reversed whenever the safety circuits in the. flow-control system
detect an unsafe condition and perform corrective action,‘(i. e., -place the system
in override-hold mode). The filter shown bgtween VW DEMAND and the loga-
rithmic function generator has the same time constant as the flow process.

Figure 113 shows the response of the slaved power-control system dux:ing,
a typical sta'r:tup and shutdown, while Fig. 14 shows the response éf the flow-
control system during the same startup. The résponse of the two systems is
identical whether using the method of Fig. | 13 or 14. The data we.re obtained
using actual hardware, but with the use of an analoged process.

Many other combinations of control are possible besides those shown.
For example, one could use programmed automatic flow-rate control with
. operator-programmed automatic power—lével control during initial nuclear
runs where temperatﬁre infc;rmation is being souéht-. The Téry II-A control
systems have been designed to provide the maximum amount of flexibility in

keeping with the experimental nature of the test program.

Test Results
Prior to delivery at the Nevada Test Site (NTS), all control systems and
components were completely checked out at Li_vermore through the use of an
analog repr~esentation of the process. Follo{;v‘ing installation at NTS, the sys-
tem was again checked out using a simplified process analog.
The following tests were pei‘fror‘rn.ed.a'tc‘NT'S in order to.fully qualify the

control systems: 3)7;5’ 017



UCRL-6590 -16-

1. Measurement of the transfer dunction of the airflow process.

2. Demonstration of safe, stable, and accurate control of airflow rate
in the automatic control mode over the range 70-800 lb/second.

3. Measurement of the reac'tof transfer function.

4. Measurement of the reactor temperature coefficient. .

5'. Demonstration of safe, stable, and accurate contr-ol of the feact.or'
~in'the automatic power control mode.
6. Demonstration of safe, stable, and accurate control of the reactor

i

at an intermediate power under actual airflow conditions.

1. Measurement of Airflow Process Transfer Function

. The airflow process transfer functién was measured at three flow rates:
160 Ib/sec., 400 lIb/sec, and 800 lb/sec. The inlet air temperature uéed dur -
ing this test was approximately 1060°F. This measurement was made using
the large control va‘lv‘e with a sinusoidal position demand input resulting in a.
sinusoidal air-flow rate of 100 lb/sec peak-to-peak. The feactor core was not
installed during these tests. The calculated value for the process transfer
function as determined frqm a modified lumped parameter analysis is:

~0.25s

AG ’(s)b—‘ 1 6Pto(s) _0.0078e
P T o §X T 1+315s
1 1—AS'\/rl'to ' v

The measured process transfer functions were found to be:

() W = 160 Ib/second =
G i(s) = 0:0075¢7%:25%
P 1+ 3.3s
(b) W = 400 lb/second
o -0.25s

(s) = 0:007e
P'S) T —T538s

(c) W= 800 lb/second.

0.008¢"V-25s
1 +3.1s

GP'(S) =
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From this can be seen the close correlation between the measured transfer
functions and the calculated value. It is élso noted that the transfer function
does not vary appreciably with flow rate. ‘As a result of this close correlation,
no redesign of the airflow <.:ontrol system was required before demonstrating °
automatic flow control.

2. Airflow Control Systern Demonstration

The flow-control system test consisted of a programmed automatic con-
trol run over the total range of flow conditions. Once again, the reactor core
was not installed on the test vehicle. At the start of the run, the large control
valve was manually opened until approxirx;lately 10% of full flow was attained.
The air-temperature operaltor adjusted the inlet air temperature to approxi- .
mately 1060°F. Then the airflow system ‘was transferred to automatic control.
An initial perturbation in demand inserted by the operator demonstrated the
stability of the system. As shown in F1g 15, the flow-rate demand was auto-
matically programmed to 800 lb/second on a 60-second ramp. ' Following a-
short period at full flow, it was programmed back to 10% flow in 60 seconds. -
At this point the system was transferred back to manual servo control and
then shut'down. |

During this run, -the inlet air temperature dropped to 716°F becaqse of
heater energy limitations. Despite this variation, the Cc;ntrol system main-
tained the demanded flow rate throughout the run.

3. Measurement of Reactor Transfer Function

Prior to a demonstra‘tioh of the automatic nuclear control system, the
reacfor transfer function was measured. This measurement, which was made
at two power levels, _ 30 watts and 7 kw, utilized a detector placed near the re-
actor. The signal from this. detecLurA wa s ;fed to a logarithmic power amplitfier,

thus providing a large-amplitude signal at the low power levels desired. The
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shim vanes were used to bring the reactor critical and to program power to
the desired power level.. At that point, a contr.ol rod was, sinusoidally driven
to obtain.a peak-to-peak reactivity of 7¢.. The resulting plots: of gain and phase
versus frequency are shown in Fig. 16. The phase curves are identical fo the
calculated curve for £ = 70 microseconds. Since f%* =50 microseconds was
used in system design, this close correlation obvia,;ed the necegsity for system
redesign. .

4. Measurement of Reactor Temperature Coefficient

: Although,the' nuclear control system does not ciepend upon a negative tem-
perature coefficient of reactivity for stabilit‘y‘, it was determined that Tory II-A
does indeed have a negative temperature coef.f_iéient before any attempt was
made to use the automatic control system.

5. Automatic Nuclear Control System Demonstration

In order to verify system performance, an automatic control run was
performed to fully qualify the power-control system for nuclear oper'ation,s._
The s.igﬁiﬁ-ca.nt parameters are shown in Fig. 17. The reactor was brought
critical and then taken to a power level of 180 watts. in manual control. At this
point the transfer to automatic control was performed with no power-level per-
turbations evidént., Next, a rapid 50% increase in defnand to 270-w€ttt5 was
‘inserted causing the system to switch to period control. The systewn atlained
the demanded 20-second period in a stable manner, leveled out smoothly, and
maintained the demanded power level. A step inci'ease.in demand power level
to 1050 watts was then inserted, and again the system responded as predicted.
At this point, a negative demand to 720 watts was rapidly inserted with the
system responding '}n a stable manner. Following thié, a _lar.ge, rapid, nega-
tive demand to 180 watts was inserted. The system recovered from this very

severe test and large-signal stability was demonstrated.

020
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6. Intermediate Power Run

The purpose of the intermediate power run was to operate the reactor at
a power level of '_> 40 megawatts with an inlet air temperature of 400°F while
maintaining the core temperature at a value in excess of 2000°F. The control
modes used for this test were as follows:

1. Airflow rate was controlled throughout the run using AV-4, the small
control valve, in the manual servo mode.

2. Power level was controlled in the manual servo mode up to 400 kw
and in operator-programmed automatic logarithmic power control above this
level.

The run was begun by bringing the reactor critical and to 400 kw of power
in manual controlA.‘ The power-control system was then transferred to the auto-
matic log power control mode, at which time a test of system stability was
made. This consisted of a sudden change in power-level demand to 820 kw and
then a rapid reduction in demand to 400 kw. The system exhibited good stability .
and the test proceeded as scheduled.

The airflow rate was then brought to 30 lb/second and»inlet air temper -
ature to 400°F. Following this, the power level was increased to approximately
10 Mw and held there until the core temperature reached 1900°F, The power
level was then reduced sufficiently to maintain thi_s core temperature. After
evaluation of all parameters, the planned programs of power and flow \}ver‘e_,
‘begun. The airflow was increased to 122 lb/second. Simultaneously, power
level was increased bringing core temperature to a value iﬁ excess of 2000°F.
These conditions were held for two minutes, after which both airflow and power
were reduced in a linear manner. The flow rate was maintained at 30 lb/second
while power level was further reduced to 260 kw. At ti’liS point, the 80-second

delayed neutron group prevented further rapid decrease of power.inthe automatic

315 021
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control mode so the reactor was scrammed. After the rgagt'ort-emperatu;e
had decreased sufficiently, the airflow control valve was closed. Eve;'ything
perfc;rmed as predicted during this run (in¢luding the reactor), and it was de-
clared an '"unqualified success. " .~

The runs described above are typical of those required in the test of an
experimental reactor. Initially, considerable operator participation is re-
quired while process performance and instrumentation are being evaluated by
the scientific personnel. Following evaluation of thgse process unknowns, a
high degree of automation is desired to remove-as much of the hﬁman variable
a,é possible. Advanced tests are currently being conducted which involve pre-‘
programmed automatic control §f airflow rate and power level. The extremely

flex'ible‘Tory II- A control systems provide for many.differing test requirements

without system change or modification.

Conclusions

Concepts Proven ' » ' .

From the experimental results obtained dui'in'g nuclear and non-nuclear
tests, the following conclusions may be drawn:

1. The automatic logarithmic power-control system has ample stability
margin and accuracy in both the large- and small-signal regions. The syé.te'rn
stability margin does not ci&ange appreciably with reactor power level. It is
concluded that this control mode can be used to control powelr level in a stable
and a'.ccu.ratve manner for power levels > 100 kw (a six-decade range is possible).

2. The automatic inverse—pei‘iod control providgs accurate and stéble '
control of reactor period for period demands < 30 seconds and power levels
> 100 kw (a six-decade range is possible).

3. The dual-mode concept (pO\‘zver—period control combination) is a de-

sirable method of reactor control; particularly when controlling the logarithm

3715 022
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of power. Here, a small demand-voltage change appears as a relatively large
power change. -

4. 'i‘he "fast reset'' ‘safety principle minimizes the probability of a false
‘'scram by allowing the operator to set scram levels quite high wi‘ghout jeopard-
izing safety considerations.' |

5. A large-capacity airflow process can be -.cont.rdlled automatically in
a Safe; manner ovef a.large dynamic range.

6. Simplified' mathematical models of complex processes have been de-
veloped. These have proved to be of considerable :valué in the design and op-:
timization of the automatic control systems. Their value has beén proven by
the fact that éontrol systems using these ndéde-ls hav'e Been applied ''as is' to

the actual process.

Improvéments Needed
| 1. Several factors warrant the addition of a éemi—automatic checkout
systerrll.‘ At present, s;,evéral days ar;a required to prepare a'nd vaiidate the
complex control sfstems prior to an operational te's£. A sys£em capable of
checking some variables automatically and others with a miﬁimum of human
assistance would serve to materially Ijeduce this t,.ime. In addition, a system.
of tl;lis type would . reduce checkout time on actuator and o't:her‘ subsystems with
a limited ,lif.eA expécta’r'lcy, as well as pr.évide accurate érid complet.el 'ch'_ec.kouAt
;ecords. B |

2. A great deal ofi time is expended d.uring‘ startup because of human-
caused delays in taking action and ver.ifying test conditions. This delay causes.
excessive depletion of stored air and mé.kes startup a tedious job. A semi- or
completely-automatic system to be.gin a test quick,l_y 1s desirable.v

3. Beca”u‘se écram and fa_Lst-resét levels must be changed ffequently as
power levels and airflgw _rafes change during the coﬁrse of a téslt, a method of

adjusting these automatically, yet safely,, is des.iraBle..
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4.. A method for reliably programming énd'maintaining the proper re-
lationship betweén power and airflow rate during a test is needed.

. 5.. A more complete analog simulation of processes and electrohydraulic
components is desired. This would provide more accurate system checkout,
moré thorough operator training, and may be used t'o verify system performance.

6. A new approach.to the system electronics and analog computer is
necessary to irﬁprove reliability and increase ver satility in changing test re- °

quirements.
TORY II-C CONTROL SYSTEM DEVELOPMENTS'

Outiinc of Rcquirecmento
Tory II-C, like Tory II-A, v;/.ill b‘e a ground-test reactor. Héwever, it

is intended to be a full-scale, missile-like reactor with regard to.core co.n-
figuration, core components, and method of reactor con-trol'. Generally, the
control methods outlined above for Tory II-A will be used as well for Tory II-C.
As m;.ny of the hardware im};rovements which have beén indicated will be in-
cluded as.time will permit.'

| The principal differeﬂce between Tory II—A and rI;ory II-AC is the require-
ment for reéctor control ‘within the co.r'e. This change from reflecto.r control
as. used. in Tory II-A considerably increases 'éhe control-ro;i actuatioﬁ problem.
The diffi_culties arise from the severe envixjnan,riental conditions which e#ist at
the reactor inlet during design-point runs in which inlet air at temperatures
abové 1000°F 1is used to cool the reactor. 'Figufei '18 siaows a ty;;ical Tory II-C
péwer, flow rate, and inlet air-femperat'ufe program, indicating the rates at
which the nuclear, airflov&./ rafef énd air -,temperaturt.a'variables (hence, the
actuator environment) 'aré cha;.nééd. The environmental limits in the inlet duct-
ing are“listed below:

1. Temperature: upper limit 1200°F (including radiation heating)

315 02t
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2. Nuclear: 108~~rads total
5 X 107 rads fast neutron
3 X 107 rads thermal neutron
2 X 10'7 rads gamma.
3. Ducting air velocity: 0 to' 100 feet /second
.4. Ducting air temperature: 0 to 1060°F
5. Ducting pressure: 12 to 360 psia
6. Acceleration: 6 g continuous axial load
7. Vibration: 0 to 20 cps --0.1-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 Tory II-A-type acfuators
directly connected to control rods at the reactor face, alternate solutions which
involve actuation from outside the duct were examined. All sAuch meth;)ds ih-,
volved flexible coritrol rods and couplings, thus replacing actuator problems
with control-rod problems. A serious question arose rellative to the ability of

the control actuation system to meet the dynamic requirements because of me-

“chanical and material limitations. Important dynamic and life requirements

which the.fine (vernier) control-rod system must fulfill are:
1. Stroke: 40 inches

2. Saturation velocity: greater than 60 inches/second.

3. Acceleration: greater than .10 g. .

4. Resolution: 0.04 inches

‘5. System stiffness (stati'c and dynamic): must be capable of holding
20-1b load within resolution under environmental conditions ;specified

6. Freq\iency response: -90° ‘phase-s'hift at 15 cps -

375 025
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7. Life requirements: (assuming numerous cyclic and performance
tests in the position servo mode):
a. 120-hour operating life under normal conditions
b. 30-hour operating life under nonradiation extreme environmental
conditions
"¢, 3-hour operating life under extreme conditions (high temper-
ature and radiation

8. Fail-safe requirements: must be capable of inserting a 20-1b control
rod 40 inches.into reactor in.a maximum of 0.25 seconds.

The dynamicland life requirements for the coarse or shim rods are quite"
similar. However, a much sloWer saturation velocity (1-in. /second) and fre-
quency response (1 to 3 cps) is required. - In addition to the above requirements,
tﬁe maximum cross-sectional area of a duct-mounted actuato; package was
specified in order to avoid» '"blacking-out' too great a percentage of the total
reactor inlet area. |

After evaluating the various control methods in view of the stat'e-of-the-
art and the system specifications, the L.awrence Radiation Laboratory ciecided
in early 1959 on the development of high-performance actuators which -could
withstand the severe environmental conditions imposed by Tory II-C. It was.
felt that this app‘rol_achA had the greatest chance of meeting the system require-
ments in the time period allotted and would repre‘sejnt-a significant “breakthrough"
in the design of flyable environmental systems. In the event the development
effort did not meet with 'complete success, cooling air from the '-a,ir supply
could serve as coolant for the individual actuators. In addition, t_he temper -
ature of the inlet air to the reactor could be loweréd. ~This approach, however,
would involve a serious digression from the desired design-point conditions.

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

test vehicle.
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The scope of the development program-was limited to those components
which must be mounted in the area of extreme environment, i.e., servo valve,
motor, "clutch é.nd transmission, rack, position.transducer, and appropriate
electrical and prieumatic connectors and couplings. Environmental electronics
were specifically excluded from the development effort for the following reasons:

1. Reliability of the electronics was an absolute requirement for the
Tory II-C ground test, dictating use of solid-state components in the time
period irhposed.

2. No specification had been written for the flyable electronic har'd\x./.ar‘e.
It was felt that components then undeveloped (such as tunnel diodes) might be
introduced between. the time of ground and flight test, thus satisfying the flight
environmental and performance requirements. The recent tunnel—diode work
being carried on at IBM under WADD sponsorship shows great promise for
‘this application.

3. The Tory II-C test could be conducted without environmental elec-
tronics but not without environmental actuation systems. Concentration‘of the
development effgrt on the critical‘area was necessary in view of this.

After extensive study of electropnepmatic, pneumatic, electrical, aﬂd
electro'hydraulic methods o.f actuation, LRL degideq upon the use of eleétro—
pneur\natic actuation f'o.r‘the Tory II-C reactor. At the Atime.of this decision,
all methods of actqation were unproven over the temperature range 7Q°F to
1200°F. _Despite this, the electropneumatic method was chosen for the following
reasons:

1. There is no apparent env:i-ronrnental l1m1t which rgstricts its use aboye-
a certain tempé_rature, radiation leyel, etc. Con;\/e,rsely, both hydraulic a.nc_l_
electrical me;hods dQ have limited temperature and radiation capabilities.

2. Small actuator size and weight is pos‘s_ible while still meeting the

~

system dynamic reﬁuiremepts. , 3"{75 @?7
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3. The electropneumatic method _oan_ctuatio‘n is compatible with the re-
quirement for remote operation and control where electrical inputs and outputs
"are needed. The fully pneumatic method is deficient in .this.respéct. In addi-
tion, high-performance requirements dictate that electrical compensation be
employed in'the actuation subsystem.

4. There is no danger of contamination of the reactor if leakage of the
actuator working fluid occurs.

5. Both in the ngound te.st and the flight situation, there is an abundant ..
air supply available at all times (aéproximately 1.2 million ib at the Tory II-C

facility).

Review of Actuator Development Programs
Two development efforts have been directed toward meeting the actuator
requirements of the Tory I-C reactor. The status of each of these efforts;,

which are being carried out under LRL t'eC'hniCal..direcfion; is described here.

‘Model 1240 Actuator

One phase .of the actuator development program has resulted in a proto-
type called the Model 1240 actuéto'r. This prototype, which can be used over
the pressure range 90 to 1000 psia, employ's’.position feedback to acco‘mplish
c‘los,ed-loo‘p control. This sfstem, which is shown sc};ematically in Fig. 20,
employs a two-stage, electropneumatic servo valve to actuate a gear motor
which drives the control rod through a rack and pinion.‘ A high-temperature,
linear variable differential transformer (LV‘DT) attached to the rack is used
for control-rod position feedback and indication. The Model 1240 actuator is
shown in exploded form in Fig. 21. Figure 22 shows the Model 1240 motor |
before Hig‘h-temper;ture test, while Fig. 23 depicts the actuator as. it was pre-
pared for test at the contractor's facility. Figuré 24 shows the motor-servo--
valve combination follovs}ing extensive testing above 1000°F. An exploded view

of the motor following high-temperature.tests is shown in Fig. 25,
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At the time of this writing, the Modei 1240 actuator has undergone spec- .
ified ambient and high-temperature life tests with a considerable degree of
success: Under simulated environmental conditions in the laboratory, it has
é.ccumulated over 10 hours of cyclic testing. The system exhibits a frequency
respbnse of 10 to 15 cps and 0.1% resolution over the temperature range of
70°F to 1200°F. It has operated under servo contz"ol‘ in an acceptable manner
during vibration tests carried out at room temperature. The major deficiencies
noted during the above tests were:

1. Repeated failure of position transducqr due to breaking of thg elec-
trical winding at temper‘ature.

- 2. Inability of servo valve to withstand the laljge differential between
ambient and supply temperature.

3. Failure of scram snubbing springs at temperature due to lack of lu-
brication.

These problem areas have been or _arge'being corrected with correspond-
ing improvement of reliability.

The Model 1240 actuator is currently undergoing ad.v_anc.ed testing in the
laboratory to evaluate component improvéments. A full-scale environmental.
test in the Tory_ II- A facility is anticipated following reactor tests.

To provide the specified shim-rod actuation, the Model 1'249 must be
modified to include a gear transmission and clutch assembly. LRL is currently
sponsoring a development effort which is directed toward producing high-tem-
perature versions of each of these components.

RAHS Actuator

The RAHS. (Reactor Actuator, High-Speed) actuator is the result of a
parallel development effort. It differs from the Model 1240 actuator in that it

utilizes a nutating disc motor in place of the gear motor. Other related
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components such as servo valve; position transducer, etc., operate in a sim-
ilar manner. The nutating disc motor ha&;,' effe_c_tively.r demonstrated its promise
for high-temperature~opevration“throug-h the use of a-breadb_pard vér sion over
a period of two years.

The RAHS actuator system shown.in Fig. 26 has ‘suc‘cessfully passed
room-temperature tests and is currently undergoing environmental tests. No

test data are available at the time of writing.

Tory II-C Control System Improvements

Following the successful implementation of the Tory II-A control system
at NTS, an extensive review of reactor control philosophy and methods was
initiated in order to evéluate methods for‘ achieving the various control functions
required in Tory II-C witﬁ an objective of recommending a specific system
design. Various approaches to this new control éyStem' design problem were
c:onsidered8 includiné continuous and discontinuous analog, digital, hybrid, etc.
The state of development of each a:pproach waé assessed in evaluating its pos-
sible application in the Tory II-C control system.

The criteria used for evalﬁa_tion of a particular system design‘ in order :
of impc'jrtan:(:e were:'(l) safety; (2) simplicity; and (3) adaptability.

1. Safety: Safety requires protection of operating personnel {rom nuclear
hazards thr'oughjinherent safety of the nuclear control system. In addition, the
requirement for safety is-also nece‘ssa'ry‘a.t the reactor core sincé destAru:ction
of the core involves a severe economic and programmatic penalty.

2. Simplicity: Simplicitjy of'dgsign is réquired because a simple system
is.inherently more reliable aﬁd less costly. The need for reliability is obvious
in view of the number of systems involved in a test and the cost of conducting
‘the test.

3. Adaptajbility: The design approach selected must have a great degree
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of adaptability in order to meet the test requirements: of the various Tory pro-
grams. The Toryll-A tests describéd above provide an indication of the re-
quired flexibility during juSt a small portion of the experimental program.’

- Following é\.laluation‘of the various control methods in light of the criteria
given, it was decided that few inajor departures should be made from the con-
trol concepts employed for Tory II-A. This decision was based on: (1) expen- .
ditures already made; (2) proven r‘eliabi‘litf experience with the present system;
(3) prbven performance already achieved; and (4) short Tory II-C time sched-
ules. It was felt that for Tory II-C further dev-elopment effort would be better
expended in upgrading the components, subsystems, and systems and adding
certain desirable features rather than performing a completel-redesign. in
addition, the subst-ituztion of digital techniques would be impractical in many of -
the analog subsystems (such as the ‘control-rod actuation subsystems). For
on-line system control, data collection,: etc., it was felt that digital techniques
were lacking ‘at the moment in adequate reliability and flexibility for this type
of experiment. Also,; the tight Tory II-C schedule did not:permit-a major change
in control philosophy of techniques. - |

Some significant irnprover_nénts are being introduced in the Tory iI-'C
control systems. They are next considered.

Serhi -Automatic Checkout System' -

A semi-automatic checkout system which is being designed will measure
and record power supply and calibration Voltg'ges and other similar variables
autorhaticjally. In addition, it will have the sémi-automatic capability to isolate
and measure subsystem gains, frequency»response,\transient response, ‘and'
switching logic accuracy. For these tests, 'an operator will make the actual
r_neasxirerrients and evaluate perf_o.r'r;qance‘.

The final-stage of preoperational checkout will be done by closing the loop

with an accurate simulation of the overall process.

’_;1
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Use of Solid-State Components

An evaluation of commercially available solid-state electronic components
has resulted in the decision to use these for the Tory II.—.C‘J control systems.
"These include operational amplifiers, multipiiers, logarithmic and variable
function generators, and compatible power supplies: These have demonstrated
a high degree of accuracy and ha.ve correspondingly high reliability. They are
built in small modular units {zvhlich permit simplified functional changes and
relatively easy maintenance..

Startup

Two sets of three compensated ion chambers driving 1og power and pe-
riod amplifiers will be included in this system. As is now the case, one set
will be remotely located to provide automatic power control over the top six
decades of power level. The other sét will be remotely movable by a reliable,
high-precision positioning system. | When positioned close to the core, they
will be used for feedback in the automatic power-control system at power levels
down to 10 watts. By switching between the two 'sets~of chambers, simple. andv
reliable automa£ic log power control over appr&ximately 10 decades will be
provided.

By means of these movable detectors, power level can be programmed
through the low and intermediate ranges into the power region by retracting
.the detectors while demanding a.fixed detector voltage output. Shutdown would
be initiated by the reversal of this p'rocedure. A similar method, using fission
chambers driving log-count rate meters and period amplifiers, is currently

being evaluated for pbsl'sible: use in automatic startup in Tory II-C.

Programming’
A more versatile method of programming the controlled variables is

being evaluated with an analog computer solution. This would replace the
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present -electromechanical programmers with a .solid-state eA1e<':tronic type and
would'pg-rmit.adjuStment of the automatic .pro'gram from the control point during
‘the test. It would also permit program stop or reversal at any time. ' In Tory.
II-C, it will be possible to program flow rate, power level, and core or exit
gas temperature during any run. It is possible that core temperature will be-
come a cont;rolied variable if Tory IL-A high power-level tests demonstrate
that the thermocouples yield accurate and reliable readings at high power den-
sities. Automatic temperature control would then replace the operator for 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 aliow the'
operator to continuously monitor reactivity. This may also bg used in the re-
set system to insure complete reactor safety at- all times.

The, analog simulation for system checkout and operator training will also
be used as an on-line computer. Significant variables will be provided for com-
parison with actual system conditions. This will simplify evaluation of any -
abnormal condition. . )

Variable Setpoints

Since the fast reset and scram set points must be frequently changed.
during a run, provision is being made for automatically adjusting them as a
function of the existing demand power level, The adjustment will be made at -
~a slow rate so that the reactor will still be protected against rapid perturbations.
" Maximum limits will be independently set. Typically,.‘ power-level. reset set -
points might be set at 150% of demand power level, and the scram set poihts
at 200 to 400% of demand power.

In the flow-control system, set points are provided to limit maximum

inlet air pressure and maximum rate of change of pressure. These also
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frequently must be changed during the course of.a test. Provision will be made
to automatically change these as the test progresses. However, they will not

be "floating' set points as in.the power-control system.

LONG RANGE DEVELOPMENT EFFORT

The outstanding control problem facing the Pluto pfogram’ at this time is
that of obtaining reiiéble environmental h#rdware to provide control actuation.
All other problems are insignificant by comparison when considering just the '
Tory II-C épplication. To provide the reliable hardward needed, an extensive
development effort is being conducted on electropneﬁmatic actuation systems.
Test results and reliability data are being accumulated during tﬁé course of
this program and are being used for continuous ‘\.llpgradin'g of component and
system reliability. Electropneumatic actuation systems have already exhibited
reliability equal to that of electrohydraulic systems at room tempe’ra,fure.
Through opti_mization of actuator design p.'ararri'eters, materials, and lubricants,
it is felt that this same reliability can eventually be demonstratea throughout
the entire Tory II-C environment.

The major control problems which are foreseen in Project Pluto in prog-
ressing to an actual flight engine are:

1. Development of reliable environmental hardware for actuation and
control. Both electronic and electropneumatic components and subsy!sterris
which operate:.reliably at elevated temperatures in a radiétion field are needed.

2. Development of a simple, reliable, and safe startup method. As com-
pared to chemical engines, nuclear reactors lend themselves to simple startup.-
However, safety considerations have made most startups a complicated and
tedious task. A‘simpler way must be found.

-3‘. Development of a sirhple, reliable method of engine control in the

power region. The methods thus far outlined for control of the ramjet reactor
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in the power region involve control or limiting of many variables simultaneously.
(such as power level, pe:riod, core temperature, Mach nqmber, etc.). A
simple method of engine control would considerably increase reliability of the
corresponding flight vehicle. |

The efforts being carried on at the Lawrence Radiation Laboratory are
Vdirected toward solving many of these problems within the Tory II-C time
period. The spe'ciﬁc steps being taken are:

1. Further development of environmental -l;lardware (electropneumati;
and electronic).

2. Development of multi-decade power-period control systems for auto-
matic fast startup, using movable detectors with logarithmic amplifiers.

3. Contint.J.ed development of simple, but reliable, con_trol concepts

which can easily be incorporated into overall engine control. -
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Fig. 4. View of Tory II-A test vehicle showing electrohydraulic actuation
systems and pump (lower right).
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Fig. 21. Exploded view of Model 1240 actuator.
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Fig. 22.

Model 1240 motor prior

to elevated-temperature tests.
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Fig. 23. Model 1240 actuator being prepared for high-temperature test.
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Fig. 24. Model 1240 servo valve and motor following high-temperature operation.
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Fig. 25.

Exploded view of Model 1240

motor following high-temperature tests.
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Fig. 26. RAHS actuator shown prior to high-temperature test.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work,
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the information con-
tained in this report, or that the use of any information, apparatus, method,
or process disclosed in this report may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any mformatlon apparatus, method or process dis-
closed in this.réport.

As used in the above, " person acting on behalf of the Commission "
includes any employee or contractor of the commission, or employee of such

" contractor, to the extent that such employee or contractor of the Commission,

or employee of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract with the Commis-
sion, or his employment with such contractor. '






