
uc N-2383
(3 I 1-60)

DATE: Deeember 25,
SUBJECT: MSRE ' Analog

System With a
TO:

FROM:

OAK RIDGE NATIONAL LABORATORY
Operoted by

UNION CARBIDE NUCLEAR COMPANY

Division of Union Corbide Corporotion

Post Office Box X
Ook Ridge, Tennessee

1961

Computer Sim;-latlon of the
Servo Controller

coPY No. 5 |

I

,\

G. A. Cr"isty

O. W" Burke

AsSTRACT

One pu:pose of this stud.y was to d-etermine vhether the fuel_ salt
temperature insid"e the reactor could be controlled with a cl_osed.-
loop servo control-ler. An "on-off " tSrpe controller was d-emonstrated-
using four d-ifferent control- signals. TLre stability of the system
when using the control-ler was of primary interest.

fhese stud.ies ind.icated- that the system was stable for large and
relativel-y fast power demand. changes when using the control-l_er wlth
any one of the four control signals.
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fn Introduc|ion: It is d"esir"abl-e to provid.e a control-ler for eon-
trolling the fuel temperature insid.e the reaetor. There are many
eontrol coneepts that r^roul-d. d.o the job.

fhe d.ecision was mad"e to Ly.y a simple "on-offt' control-ler. E. R.
Mann of the fn.str-trmentaiion and Controls Division proposed. four
control signals which have d.efinite possibiJ-lties and suggested-
that they be d-emonstrated. on the analog computer. TLris report
eovers the analog eomputer d,emonstrations.

If. Description of the System SirnuJ-ated.: A sehematic flow sheet of the
MSRE system is shorsn in Flgure 1" ftre temperature symbols are id.enti-
fied- in Figure 2" ' the d"esign information used- in these stud.ies ls lisied.
in Figu-r'e J. The anal-og computer d.iagram is filed- in the Engineering and
MechanicaJ- Division print fil-es on Drawings 4033f and 40332"

ftre simul-ation of the thermal system and. nuclear system as psed. in these
stud.ies has been discussed- in previous preliminary reports.- fhere were
two ehanges, however", that were signi.fieant. The temperature eoefficient
of reactivity of the graphite was changed- from:

t

*2x10*4 dr to
ffi-

and the tctal secondary salt J-oop transit time
second-s to 2\ "2 seecnd-s "

was changed- from 13

flf. Descriptlon of Controller:
on-off" servo controller "

the red"s at a
at a rate of:

.coo2 dK
K-see.

For the sake of simpJ-iclLy, the rcd- vorth was consid-ered. to be l-inear
throughout the ra;lge used- i-n these s+.ud-ies. The "time constant" of the
controlJ-er was assumed- to be 5O millisecond-s. fhis t'time constant" is the
time required. for the rod- speed- to attain 63/t of ful1 speed- subsequent to
receiving a d.emand. signal to move the rod-s. Tlre t'cl-eail- ban.d-" of the eon-
trol-l-er was i 2op"

Description gf the Control SignaJ-s Used.: fhe four d-ifferent control-
signals used. with the above d"escribed. controll-er were as foJ-l-ows:

Control Slgnal No " 1, €n

The equaticn

*6 x to-5 d K
KPF-

motor, d-riving
the reactivity

lll:.e c.ontroller sinn-flated was a simple
TL:,e rod" d-rive motor was a constant speed-
constant velocity sufficient to e.hange
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second- term of the control signal. If this terrn alone i-s used. as
the control signal, the systern is irnstable.

The first term in f, can be eonsi.d-ered as a high frequency band-
pass stabilizing mechanism" It mer"ely compares the rate of pro-
d-uetion of nuclear pover to the rate of ad.d"ition of heat to the
fuel salt as it passes through the reactor" Note that for steady
state operation:

a [e(t).l= o = trrfu 0 (r,t - rJ )- *(*)-l
dt 'L \ "r" *r"/ J

e(t)=.0 (-,t rJ)
\ -" =T/

TLris insures that the first term in e. vil-t be zero for steady state
operation whether the term: t

f , / -r l\lla I - (rol - ri
L \ t"/)

is zero or not" For: this reason, the constant, "a", d-oes not have
to be reset for various power J-eveJ-s. If C/ exceed.s the d-ead. band

s ftl] dt
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positivel-y, rod.s vill be inserted. and if f, exceeds the d.ead- band-
negatively, rod-s wil-l- be withd-rawn. The analog eomputer d.iagranr
used. to obtain f ls shovn in Figure 4.

The temperature sensing elements are thermocouples attached. to the
walJs of the pipes containing the fluid-s vhose temperatures are to
be measured-" fhere is a time lag between the tjme at whieh a change
in temperature of the fluid. occurs and the time at which this change
j-s refl-ected, in the thermocouple output signal. TLris time 1ag varies
with d-ifferent therrnocouple d.esigns, pipe vaJ-l- thicknesses, etc" fhe
time constant for this Iag in the sal-t temperat'ure therrnocoupl-es was

.fd.esignated. as I, and was consid.ered. to be t ."A:?T*9., iFl.V

The time constant of the g(t) circuit wasjhosen asll-O times that
of the the:rnoeouple. Tkris lorgtime eonstant vas necessary in ord.er
to get "re6et actj-on" and. stil-l not interfere with the stabilizing
effect d-uring transients.

The other three ccntrol^signals are quite simifar ao €l and- only
their d-ifferences fromtl will. be pointed. out in the fblloving
d.escriptions of these signals.

B. Control Signal No. 2

expre s s ing

q
The equatr?

* €L= -{ a

\ r 
+ -il) "-')f a

€L is as follows'

Fi":"il):"s(,)) 
. "{(;

3*a

1TIoj 
u,

I
T. IaJa

where,

ai-r flow rate aeros s the rad-iator

= outlet air temperature from rad-iator

irr-let aj-r temperature to rad-iator

TLre time eonstant used. for the air temperature sensing elements
was 2.! seeond-s and. that'used. in th.e g(t) circuit was 2! seeond.s
(Tl= 2"J and'\4 = o.o4)

Note that the controlled" variabL.e is the same as for F. ^ Trhe

stabit-izing portion of the "ont"Jr*!ie;"r-i"-";; 
;;t-:u o" 

""inaringthe rate of prod-uction of power in the r:eactor to the rate of re-
moval of power from the second"ary sal.t by the air flowing across
the radiator. Note that a multiplier is required, in this cireuit.



The analog computer d.iagrarn used. to forroulateQ 1s shovn in Figure !.

C. Control- Signal No. 3rea
e

-

^\

I

a

f'he equation errpressing fu is:
I /- 'r\ ) (t- -\r€-=*(.4-(tJ - tJ)- g(t)t+ "{(rJ + tl}rt*n

G -3 \ \ a" a"/ ) \\r" t,/

where,
I

Ti I = second.ary salt temperature at the rad.i"ator inl-et
ls
-'l

T^l = second-ary salt temperature at the rad.iator outlet
lls

The control-led. variable is the sa.rne as that in Q and e. . The
stabilizing cireuit is formed- by coraparing the rate of pover prod.uction
in the reactor to ihe rate of power l-oss of the second-ary salt as j.l
flows through the rad.iator. No multipl-ier is required. sinee the fiov
rate in the second.ary salt system is constant.

fkre "time constant" potentiometer settings are the sarne as those useC

*l,e, . . T*te analog computer diagram lr"ed to obtain e is shovn in
Figure 6.

D. Co:qtrol- Signal No. )+, €a

fite equat'T u:-cribT 
9

*€+=,'' 1"+ tJ,

unstable subsequent to any appreciable perturbation. ftre system was aJ-so
shown to be unstable when using the contro1-l-e:: with onJ-y the second. term
in the above eontrol signals.

f1he stability of the system vith the above control-lers was checked. sub-
sequent to large changes ln the pover d-emand- or J-oad.. Tkre changes ln the
Ioad- for the four runs, each using one of the four above d-eseribed. control
signals to the control-ler, were not preci.sely equal in magnitud-e and- rate
of change. TLre change in. load. was accomplished- by manuarly turning a
potentiometer. Also, no attempt was mad"e to get optinnrm settings for M
and N in each case. ftrerefore, the resul-ts carrnot be eompared. quant,ita-
tively. fn later runs l-inear rarnp l-oad. ehanges will be used-, and opti-m'i,im

is:
-1 \ ) / \

'JJ - s(t )l + "(J" **t

sarne as G exeept that a d-ifferent con*
The outlet fuel temperature frorn the

variable " The analog ccmpi,i.ter d-iagram
in Figure T "

tem without a ecntrcL.]-er was shown to be

al is the
is used 

"
ntro]-led-
is shcwn

The sys

This contrcl sign
trolled- vari-able
reactor ls the co
used- to d-erive Q

V. Proced-ure and Results :
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values of M and N used", so that :'cr:trol-l-ers can be compared-" Record---
ings of the controiled. variabl-e and tke neu"tron fl-'ux were mad.e sribs-+quent
to a load- change, wh.ile u.si-rrg each of the four control signais to the
controller. The eond"itions for these runs were as fol-]-ovs:

A. Using Q, as the control signat, M, as shown-on the compr.rter:
d-iagram, r^ras set at "877 (quite arbitraril-y) and. N was set at
O.5. fhe load-, or the heat removal--rate by the air across the
rad-iator, was set at approximately f megawatt and- the_system
permitted- to stabilize. The load. was increased- from f mw to
1O r* in t5 secon.d.s, approximately at a constant rate. The
eurves obtained. are shovn in Figure B" On atJ. the curves onl.y
a rel-atively shor"t time is shovn. ft can be seen that ttre curves
are converging, vhieh ind.icates stability"

B. Using Q as the control sign.al, M, as shor^ne on the ecmpu.ter
d-iagrar{,wae set at CI.BTT ar"d. N set at'O"!. fhe load. was changed-
from approximat*ly L.6 tw,r to LO mw in 1J second.s. !h.e resrit:ing
curves are shown ln Figi;u:e !.

d rr^; *^ FU. usr-ngq3 as ihe eontr,:l- signal , M, as shovn on the eomputer
d-iagrarn, vas set aL A"2J and N was set at O,5" fhe 1oad" vas
changed. from approximately l-.6 mw to l-O mw in 1l second"s. The
resulting eu-rves ar"e shoun in Figure 10.

-D" Using[a, as tlre eontr"cl signal, M, as shown on the computer
d.iagrarn, was set at 0.50 and N was set at 1.00" fh.e ioad-'was
changed" from approximately 1.5 mw to l-O mw j.n,Il- seeond-s. fhe
resulting curves ar"e shomr i.n Figure 11 .

The concl-usion reached. was that the system would- be stable using the eon-
troll-er with any of the four contrcl signal-s"

It shoul-d- be pointed- or"lf ihat tlie eonstants M and. N on t?re actual- in-
staJ-lation coul-d, be changed- ov:r a consid"erable range. No attempt vas
mad-e to get the optimum settings on the r:ompu.ter, due to time l-imitations 

"
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Fig::re ?

IDENITFICATION OF TEMP, EFATURE S},]VIE]LS

. Tft - Clreulating fu:L mea,n :iemperal;.re in the r"eaetor eore.

fr, TtZ - Cireulating f,*t,i. temperat;i.re at the o'utlet of tl-e rea-r+,cr cor':r.

Tra - Circ':r-lati.ng fu.el- tamper"atu:"e at the inl-et te tli+ pz"imary heat
exehanger""

Tf4 Cireulating fu;et m.:an temperature in the primary heat exehalLger.

Tf5 - Clreutating fi.leJ- +:emperature at the or"rtiet of the prirrarl' heat
exenanger"

IoL - Circtrlating fu:i temperat;:"rr at the inlet to the reaetor eore.-ro

T., - l4ean temperat';t=;f th.e graphit-- i'n the ::ea:tor Jcri.

T---_ - Mea:n t,emneratu:re ,of the metal in +"he primary heat exehangtz" wa]'l ..mD lrverr vv"'s.

^_
Tsl - Mean temper"atu::e of th.e se:rndar-y sal-t, in *.he pr"imary heat ex:i:.ang,-.r'.

IsZ - Seeondary sait temperature at the ou.tJ-tt of the prima::y heat' ex:hang.:.

T-^ - s,annnrlnr"v satt temperature at the inf.u+t to the rad.iatcr.tS3 - vLvvtruer.t

Ts4 - Mean temperatur"e of tl*e s;a:1.r-r1ar"y sall ir: the r"ad.j.atcr:"

T^c - Se':ond-a:"y salt temp-'rat;;"r'e at rl,: radiatnr o'lti+t'
>)

Ts6 - Se:rond-ar"y sal+, t:npr.l"a+;;r: al, aJ:-= rn-*t t: the p.rimary ?-tat cx::an-ge:.

T - - Mean temperat:rre of the :netai j.n tlie rad-iator'-mr

. Fhot - Mean. eir"e;-ilati.ng fuel tempez'abu:"e i:n. the "ho"'L l-eg" of the pr"i:nar.7'

system.

=. rcold - Mean eireulaLlng fuei tempe:"atu-re ,in. the t'er'".-l-d 1.egt' of the prirnary
sys]Gem.

Tro. - Mean ai.r t'*mperab;:"e ir. t''he ;"ad"iat;:r'

.,J*



Figur-e 2 (contd-.)
'l' TiJ" - F\-rel temperature at reactor core inlet .

;
'l

.r ToJ" - Fuel temperature at reactor core outl-et'

I

I

1
Tr | - Second-ary salt temperature at the rad.iator inlet.'Js

'l
Tol. - Seeond-ary salt temperature at the radiator outl-et.

'r"
Tr | - Cooling air temperature at rad.iator inlet.*la

'l
T^l - Cooling air temperature at rad.iator outlet.

"Ja

,.' fO -'



Figure 3

Lt
MSRE 9ESIGN PO,INT D4.:TA 4\,S OF. 12-13;50

Reactor inl-et temperature :

Reactor outlet ternperature :

Mean graphite temperature :

Resid-ence time in reactor:

Fil-m d-rop from graphite to

Heat capaclty of graphite:

(witJe no fuel absorption)

fuel:

LL75 oF

L225 oF

1230 oF

T "63 sec.

Li-near with pcwer

o.\25 BTU

#oF

5/' of 10 Yil,t
v

Prompt I and neutron heatlng in graphite:

A

/\

Resid-ence time in piping from reactor outlet to H. E. inlet

Resid-ence time in H. E.

Heat capacity of metal in H. E.

Avg. fiJ-m d-rop between primary coolant and- metal at D. P.

Avg. d.rop in metaJ- at D. P.

Avg. film drop betveen metaJ- and- second.ary coolant at D. P.

Fil-m d.rop between primary cooJ-ant and. metaJ- as function of
fl-ow: See graph, d.isplace curve if necessary so tinat aL 6.2
fps veloeity [T = 55.2 oF.

:

Mean seeond-ary cool-ant temperature at D" P.

Resid.ence time in piping between H. E. outl-et and. reactor
in-Let ( inelud-ing cool ant annulus )

TotaJ- circul-ation time

3 .09 sec,

2 "2)+ sec .

2OO eUU/or

5' "2 
0F

o
,6"7 F

26,L 
oF

-otob2 F

9.04 se c .

22.C se c o

Ternperature coefficient of reactivity of graphite:

Temperature coefficient of reactivity of fuel:

Melting point of prlmary ccolant:

Melting point of second-ar11 coolant:

-6 x 1O

-3"3 x

B4e 
oF

860 
oF

-'6o1rc-ov

10- 5 6rc1x-cr

tt
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Check points:

Thrermal resistances:

FiErye 3 (contd..)

ftr-trr. oF

Tota].

BTU

in primary coolant f ilm:

in metal:

j-n second-ary coolant f ilm:

Simglator *ata, for segond.g.ry-logt

Air temperature rise in rad.iator

Air suction temperature

Air flow

Heat capacity of rad-iator

Heat capacity of secondary sal-t

Density of secondary salt

Resid.ence times of seeond.ary salt:

in primary heat exchanger

in piping to rad-iator

in rad-iator

in piping from rad.iator

Resid-ence time of air in radlator

Temperature d-ifferences in rad.iator :

in salt fil-m

in tube wa]-]-

in air fi Im

3.28 x 10

3.32 x IO

L.56 x 10

2OO OF

lOO OF

L66rooo cfm

(T.rr x ro5 #/n")

d+2 nru/or

O.'T BTIJ

#oF

120 #/rt3

L.T5 s"i . I

, .2O sec .

7 "L\ see.

10.11 see .

2)+ "2O see " -'--'
-t"t-

O.O]. sec "

13.)+ oP

TB.4 oF

7TO.T OF

-4

-4

-)+

4

l\

-

al
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