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ABSTRACT |

Fecent tests in the Experimental Breeder Feactor 11 {EBR-I11) have
dencnstrated that reactor veedbacks can passively sreducs power
and thus effectively mitigate reactor underconling cauvsed by
paguipment falluwres. A follow-on testing program is being
designed to investigsate the u of -these feesdbacks along other
ligquid metal reasctor LMR o cteristice to routinely control

raactor power dring plant saneuvers and fuel buwnup,

compensaticns and to limit the possibility and consequences of
gver—-power accidents. In all of the testes desciribed in the
present papers the control rods will not be used as the plant is
maneuvered over the powasr range between 40 and 100%. The plant
variables {(forcing functicns) smploved in the>pdmer contirel
include theﬂprimary flows the secondary flows, and the turbine
admission positicn. The pretest predictiens for the tests are
presented and & preliminary amalysis on the effects of controller

failures is dizcussed. This paper provides concepts in reactor

power contrel which dmay lead to fundamental changes in design and
safety consideration of metzl fueled LMREs.

INTRODUCTION

On April 3 19B6 an international auvdisnce of liguid setal
reactor (LFRD) esxperts were present o withness twe wery

significant tests which were performed on the Experimental
Breeder Fesactor I (EEH-T1) plant. For the first test. the
reactor was inttially at 1bhse Full &0 MU power level when the o
main coclant punps were tripped. Frioe bo the tost the rzactaos

safety system wes confiowred so that the less—-of-flow trens
which ensued did not allow the rzasctor to avtomatically =i
{scram). The reactor core temperatbtures were observed to
substantiallys reach a pealk in about 99 seconds: and then (8
to much lower values as the flesion powar monotonically declinad

toward zerc. HWhat had besn demonstrated was that the roachivi by
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feedbacks in. the metal-fusled EBR-II were very pa=" vl
effectively so that they alone, without the scram syste ny c&i
~shut the reactor down during a loss—of-flow aLc1dent.

The the gecond test waes conducted from full power, agali:
without activating fhn SCram system.® This time the sgcondeary
pump was tripped, and the intermediate-lcop sodium flow was
essentially stopped within about three minutes A loss of sink
without scram was thus accomplished since heat transfer from the
primary system to the steam system which generates electricity
was stopped.  As the reactor inlet temperature rose, the
reactivity feedback caused the reactor power and ocutlet
temperatures to drop. There was no cbserved overshoct in the
core cutlet temperatures and the fission power approached zere as
the reactor approached. a quenching temperature of only 45°C abovse
sthe initial reactor inlet temperatuwre.

7 These tests validate U.S5. effarte to design a LMF which
would cptimize the -use of passive features to accomplish the
safety functions. Future work is reqguired to demonstrate the
ability to passively limit the effects of transient over-—power,
accidents, especially *thE due to rod withdrawal. Grne aﬁpr ach:
1z to ukllzvp the feedback Chd?.CtEriEtiCE in the metal fuel to
minimize the need of cantral rode for poawer control and  fboanap
compensation. The. obvicus éolutiqn is to oinimize the aucunt of
reactivity available in centrol rods so that they can ot czuse
the power to rmise to, an unsafe level. )

. The above tests demonztrated the concept of using the
rPstl”] Ly Feedbacks to conti-el the reactor powei. Furthermore, s
szries of pslﬁdry flow and reactor inlet tﬂmperature perturbation
tests . had previocusly been conducted in EBR-II to ‘=rudy the
reactivity feedback characteristics of the plant®-<_.  Data
chtained from thiase testz along with analytical predicticns also
sque=+ed that the control rods need net be used For normal
reactor power control over a wide pﬁUET fanﬂe. I¥ the reoactor.
power can be passively coentrolled without using contiaol
redesthen the.reactivity additien accident dus to control rod”
runcut can &lsc be e;ther eliminated cr greatly reduced in
‘gseverity. The’! potential fuel elemsnt damage associated with
logs-of-flowy loss-af-heat-sink and control yods runcut accidents
can thus be pregented by irherently zsafe characteristics of the
plant rather than the complicated reactor safety shutdows (R85
eystem, and it can he congidered az the firset line of czafety
defense. The F5S system can then be considered as second line of
cafoty defense. As a result, a number ofjredundant  scree
functioﬁb in the RSS Ly=ﬂm of a liquid metal reactor can b

. s e I .
significantly reduced, and the RESS svetem can become simplor. aoa

less costly.

) The purpose of the gresent plant inﬁere"t control hesting
program is to. investigate and verify the paseive contraol

C ‘ deests desoribed aboyea,
The experimsnte considered in this paper ava the of three groups
of teste which sttempt to verify <steady-state profiles over a
power range of 40 to 100%. The power in this arouwp will be
contralled by primary flaws veactor inlet tesperaturesand tawbiye
inlet preszure. These vartitable in twirn,. are rogulated by thoa

concepts explored in the previous resctuy



primary pump speed, the secondary flows and the turbine admission
valve position. Onoce the initial conditicns of the test are soct,
the control rod drive mechanism will be deenergizeds and the
contrel rods will not be used in mansuvering the plant o new
steady state conditions., Infoeormation obtained fyrom the pressent
tests will provide important plant and component data that u111
be used to designed a rellasble safe contrel system and to develop
the continuwing test proegrams. Plans Tor the second test group
include testing alternative contro’ 'systems dyvamically. Finally
the capabilities of the plant to safely tolerate a wide range of
faulte and equipment failures will be tested in the third group.
In this test windew, we plan to inject fauwlts intoc the eystem
and test the fault tolerance of the final proposed control

scheme., HWe thus plan to demonstrate the reliability and safety
ef immovative control scheme for futwe LMRe.

EBR-TI PLANT DESBCRIFTION AND CONTROL

The EBR-1 iz a sodiun—cooled,pool~-type fast reactor
designad to GPPth@ at & thermal power level of 62,5 MUt and a
et electrical powesr output of  about 20 Mie. Rated sodiuws Flow
hf the primary and the secondary systems are 483 and  3FEQ kols,

espectively. The pJ=s' is located in Idaho and e opsrated by

u'i

A;qonnm MNatiomal Laboratory for the U.B.Dspartment of Ene;gy.
EBR-II has been in operation since 1964 and has served priearily
ag a Tast-flux irradiation facility. Fecently 1t alec mecved

as a saftety testing FTacility.

The ‘primery svetem of EBR-II includes a2 deoeuble-walled
tank,as shown in Fig. 1. The tank conbains about 340 38 of
scdium at 371°C under normal  operating condition. Zince the

reactor is basically af the pocl design, essantially all
primary compenesnts are submerged in a large volume of  sodium
withiv the primarvy tank, 1he primary cocleant  ls  well-mixed in

vessel which is connected

the common outlet plenum of the reactor
to the reactor cutlet pipe  that transports the coclant  te the
intermediate heat exchangsr (IHX). Flew exiting froem  bhe IHY
mixes with the bulk scdium iv the primary tank before 1t sntevs
the two primary pumps cn it=s way  to the reector inlet pipes and
inte the reactor vessel.

==iph ]l ins

The rveachtor consists of 18 cow s
which form  the core regioa (rows s
710 and  blanket reglon dvow 1116410, The hynioa 11
driver subes phily contains P10 pins of  scdivs-bosded % s

fuel. Ahouwt 84% of the Flow Hﬂtblb Itigh pr
the core: and the ressining | shers o the o prwe
to coel the blanket and veflector subassesnb]l les.

A schematic of the entire EER-II plant  and cuntrellers for
plant operaticn is q1"Pn i Fig. s 1Y which © denctes

S nlaerum Lo caod
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controllasrs 7T denctes temperature, Foodenotes Flows F denctes
pressure  and PO denctes power. The THY travaters  hoat

generated in  the reactor to the secondary sodinm svetem and
wltimately  to the steam genevator and the Hhwrbine generator. The



secondary sodiums - driven by an electrosiagnetic puwsps return
the IHX. after passing through the secondary @ piping system, tuo
parallel superheaters and seven: parnll.. evaporators. During
mormal steady state cperaticoms © the, aeac*ur power i1e regulated by
control reds €y in Fig. " "2)% pa1marv i (Fa) is conitrolled

by pump speed toc A desired flow rate “(Ca); szcondary flow

to

AFg) “is controlled to maintain s oonstant reactoar
temperature (T.) by a secondary flow/tant: temper*turE\
controller (Cal)s aid the steam header pressure (Py) is
controlled by the throttle wvalve (C.) o using an Initials
Pressure Regulator (IFR) and/cr by the steam bypass valve (Cw).
of the 13 controllers are currently available | for plant
operationsy five of them are shown in Fig.2. In the present testi
seriesy, controller O, will be isabled; and a new secondary
flow/steam pressure will be installed te regulate  the steam:
pressure via secondary Tlow., In additions 3 new contiroller will
be installed te regulste generator cutput power via turbline inlet
valve position. . .

TEST DESCRIFTIOM ARD RHQLV“IS . - o

For nominal reactor operations the reactor outlet and the
reactor inlet temperatures are 473 and 371°C, respectively. In
all of the tests., the reactor cutlet-temperature is to remain
within the ncminal envelope and-the reactor inlet temparaturs
varies frum’BQO to 3B5°C. The turbine will be on line generatin
electricity and the reactor power will be controlled between 40
and 100%. Thz contrel qod&dr've mechanism will be deensrgized
during the test, s that inherent reactivity feedbachks are the
only mechanism to control the reasctor power.

The computer -program NATDEMO was used to predict plant
responses for the tests. MATDEMO is & thermal-hydraulic system
analysizs codess which was specifically designed for the EBR-I1I
plant. 6 description of NATDEMO is presented in Ref. 4. The -
NQTDEMD code mcdelr all 14 rows of subassembliee by dividing them
into three basic regieonsi the driver fuel, the stainless stewel
reflectcr, and the depleted uranium blanket regions (chanaels).
In the model, sach of these regicns hes a separate pouer
generaticn func+1an cuntalnzuq bt prompt fissico: a3 delaved
pouer cumpnnents, and sach has separated thermal-hydrs=ulics while
all three as treated as parallel channslis. Ohe of the isportant
features of the code is its detailed modeling of the ve i v S B ¥
feedbackss which 1s essentisl : 3 3
description of the MATDEMND 101-f1vity Fraeadts
Fef. 3. In the present analysics o therral howing roactivity
1z azzumad while all wther coaponants ace

e mresent

modael was given in

componreEnt of 0, 025%

nogative. .
Rased on the contirel functions erlwde 137 @ach tests the

preeent test seriecs can’ be represented hy four individusl testae,
referred as tests Mo, 1 to 4. Test descoripticoons and pretest
predicticns of these teoats are given bazlows

1. Test No.l - The purpese of the test is to investigate tie
power contrellability using peimary flow., The test will be
initiated by reducing the primary flow from an initial flow of

W
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115% ta a final flow of\éﬁx at % per minute in three steps, and
] then increase the flew to 115% in the similar manner. The
Y. intermediate ssteps are 60 and 80% fiowm conditions. The reactor
¢ inlet thpP\atu\e will be maintained constant at 371°C
thruuqhout the test by adjusting the secondary flow.

Dur-ing the test the contrel vods (C, in Fig.Z) will be
deenergized. The primary flow will be centrolled with the
primary’ pumpe (Ce)i the secondary flow controller will be
pperating in its autoematic mede to vary flow and thereby

. maintain a constant reactor inlet temperature (T.).The throttle
“valve IPR (£.0 and the pressure regulating valve cantraller
(Ox) w111 be cperating in the1‘ noermal lineup to maintain a
constant steam header pressure (Fi). When the primary flow is
the reacter femperature temporarily rises due to reduced
of conlant flowsy and the reactor power decreases a2 a vesult of
- neqative reactivity feedback. Because the transient is slow, -
= transient effects are small and the reactor temperature rise
remains almost: praportional “te the power/flow ratic (F/F). As
‘. both the powe’ rand the flow are reduceds the secondary flow will
7 be decreased rutcmatlcallv toe maintain a3 canstant reacter inlot
“mepLiitUTE by a =PLnndary flow/tank ﬁemperature contraller
{Ca). The normaliczed péwer and primary flow vesponses for the
test are, given in Fig. 3. in which 004 power denctes 60 MUt
power, 100% flow is the \eactnr flow that produces a

reduced,

reactor

reacter temperature rise of 84 °C. The secondary flow and

reactor out]et thperatUIE responses are illustrated in Figs. 4 ‘
and qg‘reephct1wely, in uh1ch 100Y% secondary flaw denotes the lf
flow required, to-maintain a~371°C primary—tank sodium temperature

“at a.100% nowsr jand flaw candltxun. The, predictions indicate that
the: reactor pnupu follows the flow. closely because at least 7?0 of
the ERBR-II :pdctmylty feedback is prnpartlanal to P/F. It is
noted that durlng\thp flow change,; the steady—state P/F varies
Jream an initial vaﬁue of 0,87 at 1153% flow to about 0.946 at 40% |
‘condition because df the porticn of the feedback proportional to

. power rather than P/F This lcad- Tcllow1ng behavior can be
furthes P“plalnnd by cnn51der1ng changes in reactivity: (&¥),

:"pawer (6F) s pouer/flaw ratic{&i{P/F)), and reactor inlet
Ctemperatuwre (&T). ¥ A gquazi-static approximation foor the

react1v1ty pe;tusbnt1un can be expressod as:

& = ASPE +JRE(F/F) + C8T,, s
in which & is the power coofficient including rn\c+1\1tv
feedhbacks propertional te power, changss B is thex‘oﬁfflczent
including  the reactivity fesdbacks properticnal to the FPAF
Lhangq. and £ iz the ccefficient including vesctivity feodhacks
related to reactor inlet tmmﬂerﬁfurp variaticn., 4 detalled
description of  Hy and-'C are given In Ref. 3 and S,

For test Mo. 1. the redctdi inlet temperature will he
held constant throughoGt the test, .e..8T, = 0, Since the
centrol reds will be leochked during the teszt, the rnet roactivity
change from cne steady state to ancther steady state should
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be zero '(d¢ = Q). By sub=t1tutxng &Ty =0y angd 6¢ u'xﬁf,ﬁEqu.
(1), the relaticnship of P/F thween twe equ111br1um =tate= cann

be thalned, i.e. g 2

3 {2}

(F/F)y 1 + (A/BIFa”
wherF subscr1pt5 1 and 2 dﬁnate the . stpady—=fafe rondxtxans 1 and
2, respectively. The A/F in EER-II is estimated toibe betwwen 0 S
Cand- 0.29 depending on reactor P/F and the bouxng cnmponents.
- These values are consistent with measurement= made in-primary
floaw pextuybatlon teste, and arg alea cane1=+ent ulfh the present
predicticon. \; a '

2. Test No.2 -~ This tht 1nvp=t1gate= fhe puwer

antrullab111ty that can be cbtained by varying the reactor inlet
temperature via secondary flow.  The controlleyr. lingups for’ this
test include deenergized the.control rods (Ci)s manual contrel
of the primary pump speed (Ca) for a constant flow (Fi),
automatic control of the secondary Flow  (Ca) to change the
sepecifisd tank temperature (Ta), ahd automatic contrel of
turbine throttle valve with IPR (Ca) to maintain constant =team
header pressure. When the primary flow is heldoa constants the
reactor inlet temperature increases with the deciresase of
socondary Tlow. The test will be initiated from 100% power and
" flow conditidn with a primary-tank sodium. temperatuwre of 360°C
and the power will be contrelled from 100 to 40% in threoe -tpps.
The test will be conducted by increasing primary tank sodium ’
temperature setpoints. Higher reactor inlet temperature will .
cauze: reactor power to decrease due to négative reactivity ’
feedback. NATDEMO analysis was performed to determine the
requ1)ed reactor inlet temperatures corresponding toe 80 50 and
40% reactor power conditicns. The normalized power and secondary
“flow responses of the test are illustrated in Fig. 6. while the
reactor inlet and cutlet temperature variaticns are given in Fig
7. In the present tests the primary flow remains 100% throughout -
the testy i.e.s Fi = Fa = 1 and &2 =0 because there will be
no control roed movement. When these relationships are substituted

into Equ. (1), we find
Fa — Fy = C 3t (Tya = Tam ) 7 A+ B Yy, {3}

where {(A+H) is the power reactivity decrement (FRID ., 1.2.. the
reactivity addition required to raisze - -power frﬁﬁ senra powey hot
critical to 100% power at 100% flow. The PRED in ERER~IT ie Q.375%
for tbe leading condition considered in the enalvsis, and C is
about 0.0074 per °C based on data gathered foom, reactor inlet
temperature perturbation tebf% a0l loggs-af-heat-sink without
scram teste in ERR-IIT. .

3. Test Me.3 - In this test the dgenovator power iz
controlled automatically by turbire throttle valve . In
additions the controller lineups include deensrgizing the control
rods (Cyd)y contiralling the primery flow o a constant value




{Ca) ‘and regulating secondary fleow (Ca) to maintaln constant
turblnm header pressuwre (Fi). As the throttle valve npend, the
steam flew incrgases and the steam pressure decreases. In order

to ma1n+n1ﬂvth initial steam pressures moyre ser0uddry flow is
eps the reactor inlet

._frequired.\The increase of secondary flow causss
S temperature. to drops
to negative reactivity feedback as derived in Equ. (3). To
Ccantomatically regulate the steam pressure using secondary flow,
the secondary flow/turbine presswuwre controller will be used.

and consequently raise the reactor power due

Thusy the secondary flow/tank temperature controller will be
deenergized and the reactor inlet temperature will nct be
contrelled. The initial condition of this test will be the final
conditions of test Mol where the flow is at 100%, the power is
abuout 40%, and the reactor inlet temperature is about 384°C. The
test will be initiated in three steps by copening the turbine
throttle vaive corresponding to 60y 80 and 100% reactor powsy.
The pradicted power, secondary flow and temperature responsas of
the tes+ are illustrated in Figs.8 and 9. These responses are
ARpro 1mately m1rrar'1mnger of those in test Ne.2.

4. Test Mo, 4 — In ‘this test the generator power cutput is
determined by turbine pressure which in turn is controllied by
secondary flow. The purpose DT“thL test is to study the turbine

and steam plant performances as a function of steam pressure and
power level. For this test the control rods (Cp) will
be deenergized. the primary flow will be controlled to a constant
value {LCas Fils the =ecuzda;y flow will be controlled to vary
steam header pressure over a prescribed profile (Cay FPads and

the turbine throttle valve and the pressure regulating valwve

{Cay Ce) will be controlled at fixed positions. The test
will be initiated from rominal reactor ocperating condition except
that the reactor inlet temperature will be 3602 instead of the
nominal 371°C.  The test will be initiated by reducing the
turbine pressure setting of 1 MPa (150 pei) per steps in which
three steps are required for the desired pressure range. When the
turbine pressure setpeoint is reduced, the secondary flow will be
decreased by the secondary flow/turbine. pressureg controller to
satiefy the pressure demand. Thie will cause a net increase of
reactor inlet temperature and a decrease in reactor power. On the
other hands when the turbine pressure alone is reduceds the steam
saturation temperature will drop and cause a decrease in IHY
secondary socdium inlet temperature. This effect alone would cause
IHY primary coolant cutlet temperature to dedydase and
conseguently increase the reactor power. The vedoection of turbine
prescsure thus has two opposing effects on the reactor power whon
the Co controller is used. The secondary flow reduction causes
the reactorinlet temperature to increase and the pressure
decrease tends to reduce the reasctor inlet temperatuwre. The net
effect will be a decrease in reactor power. The normalized
powers & secondary flow and steam pressure responses of the test
are given in Fig. 10: in which a 100% pressure denctes 8.48 MPa

(13230 psig).

reactor

ABNORMAL T“ﬁN IENTS RESULTING FROM COMTROLLER FATLURE



Extensive test data and analytical piredicticns indicate that
power of a metal fueled LMR can be controllod wsing primary flow,
secondary flow, and turbine pressure over a wide power range with
little or no use of contrel rodes. The sain ressen for this
contrallability is the F/F dependency of the feedbacks in
‘metal-fueled core. This advantzge could greatly reduce
requirements for high worth contrel vods and thereby eliminste
the consideration of core dieruption resulting from rod runocut as
a design basise event. 0Of all the peotential controller failures
pramineds the most severe in EBF-I] appears to be one causing a
secondary flow runout, It was noted in test Moo 1 that when a
sacondary flow runcut event cccurs at low power and flow
conditions, the reactor temperatuwre could be excessive if this
event is combined with failure of the 507 trip function in EBR-IT
even this event is very unlikely and the transisnt is sleow enough
to have operator intervention. Work is being done to prevent
such a contreller failvre by either software or harduare desian.
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