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THE SHIFT OFPROMPTCRITICALIN REFLECTEDREACTORS
AND THELIMITATIONSOFTHEMEAN PROMPT-NEUTRONLIFETIMEMODEL

GregoryD. Spriggs RobertD. Busch
Los Alam0s NationalLaboratory Universityof New Mexico
P.O. Box 1663, MS G783 Depart.of Chem.& Nucl. Engr.
Los Alamos, NM 87545 Albuquerque,NM 87131-1341
(505)667-5563 (505)277-8027

ABSTRACT In this manuscriptwe develop theabove expression,as
well as discuss the limitations of the meanprompt-neutron

Promptcritical in a bare reactoris definedas the point lifetimemodelderivedfrom the same systemof equations.
at which the reactivity p of the reactoris equal to the effec-
tive delayedneutron fractionJ3.In a reflectedreactor,how- II.THEORY
ever, it is shown that prompt critical will occur at a
reactivityof p _ j3(1-J) wherefis the fraction of core neu- A. Point-KineticEquationsfora ReflectedSystem
tronsthatreturnto the core regionafter havingleaked into
the reflector. In 1958, Averyt presented a general point-kinetic

Furthermore,it is also shown that the mean prompt- model to describe the time-dependentbehaviorof multiply-
neutronlifetime model that has been traditionally used to ing systems comprised of an arbitrary numberof regions,
characterizethedynamicresponseof reflectedreactorsmay each characterizedby a multiplication factork_and a neu-
not always providean adequaterepresentationof the sys- tron lifetime 'r_.For a two-region system consisting of a
tem forreactivitiesgreater than 15. simple core surroundedby a non-multiplying, source-free

And finally, the coupled, point-kineticequations pro- reflector,Colin2reducedAvery'smodel to the following set
posed by Avery_andfurtherdevelopedby Cohn2forsimple of coupleddifferentialequations:
reflected systems are recast into a more usable form that
can be readily used to perform superpromptcritical tran-

sientanalyses, dNc kc ( 1- [l) - 1d-'tt = "ce Nc+ "rN, + _ _,iCi+ S (2)
I. INTRODUCTION

Prompt critical represents the point at which a neutron dNr _ ferN Nr
chainreaction can be sustained by prompt neutrons alone, d-'] - x"_ e- x_ (3)
From a mathematical standpoint, prompt critical occurs
when the reciprocal time constant, _, associated with the

decay or growth of prompt neutron chains is just equal to dCi ke_iNe
zero. In a bare reactor, this occurs when the reactivity p is - %iCi for i=1,2.....m (4)
equal to the effective delayed neutronfraction [3. dt "ce

Using the coupled, point-kinetic equations proposed where
by Avery_and further developed by Cohn2 for simple Nc numberof neutrons in the core region,
reflectedsystems, it was shown by KistneP that there will Nr numberof neutrons in the reflectorregion,
exist two distinct time constants associated with the decay k_ multiplicationfactor of the bare core,
or growth of prompt neutron chains; one of the time con- [3 effective delayed neutron fraction,
stants is always negative while the other time constant xc neutron lifetime in the bare core,
becomes positive at reactivities greater than Xr neutron lifetime in the reflector region,

f. fraction of neutrons that leak from the core into

P _ 13( 1 - f) (1) the reflector,
f,_ fraction of neutrons that leak from the reflector

where f is the fraction of core neutrons that return to the back into the core,
core region after having leaked into the reflector. By defini_ f total fraction of core neutrons returned to the core
tion, this reactivity must correspond to the point of prompt after having leaked into the reflector,
critical in a reflected system. =f,d"..



Ci concentrationof the iu'precursorgroup, C. Estimation of KineticParameters
[3i delayed neutron fraction of the ithprecursor

group, Before proceeding, we would like to stress the mean-
_.i decay constantof the it precursorgroup, ing of kc, ¢c,¢,,f,_,fc,, andf and briefly describe how these
m numberof delayedneutrongroups,and parametersmay be obtainedfrom a series of transportand/
S intrinsic/externalneutronsourcerate. or MonteCarloreactorphysics calculations.

As previously defined, k_ correspondsto the k eigen-
B. OverallEffective MultiplicationFactor value obtained froma calculation in which only the bare

cor.eis modeled. In highly reflected systems, kc will typi-
Following the approachof Mowery and Romesburg,4 e',dlybe on theorderof 0.80.

we obtainanexpressionforthe overalleffective multiplica- The averageneutron lifetime in the core,%, is defined
tion factor,k, of the integral system by solving for the equi- as the mean time between any type of neutron interaction
librium condition of the above system of equations. This thatresults in a loss of a neutronfrom the core.As withkc,
leads to the following expression for the numberof neu- %correspondsto the bare core and, in most cases, can be
tronsin thecore regionat equilibrium,N_o, ascertaineddirectly from the outputsummary of a Monte

Carlo analysis of a bare core model. Some attention,how-

_cS ever,must be given to the interpretationof the labels that

Nc° - I - (kc +f) (5) are assigned to the quantities that are listed in the outputsummary of the code in orderto extract the correct value
for¢c.

and the numberof neutronsin the reflectorregion at equi- Forexample, in the case of MCNP,fourdifferentlife-
librium,N_o. times are listed: 1) the fission lifetime t/, 2) the capture(or

nonfissionabsorption)lifetime to,3) the leakage lifetime tt,
fcr'_r and 4) the total removal lifetime t,. In the context of the

Nro - Nco (6)
xc kineticequations, it is somewhatof a misnomerto referto

the firstthree of these four quantities as neutron lifetimes
because they actually represent (at least in the case of

Hence, the total neutronpopulationof the integral system MCNP) the averageinteraction time requiredfor a single
at equilibrium,N,o,is givenby neutronto obtaina givenend result(i.e., fission, nonfission

capture,and leakage); t/represents the average time from
(¢c+fc,_.) S birthto interactionfora single neutronto cause a fission; to

N_° = No°+ N'° = 1 - (kc +f) (7) representsthe average time from birth to interaction fora
single neutronto be capturedin a nonfissionreaction;and tt
represents the average time from birth to interaction fora

By direct comparison with the source-multiplication single neutronto leak from the system. The average neu-
equationfora barereactor,we inferfrom the aboveexpres- tron removal lifetime in the core, t. is relatedto these three
sion that the overall effective multiplication factor for a quantitiesby
reflectedsystemis

tr = Pytf+ Pata+Pttt (10)
k = kc +f (8)

whereP/, Po,andPt are the fractionof neutronsthat interact
FromEq. (7), we also define the system's static mean by fission, capture,and leakage,respectively.In the case of

neutronlifetime %as MCNP,t, is identicallyequal to %.
Because_ represents theaverageneutronremoval life-

Zs = Zc +forz, (9) time in the core, NJ% representsthe total number of neu-
trons loss per unit time. Therefore, PINJx¢representsthe

The reciprocal of ¢, represents the average loss rate from totalfissionrate, PJVJ%representsthe totalnonfissioncap-
the integral system in the equilibriumstate, but,as will be turerate, andP_VJx_representsthe total leakage rate. We
shown later,differs slightly from the mean prompt-neutron can also represent these same interaction rates as NJ¢/,

where _! is the averagetime between fission events, NJ%,lifetime that characterizes the kinetic behavior of the sys-
tem. where % is the average time between nonfission captures,

and NJx_, where ¢_is the average time between leakage
events. Hence, we can define a mean fission lifetime, _/,to



R

• •

be xJPf, a meancapturelifetime, Xo,to be xJP,, anda mean When k < 1/(1 - _), a is negative andthe promptneutron
leakage lifetime, xt, to be xJP_.It is obvious from Eq. (10) chains decay with time; when k > 1/(1 - [3),a is positive
thatx/is not the same as t/and so forth, and the promptneutron chains grow with time; when a is

Using the bare core model, the fraction of core neu- zero, the promptneutron chains, once initiated, propagate
tronsthat leak from the core into the reflecto|; f_ can be indefinitely; hence, a - 0 defines the condition of prompt
establishedby integratingthe positive leakage currentover critical.
thatportion of the core surface areathat is reflected. For In reflected reactors, the decay or growth of prompt
small,fully-reflectedsystems, this fractionwill typicallybe neutronchains is describedby
on the orderof 50 to 60%.

The overall effective multiplication factor,k, is deter- Np = Ale a: + A2ea2t (17)
mined fromanotherk eigenvaluecalculationusinga model

of the integralsystem (i.e., coreplus reflector). Givenk and wherea_ and oh arise as the result of two differe_I groups
kc, the total fraction, f, of core neutronsthat leak from the of promptneutrons?
core into thereflectorand thenreturnto thecore can be cal- The firstdecay modein Eq. (17) is associated with the
culated from Eq. (8). Oncefis known,we deducethe frac- promptneutrons that multiplycontiguously within thecore
tion of neutrons in the reflector thatreturnto the core, f,_, regionon a time scale correspondingto the average lifetime
fromthe definitionoffi of a promptneutronin the bare core,xc.The seconddecay

mode is associatedwith thatgroup of promptneutrons that_f
fro - _cr (11) leak from the core region into the reflectorregion and then

re-enter the core region where they further propagate the
The average neutron lifetime in the reflector, x, is prompt-neutronchainsby inducingadditionalfissions. This

obtainedfrom an integral system model calculation using process occurs on the time scale of the mean prompt-neu-
the equilibriumconditiondefinedby Eq. (6). Thatis, tron lifetime of the integralsystem.

If both ¢xjand oharenegative, then the promptneutron
Xc Nro

X--(_'---_co_crJ (12) chains decay with time. On the other hand, if either (xi or oh• is positive, then the promptneutron chains grow with time

whereNroand Ncoarethe total numberof neutrons in the and the system is superprompt critical. Therefore, we
reflector region and core region, respectively, at equilib- definepromptcritical for a reflectedreactoras the point at
rium. which eithera becomes zero.

We determine the reactivity corresponding to promptN,oand N_oareeasily obtainedby integratingthe spa-
tial-dependent,energy-dependentneutron fluxes over the critical in a reflectedreactorusing the solution obtainedby
respectivevolumeof thetwo regions: Kistner?In his formulation,delayedneutrons and external/

intrinsicsourceneutronsare ignoredin the coupled point-

= f __(E, r) (13) kineticequations.Hence,Eqs. (2), (3), and(4) reducetoN,o v (E_ dEdr

,,.ftecto,J dNc = - _,cNc+ _,rcN, (18)and d-'tt

= f __(E'r)Nco v (E_ dEdr
(14)

coreJ dNr
wherev(E) is the neutronvelocity correspondingto energy d_ = - _.N• + 7,c•N_ (19)
E.

where

D. The Shift in PromptCritical 1 - kc ( 1 - 6)
_ = x (20)

In a bare reactor,the decay or growthof promptneu- c
tron chains is describedby

Np = Ae c" (15) _. = --1 (21)r X

in which (xis definedby

k(]-_) -1 = _
a = x (16) _•c f•c (22)Xr



and E. The Reflected-CoreInhourEquation

In most reflectedreactors, k is controlledby changing
Zc,.= _ (23) k_ by means of insertingor removing control rods. Never-

The solution of the above system of equations is theless, there aremany reactorsstill in operation(e.g., SPR
obtainedby taking the Laplacetransformof Eqs. (18) and at Sandiaand SKUAat Los Alamos) that control k by add-

s= (19) and solving for the roots of the subsidiaryequation; ing or removingreflector,therebyalteringf. Regardlessof
that is, ¢1 and o_ correspond to the roots of the quadratic the methodused to control the reactivity of the system, the
equation definition of the overall effective multiplication factor is

still applicable.However,for thepurposesof this paper,we
assume that the change in k is controlled strictly by a

¢2 + (_c + _',.)¢ + _'c_'r- ZcrZ,c = 0 (24) change in k_and thatfis a constantover the operatingreac-

Fromthequadraticformula,we obtain tivityrangeof the reactor.For this situation, we obtain the applicable inhour

i_.c 2 _.,_ J[__,_ 2 equationfor a reflected reactorby setting the denominator¢_ = .... A (25) of the transfer function equal to zero where the transfer
functionis

' 'rCIN c Cio_'i frcNro 1

¢2 = - + . -A (26) 8Nc - (32)% f_,s _: k
where Sg+ kc(x,s+l)+Es+_,, P_

Thisyields

A = _.c_. - _.c,krc (27) kc [-'_c f_r CO --. _i_ "]

' = L kc('c m+ 1)+ _'d_--_iJ (33)The first root is always negative, whereas the second
rootbecomes zerowhenA = 0. Thus,promptcriticaloccurs
when wherep is definedin the usual way as (k - l)/k.

Note thatwhenfapproaches zero(whichimplies thatk

kcgr = gc,_.rc (28) _ k_ since k = k_+.D, the aboveexpressioncollapses to the
inhourequation fora bare reactor.When f is greaterthan

Based on the definitions in Eqs. (20) through (23), this zero, an extraterm associated with the reflectorappears in
expressionreduces to the equation,andthe reactivity of the system is reducedby

a factorof k/k.
Undercertainconditions,Eq. (33) can be rewrittenin a

f = 1- kc ( 1 - _) (29) form analogousto the inhourequationforabarereactor.To
accomplish this, though, it is first necessary to define a

Using k = kc+f, we rewrite the abovepromptcritical condi- reflected-corereactivity,pC,as
tionin termsof the overall effective multiplicationfactorof
the systemas k k - 1

Pc: p(_)- kc (34)1-[3f c

k - 1- [_ (30) which, using the relationshipk = kc+ f, canalso be written
as

or, in termsof the traditionaldefinitionof reactivity,
k-1

p _ 13(1-/) Pc- (35)
l-[_f =fl(1-f) (31) k-f

If we definek_oas the multiplicationfactorof the bare core
FromEq. (31), we see that promptcritical in a reflected when the integralsystemis at delayedcritical, i.e.,

reactoris shifteddownwardby a factorof (1 -f). As will be
shown in the following section, this factoralso appears in
the definitionof the mean prompt-neutronlifetime, kco = 1 -f (36)

then p_becomes
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,_ Case I. RQQI_1Below Prompt _rific_l. Root 1 cor-
f cot "' respondsto theasymptoticinverseperiodof the reactor.For

Pc- [5 1 -f _///; / negativereactivities,this rootwill varybetween0.0 and-_._

co= Ac __ /"/(_+ f_-'"_ ]---fJ (where _., is the mean decay constant of the shortest liveddelayed neutrongroup;this is approximately0.01 s-_ for

13J -'_,f/ the common fissionable isotopes). Forpositive reactivitiesPc rangingfrom0.0 to - 0.95, root I variesfrom 0.0 to a value

.............................

__:.:.-:. on theorderof 10 s-_.Because the neutronlifetimes in most
common reflectormaterialsrange from 10Its(e.g., steel) to

-_ Pc - [5 1 ms (e.g., graphite), the product_,_ << 1.0. Therefore,co--
A \ j, °)7 , Eq. (38) reduces to the following equation

y - _ 13,co....... _L_ ........... -_.. e e. .... ... ...- ................

Pc=Amco+ (39)
" where the mean prompt-neutron generation time, Am, is

Figure 1. Qualitative plot of the roots of definedas the mean prompt-neutronlifetime,a i.e.,
the reflected-core inhourequation. (Not
drawnto scale). _. = "Cc + fZr (40)

divided by kc.
kc -kco In the vicinity of delayed critical, k is approximately

Pc - kc (37) 1.0 and so kc= ( 1-7). Therefore,

which correspondsto thereactivityas definedby Cohn.2 _c+fOr

Hence, Eq. (33) now becomes Am = 1 -f (41)

X_ f_,co [3ico Equations (39) and (41) constitute the mean prompt-neu-Pc= co- + + (38)
kc kc(x co+ 1) co+ Z_ tron lifetime time model fora reflected-corereactor.

As can be observed,Eq. (39) is now identical in form

If the neutronlifetime in the reflectoris small enough, to the inhour equationfor a bare reactor.However, it must
we can combine the first two termson the right-hand-side he stressedthat the neutrongenerationtimein Eq. (39) rep-
of Eq. (38) to yield the mean prompt-neutron lifetime resents a mean value as defined by Eq. (41) and that the
model originallyderivedby Cohn.2However,as discussed reactivity p_does not correspondto the traditional defini-

tion of reactivity [see Eq. (34)]. Nevertheless, because thein the following section, the mean prompt-neutronlifetime
form of the inhour equation is the same for both a baremodel should be used with caution because it may not

always yield an adequaterepresentation of the dynamic reactoranda reflectedreactor,the reactivitycorresponding
response of a reflected reactor at reactivities greaterthan to a given inverse period mustalso be the same providing

the characteristic neutron generation time in both systems
15. is the same.

For example, if we compare a bare reactorhaving aE Solutionand Limitationsof the Mean Prompt-Neu-
tron Lifetime Model prompt-neutrongeneration time of 50 Its with a reflected

reactorhaving an equal mean prompt-neutrongeneration
time and a return fraction of 20%, then, in accordance to

If we assumethe standard six groupsof delayed neu-
trons,then Eq. (38) will have eightroots. A qualitativeplot the inhour equation for both the bare reactor and the

reflectedreactor,a 10 s asymptoticperiod will yield areac-of these eightroots is shownin Fig. (1). The exact valuesof
these eight roots,however,can bequite sensitiveto theval- tivityof approximately0.405. In the,,reflected reactor,how-
ues of the prompt-neutronlifetime in the core and in the ever, 0.405 corresponds to Pc- not p. If converted to the
reflector. Furthermore,the appropriatenessof the mean

prompt-neutronlifetime model is also strongly dependent a.Wenote that the mean lifetime definedby Eq. (40) differson which root of the reflected-core inhourequation is of
interestand, in thecase of the firstroot,on thereactivityof fromthe static meanlifetime previouslydefined in Eq. (9).

The significance of this difference, however, is not well
the syster understoodat this time.
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Before continuing, it is worth mentioning that the
1000 .... , .... _.... -, .... , ........... , .... aboveasymptotecrossesthereactivityaxisatp_= 13which

_,= 20 tts definespromptcriticalin the (o vs. p_plane.Using Eq. (34)
¢_= 10 Its cot and the approximation that k_ - 1 -f in the vicinity of

500 f= 5% promptcritic_d,we againobtaintheresultthat promptcriti-
cal in a reflected reactoroccurs at a reactivity of approxi-

_' matelyp = I_(1-./).
,_ 0 /-

3 _ /_,,_ Case HI..Roots2 through6. As with the bare-core(o7 inhourequation,roots 2 through6 arecompletely boundby
-500 "_/ [ the decay constantscorrespondingto each of the six precur-

//_= _._ [Pc(S) - 1] sorgroups.Therefore,root 2 rangesfrom-_._to -_,2,root3rangesfrom-Z2 to -_.3,and so forth.In general, the values
-1000 ' ' ' ' ' .... ' .... I ./.., .... , .... I .... , .... of the_.'scorrespondto approximately0.01,0.03,0.1,0.3,

-, -3 -2 -I 00 1 2 3 4 1.0, and 3.0 s-_.Consequently, the condition x,_o_<< 1.0,
Pc($) where i equals 2 through6, is easily satisfied. Hence, for

these five roots, the meanprompt-neutronlifetime modelis
Figure2. Plot of the firstandseventhrootof applicable.
the reflected-core inhourequation.

Case IV.R_t7. The seventhrootof the reflected-
core inhourequation varies from -_ to -1/x, and atreac-

traditionaldefinitionof reactivity,a 10 s asymptoticperiod tivities in the vicinity of delayed critical, is asymptotic to
in the reflectedreactorwould actually correspondto 0.325 Eq. (42). More often than not, the seventh root will not sat-
reactivity.It follows, therefore, that the absolutevalue of k isfy the condition"c,_ << 1.0 exceptwhenthe reflectorlife-
necessaryto produce a 10 s period in a reflectedsystem is time is very smalland/or the reactivityis in the vicinity of
smaller thanin a comparablebaresystem, promptcritical.As such, the mean prompt-neutronlifetime

model will frequentlybe invalidfor this particularroot.An
Case II. Root 1 AbovePromvt Critical.Although exampleof whenthe meanprompt-neutronlifetime model

the condition of _r(Ot<< 1.0 is satisfied for root I in the fails is shown in Fig. (3) whereo>1(and ¢o_)can be seen to
vicinity near promptcriticalandbelow, it is not necessarily deviate significantly from the mean prompt-neutronlife-
satisfiedforreactivitiesgreater than 15.For those situations timeasymptote.
in which the neutronlifetime in the reflector is relatively As readilyobservedfromFigs. (2) and (3), the o)7root
small, it is likely that the conditionx,t.o_<< 1.0 will still be below promptcritical and the _mrootabove promptcritical
satisfiedat reactivities significantly greaterthan 15. When appearto be a merecontinuationof each other.This, in fact,
this occurs, then the mean prompt-neutronlifetime model is the case. If one ignorestheregion very nearpromptcriti-
will be applicableandthe first rootwill closely follow the cai, it can be readily shown by direct comparisonthatthe
asymptote composite of _ below promptcriticaland(o_aboveprompt

criticalcoincidesalmostexactly with_ in Kistner'smodelpc-[_
co - (42) [see Eq. (26)]. (The comparisonis not exact between the

Am roots of the two models as a result of the inclusion of

overthe normal reactivity operatingrange of the system, delayedneutronsin the exact solution.)
Anexample of this situationis shown in Fig. (2) in which Consistency between Kistner's model and the exact
the exact solutionsa forroots 1 and 7 arecompared to the solution of the reflected-core inhourequation is further
asymptotecorrespondingto the meanprompt-neutronlife- demonstratedby expandingtheradicalin Eq. (26) andeval-
timemodel. As can be readily observed, both rootshug the uatingthe res!dtingfunctionat delayedcritical. Thisyields

asymptotevery snugly overthe range shown, thereby,con- [3( 1-f)

firming that the mean prompt-neutron lifetime model is ¢x2°- Xc+fir (43)applicablefor the situationpictured.
which agreeswith Eq. (42) evaluatedat delayedcritical.

a.A Fortrancode was writtento solve for the roots of the Case V. _. The eighth root of the reflected-
inhourequationusinga numericalscheme.In the contextof coreinhourequationvariesfrom-I/L to --_ and, atreactiw
this paper, therefore,exact means to within machine accu- ities in the vicinity of delayedcritical, is asymptoticto
racy.
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_,=500ItS dN,_ ferN
N,

loIts ../=' - c- (47)
500 f= 5% _."

/" (1- fj ,Nc
"" -- -- -- _.iCi (48)

. ¢07

-500 wherewe haveassumedthat the term(1 -_l(k -sO that

ontheright-hand-sideofEq.(46) isapproximatelyequalto

-1000r'' ', =.... i..,. i ...., .... _.... _..... 1.0in thevicinityof delayedcriticalandthatkc= I -fin
-4 -3 -2 -i 00 I 2 3 4 Eq.(4).

Pc($) NotethatEqs.(46)through(48)collapsetothetradi-
tionalpoint-kineticequationsforabaresystemwhen the

Figure3.Plotofthefirstandseventhrootof returnfractionfromthereflector,f,_,issetequaltozero.
thereflected-coreinhourequation. This,bydefinition,t'orcesftoequalzero[seeEq.(II)]and

forcesPctocollapsetothetraditionaldefinitionofreactiv-
ity[seeEq.(35)].

Inthecontextofthismodel,thetemperaturefeedback

Pc - [3- _ coefficientassociatedwith thecore region is defined as
co = (44) dpc

Ac ctc = dT c (49)
where

andthe core temperatureis coupled to the neutronpopula-
zc zc tion (i.e., core power)by Newton's Lawof Cooling:

Ac= k_= I---'-f (45) dTc
istheprompt-neutrongenerationtimeofthebarecore. d_ = KcNc- _/(Tc- To°) (50)

Itshouldbenotedthatthisrootdoesnotexistinthe
where

mean prompt-neutronlifetime model. It disappearsas soon
asit is assumedthatx,toe<< 1.0which, in mostreactors, Kc reciprocalof thetotalheatcapacityof thecore,
would rarely be satisfiedbecause of the large magnitudeof _ reciprocalheat transfertimeconstant, and
o_s.For this reason,we are forced to solve forroot 8 using Too initial temperatureof core att = 0.
Eq. (38) ratherthan Eq. (39) regardlessof the validity of the
mean prompt-neutronlifetime model. IV.CONCLUSIONS

III.REACTIVITYFORMOFPOINT-KINETICMODEL Based on the solution of the reflected-core inhour
equation,we make the following conclusions:

Obviously, when the mean prompt-neutron lifetime
model is not applicable for a given system, then the point- 1. The reactivity Pc measured in reflected reactors
kinetic model representedby Eqs. (2), (3), and (4) should using small positive or negative periods is a factor of k/kc
be used to predict the transientresponse of the system at larger than _.hereactivity p defined in the traditionalman-
reactivities greater than Pc = 15. However, the forms of her.
Eqs. (2), (3), and (4) arenot very convenientforobtaining
numerical solutions since they are based on a time-depen- 2. As a consequence of the aforementioned shift in
dent multiplication factor kcratherthan on a time-depen- reactivity,promptcritical in a reflectedreactoroccurs at a
dent reactivity, reflected.core reactivity of Pc= [_,which is equivalentto a

With the use of Eqs. (34) and (35), Eqs. (2), (3), and reactivity of p 2-8(1 -./) where p is defined in the tradi-
(4) can be rewrittenin terms of reactivityas tionalmanner.

dNc Pc- _J- f ( 1- _J)Nc +frc 3. The validity of the mean prompt-neutronlifetime
d_ = Xc T,,N, + _ kiC i+ S (46)
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model is root dependent. For negative and small positive f total fractionof core neutronsthat arereturnedto the
reactivities, the inverse asymptotic period eel is small core afterhavingleakedfrom the core
enough to satisfy the condition _,_! << 1.0. However, for =f,o"_
reactivitiesabovepromptcritical, this conditionis only sat- C, concentrationof the i'hprecursorgroup
isfied when _, is relatively small or the reactivity is very J3, delayedneutronfractionof the ix group
close topromptcritical. _. decay constantof the i'hprecursorgroup

S intrinsic/externalneutron sourcerate
4. When the condition z,_o,<< 1.0 is not satisfied at 0 neutron flux

reactivities above promptcritical, the asymptotic inverse v neutronvelocity
period will varyina nonlinear fashionwith reactivity.Con- wi ix rootof inhourequation
sequently,the dynamic response of a reflected-corepulse ¢0, asymptoticinverseperiod
reactor may not be adequately representedduringsuper- ¢x prompt-neutrondecay constantin one-regionmodel
promptcritical operationsusing the barecore point-kinetic ¢xj prompt-neutron decay constant in two-region model
model, associated withthe bare coreregion

_--o_ in the exact solution of the reflected-core inhour
5. For reflected-core systems in which the mean equation

prompt-neutronlifetime model is not applicable, the rela- _ prompt-neutrondecay constant in two-region model
tionship between asymptotic inverse period and super- associated with the mean prompt-neutronlifetime of
promptcritical reactivity can be well represented by the integralsystem
second decay constant obtained in the two-region model ---o)7for negative reactivities and -=o3_for positive
developedby Kistner. reactivities in the exact solution of the reflected-core

inhourequation
NOMENCLATURE {z20_ evaluatedatdelayed critical

prompttemperaturefeedbackcoefficientof core
k effective multiplicationfactorof integral system Kc reciprocalof the totalheat capacityof core
kc multiplicationfactorof bare core V reciprocalheat transfertimeconstant
p traditionalreactivity T_ average temperatureof core

---(k- 1)/k Too initial referencetemperatureof core
Pc reflected-corereactivity

= (k - 1)/k_ REFERENCES
N_ numberof neutronsin the coreregion
N, numberof neutronsin the reflectorregion 1. R. Avery,"Theory of Coupled Reactors;' in Proc. 2nd
Nt =N_ + N, Intern. Conf. Peaceful Uses Atomic Energy, Geneva,
Np numberof promptneutronsin integralsystem 12, 151 (1958).
kc multiplicationfactorof the bare core
[3 effective delayedneutronfraction 2. Charles Erwin Cohn, "Reflected-Reactor Kinetics,"
v, total numberof neutrons bornper fission Nucl. Sci. and Engr., 13, 12 (1962).
x_ neutronlifetime of the bare core

_r neutronlifetime in thereflectorregion 3. G. Kistner,"Rossi-cxTheory for Assemblies with Two
x/ mean timebetween fission events in thebarecore PromptNeutronGroups" Nukleonik, 7, 2, 106 (1962).

=v,x,Jkc

x,. static meanneutronlifetime of the integralsystem 4. AlfredL. Mowery,Jr.and H. C. Romesburg,"Calcula-
=_ + f_,_, tion of InteractionsBetween ClusteredNERVAReac-

"¢, dynamic mean neutron lifetimeof the integralsystem tors," in Amer. Nucl. Soc. Proc. of National Topical
=% +fir Meeting on Coupled Reactor Kinetics, C. G. Chezem

A, mean prompt-neutron generation time of integral and W.H. Kohler,Ed. (TexasA&M University,Texas,
system 1967), pp. 64.
=(_c+f_,)/k_

A_ meanprompt-neutrongenerationtimeof thebarecore
=%/k_

f_ fraction of neutrons that leak from the core into the
reflector

f,_ fraction of neutrons that leak from the reflector back
into thecore
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