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The sta bil ity anal y sis of a nu clear re ac tor is an im por tant as pect in the de sign and op er a tion of
the re ac tor.  A sta ble neutronic re sponse to per tur ba tions is es sen tial from the safety point of
view. In this pa per, a gen eral meth od ol ogy has been de vel oped for the lin ear sta bil ity anal y sis
of nu clear re ac tors us ing the lumped re ac tor model. The re ac tor ki net ics has been mod elled
us ing the point ki net ics equa tions and the re ac tiv ity feed backs from fuel, cool ant and xe non
have been mod elled through the ap pro pri ate time de pend ent equa tions. These gov ern ing
equa tions are linearized con sid er ing small per tur ba tions in the re ac tor state around a steady
op er at ing point. The char ac ter is tic equa tion of the sys tem is used to es tab lish the sta bil ity
zone of the re ac tor con sid er ing the re ac tiv ity co ef fi cients as pa ram e ters. This meth od ol ogy
has been used to iden tify the sta bil ity re gion of a typ i cal pres sur ized heavy wa ter re ac tor. It is
shown that the pos i tive re ac tiv ity feed back from xe non nar rows down the sta bil ity re gion.
Fur ther, it is ob served that the neu tron ki net ics pa ram e ters (such as the num ber of de layed
neu tron pre cur sor groups con sid ered, the neu tron gen er a tion time, the de layed neu tron frac -
tions, etc.) do not have a sig nif i cant in flu ence on the lo ca tion of the sta bil ity bound ary. The
sta bil ity bound ary is largely in flu enced by the pa ram e ters gov ern ing the evo lu tion of the fuel
and cool ant tem per a ture and xe non con cen tra tion.
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IN TRO DUC TION

The sta ble neutronic re sponse of a nu clear re ac -
tor is one of the im por tant re quire ments for the safe re -
ac tor op er a tion. Dur ing the course of its op er a tion, the
re ac tor is sub jected to many in ten tional or un in ten -
tional per tur ba tions which tend to change the rec tor
power from its steady op er at ing value. These per tur -
ba tions in clude the move ment of the re ac tiv ity con trol
de vices, changes in the cool ant poi son con cen tra tion,
fluc tu a tions in the cool ant flow, vari a tions in the
power de mand etc. In re sponse to such per tur ba tions, a 
sta ble re ac tor re turns back to the steady-state. If the re -
ac tor is not sta ble, it moves away from the steady-state
fol low ing a per tur ba tion and this may lead to un -
wanted de vi a tions in the safety pa ram e ters or even
lead to ac ci dent con di tions if not con trolled. There -
fore, thor ough anal y sis of re ac tor sta bil ity is nec es sary 
to dem on strate its abil ity to with stand the re ac tiv ity
per tur ba tions.

Point re ac tor ki net ics has been con ven tion ally
used for the sta bil ity anal y sis of re ac tors [1, 2]. In the
pres ent work, a gen eral meth od ol ogy has been de vel -
oped for the lin ear sta bil ity anal y sis of nu clear re ac -

tors, where in ad di tion to the fuel and cool ant tem per a -
ture re ac tiv ity feed backs, the xe non re ac tiv ity
feed back has also been in cluded. A meth od ol ogy has
been es tab lished for iden ti fy ing the sta bil ity re gion of
a nu clear re ac tor, i. e., for iden ti fy ing the re gion of per -
mis si ble val ues of re ac tiv ity co ef fi cients for sta ble op -
er a tion. The equa tions gov ern ing the evo lu tion of re -
ac tor power, fuel and cool ant tem per a tures and xe non
re ac tiv ity are based on the point re ac tor model. These
equa tions are linearized con sid er ing small de vi a tions
around the steady op er at ing state. The char ac ter is tic
equa tion of the sys tem is ob tained and used for iden ti -
fy ing the sta bil ity re gion. This meth od ol ogy has been
il lus trated for a typ i cal pres sur ized heavy wa ter re ac -
tor (PHWR). The sta bil ity bound ary has been iden ti -
fied for this re ac tor. The in flu ence of point ki net ics pa -
ram e ters and feed back mech a nisms on sta bil ity of the
re ac tor has been stud ied. The role of xe non re ac tiv ity
feed back on the sta bil ity of PHWR is brought out.

MOD EL LING

The lumped model rep re sent ing the tran sient evo -
lu tion of the re ac tor has been used in the pres ent study
for ana lys ing the sta bil ity of the re ac tor core i. e., the
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equa tions gov ern ing the neu tron ki net ics, re ac tor ther -
mal hy drau lics and xe non dy nam ics are in de pend ent of
space. This ap prox i ma tion sim pli fies the cal cu la tions
while in cor po rat ing all the nec es sary phys i cal as pects
of re ac tor dy nam ics. Al though it does not ad dress the
spa tial ef fects, it is use ful for the quick as sess ment of
global sta bil ity as pects of nu clear re ac tors. 

Re ac tor model

The neu tron ki net ics is mod elled through point
ki net ics equa tions with six groups of de layed neu tron
pre cur sors
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The re ac tiv ity r, among other things, de pends on
the cross-sec tions, re ac tor ge om e try and flux dis tri bu -
tion [3]. In gen eral, it is a com plex func tion of re ac tor
power. Its pres ence in eq. (1) in tro duces a non-lin ear ity
and the equa tions need to be solved nu mer i cally. How -
ever, the equa tions can be linearized by con sid er ing
small per tur ba tions in the vari ables around their equi -
lib rium val ues so that lin ear sta bil ity anal y sis tech -
niques can be em ployed. This ap proach has been dis -
cussed in the fol low ing sec tions. Al though this method
can not be ap plied to ar bi trary re ac tiv ity per tur ba tions, it 
can be used for the as sess ment of re ac tor's sta bil ity in
the vi cin ity of the steady op er at ing point.

The in stan ta neous re ac tiv ity r(t) can be ex pressed
as the sum of ex ter nal re ac tiv ity rext(t) (e. g. due to the
move ment of con trol rods, changes in cool ant poi son
con cen tra tion, etc.) and the re ac tiv ity feed backs   from
the sys tem (e. g. due to the changes in fuel and cool ant
tem per a ture, re ac tor poi son con cen tra tion, etc.)

r r r( ) ( ) ( )t t t= +ext fb (3)

For the steady-state (crit i cal) op er a tion of a re ac -
tor

r r r( ) ( ) ( )t = = + =0 0 0 0ext fb (4)

For small de vi a tions around the steady-state,

dr r rext ext ext( ) ( ) ( )t t= - 0 (5)
and

dr r rfb fb fb( ) ( ) ( )t t= - 0 (6)
thus

dr r r r dr dr( ) ( ) ( ) ( )t t t= - = = +0 fb ext (7)

For a given steady op er at ing power P0, the
steady-state pre cur sor con cen tra tions Ci0

* can be ob -

tained by equat ing the RHS of eq. (2) to zero. If a small
change in re ac tiv ity is in tro duced, the re ac tor state
tends to de vi ate from the steady-state. A sta ble re ac tor
will even tu ally re turn to the steady-state while an un -
sta ble re ac tor moves away from the steady-state. For
small de vi a tions around the steady-state, the fol low ing 
non-di men sional vari ables can be de fined
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Sub sti tut ing (8) and (9) in eq. (1) and us ing the
steady-state con di tion, the fol low ing equa tion is ob -
tained
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For small val ues of re ac tiv ity r, since rx is a
prod uct of two small quan ti ties, it can be ne glected.
With this as sump tion, eq. (10) be comes
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Sim i larly, sub sti tut ing eqs. (8) and (9) in eq. (2)
and us ing the steady-state con di tion 
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Thus, for small re ac tiv ity per tur ba tions around
the steady-state, the re ac tor be hav iour can be con sid -
ered lin ear and the lin ear sta bil ity anal y sis meth ods
can be em ployed. Tak ing Laplace trans forms* of eqs.
(11) and (12) and sim pli fy ing, the re ac tor trans fer
func tion  is ob tained 
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The cal cu la tions can be sim pli fied by de fin ing
the equiv a lent one group of de layed neu tron pre cur -
sors with the de cay con stant de fined as [4]

l
b

b

l

=

å
=

i

ii 1

6
(14)

where
b b= å

=
i

i 1

6
(15)

For one group of de layed neu tron pre cur sors, the 
point ki net ics equa tions be come
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* In the equa tions writ ten here Ci is ac tu ally the quan tity
. .pro por tional to the pre cur sor con cen tra tion since the point
. .ki net ics equa tions are writ ten in terms of power and not in terms 
. .of neu tron den sity

* For con ve nience, the Laplace trans forms of func tions are
   de noted by the same func tional no ta tion, e. g.
..L x t x s L z t z s[ ] [ ]( ) ( ), ( ) ( )º ºf f , etc.
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Us ing the non-di men sional power and pre cur sor 
con cen tra tions from eqs. (8) and (9) and Laplace trans -
form ing eqs. (16) and (17), the re ac tor trans fer func -
tion for one group of de layed neu tron pre cur sors is ob -
tained
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Re ac tiv ity feed backs

Changes in re ac tor power due to ex ter nal per tur -
ba tions lead to changes in the fuel and the cool ant state
and the re ac tor poi son con cen tra tion. These changes
(e. g. vari a tions in fuel and cool ant tem per a ture, cool -
ant den sity, lo cal changes in fuel-cool ant con fig u ra -
tion etc.) in tro duce re ac tiv ity changes or re ac tiv ity
feed backs. Important re ac tiv ity feed back mech a nisms
for pres sur ised wa ter/heavy wa ter re ac tors
(PWR/PHWR) in cludes fuel and cool ant tem per a ture
ef fects and xe non re ac tiv ity feed backs. The re ac tiv ity
changes as so ci ated with the fuel and cool ant tem per a -
ture vari a tion can be cal cu lated through cor re spond -
ing re ac tiv ity co ef fi cients and tem po ral evo lu tion of
fuel and cool ant tem per a ture. The xe non re ac tiv ity ef -
fects can be cal cu lated us ing the equa tions gov ern ing
the vari a tion of 135Xe con cen tra tion in time.

A small change in the feed back re ac tiv ity due to
the changes in fuel and cool ant tem per a tures and xe -
non con cen tra tion can be ex pressed as [3]

dr a d a d drfb f f c c X= + +T T (19)

The re ac tiv ity co ef fi cients af and ac are de fined
by
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Fuel and cool ant dy nam ics

The equa tions gov ern ing the tem po ral vari a tion
of fuel and the cool ant tem per a ture in a re ac tor cool ant
chan nel can be ob tained from the en ergy bal ance be -
tween the fuel pin and the cool ant flow ing out side
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where Tf and Tc are the av er age fuel and cool ant tem -
per a tures in the core re spec tively. Tcin

is the cool ant
tem per a ture at the in let of the re ac tor core. a1, a2, a3,
and a4 are con stants at the given steady op er at ing state
and are de fined by
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where heq is the equiv a lent heat trans fer co ef fi cient be -
tween the fuel and the cool ant cor re spond ing to the area
Aeq. The ef fect of ther mal re sis tance due to the pel let-clad
gap, the clad thick ness and the cool ant film out side the
fuel pin has been ac counted through the equiv a lent heat
trans fer co ef fi cient heq. The steady-state val ues of fuel
and cool ant tem per a ture (Tf0, Tc0) are ob tained by equat -
ing the right hand side of eqs. (21) and (22) to zero.

For small de vi a tions around the steady-state, the
fol low ing non-di men sional tem per a tures are de fined 
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Sub sti tut ing eqs. (24) and (25) in eqs. (21) and
(22), the fol low ing gov ern ing equa tions in nor mal ized 
form are ob tained 
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Tak ing the Laplace trans forms of eqs. (26) and
(27) and us ing zf (0) = 0 and zc(0) = 0, the trans fer func -
tions for fuel and cool ant re ac tiv ity feed backs are ob -
tained
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Xe non feedback

Xe non-135 (135Xe) is a prod uct of fis sion which
has very high cap ture af fin ity for ther mal neu trons. It acts 
as a neu tron poi son due to its large neu tron ab sorp tion
cross sec tion and it can have a sig nif i cant in flu ence on
slow power tran sients in ther mal re ac tors as it in tro duces
re ac tiv ity changes due to changes in its con cen tra tion in
the core. The modes of pro duc tion and re moval of 135Xe
are sche mat i cally shown in fig. 1.

The half life of Tel lu rium is very small (~19 s);
there fore it can be as sumed that io dine is pro duced di -
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Fig ure 1. Modes of pro duc tion and re moval of 135Xe



rectly from fis sion (fis sion yield gI in eq. (34) ac counts
for both 135Te and 135I). The equa tions gov ern ing the
tem po ral vari a tion of re ac tiv ity due to the poi son can
be writ ten
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where the re ac tiv ity equiv a lent of xe non (rx) is de -
fined [4]
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and rI is a quan tity pro por tional to the io dine con cen -
tra tion de fined 
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where sX is the mi cro scopic neu tron ab sorp tion
cross-sec tion of xe non (135Xe), CX and CI are xe non
and io dine con cen tra tions, Sa is  the to tal mac ro scopic
neu tron ab sorp tion cross-sec tion, F is the cor rec tion
fac tor to ac count for the fi nite size of the re ac tor and
fast neu tron pro duc tion, and a5, a6, and a7  are con -
stants de fined
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where fref is the ref er ence ef fec tive ther mal neu tron
flux at power Pref.

For small de vi a tions around the steady-state 
( ,r rI0 X0 ), nor mal ized quan ti ties zI and zX are de -
fined as
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Sub sti tut ing eqs. (35) and (36) in eqs. (30) and
(31), the fol low ing equa tions are ob tained
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where zXx is ne glected as it is a prod uct of two small
quan ti ties. By tak ing the Laplace trans forms of eqs.
(37) and (38) and sim pli fy ing, the trans fer func tion for
xe non re ac tiv ity feed back is ob tained
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where rX0 is the steady-state xe non re ac tiv ity load at
power P0.

Over all trans fer func tion

Sub sti tut ing eqs. (24), (25), and (36) in eq. (19),
a change in feed back re ac tiv ity can be ob tained

dr a a rfb f f0 f c c0 c X0 X= + +T z T z z (40)

The Laplace trans for ma tion of eq. (40) re sults in

dr a a rfb f f0 f c c0 c X0 X( ) ( ) ( ) ( )s T z s T z s z s= + + (41)

Us ing eqs. (28), (29), and (39)
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The over all re ac tiv ity feed back trans fer func tion 
H(s) is
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Also, the Laplace trans for ma tion of eq. (7) gives 

r dr dr( ) ( ) ( )s s s= +ext fb (44)

The closed loop block di a gram for the over all sys -
tem with dif fer ent feed back mech a nisms is shown in
fig. 2. The equiv a lent block di a gram is shown in fig. 3.
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Fig ure 2. Closed loop block di a gram with dif fer ent
feed back mech a nisms

Fig ure 3. Over all closed loop block di a gram



The over all closed loop trans fer func tion for the
sys tem is given as

Tr s
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G s H s
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DE TER MIN ING THE STA BIL ITY
OF THE RE AC TOR

The Laplace trans form ap proach

The con di tion for sta bil ity of the closed loop sys -
tem is that the roots of the char ac ter is tic equa tion
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must all have neg a tive real parts i. e. the poles of the
over all trans fer func tion  Tr(s) must lie in the left (neg -
a tive) half of the com plex s plane [5]. Thus, for given
val ues of re ac tiv ity co ef fi cients af  and ac, the sta bil ity
of the re ac tor sys tem can be as sessed by di rectly cal cu -
lat ing the poles of trans fer func tion or by us ing lin ear
sta bil ity anal y sis tech niques such as Nyquist plot,
Bode plots, Routh-Hurwitz cri te rion, etc.

This method of de ter min ing the sta bil ity of the
sys tem for given re ac tiv ity co ef fi cients can be fur ther
ex tended to iden tify the sta bil ity re gion of the re ac tor
with  re spect  to  the  re ac tiv ity  co ef fi cients af and ac ,
i. e., for a given re ac tor, the sta bil ity bound ary can be

es tab lished by con sid er ing af and ac as pa ram e ters.
This can be achieved us ing the Routh-Hurwitz cri te -
rion [5]. The Routh-Hurwitz method can be used to
iden tify the na ture of roots with out ac tu ally cal cu lat -
ing the roots of the char ac ter is tic equa tion.

For no root of the char ac ter is tic eq. (46) to have
pos i tive real part, the nec es sary con di tion is that the co -
ef fi cients bn, bn –1, ..., b1, b0 have the same sign and no
co ef fi cient van ishes. In gen eral, the nec es sary and suf -
fi cient con di tion (Routh-Hurwitz cri te rion) for all the

roots of the char ac ter is tic equa tion to lie in the left half
of s-plane is that there is no sign change in the first col -
umn of the routh ar ray. Since af and ac are taken as pa -
ram e ters, co ef fi cients bn, bn –1, ..., b1, b0 and the en tries
in the first col umn of routh ar ray are func tions of   af and 
ac. By re quir ing that there is no sign change in the co ef -
fi cients bn, bn –1, ..., b1, b0 and in the first col umn of the
routh ar ray (i. e. all the en tries are ei ther pos i tive or neg -
a tive), an in equal ity is ob tained for each en try. The in -
ter sec tion of plots of these in equal i ties in the af  vs. ac

plane gives the sta bil ity re gion of the re ac tor.

Eigenvalue ap proach

An equiv a lent method for de ter min ing the sta -
bil ity of the sys tem is through the eigenvalues* of the
sys tem. Equa tions (11), (12), (26), (27), (37), and (38)
can be writ ten in the ma trix from as

d

d

Y t

t
AY t R t

( )
( ) ( )= + (47)

where Y is the re ac tor state vec tor, A is the ma trix of
con stants and R(t) is the in put vec tor that de pends on
the value of ex ter nal re ac tiv ity drext. Equa tions (7) and 
(40) have been used for cal cu la tion of to tal re ac tiv ity
r(t).

Y x y y z z z z= ¢[ ]1 6K f c I X (48)

R t
t

( )
( )

=
é

ë
ê

ù

û
ú

¢
drext

L
0 0 0 0 0 0K (50)

The con di tion for the sys tem to be sta ble is that
the eigenvalues of the co ef fi cient ma trix A have neg a -
tive real parts [5]. Again, tak ing af and ac as pa ram e -
ters (all other ma trix el e ments are con stants),
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* Eigenvalues are the roots of the char ac ter is tic equa tion 
A sI- = 0, .where I is the iden tity ma trix.



eigenvalues of   are cal cu lated. These eigenvalues are
func tions of af and ac whose real parts should be less
than zero for sta bil ity. Plots of the in equal i ties thus ob -
tained give the sta bil ity re gion in the af -ac plane.

Apart from the Laplace trans form and eigenvalue
ap proach, the sta bil ity re gion can also be found di rectly
by sweep ing the en tire range of in ter est of val ues of af

and ac and iden ti fy ing the thresh old points (af, ac) where 
the re ac tor be comes un sta ble (the thresh old points are the 
val ues af and ac where real parts of the poles/eigenvalues 
be come pos i tive).

STA BIL ITY ANAL Y SIS OF A TYP I CAL PHWR

The meth od ol ogy dis cussed here can be used for
lin ear sta bil ity anal y sis of ther mal re ac tors which use
sin gle phase cool ant. This is il lus trated here for a typ i -
cal PHWR [6]. The PHWR is a hor i zon tal pres sure
tube type re ac tor which uses nat u ral ura nium fuel.
D2O is used as cool ant as well as the mod er a tor which
are phys i cally sep a rated. The point ki net ics pa ram e -
ters [7] for the re ac tor are listed in tab. 1.

Ther mal hy drau lic con stants, in eq. (21) and
(22), for lumped fuel and cool ant model [6, 8] are
given in tab. 2. The pa ram e ters used in xe non re ac tiv -
ity cal cu la tions [3, 4] are pre sented in tab. 3. 

The steady-state fuel and cool ant tem per a tures
and xe non re ac tiv ity load for full power op er a tion at
756 MWt are given in tab. 4.

The val ues listed in tab. 1 to tab. 4 cor re spond to
the full power op er a tion for equi lib rium core of the re -

ac tor and are as sumed con stant for the pres ent anal y -
sis. Us ing these val ues, the over all trans fer func tion
and char ac ter is tic equa tion of the sys tem is ob tained
and the sta bil ity re gion for the re ac tor is plot ted us ing
the meth od ol ogy dis cussed in the above sec tions. In
or der to as sess the in flu ence of xe non re ac tiv ity feed -
back on re ac tor sta bil ity, the sta bil ity maps have been
ob tained for two dif fer ent cases – (1) with out the xe -
non re ac tiv ity feed back and (2) with the xe non re ac tiv -
ity feed back.

RE SULTS

Sta bil ity maps
(one group of pre cur sors)

The char ac ter is tic equa tion for the case with out
the xenon feed back is
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Since the first two co ef fi cients are neg a tive, we
re quire that the next three co ef fi cients are also neg a -
tive so that the roots have neg a tive real parts. Fur ther,
af ter con struct ing the routh ar ray, we also re quire that
there should be no sign change in the first col umn of
the routh ar ray for the real parts of the roots of this
equa tion (i. e. eigenvalues of the co ef fi cient ma trix or
poles of the sys tem trans fer func tion) to be neg a tive.
The plots of in equal i ties thus ob tained give the sta bil -
ity map. The sta bil ity map for this case (where only
fuel and cool ant tem per a ture feed backs are con sid ered 
– no xe non feed back) is shown in fig. 4. The shaded
por tion in di cates the re gion of sta bil ity.

The char ac ter is tic equa tion for the case where
the xenon feed back is also in cluded be comes
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Ta ble 1. Point ki net ics pa ram e ters for PHWR

 De layed neu tron frac tions (bi)×104  1.89, 11.3, 10.3,  
.21.1, 7.56, 1.89

 De cay con stants (li) [s
–1]

 0.0128, 0.0315, 
.0.122, 0.315, 1.386,
.3.466

 One group de layed neu tron frac tion (b)  0.0054

 One group de cay con stant (l) [s–1]  0.0812

 Neu tron gen er a tion time (L) [s]  7.0×10–4

Ta ble 2. Ther mal-hy drau lic con stants

a1 [°CJ–1] 6.67×10–8

a2 [s
–1] 0.142

a3 [s
–1] 0.169

a4 [s
–1] 2.865

Cool ant in let tem per a ture (Tcin), [°C] 249

Ta ble 3. Xe non dy nam ics con stants

Io dine de cay con stant (lI) [s
–1] 2.94×10–5

Xe non de cay con stant (lX) [s–1] 2.1×10–5

a5 [J
–1] 8.0×10–15

a6 [J
–1] 7.77×10–16

a7 [J
–1] 2.91×10–13

Ta ble 4. Steady-state val ues

 Ther mal power (P0) [W] 756×106

 Av er age fuel tem per a ture (Tf0) [°C] 626

 Av er age cool ant tem per a ture (Tc0) [°C] 270

 Xe non re ac tiv ity (rx0) [mk]* –27.7

* mk stands for 10–3



The sta bil ity map for this case is shown in fig. 5. 
 It is clear that when xe non re ac tiv ity ef fect is ne -

glected, the re ac tor is sta ble for neg a tive val ues of re ac -
tiv ity co ef fi cients. The slope of the sta bil ity bound ary in -
di cates that the sta bil ity is largely in flu enced by the
changes in the fuel tem per a ture co ef fi cient and to a less
ex tent by the changes in cool ant tem per a ture co ef fi cient.
This is con sis tent with the fact that the fuel tem per a ture
re ac tiv ity ef fect is a prompt ef fect whereas the cool ant re -
ac tiv ity feed back is a de layed ef fect. The in clu sion of xe -
non re ac tiv ity feed back shifts the sta bil ity bound ary to
the left in af vs. ac plane, thus nar row ing down the sta bil -
ity re gion. 

Sta bil ity maps
(six groups of pre cur sors)

The in clu sion of six groups of de layed neu tron
pre cur sors in the point ki net ics equa tions in creases the 
de gree of char ac ter is tic poly no mial and sub se quent

com plex ity of sta bil ity cal cu la tions. How ever, in or der 
to as sess the ac cu racy of one group ap prox i ma tion, the 
cal cu la tions were also car ried out with six group pre -
cur sors. The sta bil ity bound aries ob tained us ing with
six group pre cur sor equa tions are shown in fig. 6 and
fig. 7.

It can be ob served that there is prac ti cally no dif -
fer ence in the sta bil ity re gions ob tained with one and
six pre cur sor group cal cu la tions (for both cal cu la tions
– with and with out xe non). In fact, in two cases, the co -
ef fi cients of the lim it ing in equal i ties (that de ter mine
the sta bil ity bound ary) dif fer only af ter sev eral sig nif i -
cant dig its. It is clear that one group ap prox i ma tion can 
be used for the lin ear sta bil ity anal y sis with out prac ti -
cally af fect ing the re sults (as com pared to six group
cal cu la tions) while con sid er ably sim pli fy ing the cal -
cu la tions. Fur ther, it was found that in ad di tion to the
num ber of pre cur sor groups con sid ered, the vari a tions
in the ki netic pa ram e ters (i. e. L, li, bi) also have in sig -
nif i cant in flu ence on the lo ca tion of the sta bil ity
bound ary. How ever, lo ca tion of sta bil ity bound ary is
largely in flu enced by the pa ram e ters gov ern ing the
evo lu tion of fuel and cool ant tem per a ture and xe non
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Fig ure 5. Sta bil ity map with xenon feed back ef fects
in cluded

Fig ure 6. Sta bil ity map with out Xe (i = 6 groups)

Fig ure 7. Sta bil ity map with Xe (i = 6 groups)

Fig ure 4. Sta bil ity map when xenon feed back ef fects are
ne glected



con cen tra tion (i. e. the co ef fi cients a1, a2, …. a7 in eqs.
(21), (22), (30), and (31)). It must be men tioned here
that the evo lu tion of power tran sient fol low ing the re -
ac tiv ity change is very sen si tive to the ki netic pa ram e -
ters. How ever, as the pres ent anal y sis in di cates, they
have a neg li gi ble in flu ence on in her ent sta bil ity of the
re ac tor around the equi lib rium point (based on the
linearized sys tem) and it is mainly de pend ent on the
feed back pa ram e ters (see Ap pen dix).

Re ac tor be hav iour at a typ i cal
op er at ing point

The re ac tiv ity co ef fi cients change with  the core
burn-up over the op er at ing pe riod of the re ac tor. The
evo lu tion of  the re ac tor op er at ing point (af,op, ac,op)
with burn-up and cor re spond ing sta bil ity mar gins can
be traced us ing such sta bil ity maps (sta bil ity bound ary
it self may change slightly with burn-up). A typ i cal op -
er at ing point for PHWR is shown in fig. 8. It is clear
that at this op er at ing point, the re ac tor is un sta ble due
to  the xe non re ac tiv ity ef fect.

The Pole-Zero maps for the over all trans fer
func tion – closed loop trans fer func tion, eq. (45) – at
this op er at ing point with out and with xenon re ac tiv ity
ef fect are shown in figs. 9 and 10, re spec tively. It is ob -
served that when xenon ef fect is ne glected, all the
poles/eigenvalues are in the left half of the s-plane (the
re ac tor is sta ble). When xenon ef fect is in cluded, there
are two poles in the pos i tive half and the re ac tor is un -
sta ble. The same has also been ver i fied us ing the
Routh-Hurwitz cri te rion.

The xe non feed back ef fect is slower in time as
com pared to other re ac tiv ity feed backs. Hence, the xe -
non re ac tiv ity ef fects are usu ally ne glected while sim -
u lat ing power tran sients of short du ra tion. How ever, it
is clear that the  xe non af fects the in her ent sta bil ity of
the re ac tor and needs to be taken into ac count while

de sign ing the re ac tiv ity con trol mea sures/equip ment.
A re li able ex ter nal re ac tiv ity con trol sys tem (re ac tor
reg u lat ing sys tem of PHWR) is re quired to main tain
the re ac tor at steady op er at ing con di tion.

CON CLU SIONS

A meth od ol ogy has been es tab lished for car ry -
ing out  the lin ear sta bil ity anal y sis of nu clear re ac tors
us ing the  lumped re ac tor model in clud ing the  re ac tiv -
ity feed backs from  the fuel and  the cool ant tem per a -
ture and xe non. The non-lin ear terms in volved in the
set of cou pled gov ern ing equa tions were re moved by
con sid er ing the  small per tur ba tions in the vari ables
around their steady-state val ues. The set of lin ear
equa tions thus ob tained was used for  the sta bil ity
anal y sis through trans fer func tion as well as
eigenvalue ap proach. The meth od ol ogy es tab lished
here was used for car ry ing out  the lin ear sta bil ity anal -
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Fig ure 8. Typ i cal op er at ing point of PHWR on the
sta bil ity map

Fig ure 9. Pole-Zero map (with out xenon ef fect)

Fig ure 10. Pole-Zero map (with xenon ef fect)



y sis of a typ i cal PHWR. The sta bil ity maps (the re gion
of sta bil ity in terms of fuel and cool ant tem per a ture re -
ac tiv ity co ef fi cients) were ob tained for this re ac tor. It
was shown that  the pos i tive re ac tiv ity feed back from
xe non nar rows down the re gion of sta bil ity. Both six
and one pre cur sor group point ki net ics equa tions were
used to find the sta bil ity maps sep a rately. No sig nif i -
cant dif fer ences were ob served in two cases. This in di -
cates that equiv a lent one pre cur sor group equa tions
can be used to ob tain the ac cu rate re sults with out
elaborate six group cal cu la tions. Fur ther, it was found
that when the re ac tiv ity co ef fi cients are con sid ered as
pa ram e ters, the sta bil ity of the re ac tor is largely in flu -
enced by the fac tors gov ern ing the evo lu tion of fuel
and cool ant tem per a ture and xe non con cen tra tion
rather than the neu tron ki net ics pa ram e ters.

The method of anal y sis pre sented in this pa per is
lim ited in its ap pli ca bil ity to the be hav iour of re ac tor
in re sponse to small de vi a tions from the steady-state.
The re sponse of re ac tor to fi nite re ac tiv ity per tur ba -
tions can be ob tained by ac tu ally solv ing the re ac tor
dy nam ics equa tions. Nev er the less, the tech nique used
here pro vides valu able in sights into the neutronic sta -
bil ity of re ac tors around a given equi lib rium point by
ap pro pri ately con sid er ing dif fer ent re ac tiv ity feed -
back mech a nisms. Fur ther, the meth od ol ogy dis -
cussed here is ap pli ca ble to the re ac tors that use sin gle
phase cool ant (e. g. PWR, PHWR), since void re ac tiv -
ity ef fects have not been mod elled. How ever, it can be
ex tended to the re ac tors with two phase cool ant (e. g.
BWR) by in clud ing  the void re ac tiv ity feed back
through the  ap pro pri ate time de pend ent for mu la tion.

AP PEN DIX

As men tioned in  the sec tion De ter min ing the
Sta bil ity of Re ac tor, the sta bil ity map is the re gion of
in ter sec tion of the in equal i ties ob tained from the terms 
of the char ac ter is tic equa tion. For the case with one
pre cur sor group and no xe non feed back, the in equal ity 
that de ter mines the sta bil ity bound ary (see eq. (51))  is 

791 10 4 40 10 02 3. .× + × <- -a af c (A1)

Ex pressed ex plic itly in terms of pa ram e ters,
(A1) be comes*

( )a a a3 4 3 0+ + <a af c (A2)

It is seen that in this case, there is no de pend ence
on the ki net ics pa ram e ters b, l, or L.

In the case of one pre cur sor group and xe non
feed back in cluded, the in equal ity that de ter mines the
sta bil ity bound ary (see eq. (52)), is

214 10 119 10 115 10 05 6 9. . .× + × + × <- - -a af c (A3)

Ex pressed in terms of the ki netic pa ram e ters,
(A3) be comes (val ues of P0, rX0, a1, a2, …, a7 are sub -
sti tuted to sim plify the ex pres sion)
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It is clear that for the typ i cal range of val ues of the
ki net ics pa ram e ters b, l, and L, the rel a tive mag ni tudes
of the terms in volv ing the ki netic pa ram e ters are much
smaller than the other terms which are in de pend ent of
them. Example in (A4), in the co ef fi cient of af, for the
typ i cal val ues of l, the term 1.43×10–15/l  is a cou ple of
or ders of mag ni tude smaller than the term 5.47×10–11.

Sim i larly, for the sys tem with six pre cur sor
groups (both with and with out xe non), it can be shown
that the terms in volv ing bi, li, and L are much smaller
in mag ni tude than the terms in de pend ent of them.
Hence, it is clear that the lo ca tion of the sta bil ity
bound ary (i. e. its slope and in ter cept) is not sig nif i -
cantly in flu enced by the point ki net ics pa ram e ters. It is 
mainly de ter mined by the ther mal-hy drau lic and xe -
non dy nam ics pa ram e ters.

AU THORS' CON TRI BU TIONS

V. A. Kale, R. Kumar, and K. Obaidurrahman are 
work ing on  the de vel op ment and  the val i da tion of re -
ac tor dy nam ics mod els at the Atomic En ergy Reg u la -
tory Board for safety anal y sis of In dian NPP. The pres -
ent work has been car ried out by V. A. Kale and R.
Kumar un der the guid ance of K. Obaidurrahman. A. J.
Gaikwad, Di rec tor of Nu clear Safety Anal y sis Di vi -
sion, has been lead ing a team of en gi neers in nu clear
safety anal y sis and re search at Atomic En ergy Reg u la -
tory Board In dia. 

NO MEN CLA TURE

A – area, [m2]
C – con cen tra tion, [m–3], or spe cific heat, [Jkg–1 °C–1]
h – heat trans fer co ef fi cient, [Wm–2 °C–1]
m – mass, [kg]
&m – mass flow rate, [kgs–1]
P – power, [W]
T – tem per a ture, [°C]
t – time, [s]
x – non-di men sional power change
y – non-di men sional con cen tra tion change
z – nor mal ized re ac tiv ity or tem per a ture 

Greek sym bols

a – re ac tiv ity co ef fi cient, [°C–1]
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* In equal i ties (A1) and (A2) dif fer only by a con stant pos i tive
...mul ti ply ing fac tor. The same is true for (A3) and (A4) 



b – de layed neu tron frac tion
g – frac tional fis sion yield
L – neu tron gen er a tion time, [s]
l – de cay con stant, [s–1]
r – re ac tiv ity
S – mac ro scopic cross-sec tion, [m–1]
s – mi cro scopic cross-sec tion, [m2]
f – neu tron flux, [m–2s–1]

Sub scripts

c – cool ant
I – io dine
i – i-th de layed neu tron pre cur sor group
f – fuel
X – xe non
0 steady-state value
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Vivek A. KALE, Rake{ KUMAR, K. OBAIDURAHMAN, Avina{ J. GAIKVAD

LINEARNA  ANALIZA  STABILNOSTI  NUKLEARNOG  REAKTORA
KORI[]EWEM  KONDENZOVANOG  MODELA

U projektovawu i upravqawu nuklearnim reaktorom analiza stabilnosti reaktora
zna~ajno je pitawe, jer je sa gledi{ta sigurnosti postojan neutronski odziv na poreme}aj od
su{tinske va`nosti. U ovom radu, razvijena je op{ta metodologija linearne analize stabilnosti
nuklearnih reaktora kori{}ewem kondenzovanog reaktorskog modela. Kinetika reaktora
modelovana je kori{}ewem jedna~ina ta~kaste kinetike i povratne sprege sa gorivom, dok su
hladilac i ksenon modelovani odgovaraju}im vremenski zavisnim jedna~inama. Ove upravqa~ke
jedna~ine linearizovane su pri razmatrawu malih poreme}aja stawa reaktora oko stabilne radne
ta~ke. Karakteristi~na jedna~ina sistema koristi se za uspostavqawe zone stabilnosti reaktora
s obzirom na koeficijente reaktivnosti kao parametre. Ova metodologija upotrebqena je za
identifikovawe oblasti stabilnosti tipi~nog PHWR reaktora. Pokazalo se da pozitivna
povratna sprega reaktivnosti od ksenona su`ava oblast stabilnosti. Daqe je uo~eno da neutronski  
kineti~ki parametri (kao {to su broj grupa zakasnelih neutrona, vreme generisawa neutrona,
frakcije zakasnelih neutrona, itd.) nemaju zna~ajan uticaj na polo`aj granice stabilnosti.
Granica stabilnosti u velikoj meri zavisi od parametara koji reguli{u promenu tem per a ture
goriva i hladioca i koncentraciju ksenona.

Kqu~ne re~i: linearna stabilnost, PHWR, koeficijent reaktivnosti,
                          ksenonska povratna sprega, oblast stabilnosti


