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The stability analysis of a nuclear reactor is an important aspect in the design and operation of
the reactor. A stable neutronic response to perturbations is essential from the safety point of
view. In this paper, a general methodology has been developed for the linear stability analysis
of nuclear reactors using the lumped reactor model. The reactor kinetics has been modelled
using the point kinetics equations and the reactivity feedbacks from fuel, coolant and xenon
have been modelled through the appropriate time dependent equations. These governing
equations are linearized considering small perturbations in the reactor state around a steady
operating point. The characteristic equation of the system is used to establish the stability
zone of the reactor considering the reactivity coefficients as parameters. This methodology
has been used to identify the stability region of a typical pressurized heavy water reactor. It is
shown that the positive reactivity feedback from xenon narrows down the stability region.
Further, it is observed that the neutron kinetics parameters (such as the number of delayed
neutron precursor groups considered, the neutron generation time, the delayed neutron fractions, etc.) do not have a significant influence on the location of the stability boundary. The
stability boundary is largely influenced by the parameters governing the evolution of the fuel
and coolant temperature and xenon concentration.
Key words: linear stability, PHWR, reactivity coefficient, xenon feedback, stability region

INTRODUCTION

The stable neutronic response of a nuclear reactor is one of the important requirements for the safe reactor operation. During the course of its operation, the
reactor is subjected to many intentional or unintentional perturbations which tend to change the rector
power from its steady operating value. These perturbations include the movement of the reactivity control
devices, changes in the coolant poison concentration,
fluctuations in the coolant flow, variations in the
power demand etc. In response to such perturbations, a
stable reactor returns back to the steady-state. If the reactor is not stable, it moves away from the steady-state
following a perturbation and this may lead to unwanted deviations in the safety parameters or even
lead to accident conditions if not controlled. Therefore, thorough analysis of reactor stability is necessary
to demonstrate its ability to withstand the reactivity
perturbations.
Point reactor kinetics has been conventionally
used for the stability analysis of reactors [1, 2]. In the
present work, a general methodology has been developed for the linear stability analysis of nuclear reac* Corresponding author; e-mail: vakale@aerb.gov.in

tors, where in addition to the fuel and coolant temperature reactivity feedbacks, the xenon reactivity
feedback has also been included. A methodology has
been established for identifying the stability region of
a nuclear reactor, i. e., for identifying the region of permissible values of reactivity coefficients for stable operation. The equations governing the evolution of reactor power, fuel and coolant temperatures and xenon
reactivity are based on the point reactor model. These
equations are linearized considering small deviations
around the steady operating state. The characteristic
equation of the system is obtained and used for identifying the stability region. This methodology has been
illustrated for a typical pressurized heavy water reactor (PHWR). The stability boundary has been identified for this reactor. The influence of point kinetics parameters and feedback mechanisms on stability of the
reactor has been studied. The role of xenon reactivity
feedback on the stability of PHWR is brought out.

MODELLING

The lumped model representing the transient evolution of the reactor has been used in the present study
for analysing the stability of the reactor core i. e., the
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equations governing the neutron kinetics, reactor thermal hydraulics and xenon dynamics are independent of
space. This approximation simplifies the calculations
while incorporating all the necessary physical aspects
of reactor dynamics. Although it does not address the
spatial effects, it is useful for the quick assessment of
global stability aspects of nuclear reactors.
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tained by equating the RHS of eq. (2) to zero. If a small
change in reactivity is introduced, the reactor state
tends to deviate from the steady-state. A stable reactor
will eventually return to the steady-state while an unstable reactor moves away from the steady-state. For
small deviations around the steady-state, the following
non-dimensional variables can be defined
P - P0
® P = P0 ( x + 1)
P0

(8)

C i - C i0
® C i = C i0 ( y i + 1)
C i0

(9)

x=
Reactor model
The neutron kinetics is modelled through point
kinetics equations with six groups of delayed neutron
precursors
6
dP æ r - b ö
=ç
÷P + å li C i
dt è L ø
i =1

dC i bi
=
p - li C i
dt
L

i = 1, 2,K ,6

(1)

(2)

The reactivity r, among other things, depends on
the cross-sections, reactor geometry and flux distribution [3]. In general, it is a complex function of reactor
power. Its presence in eq. (1) introduces a non-linearity
and the equations need to be solved numerically. However, the equations can be linearized by considering
small perturbations in the variables around their equilibrium values so that linear stability analysis techniques can be employed. This approach has been discussed in the following sections. Although this method
cannot be applied to arbitrary reactivity perturbations, it
can be used for the assessment of reactor's stability in
the vicinity of the steady operating point.
The instantaneous reactivity r(t) can be expressed
as the sum of external reactivity rext(t) (e. g. due to the
movement of control rods, changes in coolant poison
concentration, etc.) and the reactivity feedbacks from
the system (e. g. due to the changes in fuel and coolant
temperature, reactor poison concentration, etc.)
r( t ) = rext ( t ) + r fb ( t )

(3)

For the steady-state (critical) operation of a reac-

yi =

Substituting (8) and (9) in eq. (1) and using the
steady-state condition, the following equation is obtained
r
dx rx b
1 6
(10)
=
- x + å bi y i +
dt L L
L i =1
L
For small values of reactivity r, since rx is a
product of two small quantities, it can be neglected.
With this assumption, eq. (10) becomes
b
r
dx
1 6
= - x + å bi y i +
dt
L
L i =1
L

Similarly, substituting eqs. (8) and (9) in eq. (2)
and using the steady-state condition
dy i
= li x - li y i
dt

G( s ) =

and
dr fb ( t ) = r fb ( t ) - r fb ( 0)

(6)

dr( t ) = r( t ) - r( 0) = r( t ) = dr fb + drext

(7)

thus

For a given steady operating power P0, the
steady-state precursor concentrations Ci0* can be ob* In the equations written here Ci is actually the quantity
. .proportional to the precursor concentration since the point
. .kinetics equations are written in terms of power and not in terms
. .of neutron density

(12)

x( s )
=
r( s )

1

(13)
bi
sL + s å
i =1 s + li
The calculations can be simplified by defining
the equivalent one group of delayed neutron precursors with the decay constant defined as [4]
l=

(4)
r( t = 0) = rext ( 0) + r fb ( 0) = 0
For small deviations around the steady-state,
(5)

i = 1, 2,K , 6

Thus, for small reactivity perturbations around
the steady-state, the reactor behaviour can be considered linear and the linear stability analysis methods
can be employed. Taking Laplace transforms* of eqs.
(11) and (12) and simplifying, the reactor transfer
function is obtained

tor

drext ( t ) = rext ( t ) - rext ( 0)

(11)

where

6

b
b
å i
i =1 li
6

6

b = å bi
i =1

(14)

(15)

For one group of delayed neutron precursors, the
point kinetics equations become
dP æ r - b ö
=ç
÷P + lC
dt è L ø
* For convenience, the Laplace transforms of functions are
denoted by the same functional notation, e. g.
..L[ x (t )] º x (s ), L[ z f (t )] º z f (s ), etc.

(16)
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dC b
= P - lC
dt L

(17)

Using the non-dimensional power and precursor
concentrations from eqs. (8) and (9) and Laplace transforming eqs. (16) and (17), the reactor transfer function for one group of delayed neutron precursors is obtained
x( s )
s+ l
(18)
G( s ) =
=
bö
r( s )
æ
sLç s + l + ÷
Lø
è
Reactivity feedbacks
Changes in reactor power due to external perturbations lead to changes in the fuel and the coolant state
and the reactor poison concentration. These changes
(e. g. variations in fuel and coolant temperature, coolant density, local changes in fuel-coolant configuration etc.) introduce reactivity changes or reactivity
feedbacks. Important reactivity feedback mechanisms
for pressurised water/heavy water reactors
(PWR/PHWR) includes fuel and coolant temperature
effects and xenon reactivity feedbacks. The reactivity
changes associated with the fuel and coolant temperature variation can be calculated through corresponding reactivity coefficients and temporal evolution of
fuel and coolant temperature. The xenon reactivity effects can be calculated using the equations governing
the variation of 135Xe concentration in time.
A small change in the feedback reactivity due to
the changes in fuel and coolant temperatures and xenon concentration can be expressed as [3]
dr fb = a f dT f + ac dTc + drX

af =

¶r
,
¶ Tf

ac =

¶r
¶ Tc

(20)

zf =

T f - T f0
® T f = T f0 ( z f + 1)
T f0

(24)

zc =

Tc - Tc0
® Tc = Tc0 ( z c + 1)
Tc0

(25)

Substituting eqs. (24) and (25) in eqs. (21) and
(22), the following governing equations in normalized
form are obtained
T f0

dz f
= a1 P0 x - a 2 (T f0 z f - Tc0 z c )
dt

(26)

Tc0

dz c
= a 3T f0 z f - ( a 3 + a 4 )Tc0 z c
dt

(27)

Taking the Laplace transforms of eqs. (26) and
(27) and using zf (0) = 0 and zc(0) = 0, the transfer functions for fuel and coolant reactivity feedbacks are obtained
H f (s ) =

z f (s )
a1 ( a 3 + a 4 + s )
P0
(28)
=
x( s ) s 2 + s( a 2 + a 3 + a 4 ) + a 2 a 4 T f0

H c (s ) =

z c (s )
a1 a 3
P0
(29)
= 2
x( s ) s + s( a 2 + a 3 + a 4 ) + a 2 a 4 Tc0

(19)

The reactivity coefficients af and ac are defined
by

where heq is the equivalent heat transfer coefficient between the fuel and the coolant corresponding to the area
Aeq. The effect of thermal resistance due to the pellet-clad
gap, the clad thickness and the coolant film outside the
fuel pin has been accounted through the equivalent heat
transfer coefficient heq. The steady-state values of fuel
and coolant temperature (Tf0, Tc0) are obtained by equating the right hand side of eqs. (21) and (22) to zero.
For small deviations around the steady-state, the
following non-dimensional temperatures are defined

Xenon feedback

Fuel and coolant dynamics
The equations governing the temporal variation
of fuel and the coolant temperature in a reactor coolant
channel can be obtained from the energy balance between the fuel pin and the coolant flowing outside
dT f
= a1 P - a 2 (T f - Tc )
dt

(21)

dTc
= a 3 (T f - Tc ) - a 4 (Tc - Tcin )
dt

(22)

Xenon-135 (135Xe) is a product of fission which
has very high capture affinity for thermal neutrons. It acts
as a neutron poison due to its large neutron absorption
cross section and it can have a significant influence on
slow power transients in thermal reactors as it introduces
reactivity changes due to changes in its concentration in
the core. The modes of production and removal of 135Xe
are schematically shown in fig. 1.
The half life of Tellurium is very small (~19 s);
therefore it can be assumed that iodine is produced di-

where Tf and Tc are the average fuel and coolant temperatures in the core respectively. Tcin is the coolant
temperature at the inlet of the reactor core. a1, a2, a3,
and a4 are constants at the given steady operating state
and are defined by
a1 =

heq A eq
heq A eq
& flow
2m
1
, a2 =
, a3 =
, a4 =
mfC f
mfC f
mcC c
mc
(23)

Figure 1. Modes of production and removal of 135Xe
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rectly from fission (fission yield gI in eq. (34) accounts
for both 135Te and 135I). The equations governing the
temporal variation of reactivity due to the poison can
be written

z X (s )
=
x( s )
- [ a 5 lI + ( a 6 + a 7 rX0 )( s + lI )] P0
=
( s + lI )( s + lX + a 7 P0 )
rX0

drI
= -a 5 P - lI rI
dt

(30)

where rX0 is the steady-state xenon reactivity load at
power P0.

drX
= -a 6 P + lI rI - lX rX - a 7 rX P
dt

(31)

where the reactivity equivalent of xenon (rx) is defined [4]
s C
(32)
rX = - X X
FSa
and rI is a quantity proportional to the iodine concentration defined
s C
(33)
rI = - X I
FS a
where sX is the microscopic neutron absorption
cross-section of xenon (135Xe), CX and CI are xenon
and iodine concentrations, Sa is the total macroscopic
neutron absorption cross-section, F is the correction
factor to account for the finite size of the reactor and
fast neutron production, and a5, a6, and a7 are constants defined
a5 =

g I å tfs X f ref
,
å a F Pref

a6 =

a7 =

s X f ref
Pref

g X å tfs X f ref
,
å a F Pref

rX - rX0
® rX = rX0 ( z X + 1)
rX0

Overall transfer function
Substituting eqs. (24), (25), and (36) in eq. (19),
a change in feedback reactivity can be obtained
dr fb = a f T f0 z f + acTc0 z c + rX0 z X

dz X
P
r
= -a 6 x 0 + lI z I I0 dt
rX0
PX0
- lX z X - a 7 P0 ( z X x + z X + x ) ®
dz
P
r
® X = -a 6 x 0 + lI z I I0 dt
rX0
rX0
- lX z X - a 7 P0 ( z X + x )

(40)

The Laplace transformation of eq. (40) results in
dr fb ( s ) = a f T f0 z f ( s ) + acTc0 z c ( s ) + rX0 z X ( s ) (41)
Using eqs. (28), (29), and (39)
dr fb ( s ) = a f T f0 H f ( s )x( s ) +
+ acTc0 H c ( s )x( s ) + rX0 H X ( s )x( s )

(42)

The overall reactivity feedback transfer function
H(s) is
dr ( s )
H ( s ) = fb
= a f T f0 H f ( s ) +
x( s )
+ acTc0 H c ( s ) + rX0 H X ( s )
(43)
r( s ) = drext ( s ) + dr fb ( s )

(36)

(37)

Figure 2. Closed loop block diagram with different
feedback mechanisms

(38)

where zXx is neglected as it is a product of two small
quantities. By taking the Laplace transforms of eqs.
(37) and (38) and simplifying, the transfer function for
xenon reactivity feedback is obtained

(44)

The closed loop block diagram for the overall system with different feedback mechanisms is shown in
fig. 2. The equivalent block diagram is shown in fig. 3.

Substituting eqs. (35) and (36) in eqs. (30) and
(31), the following equations are obtained
dz I
= lI x - lI z I
dt

(39)

Also, the Laplace transformation of eq. (7) gives
(34)

where fref is the reference effective thermal neutron
flux at power Pref.
For small deviations around the steady-state
( rI0 , rX0 ), normalized quantities zI and zX are defined as
r - rI0
(35)
zI = I
® rI = rI0 ( z I + 1)
rI0
zX =

H X (s ) =

Figure 3. Overall closed loop block diagram
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The overall closed loop transfer function for the
system is given as
Tr( s ) =

G( s )
1- G ( s )H ( s )

(45)

DETERMINING THE STABILITY
OF THE REACTOR

The Laplace transform approach

roots of the characteristic equation to lie in the left half
of s-plane is that there is no sign change in the first column of the routh array. Since af and ac are taken as parameters, coefficients bn, bn –1, ..., b1, b0 and the entries
in the first column of routh array are functions of af and
ac. By requiring that there is no sign change in the coefficients bn, bn –1, ..., b1, b0 and in the first column of the
routh array (i. e. all the entries are either positive or negative), an inequality is obtained for each entry. The intersection of plots of these inequalities in the af vs. ac
plane gives the stability region of the reactor.

The condition for stability of the closed loop system is that the roots of the characteristic equation
Eigenvalue approach

1 - G ( s )H ( s ) = b n s n + b n -1 s n-1 + K
+ b2 s 2 + b1 s + b0 = 0

(46)

must all have negative real parts i. e. the poles of the
overall transfer function Tr(s) must lie in the left (negative) half of the complex s plane [5]. Thus, for given
values of reactivity coefficients af and ac, the stability
of the reactor system can be assessed by directly calculating the poles of transfer function or by using linear
stability analysis techniques such as Nyquist plot,
Bode plots, Routh-Hurwitz criterion, etc.
This method of determining the stability of the
system for given reactivity coefficients can be further
extended to identify the stability region of the reactor
with respect to the reactivity coefficients af and ac ,
i. e., for a given reactor, the stability boundary can be
b1
b
é
ê
L
L
ê
- l1
l1
ê
.
.
ê
ê
.
.
ê
.
.
ê
ê
l
0
6
A =ê
a1 P0
ê
0
ê
T f0
ê
0
0
ê
ê
lI
0
ê
ê æ a 6 P0
ö
+ a 7 P0 ÷÷ 0
ê-çç
r
êë è X0
ø

An equivalent method for determining the stability of the system is through the eigenvalues* of the
system. Equations (11), (12), (26), (27), (37), and (38)
can be written in the matrix from as
dY ( t )
= AY ( t ) + R ( t )
dt

where Y is the reactor state vector, A is the matrix of
constants and R(t) is the input vector that depends on
the value of external reactivity drext. Equations (7) and
(40) have been used for calculation of total reactivity
r(t).
(48)
Y = [ x y1 K y 6 z f z c z I z X ]¢

b6
L
0
.
.
.
- l6

a f T f0
L
0
.
.
.
0

. . .

0

-a 2

. . .

0

. . .
. . .

. . .
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

acTc0
L
0
.
.
.
0
a 2Tc0
T f0

0
0
.
.
.
0
0

-( a 3 + a 4 )

0

0

a 3T f0
Tc0
0

0

0

0

0

- lI
lI rI0
rX0

established by considering af and ac as parameters.
This can be achieved using the Routh-Hurwitz criterion [5]. The Routh-Hurwitz method can be used to
identify the nature of roots without actually calculating the roots of the characteristic equation.
For no root of the characteristic eq. (46) to have
positive real part, the necessary condition is that the coefficients bn, bn –1, ..., b1, b0 have the same sign and no
coefficient vanishes. In general, the necessary and sufficient condition (Routh-Hurwitz criterion) for all the

(47)

ù
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
0
ú
ú
0
ú
ú
0
ú
ú
-( l X + a 7 P0 )ú
úû
rX0
L
0
.
.
.
0

(49)

¢
é dr ( t )
ù
R ( t ) = ê ext
0 K 0 0 0 0 0ú (50)
ë L
û
The condition for the system to be stable is that
the eigenvalues of the coefficient matrix A have negative real parts [5]. Again, taking af and ac as parameters (all other matrix elements are constants),
* Eigenvalues are the roots of the characteristic equation
A - sI = 0, .where I is the identity matrix.
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eigenvalues of are calculated. These eigenvalues are
functions of af and ac whose real parts should be less
than zero for stability. Plots of the inequalities thus obtained give the stability region in the af -ac plane.
Apart from the Laplace transform and eigenvalue
approach, the stability region can also be found directly
by sweeping the entire range of interest of values of af
and ac and identifying the threshold points (af, ac) where
the reactor becomes unstable (the threshold points are the
values af and ac where real parts of the poles/eigenvalues
become positive).

STABILITY ANALYSIS OF A TYPICAL PHWR

The methodology discussed here can be used for
linear stability analysis of thermal reactors which use
single phase coolant. This is illustrated here for a typical PHWR [6]. The PHWR is a horizontal pressure
tube type reactor which uses natural uranium fuel.
D2O is used as coolant as well as the moderator which
are physically separated. The point kinetics parameters [7] for the reactor are listed in tab. 1.
Thermal hydraulic constants, in eq. (21) and
(22), for lumped fuel and coolant model [6, 8] are
given in tab. 2. The parameters used in xenon reactivity calculations [3, 4] are presented in tab. 3.
The steady-state fuel and coolant temperatures
and xenon reactivity load for full power operation at
756 MWt are given in tab. 4.
The values listed in tab. 1 to tab. 4 correspond to
the full power operation for equilibrium core of the reTable 1. Point kinetics parameters for PHWR
1.89, 11.3, 10.3,
.21.1, 7.56, 1.89
0.0128, 0.0315,
Decay constants (li) [s–1]
.0.122, 0.315, 1.386,
.3.466
0.0054
One group delayed neutron fraction (b)
0.0812
One group decay constant (l) [s–1]
Neutron generation time (L) [s]
7.0×10–4
Delayed neutron fractions (bi)×104

Table 2. Thermal-hydraulic constants
a1 [°CJ–1]
a2 [s–1]
a3 [s–1]
a4 [s–1]
Coolant inlet temperature (Tcin), [°C]

6.67×10–8
0.142
0.169
2.865
249

Table 3. Xenon dynamics constants
Iodine decay constant (lI) [s–1]
Xenon decay constant (lX) [s–1]
a5 [J–1]
a6 [J–1]
a7 [J–1]

2.94×10–5
2.1×10–5
8.0×10–15
7.77×10–16
2.91×10–13
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Table 4. Steady-state values
Thermal power (P0) [W]
Average fuel temperature (Tf0) [°C]
Average coolant temperature (Tc0) [°C]
Xenon reactivity (rx0) [mk]*
*

756×106
626
270
–27.7

mk stands for 10–3

actor and are assumed constant for the present analysis. Using these values, the overall transfer function
and characteristic equation of the system is obtained
and the stability region for the reactor is plotted using
the methodology discussed in the above sections. In
order to assess the influence of xenon reactivity feedback on reactor stability, the stability maps have been
obtained for two different cases – (1) without the xenon reactivity feedback and (2) with the xenon reactivity feedback.

RESULTS

Stability maps
(one group of precursors)
The characteristic equation for the case without
the xenon feedback is
-4.46× 10-6 s 4 - 4.89× 10-5 s 3 +
+ ( 0.321a f - 112
. × 10-4 )s 2 +
-2
+ ( a f + 5.42× 10 ac - 141
. × 10-5 ) s +
+ ( 7.91× 10-2 a f + 4.40× 10-3 ac ) = 0

(51)

Since the first two coefficients are negative, we
require that the next three coefficients are also negative so that the roots have negative real parts. Further,
after constructing the routh array, we also require that
there should be no sign change in the first column of
the routh array for the real parts of the roots of this
equation (i. e. eigenvalues of the coefficient matrix or
poles of the system transfer function) to be negative.
The plots of inequalities thus obtained give the stability map. The stability map for this case (where only
fuel and coolant temperature feedbacks are considered
– no xenon feedback) is shown in fig. 4. The shaded
portion indicates the region of stability.
The characteristic equation for the case where
the xenon feedback is also included becomes
-4.46× 10-6 s 6 - 4.89× 10-5 s 5 +
+ ( 0.321a f - 112
. × 10-4 )s 4 +
+ ( a f + 5.42× 10-2 ac - 141
. × 10-5 )s 3 +
-2
-3
+ ( 7.94 × 10 a f + 4.42× 10 ac + 193
. × 10-8 )s 2 +
+ ( 214
. × 10-5 a f + 119
. × 10-6 ac + 115
. × 10-9 )s +
. × 10-11 ac - 3.57× 10-15 ) = 0
+ ( 5.59× 10-10 a f + 311
(52)
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Figure 4. Stability map when xenon feedback effects are
neglected

complexity of stability calculations. However, in order
to assess the accuracy of one group approximation, the
calculations were also carried out with six group precursors. The stability boundaries obtained using with
six group precursor equations are shown in fig. 6 and
fig. 7.
It can be observed that there is practically no difference in the stability regions obtained with one and
six precursor group calculations (for both calculations
– with and without xenon). In fact, in two cases, the coefficients of the limiting inequalities (that determine
the stability boundary) differ only after several significant digits. It is clear that one group approximation can
be used for the linear stability analysis without practically affecting the results (as compared to six group
calculations) while considerably simplifying the calculations. Further, it was found that in addition to the
number of precursor groups considered, the variations
in the kinetic parameters (i. e. L, li, bi) also have insignificant influence on the location of the stability
boundary. However, location of stability boundary is
largely influenced by the parameters governing the
evolution of fuel and coolant temperature and xenon

Figure 5. Stability map with xenon feedback effects
included

The stability map for this case is shown in fig. 5.
It is clear that when xenon reactivity effect is neglected, the reactor is stable for negative values of reactivity coefficients. The slope of the stability boundary indicates that the stability is largely influenced by the
changes in the fuel temperature coefficient and to a less
extent by the changes in coolant temperature coefficient.
This is consistent with the fact that the fuel temperature
reactivity effect is a prompt effect whereas the coolant reactivity feedback is a delayed effect. The inclusion of xenon reactivity feedback shifts the stability boundary to
the left in af vs. ac plane, thus narrowing down the stability region.

Figure 6. Stability map without Xe (i = 6 groups)

Stability maps
(six groups of precursors)
The inclusion of six groups of delayed neutron
precursors in the point kinetics equations increases the
degree of characteristic polynomial and subsequent

Figure 7. Stability map with Xe (i = 6 groups)
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concentration (i. e. the coefficients a1, a2, …. a7 in eqs.
(21), (22), (30), and (31)). It must be mentioned here
that the evolution of power transient following the reactivity change is very sensitive to the kinetic parameters. However, as the present analysis indicates, they
have a negligible influence on inherent stability of the
reactor around the equilibrium point (based on the
linearized system) and it is mainly dependent on the
feedback parameters (see Appendix).

Reactor behaviour at a typical
operating point
The reactivity coefficients change with the core
burn-up over the operating period of the reactor. The
evolution of the reactor operating point (af,op, ac,op)
with burn-up and corresponding stability margins can
be traced using such stability maps (stability boundary
itself may change slightly with burn-up). A typical operating point for PHWR is shown in fig. 8. It is clear
that at this operating point, the reactor is unstable due
to the xenon reactivity effect.
The Pole-Zero maps for the overall transfer
function – closed loop transfer function, eq. (45) – at
this operating point without and with xenon reactivity
effect are shown in figs. 9 and 10, respectively. It is observed that when xenon effect is neglected, all the
poles/eigenvalues are in the left half of the s-plane (the
reactor is stable). When xenon effect is included, there
are two poles in the positive half and the reactor is unstable. The same has also been verified using the
Routh-Hurwitz criterion.
The xenon feedback effect is slower in time as
compared to other reactivity feedbacks. Hence, the xenon reactivity effects are usually neglected while simulating power transients of short duration. However, it
is clear that the xenon affects the inherent stability of
the reactor and needs to be taken into account while

Figure 9. Pole-Zero map (without xenon effect)

Figure 10. Pole-Zero map (with xenon effect)

designing the reactivity control measures/equipment.
A reliable external reactivity control system (reactor
regulating system of PHWR) is required to maintain
the reactor at steady operating condition.
CONCLUSIONS

Figure 8. Typical operating point of PHWR on the
stability map

A methodology has been established for carrying out the linear stability analysis of nuclear reactors
using the lumped reactor model including the reactivity feedbacks from the fuel and the coolant temperature and xenon. The non-linear terms involved in the
set of coupled governing equations were removed by
considering the small perturbations in the variables
around their steady-state values. The set of linear
equations thus obtained was used for the stability
analysis through transfer function as well as
eigenvalue approach. The methodology established
here was used for carrying out the linear stability anal-
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ysis of a typical PHWR. The stability maps (the region
of stability in terms of fuel and coolant temperature reactivity coefficients) were obtained for this reactor. It
was shown that the positive reactivity feedback from
xenon narrows down the region of stability. Both six
and one precursor group point kinetics equations were
used to find the stability maps separately. No significant differences were observed in two cases. This indicates that equivalent one precursor group equations
can be used to obtain the accurate results without
elaborate six group calculations. Further, it was found
that when the reactivity coefficients are considered as
parameters, the stability of the reactor is largely influenced by the factors governing the evolution of fuel
and coolant temperature and xenon concentration
rather than the neutron kinetics parameters.
The method of analysis presented in this paper is
limited in its applicability to the behaviour of reactor
in response to small deviations from the steady-state.
The response of reactor to finite reactivity perturbations can be obtained by actually solving the reactor
dynamics equations. Nevertheless, the technique used
here provides valuable insights into the neutronic stability of reactors around a given equilibrium point by
appropriately considering different reactivity feedback mechanisms. Further, the methodology discussed here is applicable to the reactors that use single
phase coolant (e. g. PWR, PHWR), since void reactivity effects have not been modelled. However, it can be
extended to the reactors with two phase coolant (e. g.
BWR) by including the void reactivity feedback
through the appropriate time dependent formulation.

APPENDIX

As mentioned in the section Determining the
Stability of Reactor, the stability map is the region of
intersection of the inequalities obtained from the terms
of the characteristic equation. For the case with one
precursor group and no xenon feedback, the inequality
that determines the stability boundary (see eq. (51)) is
7.91× 10-2 a f + 4.40× 10-3 ac < 0

(A1)

Expressed explicitly in terms of parameters,
(A1) becomes*
( a 3 + a 4 ) a f + a 3 ac < 0

(A2)

It is seen that in this case, there is no dependence
on the kinetics parameters b, l, or L.
In the case of one precursor group and xenon
feedback included, the inequality that determines the
stability boundary (see eq. (52)), is
214
. × 10-5 a f + 119
. × 10-6 ac + 115
. × 10-9 < 0 (A3)
Expressed in terms of the kinetic parameters,
(A3) becomes (values of P0, rX0, a1, a2, …, a7 are substituted to simplify the expression)
* Inequalities (A1) and (A2) differ only by a constant positive
...multiplying factor. The same is true for (A3) and (A4)
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(A4)

It is clear that for the typical range of values of the
kinetics parameters b, l, and L, the relative magnitudes
of the terms involving the kinetic parameters are much
smaller than the other terms which are independent of
them. Example in (A4), in the coefficient of af, for the
typical values of l, the term 1.43×10–15/l is a couple of
orders of magnitude smaller than the term 5.47×10–11.
Similarly, for the system with six precursor
groups (both with and without xenon), it can be shown
that the terms involving bi, li, and L are much smaller
in magnitude than the terms independent of them.
Hence, it is clear that the location of the stability
boundary (i. e. its slope and intercept) is not significantly influenced by the point kinetics parameters. It is
mainly determined by the thermal-hydraulic and xenon dynamics parameters.
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NOMENCLATURE

A
C
h
m
&
m
P
T
t
x
y
z

–
–
–
–
–
–
–
–
–
–
–

area, [m2]
concentration, [m–3], or specific heat, [Jkg–1 °C–1]
heat transfer coefficient, [Wm–2 °C–1]
mass, [kg]
mass flow rate, [kgs–1]
power, [W]
temperature, [°C]
time, [s]
non-dimensional power change
non-dimensional concentration change
normalized reactivity or temperature

Greek symbols
a – reactivity coefficient, [°C–1]
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b
g
L
l
r
S
s
f

–
–
–
–
–
–
–
–

delayed neutron fraction
fractional fission yield
neutron generation time, [s]
decay constant, [s–1]
reactivity
macroscopic cross-section, [m–1]
microscopic cross-section, [m2]
neutron flux, [m–2s–1]

[2]
[3]
[4]
[5]
[6]

Subscripts

[7]

c
I
i
f
X
0

–
–
–
–
–

coolant
iodine
i-th delayed neutron precursor group
fuel
xenon
steady-state value

[8]
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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 temperature
goriva i hladioca i koncentraciju ksenona.
Kqu~ne re~i: linearna stabilnost, PHWR, koeficijent reaktivnosti,
ksenonska povratna sprega, oblast stabilnosti

