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Abstract-The evaluation of system stability is an integral part of reactor design. This
work focuses on a reduced sodium void worth, metal fueled, liquid metal cooled, fast
reactor with a single feedback path associated with the reactor outlet coolant tempera-
ture under low reactor power, low reactor coolant flow conditions such as might be
found after a loss of flow without scram in some passively safe reactor designs. Stabil-
ity characterization is performed as system parameters, such as temperature coefficient
of reactivity, reactor coolant flow, and natural circulation flow, vary. The system model
represents the reactor, the detailed thermal hydraulic reactivity feedback path associat-
ed with reactor outlet temperature, and decay heat. The computational procedure con-
sists of a main numeric task which takes input functions generated by auxiliary
symbolic preprocessing. In the symbolic stage, transcendental transfer functions are
rationalized and introduced in a complex-variable root-locus form of the characteristic
equation to yield real polynomial functions. In the MATLAB handled numeric stage,
stability is assessed through Routh's algebraic stability criterion. The procedure is ap-
plied to reactor cores of different shape and the influence of core geometrical changes
on stability regions, stability boundary, stability margin and frequency of oscillation is
discussed.

1.0 Introduction
An integral part of the reactor design process is performance evaluation according to defined cri-
teria including reactor stability under different conditions. This work addresses the stability char-
acterization of certain reactor systems. The physical system of interest is a reduced sodium void
worth, metal fueled, liquid metal cooled, fast reactor with a single feedback path associated with
the reactor outlet coolant temperature under low reactor power, low reactor coolant flow condi-
tions such as might be found after a loss of flow without scram in some passively safe reactor de-
signs.

The goal is the stability characterization of this type of reactor system. The stability analysis
method involves the use of rational transfer functions and the application of Routh's criterion. The
input to the stability analysis are system parameters which are free to vary. The output is a stabili-
ty characterization of the reactor system in terms of the stability regions, tl-e stability boundary
surface in system parameter space, and the frequency of oscillation at oscillatory instability
boundaries. System parameters include temperature coefficient of reactivity factor Xk, decay heat
level X,, coolant flow X , and natural circulation flow X . The results of this type of analysis
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quantify the influence of different system parameters on reactor stability.



2.0 System Model
The underlying system model is briefly reviewed here; a detailed derivation of the model equa-
tions may be found elsewhere f I j . The reactor is represented using a point kinetics model which is
linearized with respect to an initial steady state. The reactor decay heat is also modeled due to its
increased relative importance under low-flow conditions. A thermal hydraulic feedback model is
developed under the assumptions of axially continuous coolant temperature, radially continuous
fuel temperature, no axial heat conduction in fuel or coolant, no axial mixing in the coolant, and
no temperature dependence in any of the material properties (density, specific heat, thermal con-
ductivity), or heat transfer coefficients. A single reactor outlet coolant temperature feedback path
is modeled.

The model structure is shown in Fig. 1. (See "Nomenclature" on page 14.) The forward trans-
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FIGURE 1. Block Diagram for a Reactor System With Feedback.

fer function path from reactivity to reactor power consists of the reactor transfer function Gr (s)
modified by effect of decay heat at low reactor coolant flow. The feedback transfer function path
from total reactor power to reactivity is given by the power to outlet coolant temperature transfer
function H ,(s, X ,, X , ) and the reactivity feedback induced by these temperature changes.

w, nc
The model equations associated with the Fig. 1 diagram are the following. The reactor is repre-
sented by:

Gr(s) =
1

A +
1 = 1

• + x.

(I)

p'is)
= Gr(s) (2)

where the primed quantities refer to deviations from steady state. The relationship between reac-
tor fission power and reactor total power is described by the following relation:
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The power to outlet coolant temperature transfer functions are modeled by:

= m i n 1, K
*V, nc

e. 100 (4)

The reactor outlet coolant temperature variations gives rise to reactivity changes according to:

P' = VoV- (6)

3.0 Stability Analysis via Symbolic-Numeric Methods
The transient response of the system is characterized by the roots of the characteristic equation:

l+G(s,X)H(s,X) = 0 ; (7)

or, if the transfer functions may be expressed as a ratio of polynomials in 5, the characteristic
equation becomes:

Gd (s, X) Hd (s, X) + Gn (s, X) Hn {s, X) = 0 ; (8)

where the subscripts n and d denote the numerator and denominator of the transfer functions, re-
spectively. Methods and criteria to characterize the stability properties of a system include the
Hurwitz, Routh, Nyquist, root locus and Bode methods for linear systems and the Lyapunov and
Welton criteria for nonlinear systems [2, 3]. Routh's criterion is applied in this study [4]. For a
polynomial characteristic equation, Routh's criterion gives conditions for a system to be stable in
terms of algorithmic operations on the coefficients of this polynomial.

A root locus type of analysis is now developed which yields an equation for the oscillation
frequency and an expression for the gain at the crossover point. The characteristic equation may
be written in the root locus form as:

l+X0G(s,X)H(s,X) = 0 ; (9)

where a positive real scalar gain parameter XQ has been introduced. The vector of system parame-
ters X has been indicated explicitly and does not include Xo as one of its components. As the gain
parameter Xo is varied, the location of the roots of the characteristic equation Eq. 9 change in the
root complex plane.

Taking the real and imaginary parts of Eq. 9 yields an equivalent set of two conditions, and
substituting ,v = joiu which corresponds to the point at which a branch of the root locus crosses
from the left into the right-half .v-plane, that is, the stability limit, results in:



Im \Gij(Ott,l)HUa>u,l)] = 0, (10)

Re [ G (j<au, X) H (/COH> I)} = - 1 /A.I)M ; (11)

where the subscript « denotes a point on the stability boundary. If the transfer functions may be
expressed as a ratio of two functions, then Eqs. 10 and 11, after some manipulation, become:

Im [ Gn U(oa, X) Hn U<ou, X) Gd (j(au, X) Hd (/«„, X) ] = 0 , (12)

°" Re [ Gn (j<ou, X) Hn (ycoB, X) Gd (/<>>„, X) Hd (/<ou, X) ] '

where the bar denotes the complex conjugate and the subscripts n and d denote the numerator
and denominator portions of the transfer functions.

Equation 12 is an implicit equation in « u ; it can be solved for the frequency of oscillation for an
oscillatory instability boundary. As the system parameter vector X is varied, the solution can be
recomputed. This relationship may be represented by the functional expression:

B B (14)

Equation 13 is an explicit expression for the gain XQu as a function of O)u. In symbols:

Once COM is known, it can be substituted into Eq. 13 to find the corresponding gain XQu:

In the cases where the stability boundary is associated with an oscillatory response. Eq. 16 pro-
vides an alternative method to determine the location of this stability boundary.

The system dynamic stability characterization is done in two stages: a symbolic preprocessing
task and the main numeric computation. In the symbolic stage, the system model transcendental
transfer functions are symbolically approximated by a ratio of high order polynomials such that
the resulting accuracy is within a prescribed maximum error of less than a fraction of a percent, a
necessary step for the application of Routh's criterion. Subsequently, the characteristic equation is
computed symbolically according to Eq. 8 yielding a polynomial in s whose coefficients are
themselves functions of the system parameters A.. The implicit equation to obtain COH is also com-
puted symbolically according to Eq. 12 resulting in a polynomial in OJM whose coefficients are
functions of the system parameters X. Both of these functions are output as MATLAB functions.
In the main numeric stage, Routh's criterion is applied to the characteristic equation to find the
stability boundary in system parameter space, and the appropriate root of Eq. 12 is found to deter-
mine the oscillation frequency at oscillatory instability boundaries.

4.0 Application to the Stability Analysis of Different Cores
Previous stability analysis work [1J for a linear reactor a system with a single feedback path asso-
ciated with the reactor outlet coolant temperature showed that the stability boundary depends



among other variables on the coolant transit time through the core and the detailed dynamics of
the heat transfer processes. As the core geometry changes, all of these variables may be affected.
The assessment of the impact of these changes on the stability behavior is not immediately obvi-
ous and is addressed in this section.

The purpose of this section is the comparative stability characterization of a number of cores
of different geometry. The cores are of various height-to-diameter ratios and of the same power
rating. The stability analysis method for linear reactor systems with feedback developed in the
previous sections is adopted. The cores considered are reduced sodium void worth metal fueled
core designs. Four cores with H(./Dc ratios from 0.060 to 0.484 and a 900 MWt power rating are
analyzed. The analysis consists of two parts. The first presents the results of the stability analysis
for the different cores and the second assesses the impact of variable geometry and variable power
on reactor stability.

The impact of core geometry changes on reactor stability is assessed in this section by a stabil-
ity characterization performed as detailed previously, and similar to that used in [1]. Reactor core
data are gathered for four 900 MWt cores with Hc/Dc ratios from 0.060 to 0.484. The results are
given in the following figures. The system model diagram is shown in Fig. 1 which also indicates
the presence of system parameters Xk, Xjr Xw, and Xw nc used in the stability analysis. For each
Hc/Dc core, the analysis described previously is performed. Specifically, stability behavior is
characterized for the reactor system of Fig. 1 as the four parameters X,, X,, X ,, and X , span
the system parameter space. The stability analysis is performed for different coolant flow rates.
For each coolant flow rate level, it is assumed that the initial conditions are the following. The fis-
sion power has reached some steady state level after all internal and external feedback mecha-
nisms have actuated and settled, and all thermal power produced is removed by the coolant flow.
For coolant flows above the natural circulation transition flow, the total power level expressed as a
fraction of full power is the same as the coolant flow rate fraction of full flow, A. = X ; the cool-
ant temperature rise across the core is unchanged from its full power value. For coolant flows be-
low this natural circulation transition flow, the coolant temperature rise across the core decreases
with decreasing coolant flow and, at a faster rate, so does power. The decay heat level is deter-
mined by previous history and is independent of coolant flow level. The model parameters for the
different reactor cores are given in Table 1.

The results of the calculation of the stability boundary surface for all Hc/Dc cores are shown
in Fig. 2. The plot shows the value Xk that puts the system on the limit of the stability region as a
function of the coolant flov rate level Xw, parametrically in the decay heat level X)r The natural
circulation transition flow Xw nc is taken as zero for this calculation. The region below any partic-
ular curve identifies all the combinations of system parameters that result in a stable system; the
region above corresponds to all unstable systems. For each decay heat level, no curve is shown for
Xw < Xh, since the coolant flow must be large enough to remove at least the decay heat; otherwise,
no initial steady state is possible. As seen in Fig. 2, the .stability boundary surface is similar for all
H/Dc cores.

The nature of the thermal hydraulic feedback suggests the possibility of oscillatory behavior
and therefore of an oscillatory instability boundary. Using the methods presented previously, the
frequency of oscillation at the stability boundary is computed. The results are shown in Fig. 3.
The plot gives for each Hc/Dc core the frequency of oscillation co on the limit of the stability re-
gion as a function of the coolant flow rate level X . for all decay heat levels, and for all natural



Parameter

H/Dc

h
v i no

ATc, 100

e

T100

Core 1

0.060

0.2362

9.3

-10~6

24.975

1.45

167

3.2730

0.1629

Core 2

0.192

0.5080

20

-10~6

19.715

3.28

167

3.2730

0.1549

Core 3

0.299

0.6858

27

-10~6

17.140

4.36

167

3.2730

0.1573

Core 4

0.484

0.9652

38

-10~6

14.286

5.94

167

3.2730

0.1625
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TABLE 1. Selected Model Parameters for Cores of Different Geometry.

circulation transition flow levels. Figure 3 is applicable when the stability boundary is defined, as
shown in Fig. 2 (Xw > X^. The frequency of oscillation at the stability boundary is not a notice-
able function of the H,./Dr ratio of the different cc--es.

The results of the calculation of the stability boundary surface are shown for each Hc/Dc

core in ^ig. 4 as a function of the coolant flow rate level Xw, for a zero decay heat level, Xh = 0,
parametrically in the natural circulation transition flow Xw nc. The zero decay heat is selected
since for a stable system it provides the most restrictive stability boundary surface of all decay
heat levels. For high enough coolant flows all curves merge into one. As the flow decreases, each
parametric curve branches out from this one at the transition flow that corresponds to the point of
maximum power that can be removed by natural circulation. Further decreases in coolant flow
correspond to points of lower power and decreasing coolant temperature rise across the core with-
in the natural circulation regime. The stability boundary surface shown parametrically in the natu-
ral circulation transition flow differs slightly for the various Hc/Dc cores as seen in Fig. 4.

In order to assess the stability behavior of the different Hc/Dc cores, a value of the tempera-
ture coefficient of reactivity k associated with the outlet coolant temperature must be used. One
way of estimating k is by recalling the quasi-static reactivity balance J5] equation:

/ - I +C57;n+Ap, (17)

In the region of interest of lower flows, the oscillations in reactor power are of a low frequency.
Under those circumstances, the conditions under which Eq. 17 is a good approximation are ex-
pected to be satisfied; namely, transients slow enough to preclude nonequilibrium stored energy in
the fuel pins and delayed neutron nonequilibrium. Thermal energy balance implies the following
relationship between the magnitudes of the indicated differential changes:

(18)
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FIGURE 2. Stability Boundary Surface for Each Reactor Core for Different Decay Heat Levels and a
Zero Natural Circulation Transition Flow Level ('kw nc).w nc)

Assuming a linear relationship between reactivity and outlet coolant temperature changes:

where 5pinh is the reactivity differential induced by differential changes in power, flow and inlet
coolant temperature, obtained from the right side of Eq. 17. Assuming constant coolant inlet tem-
perature and coolant flow, and solving for the value of k yields:

k =
5p,,inh

A + l
" AF,

N

ST.out AT. N ATc, 100

A + B
AT.

(20)
c, 100

c, 100
N

where the expression is evaluated at full flow to obtain the largest magnitude for k, thus being
conservative with respect to the stability analysis. For the analyzed cores, B dominates A which
is about 10% or less of B, so that evaluating at FN = 1 does not introduce a large change in the
flow-dependent k. The obtained k implicitly assumes that all feedback effects are concentrated in
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FIGURE 3. Frequency of Oscillation on the Stability Boundary Surface for Each Reactor Core for AU
Decay Heat Levels and All Natural Circulation Transition Flow Levels.

the outlet coolant temperature feedback path; this is conservative but unphysical (a Type B case
[1]). The corresponding Xk values obtained using Eq. 20, where the reactivity feedback coeffi-
cients are computed using the procedure outlined in [5] are shown in Table 1.

Figure 5 shows for each Hc/Dc core the stability boundary surface, computed for the least fa-
vorable case of no stabilizing decay heat, along with the respective values, from Table 1, of the
parameter Xk determined by the total temperature coefficient of reactivity. A single base value kQ,
given in Table 1, is used throughout.

Figure 5 shows the Xk associated with the stability boundary surface. By comparison with the
actual reactor X.̂  values, a stability prediction may be made. An assumption regarding the natural
circulation transition flow value must first be adopted. This value is typically on the order of a few
percent of full flow, the precise value being design dependent. To illustrate, a value of
X. = 0.05 is used. As may be observed in Fig. 5, there is an adequate margin between the ac-
tual X.̂  values and those at the stability boundary for any of the four Hc/Dc cores, predicting sta-
ble behavior. As Hc/Dc decreases, this margin is somewhat reduced.

If X, is sufficiently low, a situation might occur such as that illustrated in Fig. 6, construct-
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FIGURE 4. Stability Boundary Surface for Each Reactor Core for a Zero Decay Heat Level and
Different Natural Circulation Transition Flow Levels A
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ed for Xw nc = 0.005. This figure suggests that at sufficiently low flows, Xk would exceed that of
the stability boundary surface in any of the four Hc/Dc cores therefore predicting an unstable be-
havior with respect to the feedback path under consideration. The stability boundary is reached at
higher coolant flows for lower Hc/Dc cores.

All constant Xk plots of Fig. 6 may be aggregated into one Type B group. Type B cases are un-
physical in the sense that they assign to Xk a value determined by the total temperature coefficient
of reactivity. Thus, with its Type B Xk, any of the four Hc/Dc cores modeled is beyond the stable
region. Since the stability condition depends on Xw nc and Xk, and these are design dependent pa-
rameters, this hypothetical situation may be avoided by proper design of the reactor system.

Based on previous work [1], it is expected that use of the actual Type A Xk value determined
by the temperature coefficient of reactivity on the outlet coolant temperature feedback path would
not have violated the stability boundary condition for any of the four Hc/Dc cores. In the com-
puted, hypothetical Type B cases, with a relatively large Xk, and under this small natural circula-
tion transition flow, the system parameters go beyond the stable region. However, this situation
may be prevented by adequate design of the reactor system.
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FIGUBJJ 5. Computed Stability Boundary Surface for Each Reactor Core With Its Corresponding Xk

Value ( ^ = 0,Xwnc = 0.05).

In all the preceding figures, it is seen that the parameters that characterize the stability of the
different Hc/Dc cores are similar to each other. In summary, results of the direct computation of
the stability boundary surface and the frequency of oscillation at the oscillatory instability bound-
ary show that these quantities are quite insensitive to core geometry changes even in face of core
height-to-diameter ratio changes of about an order of magnitude. The determination of the under-
lying reasons for this type of results is the object of the following section.

5.0 Effect of Core Power and Geometry Changes on Stability
This section attempts to determine the structure of the mechanism through which core geometry
changes affect the reactor stability behavior and thus provide an explanation for the observed re-
sults and a tool for predicting the nature of the impact of these changes on stability. This mecha-
nism is determined by identifying the main quantities that have a bearing on the reactor stability
and studying their variation with Hc/Dc changes. The reactor power output is also taken as vari-
able, for generality. Previous work f 1] showed that the stability boundary depends among other
variables on the coolant transit time through the core, the detailed dynamics of the heat transfer

10



j

Ho /D o = 0.060
H /D = 0.192
H ' / D = 0.299
H ° / D ! = 0.484 X = 0.005WfiO

10*

10-1

10" 10" 10'

FIGURE 6. Computed Stability Boundary Surface for Each Reactor Core With Its Corresponding
Xfc = O .X^^ = 0.005).

processes, and the core temperature rise.

It is assumed that ATC is constant for all core geometries and all core power ratings. Since the
reactor is one step in a larger thermodynamic cycle, this assumption is equivalent to assigning a
fixed role to the reactor in the plant cycle. It is further assumed that assembly geometry and mate-
rials are the same for all cores. This results in the detailed dynamics of the heat transfer processes
being the same.

It is assumed that the power density is constant for all cores. The power output of fuel assem-
blies is limited by a peak linear power design constraint; for a given lattice design, the peak linear
power is determined by the peak power density. Although there are some variations in power
peaking with core size and shape, the peak linear power implies a maximum power density; con-
ventional designs are near this limit. Thus an increase in core power requires a corresponding in-
crease in core volume.

The coolant transit time is given by:

11



T = — . (21)
vch

Assuming the core is a circular cylinder of height //, diameter D, cross sectional area Ac, volume
V, and power P, the ratios of these quantities with respect to a reference state, signified by the
subscript 0, as a function of H/D are the following:

II ~ I 1/ I \ /TT/TW I ' (")
Ho L voJ

0 I 0 I

K_ = rv-f^l <H/D>> "1~2/3

Voj l(H/D)0: • ( 2 4 )

Since the power density is constant:

P V

As H/D varies, the core height changes as indicated by Eq. 22. The variation of vck is deter-
mined as follows. The total reactor power is:

^100 = Cpc W
m

 ATc, 100- <26>

The constant ATC I00 assumption implies that total flow is proportional to power; and the con-
stant power density assumption further implies that total flow is proportional to core volume:

100 10° V (27)
^100,0 ^100,0 ^0

The flow per channel is:

Wch = -j~. (28)
nch

The number of reactor coolant channels is proportiona1 to the core cross sectional area since the
channel (assembly) area is a constant:

,2/3,
I f I / f J • (

(29)

therefore the flow per channel is:

: (30)

12
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and the coolant velocity per channel is:

Using Eqs. 22 and 31 in Eq. 21 yields:

Equation 32 gives the coolant transit time through the core for different core geometries and dif-
ferent core power ratings. Significantly, Eq. 32 gives a value independent of core geometry and
core power.

The stability boundary surface under consideration is affected mainly by the coolant tempera-
ture rise across the core A7"c, coolant transit time through the core and detailed dynamics of the
heat transfer processes [ 1]. These quantities turn out to be independent of core geometry and pow-
er, as shown above, under the stated assumptions. The stability boundary also depends on the re-
actor kinetics, but these parameters do not show a strong variation among the different cores
considered.

To summarize, the assumptions of constant coolant ATC across the different cores, constant
power density, and the use of the same assembly types in all cores lead to the significant result that
the stability boundary of cores of different geometry and of different power output is described by
essentially the same function. Minor stability boundary differences occur due to the differing sets
of core kinetics parameters. This explains the similarity of the results obtained for the four 900
MWt cores presented in Section 4.0. It also predicts that stability boundaries for cores of other
power levels will be characterized by essentially the same set of curves as those obtained in
Section 4.0.

6.0 Conclusions
The evaluation of system stability within the context of reactor design is addressed for the case of
a reduced sodium void worth, metal fueled, liquid metal cooled, fast motor with a single feed-
back path associated with the reactor outlet coolant temperature under low reactor power, low re-
actor coolant flow conditions such as might be found after a loss of flow without scram in some
passively safe reactor designs. The stability characterization of the reactor system, as system pa-
rameters such as temperature coefficient of reactivity, reactor coolant flow, and natural circulation
flow vary, is sought for reactor cores of different geometrical shape. This entails finding the stabil-
ity regions, stability boundary surface, and frequency of oscillation on oscillatory instability
boundary surfaces. A system mathematical model representing the reactor, the detailed thermal
hydraulic reactivity feedback path associated with reactor outlet temperature, and decay heat is
presented.

The computational method consists of a main numeric task which takes input functions gener-
ated by an auxiliary symbolic computer algebra preprocessing subtask. In the symbolic prepro-
cessing stage, the original transcendental transfer functions of the system model are rationalized
and introduced in a complex-variable root-locus form of the characteristic equation to yield
sought-for real polynomial functions. In the numeric. MATLAB-handled stage the primary goal
of stability determination of the linear system is achieved through application of Routh's algebra-

13



ic stability criterion which requires polynomial input expressions. The system parameter space is
spanned and Routh's criterion is applied at each point yielding the number of right half-plane un-
stable roots. Thus the stability region is found. A line search yields precise location of stability
boundary.

The developed stability analysis symbolic-numeric computational method is applied to four
reduced sodium void worth metal fueled cores of the same power and different geometry. Results
are presented for different cores, and the influence of core geometrical changes on the stability
boundary, stability margin, and frequency of oscillation is discussed.
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8.0 Nomenclature
A = power coefficient of reactivity associated with power changes at constant power-to-flow
ratios, dimensionless,

Ac = cross sectional area, m2,

B = power-to-flow coefficient of reactivity associated with power-to-flow ratio changes at
constant power, dimensionless,

c = coolant specific heat capacity at constant pressure, J kg"1 K~],

C = temperature coefficient of reactivity associated with the reactor inlet temperature, K"1,

D = diameter, m,

Dc = core diameter, m,

FN = normalized reactor flow, dimensionless,

G - forward-loop transfer function,

Gj = denominator of the forward-loop transfer function,

Gn = numerator of the forward-loop transfer function,

Gr = reactor transfer function, dimensionless,

H = height, m,

H {s, X) = feedback transfer function,

Hc = active core height, m,

Hd = denominator of the feedback transfer function,

Hn = numerator of the feedback transfer function,

Hlh - thermal hydraulic feedback transfer function Eqs. 4 and 5, K,

Im = imaginary part of complex argument,

j = imaginary unit. j~ = — 1,

14



k = temperature coefficient of reactivity associated with the outlet coolant temperature,

k0 = arbitrary but fixed base value of the temperature coefficient of reactivity associated
with the outlet coolant temperature, K~ .

np = number of effective delayed neutron groups (np = 6),

ns - number of system parameters, not including the gain parameter,

^ch = n u m ' 3 e r °f reactor coolant channels, dimensionless,

P = reactor power, W,

PN = normalized reactor power, dimensionless,

Pm = reactor full power level, W,

Re = real part of complex argument,

s = Laplace transform variable (complex frequency), rad/s,

t = time, s,

Tc = coolant temperature, K,

Tco = reactor outlet coolant temperature, K,

v = coolant velocity, m/s,

vch — coolant velocity in a reactor coolant channel, m/s,

vi00 = full flow coolant velocity, m/s,

V = volume, m ,

Wch = coolant mass flow rate, per channel, kg/s,

VV100 = full flow coolant mass flow rate, kg/s.

Greek

P(. = effective delayed neutron fraction of delayed neutron precursor group
i, i = 1, . . . , « ; dimensionless,

5 = differential,

STin = reactor coolant inlet temperature deviation from normal value, K,

$Tout = reactor coolant outlet temperature deviation from normal value, K,

5p. , = reactivity differential induced by power, flow, and inlet coolant temperature differ-

ential changes, dimensionless,

ATC = coolant temperature rise across the reactor core, K,

ATC 100 = full power coolant temperature rise across the reactor core, K,

Ap = total reactivity, dimensionless,

15



ApeKl = externally imposed reactivity, dimensionless,

e = ratio of fuel to coolant heat capacity per unit length, dimen.sionle.ss,

Xh = initial decay power level as a fraction of full power level, dimensionless,

A.. = decay constant of delayed neutron precursor group/, / = I, ..., n ; s~l,

Xk - factor by which a base value k0 is multiplied to obtain the temperature coefficient of
reactivity associated with the outlet coolant temperature, dimensionless,

X - initial total power level as a fraction of full power level, dimensionless,

Xw - fraction of full coolant flow (= v/v100,) dimensionless,

Xw nc = fraction of full coolant flow at which the transition to natural circulation occurs, di-
mensionless,

X.o = positive real scalar gain parameter, dimensionless,

XQu - gain parameter at the stability boundary, dimensionless,

A.* - system parameter /, i - 1,..., «5,

X = vector of system parameters, X = (Xs
v X

s
2, ..., Xs

n ) ,

A = mean prompt neutron generation time, s,

p = reactivity, dimensionless,

x = coolant transport time through the core, s,

x,00 = full flow coolant transport time through the core, s,

§ = nondimensional fission power amplitude (normalized to initial fission power),
v¥[ - nondimensional total reactor power amplitude normalized to initial total power,

co = angular frequency, rad/s,

co = angular frequency of oscillation at the stability boundary, rad/s.

Subscripts

0 = reference state.

Superscripts

' = deviations with respect to steady state,

x = complex conjugate of x.
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