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SSM perspective

Background

Noise analysis and diagnostics is of prime importance for an early detec-
tion of anomalies, as well as for determining some parameters of the sys-
tem. As a consequence, the use of noise analysis/diagnostics contributes
to improved nuclear reactor safety.

In 2004, the neutronic tool called CORE SIM was developed and finali-
zed to model the fluctuations in neutron flux in PWRs/BWRs. This first
model was based on solving two-group diffusion equations in 2 dimen-
sions. Later on, in 2011, CORE SIM was modified in order to be able to

handle three dimensional systems.

Objectives of the project

The aim of the present research project is to extend the CORE SIM tool
with a two phase thermo-hydraulic model in such a way that it can also mo-
del fluctuations in BWRs in a more realistic manner. Such a complemented
tool will provide an opportunity to study different phenomena which took
place in the past in BWRs such as, for example, density wave oscillations.

Results

The developed tool is fully MatLab based and requires a set of input data
from a commercial static core simulator. The driving perturbation can

be specified both as a perturbation in thermo-hydraulic parameters or
directly as a perturbation in macroscopic cross-sections. As output, the
3-dimensional spatial distribution of the noise in coolant density, pressu-
re, enthalpy, inlet velocity, fuel temperature and neutron flux is obtained.

In this work, some results of the noise simulations, performed for the
case of a homogeneous perturbation in inlet velocity for a commercial
reactor core are shown and discussed. All calculations are performed in
3D node-wise space and frequency domain.

Applications

The extended CORE SIM core simulator, now being able to treat for
PWR and BWR systems, can be used especially for studying different
phenomena taking place in commercial power plants such as, for ex-
ample, the effect of density wave oscillations and related local instabili-
ties in BWRs. Another application of this tool is that it could be used to
identify the origin of the increasing low-frequency noise level, recently
observed in Swedish and German PWRs.

Project information
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SSM references: SSM 2012/3299
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Sammanfattning

Aven om en kirnreaktor kors i konstant drift, finns en viss inneboende fluktuation av
processparametrarna. Dessa fluktuationer kan anvindas for att diagnosticera avvikelser
eller for att verifiera dynamiken i reaktorn. Det dr darfor av stor sdkerhetsmaéssig betydelse
att kunna mita fluktuationer kontinuerligt. Vanligtvis kréver tolkningen av
fluktuationsmétningar att man kénner reaktorns Overforingsfunktion, vilken innehéller
systemets respons pa en palagd fluktuation. I denna rapport presenteras arbete utfort vid
avdelningen for nukledr teknik, institutionen for teknisk fysik, Chalmers tekniska hogskola.
Syftet med arbetet &r att utveckla modellverktygen som behdvs for att bestimma
overforingsfunktionen. P4 grund av den starka kopplingen mellan neutrontransport och
varmetransport i kylmediet anvands multifysikmodeller. Arbetet ingéar i en langsiktig och
pagaende satsning for att forbéttra modelleringsverktygen for lattvattenreaktorer. En
numerisk metodik har utvecklats och testats for tryckvattenreaktorer, vilket dr den globalt
vanligaste reaktortypen men som 1 Sverige endast finns 1 Ringhals. I denna rapport
sammanfattas vidareutvecklingen och testerna av denna numeriska metodik for att utvidga
den till kokvattenreaktorer, vilket innebér att metodiken blir tillamplig for samtliga svenska
reaktorer.
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Extended abstract

In nuclear reactors, the monitoring of the nuclear core is of prime importance for
guaranteeing the safety of the plant. Assuming stationary conditions, the measurement of
process signals using the existing instrumentation supplemented by adequate data
acquisition chains allows monitoring fluctuations of the process signals around their mean
values. Even though the system does not exhibit any change in the mean values of the
process signals, these fluctuations are always present and are the result of e.g. the turbulent
character of the cooling flow, coolant evaporation, and/or possible anomalies (excessive
vibrations, etc.). These fluctuations (often referred to as “noise”) thus carry some
information about the dynamics of the system, and can be used either for core
diagnostics/surveillance purposes (i.e. when an anomaly is suspected in the core) or for
determining dynamical core parameters/safety coefficients. The main advantage of such
techniques relies on the fact that no perturbation of the system is required and that the
method is thus a non-intrusive one.

The instrumentation present in nuclear core mostly consists of neutron detectors. Many
neutron noise diagnostics tasks thus involve an inversion or ,,unfolding® procedure, where
the neutron noise measured in a few locations throughout the nuclear core is used to
determine the root cause (i.e. noise source) responsible for the measured neutron noise.
Such an inversion is seldom possible without the knowledge of the so-called reactor
transfer function, i.e. the function giving the neutron noise induced by any arbitrary noise
source. The Division of Nuclear Engineering at Chalmers University of Technology has
been very active for the last ten years in developing computational methods allowing the
estimation of such a transfer function for actual reactor cores, i.e. strongly non-
homogeneous systems.

A numerical tool, named CORE SIM, was developed to estimate the open-loop reactor
transfer function. In this tool, the noise source is defined in terms of fluctuations of the
macroscopic cross-sections. This report deals with the development of a thermal-hydraulic
module coupled to CORE SIM, so that the closed-loop reactor transfer function can also be
estimated for Boiling Water Reactors (which is the main type of reactors constituting the
Swedish fleet). This module is based on solving the mass, momentum, and enthalpy
conservation equations for the fluid, and on solving the heat conduction equation in the
solid fuel pellets. Because of the fully coupled neutronic/thermal-hydraulic character of the
tool, the noise source can be directly defined in more realistic terms such as perturbations
of the flow velocity, temperature, etc. at the inlet of the core. The coupled tool, in addition
to be the only one of its kind, has a wide range of applicability.
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1 Introduction

The proper diagnostics and monitoring of the properties of a reactor core and its
internals is one of the main issues in detecting and determining core anomalies at early
stages. Today, there exist several methods of core diagnostics; however most of them
rely on the disruption of a reactor operation. An alternative way is to use so-called
noise-based methods where small fluctuations of the neutron flux around its mean value
are studied both in space and time (or frequency). The main advantage of this method is
that it does not require any disturbance of a reactor system and can be used for on-line
monitoring of the reactor properties. The neutron noise diagnostics methods have
already been widely used in the past to determine reactor safety parameters such as
Moderator Temperature Coefficient (MTC), coolant velocity etc. (Demaziére C. et. al.,
2008, 2009).

Noise analysis and diagnostics is of prime importance for an early detection of
anomalies, as well as for determining some parameters of the system. As a consequence,
the use of noise analysis/diagnostics contributes to improved nuclear reactor safety.

The main goal of neutron noise diagnostics is to elaborate different techniques which
can help to “unfold” neutron noise sources, i.e. the perturbations which drive the
fluctuations in the neutron flux, from the corresponding neutron flux measurements.
However, the successful unfolding of a neutron noise source, usually requires the
knowledge about the reactor transfer function as well as an access to full spatial
distribution of the neutron noise. Unfortunately, in real power plant systems, the
measuring capabilities are limited with just a few detectors and, as a result, the neutron
flux can not be measured in each point of interest. The latter means that the full spatial
reconstruction of the neutron fluctuations over an entire reactor core with an application
of the existing power plant equipment is simply not possible. Such a problem can
partially be resolved if one has a possibility to numerically estimate the neutron noise
due to different types of perturbations. Comparing these results of a numerical
prediction with the corresponding neutron flux measurements, the conclusion about the
type of original perturbation can be drawn.

Several efforts in developing special tools for such a numerical estimation of the
neutron noise have already been undertaken at the Division of Nuclear Engineering,
Department of Applied Physics, Chalmers University of Technology. Thus, in 2004, the
neutronic tool called CORE SIM was developed and finalized to model the fluctuations
in neutron flux in PWRs/BWRs. This first model was based on solving two-group
diffusion equations in 2 dimensions via so-called Greens function technique (Demaziére
C. et. al., 2004). Later on, in 2011, CORE SIM was modified in order to be able to
handle three dimensional systems (Demaziére C. et. al., 2011). Despite good qualitative
results obtained from these two models, both of them represented open-loop systems 1i.e.
they did not account for any thermo-hydraulic feedbacks. The latter fact led to a
somewhat artificial way of introducing a perturbation in these models where the neutron
noise source was specified as a perturbation in the relative macroscopic cross-section(s).
In real reactor systems, the fluctuations in the neutron flux are usually caused by
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various thermo-hydraulic fluctuations which are then transferred into the fluctuations of
macroscopic cross-sections. In order to take into account such a physical coupling, it
was suggested to compliment the existing CORE SIM tool with a simple single-phase
thermo-hydraulic model. Such an extension of the CORE SIM tool was performed as a
PhD project in 2012 (Larsson V. et. al., 2012) and resulted in a sophisticated numerical
tool which is capable to simulate realistic fluctuations in PWRs. This newly-developed
tool was also benchmarked against other existing commercial tools such as RELAP-
PARCS where a satisfactory qualitative agreement between the two models was
obtained.

Since the introduced thermo-hydraulic model was a single-phase one, the application of
the CORE SIM tool was only limited to PWRs. The aim of the present research project
is to extend the CORE SIM tool with a two phase thermo-hydraulic model in such a
way that it can also model fluctuations in BWRs in a more realistic manner. It is clear
that the simultaneous presence of two phases in the coolant density makes the system
quite heterogeneous. As a result, the extension of CORE SIM with the thermo-hydraulic
model becomes an even more important issue for BWRs than for PWRs. In addition,
such a complemented tool will also provide an opportunity to study different
phenomena which took place in the past in BWRs such as, for example, density wave
oscillations.

The work performed during this project is summarized below.

First, as is customary in reactor noise theory, the corresponding static solution of the
system should be found. For this reason, the main features of a steady—state calculation
model, including both a neutronic module based on the earlier-developed CORE SIM
core simulator and a newly-developed two-phase thermo-hydraulic module together
with the respective coupling procedures are presented.

Further, the iterative schemes used to perform steady-state calculations, are pointed out.
Some results of static calculations showing the axial distributions of the thermal neutron
flux and coolant density are following up.

Next, the description of the models utilized in noise calculations, both the neutronic and
thermo-hydraulic ones as well as their coupling is given. Similarly to the static case,
numerical methods implemented in the dynamical calculations are also touched upon.

Finally, as an illustration of the capabilities of the tool, some results of the noise
simulations, performed for the case of a homogeneous perturbation in inlet velocity for
a commercial reactor core are shown and discussed. All calculations are performed in
3D node-wise space and frequency domain.
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2 Static calculations

2.1 Derivation of the static equations

In this section, the time-independent governing equations that describe the interaction
among the different neutronic and thermal-hydraulic variables in the core are described.
The aim is to solve a coupled model as a function of space, where the nodal thermal-
hydraulic feedback that exists in a BWR is properly taken into account by the nodal
neutron flux.

2.1.1 Neutronics

The neutronic model corresponds to the time-independent two-group diffusion equation
given by:

= = 40 _= . [40
[v.D(r)wzsta(r)}xbz(r)}_F(r) { ; (r)}, (1)

where the parameter matrices are defined as:

g(r):[Dléf) Dz(zr)}’ gsw(r){—ﬁal(r)—zrem(r) 0 }

Zem (r) 20 (I’) )
?(r)z{—VZfl(r) —vZfz(r)}

0 0

where ¢, (r) and ¢,(r) denote the time-independent fast and thermal fluxes, and D, (r),
D,(r), Z,,(r), Z,,(r), vZ; (r), vZ;,(r), X, (r) stand for the static diffusion

coefficients in fast/thermal group, absorption cross-section in fast/thermal group,
average number emitted per fission event times fission cross-section in fast/thermal
group and removal cross-section, respectively.

rem

2.1.2 Thermo-hydraulics

The most general time-independent thermal-hydraulic model can be represented by the
local conservation equations of mass, momentum and energy as a function of space,
which are represented as follows:

V-lp, (N7 ()] =0, (3)
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(r) = VP(r) +gp,(r), 4

Il

—V.

— =
V-lp, (N, (Dh, (N]=-V-g (r), (5)
where p (r), v (r), h (r) and P(r) are the moderator density, velocity, enthalpy and

pressure, respectively, 7(r) is the stress tensor, E”(r) is the heat flux and g stands for
the gravitational constant. The other notations are standard. To simplify the calculations,
the local energy conservation equation was replaced by the corresponding local
enthalpy conservation equation, where the enthalpy change due to variations in pressure,
stresses and volumetric heat production was assumed to be negligible and, therefore, the
corresponding terms in the equation were left out. All flow properties are first
discretized and then averaged in space on relevant volumes. Such a spatial
homogenization of Egs. (3) - (5) can be written as

f V-lp, (N7 (NdV =0, (6)

V-lp, (o, (r) @7, (rdV

<S

= [V-Fmav ~ [VPmav + [gp,(rav, ™

V1o, 08,00, 0] == [V-7 ®)

|4 v,
m

By assuming one-dimensional upward vertical flow, the cross-flow among bundles is
neglected (this is a good approximation for a BWR since fuel bundles are usually
surrounded by metal boxes and thus are isolated from each other). One then defines the
following notations for the volume- and area-averaged quantities:

S = Jx.0 ©)
x1}= Ai [ x,(@)s, (10)

By neglecting the axial heat flux and taking into account Gauss divergence theorem,
Egs. (6) — (8) can thus be simplified as:

affeds o, - g, =0 a
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w6, ) k) - A (R} - (B |-V o) Gk, a2

Ao ol )~ o, o) 1) -

-4 {d},, (13)

The “0” subscript is an indicator that the variable in question belongs to the static
calculation. The ¢, 5,k -indexes denote the spatial position of a moderator node,

whereas Am and V  denote the cross-sectional area and volume of the node,

respectively. The superscripts “+” and “—" indicate the upper and the lower node
interface, F), is the pressure friction multiplier (factor) defined separately for single and

two-phase regions (see next section), D is the hydraulic diameter and <Gm >0

corresponds to the total mass flow rate as liquid. In the present study, the size of a
thermo-hydraulic node is chosen to be comparable with the size of the corresponding
neutronic node. As a result, the total number of thermo-hydraulic nodes is limited to the
number of nodes used in commercial codes for BWRs, i.e.32 x 32 x 27 . In the above
equations, the following set of definitions to simplify spatially-averaged quantities was
utilized:

+
{Um}i _ M (13)

+
2
2
{pmvz,m }()

=rh, (1)

+
{hm}i — M (16)

Nevertheless, for practical terms it was assumed that Eq. (15) can be computed just as
the square of Eq. (14).
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2.2 Modelling strategy

2.2.1 Thermo-hydraulic modelling

The equations for the conservation of mass, momentum and energy were considered for
the mixture of the coolant vapor and liquid at all locations in the core, leading to the so-
called Homogeneous Equilibrium Model (HEM). Nevertheless, as will be further
explained, the calculated slip ratio from the original data coming from commercial core
simulators such as POLCA7 (Lindhal, 2007) is employed for a more realistic
computation of the mixture coolant density.

The following iterative process for thermal-hydraulic calculations was applied until the
convergence was achieved:

i.  All the required nodal data of the core are obtained from core simulators. For the
sake of demonstrating the feasibility of the methodology, Ringhals-1 data (cycle
26, 904 EFPH (Hernandez-Solis A., et.al., 2011)) were fully available by means
of the POLCA7 core simulator. First, the neutronic calculation is performed via
CORE SIM, where the aim is to obtain the nodal power of the core.

ii.  Once the nodal power is obtained, the nodal enthalpy is calculated using the
energy equation (Eq. (13)). During the first iteration, all the core nodes are
assumed to have the core outlet pressure and, along with the inlet enthalpy and
mass flow rate, these are obtained directly from POLCA7.

1ii. By assuming saturation conditions at all nodes, the nodal quality is calculated
using the following expression:

h ) —h
(2), = ol ,';>°_ - (7

Therefore, the nodal void fraction can be computed such as:

<a>0: " <x>0 : (18)

The slip ratio s can be calculated from the original POLCA7 data, and it is used to
avoid over prediction of the nodal void fraction by using solely the Homogeneous
Equilibrium Model. Thus, the coolant density is estimated and updated as a function of
the void fraction, i.e.:

(p), = o)y . + (1= (), ) 19

iv.  Once the density is known, the nodal pressure can be estimated. To estimate the
friction pressure drop, the friction factor should be estimated a-priori. In this
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methodology, the friction pressure drop is computed with the use of the friction

multiplier Ey :

V”L <G77L >2
<6P > = p o (20)
2[00 2D€pl
with £y defined as:
. 2
By = 5% 21)
"fllr()

where the index [0 indicates the two-phase flow considered as liquid, “* is the single-

phase Fanning friction factor and Yoo is the two-phase multiplier which is unity in the
single phase region. The single-phase friction factor is based on the McAdams
correlation (Rust, 1979), which is given by:

]ll'o:%, 3-10" <Re < 2-10° (22)

Re

and the two-phase multiplier Yio is based on the Chisholm correlation (Chisholm, 1973;
Shah et.al., 2003).

v.  Points i-iv are repeated until the pressure reaches a desired convergence.
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2.2.2 Neutronic/thermo hydraulic coupled methodology

In order to have a fully integrated neutronic/thermo-hydraulic tool, a nodal cross-section
model that updates the macroscopic cross-sections due to changes on the thermal-
hydraulic variables is required. This is illustrated in Fig. 1

XS model oy | Core
Simulator

T/H model

Fig. 1 Neutronic/thermo-hydraulic interaction in a LWR

The cross-section model that was employed for this test case corresponded to the
Westinghouse CROSS code (Forslund, 2009), which is the cross-section model
embedded in POLCA7 but that may be used as a stand-alone tool. The diagram of Fig. 1
was implemented until both neutronic convergence (via the nodal neutron flux) and
thermal-hydraulic convergence (via the core total pressure drop) are achieved.

2.3 Results of the static calculations

After 4 iterations of the coupled tool, the axial distribution (radially averaged) of the
thermal flux and the coolant density are shown in Fig. 2 and Fig. 3, respectively. At
each figure, a comparison of the coupled tool is done to the original POLCA7 data in
order to validate the implemented modelling strategy.
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Fig. 2 Axial core thermal flux

Fig. 3 Axial core coolant density
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3 Dynamic calculations

3.1 Derivation of noise equations

In this section, the methodology applied to derive the governing equations for the
fluctuations in neutronic and thermo-hydraulic quantities is described. The derivation is
performed starting with an application of first order perturbation theory to the time-
/space-dependent equations. Here, the main focus is made on the thermo-hydraulic
noise equations whereas the derivation of the corresponding neutron noise equations is
only touched upon. A more detailed description of the latter topic can be found in
(Demazicre C. et. al., 2004, 2009, 2011).

3.1.1 Neutronics

A good starting point for deriving the neutron noise equations is the time-/space-
dependent two-energy group diffusion equations which in three dimensions are given
as:

ﬁ(r t)
5 Ul ’ _6 |:D1(ra t) O :|€|:¢1(r>t):| |:2a,l(r9 t)+zrem(r9 t) 0 :|
g, |71 0 Dol lecd] | Emrd o)
_(r’ t) ’
U,
g (r, t) 1| VEq(r, 1) vE,(r, b) y g (r, 1) 1
|:¢2(r’ t):|+(l_ﬂeﬁ)g|: 0 0 :| |:¢2(r’ t):|+/1|:0:|c(r9 t)a (23)

d 1 A (r, )
56 0= Ay E[vﬁm(r, ) VE,,(r, t)]Léz( }—iC(r, ) (24)

r, t)

where ¢, (r, t) and ¢,(r, t) denote the time-dependent fast and thermal fluxes, C(r, t)
is the concentration of delayed neutron precursors and D (r, t), D,(r, t), Z_,(r, 1),
2o, vE ), VE (Y, X

coefficients in fast/thermal group, absorption cross-section in fast/thermal group,
average number emitted per fission event times fission cross-section in fast/thermal
group and removal cross-section, respectively. The other notations are standard.

(r, t) stand for time-dependent diffusion

rem

Next, it is assumed that the small fluctuations of the neutron fluxes 6@ (r, t), i = 1,2

around their static (critical) values @’ (r) i.e.

#(r, =4 (N+34(r, 1) (25)
are given rise by the fluctuations of cross-sections around their static values as:

S.(r, t)=3(r)+ 65 (r, t) (26)
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where ¢ = al,a2, f1, f2,rem specifies the cross-section type. Following the standard

procedure of first order perturbation theory, i.e. substituting Egs. (25) and (26) into Egs.
(23) and (24), removing static equations, neglecting the second order terms

o¢.(r, 1)oX,(r, t) and eliminating the concentration of delayed neutron precursors

through a Fourier transform, one arrives at the following equations for the fast/thermal
neutron noise:

al(r)+2 (r)+I—a) 0

_6.[D10(r) 0 }6{5@(& a))}_ rem Y, «
0 D;(r) 5¢2(r’ a)) rem(r) Zg,z(r)+1_a)

U,

[5¢1(r, w)} I_Iwﬁeﬁ)L{VZ?,l(r) vz‘;l(r)}{amr, w)}:{ésl(r, a))} @
5¢2(r, ) 0 0 5¢2(rv o) 582(ra )

A+io” Ky
with the two terms (8S,(r,w)and 8S,(r,m)) on the right hand side standing for the
neutron noise sources in the fast and thermal groups, respectively and defined as:

{681«, w)} 8 (. @3 (D)] [ O, (1 0)xg'(0)]
58,1, @) ]| (1, @)x gl (1) || 02,(r. @)x (1)

Z:kL - ﬂEﬁ )ézfl(r )X ¢(r)

0

; (28)

After applying a node-wise spatial discretization based on finite differences, the above
equations can be rewritten in the following matrix form:

54, j.k,@)] [5G, j.k o)
54,@i, j. k@) | | 58,0, j.k, o) |

The system of linear equations (29) can be solved for the neutron noise d¢,(l, j,K,®)

M i, j,k,a))x{ (29)

and 09, (i, J,K,») by using standard Gaussian elimination. Another way to obtain the

same solution would be to apply Greens function method which then requires the
computationally-intensive inversion of the matrix. For more details one refers to
(Demaziere C. et. al., 2011).

As Egs. (27)-(29) show, the calculation of the neutron noise requires an explicit
modelling of the neutron noise sources, i.e. the driving perturbations in the cross-
sections which so far have been left undetermined. In general, these perturbations are
usually induced by the fluctuations in the corresponding thermo-hydraulic parameters,
in particular, by the fluctuations in moderator density and fuel temperature. The
modelling of such perturbations will then be discussed separately in one of the
consecutive sections (see Section 3.1.4).
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3.1.2 Thermo-hydraulics

In order to derive the driving equations for the thermo-hydraulic noise, the same
approach as described in the previous section is applied, i.e. starting with the local time-
/space-dependent mass, momentum and energy conservation equations given as:

E?An®+VMMrﬂ (r, t)]=0, (30)
Lo, 1, 07, (1, 01+ V- [p, (1, 07, (r, @7, (r, 0]

— V-5 (r, )= VP(r, 1) +7p, (r, 1), 31)

%[pm(r, Db (r, D]+ V-[p (6, 0T (5, Db (1, D] =-V-7 (r, £).  (32)

Here, we utilize the same set of approximations and notations as introduced in the static
thermo-hydraulic equations. Since the full microscopic description of the two-phase
flow is generally not possible (i.e. Egs. (30)-(32) cannot be solved in both time and
space in an exact manner), another technique, referred to as a “macroscopic description”
is usually used. In such a case, all flow properties are discretized and then averaged in
space on the relevant space volumes. The spatial homogenization of Egs. (30)-(32) is
written as:

—fpml" th+fV o, (r, £ (r, DAV =0, (33)
—f By (r, th-i—fV o (r, 0T (r, H@T (r, AV
f V-F(r, t)dV — f VE(r, t)dV + f gp, (r, tdV, (34)

ot v

i a0 00 b OV + [l (6. 07,0 O, 0] = =[5 -7'C

(35)

Then, introducing the following notations for the volume- and area-averaged quantities:

(x,)(t) = Vi f X (r,)dV, (36)
- Ai [ x,(x,0)as, (37)
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assuming one-dimensional upward vertical flow and taking into account Gauss
divergence theorem, Egs. (33)-(34) can be simplified as:

a .. + + — —
VWLE<P,,L>(Z,J,k,t)+Am [{pm} {vm} (t)—{pm} {vm} (t)]

y 9
ot

I
o

(38)

(P ){v.,.) gk ) + A,

_5‘5—2’;<pm >2 <”m >2 (4, 4,k t) — A l{pm }* (t) — {Pm }7 (t)} — gV <pm>(z‘, 7. k,1),(39)

e A ) (e ) e (o) )

—A {d} . (40)

In the above equations, the following set of additional definitions and approximations
compared to the static case (see Eqgs. (14)-(16)) was utilized:

<pmvz,m>(ia 7k, t)

(v., )G t) = AR (41)
b )k
<hm>(2,j,k,t)— <pm>(i,j,k,t) : (42)
{h, }i (1) :w’ @3)
' {o.} @
(i) = Letale] © (@4

{o,u.,} )

In the above calculations, it was assumed that {ﬁm }Oi ~ {hm }i . It should be underlined

that the term on the right-hand side of equation (40) requires a special treatment, namely
it should be expressed through the known quantities. For this purpose, it is assumed that
all radial heat produced in the fuel region of an assembly (or node) is directly
transferred into the coolant region as:

@}, 0 =-{d}, . (45)

Using Fourier’s law of conduction written as:

"

g (r.1) = —k,(T)VI,(r.1) (46)

the area-averaged heat flux in the fuel region can be approximated as:
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{}, )~ H,((T,) G5k t) = (T,) G sikt), 47)

where H stands for the artificial static heat transfer coefficient ( H differs from the

real one since one doesn’t use the wall temperature). Combining Egs. (45) and (47) for
the heat flux in the moderator region, one gets:

{a} &) = H,(T,)G i kt) = (T, ) G5, k1)), (48)

To obtain the equations for the fluctuations, the same procedure (i.e. first order
perturbation theory) as for the neutron noise, is applied, i.e. splitting all time-dependent
quantities in Egs. (38)-(40) into their mean values and fluctuating parts as:

x,}o={x} +{x,} o, (49)

<Xm>(i, gk, t) = <Xm>0 (4,5, k) + <6Xm>(z', g,k t), (50)

neglecting the second order terms, subtracting static equations, performing a Fourier
transform and assuming the following approximate relation between the area-averaged
and the volume-averaged values:

<Xm>(i,j,k,t): %) (t);{X’”} (t), (51)

with X designating any thermo-hydraulic quantity, the noise equations for calculating
the thermo-hydraulic fluctuations read as:

V Iw <(5pm>(i, Jhk,w)+ A [{(5,07” }+ (w) {vm }+ — {6pm }7 (w) {vm };] +

0

Ao fon) @={o.), fou} @) =0 (52)
V 1w

: [< p,), Gk s L 0 +(p,) @i fse, } @ +{on,} O(v.) i k)] -

V 1w

5 {8p,} ® <v>0 (i, 4, k) + A

{o., };r (i, 4, k) |+

{v..}. ] (i, k)] -

{op,} (1)

A

m

2{p, }, {v...}, Gab{ov,} ©—{sn,} ®)
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a0 oy @ ), ) Ot 1) 0, ()=

VH,((87,)(0) - (6T, ) (1)), (54)

where H, i is the effective heat transfer coefficient. Equations (52)-(54) are then used to
calculate the fluctuations in moderator density, velocity and pressure. More details on
such calculations will be given below.

3.1.3 Heat transfer

To derive the equations describing the noise in fuel temperature, we follow the same
methodology as was implemented in the previous two sections, namely starting with
local time -and space-dependent heat balance equation written as:

L) () ST, (0,6) = V-7 (0. 1) + ¢, ). (55)

Integrating both sides of Eq.(55) over the fuel volume, one obtains

f T (r,)dV = f V-7 (r,t)dV + [¢"(x,H)aVv. (56)

Introducing the following notations for the volume and area-averaged quantities in the
fuel region:

(X)) = Viffo(r, Hdv, (57)
= Ai Af X, (r, £)dS, (58)

and approximating the averaged heat flux as:
JE—— //
qu defq 1ds = 8, {4 }f(), (59)

Eq. (55) reads as:
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oL TV, (1) k) = 8, ), 04V, (a") ik 60

Combining Eq. (47) with Eq. (60), one obtains the following time-space dependent
equation describing the evolution of the fuel temperature:

pf(Tf)cf(Tf)%<Tf>(i, jokit) = H, ((T,) Gk t) = (T, ) . 8)) + (a7) i s ).
(61)

Finally, after the application of first order perturbation theory (similarly to the previous
two cases), the equation for the noise in fuel temperature can be written as

pye L (T, ) (i, jibow) = —H, (<6Tf>(z', Jokw) = (6T, ) (0.4, k,w)) +{(6¢") (i, 5, k).
(62)

3.1.4 Additional correlations

The thorough analysis of the above equations shows that this set of noise equations is
not fully closed, i.e. the number of unknown quantities exceeds the number of available
equations. Therefore, additional correlations between different thermo-hydraulic
parameters as well as between thermo-hydraulic and neutronic parameters are needed
and will be specified in this section. Such correlations will then help to simplify the
corresponding set of equations as well as to reduce the number of unknown parameters
to be directly solved for.

e Thermo-hydraulic correlations

First, it is assumed that the enthalpy fluctuations can be represented as a linear
combination of the fluctuations in pressure and density, i.e. in the following form:

{6h,} (W)= {6} () + 5 {60, } (), (63)

where the coefficient o and 3* stand for the enthalpy derivatives with the respect to
pressure and density and defined correspondingly as:

. ofh, }i _ dhi 4ot dhi B dhfi .
L B ) Bl gcems ol e
dpli
+
{pm }i — pli {Pm} {p,.} =const
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; (64)

gt _ 8{}%}* ) sTprp; (h:[ - hf)(pf - Pf) N 65)

G A AR A o)

0

where s is the interfacial slip ration, ,oli , pj[ , hli and hf are saturated density and

enthalpy of the liquid and vapour phases taken at the interfaces of the nodes,
respectively, and their corresponding derivatives calculated from water tables at steady-
state conditions are defined as:

dp, ] _ Lii (66)
T T
dpvi . _ (Spj[ . (67)
T T
dh’* i ol i .
T A
dn_ _ o ()
T

In general, the explicit expressions for the respective derivatives a* and 3~ can be

obtained from the following generic equation (derived from Egs. (17)-(19) written for
dynamic quantities):
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Y =h+ (hf—hf)({ﬂm}oi‘pli ]” - (70)
R RS N e

by taking the partial derivatives w.r.t. pressure or density. The complexity of such
expressions is mainly due to the presence of two phases where the drift flux model or
slip model is needed to be applied. However, for the single phase region, Eq.(64)-(65)
can be simplified as:

+ +
Oéi :M’m}i =~ 6{hm}i ’ (71)
O by P
4 +
5 o{n, }i O {hm}i (72)
0 {Pm } (o) =const o {Pm} o} =cons

Further, a similar linear approximation is applied to model the fluctuations in the
moderator temperature which, as in the case of enthalpy, is assumed to be a function of
pressure and density and thus can be expressed as:

o1} (0)=~*{op,} () + 6 {sP,} (0), (73)

where the coefficients v and #* representing the respective derivatives of the
moderator temperature w.r.t. pressure and density given as:

olr V' s{r V"
’yﬂ: — { } { "l}i , (74)
o ol o
a{T
{

P
T

m
}i
m {Pm }+ =const
+
ei — m} { m

P
o{P, }i (oo} —eons {Pm

7" and §* are again estimated from thermo-hydraulic tables at the steady-state
conditions. Since the moderator temperature becomes constant in two phase region , i.e.

+

0
o
o

J
f . (75)

{pm }i =const

it is equal to the saturation temperature, v~ and 6= are calculated only for the single
phase region and are assumed to be zero otherwise. It should be also underlined, that all

linear coefficientsa™®, 3°,7" and #* are calculated for each node separately and thus
are unique. The estimations of these coefficients are performed with the help of water
tables by introducing a small 1% (from the respective node-wise mean value)
perturbation, whether in pressure for constant density or in density for constant pressure
and then evaluating the induced fluctuation in enthalpy or moderator temperature.

Here, it should be pointed out that the assumed linear dependence between fluctuations
in enthalpy/moderator temperature and the ones in pressure/density is valid only for

small stationary fluctuations and can not be applied to non-stationary or transient
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conditions. In the present study, where first-order perturbation theory is utilized, such an
assumption of linearity holds rather well. In addition, for stationary processes, the
dependence between enthalpy and moderator temperature on pressure and density can
be assumed quite smooth, thus justifying the assumption mentioned above.

e Neutronic/thermo-hydraulic correlations:

As earlier mentioned in one of the previous sections, in order to calculate the neutron
noise, the corresponding neutron noise source should explicitly be given.
Conventionally, in neutron noise theory, the respective noise source is often represented
as a perturbation in the respective cross-section(s). In its turn, the neutron cross-sections
are usually the function of two thermo-hydraulic quantities, i.e. density and fuel
temperature. As a result of this dependence, any perturbation in thermo-hydraulic
parameters will lead to the corresponding perturbation in cross-sections, creating the
noise source for the fluctuations in neutron density. Thus, using a similar linear
approach as in the previous case, a fluctuation in any of the cross-sections can be
written as a linear combination between two fluctuations: one in fuel temperature and
another one in moderator density. From the latter, one gets:

6, (g kw) ~ o (6p, ) (i g kw) +m,, (6T,) (i 4o k), (76)

where the index X denotes the cross-section type and the coefficients Tk and U

are the corresponding derivatives of the cross-sections w.r.t. density and fuel
temperature, respectively, and defined as:

0 6>
ik = 57 v : (77)
a <pm> <Tf >:const 6 <pm > <Tf>:const
LY, 6%, %)

N, = “s(r) |
o 9 <Tf> <I’,n>:const 0 <Tf> <p >:C(m5t

m

The cross-section derivatives T,k and M., Were calculated under steady-state

conditions. For this purpose, three separate static simulations were performed. The first
simulation was done at steady-state conditions, the second one with a small

homogeneous perturbation in the steady-state density (¢ <pm> = —0.0033 g/cm’) for a
fixed fuel temperature (6<Tf> =0 K) and the last one for a small homogeneous
perturbation in the steady-state fuel temperature (6 <Tf> = 5K) for a fixed moderator

density (6<pm> — (0 g/em’). The corresponding changes in the cross-section weighted

with the respective perturbations in the density or fuel temperature provided the
required values of ik and U for each node.
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Again, the linear dependence of the cross-sections on thermo-hydraulic parameters,
implemented in the above calculations is justified by the fact that only small stationary
fluctuations are considered in the present investigation.

3.2 Calculation procedure

This section aims at giving a detailed overview of the calculation procedure used to
evaluate the fluctuations in both neutronic and thermo-hydraulic quantities. As a first
step, the set of thermo-hydraulic noise equations derived in the previous sections, are
solved to obtain explicit expressions for the noise in coolant velocity, moderator density
and pressure. Thus, combining Eqs.(52)-(54), (62) with Egs.(63), (73) one gets:

{(svm}+ (W) = —CL[{&pm }+ (W, ,, +{6p,} @k, + {6%}’ (w)diﬁj_’k], (79)
with the coupling coefficients @, bl,,j?k, € and dmvk specified as:
= AL ) (80)
= Iw;/” R (81)
A ®
d., =-A {pm}o : (83)
{or,} @ =~ 0 _1k HV lwr o0, } @x(f, +
I R v el
b = b ij g 13}3@ A <w>[gwa+ e 1313@ 7
{sp } (w)[hjvj’koz + H’; i - JI:UIZTf 0 |+ {mw } (w)[liyj_’k —k, f—:] _
R
with the coupling coefficients € ips f;Jk, 9k hi,,;,k’ kl,’j’k and G defined as:
Cijk = %(hm >0 (6 5, k) + Am {vwn }: {hm }o+ ’ (8)
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TwV

foo =g {m), Gk =4 {o, ) (B}, (86)
IwV Lo + +

9.0 =—5(p), GiW+ A {p,} {v, ], (87)

by = %@m ), ik = A {p,} {v.,.} (88)
ba=440.0, {11, (89)

bn = _Am {pm, }; {hm }; ) (90)

{op.} ()= TL{{@W V @m,, +{60,) @, + {60} o, +
1,5,k
{6vz,m}_ (w)pmC + {(5Pm }* (w)ql.’j,k], 91)

with the coupling coefficients My s O Dyis @y and Tk defined as:

m,, = I“;V w (o) ik +4,|{v, )} ] + 5%—?(0730 ik, + %
el”l
(92)
n, = %@% (Lik)+ A [{U }Or N gD_‘;l (@) (v.,) ik + %
)
0, = I”;”m (n,) 3.k +24,{G, ) G.jik) + %(Gm% (0,)) G3.b), (94
el”l
b - Iw2Vm (p,) (k)—24 {G } (i.j.h)+ gﬁ)f—?@m% (p,.), (i.5.k), (95)
el”l
95 = Am’ (96)
ik _Am' 7

Similar to the static calculations, it was decided to express the corresponding noise
equations in terms of node interface quantities rather than node-averaged quantities. The
latter fact refers to only axial distribution of the noise, whereas the cross-sectional
distributions are still taken for the node-averaged properties. As a result, the above
equations provide the coupling between the fluctuations estimated at the interfaces of
two pairs of consecutive nodes. If one of these two fluctuations is given, another one
can be easily estimated from Egs. (79), (84) and (91). Thus, providing an initial
perturbation at the core inlet (or outlet) for any quantity of interest, the corresponding
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noise in all other nodes and quantities can be consecutively calculated. However, a
detailed analyses of Egs. (79), (84) and (91) shows that these equations cannot be
solved independently from each other due to a nonlinear coupling between the different
equations caused by the inclusion of pressure noise calculations.

Therefore, the corresponding solution can be estimated only in an iterative manner. The
same problem will then arise when one tries to obtain the full solution for a entire
coupled BWR system where the solution is first searched separately for thermo-
hydraulic and neutronic models and then both models exchange their outputs until
convergence is achieved.

To demonstrate the main principles of the iterative schemes as well as those of the
newly-developed model, two block diagrams are presented in Fig. 4 and Fig. 5. In the
first figure, the iterative scheme for coupled noise calculations (outer iterations) is
illustrated.

Fig. 4 Coupled dynamic (noise) calculations

As Fig. 4 shows, this scheme consists of two main modules. The first module, called
CORE SIM TH-module contains the set of corresponding thermo-hydraulic equations
(79), (84), (91) and is used to calculate the noise in the thermo-hydraulic quantities. As
an input, it requires steady—state thermo-hydraulic parameters, water tables and neutron
or power noise, and as an output, the noise in the density and fuel temperature is
provided. The second block, named as CORE SIM NK-module is based on Eq. (29) and
calculates the noise in neutron density. As an input, it needs the steady-state two-group
cross sections, neutron fluxes and the neutron noise source, i.e. some perturbation in the
cross-sections and as an output it gives fluctuations in the reactor power. There are also
two additional small modules called > -CONVERTER and INPUT included into the
first iterative scheme. Y. -CONVERTER block incorporates Eq. (76) and converts
thermo-hydraulic perturbations into cross-section perturbations. The INPUT block
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serves as a storage which accepts initial TH-perturbation(s). In the present model, three
types of thermo-hydraulic perturbations can be taken into consideration, i.e. a
perturbation in inlet velocity (flow), inlet moderator temperature and outlet pressure. In
practice, only these quantities can be measured since today’s commercial reactors are
usually only equipped with inlet temperature sensors, inlet flow meters and outlet
pressure sensors. Thus, this latter fact justifies such a specific selection of the quantities
being perturbed and makes the choice of any other TH parameters inappropriate (since
they cannot be really measured and therefore are not known). In addition, since only the
core is actually modelled in this work, these quantities also correspond to the necessary
boundary conditions to solve the problem. Then, assuming that the perturbation in the
inlet velocity is given, the calculation procedure of the respective noise can be
summarized as following:

e calculation of the fluctuations in the density, velocity, enthalpy, moderator
temperature, pressure and fuel temperature using CORE SIM TH-module with
ZEero power noise;

e conversion of the density and fuel temperature noise into cross-section
fluctuations using > -CONVERTER,;

e calculation of the neutron noise for a given neutron noise source using CORE
SIM NK-module;

e the obtained neutron noise source is thereafter used as a power noise source for
the next cycle of thermo-hydraulic calculations;

e all previous four steps are repeated until convergence is reached.

The convergence criteria for the outer iterations was imposed on the pressure noise and

by default was set to 107", i.e. the relative change in the pressure noise between two
consecutive iterations should be less than this value.

In Fig. 5, the iterative scheme used for the internal thermo-hydraulic noise calculations

(inner iterations), is shown. This loop is meant to solve the thermo-hydraulic problem,
assuming that the neutron noise (i.e. noise in power) is given.
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As can be seen from Fig. 5, this scheme contains two separate thermo-hydraulic
modules. The first one, designated as TH-module-1 is based on Egs. (79) ,(84) and
calculates the noise in velocity, density, enthalpy and moderator temperature for a fixed
(or given) pressure noise (i.e. independently of the pressure noise). As an input for this
module, the original TH perturbation, neutron noise, pressure noise and water tables are
necessary. The second module, called TH-module-2, is built on the basis of Eq. (91) and
estimates the pressure noise for a fixed noise in the other TH- parameters. As input, one
needs to provide water tables and the noise in the other TH quantities.

Similarly to the previous case, we again assume that the initial perturbation in inlet
velocity is given. Then, the corresponding calculation procedure for the noise can be
generalized as:

e calculation of the noise in velocity, density, enthalpy and moderator temperature
for a given initial perturbation in the pressure using TH-module-1; here it should
be pointed out that in the case of zero perturbation in the outlet pressure, the
pressure noise is set to zero for the entire core at the first iteration; if the outlet
pressure perturbation is not zero but rather is given as an input, the pressure
noise is set to this given (chosen) value at the first iteration, i.e. one follows the
same technique as was used in the static pressure calculations;

e calculation of the pressure noise with TH-module-2 for a given
velocity/density/enthalpy and moderator temperature noise obtained as a result
of the TH-module-1 calculations; here it should be pointed out that the pressure
noise calculations are performed in a reversed manner compared to the noise

Fig. 5 Internal thermo-hydraulic calculations (pressure calculations,
“WT”” stands for water tables).

calculations in other quantities; the latter means that the pressure noise
calculations are started from the top of the core and proceed to the bottom of the
core under the assumption that the pressure noise at the outlet is known as an
input (it is set to zero for zero initial pressure fluctuation and is a given input
value otherwise); such a reversed calculation procedure can be explained by the
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fact that, in practice, an outlet pressure is assumed to be known (usually it is
fixed to some constant value);

e the pressure noise calculated from TH-module-2 is then used to recalculate the
noise in other TH parameters;

e steps 1 to 4 are repeated until the convergence is reached.

The convergence criteria for inner iterations is again imposed on the pressure noise and
by default is set to 10™*" (in relative terms).

3.3 Results of dynamical calculations

To demonstrate the capabilities of the newly-developed tool, the results of noise
simulations performed in the commercial BWR Ringhals-1 at nominal conditions (full
power and full core flow) are presented below. As an initial perturbation, a
homogeneous perturbation in the inlet velocity was chosen. The calculated amplitudes
of the thermal neutron noise, moderator density noise and pressure noise are given in
Fig. 6-Fig. 8. Fig. 6 shows the amplitude of the radial distribution of the neutron noise
at the mid elevation of the core (left figure) and the respective amplitude of the axial
variation of the neutron noise in the middle of the core (right figure).

x [a.u.] ) ] .
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Fig. 6 Radial and axial distribution of thermal neutron noise at w =1 rad/s
(homogeneous perturbation of inlet velocity v = 1cm/s).

As one can see from Fig. 6, the radial distribution of the neutron noise is quite
homogeneous over the core active region as can be expected for the case of
homogeneous perturbation and it follows the behaviour of the static flux. A similar
behaviour can be observed for the axial noise distribution which reconstructs the shape
of the static flux with a big peak in the single phase region. The detailed comparison
between Fig. 6 (right figure) and Fig. 2 indicates that the peak observed in the neutron
noise is more pronounced than the one found in the static flux. This apparent
inconsistency between two axial distributions can be explained by the fact that the
selected frequency of the noise (w = 1rad/s) is situated in the plateau region of the
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neutronic transfer function where both space—dependent and point kinetic components
of the neutron noise are comparable and thus, both contribute to the total noise.
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Fig. 7 Radial and axial distribution of the noise in density at w =1 rad/s
(homogeneous perturbation of inlet velocity év_ =1 cm/s).

The corresponding amplitudes of the radial and axial distributions of the noise in
coolant density are demonstrated in Fig. 7. Similarly to the radial distribution of the
neutron noise, the radial distribution of the noise in the coolant density is quite
homogeneous, except for the reflector region where the noise level is significantly
decreased due to the presence of only one phase. On the other hand, the amplitude of the
density noise in axial direction is fully inhomogeneous since both liquid and vapour
phases are included. Thus, the amplitude of the density noise first increases in the single
phase region and then it starts to decrease in the two-phase region. Comparing Fig. 7
with Fig. 3, one can notice that the axial density noise distribution significantly differs
from the static density distribution.

Such a behaviour of the density noise is most likely due to the strong effect of the
neutron noise on the fluid moving upwards. In addition, the rather large increase of the
density noise in the lower part of the core corresponds to the fluid going from one-phase
conditions to two-phase conditions. Because of the large difference between the density
of the liquid phase and the one of the vapour phase, any fluctuations at the boiling
boundary will result in large density fluctuations.

Finally, the radial and axial distribution of the amplitude of the noise in pressure is
discussed (see Fig. 8). Similarly to the two previous radial distributions, the radial
pressure distribution seems to be quite homogenous (again except for the reflector
region) whereas the corresponding axial distribution monotonically decreases,
especially in two phase region. Such behaviour is probably caused by the imposed
boundary conditions for the pressure noise at the core outlet where the pressure was set
to zero. Moreover, the pressure noise contains the contributions due to different
pressure components (friction, gravity, acceleration, etc.) which have different phases
and different amplitudes in various parts of the core. Such a mixture between different
components can also lead to the behaviour of pressure noise noticed above.
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Fig. 8 Radial and axial distribution of the noise in pressure at w = 1 rad/s
(homogeneous perturbation of inlet velocity év. =1 cm/s).
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4 Conclusions

An earlier-developed numerical tool called CORE SIM was complemented with a two-
phase thermo-hydraulic module in order to be able to calculate fluctuations induced by
different perturbations in commercial BWRs. The developed tool is fully MatLab based
and requires a set of input data from a commercial static core simulator. This kind of
tool is unique and it can treat any heterogeneous system. The driving perturbation can
be specified both as a perturbation in thermo-hydraulic parameters or directly as a
perturbation in macroscopic cross-sections. The choice of the perturbed thermo-
hydraulic quantities is limited to inlet velocity, inlet moderator temperature and core
outlet pressure. The effect of each of these perturbations can be studied separately or in
combination with several types of perturbations. As output, the 3-dimensional spatial
distribution of the noise in coolant density, pressure, enthalpy, inlet velocity, fuel
temperature and neutron flux is obtained. In order to validate the simulated results, a
benchmark against either real measurements or other codes would be needed. The latter
one is planned to be undertaken in the continuation.

The extended CORE SIM core simulator, now being able to treat for PWR and BWR
systems, is a useful tool, especially for studying different phenomena taking place in
commercial power plants such as, for example, the effect of density wave oscillations
and related local instabilities in BWRs. Another application of this tool is that it could
be used to indentify the origin of the increasing low-frequency noise level, recently
observed in Swedish and German PWRs. Such a work is planned to be performed in the
future. As a continuation of the project, it is also planned to develop a unified user-
friendly tool which can handle both types of light water reactors, i.e. PWRs and BWRs.
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2014:09 The Swedish Radiation Safety Authority has a
comprehensive responsibility to ensure that
society is safe from the effects of radiation.
The Authority works to achieve radiation safety
inanumber of areas: nuclear power, medical
care as wellas commercial products and
services. The Authority also works to achieve
protection from natural radiationand to
increase the level of radiation safety
internationally.

The Swedish Radiation Safety Authority works
proactively and preventively to protect people
and the environment from the harmful effects
of radiation, now andin the future. The Authority
issues regulations and supervises compliance,
while also supporting research, providing
training and information, and issuing advice.
Often, activities involving radiation require
licencesissued by the Authority. The Swedish
Radiation Safety Authority maintains emergency
preparedness around the clock with the aim of
limiting the aftermath of radiation accidents
and the unintentional spreading of radioactive
substances. The Authority participatesin
international co-operationinorderto promote
radiation safety and finances pragjects aiming
toraise the level of radiation safetyin certain
Eastern European countries.

The Authority reports to the Ministry of the
Environment and has around 270 employees

with competenciesin the fields of engineering,
natural and behavioural sciences, law, economics
and communications. We have received quality,
environmental and working environment
certification.

Stralsakerhetsmyndigheten
Swedish Radiation Safety Authority

SE-17116 Stockholm Tel: +46 87994000 E-mail: registrator@ssm.se
Solna strandvag 96 Fax:+4687994010 Web: stralsakerhetsmyndigheten.se
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