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Abstract—The paper investigates parallel channel instagslitf
natural circulation boiling water reactor. A thetrhgdraulic model
is developed to simulate two-phase flow behaviorthie natural
circulation boiling water reactor (NCBWR) with tiecorporation of
ex-core components and recirculation loop suchtees separator,
down-comer, lower-horizontal section and upper#untal section
and then, numerical analysis is carried out foralbar channel
instabilities of the reactor undergoing both inghand out-of-phase
modes of oscillations. To analyze the relativeaften stability of the
reactor due to inclusion of various ex-core compdsieand
recirculation loop, marginal stable point is ob&inat a particular
inlet enthalpy of the reactor core without thelilsoon of ex-core
components and recirculation loop and then withitlckision of the
same. Numerical simulations are also conductedeterohine the
relative dominance between two modes of oscillatioa. in-phase
and out-of-phase. Simulations are also carriedagn the channels
are subjected to asymmetric power distribution kegphe inlet
enthalpy same.

Keywords—Asymmetric power distribution, Density wave
oscillations, In-phase and out-of-phase modessiébilities, Natural
circulation boiling water reactor

|. INTRODUCTION

ONLINEAR analysis on density wave oscillations

(DWOs) in boiling water reactors (BWRS) is an agtiv
research area for last several decades (evidemt fewviews
conducted by Boure et al. [1], Leuba and Rey [2hUDia [3],
Prasad et al. [4] and Nayak and Vijayan [5]). A ot
investigations have been carried out to deterntieephysical
mechanisms of the instabilities [2], [6], [7]) atwl obtain the
marginal stability boundaries (MSBs) of the BWR, [#],
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[10], [11], [12], [13] and many renown researchiersrder
to predict its stability threshold in operationagime. The
various linear and nonlinear numerical models, Wwhare
available in literature and used to analyze DW@®@s, raainly
based on the assumption of incompressible flowd fial the
two-phase flow region in the reactor core and pteglia deep
insight in determining the underlying mechanismsDa¥Os
and predicting MSB of BWR. DWOs, though can enhamice
suppress the instability of the reactor under tifeuénce of
neutron dynamics via void-Doppler reactivity feedbaffects
(observed by Hennig [14], Ikeda et al. [15], [L6HaDutta and
Doshi [17]), are mainly caused by thermal-hydraul{@H)
flow feedbacks as concluded in [1], [2], [8], [910], [12],
[13]. Lin et al. [18] analyzed a natural convectid@® BWR
considering a single channel system with a congieegsure
drop BC and predicted type-I and type-Il instalgfit Leuba et
al. [2], [19] qualitatively explained the instalbjlimechanisms
of in-phase and out-of-phase modes of oscillations BWR
and emphasized on the BCs practically observedffatraht
modes of instabilities. Aritomi et al. [20] and MamxCobe et
al. [21], [22] extended the analysis from a singl@nnel to
multiple channels system and predicted out-of-pimasdes of
oscillations. Investigations carried out by the abo2
mentioned researchers demonstrated that the reactom
undergo in-phase or out-of-phase modes of osaitiatpurely
because of thermal excitations, i.e., even in theeace of
neutronic feedbacks, at an operating condition eqiflzle to
DWOs. Lee and Pan [23] analyzed both in-phase amabfo
phase modes of oscillations in an NCBWR loop caerig)
double parallel channels in the reactor core wijua¢ and
unequal heating. A TH numerical solver, which waslier
developed by Dutta and Doshi [13] adopting a methagly
proposed by Hancox and Banerjee [24], [25] to am@lin-
phase modes of oscillations for FC and NC BWRs with
single channel model considering the compressibéfifect of
flow dynamics in the reactor core, is extended rasent to
investigate multiple channels existing in the NCBV¢Bre
with a objective to simulate both in-phase and aftthase
modes of instabilities. The TH model presently taketo
account the connectivity of the reactor core witltious ex-
core and recirculation loop components by incorfiogathe
model of various ex-core and recirculation compdsi@f the
reactor loop such as steam separator, down-coroemer |
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horizontal section and upper horizontal sectionluiting. PAU
Extensive numerical experiments are performed terdene PA

the effects of inclusion of various ex-core compuse To R= PAU |, S= A(pu2+ p
analyze the relative effect on stability of the atea due to
inclusion of various ex-core components and rettmn
loop, marginal stable point is obtained at a paldic inlet
enthalpy of the reactor core without the inclusafnex-core 0

components and recirculation loop and then withitietusion A aH
of the same. Numerical simulations are also comdldp 1 = pE_TWPW‘pAgE
determine the relative dominance between two moafes

pAe PAUE

oscillations i.e. in-phase and out-of-phase. Sitiuta are also Q;VPH
carried out when the channels are subjected to mefiit These conservative form of governing equations finst
power distribution keeping the inlet enthalpy same. converted into the following primitive form:
0 0
[l. THERMAL-HYDRAULICS MODEL FORMULATION —[U]+ AU) a—[Lj g O U)] (5)
- z

The TH model is developed by assuming that there ish Ui tor of unk d dent variabl
homogeneous two-phase flow. It considers mass, miunme wherew |sTa vec.oro unknown e.'pen en v.a.rla es _
and energy conservation equations and solves tbgetrter in [W, h, p I, A is a square matrix of coefficients which are

time-domain considering the compressibility eff@ft two-  fynctions ofU, andD is a vector containing allowances for
phase flow dynamics in the core. The TH s_olver atemlels mass, momentum, and energy transfer across themsyst
the steam separator, down-comer, lower horizoetztian and boundaries and between phases

upper horizontal section to take into account tfiece of ex- . A . .
core and recirculation loop components along withreactor 1€ €igen values of matrigy determine the mathematical

core. class of Egs. (5) and it is found that all eigetuga of A are

core hyperbolic equations. Next, the set of Eq. (5) taaesformed
The fundamental one-dimensional governing equatisesl into a characteristic form and it can be written as

to simulate two-phase flow dynamics in the reacte are as 0 0

follows: B—[U]+AB—[U] Hd (6)
=ot ==0z

Mass Conservation Equation: Where é is a diagonal matrix of eigenvalues ﬁf After

0 0 _ coefficient and source term linearization, the exysbof Eq. (6)
ot (oA +E(pAu) =0 (1) is discretized with a characteristics-dependentligitdinite-
difference scheme where the spatial derivative temme

Momentum Conservation Equation: approximated by backward or forward difference delieg

P P P dH on the sign of the characteristics. For the presaise of
—(pA) +—(pAU?®) = - op_ Tw- pAg— (2) subsonic flow ¢<a), the spatial derivatives for first two basic
ot ot 0z dz equations, which are characterized bf1=U>0and

NA22=u+a>0 respectively, are approximated by backward

Energy Conservation Equation: difference equations and the third basic equatighich is

i(pAe) +£ (pAue) = q\I/'vPH (3) Characterized by Ass=u-a<O0, is approximated by

ot ot forward difference equation. The resultant diszesti
2 equations are then combined together and usedufoerical

Wheree=¢g _p ande = h+u_+ gH solution depending on the boundary conditions iredoso
2 simulate the multiple parallel channels in the teacore

These equations can be written in compact fornokeas: when being connected with the ex-core componentthef

0 0 reactor loop. The procedure adopted helps in trgathe

a[ﬂ +E[§ =Hl| (4) boundary conditions naturally.

Where, B. Steady state solution of the reactor core

Steady state equations are obtained by negleclirigrens
0
containinga in (1), (2) and (3) and the resultant discretized

equations are as follows:
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Pi+1A + Ui + 1= piAU 7al LY dOWuns(t OW2 (t
10 1 1 , , (Zj uhs—a:( ) :[( pi= pz)]tzo 1- a W2 UEE(:)O) (8a)
== 4 (oA (o)

H(p1= p2 —(P1= P

Similarly for down-comer the final form of can beitten as:

1 (7b)
+SHAF+Q} i f F+ ) 13 201-p

A ., @ ) = (e py + py(ze- 23],
_ q q
(&)i+1—(&)i== Wi+ —2 |i+1|(z2+1—2) ) (8b)
2((pAu ] [ pA (1——6‘”““) ]+[< p2— P9 = (P2- Py
(70) aV\/dc (t = 0)

The above set of equations a|0ng with thermodynam&nd Similarly for lower horizontal section the finborm of
equations of state is solved numerically by usinghaoting €duation can be written as:

W (1)
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obtained from the present steady state model pesvithe
solution at initial equilibrium condition, i.e., at= 0 of the
transient problem.

method along with forward marching scheme. The l&su (Lj 0Wins(t)
lhs—/———

C. Mathematical model to simulate ex-core components
and recirculation loop dynamics

The outlets of vertical channels existing in thacter core
are connected to a upper plenum and which in ttimked to
steam separator. Upper plenum receives the totat rflaw
rate exiting from the channels in the form of lidj@nd vapor
mixture and supplies to steam separator. Watersaeam in

p =[(p3— P90 (1-

H(ps— p9) =(P3— P9 o]

oW (t= 0)j (8c)

Where p; is the exit pressure of the channels or pressure of

upper plenum and it is constant with respect t@tiBince it is

assumed that there is no momentum loss betweenr uppe

plenum and steam separator, steam separator loagratsure

p: and hence the end of the upper horizontal seetiunh is

connected with steam separator has also prepsure
Similarly p, is the pressure at other end of the upper

upper plenum are assumed to be mixed completelyimnd horizontal section and one end of the down-comeichvis

thermal equilibrium and there is no loss of momant&team
separator isolates the two-phase mixture into dicand vapor
phases and supplies the separated vapor and liguet to the
steam turbine and upper horizontal section resgedgtiln the
upper horizontal section liquid is assumed to herated. This
saturated water gets mixed with the sub-cooled feaidr in
the mixing chamber and then mixed sub-cooled wgbes to
down-comer. The water then goes into the lower pierby
passing through lower horizontal section and byintak 180
degree turn it moves up through the channels ofréaetor
core where the coolant water is heated up by tloteau fuel
elements.

The following assumptions are made while formulating the
ex-core components and recirculation loop:
» Sub-cooled and incompressible flow of water.
» Saturated water in the upper horizontal section.
* No exchange of energy in the upper horizontalticec
down-comer and lower horizontal section.
» Time invariant coolant enthalpy in the lower plem i.e., at
the inlet of vertical channels.

Since the flow is assumed to be incompressiblexiooge
components, the relation between mass flow ratepaessure
drop across upper horizontal section, down-comelr lawer

connected with the mixing chamber as no momentwss is
assumed between the upper horizontal section, @ixin
chamber and down-comer.

P; is the pressure at the junction where down-conmgt a
lower horizontal section are connected ppna the pressure of
lower plenum and hence it is the inlet pressurthefchannels
which is the function of time.

Since the upper horizontal section receives orgyshturated
water, therefore

Vvuhs = (1_ Xex )Wex (9)

> W), (%)

i(vva()i

Where n is the number of parallel channels.

From the mixing chamber the down-comer receivestdte
mass flow rate which is sent to the channels bgipgghrough
lower horizontal section and lower plenum respetyiv
Therefore,

Vvdc =V\/Ihs :VVin (t) (lO)
Now the equations (8a), (8b) and (8c) are combimedne

WhereW,, = Z(\Nex)I and X, =
i=1

horizontal section can be obtained by integratif® t equation and can be written as:

momentum conservation equation along each of itgthe
respectively. After integration the final form ofuwation for
upper horizontal section can be written as:
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(Ej awuhs(t)+((£j +(£j Jawn(t)
A uhs—at A dc A lhs —at

= - P2 _aWu—th(t)
e p)]t“’(l 6Wuis(t=0)] o
H(p2= P4 +pg(z2-29] -, (1_%j

Ill.  SOLUTION METHODOLOGY AND BOUNDARY CONDITIONS

Steady state and transient equations for all compsnof
the NC reactor loop are to be integrated and sotegdther
treating the BCs naturally to simulate in-phase awdtof-
phase modes of oscillations. The present sectioniges a
solution methodology to remove the uncertaintieistarg in
the literature in connection with the treatmentBsfs while
simulating parallel channel instability for bothetmodes of
oscillations with the TH model developed. The dolut
methodology is
constraints suggested by Dutta and Doshi [26] inlieza
research work where the requisite mathematical auppas
provided to avoid ill-posed BCs while dealing withset of
hyperbolic equations to model subsonic flow sitmtin the
reactor core.

A. Seady state boundary conditions

in accordance with the mathematic

C. Transient boundary conditions to simulate out-of-phase
mode of oscillations

In the literature, the out-of-phase DWOs has bearerglly
described as a result of constant pressure dromdaoy
conditions for all parallel channels lying in theactor core
while maintaining the total core inlet mass floweraonstant.
This kind of instability is characterized by selfstined out-
of-phase oscillations in which the inlet mass floate
increases in half of the reactor core, while itrdases in the
remaining half. Let us consider a case of two igdahparallel
channels, each representing a half of the core 18t phase
difference, which are subjected to

* Fixed and common pressure drop boundary condition
across the channels and

« Constant total inlet mass flow rate

A question arises how an asymmetric inlet flowrdisttion
(indicated by 180 phase difference) can take place for two
similar channels of same geometrical shape and gizier
identical heat and other input conditions. It isb® noticed
that one can't specify velocity and pressure tage#s inlet
houndary conditions for problem under considerasimce the
governing equations are of hyperbolic in nature idigla case
of subsonic flow situation. It implies the systerh RDEs,
representing the TH flow fields, are over specifiederms of
boundary conditions and the problem, as a resettpimes ill-
posed for out-of-phase mode of oscillations. Thebfam,
with these hypothetical boundary conditions, izvedland it is
observed that (i) it allows only small variatiomsinlet mass

The NC reactor loop comprising of a reactor COrgqy rates for individual channels, and (ii) no wengence is
accommodating multiple channels and various ex-COffyained since the sum of the inlet mass flow ratesll

components which are mutually linked to each oter
subjected to the following BCs:

» Uniform and constant pressure in separator, uplesium
and at the exit of all channels

» Time invariant enthalpy of sub-cooled liquid betinlet
of the channels because of no energy exchangesindivn-
comer and lower horizontal section.

« Distribution of total mass flow rate, coming thgh the
down-comer and lower horizontal section, to theiviiddial
channels of reactor core keeping total pressurp doooss the
channels same.

individual channels is not equal to the specifiethlt inlet
mass flow rate. These results confirm the previeuglies
made by Munoz-Cobo et al. [27]. Therefore, with sthe
observations, it can be concluded that the twollghchannels
with identical input conditions, essentially, anedargoing in-
phase oscillations (rather than out-of-phase @dimts) with
an over specified total inlet mass flow rate bouga@ndition
when a constant and common pressure drop boundary
condition is strictly maintained for both the chalm It is also
to be noted that as far as in-phase instabilitrescancerned,
there is no restriction on the incoming mass flaterat the

A module is designed, which takes care of steadgest entrance of each channel. In fact, parallel chanméth in-

governing equations and above mentioned BCs.

B. Transient boundary conditions to simulate in-phase
mode of oscillations

TH flow feedbacks across the reactor core areénfted by
the recirculation loop dynamics. The reactor corél
equations have to be solved along with the rectmn loop
momentum equation simultaneously maintaining ao$&Cs
which are similar to steady state BCs except theviing:
* The total mass flow rate flowing through the desamer
and lower horizontal section, which essentially | wile
distributed to the individual channels, is timgeéedent and

varies with time depending on their instantaneoud T

feedbacks which are mainly originated due to comnimrn
time variant pressure drop BC across the channels.
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phase instabilities will lead to oscillations folt andividual
channels separately and eventually, will result global
oscillations in the total mass flow rate enterintpithe reactor
core, and therefore, the total inlet mass flow rige the
parallel channels can't be held constant duringtriduesients.

TTherefore, to follow the physics of the problem daadavoid

over specification of BCs, out-of-phase oscillaticare to be
simulated with specified pressure and enthalpynéet BCs
and with specified pressure as exit BC only for ¢hannels
lying azimuthally in first half of the core. Traesit solution
provides the inlet mass flow rate of these chanrfiaal inlet
mass flow rate minus the inlet mass flow rate ef thannels
lying in the first half of the core provides thdenhmass flow
rate for the channels lying in the other half of ttore and it
acts as first BC. Specified enthalpy is considei@de the
other inlet BC and outlet pressure is to be spetifis exit BC.

1SN1:0000000091950263
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For the next time step, the channels lying in theoad half of
the core are subjected to constant inlet presssreB@,
whereas the channels lying in first half of the ecaare
subjected to specified flow rate as inlet BC. Fobsequent
time\levels, the above mentioned steps are repeadterthately.

IV. RESULTS AND DISCUSSION

First, simulations are done for two channels kegpime
power per unit length of the channel same whickgsal to
36.47 (KW/m) for both of the channels and then fore
channel keeping the power per unit length of thanciel to
36.47 (KW/m). In both the cases all other inputapaeters
which are inlet enthalpy (954.00 (KJ/kg) and exigsure of
the channels (6.8947 M.Pa) are kept same. The tses
obtained from both the cases (fig 1-2) state thatet is no
difference in DWOs for in-phase mode of oscillaiamhether
there are two channels or one channel when opeedtedme
power. So in this paper for symmetric power disttidn
results are obtained for one channel for in-phaselenof
oscillations and the same result will be valid fiwp channels

1, 2012

The location of MSPs for different-2 cases can éensin
fig 6. In fig 6 the points shown by ‘+’ are the MSkhat lie
towards the type-l unstable zone while the poihtsag by X’
are the MSPs that lie towards the type-Il unstablee.

The distance between the two MSPs for the same case

comes under stable zone. Inclusion of steam sepavath
down-comer results in the increment in the stabligezat that
particular line. If lower horizontal section is alscluded then
it results in further increment of the same. Bt iclusion of
the upper horizontal section along with all ex-cooenponents
results in the minimum stable zone at that pariclihe.

Similarly simulations are carried out for out-ofgse mode
of oscillations for NCBWR having two parallel chats
Jieeping the power per unit length of the channelestor the
two channels. All other input parameters are kaptesto that
of in-phase mode of oscillations. MSPs are obtaiieedeach
of the cases and the data are summarized in theeltab

TABLE Il
MSPSWHEN SIMULATIONS ARE DONE WITH VARIOUS EXCORE COMPONENTS
FOR OUTFOFPHASE MODE OF OSCILLATIONS

also. Extensive simulations are done for in-phasalenof
oscillations to get the marginal stable point (M&#t)each of

Power per unit length of the | Ex-core components
channel (KW/m)

the following cases.
» Only core is incorporated in the model.

» Core, steam separator and down-comer are incatgubr|

in the model.
« Core, steam separator, down-comer and lowezbiatal

section are incorporated in the model.

e Core, steam separator, down-comer, lower horaont

section and upper horizontal section are incorgdran the

model.

In all the cases the inlet enthalpy is kept corstdrich is
equal to 776.00 (KJ/kg). The value of constant prétssure is
6.8947 M.Pa. For each of the cases two marginblestaoint

MSP towards MSP towards|

Type-| Type-ll

32.00 52.55 Only core

31.5 50.00 Core with steam separator
and down-comer

29.6 49.50 Core with steam separator,
down-comer and lower
horizontal section

28.8 45.00 Core with steam separator,
down-comer, lower
horizontal section and upper
horizontal section

is obtained. One is towards the type-l unstableezzomd other
is towards type-ll unstable zone. These MSPs atairad at
different-2 input power per unit length of the chah for

different-2 cases and the same are listed beldheitable I.

TABLE |
MSPSWHEN SIMULATIONS ARE DONE WITH VARIOUS EXCORE COMPONENTS
FOR IN-PHASE MODE OF OSCILLATIONS

Power per unit length of the | Ex-core components
channel (KW/m)

MSP towards| MSP
Type-I towards
Type-ll

28.00 44.25 Only core

25.00 46.60
and down-comer

23.00 53.00
down-comer and lower
horizontal section

35.00 41.4
down-comer, lower horizontal
section and upper horizontal
section
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The location of MSPs for different-2 cases can éensin
fig 7. In fig 7 the points shown by ‘+" are the MSkhat lie
towards the type-l unstable zone while the poihtsag by ‘X’
are the MSPs that lie towards the type-Il unstablee.

From the data listed in table | and table Il itlisected that
out-of-phase modes of oscillations dominates owephiase
mode of oscillations towards type-l unstable zorméenthere
is not much dominance observed between the twoemod
towards type-Il unstable zone.

At the same inlet enthalpy and the same averagempper
unit length of the channels simulations are cariged with
asymmetric power distribution to channels. Chanmet is
given average power + 0.1fraction of the averageepavhile

Core with steam separgtoghannel two is given power - 0.1fraction of therage power.

The graphs are plotted between inlet mass flow(kagés) and

Core with steam separatprtime (s). Chaotic oscillations are taken placeifigphase mode

of oscillations as in fig 3. But the reactor becsmaestable for
out-of-phase mode of oscillations as in fig 4 wgerated on

Core with steam separatorthe same set of input parameters for which MSP®li@ined.

Also it is found that frequency of oscillation &sk when there
is type-l instability in comparison to type- Il Badility as in
fig 5-6
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Fig. 7 Plot showing M SPs for in-phase mode of oscillations when various ex-core components are included
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Fig. 8 Plot showing M SPs for out-of-phase mode of oscillations when various ex-core components are included
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V.CONCLUSION

The present work emphasize on developing a nomding[14]

thermal hydraulic model to analyze parallel chanmehsity
wave oscillations in the reactor core loop with reasyetric
power distributions to parallel channels.

The following conclusion can be drawn from the present
paper.

* The model
oscillations in both the modes of oscillations irephase and
out-phase.

» The model is also capable of simulating the m@acbre

dynamics when there is unequal heating in the [gdral

channels.
» Extensive simulations are done when there isugich of

various ex-core components however in the presemk w (19]

geometry of the ex-core components are virtuakgta

» The model can take care of the BCs naturallytaede is
no need of developing different set of codes foruating in-
phase and out-of-phase modes of oscillations.
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