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Abstract

A nonlinear transient model for BWR nuclear power plants which
consist of a 3D-core (subdivided into a number of superboxes,
and with parallel flow and subcooled boiling), a top plenum,
steam removal and feed water systems and main coolant recircu-
lation pumps is given. The model describes the local core and
global plant transient situation as dependent on both the in-
herent core dynamics and external control actions, i.e., dis-
turbances such as motions of control rod banks, changes of
mass flow rates of coolant, feed water and steam outlet. The
case of a pressure- controlled reactor operation is also con-
sidered.

The model which forms the basis for the digital code GARLIC-B
(Er et al. 82) is aimed to be used on an on-site process com-
puter in parallel to the actual reactor process (or even in
predictive mode). Thus, special measures had to be taken into
account in order to increase the computational speed and re-
duce the necessary computer storage. This could be achieved by

- separating the neutron and power kinetics from the xenon-
iodine dynamics,

- treating the neutron kinetics and most of the thermodynam-
ics and hydrodynamics in a pseudostationary way,

- developing a special coupling coefficient concept to de-
scribe the neutron diffusion, calculating the coupling co-
efficients from a basic neutron kinetics code,

- combining coarse mesh elements into superboxes, taking ad-
vantage of the symmetry properties of the core and

- applying a sparse matrix technique for solving the result-
ing algebraic power equation system.

Kurzfassung

Beschrieben wird ein nichtlineares Transientenmodell fiir SWR-
Kernenergieanlagen, die sich zusammensetzen aus einem 3dimen-
sionalen Kern, einem oberen Plenum, einem Frischdampf- und ei-
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nem Speisewassersystem sowie einem Fallraum mit Kihlmittel-
umwdlzpumpen. Der Kern ist unterteilt in eine Anzahl von Su-
perboxen und Parallelkandlen, in denen Kihlmittel mit unter-
schiedlicher Geschwindigkeit nach oben stromt (unterkiihltes
Sieden muB in Betracht gezogen werden). Das Programm berechnet
das transiente Verhalten der lokalen und globalen Kern- und
Anlagenparameter in Abhdngigkeit sowohl von der inhdrenten
Kerndynamik als auch von Eingriffen von auRen, wie z.B. Bewe-
gungen der Regelstabbédnke sowie Storungen in den Massenstrdmen
der Hauptkiihlmittelpumpe, des Speisewassers und der Dampfent-
nahme. Ein druckgeregelter Reaktorbetrieb kann ebenfalls simu-
liert werden.

Das Modell bildet die Grundlage filir das Rechenprogramm GARLIC-B.
Dieses Programm soll auf einer im Reaktorgebdude befindlichen
ProzeBrechneranlage ablauffahig sein, wobei der tatsdchliche
ProzeBverlauf im Reaktor entweder parallel oder sogar in pra-
diktiver Weise nachgerechnet werden soll. Die dadurch beding-
ten speziellen Anforderungen an das Verfahren, vor allem be-
zliglich schnellerer Rechenzeiten und Einsparungsméglichkeiten
im Speicherplatzbedarf, konnten erreicht werden durch

- Separation der Neutronen- bzw. Leistungskinetik von der Xe-
non-Jod-Dynamik,

- pseudostationdre Behandlung der Neutronenkinetik und Ther-
mo- und Hydrodynamik,

- Einsatz eines Kopplungskoeffizientenkonzepts fiir die Dar-
stellung der Neutronendiffusion, bei dem die Kopplungskoef-
fizienten aus Startrechnungen mit einem Basis-Neutronenki-
netik-Code bestimmt werden,

- Zusammenfassen von Grobgitterboxen des Kerns in Superboxen,
wobei gleichzeitig die Vorteile der Symmetrieeigenschaften
des Kerns nutzbar gemacht werden kénnen, und

- Losung der resultierenden algebraischen Leistungsdichteglei-
chungen mit Hilfe einer Sparse-Matrix-Technik.
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Nomenclature

Ak net flow area of the k'th nodal column

Apo inlet orifice area of the k'th nodal column

Ar ratio of net flow area to total area of a nodal column
AT free water surface area in top plenum

Atk total area of the k'th nodal column

B(xX,p) Bankoff two-phase correlation

Cq discharge coefficient

CI constant in eq. 3.111

Cinr homogenizing rod factor

Dln diffusion constant

D, diffusion constant

DAznw coefficient in eq. (2.40) as defined in (Er 80)
D12nw coefficient in eqg. (2.40) as defined in (Er 80)
DFlnw coefficient in eq. (2.40) as defined in (Er 80)
DF2nw coefficient in eqg. (2.40) as defined in (Er 80)
dH hydraulic diameter

Eeff energy conversion factor

GE total coolant mass flow rate into core

GFW feed water flow rate

Gk coolant mass flow rate through the k'th nodal column
GSH saturated steam flow rate into top plenum

GST outlet steam flow rate from top plenum

GWDE flow rate through downcomer

GWH saturated water flow rate into top plenum

g gravitational acceleration

h specific enthalpy

h!' specific enthalpy of saturated water
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specific enthalpy of saturated steam
specific enthalpy at bubble detachment point
latent heat, h"-h!

specific enthalpy of liquid water

iodine density

neutron current density from node n in direction of
neighbor n. (through surface Onm)

thermal conductivity of liquid water
total number of neighboring nodes
total number of nodes

Nusselt number

boiling index

bubble detachment index

total number of nodal columns

total number of node layers

indices of nodes which carry border zone
power density |

Peclet number

system pressure

nodal pressure

dp/dz in nodal columns

heat flux

total number of control rod banks
fuel rod radius

outer radius of canning

inner radius of canning

fluid resistance at the inlet of the k'th nodal column
slip ratio in two-phase flow

fuel rod periphery per unit flow area
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St Stanton number

T temperature

TCn coolant water bulk temperature

TCN normalization value for coolant temperature

TE water temperature at core entrance

TFC fuel rod canning temperature

TFn fuel rod temperature

Ty normalization value for fuel rod temperature

TFS fuel rod surface temperature

TS water saturation temperature

TW water temperature (of liquid phase)

t time

tw time at working point

Unr movement of rod bank r in node n

UNr normalization value for rod bank movement

v volume, fluid mass velocity (kg/m2-sec)

VT total top plenum volume

VWT water volume in top plenum

Xen nodal xenon density

Xey normalization value for xenon density

X thermodynamic steam quality

X4 thermodynamic steam quality at the bubble detachment
point

X average steam quality at the top plenum

Xy true steam quality

z,z' distance along node column

Zpk distance of boiling boundary to core entrance

Z 4k distance of bubble detachment point to core entrance

H total length of nodal column



water level in top plenum

WL

Z#k distance of bubble detachment point to border zone
entrance

o void fraction, heat transfer coefficient

L. nodal overall heat transfer coefficient from inner
surface of canning to the coolant

g nodal overall heat transfer coefficient from fuel
surface through gap and canning to the coolant

o nodal overall heat transfer coefficient from fuel
surface through gap to canning inner surface

Oy normalization value for void fraction

oy nodal void fraction

Uoon nodal heat transfer coefficient from outer surface of
canning to the coolant

r xenon absorption factor

Yq iodine fission yield

Yop average void fraction in top plenum

Yy xenon fission yield

ApA acceleration pressure drop along a nodal column

Apg friction pressure drop along a nodal column

Ap inlet throttling pressure drop

Apk total pressure drop along the k'th nodal column

Aps static pressure drop along a nodal column

ATd subcooling at bubble detachment point

Az~ border zone width

AZy distance of boiling boundary to node entrance

Azdk distance of bubble detachment point to node entrance

Az axial height of node n
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absolute deviation from working point
normalized deviation from working point
Kronocker symbol meaning only two neighboring nodes n

and n, contribute to calculations of nondiagonal cou-

pling coefficients
percentage heat power lost in y radiation
fast fission factor

fuel volume fraction within the core (canning not
included)

term defined by eq. (2.31)

Darcy-Weisbach friction factor for boiling region
heat conduction coefficient in canning

heat conduction coefficient in fuel rod

constant in eq. (3.111)

iodine decay constant

Darcy-Weisbach friction factor for nonboiling region
xXenon decay constant

number of neutrons (fast and thermal) per fission
mass density

liquid water density at saturation state

steam density at saturation state

liquid water density

surface area of node n (in direction of node nm)
absorption cross-section for fast neutron energy group
absorption cross-section for slow neutron energy group
fission cross-section for fast neutron energy group
fission cross-section for slow neutron energy group
slowing down cross-section

absorption cross-section at reference fuel temperature
(fast neutrons)
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L2n
1n

2n

¢ (x,/P)

Subscripts

- X11 =

thermal leakage term

nodal flux (averaged over node n) for the fast neutron
group

nodal flux (averaged over node n) for the slow neutron
group

Martinelli-Nelson two-phase friction pressure gradient
multiplier

diagonal coupling coefficient
non-diagonal coupling coefficient
modified diagonal coupling coefficient

modified nondiaginal coupling coefficient

BM

Bz

absorption

boiling boundary

beginning of time step
average in boiling part of a node
border zone

coolant

coolant reference temperature
exit

core entrance

fission

fuel, end of time step

fuel surface

at fuel reference temperature
basic volume element

inlet
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k nodal column of index k

n node of index n

n.,nm neighboring node of index n.

N normalizing quantity

NBz outside of border zone

r normalized

w working point, water

12 slowing down

Superscripts

c derivative with respect to coolant temperature
CR coolant reference temperature

D derivative with respect to density

F derivative with respect to fuel temperature
FR fuel reference temperature

T derivative with respect to temperature

X derivative with respect to xenon density

a derivative with respect to void fraction

saturated water

saturated steam



1. INTRODUCTION

The energy crisis which the world has been experiencing since
1973 will eventually increase the share of nuclear power plants
in producing electrical energy. Especially, those developed
countries which produce no oil may have to lean on nuclear en-
ergy heavily in the coming decades. As the production of nucle-
ar energy increases, nuclear power plants will have to be used
not only as constant power producing base energy sources but
also as variable power producing sources which follow the chang-
ing energy demand of the electric network. As a result, increas-
ing attention has been paid to the surveillance and control of
large nuclear reactor cores recently. Theoretical models and
codes which simulate the transient behavior of nuclear power
plants with reasonable speed and memory capacity have become of
interest because of their potential uses in the on-line, real-
time applications (for reactor surveillance, state prediction
and control) as well as in operator training and in off-line
simulations of the core and plant dynamics.

"Gesellschaft fiir Reaktorsicherheit (GRS) mbH" has been active-
ly involved in the field of core surveillance and control. A

real time, non-linear core and plant model (Ho,Lu 80; Ho,Lu 81;
Ho,Lu 82) for simulation of PWR nuclear power plants and the

corresponding computer code GARLIC (Ho et al. 82) have been de-
veloped within the framework of the project "Core Surveillance"
(Ho et al. 81). In addition, a core power distribution method
which is based on hierarchical control techniques has been for-
mulated and incorporated into a digital control code MCCS (Be

et al. 80; Be 83).

The study which is presented in this report was initiated later
(at the beginning of 1980) with the support of the Alexander
von Humboldt Foundation (Bonn). The purpose of the study is to
develop an analogous model to simulate in real-time the tran-
sient behaviours of the nodal BWR core and global plant parame-
ters. The model forms the basis for the digital code GARLIC-B
(Er et al. 81) which is being tested at GRS at the present
time.



The plant which is considered by the model consists of a core,
a top plenum, main steam and feed water systems as well as main
coolant circulation pumps (see fig. 1.1). It may be disturbed
externally by a movement of control rod banks, or by changes in

main coolant flow, feed water flow, feed water temperatures and
outlet steam flow.

STEAM DOME .
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Figure 1.1:

Schematic Diagram of a BWR Core

Since the BWR model which is presented here was developed in
parallel to, but later than the PWR model of GARLIC (Ho,Lu 80;
Ho,Lu 81; Ho et al. 82), the past experience accumulated from



development of GARLIC could be used directly. Therefore, the
assumptions dealing with the neutron kinetics and some concern-
ing the thermo-hydrodynamics (e.g., those related to the cal-
culation of fuel temperature distribution) are the same as in
GARLIC. For the present BWR model, obviously a number of new
assumptions have been made. Different methods have been devel-
oped to describe most of the thermo-hydrodynamic parameters and
to calculate the transient behavior of the total plant.

The main features of the model are summarized below:

The model describes the transient behavior of the charac-

teristic local core as well as global plant parameters.

- The neutron kinetics, most of the thermo- and hydrodynamic
calculations and xenon-iodine dynamics are decoupled from
each other, calculated separately, and then combined into a
total system by a recursive procedure.

- The application of the code is restricted to the normal op-
erational transients, i.e., to not-too-fast varying pertur-
bation signals. Thus, the neutron kinetics and most of the
thermo- and hydrodynamics are treated as pseudo-stationary.

- The core is divided into coarse mesh volume elements and
the neutron interactions between the neighboring volume
elements are described by means of spatial coupling coeffi-
cients. As a result, the original pseudo-stationary diffu-
sion equation is reduced to a set of algebraic equations.
The coupling coefficients are evaluated by using the current
density, flux, power density and cross-section values (at a
working time point) from more comprehensive codes (such as
QUABOX/CUBBOX (La et al. 77a; La et al. 77b; La et al. 78),
ABCBOX (Fi,Fi 81), IQSBOX (Fi,Gu 81; Lo et al. 81)) which
solve the neutron diffusion equations in a direct manner.

- Two-group neutron kinetic representation is reduced to 1 1/2
group by replacing the neutron flux terms by power density
expressions and introducing modified coupling coefficients.

- Coarse mesh elements are combined into superboxes (nodes) by
homogenizing the related core parameters and by calculating



a new set of coupling coefficients using a suitable rebal-
ancing method (Si 76). Due to their special form of defini-
tions, these coupling coefficient are expected to stay al-
most constant throughout different transient conditions.

Sparse matrix techniques (AT 80) are used to solve the pow-
er density values from the algebraic set of equations, thus
allowing savings in computer time and capacity.

Calculations may be carried out for full, half, quarter or
one-eight core if the full core is suitably symmetrical.
(Rotational symmetry is also included.) The core may be rec-
tangular or jagged. Superboxes may be regular (each super-
box is a parallel epiped with six neighbours) or non-regular
(parallel epiped with more or less than six neighbours).
Only the fuel region is divided into nodes. The influence
of a reflector zone on a neighboring node is taken into ac-
count by corrected coupling coefficients.

In general, nonlinear equations were used as a basis for the
transient calculations of the neutron kinetics, xXenon-iodine
densities as well as thermo-hydraulic parameters.

Because of the pseudo-stationary assumption, the spatial
changes in the coolant flow rate along any channel can be
neglected, i.e., the local coolant flow rate is equal to its
entrance value. To determine the flow distribution at the
core inlet, the total pressure drops are calculated along
all channels for an initial flow distribution which is then
modified recursively until the pressure drops over the whole
length of all channels are equal to each other and the sum
of the flows through the channels are equal to the total core
flow.

Since the coolant density changes which arise from void frac-
tion variations affect the core power very strongly in a BWR,
nodal steam quality values are determined by taking into ac-
count also subcooled boiling effects within a channel. The
point of net vapor generation is found by using the Saha and
Zuber correlation (Sa,Zu 74). In adaptation of this corre-
lation to the superbox model, some extra precautions had to
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be taken. Steam quality calculations are repeated at each
time step during transient calculations. The flashing and
condensation effects resulting from system pressure changes
are included in the equations.

Nodal void fraction values are calculated from the nodal
steam qualities and the system pressure by using the Bankoff
(Ba 60) two-phase correlation.

Coolant temperature distribution is determined by distin-
guishing between non-boiling, subcooled boiling and bulk
boiling regions.

For fuel temperature calculations temperature dependent heat
conduction coefficients are assumed. At present, only two
separate overall heat transfer coefficients are used, one
for the one-phase and one for the two-phase flow region.

System pressure, water level and water volume within the top
plenum are calculated by assuming uniform two-phase mixture
within the top plenum and using non-stationary equations.
Flashing and condensation effects are taken into account.

The system may be disturbed by motions of control rod banks
and/or changes in coolant mass flow rate, feed water mass
flow rate, feed water temperature and outlet steam mass flow
rate. In addition, in order to describe a pressure controlled
reactor, the system pressure may be free or forced to follow
a given function in time while keeping the water level in
the top plenum constant.

NEUTRON KINETICS!)

2.1 Basic Equations

Assuming two-energy groups of prompt neutrons (i.e., the fast
and thermal neutron fluxes 09 and ¢2) the general neutron kinet-

1) This section is taken from (Ho,Lu 81) and adapted to BWR by the author

by introducing the terms which involve void fraction. Full credit is
given to A. Hoeld and 0. Lupas.



ics representation is governed in case of a pseudo-stationary
situation by the neutron diffusion equations of the form

U —
D1v2¢1 = (31721000 F g Gpydt24y0,) = 0 (2.1)
2 _
DoV < 290, * 20,8, = D (2.2)
- |
(V" = Laplace operator)

The boundary conditions follow from the continuity conditions,
relating the flux gradients and the current densities 31 as
given by Fick's law.

2.2 Macroscopic Cross Sections

The macroscopic absorption, fission and slowing down cross sec-
tions (marked by the indices a, f and 12) averaged over a volume
element n are dependent on different local BWR-core parameters,
such as void fraction a , fuel rod temperature T, , moderator
temperature TWn (influencing them both directly and through

a change in moderator density an), xenon density Xe and
the insertion depth U, of the different control rod banks r
(r=1,...,R). Knowing the macroscopic cross section values at
the working point B their transient behaviour can then be
represented as a function of the deviations of these parameters
from their working point values. The fission cross sections can
for example be represented as

z = ¥ + ZF + ZC ST 5 U D
fin finw fin " fn fin Cn * Zl(zfinr nr) + 1L
r-_"

o 8a
vin Cn n

(i=1,2; n=1,...,N) (2.3)

Similar relations for the absorption and the slowing down cross
sections can be established.

The dependency of the nodal macroscopic cross sections on their
fuel rod temperature can be expressed by the relation
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ain' Fn
(i=1,2; n=1,...,N) (2.4)

with the corresponding macroscopic cross section ZFR and the
FR

constant ¥y at a reference temperature TFR’ i.e.

_ R yFR (A 525 3 - AT 5T
ain(TFh) ainw © Yai Eai (“TFn *.203.05 = TFR *+ 273.15)
(i=1,2; n=1,...,N) (2.5)
Then, the derivative term Zgi is obtained as a function of fuel
temperature from eq. (2.5) as .
F o _ FR FR FR .
Zoin = 045 Yg: /%I + 273.15 = 0.5 €3ai VT + 273.15
(i=1,2; n=1,...,;N) (2.6)
from which zalnw is obtained as a special case by substituting
_ ; ; F
TFn —FFan. Similar relations are valid also for the cases zfin
and Zl2n.

A change in water density as a result of a change in water tem-
perature affects indirectly the macroscopic cross sections,
characterized by the relation

CR 2
aln(pwn) = Zai * lal(p WR) Zal(pwn WR

(i=1,2; n=1,...,N) (2.7)

with the corresponding macroscopic cross section Z and the
CR CR
constants €1ai’ €2ai

X

given at the reference water temperature
CR’

D

Then, the derivative term zain is obtained from eqg. (2.7) as

ZD — 8CR

ain — ©1ai 2al(pwn PR’ (i=1,2; n=1,...,N) (2.8)
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B & Pe & Pl ~Teo) (2.9)
wn wR w  Cn CR
hence,
D _ CR CR _ T
Zain = By T 28Zai(TCn TCR)pW (2.10)

D

from which Zainw

is obtained by substituting TCn = Topw®

Again similar relations for the corresponding cases z?in and
z?2n can be established.

The other derivatives of the macroscopic cross sections, e.g.
with respect to the (direct) influence of the moderator temper-

ature and xenon density can be considered to be constant. That
is,

Mool (2.11)
ain alw
and
X X z
zain =2 v (i=1,2; n=1,...,N) (2.12)

2.3 Control Rod Movement

Other than the coolant flow rate, which is the main power con-
trol mechanism in a BWR, the power density distribution can be
affected by a variation in the insertion depth of the R differ-
ent control rods or banks.

From the knowledge of the x-y position of each member of the
controller r and the corresponding insertion depth U. of the
rod, the absolute and the relative nodal movement of the cor-
responding rod ends (68U 6.U__) of the control rod bank r

nr’ “r nr
within each node n can be determined (see again (Ho,Lu 81)).



2.4 Spatial Coupling Coefficients

The balance between the out- and ingoing neutron net current
density terms over a node n (with a surface an) is given by the
equation

2 .
é DiV Qbidv == J;(UTdU+ (213)

o
n n

(i=1,2; n=1,...,N)

Making the assumption for the corresponding nodal representation

(i=1,2; n=1,...,N) (2.14)

means the diffusion term is expressed as a combination of neu-
tron fluxes in node n and in its M, neighbouring nodes n. in-
troducing diagonal and non-diagonal spatial coupling coeffi-
cients (win'winm)'

Thus, the diffusion egs. (2.1) and (2.2) take the following al-
gebraic form

M
n v i
u}111¢’111+ mzl (wlnm¢1nm)_(Zaln+212n)¢1n+ E(zf1n¢1n+zf2n¢2n)_0 (2.15)
Mn
-m2n¢2n +m§1 (wan¢2nm)_232n¢2n+212n¢1n =

(n=1,...,N) (2.16)

The connection between the power density P and the correspond-
ing fast and thermal neutron fluxes 91n and Oon at each node n
is given by

Py = EeeCe1n®1nt2e2n %) (0=1,.-200) (210
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If the net neutron current density values Jn through the Mn
surface parts Crm of the node n could be represented in a first
approximation by the relation

J (i=1,25 n=1,. o 5N m=1,.l.,Mn) (2.18)

TR L T

it follows from the definition eq. (2.14) that the coupling co-
efficients could then be ascertained from the equations

R
1 Mn
w, =g E (dinmcnm) (2.19)
n m=1
1 g
W, =g dinmgnm (i=1,2; n=1,...,N; m=1,...,Mn) (2.20)

(ME = directions to reflector nodes included)

The method to establish the coefficients dinm (and thus also
the coupling coefficients Wi winm) varies according to the

position of the node within the total core partition.

® For nodes on the edge of the core pattern the coefficients

d.

inm
characteristic feedback properties of the reflector or the
given symmetry situation.

can be determined at once by taking advantage of the

® To determine the coefficients d;p (and thus also the spatial
coupling coefficients) for the inner nodes of the core pat-
tern, four principal approaches are possible:

coupling coefficients determined from analytical consider-

ations,

- coupling coefficients determined from measurements,

- coupling coefficients determined only from basic model
results,

- coupling coefficients determined from basic model results

and analytical considerations.
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At present the last method is applied to establish GARLIC.
This is done in two steps:

- Assuming in the first step in a very simple way an equiv-
alent polygonal instead of a polynomial flux approxima-
tion (with conservation of the nodal values), the neutron
flux gradient at a node boundary is then proportional to
the difference in the mean neutron flux values of the cor-
responding neighbouring nodes, as required in eq. (2.18).
Thus, starting from Fick's law the corresponding coeffi-

cients d; can be established by applying the usual fi=-

nm
nite-difference scheme

dinm =2 Unm/[vn/Din * Vn /Din ]
m m
(i=1,2; n=1,...,N; 1,...,Mn) (2.21)
The nondiagonal spatial coupling coefficients w. can

inm
now be determined from eq. (2.20).

- Since the flux values are given from the calculations
with the basic model the readjusted diffusion egs. (2.15)
and (2.16) have to stay valid. Thus, in a second step the
diagonal coupling coefficients w,, are then also defined
by these equations, taking into account these calculated

flux values from the basic code.

2.5 1 '/, Group Representation

Considering eq. (2.16) for the thermal neutron energy group an
approximate relation between the fast and the thermal neutron
flux (called "spectrum index") can be derived

¢2n/¢ln - ElZn/[(I_CLZn)EaZn] » (HCLZn)len/ZaZn

(k0000 £2:29)
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by defining a "thermal leakage term"

M

> = -, + 3 (w

L2n =1 21nm /¢2n) = 12n¢1n/¢2n

(n=1,0.:,X) (2.23)

and taking into account that 2 is small compared to 1 (lying

L2n
in the range of + 3 %).

Replacing in the eq. (2.15) the neutron fluxes with the corre-
sponding power density values using the relations

Y R . (2.24)

R ACR PP IS (n=1,...,N)  (2.25)

which follow from the eqgs. (2.17) and (2.22) by introducing the
"fast fission factor"

8n = 1+232nzf1n/(212nzf2n) (n=1,...,N)

(2.26)
and combining the original fast and thermal coupling coeffi-
cients into a new set of modified coupling coefficients of the
form

Wy =W +w2 szZn 121 /(kZ ) (2.27)
W= w, tuZ 2

nm 1nm f2n212n¢1n¢2nm/(k¢2n¢1nm232n)

(n=1,...,N; m=1,...,Mn) (2.28)

helps finally to reduce the two group representation to a "1 1/,
group formalism", yielding the following relation for the power
density distribution
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N
El[(FPW)anj] = AP (n=1,...,N)  (2.29)

J

The relation above represents a special eigenvalue problem with
the state matrix

M

_ _sn
(FPW)nj B (An+wnnn)5nj 2 (w N

) (2.30)
m=1 o

naﬂ'
m “m’
(m=1ly00.,N3 j=1,...,N3 an = Kronecker symbol)

the eigenvector P, the eigenvalue A = 1/k - 1 and the abbrevi=-

ations
My = (an-l)/(Suuzfln)=1/(sz1n+uzf2n212n/za2n) (2.31)
An = (zaln+zl2n)nn“1 (n=1,...,N) (2.32)

2.6 Homogenization (Superbox Representation)

In order to get computer codes with a not too large demand in
terms of computer storage and computer time, it is necessary to
restrict the theoretical model to a minimum number of nodes,
i.e., to represent the reactor by combining some basic volume
elements to form superboxes (= nodes). Normally, these super-
boxes are assumed to be of a rectangular size. In order to be
able to describe a jagged reactor core by a reasonable number
of superboxes, however, superboxes in the vicinity of a reflec-
tor may be allowed to have a jagged shape.

The volume (Vn) of such a superbox (or node n) consists of hn
basic volume elements (Vh). Obviously, the characteristic pa-
rameters belonging to these basic volume (or coarse mesh) ele-
ments have to be generalized to the superbox (= nodal) repre-
sentation too by applying suitable homogenizing (= rebalancing)
procedures:
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Xenon, iodine and power density and neutron flux values of a

superbox n are determined by averaging the corresponding basic
values weighted with the adequate volume elements. The homoge-
nizing of the corresponding cross sections (and their deriva-
tives) over a superbox is done by weighting them with volume

times neutron flux values.

Special precautions had to be taken to describe the influence
of a control rod movement on the macroscopic cross sections
over a superbox (Ho,Lu 81).

Coupling coefficients have to be homogenized in such a way that
the eigenvalue representation (2.29) for coarse mesh elements
stays valid for the superbox concept too. Following a rebal-
ancing method as proposed by SIEWERS (Si 76), such rebalanced
coupling coefficients can be obtained according to the rela-
tions

1 M
1 2.33
“o T VBN Envh By [y 2y -A ]+z; P 20 } (2:33)
n h=1 m=1
(hen) (an)
h k
W == 3 z
m TV 22 (P h i)

m
(h€n) (k€n_)

(n=1,...,N; m=1,...,Mn) (2.34)

(hm = neighbour of h in m direction)

If starting with results obtained from calculations with a basic
- model, the elementary and thus, after homogenization, also the

nodal power density values at the working point t, are availa-
ble.

If only the group constants and the spatial coupling coeffi-
cients are given by the basic model, the corresponding power
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density distribution P, and the multiplication factor k have
to be determined by solving the special eigenvalue problem as
presented above.

A perturbation of the system affects the macroscopic cross sec-
tions and thus the power density distribution. To get a criti-
cal reactor, the multiplication factor k has to be equal to 1
and thus the eigenvalue A equal to 0.

As can be seen from eq. (2.21) the coarse mesh coupling coeffi-
cients are mainly dependent on the distance between the centre
points of the coarse mesh elements and their diffusion con-
stants. Since the diffusion constants are not very sensitive
against changes in the operation conditions, it can be expected
that the corresponding coupling coefficients and - according to
the egs. (2.27) and (2.28) - also the modified ones will not
vary much during one transient run. So, from egs. (2.33) and
(2.34) it follows that after rebalancing the coupling coeffi-
cients they can still be expected to stay almost constant for
different operation conditions, i.e., Wy W, W = W
starting from eq. (2.29) the transient behaviour of the power
density, i.e., the pseudostationary relative variation 6 P, of
the nodal power density around its working point values B
(with respect to a normalization wvalue PN) caused by inherent
or outside perturbation of the system can now be described by
the (non-linear) algebraic equation system

N

'21 [(FPw)n W6rPJ] r o (n=1,...,N) (2.35)
J:

with the time-dependent vector

8, Ly = (B /R [(83, ) +63, In +(5,| 43, +u )6 ]+

M

[(P /P ow on ] (=T cuai ) (2.36)
m

m-l
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and
6nn = nnw [waw(n)arxen+FFww(n)6rTFn+Fwa(n)6rTCn+
R
+ FAwW(n)Gran+r§1 Fuww(n,r)ﬁrUnr] (2.37)
65 . = 35X Xe.5 Xe +3° T 6 T +3C T 6 7T. +
aln al” Nr n "al’FN r Fn "al CN r Cn
D « 1 R '
+zalp 0[I*I(Srﬂn-k EE; rzl ClnrAEaIrUCNarUnr (2.38)
83, =38 Xe.5 Xe +3°. T.. 8 T, +5C, T. 85T +
12n 12n N r" n “12n ' FN r ' Fn "12n CN r cn
D « 1 R
+212p c‘N‘Srun * Kz_n rzl Clnr&IZIUCNﬁrUnr (2.39)
with
XeN X b4 X X
waw(n) = (ﬁ;;)[DAan zaZn_DIZHW z12n_DF1nw zfln_DFan zf2n]
F (n) = (TEE)[D ZF -D ZF -D ZF -D ZF ]
Fuw - A2nw Ta2n "12nw "12n Flnw “fln "F2nw “f2n
Ten c c C C
Fwa(n) = (ﬁ;;)[DAZHW 23211-912nw z12n-DF1nw zfln-Danw szu]
o pa
_, N D _ D _ D _ D
FAww(n) B (n )[DAZHW zaZn D12nw len DFlnw zfln DFan zf2n]

nw

U

_ ¢ Nr u u u u
Fuww(n) B (nnw)[DAan zaan D12nw212nw DFlnwzflnr DFanZonr] (2.40)
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3. THERMO- AND HYDRODYNAMIC CORE AND PLANT PARAMETERS

The important thermo-hydrodynamic parameters which describe
the state of the reactor core and plant are coolant mass flow,
steam quality, void fraction, coolant temperature, fuel rod
temperature, system pressure, water level in top plenum, feed
water mass flow, steam outlet flow, and the thermodynamic prop-
erties of the coolant fluid. For a precise calculation of the
core power distribution and prediction of the local core and
global plant states, these parameters must be calculated with
sufficient accuracy under the constraints that are imposed by
the plant control strategy.

3.1 Core Nodal Structure

The nodal structure that is used in GARLIC-B is such that nodes
form nodal-columns in the vertical direction. The structure of
a boiling water reactor allows no cross flows between the cool-
ant channels of different fuel elements and as a result no cross
flows occur between these nodal columns. The model assumes uni-
form velocity distribution within each nodal column even though
they may contain more than one fuel element. Coolant water en-
ters a nodal column at the bottom; it is heated up by the fuel
rods as it flows up; starts boiling at a certain point and
leaves the nodal column as a two-phase mixture of steam and wa-
ter.

Numbering of the nodes is depicted in fig. 3.1. Index k indi-
cates a specific nodal column, and the nodes that lie on it are
numbered from bottom to top as

n= (k-1) n_ + 1,...,kn, (3.1)

where n, is the total number of nodal layers within the core.

The total number nxy of nodal columns is given by

=]
I
N =

Xy (3.2)
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Figure 3.1:

Numbering Convention on a Nodal
Column
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As a result, all nodes within the core are numbered by shifting
the index k in (3.1) as k=l,2,...,nxy. The total number of nodes
with one-phase flow in the k'th nodal column is indicated by
N4y which will also be called the bubble detachment index of
the k'th nodal column. The indices of the nodes within which
bubble detachment point!) lies, are then given by ndk+(k—l)nz+ 1
(k=1,...,nxy). The total number of nodes with subcooled flow
in the k'th nodal column is named Ny 1 which is called also the
boiling boundary index. Then, the indices of the nodes which
carry boiling boundaries?) are given by nbk+(k-l)nz+l

(k=1,. "nxy)'

3.2 Nodal Coolant Mass Flow Rate

Typical time step sizes that are used by GARLIC-B for transient
calculations are sufficiently long (1-30 min.), such that steady
state flow equations may be used. Hence, the coolant flow rate
through a node may be taken the same as the flow rate GEk en-
tering the nodal column on which it lies. So

(n=(k-1)nz+1,...,knz and k=1,...,nxy) 3.3)

is assumed both in static and transient calculations.

3.3 Steam Quality and Void Fraction

The model assumes that the fluid below the point of net wvapor
generation (also called the bubble detachment point) is entirely

1) Point of net vapor generation in subcooled boiling.

2) Point where the bulk temperature of two phase water reaches the satura-
tion temperature.
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of onephase; hence, steam qualities and void fractions in this
region are assumed to be zero.

Saha and Zuber (Sa,Zu 74) have derived the following correla-
tion at the point of bubble detachment:

Q‘dh
Nu = g~ = 455 if P_ £ 70.000
- e
£
St = ——~%——— = 0.0065 if Pe > 70.000 (3.4)
V+h AT

where q (J/m2-sec.) is the heat flux, V (kg/m2-sec.) is the
fluid mass velocity, aTd is the subcooling defined as

AT, =T ~-T (3.5)

pe = Nu _ "N (3.6)
£

The thermodynamic vapor quality at the point of bubble detach-
ment can be written as

dL d (3.7)

Then, substituting AT, from (3.4) into (3.7) results in

qd hT

- - h™w
xd = -0.0022 X
sw f

if Pe £ 70.000
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x, = -153.8 4 if  Pe > 70.000 (3.8)

In order to find the location of the bubble detachment point,

bulk fluid temperatures at node exits (Tie) and the correspond-
ing subcoolings T,-T,. are calculated starting from the node

at the bottom of the channel. The bubble detachment point lies
within the node at the exit of which Te-Tie becomes less than
ATd.
Fluid temperatures at node exits are obtained from the follow-
ing equations:

VnPn
Tcne = Tcni * T (3.9a)
G, h
k'w
and
TCni = TE for n = (k-1) n_+1 (k=1,...,nxy) .(3.9b)

Then, location of the bubble detachment point within the node
is obtained from

- nk )
dk VP s cni d (3.10)

where Az ;. is the distance of the bubble detachment point to
the node entrance.

When power density distribution increases drastically from one
node to its downstream neighbor, difficulties may arise in de-
termining the location of the bubble detachment point. The prob-
lem is depicted in fig. 3.2.
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Figure 3.2:

Depiction of the Need for a Border Zone

In the figure, the heat flux in node-n, is sufficiently low so
that the water temperature has not reached TS—ATdn, at the node
exit. In the nl+1'th node, power density, and as a result, the
heat flux and ATd 1+1
is so large that T ATd +1
at the node entrance HeACe looking from node n,, the bubble

detachment point should lie in node nl+1, whereas, looking from

node nl+1, it should lie in node n

are much higher. The value of aTd -
is lower than the water tempe}ature

1-

In such cases, more refined calculations are carried out while
passing from one node to the next. The approach is approximate,
however, should be better than taking the bubble detachment

point at the entrance of node n,+1, in which the water tempera-

1l
ture becomes higher than TS—ATdi for the first time.

The method assumes a linearly inéreasing power density distri-
bution within a border zone which extends from both sides of
the common node boundary to equal distances up to the mid-point
of the shorter of the two nodes. Power density distribution is
depicted in fig. 3.3.

Obviously, assumptions concerning the with of the border zone
and the shape of the power density distribution in it may be
in considerable error. However, assuming and using nodal power
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Border
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M

Figure 3.3:

Construction of a Border Zone

density values in GARLIC-B calculations

Distance along

channel

rather than the actual

distributed values are more radical than the above assumption.
The above assumption in fact replaces the nodal power density

distribution by a distribution that is c

loser to reality.

For the linear power density distribution the distance of the

bubble detachment point Z,, to the bor
found as the smaller positive root of t
equation:

P )

Atk(Pn +1°

der zone entrance is
he following quadratic

1 n, 2 n1+1 n, h tk nl
T z Zyg | =i Tl I
2hw Gk Az 455 kf SfArﬁz hW Gk
Pnldh
) I A =0 if Pe £ 70.000
Bzi S " /g5 % B
¥ Er
(3.11)
Atk(Pn1+1-Pn1) 2 (Pn1+1_Pn1) AtkPn1
T 3 Zee T | T -t 7 lzgy *
2h™ G, Az 0.0065 S_A Vh™ Az h™ G
w Kk frw W Kk
P
1y
+ TBzi - TS + T =0 if Pe > 70.000

0.0065 S_A Vh
firw
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where Apy and A, are the total area and the net flow area of
the k'th channel, S¢ is the fuel periphery per unit flow area,
and

Ak Ai
A =—=,., = — (3-12)
B Ay g
is the area ratio,
Az = min (AzIl ,Azn +1) (3.13)
1 1
is the with of the border zone, and AT._. is the water tempe-

Bzi
rature at the border zone entrance given by

Az~
Vo By, 02y, 2
T, . =T .+ T (3.14)

GkthzIll

3.3.2 Steam_Quality_and Void Fraction Distributions for_ the

The thermodynamic quality X.e at the exit of a node with uni-
form power distribution may be obtained as follows from the
energy and mass balance equations, assuming that the void frac-
tion dynamics are fast enough so that quasistatic equations may

be used:

_ 1
T T (VnP

-D p)
wlk n PN,n (3.15)

with
= vwtPoqoo 1P = p
DPN,n - Vn{p h'*-1-(1 Olrn)p hswxue+un[(1 xne)p" hsw+
(3.16)
i p"h"P-p’h‘P]} p'h'p(l‘ﬂn)
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The last term in parenthesis of eq. (3.15) represents the con-
densation effect resulting from system pressure changes. Coun-
terpart of eq. (3.15) for a cross-sectional element of length
dz in node n is

1

* 5657 YoPa = ey aPld2 (3.17)
sw k n

dx

where the condensation effect is included only approximately
since the nodal value of DPN,n (eq. 3.16) is used rather than
the local value. For the cases where the nodal power distribu-
tion is not uniform (such as in border zones) Py in eq. (3.17)

1s replaced by the local value P(2z).

Model assumes that true quality is related to the thermodynamic
quality through the following empirical relationship (Bu,He 77):

R R xdEXP(EH -1) (3.18)

Void fractions are calculated from the Bankoff (Ba 60) two phase
correlation which assumes a slip ratio of the form

KB-a (3.19)

and is expressed as

_ 'X
a = KB BTE?%T:EFEW (3.20)
with

KB = 0.71 + 1.45 x lO_gp (p in N/m?) (3.21)
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3.3.2.1 Case A: Channels without Border Zone

® Nodes with Point of Bubble Detachment

Thermodynamic quality distribution within the subcooled boiling

part of the node is

(VP -D p)
N PN,n .
MY E gy & — et — 8
sWw K n

where z'!
value at the node exit is given by

(VP Doy ob) (Az -0z

hstk&zn

dk)

The true quality distribution becomes

£.2'
exp ——

X

d

X (z ) = xg t E z! Xy

with

£ = VnPn " DPN,nﬁ
n h G Az
sSW Kk n

is measured from the bubble detachment point.

(3.22)

Then, the

(3.23)

(3.24)

(3.25)

Assuming that p is independent of space, one obtains the follow-

ing equation for the average true quality within the subcooled

part of the node:

(3.26)
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Then, the nodal average true quality is obtained as

tBM (3.27)

Void fraction in the boiling part of the node a and the av-

BM
erage nodal void fraction op become
dpy = B(X pysP) (3.28)
Az
- (1- 9k
%= U Az_ ) gy (3.29)
where B(x,p) is the Bankoff two phase correlation.
® Boiling Nodes without Point of Bubble Detachment
Distribution of true qguality within the node is given by
(VP -D P) X . (VP -D p)
. nn PN,n _ ni nn PN,n _
2@ =%, 4 ¢ xgeme =t gz &N 3:30)
sw Kk 'n d sw kK'd  n
Then, the average nodal quality is obtained as
VP-D.. p h_Gx> X
x =x . +-821n PN,n® = "sw k'd i [exp(—El =157 »
tn ni 2hSWGk VnPn-DPN,nP X3
(3.31)
VP -D. P
. nn PN,n",_
lexp(——F5 )]
sw k'd

which leads to a nodal void fraction as

a = B(x,_,p) (3.32)
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3.3.2.2 Case B: Channels with Border Zone

® Nodes with Border Zone

Suppose that nodes n, and n1+1 carry the border zone. These
nodes require special attention since power density distribu-
tion within the border zone is nonuniform.

One of the following two cases is possible depending on the lo-
cation of the bubble detachment point:

(1) Bubble Detachment Point is in Node n .

The case is shown in fig. 3.4.

P a |
i ) l
Az AZ |
| = T‘Il* 3 i '
% | | » Power density
| I zl |
| | |
| |
| | {
| |
bz =X | |
I Y | I
) C I i
Distance along
le— Hode n, —=t+—Node nj+1  —= channel
Figure 3.4:

Channel with Border Zone

Bubble Detachment Point (C) is in Node ny

The thermodynamic quality distribution is found by substituting
the linear power density distribution P(z) into (3.17) integrat-
ing the latter from Zox to z:
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2
x(z) = nO + nlz + nzz (3.33)
with
AtkPnl DPN . nlp
2 "% 6, " h_G.Az (3.34)
sw k sw Kk 0y
Atk(Pn1+1-Pnl)
fy = . (3.35)
2h G, Az
sw k
= X - 2 -
Mo = Xq = MZgx = MoZyk (3.36)
Then, the true quality distribution is
x,(z) = n.+ 22+ z-x exp[(n,/x )(zz-z 2)+( /x)(z-z_,)] (3.37)
t Ng™MN 2 MyZ=Xqexpling /X, xk TN/ %y xk :

Integrating the true quality distribution within the subcooled
boiling part yiels the average true quality as

1 Az" M Aaz" 3 37, M Az .2 2
gy T = o (g tagd * g [ T 5 [ ] -
g —zxk
T 2 M
- X4 [exp(- EE Zo " EE zxk)] Iznl} (3.38)
with
ne
2 2 M
I = exp(— 2z~ + —= z) dz (3.39)
zn X
1z, d d

which is evaluated numerically.
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The nodal true gquality is

Az
_ 2 xk
Xtn1 = ( Az_ ) Xipy (3.40)
1
Then,
dgy = B(x pgy:P) (3.41)
and
Az _,
0o, = 2ty ag, .42)
1 n

The average true quality within the border zone of node n1+l
can be obtained in a similar manner by integrating eq. (3.37):

T n - - n ) -
*tBz ;ff {no(é%‘) + —% [(az7)° - (é%—)3] + —% [(az)% - 82y2) -

2
(3.43)
n n
1 2 2
-x, [exp(- — z ol P i ) }
d X4 xk X4 xk z,n1+1
with
bzo oy, M
Iz,n1+1 = [ ) exp(;; z° + EH z) dz (3.44)
Az
2

which is evaluated numerically.

The thermodynamic quality at the exit of border zone is

— =2
Xpoo = Np ¥ ql(az )¢+ n,Az (3.45)
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The thermodynamic quality in the part that lies outside of
border zone is

x(z') = Xpo £z! (3.46)
where
AtkPn1+1 DPN,n1+1?
£ = s (3.47)
hstk hswckazu +1

1

and z' is measured from the exit of border zone. The true
quality in this region is given by

X
Bze
p. 4

x (z') = Xpse T Ez' - x 4% ( * 2 z'-1) (3.48)

d d

The average true quality in this part of the node becomes

Az |2
= E(&zn +1-—%—)
1 Az 1
X = . e ) =
tNBz - Bze n.+1 2 2
az_ .22, !
n,+1 2
1
(3.49)
X X -
_ Bze d £ Az
X3 exp ( Xy -1) g*‘[exp[x (ﬂzn +1- -5')]‘1]}
d 1
Then, the average nodal true quality is
_ Az~ _ Az~ 1
Xen,+1 [Xth 2 F X\B2 (Azn +1 2 )] Az (3.50)
1 1 n1+1
and
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(2) Bubble Detachment Point is in node n,+1.

1
The case is depicted in fig. 3.5.
|
P a | MNode n; | Node ny+l I
|"_ ﬂZrH '||' ﬂzn_l_l_'l l
| |
| AT S |
e 02 - AZ
I gfbr'iz |
| - -~ Power
| | | density
I | |
| |
l
: A2 41 |
T Rxg T |
[ r'- I } =
C Distance along
channel
Figure 3.5:
Channel with Border Zone.
Bubble Detachment Point (C) in Node n,+1

1

The thermodynamic quality distribution in border zone of node
n,+1 is

B 2_ 2 ) B 2
x(z) = xgtn,(z"-2 g5 * nz(z zx) = Ngtnyz M,z (3.52)

where Ng: Ny and n,are defined by egs. (3.34-3.36) with D
and Azn in (3.35) substituted by D
tively.1

PN,n

1
+1 respec-

PN,n,+1 and azn

51 1

The thermodynamic quality at border zone exit is

Xpge = Mo * Ny (827 + ny(a2) (3.53)
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The true quality distribution in the border zone is the same as
in eq. (3.37). The average true quality within the boiling part
of border zone is

n n
1 = 1 -3 3 .M -2 2
xth—Az—_—{no(ﬂz 240 t 3 [(Az )=z 7] + 5 [(8z )72, 7]
-z
xk
(3.54)
x [exp(- Lz 2 -2, 3] 1)
Xq L&XP X xk X xk z
d d
where
Az" n n
Ié = f exp(;l 22 + ;g z) dz (3.55)
zx d d

which is evaluated numerically.

Thermodynamic and true qualities outside of the border zone are
given by (3.46-3.47) and (3.48) with Xpoe given by eqg. (3.53).
The average true quality in the region outside of the border
zone 1is given by eq. (3.49). The average true quality and void
fraction in the boiling part of the node are given by

_ Y Az~ 1
epm = Koo (82 “20) * X, (8% TN m R ) (.26)
1 n1+1 dk
gy = B(xygyP) (3.57)
The average nodal true quality and void fraction are
- = - Az~ 1
th1+1 = {x.p,(8z -z, ) + xtNBz(Azn1+1 5)} e .- (3.58)

1
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&zn +1 -&zdk

BMk Ry (3.59)

n.+1 =

® Nodes without Border Zone

Egs. (3.30) and (3.32) are valid for nodes which lie downstream

of node nl+l.

3.3.3 Steam Quality and Void Fraction Distribution_at_Working

e e e B e e e e e e ]

At the working point p is equal to zero; hence, equations (3.15)
and (3.17) become respectively

M A (VnPn)/(Gkhsw) (3.60)
and
VP A P ’
=_nn 4 - tkn
dx = L A dz = Eh dz (3.61)
k'sw n k sw

where P in (3.61) is to be replaced by P(z) if the element is
in a border zone.

The equations are obtained from those for transient calculations
by substituting p = 0.

3.4 Coolant Mass Flow Distribution

Under quasi-static conditions, the total pressure drop along the
k'th nodal column is given by

Apk = ﬂpsk + &ka + ApAk t Opry (k:l""’nxy) (3.62)
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where Apsk’ Aka and &pAk represent the pressure drops due to

static head difference, friction and fluid acceleration respec-
tively. The term ﬂplk represents mainly the pressure drop due

to inlet throttling; however, effects of spacers, elbows, etc.

may also be included in this term depending on the structure of
the reactor core.

For the present case, the total static pressure drop is

] kn
sk = _2— 2 zdk(pwE+p') + Z

-_-k_
n=( l)nz+ndk+2

Ap 2

g Azn[(l—an)p'+anp"] +

(3.63)
telbz -z )[(1-a

1 n
dk BM, k)P gy 1 P"]

where the three main terms represent respectively the static
pressure drops due to i) non-boiling region of the nodal column,
ii) nodes with two phase flow and iii) two-phase part of the
node with the bubble detachment point, OBM, k is the mean void
fraction within the boiling part of the node with the bubble
detachment point.

Friction pressure drop is obtained by summing the contributions
of the boiling and non-boiling regions and is expressed as

2 2 z
z G G H
_ Zaiwer S Ao+ 1y 4 "BrR %k S o[x(2),p(2)]dz (3.64)
Fe 4 a a2 P P 24 palz
Hk "k Hk"™ "k “dk
where hNFR and ABFR are the Darcy-Weisbach friction factors

for non-boiling and boiling regions respectively and obtained
from a correlation given by Moody (Mo 48). ¢n is the nodal
Martinelli-Nelson two-phase friction pressure gradient multip-
lier (Ma,Ne 48) defined as

¢n(xn,P) = exp{flxn/J1+f2xn+f3x;} (3.65)
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with

£, = 44.216 + 7.4282 x 107 p

f, = 12.645 + 4.9841 x 1070 p

£, = 17.975 + 2.5744 x 107 p (p in N/m?)
and

O,k = O (Kpy, 1P

The pressure drop due to acceleration of fluid consists also of
components contributed by the non-boiling and boiling regions,
and is given by

Gi 1 1 Gi (I—anz,e) anz,e
By =5 Gor - )+ - a+==—s,_ -1l
Ak Ai P PuE Aip‘ (1 Ukn ,e) : Xkn ,e kﬂz’e
z z
(3.66)
where Uyng e xknz,e and S represent the void fraction,

knz, e
steam quality and slip coefficient at the exit of node n=kn,, .

The pressure drop inlet throttling may be expressed as

_ 2
Aoy = Ty G (3.67)

where Iy 1s the channel inlet resistance defined as

_ 1
S T (3.68)

r —
2p CdAko

k

where Ako 1s the orifice area at the channel inlet.

Substituting egs. (3.63, 3.64, 3.66, 3.68) into (3.61) and re-
arranging the terms result in

Bp, =¥, + ykci (3.69)
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where
s knz
‘ 1,
¥ =78 24 (p pto")+ - g Az [(1-a )p'+a o"] +
n=(k=1)n_+n,, +2
e i 1 " .70
+ g(&znbk+] Azdk)[(l aBM,k)O +uBM,kp ] (3.70)
and
JfakheR 1o 11 a1y
k 2 p' o p 2 p'p
4 de Ak wE Ak wE
knz
. SN PV o Az ]+
2 4 p’Az BM,k ndk+1 Bk n n
HK" Tk n:(k-l)nz+ndk+2
2
: [(1 o e ( e s, ) -1] (3.71)
+ 1 # = tr :
Ai p' a 0lknz,e) 1 Xkn ,e knz’e k

Since the pressure drops Apk along the nodal columns are equgl
to each other, one can write an equation similar eq. (3.69)
for each one of the nodal columns and equate them to each other
in order to find a relationship between the flows of different
channels. For example, i'th and j'th columns yield

G. = [—i'—i + g2 & (3.72)

On the other hand, the sum of all channel flows is equal to the
total core flow; hence,

n
GE = ‘z [___?T_l + Gk §__] (3.73)
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Eq. (3.73) relates the flow through the k'th column to the total
flow GE.

Another useful expression is obtained by writing G, as a func-
tion of the total pressure drop between core inlet and outlet.
1f Ap, denotes this pressure drop (z&pZ = Apy. k=1,...
then

Myy)s

Bp, - Y 1/2
= [——— 74
G = [ Y ] (3.74)

The above presented quasistatic analysis for coolant flow dis-
tribution is used in the model also for the transient calcula-
tions.

3.5 Nodal Coolant Temperature Distribution

3.5.1 Transient Calculations

3.5.1.1 Channels without Border Zone
® Nodes with Single-Phase Flow
These are the nodes which are before the point of bubble de-

tachment. The coolant temperatures of these nodes are calculat-
ed from the following equations.

_ T
i T Tcni + (VnPn)/(Gkhw) . (3.75)
TCni = TE if n=(k—1)nz+1 ) (k=l,...,nxy) (3.76)
oy ]
Tcn T g (Tcni 4 Tcne) (3.77)
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® Nodes with Subcooled Boiling

The energy equation for the two-phase region of the node be-

comes as follows by assuming that void fraction dynamics are

sufficiently fast so that a-terms may be dropped out, and that
the steam phase has the enthalpy and temperature of saturated
vapor at all times:

(A/6) [p"h"P + h"p" + (1-a) pPh + (1-a) p ho-1]p +

+ (b" - h ) (dx /dz) + [xh"P + (1-x.) bP] (dp/dz) + (3.78)
+ (1-x,) b (a1, /dz) = a/G,
But,
- Bt T
h,=h' - h [T, - T (2)] (3.79)

Substitution of hw from (3.79) into (3.78), then multiplying
both sides of (3.78) by dz and rearranging its terms yield

A
1 k 1 "ean b
= T {%_ "G, [p"h™® + hp™® + (1-0) pg b, & -0 pwhg =&
(l-xt)hW k k

(3.80)
T dxt P py dp
- [hSw +h (TS - Tw(Z))] e [xth" + (l-xt) hw] dz} dz

The term dxt/dz in eq. (3.80) will be substituted from the em-
pirical subcooled boiling correlation, p is obtained as in eq.
(3.120) of section 3.7, (dp/dz) is taken as constant for each
node and calculated from the nodal pressures by interpolation
as

~dp _1
Pon " dz = 2 [

PP P_-P. _
0 5?321 Yt TS :Ezl 5! (3.81)
’ n+1 n . n n+1
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Integration of eq. (3.80) gives the ligquid water temperature
distribution in the two-phase flow regions of the channel.
Once, the liquid water temperature is known, the bulk tempera-
ture of the two-phase mixture is obtained from

TC(z) = Tw(z)[l-xt(z)] + Tsxt(z) (3.82)

® Nodes which Carry the Point of Bubble Detachment
a) Case without Boiling Boundary

The case is depicted in fig. 3.6. The temperature is assumed to
increase linearly from Tni' which is obtained from (3.75), at

point A, to T -AT4 at point C. The true quality distribution

from C to E is given by eq. (3.24).

Tt Node boundaries
IR R 1
T AT [ &
Distance along
channel
Figure 3.6:

Channel without Border Zone. Node with
Bubble Detachment Point (C), without
Boiling Boundary

Then,

dx /dz = Sn - gnexp[(gnfxd)z] (3.83)

where gn is defined as in eq. 3.25.
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Substituting (3.81), (3.83) and q = VnPn/ﬁzn into (3.80) gives

1) VnPn Ak P P P P .
dTW = «E Z/X {G Az - G_' [p h™ +h P +(1_un) (pWhW+pWhW)-1]P-
hT(l-x -§€ z+x e % d) kn ]
w d °n d
£ z/x £ z/xd
-[hy bl (T T (2)1E (1me " D-[(0P-bD) (xy#E z-xge T +nPlp, Ydz
(3.84)
where
oy = [(p"=p ) (T T /(T T ) 1¥p,
is used.
From (3.84) Tw(z) is obtained by numerical integration as
_ z
Tw(z) = TS-ATd + g F(z)dz (3.85)
Tc(z) is then obtained from (3.82).
Then, the average nodal temperature becomes
(T -AT #T .).Az Az -Az
_ s d "ni dk 1 n dk
TCn = 5 &Zn + ——; { Tc(z)dz (3.86)

b) Case with Boiling Boundary

The case is depicted in fig. 3.7. The boiling boundary location,
point D, is obtained from eqgs. (3.84) and (3.82) by finding the
value of z=z, which gives TC(ZB)=TW(ZB)= T,. Then, the distance
of boiling boundary to node entrance is given by
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® ¢ *w~F/ Node boundaries:
. |

I

l

I

|

|
|
I
|
[
|
I
lD Distance al
C istance along
Z; et channel

Figure 3.7:

Channel without Border Zone. Node with
Bubble Detachment Point (C) and with
Boiling Boundary (D)

Azbk =zp t Azdk (3.87)

The average nodal temperature is given by

(T AT GHT )2 ; T (8z -0z, ) 5 3 IAzbk'ﬁzbk

cn 2 Az Az Az
n n n o

2

(3.88)

where Tc(z) is to be obtained from eqgs. (3.82) and (3.84).

® Nodes without the Bubble Detachment Point

a) Case without Boiling Boundary

The case is depicted in fig. 3.8. The true quality distribution
within the node is given by eq. (3.30).
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Figure 3.8:

Channel without Border Zone.
Node with Subcooled Boiling,

L

channel

without Bubble Detachment
Point and without Boiling

Boundary
Then,
dx . £
t
@ b hhemG g =D

where gn is defined by eq. (3.25).

Introducing (3.89) into (3.80) yields

VP
4dT = 1 n

i

A

v *ni n”
R D

T
h, [l-xni-gnzﬂcd exp( r

+ (1) (p P tp b P)-11p - [h+h (T_-T (2))][1-exp(

Z
n

X .
- _ _ni
[(xni+gnz xdexp(xd ¥ X3

(nn _ k
Gkazn Gk

xni
—=+

Xd

1)) P-h Py + 1 P] p. ]

L
g

[p"h"p+h"p”p +

n
%, =
d

(3.89)

D] g -

(3.90)
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from which Tw(z) is obtained by numerical integration. Then, edq.
(3.82) gives Tc(z) as

T.(2) = T (2)[1-x (2)] + T x, (2) (3.91)

Then, the average nodal temperature is given by

Azn
TCIl — (lfazn) { Tc(z)dz (3.92)

b) Case with Boiling Boundary
The case of shown in fig. 3.9. The boiling boundary location D
is obtained from egs. (3.90) and (3.91) by finding the value of

z=Zg, SO that TC(ZB)=TW(ZB)=TS. Then, the distance of boiling
boundary to node entrance is given by

Az = 2 (3.93)

I.-— Node Boundaries =i

I
|
|
I
l

L »

Dist&%ce along

|
I
l
|
I
|
|
- channel

Figure 3.9:

Channel without Border Zone.

Node with Subcooled Boiling, without
Bubble Detachment Point and with
Boiling Boundary (D)
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The nodal average temperature is obtained from

A ey W
Zpk (Az ﬂsz)TS
Az (3.94)

n n

c) Nodes with Normal Boiling

These are the nodes that lie downstream of the boiling boundary.
Their nodal temperatures are given by

T =T (3.95)

3.5.1.2 Channels with Border Zone

Let us assume that a border zone is present in nodes n, and n1+1.

® Nodes with Single-Phase Flow

Coolant temperatures of the nodes from channel entrance up to
index n,-1 are calculated by using egs. (3.75)-(3.77).

If the bubble detachment point is in node n,+1, n,'th node also
has single phase flow. That temperature at the border zone en-
trance is obtained from (3.14). The nodal temperature is given
by

Az

— it -— — - P -
T = TBzi+Tcni (&zn 2 )+ 1 (T Az *_Atk(Pn+l Pn) (Az )31_Atk n (ﬂz )2}
cn 2 Az Az Bzi 2 T - 2 T 2
n n 611w Gk Az 2hw Gk

(3.96)
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® Nodes with Subcooled Boiling

- Bubble Detachment Point in n1+1'th Node

The case is shown in fig. 3.10. If the bubble detachment point
1s in node n1+1, the nl'th node has only single phase flow and
(3.96) is valid. The following temperature distribution 1is
valid within the one-phase flow part of the border zone:

4 Atk P(z)
= o+ ) —d
TBz(z) Tle g hT %
w O
(3.97)
Atk (Pn]+1dPn]) 2 Atk n1
= TB P T Z + z
z1 =
2 hw Gk&z h Gk

The temperature at the node exit is obtained from (3.97) by
substituting z=Az" /2.

P,TC
4

Node n]——-ll-— Node n]+1 —

1

- |
- BZ_ofe AZ Power Denbity
2 | 2 / I

l
|
|
- |
I
|
|
|

[

I
/ Temperature

C Distéhce along
channel

o

|

[

Figure 3.10:

Channel with Border Zone. Node with Subcooled

Boiling. Bubble Detachment Point (C) in Node n,+1

il
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The temperature up to point C is also given by (3.97). At point
C, both vapor and liquid water temperatures are equal to
TS-ATd(sz). Beyond point C, egs. (3.80) and (3.82) will be
used to obtain Tw(z) and Tc(z). The true quality distribution
within the border zone is given by (3.37); hence,

n
dx_(z) 2n, Moy Ny 2 2 2
£ S _~ i )+ —(z—z
= +21n.,2z-%,( z+—) exp(—(z"-z
aa Moy ﬂl d Xy Xy X3 xk X

<’ (3.98)

where z is measured from the beginning of the border zone. On
the other hand,

q = A, p(2)

Then, eq. (3.80) gives

dT A P(z) T dxt i p
= tgk - [h +h (T -T (2))] = [x @n"P+(1-x )b]lp, | -
(3.99)
IPORE RN Ph +p 1P)-11p}/(1-x, (2))h,
- E;[D h=ace +(1_aﬂ+])(pw W DW w P L w

which is to be integrated from z=z, to z (z < Az") to obtain
Tw(z).

Then,

Tc(z) = Tw(z)[l-xt(z)] + Tsxt(z) (3.100)

I£f TW(ZB) =y is reached before the end of the border zone is
reached

(A )T

Za+el “%bk’'s  (3.101)

Az
n+1

z z

1 xk 1 B

Tc:n+l =2z, 'r- TBz ()dz+ Az / Tcn+] (z)dz+
n+l Az n+1 Z

2
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where Tcn+1(z) is calculated from (3.99) and (3.100). If this is

the case, Tci=TS for nodes with i 2 n1+2 in the channel.

If Tw(z)<‘I‘S at the end of the border zone, continue integrating
(3.80) in the remaining part of the node. Now, eq. (3.48),

4= (PpyqVpeg)/ (Bz;9)

(3.102)
and
dxt/dz = - exp[(sze/xd) + (E/xd)z'—l] (3.103)
should be used in eq. (3.80).
If Tw (z':zB)=TS is reached before the node exit
1 Zxk 1 Az~
T =—w— [ T. (z2)dz+—— [ T (z)dz +
cn+l Azn+1 Ko Bz ﬂzn+l sz cn+l
2
(3.104)
A
B (Az -Az, . )T
1 . 5 n+l bk S
+ i J Tcn+l(z )dz' +

Az
n+l n

If this is the case, TCi = TS for nodes with 1 2 nl+2 in the
channel.

If Tw(z’) < T, at the node exit, Tonel is found by using the
equation

- Az
T = jfk'r (z)dz + — '3 ( T
cn+l A - z)dz T z)dz + [ ' '
- & Zn+1 Az Bz ﬂzn+1 ZXk cn+l A il 1 T +](Z )dz
2

(3.105)
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- Bubble Detachment Point in Node ny

a) Node n,:

The case is depicted in fig. 3.11. The temperature at border
zone entrance is obtained from (3.14). The temperature distri-
bution between B and C is given by (3.97). The true quality
distribution in the border zone is given by (3.37); hence
(3.97), (3.98) and (3.99) are valid. Integrating (3.99) from
Z = Zoy to z (z £ é%:) gives Tw(z).

P,T
c
t ,
l-q—— Node n-l —-l
| I
{ o Az7 ]
[ 2r”’l,, Power Density
| / |
| |- Temperature
I r_ﬁ—z
B C Distance along
channel
Figure 3.11:

Channel with Border Zone. Node with Subcooled
Boiling. Bubble Detachment Point (C) in Node n

Temperature Profile in Node ng L

Then, Tc(z) = Tw(z) [1—xt(z)] + Ts xt(z).

If TW(ZB) = TS is reached before the node exit

Az~
(Tnli+TBzi) ('&zn] ) ) 1 zxk
Tcn B 2 Az * Az / TBz(z)dZ *
n, n, o
(3.106)
] Zp (i\znl-ﬂzbk)Ts
* &zn / Tcn] (z)dz + Az
1 %xk |
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= 1 >
I1f so, Tci TS for 1 2 n1+1.

AZ=-
If T, (55-) < Tg,

Az : Az
(Tn]i"'TBzi)(ﬂzn1 2 ) 1 Zxk 1 2

Tcu - 2 Az *-Az S TBz(z)dz*-ﬂz / Tcn(z)dz
1 S T %k

b) Node n1+1:

(3.107)

The case is shown in fig. 3.12. The true quality distribution
in the border zone is given by (3.37). Therefore, eqgs. (3.97),
(3.98) and (3.99) are valid also in this case. Integrate (3.99)

from z = Az /2 to z(zsAz ) to obtain Tw(z) and Tcn+1(z).

I
(/j//,/” Power Deﬁ%?{y
.
A S
_-Il mature |
|
H—

|

|

; |
[
|
|

A = Hode fp—epe Node A+ o
I
I
|
I

\

|

| |

: —t—t> z
| |

B ¢ - Distance along

channel

.

Figure 3.12:
Channel with Border Zone. Node with Subcooled

Boiling. Bubble Detachment Point (C) in Node n, .

Temperature Profile in Node ng .4

If TW(ZB) =Ty is reached before the end of border zone

Zp (&Zn1+1_'Azbk)Ts
1 dz
T = f + :
en+1 Azn1+| Ao &znl+l

2

(3.108)
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= 1 >
Then, Tci TS for 1 2 n1+2.

If Tw(&z_)<Ts, then continue integrating (3.80) in the remaining
part of the node. Now, eqg. (3.48) and q = V

n,+1 Pn1+1/&zn1+1
should be used in (3.80).

If Tw(z'zzB)=Ts is reached before the end of node

z

Az~ B (Az_ =Dz, )T
1 1 n+l bk’ s
T il f o (z)dz+—— [ T (z)dz + 3.109
cn+l Aan “%: cn+l fszn_'_l & cn+l f‘_".zn_‘_1 ( )
2
o= z .
and TCl TS for n_n1+2
. _ _ .
If Tw at z' = Azn+1 (&Z'/Z) 1s less than Ts' then
- Az
- » z)dz + 3.110
cn+l 'ﬂzn-!-l Az~ cntl gt :': Tcn+l(z)dz ( )
2

c) Nodes Downstream of n1+1

Egs. (3.89) - (3.94) are valid in this case until the boiling
boundary is passed. After the boiling boundary is passed eq.
(3.95) is wvalid.

At the working point p = 0. The equations for calculations at
the working point are obtained from those for transient calcula-
tions by setting p = 0.
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3.6 Nodal Fuel Temperature Distribution

Starting from the steady state Fourier heat conduction equation
and assuming that the heat conduction coefficient AF varies with
the radial fuel rod temperature TF(r) according to the relation

ATp()] = A /[1 + CTp(x)] (3.111)

one obtains

_ T, , Fpn _ _ i £ < 1 '
i Tan-'- (Tan+ ”C?\) (e cF];m ])ICFPH k CFP“ w
T (3.112)
T i "
+ if <1
Tyt (1/2 chn)[TanH/c_x (1/3ey)ep 1 1f epy
where Tan is the nodal fuel surface temperature, Cppp 18 @ di-

mensionless parameter defined as
o 2, T
CFpn = SF) raPnCA/(aevFAFc)

and Ep is the percentage heat power which is lost directly
through y-radiation to the coolant and to the structure

(55 = 0:05)y

The fuel surface temperatures T and the canning temperatures

Fsn
TFcn are obtained from the heat transfer condition as
Tan = TCn + (1—aF)raPn/(2aFnavF) (n=1,...,N) (3.113)
TFcn = TCn + (1-8F)rciPn/(2ucnst) (n=1,...,N) (3.114)
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with the overall heat transfer coefficients

1 1 fa U ea.. 1
= +5— 1 In + (3.115)
, o ,
an OLwcn rca kc a rﬂl G
1 i 1 Tea
S i =1, In— (3.116)
0La:n wen rca kc et rCi
where
- = nodal heat transfer coefficient from canning
to coolant,
aq = nodal heat transfer coefficient from fuel sur-
face through the gap to canning,
Ao = heat conductivity through the canning and
r _, r_. = outer and inner radii of the canning.
ca ci
The values of CE— different for nodes with one- and two-

phase flow such that

o = a if n=(k~1)nz+1,...,(k~1)nz+n

wen wen, 1 dk
%en = %en,2 if n=(k-1)n_+ng+2,...,kn_
%9en [awcn,lazdk+awcn,z(ﬁzn-Azdk)]azn ik n=(k-1)nz+ndk+1

(=105, ) (3.117)

The above equations are used in transient calculations as well
as calculations at the working point.

3.7 System Pressure

Consider the top plenum, shown in fig. 3.13 schematically. The
total saturated steam and the total saturated water entering
the plenum are given by
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n

43%, ?"(; (3.118)
Gy = L ka'knze :
k=1
Pxy
i - = - = . (3'119)
Cym ~ kia €6 ¥nze! = Ce™%m = Cwpe™Crw Osu

Steam

— 2-Phase Mixture —

i I\

G =150, ) Gy

Figure 3.13:
Model of the Top Plenum

nXY

where GE = 2 Gk is substituted in eq. (3.119) by assuming that
quasi—statigzéonditions apply.

Writing the mass and energy balance equations for the control
volume defined by the plenum results in the following expres-

sions for pressure p and water volume V,

wr D the plenum:

e, G + £

P = (E7€)) Ggy = &) Ggp + €y Gpy (3.120)

= — ] - ik -
Var = o7=p" Oy = Csrl ~ OP | (3-121)



w BB

where
_ 1 1P up - 3.122
- 3.123
e = 0'hy /R Vi thy V) : )
e, = €.p"/p' (3.124)
2 1
with
\ (3.125)
21 = hsw(p"pp"-p"pp')+(b|_p") (hllppr_h'rppu)
(3.126)
%, = b 0'0"P+(p"-p") (b"Pp"-1)
Transient behaviours of p and Vyr are obtained from
I oz
] . .
VerF = Vers * E-(VWTB+VWTF)at (3.128)

where At is the time step that is used during the transient

calculations, and the subscripts B and F refer to parameter

values at the beginning and the end of a time step respective-
ly. The derivative terms in these equations are evaluated by
using egs. (3.120) and (3.121).

3.8 Wwater Level in Top Plenum

Two options are available in the model to calculate the water
level in the top plenum. In both cases the average steam quali-
ty Xq in the two-phase portion of the top plenum is assumed to
be equal to the weighted average of the steam qualities of the
flows entering the plenum. That is,

Xp = GSH/GE (3.129)
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and the average void fraction Yo of the two-phase mixture in
the top plenum is obtained from the Bankoff two-phase correla-
tion using X
In addition, the water volume and water level at the working
point are assumed to be given. Then, the free water surface
area Aq is estimated from

Vur

AT ZWL(I-YT) (3.130)
working point.

® Option I (IWLDY = 0)

In this option the following quasistatic equation is used to
estimate the transient water level:

Vit

ZwL = A (v | (3.131)

Here, ZL.’ VWT and Yp are the current values and AT 1s as cal-
culated by eq. (3.130).

® Option II (IWLDY = 1)

This option represents another approximate but more sophisticat-
ed approach and includes the condensation and flashing effects
due to pressure changes.

Mass balance for the volume which changes in time and lies below
the water surface requires that

G

G ~Cgmy

. n - =
ATZWL'é% [01(]_YT)+p"YT]+ZWLAT[p'(I-YT)+D Yl = Ggu*Cym
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where Ggmq is the steam mass flow rate passing from the two-
phase mixture to the plenum top where only steam exists.

Energy balance for the volume that lies below the water surface
gives

ATzwﬁ-é%-[Q'h'(1-YT)*0"h"YT—P]+éWLAT[O'h'(l‘YT)+D"h"YT'P] =

(3.133)

— 1 = n b
= 0 (GG )t (Ggy=Cgry)

Multiplying (3.132) by h" and subtracting from (3.133), and
arranging the terms result in

h
SW (3.134)

1 o o - I 1 Y o -
[p? (1 YT)hSW+p] Zur ZWlep 2P By Yo (GFW GSH) A,

In order to avoid iT-term in the above equation following modi-
fications are introduced. First, note that

d . _ _ s . (3.135)
Telle' Q-yph  telz b o= [o" (1 YT)hsw+p]zWL+ZWLp M

. 1 e ' uP_, 1Py
+ ZWLD'p(l'YT)hSWP‘ZWLD By, Vg2 P Yo (™ 0P

Making use of eqg. (3.135) to eliminate Yo from eq. (3.134)
gives

é%(z) = (B Cap) 2&? + zWLBﬁ (3.136)
where

Z=[p'(A-yph  + plzy (3.137)
and

B=(p" - p') yph"Prp'n'P (3.138)
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During transient calculations, first the value of Z is deter-
mined and then ZyL is estimated from eq. (3.137). Transient
behavior of Z is obtained by using the following expression

: . <’* 3_@
_ l1_ - -
bp =2y + 3 (Zy + Zyihe (3.139)

where the time derivatives are calculated from eq. (3.136).

3.9 Feed Water and Outlet Steam Flow Rates and Water Volume
in Top Plenum when Pressure is Controlled (Water Level
is Constant)

3.9.1 Feed Water_ and Outlet Steam Flows_are _not Prescribed

If system pressure is controlled and if the water level in the
top plenum is kept constant, then the corresponding feed water
and outlet steam flows are calculated as follows.

Mass and energy balance equations written for the top plenum
volume has yielded egs. (3.120) and (3.121).

In addition,

- _ Ap (3.140)
LY

® Option I (IWLDY = 0)

In this case,

Vur

L W . : (3.141)
or in differential form

&YT

& o . (3.142)
Var = “ApZgYe = “ApZin A
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where Ay, is the change in the void fraction of 2-phase fluid
in top plenum during the time step of length At.

Substituting (3.140) and (3.142) into (3.120) and (3.121) and
solving for G

ST and GFw yield
€ (O'-p")a -1 T_ A1
Cgp = Gy + —2 = )1 ey EZEE_,ELE.ATZ AYp
-.E"' - ——
) At €€, WLAE (3.143)
and
e, (p'-p™86. -1 e . (p"-p") Ay,
_ 1 1 fMp 1 T
Cpy = Cgu * (e,-€,) At (e,-€,) Ar ZuAe (Felhie)
Calculation of Ve is done from (3.121) according to
A=l @ sy (3.145)
WL~ 2 “'wr T Vyrp! TRt :

® Option II (IWLDY = 1)

Writing the mass and energy balance for the control volume
which lies under the free water surface in the top plenum, and
then making the necessary operations yield

h
. 1 . SW
Bip * PThg Yy = Kz s O (3.146)

where

3.147)
By = (I=-v)(p'n'P-g'P P ¢
I ) (P ' h ) + Ypo"h""P-y

If Ayq is the change in the void fraction of the two-phase fluid
in top plenum during a time step At, one can write Yp=Ayp/At in-
to (3.146).
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Solving for GFW from (3.146) gives

Az B | Ay
G... =G - _TWw'l Ap _ T

' |
mw = Csn h At ApZinw® Rt (3.148)

Substitute (3.148) into (3.120) and solve for Ggrp to obtain

AP 1807
h ¢
sSwW

Ggp = Cgy [

£ z p'ﬂ
] %3 _ St Ay (3.149)

1 t E] At

From (3.148) and (3.149)

0. S [ATZWLB](81~52)+hSW] Ap _ [ATZWLD'(E]_EZ) Y
FW ST T At e 1 N (3.150)

Substitution of GFW'GST into (3.121) vyields
. z B (e,~€,)+h L.
Vo = - AT WL'I l'l 27 sw £ 0.1 Ap ATZWLD (El 82)] AYT (3.151)
(p'=p"h_ e, 1" At G i
from which ﬁVWT is calculated as
_-]_ - - .
Mor =5 (Vipg *+ V) +At _ .15

If system pressure is controlled, and if G_.,. or G is speci-

ST FW
fied freely as a perturbance, then neither the water volume

nor the water level in the top plenum can be kept constant.
Moreover, both G and Gp

. ST W
in a pressure controlled run.

cannot be specified simultaneously
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1f G, is specified, then Gy is obtained from (3.120) as

FwW
Cst - [(e.;él)c + S (3.153)
€ 1 =25y €0 P1 :
If Ggp is specified, the same equation yields
1 -.
Gpy = = o [(e,-€,)6gyme Ggymb] (3.154)

2

Water volume V and water level z are obtained as in sections

WT WL
3.7 and 3.8.

3.10 Thermodynamic Properties

Thermodynamic properties of coolant water, which are available
at the working point, are modified during the transient calcula-
tions according to the following expressions.

pr =p', +pP

p!l = pi + p!lp {ﬁp

A

h' =h'_ + h'P Ap
w

h!l - h!! + hﬂp &P
w

(3.155)
T =T +TP ap

i ¥ e o
hpw = Ppyy * By (Tpy = Tpy)

W (TE - TEw)

hE = ha * hw (TE - TEw)

o
]
1
=
=
+
o
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where Ap is the difference between the pressure at which the
properties are desired and the pressure at the working point.
Normally, the properties at the mean pressure during a time
step are used in calculations unless a specific equation re-
quires otherwise, e.g. equations (3.127), (3.128), (3.139).

4. XENON-IODINE DISTRIBUTION

Xenon-iodine dynamics are governed by the following set of dif-
ferential equations:

5 X X
Xen B Yx(Zfln gln ¥ Zf2n GZn) - kxxen+lIIn-(zaln 0ln ¥ Za2n qjZn) Xen

(n=1,...,N) (4.1)

T = - I
=7 20 %90 ™ Ma L

Ty sz NJ (4.2)

w%th the initial conditions Xen(t=tw):Xenw and In(t=tw)=Inw
given at the working point t,

Introducing the expressions for an and QZn as given by egs.
(2.15) and (2.16) and defining the xenon absorption factor as

_ ¥ X X -
rnw B (8nw D zaln/(anw zflnw) ¥ za2n/(8nw sznw) (n=1,...,N) (4.3)
egs. (4.1) and (4.2) become
Xe = x P -(A_+ n P ) Xe +X (4.4)
n EEff n X Eeff n en+ IIn
Yy I (4.5)
In “E Pn ~ M
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The steady state xenon and iodine densities are obtained from
the above two equations as

(v, +Yp) By

= 4.6
n Aerff-i-anPn ( )

Xe

= Y/ Cegety) (4.7)

Transient calculations are carried out by using the following

equations:
_ l . - .
InF - InB % ( nB+InF)At (o =1,...,N) (4.8)
{8 . ' _
- ety =1,...,N 4,
Xe ., =Xe 4+ 3 (xEnB+XenF)at (n yore,N) (4.9)

where the time derivatives are calculated from eqgs. (4.1) and
(4.2).

5. MODIFICATION OF POWER DENSITY DISTRIBUTION EQUATION

In principle, the core power density distribution may be solved
from egs. (2.35-2.39) by iteration. However, difficulties arise
in practice due to the strong thermodynamic feedback effects,
which deteriorate the convergence rate of recursion and even
result in instability. This difficulty is greatly eliminated if
those terms of 6 L which are directly proportional to 6 P are
transferred to the left-hand side of the equation.

5.1 Power Feedback from the Coolant Temperature Term

The term 6rTcn in eqgs. (2.37-2.39) is normally a function of a

relatively large number of variables and affected by a change
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in any one of them. Let us write arTcn in terms of two compo-

nents as
6T =6 T + 6 E (5.1)
r cn r cn,p r cn

Here, the term 5rTcn,p is the part of change 1n normalized TCn

due to a change only in normalized power distribution and can
be estimated as follows by taking only the first order changes
from the working point:

n+l
- T A, S P,

§ T T
rensP jo(k-Datl J (5.2)

where the coefficients Anj are defined as in appendix 1.

During transient calculations, the value of GrEcn corresponding
to a time step is calculated not around the working point but

from the following expression:

_ 1 5.3
6 E = I (T ) ( )

=T
r cn CN cnF enB

Here, Tan and Tan, which represent the values at the end and
the beginning of a time step, are calculated from the nonlinear
equations keeping the power terms P, at their levels which exist
at the beginning of time step but allowing the other variables
to change.

5.2 Power Feedback from the Fuel Temperature Term

Taking the variations of eq. (3.112) and normalizing the terms
one obtains

1]

6T, =8, & TCn +S, 6P (n

r Fn In r 2n rn 1,...,N) (5.4)

where the coefficients Sln and S,, are evaluated at the working
point and given by
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8, = ToBus /T (n=1,...,N) (5.5)
= = 5 .6
SZn PNDTFPn/TFN (n =1, ,N) (5.6)
with
D = 1+cF (TFnW_TanW)
TFwn A 1+CT T (5.7)
A “Fsnw
T
1+C, T
= ;L Fnw T T -T
Preen ~ Crr T )+ Cpp(lsc) T oy - o Fonw (5.8)
I+C, F nw P
A " Fsnw nw
and
C.. = Eﬂfl:?F)
RF 205 Eyp (5.9)
raz(l—aF)
Crp = (5.10)
TF .
4 ApcEyp
Substituting 6rTcn from eq. (5.1) into (5.4) gives
¢ 83 (5.11)
T =8§ ) A .8 P, 5.11
r o s : rPJ] * SZnarPn * 5rEFn

i=(k l)nz+l

with 6rEFn = SlnarEcn’

The coefficients of the power terms in eq. (5.11) are evaluated
at the working point. The term 6 Epp is, however, interpreted

as changes in normalized TFn due to changes of variables other
than power. During transient calculations, the value of 6 Ep,

corresponding to a time step is calculated not using a linear

expression around the working point, but from the following ex-

pression:
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R _ ! (5.12)
§ Ep = T;;'(TFn,F Ten,B)

TFn,F and TFn,B are calculated from the nonlinear equa-

tions keeping the nodal power density values at their levels

Here,

which exist at the beginning of the time step, but allowing the
other variables to change.

5.3 Power Feedback from the Void Fraction Term

The term Gran in eqgs. (2.37-2.39) is composed of two components
as

(5.13)

Here, the term ar”np is the part due to a change only in nor-
malized power distribution and is calculated by considering on-

ly the first order changes from the working point as

n+l '
o = Z W .6 P, (5.14)
j=(k-l)nz+1 0 xd

where the coefficients an are defined as in appendix 2.

During transient calculations, the value of 6rEan corresponding
to a time step is calculated not around the working point but

from

1 (5.15)
6rEom = -OL_N (anF-anB)

Here, O and a B represent respectively the values at the end
and the beginning of a time step, and are calculated from the
non linear equations, Kkeeping the power terms Pn at their val-
ues which exist at the beginning of the time step but allowing
the other variables to change.
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5.4 Modification of the Power Matrix

Substituting egs. (5.1), (5.2), (5.4), (5.13) and (5.14) into
(2.37) gives

6n_ = én_, + 6F (n=1,...,N) (5.16)

n nl non

where

én

[ ae -1

= n {waw(n)srxen+FFww(n)GrEFn+Fwa(n)GrEcn+FAww(n)GrEan+

nl nw v Fuww(n’r)arunr}

1

(5.17)
and

SF (5.18)

mn = R I8 P =
i

|| e I -

R_(3)8 P.
1 nn - s |

where [R is an N-dimensional vector whose elements are defin-

nn]
ed as

R _(j) =n_F_ _(n)

nn nw Fww n

(n)Anj+nnwFAww(n)wnj

'S]n'Anj+ nw'Fwa

for j=(k—1)nz+],...,n—1 and j=n+l] (5.19a)

j) = . . . i W_.
Rhn(J) B nnwFFww(n) S2n+nnw P-‘-E‘n\ﬁ.@f(m)sanan._‘|-m1'11r.|:rFC:-m(n)ﬂn;j+nIn.ﬂrFJ'&\‘.ﬂ'w(n) nj

for j=n (5.19b)

_Rhnﬁg) i for j > n+l or j < (k—l)nz+1 (5.19¢)

Similarly, substituting egs. (5.1), (5.2), (5.4), (5.13) and
(5.14) into (2.38) gives

62aln = 62aln,l * 6Faln (5.20)



with
X F e
% in,1 = L XeyS Xe +ITp\6 E, +XT\6E, +
al al al
(5.21)
D , R
L uN{SrEan-F Az f Clnr&zalrUCNGUnr
al n r=1
and
N (5.22)
V8 P. )
_ spl= ¢ R (3O
SF 10 R 1, 01% o, alnT T

]

where Raln is an N-dimensional vector with elements defined as

F C D o
R .(G)= % TS, A.+ Z T, A .+ L poW.
alnd aia FN'lnn) 4, CN'nj . Oy nj
for j=(k'1)nz+l,...,n—1 and j=n+l (5.23a)
F F "
aln FN"2 S A.+ £ T A .+ 53 -
aln % oin FN In nj aln CN nj a1 p aN nj
for j=n (5.23b)
j for j > n+¥l or j < (k=T)n_+1 (5.23c)
Ra]n(J) =0 or ] Dn,

Substituting eqs. (5.1), (5.2), (5.4), (5.13) and (5.14) into
(2.39) gives

= (5.24)
62190 = 029n 1 ¥ Fypy



with
. . F C
) = 7 Xe.6Xe + £ T.8E. .+ I T.8E +
12n,1 120 Nr mn 120 FN r FN 120 CN'r cn
b R (5.25)
+ I poa8B 4= I Cp A Ued:lar
12n n r=1
and
p (5.26)
8F 5y = [Ryp, 108, P = jiz Ryon(1I6.F; ’
where R12n is an N-dimensional vector such that
F C D o
R, (3= 2 TS A.+ Z T, A.+ I poW.
12n 190 FN In nj 190 CN nj 120 aN nj
for 3=(k—l)nz+l,...,n-1 and j=n+l (5.27a)
F C F D a
R, (=% 7.8 A.+ % T . A.+ I T .S + I poW.,
12n B T Vv S T S S & ¥
for j=n . (5.27b)
RippG) =0
(5.27¢)

for j > ntl or j < (k4l)nz+1

Substitute egs. (5.16), (5.20) and (5.24) into (2.36) to obtain

6L =06L . +086L. +6F

rn r nl r NL r Ln (5.28)
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where
Oy = ~ BB, GO0, o P08 s 1 o W O T
M
3 (5.29)
+ I [(Pn /PN)wn wﬁnn l.] { ’
m=1 m m m

8 Fy = =(B /BRI (8F ) #8F 1) W1t g™ P *

r L
(5.30)
M
: /P.) S6F__ 1
+ I[P /PW
m=1 nm N nmw nnm
and the nonlinear term

6rFNn = -(Pn/PN)(nn - nnw)(ﬁFaln & 6F12n) (5.31)

Substituting egs. (5.18), (5.22) and (5.26) into (5.30) yields
the following equation for & F

Ln
N
= L F § P
6rFLn [FFBTn][GrP] i=1 FBTnjw rF j (5.32)
where FFBTn is an N-dimensional vector with the elements defin-
ed as
+
FFBTnjw - —(Pn/PN)[nn ( (J)+R12 (J))+(Za1nw ElZnW nw n (3]
B ' (5.33)

+ I /PQuw, R (1

nwinn
=1 m m nm
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Then, the power equation (2.35) becomes

= +5 F
]éer 6anI r Nn (5.34)

o=

) [(pr)njw - FFBTI’I.jW

j=1

which is the modified power density distribution equation.

6. RESULTS OF PRELIMINARY TESTS

6.1 The Computer Code GARLIC-B

Based on the model, the digital code GARLIC-B ("Garching Real-
Time Core and Plant Model for BWR") was written. The develop-
ment of the code itself has also been a major work and, there-
fore, is not included in the subject matter of this reportl).
The details of the program structure, the arrangement of the

input parameters and the form of the output are described in

considerable detail in reference (Er et al. 81).

The code is aimed to be used on an on-site process computer in
parallel to the actual reactors process. Thus, special measures
had to be taken in order to increase the computational speed
and reduce the computer storage. It is written in FORTRAN IV
(H-Extended) language and tested on an AMDAHL 470/VI type of
computer. In order to save memory space, variable dimensioning
of the arrays is adopted and all arrays are stored into a pool
vector whose portion is changed during different steps of the
program execution. The variations in parameters during one time
step are calculated by using multiple iteration loops. Separat-
ing the neutron and power kinetics from the xenon-iodine dy-
namics, treating the neutron kinetics and most of the thermo-
hydrodynamics in a pseudo-stationary way, using coupling coef-
ficients to describe the neutron diffusion, using superboxes,

1) The code consists of some ninety subroutines some of which comprising as
much as 2 000 lines.
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taking advantage of symmetry properties of the core and apply-
ing sparse matrix technique for solving the algebraic power
equation system help reducing the computation time of the code.

6.2 Preliminary Tests Results

Preliminary test runs show that the model and the corresponding
code GARLIC-B is capable of calculating the transient behavior
of BWR power plants, although the accuracy of the results needs
to be tested yet. Five such runs are presented in Figures
6.1 - 6.5. A summary of the node partition and computational
information about these runs are given in Table 6.1. These
runs, especially those in which the system pressure is kept
constant, seem to be qguite encouraging and show that real-time
calculations are feasible. At present, further test runs are
carried out to test the model and the code under more severe
perturbations. The initial phase of tests and further modifica-
tions of the code and the model are expected to continue for
several months more.

7. FINAL REMARKS

The initial tests show that the model and the corresponding
computer code are capable to compute in real time the opera=-
tional transients of nuclear power plants with a BWR. Increas-
ing the computational speed and reduction of computer storage
were made possible by means of special measures such as separa-
tion of the neutron and power kinetics from xenon-iodine dynam-
ics, treatment of neutron kinetics and most of thermo-hydrody-
namics in a pseudo-stationary way, usage of coupling coeffi-
cients, combining coarse mesh elements into superboxes, tak-
ing advantage of symmetry properties of the core, making use of
sparse matrix techniques and utilization of several recursion
formulas adaptively. In order to improve computational effi-
ciency, further modifications on the model and on the methods
of calculation will be introduced when tests progress.
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Figure 6.1:

Transient Behavior of a BWR Nuclear Power Plant
Coolant Mass Flow Changed
(System Pressure Control, 1/4 Core, 16 Nodes)



Z-Axis

74

NODE PATTERN

w
[
>

Position of Rod Bank hio.9 (cm)
L i
- (=]
= o
j

12 16

0
Time (h)

24

82

o
o

5

ltean Pawer Density (W/en®)

»~
@

Power Density (W/ew'}

flean Kenon Uensity {xjen®)sin’®

Time (h)

|
|
EIEN 1 (16
HEE AR
12 | I
12 |
99 1010 G
sfa] | [wofw nu
| T2l7) | fslsi ||
sl | 1707 N |
3[3] A0 (s|s| |
[3[3] [ [a] [5]5
LI [ 1]y 2]z [ ] ]
X=Y Plane

(Numbers show control rod banks)

Void Fraction in Top Plenum (1)

Mean Fue! Aod
Temperature

llean Water Temperature {c)

Steam and Feedwater
lass Fiow Pate (kgfs)

[
o
o
o

Node boundary

Volume element
boundary

083

=
&
r

o
o

=

3
=
-

Time (h)

oo
@ =
a o

wooo;
oo
o a
T

o

~

=]
T

wm
o

2
=]
o

2824

282.2

282.0
1]

w
ra
=]

w
o
=]

280

Time (h)

Figure 6.2:

Transient Behavior of a BWR Nuclear
Control Rod Bank 9 Moved
(System Pressure Control, 1/4 Core,

Power Plant

16 Nodes)



NODE PATTERN

220

210

2004

180

Feed Water Temperature (C)

o & 8 12 16

Time (h)

56

Hean Power Density (Wiem®)

Hean Cuol Rod

o S
- 68 2
E o
5 E
= 3
= 2
el h
— E—
2
H 2
e L
L 2
¥ =
z £
s s
2
-
=
= =,
5 )
] 5=
2 25
= §<
@
) & e
3 =
- w &
=
o = 3
g zE
[=] "’:
3 5 ow
g g2
T =3
X 2
c

Figure 6.3:

Void Fraction in Top Pienum {7}

Temperature (C)

BN AE
313 A
2l [ 1T B
12 ] |
9fg! 10]10] E
| 19)9; | _jwpel T wiu
sr— l7 K
5 177 88 |
31[3 ala| | s|sl
3] |44 I
[ o] 2fz [
X-Y Plane

(Numbers show control
Node boundary

rod banks)

Volume element
boundary

55
00 [ -] 12 16 0 %
Time {h}
283
821
281
i L
L L I 1 ' L L L 1 L
20 Z 8 2 16 20 2
Time (h}
320
1o
J00. PR L L ' L : L
1] 4 12 16 20 24
Time (hy

Transient Behavior of a BWR Nuclear Power Plant
Feed Water Temperature Changed

(System Pressure Control, 1/4 Core, 16 Nodes)



Tidy

Fgan
el

Z-Axis
2270
=
£
- = 2260
£ 3
3 =
3
T L 2250
2y
E]
Lk : 2 3
Time (h)
53
o~
8
i 52
<l
2
R
®y
&
su - 1 L A
0 [ Fl E]
Time {h]
170 —
o 160 |- Zuode a
g
= 150 |
Z wol
§ 3 Mode 40
120 J
5 X
é 120
" L
nog ) 2 3
Time {h)
9.4
-
=
a3t
E
=
g2 B2
4
H
e gt
e
2
=
00 " L N .
0 1 3
Time (h)

NODE PATTERN )

Figure 6.4:

¥oid Fraction

Hean Fuel

IEIE AG
13[13 A
12 |
12 |
9|9 10] " 15
g9 10|10 1 |n
B 117 a8
3 717 8l8
3|3 & 5|5
3 4 5(5
1] 2]2
X-Y Plane

(Numbers show control rod banks)

Node boundary

Volume element

boundary
0630—
=
T osasp
£
5
E /_—
2 o620
-
L 1 L -
0815 - : 3
Time {h}
562
=
. 561
5
=
£
§ seop
hd
=
2
%o : . L L L
0 1 ] 1
Time (h)
283
g
4
8
-z 22f
=3
£
—
2 20| .
Z
H
&
T 280 i 1 i 1 1
0 1 F 3
Time (h)
7.0
= saof
4
a
H
& s.s%
-1
.
g4

6.7 1
o

Transient Behavior of a BWR Nuclear Power Plant

Coolant Mass Flow Changed

(System Pressure Free, 1/4 Core, 96 Nodes)



Z-Axis

NODE PATTERN

275

270

Position of
Rod Bank Mo.9 [cm)

265

260
1]

2 3
Time (h}

52.0

51.0

Hean Power Density [H.fcln}}

515+

505
o

K 3
Time (h)

Power Density twamal
r
=1

Time (h}

Hean .
Kenon Density (X/on)xio'®
L'
e

Figure 6.5:

Void Fraction

Mean Fuel Bod

oy
[
EEIREAG
BE| | ||
[F]
12 [ B
38 10]10 AE
ala] T [ nin
5 707 8[8 |
8 707 a|8 |
33| | [« 5[5
3[3] | [4]s 5fs|
| 1] [2]2 |
X-Y Plane

(Numbers show control rod banks)

Node boundary

Volume element
boundary

0.63

in Top Plenum (%)

08!

D625

D.GZGJ

5 L i I L

Temperature (L)

559 . A N " e
0

lMean Water Temperature (L)

Time {h}

1 2 3
Time (h)

Sh -— e |

o i 2 3

Time {n)

1

System Pressure (Jfca”)

Transient Behavior of a BWR Nuclear Power Plant
Control Rod Bank 9 Moved

(System Pressure Free,

1/4 Core,

96 Nodes)



78

669 (45 9%°0¢1 o%:¢ 6 Yueg poyd 29137 96 G°9 2an314

981 z€ 8¢ " ZY1 ov:z g o013 9% | 4'9 eans1a

8¢8I (44 GG e 00: % Bmﬁ JUB3}SUOD 91 €9 2an31g

LS1T ¢l 9G°LE 00:%¢ 6 Yueg poy | Jue3jsuod 91 7'9 @an31g

9561 zL 86°S¢ 00: 42 ) juegsuoo | g | 19 @an81g
dooT 3somaaing

sdo3g .

2yl ut ouTy 30 [s] P2wTg [uTm:Yy] uoTIEqINIIDG 2INnssaiJ | SIPON uny

SUOT]BIIT JO “oN 820 Ndo Te30] | uorjeaAng uUNy : wa3sds | Fo ‘oN
*ON TB30]

suny 3s9L SY3j 3noge uoTjleWIOFUI TeuoTleindwo)



“ 78 =

The present tests aim to show the capability of the model and
the corresponding code GARLIC-B to calculate the transient be-
havior of nuclear power plants with a BWR in real time. After
these tests, accuracy of the calculations must be checked. Many
parameters in the model, such as the coupling coefficients and
the coefficient matrices in the power equation, are calculated
using the working point data and kept at their original values
throughout calculations. Since the model is in a way tuned to
the working point it is expected to be quite accurate near this
point. However, accuracy may be degraded if power level or dis-
tribution deviate largely from the working point. Therefore,
the second phase of tests will involve transient runs starting
from a working point and taking the system to a considerably
different power level. Then, the state of the system at the
newly reached power level will be checked against the results
which would be obtained from the comprehensive codes (QUABOX/
CUBBOX (La et al. 77a; 77b; 78) etc.).

The last phase of tests will involve post calculations of mea-
sured operational transients from actual nuclear power plants
with a BWR.
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Appendix 1

THE POWER FEEDBACK COEFFICIENTS FROM THE COOLANT TEMPERATURE
TERMS

The coefficients Anj in equation (5.2) are defined as follows:

Al.1 Channels without Border Zone

® Nodes with Single Phase Flow (n=(k-l)nz+l,...,(k—l)nZ+ndk)
For n = (k—l)nz+1:

Anj = (j # n)

PN Vn

I G =)
N T
CN'w kw

For n > (k-l)nz+1:

T - for (k-1)n +1 £ j € n-1

N #&D (j = n+1)

® Nodes with Subcooled Boiling

a) Node with Bubble Detachment Point (nz(k-l)nz+ndk+1)

- without boiling boundary:

if Ny = 0:



Al-2

= = < 3 € n-
g = 0 for (k l)nz+1 £j £n-1
I. P
= Bt (G =n)
nj Az TCN
.= 0 (j = ntl)
nj
if 0y # 0:
Az V. P
zdkw ] N for (k=1)n_+1 £ j £ n-1
B 9az ml G, T %
nw kwCN
I P
Bn N
A .= (G =n)
nj Az TCN
= i = n+
Anj 0 (j = ntl)
with boiling boundary:
if ndk = 0:
— - < i £ n-
a3 0 for (k l)nz+1 £j £n-1
I P
Bn "N ;
A= (G =)
nj ﬂzn TCN
nj = 0 (j = nt1)
if Dk # 0:
Az, V.P
K = dkw j N for (k-1)n +1 £ j £ n-1
8 oaz ml G T z
nw kwCN
I! P
Bn N ;
A = (i = n)
nj &zn TCN
=0 (j = nt1)

nj



Al-3

b) Node without Bubble Detachment Point (n>(k—l)nz+ndk+1)

- without boiling boundary:

PN IB.
AT i - 1 " £ = o
Anj = = for (k l)nz+ndk+1 £j £n-1
n CN
P. 1
Ay = Eg‘_%g_ (G = n)
J n CN
Ay; =0 (G = ntl)

nj

- with boiling boundary:

B I

- N "Bj " & el
Anj . for (k 1)n2+ndk+1 £j<£n-1
CN ~"n
P. I
N "Bn ;
A —— (G =n)
nj &zn TCN
A.=0 (j = nt+1)

nj
® Nodes with Normal Boiling

N =10 for (k-l)nz+1 £ j £ntl

1 1 1 - 1
IBn' IBn' IBj and IBj in the above expressions are 1lntegral

terms whose definitions are given in (Er 80).

Al.2 Channels with Border Zone

The coolant temperature-power feedback terms from the nodes
which lie on a channel with a border zone can also be express-
ed as in equation (5.2). However, calculations of the coeffi-
cients Anj are tedious and many numercial integrations are
needed. Detailed expressions for Anj are found in (Er 80).
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Appendix 2

THE POWER FEEDBACK COEFFICIENTS FROM THE VOID FRACTION TERMS

The coefficients an in equation (5.14) are defined as follows:

A2.1 Channels without Border Zone

® Node with Bubble Detachment Point (n=(k—1)nz+ndk+1)

=0 (n # j)

nj

P. D Az
dkw e
Az_ )Zpy (o =3j)

nj o
® Boiling Nodes without Bubble Detachment Point

D U.T .P
nv jul N

= - < i £ n=-
an oy e for (k 1)nz+ndk+1 £ j £ n-1
n
vD I.P
wnj = n nw u2 N - G = 8
0(I\Ths':»rckw(Azn)
an =0 (i = ntl)

Definitions of the terms D I and ZaM in the

Bw’ an’ Iul' uz2
above expressions are given in (Er 80).

A2.2 Channels with Border Zone

The void fraction-power feedback terms from the nodes which
lie on a channel with a border zone can also be expresses as
in eq. (5.14). However, calculations of the coefficients an
are more tedious. Detailed expressions for W ; are found in

j
(Er 80).
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