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. ABSTRACT

The CORE code was developed by 7/A to simulate LWR cores over the
range of conditions encountered during operation Jéd tor those analyzed
during design and safety studies. The core is modeled as a three-
dimensional array of rectangular nodes with coupling betwlen neutronic
and thermal-hydraulic phenomena in combination with operational para-
meters. The code can be used for detailed ccre analysis, fuel management,

and optimization of operating strategies. The methods used in CORE are

described in this report.
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1. INTRODUCTION

Due to spatial variation of the moderator density, exposure, and
fuel composition in a light water reactor (LWR), a three-dimensional
steady-state reactor core simulator with thermal-hydraulic feedback is
needed for core design analysis, fuiel management, and optimization of
operating strategies. Simulation of a large LWR requires modeling of
the inter-relationships of nuclear and thermal-hydraulic phenomena in
combination with operational variables. The Tennessee Valley Authority
(TVA) has developed the CORE code to simulate LWR cores over the range
of conditions encountered during operation and for those analyzed Aduring
design and safety studies. Due to the large number of phenomena to be
represented, a compromise in the detail of some of the methods used must
be made to achieve a feasible computational algorithm. The methods used
in CORE are described in this report.

The reactor core is represented as a three-dimensional array of
rectangular nodes, each having homogeneous internal properties. The
fission source distribution is determined by a noda! coupling technique
based on the TRILUX method (Reference 1-1). The neutron energy depend-
ence can be represented by a modified one-group model or by a model
which explicitly accounts for thermal neutron interchange between nodes
(Reference 1-2). Nodal neutronic properties are determined by multi-
variable Lagrangian interpolation of input table sets of lattice
physics data obtained from TVA's LATTICE code (Reference 1-3). Nodal
water density, exposure, fuel temperature, control fraction, soluble
boron content, and history effects are includea. In addition, either

transient or equilibrium xenon effects can be represented.




The thermal-hydraulic model determines the flow distribution to the ‘
individual chanonels and a c.ngle leakage path by equalizing the pressure
drops across all flow paths. The flow quality in the channel is deter-
mined by Ahmad's method (Reference 1-4) such that both subcooled and
bulk boiling are included in a consistent manner. Several void-quality
relationships are available through options. The effect of direct
heating of the in-channel and bypass water regions is also included.
Thermal limits are determined and compared to specified values. Simulated
in-core detector readings can be calculated as an option.
Depletion of the core for a cycle can be performed in a series of
steps or by an optional power-exposure technique (Reference 1-5). The
power-exposure algorithm calculates the Haling distribution (Reference 1-6)
for use in guiding plant operations and for fuel management studies. Special
fuel management options are available for the estimation of relative contrel '
rod worths, tabulation of fuel isotopic concentrations, and development of
control rod patterns or fuel shuffling patterns.
The CORE code 1s programed in FORTRAN IV except for a few IBM 370
assembler language subroutines. Flexible dimensions allow dynamic
allocation of computer storage, and a free-form input routine is used.
CORE has many output edits available and extensive restart and case

stacking capabilities.
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2. CORE DESCRIPTION

The reactor core is represented as a three-dimensional mesh of rectan-
gular nodes with equal spacing in the horizontal (X,Y) directicn. The
axial (Z) spacing can vary from level to level if desired. The horizontal
dimensions of a node normally correspond to a fuel assembly or a flow
channel while the vertical dimension is specified as input. Mirror and
rotational symmetry opticns are available for representing haif or quarter
core geometry. The maximum number of nodes allowed is limited only by

computer resources because of the use of flexible dimensioning.

2.1 NUMBERING SYSTEM

Figure 2-1 illustrates the horizontal arrangement and numbering
sys'em for a typical (BWR) core. The minimum values of the X and Y

“dinates occur at the bottom left of the figure. Both X and Y values

are incremented by two at each channel location and are paired X-odd,
Y-even. Locations between channels are paired X-even, Y-odd. Therefore,
if controi rods and in-core detectors are located between assemblies, as
in a BWR, their locations are numbered with opposite parity from the
channel locations. This system eliminates confusion in describing loca-
tions in the core. 1f control rods and in-core detectors are associated
with a single channel, as in a PWR, their locations are identified by
the channel X,Y coordinates. The minimum Z value is a* the bottom of
the core and is incremented by one for each level up the core.

The X,Y,Z coordinates are denoted by 1i,j,k indices for use in
CORE, each of which is incremented by one for succcssive positions in
their respective directions. The minimum i and k coordinates occur at
the same positions as the minimum values of X and Z, respectively. The
minimuw value of j is at the same location as the maximum Y coordinate.

2=1
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2.2 PHYSICAL AND NUCLEAR FUEL TYPES
Fuel assemblies with difterent physical dimensions or axial varia-
ticn in nuclear properties are modeled as different "physical fuel types."
The physical fuel type number of each channel 1s defined by the input
array NFTij' A zero value of NFTij indicates that the channel at loca-
tion i,j lies outside the problem boundary.
The axial variation of lattice physics characteristics within physical
fuel types is represented by defining "nuclear fuel types.”" Nuclear fuel

type numbers are input in the array NFTKm where the subscript m is the

k
phvsical fuel type number NFTiJ' All channels of the same physical fuel
type have the same arrangement of nuclear fuel types (Figure 2-2).

Together, the NFTij and NFTKmk arrays define the problem boundaries

and the physical and nuc’_ar p-operties of each node.

2.3 ORIFICE AND THERMAL-HYDRAULIC TYPES
Since scme cores have orifices built into the core support plate
to improve the flow distribution, an "orifice type" is defined for each
location on the plate. Orifice type numbers are input in the NOTij
array. Since the type of orifice is not dependent on the fuel assembly,
the N()TiJ array is fixed irrespective of fuel assembly movements.
Channels with different flow and heat transfer characteristics are
defined by the possible combinations of orifice and physical fuel types
and are referred to as different "thermal-hydraulic types." The thermal-
hydraulic type number ol each channel is input in the lOTmn array where
the subscript m is the physical fuel type number NrTiJ and n is the

orifice type number NOTjj.
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3. NEUTRON TRANSPORT AND CONSERVATION MODELS

3.1 NEUTRON ENERGY DEPENDENCE

The neutronic properties of each node are determined by assuming that
the node is homogeneous and by utilizing the results of a detailes lat-
tice physics analysis for its nuclear fuel type. These analyses (Refer-
ence 3-1) account for heterogeneity effects and the spatial and energy
distribution of neutrons within the node. The detailed calculations are
used to determine effective homogeneous cross sections collapsed to two
broad energy groups. Use of these c(ross sections amounts to assuming
that the neutron distribution within the node is separable from the
overall distribution in the reactor core. This assumption is generally
good for LWR's and allows the calculations to be separated into the
detailed lattice phv cs aunalyses of the nodes and the determination of
the core-wide ncutron balance and distribuition.

In LWR's, the mean free path of thermal neutrons is small compared
to the nodal dimensions. Thus, relatively few thermal neutrons escape
from the node in which they are thermalized. This causes the overall
distribution of neutrons in the core to be relatively insensitive to
the thermal neutron tracking model. Many core simulators neglect the
rffects of thermal neutron interchange between nodes and use a modified
one-group moéel in which thermal neut'ons are confined to the node in
which they are produced. However, CORE explicitly accounts for thermal
neutron interchange using a simpler model than that used for fast neutrons.
The modified one-group model is available as an option.

In cases where the assumption of homogeneous nodes may not be

adequate to track thermal neutrons accurately, corrections for heterogenity




effects can be used. These corrections account for the variation iu thermal .
neutron interchange across different faces of the node due t. the location

of water gaps, or a control blade for BWR's.

3.2 NEUTRON TRACKING

The overall neutron distribution in the core is calculated by con-
sidering the neutronic coupling of the nodes as treated in the TRILUX
model (Reference 3-2) which can be shown to be a synthetic kernel
approximation to the response m- .rix method (Reference 3-3). However,

the implementation of the model is not identical to that in TRII

}.2.1 General Neutronics Equation
The derivation of the neutronics equations (Reference 3-4) begin

with the response matrix equation for an arbitrary energy group:

Ii5 % ¥is%i " # Raiitai (31}
where

JiJ = the current directed from node i to node j,

Si = the source in node i,

Pij = the probability that a source neutron will escape from

node i to node j,
Rnij = the response caused at the face of node i adjacent to

node j due teo neutrons impinging upon node i from node n,

and the summation is over all nodes adjacent to node i. There is a maximum
of six adjacent nodes since diagonally adjacent nodes are not included.

The synt’ tic kernel approach allows the escape and response matrix
elements to be written as a combination of simpler probabilities. One

set of probabilities which can be used .o approximate Pii and Rnij is the ‘




. set of coupling coefficients defined in the development of the TRILUX

equations:

o, = the probability that a source neutron in node i is absorbed
or thermalized without escaping from node i The probability
of escaping from node i is (1 - oi);

rij = the probability 'hat a neutron escaping from node i enters
the adjacent node j. Thus, the summation of rij over the
six adjacent nodes is equal to oue;

Bij = the probability that a pneutron entering node j from node i
is directly absorbed in node j;

p,J = the probability that a neutron entering node j from node i
is directly reflected back to node i;

“ij =1 - Bij - plj’ the probability that a neutron entering

. node j from node i behavss like a neutron born in node j,

i.e., the fraction “ijoj is absorbed without escaping

node j and “ij(l - oj) escape rode j; and

=
"

Bij/“ij' which depends only on properties of ncde j.
Using the above coupling coefficients, ij can be written as

Pij = (1 - o, 544 (3-2)

and the response matrix elements are

R..= pni(l - oi)rij +p

ni} (3-3)

.
ni nj
where énj is the Kronecker delta which is equal to one when n = j and equal
to zero otherwise. Thus, the responses at the five nonincident faces of the
node are equal and the response at the incident face is larger by the direct

. refiection probability Pai- Rewriting Equatiorn (3-1) yields

=3



= - ¥
3§ * U ”s"ijlsi +3 uniJnil * Pt (3-4.

3.2.2 Fast Neutron Tracking

Equation (3-4) is the starting point for the development of the CORE
neutronics equations for the fast group. The implementation of the
neutronics equations is simplified and calculational regquirement: are
greatly reduced by elimination of the directed nodal currents Jil from
the neutron balance equation. The eigenfunction Ll, called the nedal
leakage, is used to replace the currents and is equivalent to the total

current out of node 1 neglecting ‘he direct reflectiorn terms:

Ly = (1 -0) [sl + 3 “n.Jn.] (3-5)

Substituting Equation (3-5) into Equation (3-4) yields the neutron

balance equation in terms of l1

2C..L +8
i1 1
= o -
IAl §¢ y A (3-6)
1 1
J
where
r].(l - pi )
Cl; . (-IJ.- )P J) (3=7)
J ‘1;‘)1
a, + 0,
e R NN, PR (KX A (3-8)
11 eff 1
L -4 -
Sl - miAiLi (3-9)
eff
The quantity Cil is a current operator defined such that
55 = = 0. L. =@.L (3-10)
i) ji ij 1 ji )
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The absorption operator Ai 18 defined so that AiLi represents the fast
neutron abtsorption plus thermalization rate in th. node. The pareiete:

- is the nodal multiplication factor, i.e., the ratio of fast neutron
production to fast absorption and thermalization. In the modified on=-
group model, the neutrons are assumed to be absorbed in the node in

which they are thermalized, so m is identical to the nodal infinite multi-
plication factor k_. However, in the two-group treatment, m is corrected
explicitly to account for net thermal neutrrn interchange between nodes.

The eigenvalue for the problem is denoted by ke , and Si represents the

ff

fission source of fast neutrons.

3.2.3 Thermal Neutron Tracking

Since the modified one-group model assumes no interchange of thermal
neutrons between nodes, the above equations are all that are required to
determine the neutron distribution in the core. However, the net exchange
of thermal neutrons between nodes can have a significant effect if there
is a substantial difference in the magnitude of the fast neutron source or
in thermalization properties between adjacent nodes. A thermal neutron
tracking model can be developed by the same method used above for the
fast group (Reference 3-4).

The response matrix equation, Equation (3-1), is written for the
thermal group with the fission source Si replaced by a thermalization

source Qi:
Q. = p.A L, (3-11)

where P, is the thermalization (or resonance escape) probability. The
coupling coefficients from TRILUX are used to determine P:_ and R:J using

thermal group properties. Reference 3-4 shows that the only significant
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responge to a current of thermal neutrons entering a node is at the
incident face, indicating that pij for thermal neutrons can be assumed

to be zero. Then the thermal current from node i to node j is given by

t R, R Sk
iy = (= oe 0, + 0y T (3-12)

Using Equation (3-12) in a thermal group neutron balance with the

definitions of m and k~i yields

t . t X i t
?C“ Qj(l nj) (lj (‘)i(l o)

where ﬁ?i is the number of neutrons produced in fission per thermal neutron
absorbed in node 1, assuming that the node is homogeneous. The current
operators are evaluated from Equation (3-7) using thermal group coupling
coefficients. The above equation represents the effect that thermal neutron
interchange between nodes has on the fast group neutronics. The thermal
group neutronics is coupled to the fast group through the thermalization
source Ql

Equation (3-13) adequately aescribes the effect of therm.l neutron
exchange between homogeneous nodes. However, the thermal current across
an interface will vary depending on the orientation of the interface with
respect to heterogeneities within the node. This effect is especially
important in BWR's where fuel assemblies are separated by water gaps to
accommodate the cruciform control biade located on two sides of each
assembly. The effect of heterogeneities on the nodal! multiplication
factor can be accounted for by modifying the thermal current operators

used in Equation (3-13).




Due to the uncertainty in e¢valuating the heterogeneity corrections,
this effect is neglected in curront practice. The modified one-group
mode! is used for BWR's since the two-group method shows no advantage
in the accuracy of results. The two-group model is normally applied

to PWR's.

3.3 BOUNDARY CONDITIONS

The neutronics equation, Equation (3-6), requires coupling coeffi-
cients and the leakage L for all six nodes surrounding each node. For
nodes on the problem boundary, one or more adjacent nodes will lie
outside the boundary and tius are undefined. The parameters for these
imaginary ncdes are determined in two ways. The first of these methods
is used for a symmetry boundary condition. In this case, che node outside
the boundary is assumed to have the same neutronic properties and leakage
as the node located symmetrically to it within the problem boundary. The
second method is to apply an albedo condition at the boundary. Caly
albedo boundary conditions are allowed in the vertical direct:ion, but
either albedo, symmetry, or a combination of conditions can be used on
the aorizontal bordaries.

The albedo boundary condition i1s defined as

in - BiJij (3-14)
where
in = the current from node j outside the problem boundary
to node i on the boundary,
Bi = the albedo for ne' ‘rons leaving node i1 toward node j, and
Jij = the current rrom node i to node j.

3=7



Since the albedo is equivalent to the direct reflection probability of the .

imaginary node outside the boundary, the current operator fi(- such nodes
becomes
i rii(l-B}) 1 e
ij (1 - B‘pxj) Tl
and Equation (3-6) can be solved for node i on the boundary. Albedos
for the fast and thermal groups are input for each channel in the core.

fhe albedo is set equal to zero for nodes which have all adjacent nodes

within the problem boundary.

3.4 EVALUATION OF COUPLING COEFFICIENTS

In order to implement the neutronics models described in the previous
sections, relationships must be established between the coupling coeffi=
cients and the lattice physics properties and dimensions of the node. The

relationships developed here are similar to tuose given in Reference 3-5.

The general form of these relationships is derived from reciprocity,
blackness theory, and analytic diffusion theory solutions to simple
problems. In order to improve accuracy, the relationships are modified
by inserting arbitrary constants at points where approximations might
have aftfected the basic analytic equations. Values for the constants
were found by minimizing the deviation of the core multiplication factor
and nodal powers for a series of problems analyzed using CORE from the
results obtained by fine mesh, two-group, finite-difference diffusion
theory calculations. There are other procedures for determining the
nodal coupling coefficients; a comparison of several different methods

is presented in Reference 3-6.
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3.4.1 Determination of o
The nonleakage probability o, for node i is related to the blackness
bi by the approximate formuia
b, =3.2.Q1 - o)) (3-16)
where
£ = the mean chord length of the node, and
2 = the absorption plus thermalization cross section for fast
neutrons or the absorption cross section for the thermal group.

The ratio 01 of the flux at the node surface to the average flux in the

node is also related to blackness:

2 - bi
Combining Equations (3-16) and (3-17) yields
g, (20, + 3.2 ) -2
T e i S (3-18)

i A e
8,(26; + 2.5))

where g, was introduced to account for higher order chord length terms

neglected in Equation (3-16). The values of oi and g, are calculated from
- % | g ) %,_
=1+ 2 (Cl + CZAI + 2K |C3 + C“AR + 2K (C5 + C6Al)] (3-19)
s B (3-20)
where
k¢ = 3/p,

D = the diffusion coefficient,
A2 = the relative difference between the nodal mean chord length

and the mean chord length of a cubic node of equal volume, and

(%]
!

= the optimized coefficients.
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3.4.2 Determination of p ;nd «
In order to satisfy the reciprocity theorem, the following relation-

ship must exist between the coupling coefficients:

w Tl

I_:u4.F . A -

Y WY 58 (1-0))
11 1

(3-21)
The parameter Fij is the fraction of the total surface area of node i
shared with node j. In practice, rij is assumed equal to Fli since the
remaining factor is approximately equal to one.

A second relationship between the coupling coefficients is obtained
by comparing the nodal neutronics equation to an analytic diffusion
theory solution for a large homogeneous multiplying medium. The neutronics

equation using the notation of Figure 3-1 can be written as

er 2rY
1+ py oy e 22t pype W~y ¢
Y
2r (mf - 1)(a. + 0.)
Z i i i
——— (L., = L - L, )= omeermpipenE s (3-22)
1 ¥pp i Ty 2 (1+am)(l-0)

where mT - mi/keff' the ratio of the nodal multiplication factor to the
effective multiplication factor of the problem.
The asymptotic diffusion theory solution about node i in the R

direction is
= 1 3- 3
LR# + LR- ZLl cos(BRAR) £3- 3)

where AR is the nodal spacing and BR2 is the buckling in the R direction.

. 2
The cosine is approximated as a series neglecting terms higher than BR

and is substituted into Equation (3-22) to obtain
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FIGURE 3-1:
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2 2 2
r (BX)°  r (BY)"  r,(AZ) 2
X Y et g (c'* °) ( X ) (3-24)

1+ p, ES ¥'b§ 4 iﬂi'pé 1 + o0 ;

2, .
where M” is the migration area of the node. The critical condition

= 1 (3-25)

was used to eliminate the buckling from Equation (3-24).

Equations (3-21) and (3-24) are combined using the relationship

]
—
-

+
1) Bii . Hij

+ plj(l + "1) (3-26)

"
©

to arrive at a relationship between p and a:

o PR ( 1 + u*)
11+ om'/;

PRj ~ 1+ a (3-27)
E P - =3
Rj Ll P
1 +om /)
with
c.D C
. M ik 10 R
'RJ = AR] + ZiAR' (3-28)

where C9 and C]0 are optimized coefficients., The combination of Equations

(3-21) and (3-24) also gives the following quadratic equation for o:

a(1#0)? + b(14a) + ¢ = 0 (3-29)

where a, b, and ¢ are dependent on P,, m , 0, and nodal dimensions.

R’
In the thermal group, the coupling coefficient “ij is zero and the

: t ;
parameter @, is not used. This leads to a relationship between p  and 0 :



K s o R R
Pyy = 1 - 8,8,5,01 - o)) (3-30)

where the superscript t denotes the thermal group. The parameter g, is

a correction factor to account for the approximation made in Equation (3-16):
C
gy = Cpy * (sz + -——)AE (3-31)

where the Cn are optimized coefficients.

Only four of the six coupling coefficients originally defined are
required to solve the neutronics equation: rij’ pij' al, and oi. Of these,
rij is approximated as being proportional to nodal dimensions. Therefore,

only three coefficients are dependent on lattice physics parameters and are

determined from the equations listed in the following table.

Table 3-1

Equations for Coupling Coefficients

Fast Group Thermal Group
o 3-18 3-18
le. 3-27 3-30
o I3 not used

3.5 ITERATION STRATEGY

The neutronics iterations form the innermost loop of the power-
leakage iteration strategy shown in Figure 3-2. The thermal-hydraulics
calculations performed in the outer iteration provide the nodal operating

conditions required to evaluate the lattice physics parameters at each

=13
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node. Thus the nodal coupling coefficients, multiplication factor m.
and the current and absorption operators Clj and Ai in Equation (3-6)
remain constant during any set of leakage iterations. However, they
are updated in the outer loop due to thermal-hydraulic effects.

A successive over-relaxation procedure is used to update the leakage
distribution between iterations. The sequence of calculations in the

inner loop is shown below.

g2} i a.! (3-32)
1 kn-l i3
eff
3 n~-1 6 n n-1
Chl" % R €.k
L, = LI TU I L S T I (3-33)
i 3C.. + >
P
n L: n=1
A, = —= - L, (3-34)
i An-l 1
D il T il (3-35)

where the superscript n is the iteration counter and 6 is the over-
relaxation parameter. The leakage distribution for the first set of
inne: iterations is estimated as either a flat or input distributien.
The initial vaiue of kvtf is set equal to one as is the normalization
factor A. As ’eff and the leakage distribution converge, the value of

A will approach unity. The normalization factor is determined for each

iteration as the Rayleigh quotient of successive l.l estimates:

A= 5~,-k——-—_»l (3-36)



For each iteration, the effective multiplic...on factor of the core .

is determined as follows:

eff i

3 kn-) sn-
i

- *

ey = 3 (3-38)
The parameter k* is the ltiplication factor obtained by a neutron bal-
ance using the leakage distribution from iteration n-1. The first term
of the denominator of Equation (3-37) represcnts the leakage out of the
core; thus, the summation is over only those nodal interfaces with albedo

boundary conditions. Equation (3-38) is used to obtain a better estimate

of the multiplication factor for each iteration; when the calculation

\ * . .n ‘
converges, k and keff will be equal. .

The leakage iterativus are repeated until beth keff and the lexbkae-
distribution converge within input criteria or until a specified maximum
number of iterations have been performed. In a two-group calculation,

the nodal multiplication factors are then recalculated from Equation (3-13).

The tission power distribution is determined from the source distribution:

= 3-3¢
Pi ERiSi (3-39)

where ERi is the energy released per fission neutron produced, obtained
from the lattice physics calculations. The new Pi énd two-group m. are
passed to the outer loop for the thermal-hydraulics calculations and the
process repeated until the flow and power distributions and kc are

ff

converged.
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4. THERMAL-HYDRAULIC MODELS

Because of the dependence of the nodal lattice physics data on
nodal operating parameters, the thermal-hydraulic model of the core has
a significant effect on the calculation of the reactivity and power
distribution. Another important neutronic coupling to the thermal-
hydraulic calculation is through the Doppler effect on reactivity with
its dependence on fuel temperature. Thus, the thermal-hydraulic analysis
may be considered of equal importance as the neutronics analysis in a
core simulator.

Formulas from the 1967 ASME Steam Tables (Reference 4-1) are used
to evaluate the required water and steam properties as a function of

system pressure and inlet enthalpl;.

4.1 FLOW DISTRIBUTION

For a specified total core flow rate, the flow rate through each
channel and a single leakage path is determined by equalizing the pressure
drops across all flow paths. The pressure drop is determined by contri-
butions from elevation, friction, acceleraticn, and local losses which
are influenced by the channel thermal-hydraulic type, coolant density,
and crud thickness. The flow through the channel is also a function of
the total channel power, the axial power shape, the inlet subcooling,
and the reactor pressure.

To avoid performing repetitive calculations of pressure drop and
flow for the large number of channels in a LWR core, the detailed thermal-
hydraulic calculations are performed externally to the CORE code. The
THAS single-channel code developed by TVA does the thermal-hydraulic

calculations for each channel thermal-hydraulic type using a specified



symmetric axial power distribution, inlet subcooling and reactor pressure. .

These calculations are repeated for several channel powers at varying flow
rates to determine the pressure drop. The results are combined into two-
dimensional tables of flow rate versus channel power and pressure drop for
use in COKE. The methods used in THAS are described in the Appendix.

The flow in individual channels is determined by Lagrangian interpola-
tion in the base table for the channel thermal-hydraulic type. The base
channel flow UO 1s then corrected for increased flow resistance due to crud
buildup, and for variations of the reactor pressure, inlet subcooling, and
axial power shape from the assumed table values. THAS calculations are
made to determine the effect that varying the above parameters has on the
tlow rate. The actual channel flow wc is least squares fit using the

THAS results to a quadratic equation for use in the code:

3W§ + Mr«c +c=0 (4-1) I

The coefficients in Equation (4-1) are

y |
LO,f f{?]_f xin(c2 . Xxnc3)[

8" - p. = ' (4-2)
n
1 PL' Hfg
h = p [(L“ + (..5 fv) 0o + L6 xil‘l PT (4-3)
in fg C
= -y =
€= Pin " Pig ko(ho g auwo) (4~4)

where the o denotes quantities evaluated at base conditions,

f

a crud thickness factor,

the inlet quality,

<
"

in

.. = the inlet density, ‘
in
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H, = the heat of vaporization,

IR
PC = the channel power,
Cn = the fitting constants, and

V = a channel power shape parameter

K 7k
IPAZI-‘)
k=1 k L,
= = e (4-5)
2 P, AZ
k=1 . k
with Pk = the relative power in node k,
AZk = the length of the node,

Zk = the distance from the bottom of the active core
to the center of node k,

L = the total length of the fuel rods, and

=
|

= the number of axial levels in the core.

The core leakage flow is computed by setting the pressure drop in
the bypass region equal to the sum of the elevation head and bypass
region entrance losses. For the purpose of calculating the leakage flow
rate, it is assumed that the coolant mixes uniformly in the bypass region;
thus, all bypass regions are lumped together.

In determining the channel and leakage flow rates, the value of the
core pressure drop is assumed to be known. Normally, the pressure drop
is not known a priori and must be considered as a function of the flow rate
as well as the parameters affecting the flow rate. The pressure drop is
usually estimated initially and adjusted between thermal-hydraulic
iterations by forcing the sum of the calculated channel and leakage flow

rates to equal the specified vilue of the total core flow.



4.2 HEAT SOURCE DISTRIBUTION

The heat addition to the coolant flowing through the core is the

sum of three components. Most of the heat deposited in the coolant is
transferred from the fuel through the clad. Smaller fructions are added
directly to in-channel and bypass water by neutron thermalization or gamma
heating in the coolant or in structural material in the channel and then
transferred to the coolant. 7The heat flux distribution is proportional

to the fission power distribution calculated by the neutronics wmodel. The
direct heating components are determined by the energy deposition distribu-
tion for fast neutrons and gamma rays which tends to be smoother than the
tission power distribution. The distribution of fast neutrons and gammas

in the core is estimated by

Wi T ¥ VP (4-6)

where y is an input parameter which is equal to one for a uniform distribu-

tion and zero for a distribution identical to the relative fission power

distribution P. ., .
ijk

4.2.1 In-channel Distribution
The contribution of direct heating of in-channel water to the total

core heat rate is

Q?

ijk =C Fd Pn Y. d. . (4-7)

ijk 1jk

where
Fd = the fraction of core power from direct heating of
in-channel water,

P = the average nodal power in the core,

44
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the direct heating energy deposition distribution, which

is proportional to the local water density, and

o
i

a proportionality constant.

Thus, the in-channel heat addition distribution i1s the sum of its

components :
C =l d =
ik = %k Sigx * YUk (4=8)
where q;;k is the heat flux out of the clad, and Sijk is the surface area

of the clad in the node.

4.2.2 Bypass Region Distribution
The contribution to the core heat rate from direct heating of the

bypass region water is

Qb =CF

ijk b Fa Y5k (4-9)

where Fb 1s the fraction of power from direct heating of the bypass region
water, and depends on whether the adjacent nodes are controlled or uncon-
troiled. Since the variation of water density in the bypass region is small,
its effect on the energy deposition distribution is neglected, and dijk is

set equal to one. In addition, the fission power Pi’ used in Equation (4-6)

ik
to evaluate wijk in the bypass region must be a weighted average of the fis-

sion powers of the nodes surrounding the bypass region between fuel assemblies.

4.3 COOLANT CONDITIONS
The neutronics calculations are coupled to the thermal-hydraulic
analysis through the dependence of lattice physics parawmeters on local

operating conditions. Especially important is the effect water density
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has on reactivity and the power distribution. The bulk coolant
temperature in the channel is also required to calculate the effective
fuel temperature (Section 4.4) for the evaluation of the Doppler effect
on reactivity.

In normal operation of a LWR, subcooled coolant enters at the bottom
of the core and is heated as 1t moves up the channel. This can lead to a

maximum of four flow regimes with characteristic coolant conditions:

a) the nonboiling regime where the coolant remains subcooled,

b) the wall voidage regime where steam bubbles form but do not
detach from the fuel rod surface,

¢) the subcooled boiling regime where the steam bubbles detach
and may recondense in the subcooled liguid phase, and

d) the bulk boiling regime where the liquid is at the saturation

temperature and the steam bubbles are not recondensed.

The following sections present the methods used to calculate the bulk
coolant temperature and density in each flow regime. The effect of steam
formation in the bypass region between fuel assemblies in BWR's is also

discussed.

4.3.1 Nonboiling Regime

In this flow regime, the coolant is subcooled and the surface
temperature of the fuel rods is below the saturation temperature. No
vapor is formed and thermal equilibrium exists. Thus, the average bulk

coolant temperature in the node is calculated by an energy balance:

Q
T - T * ~ (_" (‘-’0‘]“)

where
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. T = the average bulk coolant temperature in the previous node,
Q = the heat addition to the in-channel coolant between the
midpoints of the nodes,
G = the mass flux through the node,

At = the flow area of the node, and

(]
"

the specific heat of the coolant.

The coolant density is calculated from the 1967 ASME formulas as a function

of bulk coolant temperature and system pressure.

4.3.2 Wall Voidage Regime

In the wall voidage regime, steam bubbles are formed on the heating
surface, but do not detach from the wall. Heat transfer from the wall is
enhanced by agitation of tie coolant layer adjacent to the wall caused by
the growth and subsequent collapse of bubbles on the surface. There is

‘ a negligible net generation of vapor; thus, all the heat goes to raise

the bulk liquid temperature and thermal equilibrium can be assumed.

The bulk coolant temperature is calculated from Equation (4-1C) as

for the nonboiling flow region. The coolant density is computed from the

equation

U=pe - alpg - pg) (4-11)
where

pf = the density of saturated water,

p8 = the density of saturated steam, and

the void fraction in the node.

The void fraction is calculated from Griffith's model discussed in

. Reference «-2:
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where Ph is the heated perimeter and 6 is the bubble layer thickness given by

P " T "

3 (4-13)
1.07k (Ts- Tb)
The single phase heat transfer coefficient is
b . 0.8 , 0.4
h = 0.030 5~ Re, '~ Pr, (4-14)

e
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