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1. TINTRODUCTION

The capability to treat reactor core kinetics with a quas?istatic
approximation to the time dependent neutron diffusion equationﬂiu one-
dimensional (axial-slab) geometry is being added to the RE?RAﬁ.program
(reference 1). In order to use the one~dimensional (1-D) kinetics
capabilit?, anlibrary of cross section data (as a function of water -
density, fuel temperature and control state) which accurately represents .
the reactor in the axial-slab geometry i; required. .

For boiling water reactors (BWR's), the majority of designrand
analysis calculations involving coupled neutronics audsthermal-hydraulics‘
is performed using thrce-dimensionai (3-D) steady-state simulators. The,
3-D simulator often has the best representation of coupled neutronics and
thermal-hydraulic phenomena that is practical for routine use. Generally
the '3-D simulator has been extensively compared to actual plant operating
data and normalized if necessary. Therefore, it is reasonable that the '
1-D cross section data be based on 3-D simulator anélyseSu; |

The procedures presented in this report allow only one value of each
cross section quantity for each 1-D model region to be obtained from a 3—D
simulator case. Thus several 3-D simulator cases are required to obtain
sufficient 1-D cross section data to define its dependence upon ‘the
independent variables (water density, fuel temperature and control state
in each 1-D model region). There are alternate prucedures which do not

require as many 3-D simulator cases; however, they have less potential

for providing consistency between the 1-D model and the 3-D simulator.

gy




There are several important elements in obtaining a suitable 1-D

- cross section 1ibrary from the 3-D code including: .,

-

‘o . (a) determiniﬁg cross sections for physics data available

, in the 3-D code ‘ T

.

+ (b) collapsing out radial (x-y plane) cross section dépendence

I

by appropriate weighting

(c) .determining 1-D radial buckling for consistency with the

?
»

3-D code
(d) transformation of independent variables bet&eey 3-D_aﬁd :
1-D models
. (e) selection of gppropiiate 3-D cases foricoilapsihg,to 1-p°
(f) fitting of‘l—D cross section data to RETRAN polynomial

‘ equations

(g) verification of procedures

The treatment of each of these elements is presented in later sections of

I

this report.
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2. DETERMINING CROSS SECTION DATA

The TVA 3-D simulator CORE (reference 2) will be used as the basis

3

for ‘development of the 1-D cross section data. Since the CORE code

-

* utilizes.lattice physics data based on a two-groub model, the 1-D cross

»

section data will also be based on the use of two prompt neutron energy
groups. The two-group cross section data required by the 1-D model

consists of the 19 quantities below for each axial region:

-

1. total delayed neutron fraction, 8

2. fast group absorption cross section, zal v -

2

3. fast group tramsverse (radial) buckling, Bjp ’ | .

4. -fast group diffusion coefficient, D1

< S. fast group removal (slowing down) cross section, Zr

-
< »

6. fast éroup kappa times fission cross section, nzflr

» B + x

7. .fast group Nu times fission cross secgion; vzfl

8. fast group average neutron volocity, Vl
9. fast group Nu (neutrons per fission); vln
10. lfast group microscopic.boron-10 absorption cross section, Op1
11. thermal group absorption cross section, L., )
12. thermal group transverse buckling, B%R e
13. theFmal group diffusion coefficient, D, ) o ’
14.' thermal group microscopic Xenon absorption cross section, o;
15. thermal group Kappa times fission cross section, KZfz
16. the;mal group Nu times fission cross section, vzfz ’
17. ‘thermal group average neutron velocity, ¥, ‘ . ' -

18. thermal group Nu, v,

. 19. thermal group microscopic boron-10 absoxption cross section, qBé

*




The kappa's have units of MeV, the velocitlies are In em/sec, and the
remaining units'are standard.

The development of the fast and thermal group radial bucklings will

be discussed in section 4. The fastland thermal group BlO absorption
crﬁsg sections are not currently used. The remaining:15 quantities are
. developed from the bhysics data paraméters available.inSide the CORE-

. code which are: : ; P

i. infinite multiplication factor, ke . ‘

2. age to thermal, =t ‘

3. fast absorption plus chérmalization cross section, Zo

4. thermalization probability, p

5. fast fission factor, € - . .

6. thermal diffusion area, L% ‘ . .

7. thermal absorption cross section, za2

8. average energy release (MeV) per fission neutron, <k/v>

9. thermal group microscopic Xenon cross section,‘ax

10. total delayed neutron fraction,’ B

11. fast group average neutron velocity, V1

¢
» ]

12. thermal gfoup average neutron velociéy, V2
13. average energy rélease (MeV) per fast group fission, kl

14. average neutrons released per fast fission; vy

«

15. average neutrons released per thermal fission, vy

"The first nine of tﬁese quantities are part of the standard lattice

. I

physics data ut1lized in the CORE neutronics solution. The remaining .

six quantities are special input data added to CORE for use in obtaining

the 1-D cross sections for RETRAN.



<
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Mhe CORE lattice physies quantitlies miy be a funetion of the nodal

.values of some or all of  the following‘independént variaplesf

N
.
‘

(a) exposure o ‘ ) T
(b) current. water density (implies moderator temperature)

(c)  exposure averaged water density

(d) current fraction of control rod insertion ‘ ",

-

(e)t‘expoSure averaged control fraction .
(f) fuel temperature

(g) ZXenon concentration

5 n
«

(h) soluble boron concentration

The general form of the relationships between the independeht"variables

-
: « * B

and the lattice physics data is discussed in section 5 of reference 2.
The details of these relationships are given in the input éescriptioh.
for each"CORE code version.l Using these ;elationshipé, each of the 15
CORE lattice phys@cs quantities can be evaluated at each o?gtﬁe 3LD
noées fbp a given case utilizing the final converged values gf the
1nde5e;dent variables. l .
Comparing the‘iists of Qaka required by RETRAN and that available
in CORE indicates taac the quantities, o, B, V;, VZ’.di{ vy, and I_,
~ appear on both lists-and thus Ao special manipulations are réqﬁ;red to

*

obtain these items for each of the 3-D nodes. The remaining_RETRAN'

cross sections are obtained from the relationships below:

~

2.1 I = pI’

2.2

™
[+
=
I
™~
o .
An
(=
1
o
~

2.3 D =L T
o




2.4 D =F L

2.5 I

T

Eokm(e-l)/e

2.6 vxfz = Zazkw/(ep)

2.7 Kzfl = Eokw(xllvl)(e-l)/e

2.8 KEgy = [<K/v>kw20-KEf1](Za2/Zr)

Utilizi;g equations 2.1 through 2.8 allows the remaining 1-D kinetics
cross sections quantities to be evaluated for each of the nodes in the

CORE case.




T. CROSS SECTION COLLAPSING

Using the procedures described in the previoﬁs section the RETRAN
cross section data is obtained for each node (ijk) in the 3-D éimulator
case. The cross sections at all nodes (ij) in a given axial plane (k)

are weighted to obtain the axially dependent crossyqectioné.

. T8 . g
30 TP=:I zijk wﬁJk 2

10
5 1jk

3

The appropriate weighting function (W) for each cross Section“quantity ()
is constructed from the neutron distribution calculated by CORE. The

cross sections can, on option, be weighted by either flux qr the product

*

of flux and an approximate adjoint flux.
The CORE neutronics (described in section é of reference 2) do not
directly calculate the neutron flux. Instead, CORE éomputéS’a quantity

called the '"nodal leakage" (L CORE also utilizes an absorption

ijk)'

operator (Aijk) defined such that A is the rate of fast neutron

15k i3k
absorption (and thermalization) in the node.

LS

The  fast neutron flux (actually the product of flux and nodal volume)

can then be calculated as:

320 by ™ Gygp Lisd Torgi

where Zo is defined in section 2. ‘As described in reference'3, the fast

" adjoint flux, thermal flux and adjoint can be a%proximaéed by:

£ & £

3.3 ¢ o, .

13k ijk

.z /%

t r' “a2

3.4 by v ¢iJk[1+L282]iJk
k_/ep

A t* r\, £
3.5 ¢1jk ijk[k ff(L+L R?)J]jk

¥




Where k.. is the 3-D code effective multiplication factor and B is

~ defined by:

(k/k

. -1
: 2 eff)
R T T
The cross ‘sections are collapsed using equation 3.1 with ws defined

ijk
as either the flux or product of flux and adjoint flux for each

energy group. Diffugion coefficients and group average veloeities are

inverse weighted, e.g.,
/

/z (wg

3.7 D, =%

g
gk~ I g/t t 51/ P41

The delayed neutron fraction is weighted by:

+th2

3.8 £1

=} (vaE

: /z (wfv): e "zf,z 14k

By £2)14Pagi/
i.e., the delayed neutron fraction is seurce rate (importance-soupee on
option) weighted at each level.

The procedure described above produces 1-D cross sections for each
axial level (typically 24) in the 3-D simulator case. As an option tye
cross eections can be further collapseﬁ'to obtain one value-of each |
cross section to use for N consecutive 3~D simulator akial‘levels (i.e.,

only 1/N as many 1-D neutronic regions as axial levels in the 3-D

simulator case).




&, bETERMINlNG RADIAL BUCKLING

«

The collapsing procedures outlined in section 3 produce a set of

two-group cross sections, neutrons per fission, average ncutron veloc- ?

ities and a delayed neutron fraction as.a function of axial level for

each 3-D simulator case. This leaves the axially dependent radial®

,. buckling for each group to be determined.

= n  wa W

%

4.1 Fast Group Radial Buckling

Thé axial variation of the fast group radial buckling is readily
determined from the qohverged neutron digtribdéion calculéhed‘by CbRE.
The leakage of fast neutrons throuéh all node faces on éhe active core

surface is treated by albedo poundary conditions. The leakage of .

neutrons through all the vertical node faces on the core surface

.

*
.
. B
. ®
. . 2
i

4.1 LEAKAGE, = I. "3y (1-a, ) ‘ . -
k .

at each level is summed:

k boundary zk

where Jg" is the outward directed current (readily obtained from.the
k .

nodal ieakage, L, and-coupling coeffipients) for node surfaces on the : ’ ' .

boundary at level k and a, is the corresponding nodal- surface albedo. 0
k . » . + »

The total fast neutron removals (absorption plus ‘thermalization),

L

can be found for level k by summing nodal values. ‘ .

4.2 REMOVALSk T ij AijkLijk

The fast group radial buckling is then obtained by: .

(LEAKAGE Kk )(Zal + I

4.3 (B ry , . .
REMOVALS |/ = \

2
lR)k

by kK : ‘ ' ¥

g




Where Z al’ E and Dl are the weighted values ‘of fast group ebsorbtion )
cross section, removal cross section and diffusion coefficient for level
'k as defined in section 3. : d : : . .

Since the CORE code does not do a detailed” tracking of thermal
neutrons (the 1.5° group model is normally used for BWR's), the thermal .
group radial buckling is not readily obtained from a CORE solution.

¥

Therefore, another technique is needed to determine (BZR)k'

4,2 Thermal Group Radial Buckling

-

It is desired tbat the 1~D calculation utilizinghthe-collapsed
crose sections reproduce the axial power shape and multiplication factor
of the 3-D simulator case for which the crcss sections were collepsed. "
A method for ensuring this consistency while determining the aﬁial
variation in the thermal group radial buckling has been devised. The
technique (termed the "Power-Buckling" iteration algorithm) is based on
a simple variation of Crowther's power-control iteration (reference 4).

The original power-control algorithm determined the axial-control
material distribution to obtain a specified power shape and k—effective
for a fixed set of cross sections. The current procedure determines‘ the
axial variation in the transverse (radial) buckling of the thermal group
which yields consistency between the collapsed 1-D cross sections” (and | \
fast group buckling) and the axial power shape and kreffective bfjthe
3-D simulator case from which'tney were obtained. This prece&ure does

not require that a specific weighting function be used in collapsing

the cross sections.




Dcvelopment of thé.Power-Bucklin" algorithm begins with the two-group

L}

diffusion equation in slab geometry,
bt - - VD (Z)V¢1(Z)+[D (Z)BlR(Z)+21(/)]¢l(7) = [v2f1(7)¢1(£)+v?f2(/)¢2(/)]/k
4.5 =D (A)V¢2(z)+ln (A)BZR(Z)+2 (2)19,(2) = = (A)¢ (Z>
Define the axial source shape:

4.6 5(2).= [VEg; (2)4VEL,(2)4,(2)/41(2) 191 (2) .

Define the axial power shape:

4.7 - P(2) = [Kzfl(2)+;xf2(z)¢2(z)/¢1(zx1¢1(2)

Define ‘the power to source conversion factor, £(2):

VI (DI, (2)6,(2) /4, (2)
KT\ (DIFRE ()4, (D) /4, (D)

4.8 £(z) s

Dropping the notation for Z dependence and using 4.8 the fast’grodp
diffusion equation becomes:

2 =
4.9 - VD1V¢1+(D1B1R+£1¢1) = fP/ko
Since the values of ko and P (from 3-D code) are known along with all
" the collapsed cross sections and BiR’ the only unknown in equation 4.9
is the elfect oF-(¢2/¢l) on (.~ By making an approximation Ffor (¢2[¢1),
equation 4.9 can be solved as a "fixed source" proﬁlem for the fast group °
flux. .., L . » ‘. .
Equating the right hand sides of equacions'4.4 and 4.9 results in thg
following relationship between the fluxes and axial power shape;

N
4.10 ¢, = (fP-vZf1¢1)/v2f2



-Thus having bolved equation 4.9 for ¢1, equation 4.10 can be solved

for ¢2 and both ¢1 and ¢2 will be consistent with the 3-D power shape (P)

‘

The required thermal group radial buckling can be found by solving

_ equation 4.5:.

RTINS W e Al
. 2R Dy, D, Dyoy

The last term in 4.1l can be recognized:-as the axial buckl&ng so that:

By egtimating'ﬁéz equation 4.12 can be solved for an estimate of B%R
. . (after equationé 4.9 and 4.10 have been solved), then equation 4.5 can be
solved for a more exact approximation of Bgz. Then £ is recalculated by
equation 4.8 based on the calculated (¢é/¢l)’ and the solution of Fhe

equations 4.9, 4.1Q, 4.12,. and 4.5 repeated until converged.

*+ In summary the power-buckling algorithm is the procedure helow:

“

Given:. all axially varying éross sections, fast group radial buékling,

) ‘ ' axial power shape, k-effective and 1-D finite difference mesh.

Determiné: the. thermal group axially varying radial buckling which

yields consistency for the given data.

Procedure:
I. Make first estimate of:

@) = (n /1)

ZZ)




II. Calculate iteration ntl estimate of f(z) using iteration n
. estimate of (¢2/¢1) in equation 4.8.

III. Solve finite difference form of equation 4.9 for:¢ln+1

using £ 1

IV. Compute ¢2 using ¢In+l and fn+lin equationf&.lo.

v

v. Use (BZZ) N ¢2, end ¢l in equation 4.12 to obtain (BZR)

VI. Use (B2R) and ¢?+1in'finite difference form of equation .

4.5 .to obtain‘¢n+i.

.v‘ i ' + * ’ 'a
VII. Use ¢1 s ¢; l, and (B%R) in equation 4.12 to obtain
n+1 . v

B3

VIII. Test convergence of-¢1, ¢2, and BgR. ‘If not adequately

converged repeat steps II through VII. ' *
The values of (BgR) determined by the above procedure guarantee -
that the collapsed cross sections will reproduce the k-effective and
’ axial power shape of the 3-D  simulator case from which .they. were

-

collapsed when used in a 1-D diffusion theory solution with the same

finite difference mesh as used in the powexr-buckling algbri;hm.




Ll

:inzkgiRAN. Thus for identical (steady.state)rcore conditions (i.e.,

~

5. TRANSFORMATION OF INDEPENDENT ‘VARIABLES

The models utilized for calculaqibn of water deﬁsityiaad_fuel.
temperature in CORE'hdye significanE differences from those employed

&

po&er level, flow rate, pressure, inlet enthalpy and pbwersdistribution)

CORE and RETRAN will not necessarily:arrive at the same axial distribution

‘of fuel tempefaturé‘and water density. It should be noted that even if

»

the models were‘iéentical the average of the nodal values of fuel

temperatures and water densitites at an axial level (computed by CORE)

x

would.not necessarily agree with the values calqulated for{an a;erage
node (by RETRAN): Thus in order for the 1-D model to reliably, reproduce
the 3-D simulator results it is necessary to Perform-a transformation‘of
the independent variables (to RETRAN 1-D model values) useé to fit ;ﬁe

collapsed 1-D cross sections rather than utilizing the CORE value.

5.1 Fuel Temperature Transformation

The "RETRAN equivalent" model for fuel temperature utilizes a
single cyliqdriéal fuel rod temperature solution for each axial'ieyel.
The average rod surfaée heat f£lux and temperafure arg applied aS_
bouédary conditions with the fuel rod gap conductance used as a parameter. -
The fgel rod average surface heat flux at any level (ds) is
obta@ﬁed,from the'core power level, axial power shapé; number of .
f@el rods and outer diameter. Thg fuel rod sufface temperature is

calculated near the core inleg'fy the Qittus—Boelter equation:

: q
s 1P T
DB

] 0.8,. 0.4
5.2 hyy = 0.023(k,/D, ) (Re) " (Pr)

. ¥

«




where Tb is the bulk water temperature at the axial level obtained
by an energy balance on the flow channel. The remaining quantities
are defined at the end of this section.
Higher into the core the fuel rod surfgce temperature is calculated

by the Thom equation:

e T2 . B
5.3 T T * 0.072 exp(-P/1260) qg

The transition from Dittus-Boelter to Thom equation is made at the first

level where TST is smaller than TSDB.

The fuel rod is divided into a mesh of concentric nodes as used by the

§ <

actual RETRAN model (typically 10 intervals in the pelleE, 2 in the gap, and & .

in the clad). An analytic solution for the temperature increase from

the outside of each node (To) to the inside (Ti)lis used (reference 5).

5.4 'ri =T + [Q(Rz—Ri)/l; + (&Qki-qiki)zn(kilko)]/i

The analytic solution assumes a constant conductivity at the average

-

intexval value k= (ki + ko)/2 and .since the conductivity depends upon

the temperature Ti an iteration is required. The heat source distribution
(Q) is assumed consistent with the RETRAN model (normally flat'in the
pellet and zero everywhere else). The conduétivity of the pellet and
clad:are interpolated from the same tabulated data used in the actual .
RETRAN model and{theiinput value of gap conductance is converted to a
ponduétivity by multiplying by the gap width. The calculated temperatures
at point; in the pellet are volume averaged to obtain the fuel temperature

used in fitting the collapsed cross sections.

Nomenclature
Dh = volume equivalent hydraulic diameter
k = yolume liquid conductivity

L

™

-y



T

OB = heat transfer cocefficicent from Dittas=Boelter cequation

Re = Reynolds- number

Pr = Prandtl number

qg = average heat flux at fuel rod outer surface A
P = volume fluld pressure ‘
TS = fuel rod outer surface teyperature

Tb = bulk liquid temperature

T;at = saturation:temperature at ﬁressure P

N = avérage thermal conductivity iﬁ a fuel rod node

Q = fuel rod node heat generation rate

.= heat flux at the inside of a fuel rod node )
Ri& Ro = inner agd outer fuel rod node radii

Ti§ To = fuel rod node inner and outer'temperaturés

. 5.2 Water Density Transformation

The "RETRAN equivalent' model for obtaining the water density at
each axial level utilizes a single controi volume at each level (as in
the actual RETRAN. system model). The steady-state form of the RETRAN energy,

momentum and continuity equations are qolved for each control volume (or

-

" junction between volumes). The control volumes are used as a vertical stack

with eacﬁ control volume in the stack representing all the CORE nodes
corresponding to,its axial position. On option two CORE axial levels can
be represented as one control volume. The solution procedure utilized by

the "RETRAN equivalent" model for water density is presented in appendix A,

The RETRAN-02 thermal-~hydraulic equations assume thermodynamic

equilibrium between the liquid and vapor phases and thus canmot account for

N

the effects of subcooled boiling. However, a profile fit subcooled vbid

. model is used to correct the densitites calculated b& the thermal-~hydraulic’




X

models for use in determining the cross sections for the 1-D kinetics
equations. To ensure consistency between the water densities used to develop
the fitted cross sections and those used to evaiuate them, the profile fit
subcooled void correction is also mgde to the water density obtained from

the "RETRAN equivaleﬁc" modelsfas described in appendix A.

5.3 Control Distribution Transformation

In the RETRAN 1-D kinetics model it is .assumed that the effect
of the control rods on cross sections can be represented by a 1inear
‘interpolation between cross sections for the all rods withdrawn (2 )

.and all rods inserted (Zx) configurations.

(Y

u c _.u .
5.5 ;xk zxk + Cka(EkaZXk) " .

The interpolation factor‘(Cka, control fraction) for each cross section
quantity (x) at each level'(k) is provided as input to RETRAN, but at any
point in time the values at each level depend only on the distance the rod

bank has moved. That is, the Cka distribution can shift axially with time,

but its shape is not changed. For purposes of representing a scram where all

of the control rods move at the same speed this representation appears
adequate since the relative locations of control rod tips axially would
remain constant. Thus, the RETRAN representation should be adequate if the

radial (X~Y plane) flux shape around control rod tips changes relatively

little as the position of the tips moves.

Although RETRAN allows a different interpolation factor for each
cross section, there does not appear to be any advantage to using a different
factor for cross sections in the same energy group. Therefore, only fast

(Cfi) and thermal (Cf;) group interpolation factors are used in_

the TVA model.




Given the collapsed cross sections for fully uncontrolled (suéérscript u),
fully controlled (superscript c) and initial control distribution
,gsuperscript‘i) states for each axial level the appropriate intexrpolation

betﬁeeq the uncontrolled and controlled values to reproduce the 3-D

)

simulator axial power shape and k-effective f&r the initial contfol state

«

caﬁ be determined by the power-control iteration (reference 4.). The power-

~

control iteration algorithm is presented below and is very similar to the

Power—Buckling algorithm presented in section 4.2 "

»

Given: The finite difference mesh, all axially varying cross sections’

(Z:, 2:, Zi), the initial control state axial power shape (P) o

»

and kieffecﬁiye (ko).-

Determine: The axial variation in ‘the interpolation factor between uncontrolled

8

and controlled cross sections for fgst and qhe;mal groups which

yields consistency for the given data.




Procedure = R . '

I. Compute thermalization probability for Fﬁe initial control state.
o i . i i vi . oo . : - . ,
. 5.6 py LFr/(zal+zr]k - . K o : ‘

"and fast group coﬂfrol distribution to preserve pt. .

z u(l—pi)-z upi - o

£ r al . . »
e _ka = [ c .u, i c

, (Er—i.‘r (p -1)+(Za1-2

u i]k

al)p

II. ﬁake first estima&es of:
2 10 _ 2
5.8 (B5,)y ‘(n/H?
' o i,.1
5.9 (85/41) 7 = (BL/Z0)

t. f
5.10 ka CFk

IIX. Compute interpolated cross sections and power-to-source ratio using

estimated control and flux ratio distributions.

=f _ u £,.c ou
5.1 T = [z "+ cE (2 -E)],

=t _ LU, Letocou
5.12 I o= [2 ° + CE(E-E)]

5.13 £, = {[vi +’vzf2(¢2/¢1)]/[n>:fl + kg, "(9,/9) 10
IV. Solve finite differenced fast group diffusion equatibns:-
514 - V.D, V¢, + (z:r + z-al)¢1 = fP/ko

V. Compute thermal flux &onsistent with power:~

n, ’ 4
5.15 ¢2 = (fP-v2f1¢l)/va2




Vi.
5.16

VII.

5.17

VIII.
5.18

IX.

4

Compute new estimates of thermal control diztributlion:

[

et = w22 c_. uy
Ofy = ([2,0172 965 DoB 55 [ (572 150451,

Solve finite differenced thermal group d{ffusidh-equatlon and compute:*

R [
.
.

revised flux ratio (¢2/¢1). . .

»

=.E ¢

= VDpVhy + Igpby = I8y o S

Compute revised estimate of thermal group axial buckling: a

LA

12 ~ _ . _ -
(Bzz)k ? [(zr¢1/D2{2)-(282/D2)]k

Test convergence of buckling and control &istribution - if not

sufficiently converged, repeat steps III through VIII.




6. SELECTION OF 3-D SIMULATOR CASES

A suggested set of standard CORE cases to utilize for producing collapsed
1-D cross sections is shown in table 1. MThe subscnipc“"a" is‘u;ed to denote' -
cases with, the initial rod patternv(control scate) to be usea_in the transient
while "b" denotes completely uncontrolled (ARO) cases and "c" denotes’ fully
controlled‘(ARI) cases. If the initial control s;ate is all rods oug.tnen
‘the "a "a" and 'b" cases are the same. All 12 case conditione'(Bé total cases)
utilize the xenon distribution calcuiated,for the transient inieial etate or
‘nase case'(O ).\ At each casge eondicion (Oithrough‘ll)wthe "b"‘and e" cases
always utilize the-same 3-D simulator water density (U-array) and fuel
Cemperature (TF array) distrlbutions as were used for the correspond1ng "a"
case. Thus the only differences in the three cases for a given condition

»

are due to control configurations. )
The "leadline" conditions in table 1 indicate that the reactor flow,
pressure and inlet temperature are calculated for the etated perQ level
assuming the reactor reaches the power level from the base conditibn via
a loadline. A loadline has.a prescribed relationéhip for the steady-state
power, flow, pressu;eeand inlet temperature and involves no control rod
movements ’ ' " e o
The "nixed" case conditions in table 1 refer to 3-D simulator cases
with either the U or TF arrays (or both) taken from previously run cases‘
which may not be at the same conditions as ‘the current case (for example‘tne
IF array may be taken from a case at a lower power level than that used to
compute.the U-array). The use of "mixed" cases reduces any coherence between

U an TF values for the various conditions and allows them to be truly

independent variables.
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Cases

0

10

11

a,b,c

a,b,c

a,b,c

a,b,c

a,b,c

a,b,c

a,b,c

Table

1

SUGGESTED CORE CASES FOR KINETICS DATA GENékATION

Con&itions

_Base point (time zero power, flow, pressure, inlet temperature -
and control rod configuration for the transient) ’

(50-60 psi).

Same conditions as. base point except reactor pressure

by a large amount (120-140 psi).

Loadline conditions for base point power “increased by4

amount (approximately l0-percent NBR).

»

Loadline conditions for base point power decreased by
amount (approximately 1l5-percent NBR)

Loadline conditions for base point powe}

amount (approximately 20-percent NBR).

Loadline conditions for base point power

amount (approximately 35-percent NBR).

Mixed case with U array from condiéion 1

condition O.

Mixed case with U array from
condition 5.

Mixed case with U array from
condition 6. .

Mixed case with U array from
condition 6.

Mixed case with U array from
condition 5.

condition
condition
cendition

condition

increased by
decreased by
and TF array
ane TF array
ane TF array
and TF afra&

and TF array

Same conditions as base point except reactor pressure increased

increased
a small

a small'
a isrge

a large )
from
from‘
from
from

from




»

. The suggested conditions in téble 1 are only one 'set of many which
would provide an adequate basis for developing the RETRAN cross section.?
:’The conditions in table 1 are only guidelines and’ minor modificationa are
acceptable. The conditions in table 1 nave been tested:for base cases .
fromrapproximdtely 60 percent of-rated power to deéign power conditions and
yield an accurate representation of the interaction of water-dencity, €uel
tempefatﬁre and control over the range of values normally encopntered dnring
the critical portion of preseurization transients. -

" Por purposes of illustrating the suggested cases, table 2 shows the
approximate values of -power, flow, pressure and inlet temperature fo: a
base condition at design power for the Browns Ferry unite. Since water

density and fuel temperature arrays are not calculated for cases at

conditions»7 through 1 (these cases use arrays calculated at condition 0 to 6),

the power level, flow, pressdre and inlet temperature used are irrelevant.




Tablo 2

TYPICAL CASE CONDITIONS FOﬁ KINETICS DATA
GENERATION FOR BROWNS FERRY UNITS
WITH DESIGN POWER BASE POINT

Thermal Total Reactor Inlet

Condition Power Flow pressure  temp,. :
Number _(MW) (M1b/hr) _(psia) ( F) . Description
o 3441 1025 1055.0  528.0 Base point
1 3441 102.5 1110.0 . 528.0 Pressure increas?
2 ‘m. 3441 102,5 1200.0 528.0 Large pross;te incr;ase
3 3770 115.8 1064.6 ° 529.8 Loadline small decrease
4 2,54;_( _ 1{.{.9 © 1037.5  525.4 Loadlime small deorease
. ' 5 4100 - "129.2 1075.4 531.5 Loadlinme large increase
- ‘ 6 © 2288 u55.§ 1028.2 520.9 Loadline lazrge &ecrease
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7. FITTING RETRAN CROSS SECTTON POLYNOMIALS .-,

In RETRAN each of the required kinetics parameters for each -axial *~

" neutronics region is represented as a polynomial. The polynomial 1ndependent .

variables- are: . .

.

7.1 X

1 ='(U_Uo)/uo . :
7.2 X, = YTF - /TFO

-

- where U and TF are the water‘density and fuel temperature assigneq to the

% " .
. . . . %

neutronics region ‘and the subscript "0" indicates the time zero or' base value.

: - . LN
The cross sections and other parameters are then represented as:

N

. y |
7. 3 zg = (1-0fg)[z z c X lyn= 1]+(Cfg)[z z ¢¢ x™ “"1]
. n=1 m—l mm- 1 . p=l m=1l M 1 . .

.

"
~

where the, superscript u and ¢ denote fully uncontrolled and fully controlled

[}

states; the orders of the polynomials in water density and - fuel temperature ’

are M-1 and N-1, respegtiveiy, and thus there are M*N fitting coefficients

at each control state which are denoted by cmn' Typically, values of‘M=3

e

and N=2 or 3 are employed for normal pressurization trahsientég The Cf® values

represent thé control fraction to be used with cross seetion-zg.
The suggested cases in chapter-6 provide 36 (24 for:an ail.rods out

initial state) values of each cross section in each region which. are utilized

8

to determine the fitting coefficients. Associated with each value of the
cross sections are values of the three independent variables (water density,,

fuel temperature, and control fraction) determined by the methods described

in chapter 5. Thus for each gross section in each neutronic region,

* *

equétioﬁ 7.3 is utilized for each of the cases to obtain a set of 36

equations in which the only unknowns are the fitting coefficients. Since

1 ”

-



there are only 12-18 unknown coefficients, they can be determined by the
least squares method. The 36 equations are arranged in matrix form and a .

‘ standard (reference 9) least squares matrix inversion routine used to determine

the fitting coefﬁicients.l — ” . .

%

» n o * -

The aboﬁe method simultaneously fits the cross sections for all

control-states thus minimizing the error.
. 7 L .

.
-




8. IMPLEMENTATION - .

The calculation of the nodal cross sections describeﬂ in chepter 2
is performed in a special Kinetics data lpterpoietion'and Logical Reduction
(KILR) subroutine added to the CORE code. On user option the KILk subroutine
can be executed after any 3-D simulator calculation. It.also performs tﬁe
cross section collapsing to l—D described in chapter73 and aeterﬁines the
fast group radial buckling as described in section 4.1. |

Each CORE case for which the KILR option is activated will result. in
Collapsed Output for RETRAN being Produced, Summarized and Edited (a "CORPSE"). L
The CORPSE contains the collapsed cross sections, the conditions of the
3-D simulator ;ase (e.g., power, flow, pressure, etcg)>and resulte of the
simulator calculation (e.g., effective multiplication factor, axial power,

. water density and fuel teﬁperature profiles). Since several CORPSEs are

required to produce the RETRAN cross section polynomials, each CORE/KILR
case places the resulting CORPSE into a MORGUE file (Multiple Qutputs for
RETRAN Grouped for United Evaluation). ' ) : N
The MORGUE file is processed by the MORiICIAN program (Multiple gperations.‘
on RETRAN Transient Input Cross section Including Analysis of Neutronics),
which has several user options. The power-buckling iteration describee
in section 4.2 and the calculation of ;he “"RETRAN equivalent" model water
densities and fuel temperatures deseribed'in chapter 5 are performed by the
EMBALM option (Equivalent Model and Buckling Algorithm results Loaded into
MORGUE). | ' |
Determination of the céntroi staté interpolatfion factors by the Power-
control iteration described in eeccion.5.3 is performed by the CAéKI% option

(Control Algorithm Specifying Kinetics data Interpolation during Transients). .

®




' .i"’. .

CASKIT can also perform static 1-D diffusion theory calculations for
'k-effectivc, axial flux, and power shapes for movements of Ehe controls rods

as a bank from the base position (no feedback is used solonly the effect of

cont;ol on the cross sections is simulated). ‘

The determination of the cross sectioﬁ fitting coefficients as described

in chapter 7 is perfo;med by MORTICIAN's FUNERAL dpt;on (Fits Used in Neutronics
Evaluations by RETRAN Apri&ed at and Listed). Tﬁé fitting coefficients along
7with the arrays defining the control interpolation factors are piaced in a

RICH (RETRAN Input Cross section Hierarchy) f%le. The FUK%RAy“oﬁtion

displays a summary of the root-mean-squared fitting error formeach cross
“section in each region and on option provides a 6;mparison of fitted and actual :

value at each data point.

‘ ‘ To facilitate verification of the methods used in KILR and MORTICIAN

1 © ; . options EMBALM, CASKIT, and FUNERAL, the GRAVE option (Generate Results of static
' Analyses !ﬁrifying Evaluated cross section fits) was added to MORTICIAN. GRAVE
utilizes the "RETRAN Equivalent" model water densities and fuel temperatures
for each case along with the RICH file to determine the 1-D cross sections
corresponding to each of the CORE/KILR cases. The cross sections evaluated
from the fitting coefficients are utilized in staticjl—ﬁ diffusion theory
solutions and the ;esults compared .to the,actgal 3-b simuiator results stored
in th; MORGUE fiie. GRAVE -also performs adjoiﬂt flux ¢iffusioh theory

calculations for the base condition cases allpwing po}nt medel effective

delay neutron fraction and prompt neutron lifetimes to be evaluated."

v




9. . VERIFICATION

_ The purpose of the methods described in this report is.to produce
.a s;t of cross section fits which allows the neutronics behavior of the
'réactor to be accurately reproduced when utilized in RETRAN's 1-D kinetics
calculations.
-Siéce the 3-D static simulator is the best representation oé the
' reacto; neutronigs available for routine use and has been extensively compared
to actual operating data, it is appropriate that we attempt to produce
collapsed‘kinetics data which will allow the 1-D solution 1p RETRAN. to ]
agree very closely wich.thg'3-D simulator. If cl?se'agreemeni between
reactivity and. power shapes between the 3-D and 1-D solutions is a;hieved,
then the main uncertainty in the kinetics reactivity cglculation will be
from the uncertainties in the 3-D simulator. Thus the best ayailable
reactivity calculation will be used and any improvements in the 3~D simulator .
will be reflected in the kinetics calculations. T .-
To ascertain that close agreement between the 3-D and 1-D calculations
ig‘achieved, the éesults‘of the CASKIT and GRAVE calculations of.MDRTICIAN '
are used along with actual RETRAN'results. The agreement between the 1-D
diffusion solution performed by GRAVE using tﬂe fitted cross sections and
the 3-D simulator cases is shown in table 3 which shows the’aéerage and
standard deviation of differences in axial power shape and reactivity for
the*10 cases used to develop the cross section fits at each of three control
states. From the results in table 3, it is evident that the collipsing and
fitfing procedures produces goo& agreement between the 1-D and 3-D calculations.
. To further test the cross section fitsgand tﬁe transformation of l‘

variables between CORE and RETRAN, a series -of RETRAN cases was run where

a perturbation was introduced (20 psi pressure increase, 0.5°F inlet
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Table 3
COMPARISON OF 1-D TO 3-D CALCULATIONS ‘ T ' ,
. X - |
: k-eff Diff (pcm)* Axial Peak Power Diff(%) % Error in Reactivity Change®#
Conditions Avg, . S, Dev, Avg, S,.Dev, Avg, ) gLng!L
BF3 BOC1 7 : , . S
all rods out -2, 11, -0.305 1.170 1.10 0.61
all rods in -4. 10, 0.001 0,292 -=0,13 0.91
actual rods 4. 14, 0.614 1,302 - 2,23 . . :3.94
PB2 TT1 . ~ S )
-all rods out -63. 317. 0.337 ' 1.220 6.75 ’ 5.93
all rods in 40. . 14, -1.376 1,116 2,31 : -
actual rods -58. 20, =1.040 2.954 -2.94 ‘ 2.44
PBR2 IT2 . , . .
all rods out’ -23. 42, 0,002 1,860 -3.45 11,92 .
all rods in 5. 12, 0.083 0,111 -2.66 0.46
. actual rods -3. . 14, -0.157 0.542 =1.49 2,33 )
PB2 TT2 ' - . ~ .
all rods out =43, 110, - -0.460. . 3.41 - 0.49 14.40 : .
all rods in 10, 17. 0.045 0.518 0.49 . 3.79 °

actual rods -8. 13, -0.146 0.686 . 2,13 3.88

*pem = 105.1n(k2/k1)

**Reactivity change is the "absolute value sum of component (Doppler and void)
changes from the base conditzon at some control state,
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temperature increase or 1l5-percent flow increase) and the transient

calculation performed until the reactor reached steady state with a new

_power level. The final steady state power, flow, inlet temperature and ‘

* _pressure were then utilized in CORE to calculate the k~effective and

power shape at the final conditions. By comparing the kreffective from

. CORE for the base case and the final conditions case, the total reactiv,ityw

difference between CORE and RETRAN were determined (note both RETRAN states
are critical) Utilizing'the cross sections developéd'for conditions ‘

before the start of Peach Bottom unit 2, turbine trip test 2 (EOC 2), the

results of the steady state to steady-state comparisons were:

Reactivity . Error (% of Reactivity
Difference (pecm) ° Adoed by Perturbation)
Pressp;:e Increase 5.7 o 1.6 . .
Inlet Temperature Increase ~-8.6 : 19.2 M :
Core Flow Increase =7.7 —2.165
N

The larger percent error in reactivity for the inlet temperature increase is
primarily due to the small size of the perturbation (less than 45 pcm) since
the actual error in reactivityuwas essentially the same for-all three cases.
) The axial-power shapes from RETRAN and’CORE were also compared for the
final steady-~state conditions and were in good agreement (maximum relative
power difference at. any axial region was less than 4 percent).

RETRAN's method of representing control rods was tested to confirm

its aﬁiiity to predict the worth of the control rods accurately when moved

as a bank. The CASKIT option, in MORTICIAN was used to calculate the static

reactivity change with control bank movement (CASKIT was compared to actual
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RETRAN runs, and its results were shown to be esseétially identical for
static rod movements). The CASKIT r;sultS'were compared to CORE code static
3-D calculations with control rods moved as a bank while maintaining all w
other variables (xenon, water demnsity, fuel temperature, etc.) at fhose for
the base condition. fhus these CORE and CASKIT calculati;ﬁs show the effect
of rod movements only. Figures 1 through 10 show the results ofﬂth;se
caicdlations utilizing cross sections developed for conditions during startup
testing of Browns Ferry unit 3. Comparisons for rod movaments for an initial
state with several partially inserted control rods and érom an initial all
rods out state are shown. ,

" The RETRAN procedure of interpolating betwaén fully controlled and
uncontrolled cross sections to obtain cross sections for the actual rod
position is shown by figures 6-10 to be very accurate for rod movements from
an initial all rods out state (the w;rth of inserting contol rods five feet
was underpredicted by the 1-D method by 1l.1l~-percent). Since b;nk movement
of control rods from an all rods out state keeps all control rod tips at the
same level as the rods move in so that essentially all nodes in a plane have
the same control ‘fraction the RETRAN linear interpolation woulq be expécted
to be accurate. Rod movements from initial rod configurations with many
partially inserted control rods are not predicted as accurately. Figure 4
shows that an 8-percent underprediction of the worth of control rod movement,
to five feet compared to the 3-D simulation for a typical initial rod pattern.
Similar comparisons have been made for other reactors and conditions, and
tpey confirm that the 1-D meth;a accurately pré&icts the static!worth of
rod movements from an all rods out configuration and incre;singly underpégdicts
the worth of rod movements up to five feet as the amount of initially, partially

inserted control rods is increased.
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The reason for the underprediction of bank movement worths for initial
coé?igurations with partially inserted control rods is probably due to changes
in the planar flux distribution near the rod tips as they are inserted. Ir
a BWR, insertion of the control bank moves the control rod tips to levels with
increasingly higher void fraction. Since ché £flux depression.caused by a
control rod is reduced at higher voids, the control interpolation factor (for
a partially controlled region) will be too low since it was based .on the flux
depression caued by the partially inserted control rods at a élane with lower

»

void . content.
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Appendix A

Solution of Steady-State Versions of RETRAN
Thermal-Hydraulic Equations

'§inge steady-stgﬁe is assumed all volume and junction total. flows are identical

ahd the continuity equation solution is not required.

"
3

The implementation of the steady-state form of the remaining RETRAN equations is

presented in the following sections.

A.l Momentum Equation

The RETRAN dynamic slip momentum equation (reference 6) is solved to obtain

the core pressure distribution. For volumes k-1 and k connected by junction

j the pressures are obtained by: '

=

.

ro
]

P

. -1 -
3 k-1 = 1 APH 5 APFk_1 APLj

k-1

=P o1 -1 -
Pk Pj % APHk ] A?Fk + (APMk_l Ang)

where:

2.A APHk

n

Pl Zk/144

= 2 w2 p . 2
3.4 APF, = 2 2, £42.W2/(144 g 4, p,A 2)

= 2 - 2
4.A APLj 1 kjW /(144 gc j Aj)
S5.A APMk = [W2/(144 gcAﬁsk)][l + V%L(l-a)p ap AZ/W2]

L77g 'k

Thé single-phase friction factor (f) is determined by interpolation on

tabulated data based on the volume Reynolds number. ‘The friction factor

Mrpw e
5.




2

table was developed using the RETRAN equations. ‘The two-phase multiplier
(¢%P) is also obtained by table lookup based on the volume pressure,
mass veloeity, and quality. The two-phase multiplier tables are reduced

versions of the RETRAN tables for the Baroczy correlation.

-

Initial estimates of all volume and junction pressures are made using
guessed densitites, void fractions, and qualities. All pressures are

updated after the complete set of, fluid conditions has been updated.

The momentum and gravity head terms at the inlet and outlet are subtracted
from the pressure difference between the upper and lower plenum volumes to
obtain the core pressure drop to compare to the CORE code value. The
difference in the two core pressure drops is used to adjust the outlet
loss coefficient to obtain agreement. The pressure in the lower plenum

is adjusted to force the core mid-plane junction pressure to be the same

as the "reactor" pressure used in CORE.

A.2 Energy Equation

6.A

7.A

8.A

The RETRAN energy equation at steady~state can be solved for the vapor

flow rate at junction j to obtain:

We = [(qSAS)j W+W

g8 8 _ und g _ yl
F + WS U wuj]/(uj u;)

2 U£
j=1Y5-1 ¥ W5_1U5 3
with
v = n® 4k V2, /(778 ) + %z, /778
3 3 23 e k

u% By v2

y .= hJ gj/(778 8,) + '%, /778

wheren(qus)j is the total heat added between the midpoints of

volumes k-1 and k. Solution of equation 6.A is started by using

{
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% equal to the inlet enthalpy of the CORE case (and wg_l=0). If the

h
j-1 |
vapor flow rate calculated by 6.A is not positive then the fluid is still

subcooled so W? is set to zero and the equation solved for h;.

The junction void fraction is obtained from the relationship:
‘N _ 8 8o _ _ _an=1 '
9.4 oy [(wo,/(W>(p, 0g) + pg(_W Vg (1~0) "zA))]j
where " and an-l refer to the current and previous iteration

estimates of void fraction.

The volume void fraction is calculated by:

a, = 1
ko 1K pg L
——G) Bl .
£f Pg'k
- L (8 8
LA (Xg)y = @, + W) /W

12.A H = [%(V;“H + v;‘) - (vSL)k]/[!s(vi+1 + V:’;’)]

where the volume slip velocity (V is obtained as described in

SL)k

the next section. The'volume average density is calculated as

Pr= Py~ “k("z' pg)k.

A.3h Slip Equation,

’ For two-phase flow thé liquid and vapor phase may be flowing witﬁ
different velocities. The difference between the liquid and vapor
velocities 1is called the slip velocity and RETRAN utilizes a differential
equation to describe the slip velocity behavior. The slip velocity

depends on the forces acting upon each phase and interphase forces.




s
The lforces are primacily FNumet lons of the presaore gradient and flow .

regime. Based on references 6 and 7, the steady-state form of the

.

RETRAN slip equation can be written as:

P P ) 2. .

Sl _ Ly k1" 'k g mm _wmy ;
. 2G5 vzt Yk T Yy e -V
13.4 vl - L&l Kl % '

. . SL N
’ ¢ %1—a) - i ) A B
o Py 828 ) ,

A04

where Ag and Bg are terms in the representationlof Interphase
friction and are functions of the phase densities, hydraulic
diameter, phase velocities, viscosities and wall roughness

(references 7 and 8).

The volume slip velocities are obtained by averaging the junction values

C 3+1 j '
14.A (VSL)k 0.5(VSL + VSL) A .o ’ -
The energy and slip equations are iterated for a junction before pro- " ]

ceeding to the next junction. After all junctions (and volumes) have
been solved the pressure distribution is updated and the iteration
repeated. The diterations are terminated when all pressures and void

have adequateiy converged.

Profile Fit - Subcooled Void Model

A subcooled void model developed by Zolotar and Lellouche (reference 9)

is used in RETRAN to calculate the water density profile used in.tﬁe

neutronics model. This void model relates the "true" flow quality to

the equilibrium quality, where

X - xeD[1 - tanh (1" - Xé/XeD)]

_ e
* eD)] . ‘ 1 '

1l - XeD[l - tahn (r- Xe/X




‘ X, = (h - hf)/hfg

; X = "true" flow quality
Xe = flow equilibrium quality (neglecting subcooled boiling)
xeD = flow equilibrium quality at the bubble detachment point

Note: Boiling occurs if and only if X, 2 X

The equilibrium quality at the detachment point is given by:‘x

X . =-C2/h
x2

eD fg

where,

A = 4Hy (Hpp + He)?

: ‘ B = 2H3, (Hyy + '5'Hpp) + 8 qupH (L, + Hpp)

(¢}
[
)

2 2
Hy qup * qyp *+ Hpp

- (BZ_ 4AC) 0,5
2A

=

=3

' 0.662 .
cHNge Pr k/DpY

.

' 0.8 pp0.k
Hpp = Cpp Re ?r. k/Dyy

Hp = exp(P/630)/5.184(10"3)

‘ C 0.033 ¢ + 0.013

DB

CHN = 0.2 DHY/(4Rrod)

m
[}

Agp,
AfL + Arod

. Rrod = heated yod radius (ft) P

fraction of area avallable for flow =




) AfL = flow area (ft%)
Arod’= "NrogRiod(ftz) .
Nrodﬁ= Number of rods
9 = Hp (ésat - Top) tHp (T = T2

- 2 . - 2
HB(Tw Tsat) HHN(Tsat Tzn)

Calculation Procedure

B

1. For a given channel obtain Xe and q, (wall heat flux) at the center of
edch axial mesh.

Staréing at the bottom of the channel: ’ M ;

2, Evaluat? XeD for each node using q,

Y

3. If Xe < xeD’ there is no voiding. Proceed to next node (go to step 2) .

4, Using Xe and XeD evaluate X for rod

.
»

5. Evaluate o as given in the next section

4 3

al

6. Proceed to the next node at step 3

Void Relationship

Using the flow quality, X, calculated previously, the void fraction is
calculated from

B 1
Ch (x + (l-X)og/pzl + p

[+
g'g3/C

with G = total flow (1bm/ft2-hr)

then

Q
[}

\
l
L(o,P)/[k  + (1—k°)ar] . o . |

n
1]

(1+ 1.57 p /o) /1~ky)

=
]

ky + (1-kp) (o /0,)0-25

PRI




(l-ao)l'ssine
sin 6 = 1 for upflow of mixture
=1 for downflow of mixture
o = surface tension (1b/ft)
8 8, = 4.16 x 108 ft/hr?

P = nodal pressure ( .

Pc= critical pressure

-C.,. Q0
L(o,p) = 2= Lo

1-e" ¢!
¢, = 4P§/[P(PC-P)]
k, = min (K3, K)
Ky = 1/[1.0 + exp (-Re + 10°5)]
ks = 0.80
L AL where n = iteration number ’
- Cgp = 1.41

Calculation Procedure

1. Start at bottom of channel, utilize X as calculated previously and gues

a, for each node.

2. If @ = 0.0, set L(a,P) = 1.0 temporarily




"y s

x
~

3.F Calculate Co and V and evaluate o

gJ

ar

4, If |a:ao| > 0.001 set a=a and go to step 3.

v

5." If |a—a°|:§ 0.001 proceed to next node.
This void distribution is used to calculate the water density for each .
volume for which cross sections are evaluated. The void and water density
distributions from -the profile fit/drift flux calculation are used only for

the evaluation of cross sections for the 1-D neutronics and do not effect .

the system thermal-hydraulics.

®




