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Abstract

The axial height-dependent transverse buckliing is derived from 3-dimensional depletion file in
steadystate conditions. For transient conditions a physical correlation is developed based on the
linear relationship existing between the responses of in-core and ex-core detectors. The use of this
model greatly improves the reliability of a l-dimensional diffusion theory program in predicting the

axial power transients accompanying large variations of control rod positions.
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B2 transverse buckling(cm™2)

Nomenclature e s
Dt fast diffusion coefficient (¢cm)
D?  thermal diffusion coefficient(cm)
] l-energy group neutron flux (# /cm?, sec) ] ]
331 {ast absorption cross section(cm™)
¢! fast neutron flux(# /cm?, sec)
# thermal neutron flux(# /cm2, sec) 3.2  thermal absorption cross section(cm™!)
K~  infinite multiplication f{actor >,  fast to thermal removal cross section(cm™?)
K. effective multiplication factor vyL fast fission cross section(cm™)

M?  migration area(cm?) .
B%  radial leakage(cm~2) as used in the RMS vEj thermal fission cross section(cm™)

(see Section II. 2)
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I. Introduction

The nuclear design of typical PWR has dep-
ended on the 1-dimensional(1-D) diffusion mo-
del to calculate practically the core average
axial power distributions. This type of calcula-
tions demand significantly less computing time
than the 2-dimensional (2-D) or 3-dimensional
(3-D) core analysis. But the resulting data co-
ntain sufficient information about the core neut-
ronic behaviors during normal operations and
operational transients since the core radial power
distributions are relatively monotonous and easily
bounded by the design.

There is also an increasing need for this kind
of program on the site to help operators to co-
ntrol their reactor in a predictive way especially
during load follow operations. The 1-D model
actually implemented on the site-computer exec-
utes the principal functions of the computer-aided
power control system(CAP) or the reactor
management system (RMS) ®, The minimal or
maximal change of boron concentration, the re-
quired range of control rod displacement, the
axial power imbalance or distribution, and the
poison buildups after reactor trip can be calcul-
ated fast enough to accommodate the actual
variations of core physical conditions.

The 1-D diffusion models® “ currently used
by major vendors of PWR core are basically
similiar to each other in that they are based on
the 2-group diffusion equations incorporating
pointwise feedback models. Although they have
been successfuly employed either as a constituent
tool of 1D-2D synthesis method® or as a sim-
ulation mode!l of free-running xenon oscillations,
their incapability of simulating relatively comp-
licated load follow manoeuvres have been also
noted: the axial power distributions calculated
by one of the current models have been far away
from those by a 3-D diffusion model.
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The most important reason for this poor result
is that a core average transverse buckling is
applied to all axial nodes without consideration
of local variations of neutronic conditions. The
average or homogeneous buckling method fails
where there exist large displacements of control
rods. In his 1-D analysis of load follow opera-
tion with homogeneous buckling T. Morita®
changed artificially his control rod positions from
those used in 3-D reference calculations in order
to adjust the axial power distributions to the
reference ones. In certain cases'® it has been
necessray to introduce axial height-dependent
bucklings specific to a given core condition so
as to reduce the penalty to be imposed on the
reactor power capability because of deficiencies
in models. But it has been arbitrary and dema-
nded experiences to determine such bucklings.

The transverse buckling is employed as a pa-
rameter of correcting the predictions of the CAP
or the RMS. It is updated peri;)dically to match
the predicted power distributions to the measured
ones. But no analytical model for transient core
has been developed and the updating is done
experientially.

In this paper an axial height-dependent tran-
sverse buckling model generally applicable to
all reactor conditions is presented and tested.
For normal depletion calculations the bucklings
are obtained from an available 3-D depletion
file which is generated for some other purposes.
For transient core a correlation is developed
from physical reasonings based on the observed
relationship between in-core and ex-core detect-
ors. A procedure of executing systematically a
series of calculations from the steady-state to
the transient state is also proposed. Extensive
verifications for various reactor conditions are
performed against the results of lengthy 3-D
calculations.
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II. Analytical Model

I1.1. Summary of the 1-Dimensional Diffusion
Theory Program, DDID

This model has been developed from a 3-D
diffusion program so as to study the operational
transients with conveniences. It is in fact the
updated version of the program that has been
used to simulate the free-running xenon oscill-
ations in Ref. 8. The governing equations are
derived from their 3-D versions as shown in
Appendix, where we find clearly the axial hei-
ght-dependency of transverse bucklings. An
explicit treatment of control rod movement and
a simplified simulation of boration and dilution
are added. The search on one of such important
parameters as control rod position, soluble boron
concentration and inlet temperature to get a
required reactivity change is then easily perfo-
rmed.

A burnup-dependent macroscopic cross section
table is provided as inputs for each burnup cycle.
This table is generated through the procedurc
shown in Fig. 1, The resulting cross sections
are representative of radially homogenized axial
core so that the comparison between the 1-D
model and the 3-D model could be made without
any bias.

I1.2. Transverse Buckling for Steady-States

In the RMS the 1-D model is based on the
following 1-group diffusion equation:

HE . [ KPS 4@ -0
dII.2-1)

At the initial state the calculated power dist-

+|

ribution is made to coincide with the measured

one by defining the radial leakage as follows:
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where ¢, is determined from the measurement.

If the measured flux distribution is not avai-
lable the radial leakage at the initial state can
be evaluated from a calculated 3-D flux distri-
bution, This is the procedure adopted in this
paper.

From the available 3-D depletion file for a
given burnup cycle the transverse buckling cor-
responding to an axial node is calculated with
the following analytical model. Assuming the
spatial separability of leakage terms, we can
write the 2-group diffusion equations for an

axial node % as follows:

(I1.2-3)

(I1.2-4)
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where Ji=—Dd¢/oz

Jj=—Diog Jor

r—=area of radial plane at axial node %
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Z,=axial mesh width of axial node &
Vi.=volume of axial node &
Using the bare reactor theory the second term

on the left hand-side is approximated:

Then the buckling for group 1 at axial elevation z is,

(Bp)}= Kot

The buckling for group 2 is obtained in the same way:

(By=—

Then,

L

(L 2-5)
[, o e [ (Tt Togde— [ Jo-ds
11, 2-6)
111
anD ¢ dv
J2eds— f | Sigdv+ f | T
: : (I1.2-7)
f | Dy
The following equivalence relation is used to form a 1-group buckling:
B} [ Dpdvr BOL[ | Dgrao= (B [, (D9 + D) (I 2-8)
T VS 20 du— f (Sl D) dv— f AR AR2
(il : : (1L 2-9)

(BY,= Kerr LY

The transverse buckling defined by Eq.(IL. 2-9)
has the effect of compensating for the missing
radial dimension in the 1-D model to some
extents. But it is unavoidable to have small
discrepancies in axial power distributions betw-
een the 1-D model and the 3-D model. A sim-
ple way to get rid of this problem is to apply
a linear weighting function to the axial distrib-
ution of the above-calculated bucklings as foll-
ows:
(B(22)) o= W(zs) - (BD (F.2-10)
W(z)=a-(2—0.5H) +1.0 (I.2-11)
where (B2(z:)),=weighted transverse buckling
a=slope of linear weighting function W(z)
H=active core height
The weighting function is determined at the
end of a few 1-D calculations with the slope a
updated each time until the 1-D prediction coi-
ncides with the 3-D one. This function can also
be used to adjust the initial states of the 1-D

model to the measured state if the implementa-

fv (D'¢!+ D2 dv

tion is made on the site-computer.

I1. 3. Physical Correlation for Transient States

In power transients like load follow operations
the positions of control rods and the axial dist-
ributions of power, moderator density, and xenon
are frequently varied. These parameters affect
the radial leakage of neutrons or the transverse
buckling in such a non-linear way that an an-
alytical model accounting for all the effects is
difficult to derive.

Again taking the example of the RMS the
radial leakage in transients is obtained from the
initial-state leakage as follows:

B?(2) =By?(2) +C(U—Uy) (I.3-1
where
C=constant

U,=void fraction at the initial state
U=predicted void fraction
As we can see, this equation takes into account
only the state variation due to the void fraction
change. The effects of the other important par-
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ameters must be considered in the initial-state
leakage. This means that we must have a large
set of initial-state leakages relating to the var-
ious core conditions.

To circumbent this difficulty a different app-
roach is made and described in the following
paragraphs.

Since the leakage neutrons contribute directly
to the ex-core neutron detector responses, it can
be logically inferred that the axial distribution
of response magnitudes is the same as that of
leakage neutrons. Using the 2-group method in
Section ] .2 this means:

B2(z) D'(2) ¢! (2) + B,2(2) D*(2) ¢*(z) =R ()
(I.3-2)
where R(z) is the detector response properly no-
rmalized at axial location z,

It has been found?® that there exists a linear
relationship between the axial power imbalance
measured by ex-core detector and that by in-
core detector or that really existing in the core
(also see Fig. 2). This can be expressed as fo-

liows:
L L/2
f R(z)dz-- f R(z)dz
L/2 [1]
:fL C(2)P(2)dz
L/2

L2
—fo C@P()dz  (1.3-3)
where L=active core height

C(2) =proportionality function

P(z)=relative power at axial location z.
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Fig. 2. Axial Power Imbalances Measured by Ex-
Core Neutron Detectors vs. by In-Core
Detectors

The Eq. (1I.3-3) relates the detector response
imbalance to the power imbalance. This relation
can be satisfied if,

R(z)=C(@)P(2) (I.3-4)
In real systems the ex-core detectors are calib-
rated periodically during core depletion according
to the incore measurements. So wc assume that
C(z) be function of core burnups.

From Eq. (I.3-2) and Eq. (T.3-4) we obt-
ain the transverse buckling:

o CDPE
D (z) ¢! (2) + D*(2)¢*(2)

The axial power and flux distributions are those

B2 (z)= (1.3-%

really existing in the core. But we assume that
they can be approximated by the calculated
one so that the transverse buckling might be
generated during transient calculations.

To take into account the effect of varying
power level on the leakage of neutrons a para-
meter dominating neutron transport and also
reflecting core thermal change is searched. Since
the water density increasing due to thermal po-
wer decrease will augment the moderation of
fast neutrons and reduce their leakage, the eg-

uation is simply modified as follows:

B C(2)P(2) 1
B¥(z)= Di(2)¢' (z) + D2(z)¢*(z) e
(L.3-6)

where o(z)=axial distribution of water density

The proportionality function C(z) is determi-
neds from initial power distribution, for example,
that resulting from all rods-out depletion calcu-
lation:

__ (Do (2) ' (2) +Do*(2)§s*(2)) « (B,*(2))o,

C) Py(z)

£0(2) (1.3-7)
The proportionality function defined by Eq.

(1.3-7) contains the information about the ch-
aracteristics of core states in terms of radial

leakage at a given burnup. This is due to the

fact that the term(B2(2)), is evaluated from a

3-D power distribution. The effects of varying
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control rod positions and axial distributions of
other parameters are supposed to be all accoun-
ted for by the Eq.(I.3-6), which is based on

transient power and flux distributions.
ITII. Application and Results

The process of executing a series of calculati-
ons from the initial steady-state to the transient
condition are procedeeded as follows:

1. For a given depletion cycle the initial bu-
cklings are calculated from the available 3-D
depletion file.

2. It is then corrected through the application
of weighting function which is determined at
the end of a few 1-D calculations.

3. The 1-D depletion calculation is done for
each cycle and a set of burnup-dependent weig-
hted bucklings are determined. Also the results
of this calculation constitute the initial conditions
in the 1-D model.

4, At a given burnup step various steady-
states or transients are simulated departing from
the initial conditions.

The advantageous feature of this procedure
is that the once set-up initial condition in the
1-D model is a general one: it is specific only
to the core burnups.

The 1-D model with the axial height-depen-
dent buckling (B2(z)) is confronted with react-
or conditions of varying burnups and power le-
vels in normal all rods-out depletion and in load
follow transients. For the same conditions the
3-D model and the 1-D model with homogene-
ous buckling(B?) are run to obtain reference
values.

The transient modelled is 12-3-6-3 type load
follow operation during cycle-1 of Kori Unit 1
reactor. The power levels are varied from 100%
to 70% or 50% and the conditions beyond nor-
mal operational limits are also assumed to see

the validity the model in extreme cases. Shown
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in Fig. 3 is a typical variation of control rod
positions and boron concentrations during power
level changes from 100% to 70% and 70% to
100%.

The following paragraphs summarize the calc-
ulational results:

1. In Fig. 4 and Fig. 5 the bucklings for
BOC and EOC of cycle 1 and cycle 2 obtained
from 3-D depletion file are shown along with
the weighting function W(z). When these bu-
cklings are used for the 1-D depletion, the res-
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ulting burnup distributions at EOC of each cycle
are presented in Fig. 6 and Fig. 7 in comparison
with references. The evolution of axial power
imbalance or offset(A.O.) for each cycle is also
presented in Fig. 8 and Fig. 9.

It can be pointed out clearly that the deplet-
ion with B2(z) is necessary to obtain correct
burnup and poison distributions since they are
affected directly by the power distributions.

2. In Fig. 10 and Fig. 11 the evolutions of
A.O. during load follow operations respecting
the operational limits are shown for BOC and
MOC of cycle 1 when the power level is varied
from 100% to 70% and from 70% to 100%.
Another transient with power level change from
1009 to 50% and from 50% to 1009 is pres-
ented in Fig. 12.

For all the cases tested the results with B?(z)
are much better than those with B2, This fact
is more eminent in the high power range. Bec-
ause the limiting power distributions are norm-
ally produced in the resumed high power region

(namely 100% nominal power) the good agree-
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Fig. 11. Comparison of Axial Offsets during 100—.
70-100 Load Follow Operation Simulated
at MOC of Cycle-1/Kori-1
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ment acquired with B2?(z) is significative. Shown
in Fig. 13 is the evolution of axial peakiﬁg fac-
tors during 3 days of load follow operations at
MOC of cycle 1 with power level change from
100% to 70% and from 70% to 100%. The
maximum percent error with B2(z) model is of
2.89% at 48 hours while at this time that with
B2 model is of 9,0%.

3. In Fig. 14 the evolution of axial offsets
during load follow operation violating the nor-
mal operational limits is shown for EOC of cycle
1. The power level is varied from 100% to 70%
and from 709 to 100%. Again the results with
B2(z) model is far better than that with B}
model. With regard to the axial peaking factors
shown in Fig. 15 it is remarked that the percent
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error at the end of the Ist day in load follow

operation is of 0.07% for B2(2) model and of

11% for B?, model.

4. It is generally observed that the results of

the 1-D model are more penalizing than those
of the 3-D model at the high power level: the
axial peaking factor with B2(2) is slightly lar-
ger than the 3-D reference one and that with

B? is much larger.

IV. Conclusion

The axial height-dependent buckling model is
developed for the analysis of normal core deple-
tion and power transients including load follow
operations in the 1-D diffusion depletion prog-
ram. The procedure of utilizing this model for
a series of calculations from the initial steady-
states to the transients is set up. From the test
results at various core burnups and power levels
the following conclusions are drawn:

1. The reliability of the 1-D diffusion theory
program in predicting axial power transients
accompanying important variations of control
rod positions can be improved by using the pr-
esent model.

2. The results with the present model are
much more accurate than with the conventional
homogeneous buckling model.

3. If this model is applied to the core design
the penalty on the reactor power capability due
to the deficiency in the calculaional method will
be surely reduced.

The 1-dimensional diffusion program with this
model and the procedure developed can be imp-
lemented on the site-computer to enhance the
load follow capability of PWR,

Appendix

The 1-D axial diffusion model is employed to
analyse the radially homogenized axial core.
Consistently done with this fact is the derivation
of the 1-D diffusion equations as used in the
1-D code.

The 2-group diffusion equation for an axial
node % in the 3-D version has the form:
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1, 1 Iy 1 _
f JiedS+ f e f L OZi+vTi dv (A-D)

f J2edS+ f | Tigdv= f T gtdv (A-2)
The Ist term on the left hand side of both equations are approximated as follows:

Juas=[gi-as+ [gias= [ 2 sav [sieas

—_ 0 ni 0 i, JS= (R2)} ibi i,
=— [, -Digptdv+ [ Ji-as= B[ Diao+ [ Jias (A-3)
The other terms are radially homogenized:
f . Zigtdv= f . f Zigdsdz=S$, f pde (A-9)

where Z",¢"=fs Z',",¢"dS/fS ds
As well we homogenize the second term on the right hand side of Eq. (A-3):
f Ji-dS= f p-Jidv= f . f e JidSdz= f 7 f  Jiasds
= [, p-Tisiz=5[ Ji-as, (A-5)
where ]—;'zfs J,‘-dS/fS ds

Sz=unit area

Eq. (A-3), (A-4), and (A-5) are inserted into Eq. (A-1), and (A-2) and the resulting equat-
ions are rearranged:

f JidSat f L+ T g dz+ (B, f  Didz= Kff, f o, QTP VI dz (A-6)

f JEds.+ f Tzt (BD} f , D= f Spdz (A-T)
Assuming 3.¢'=3,'d’, we obtain the following 1-D equations:

[ Jrdses [ @Ergdss Bl [ Dirdr=l [ 6F 51405 g (A-8)

Jras.+ [ Bganr @i [ Dgae= [ T gde (A-9)

Eq. (A-8) and (A-9) show that the transverse buckling in the 1-D model has the axial height-
dependency.
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