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DUTY DURING NORMAL OPERATION OF ASEA-ATOM BWRs
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At the return to full power after a short shut-

down or in connection with load follow operation

the xenon transient may cause PCI loads on the fuel.

To avoid this a few hoursholdtime before going back

to full power is recommended.

ABSTRACT
Introduction

Local power changes may under special conditions

cause PCI fuel failures in a power reactor.

By restricting the local power increase rate in

certain situations it is possible to prevent PCI

failures. Fine motion control rod drives, large

operating range of the main recireulation pumps

and an advanced burnable absorber design have

minimized the impact of the PCI restrictions.

With current ICFM schemes the power of an assembly

is due to the burnup of the gadolinia gradually

increasing during the first cycle of operation.

After this the power is essentially decreasing

monotonously during the remaining life of the

assembly. Some assemblies are for short burnup

intervals operated at very low power in control

cells. The control rods in these cells may

however be withdrawn without restrictions leading

to energy production losses.

Base load operation wouJd in the normal case lead to

very minor PCI loads on the fuel regardless of

any PCI related operating restrictions.

A fuel rod may fail due to Pellet Cladding
Interaction (PCI) at an increase in linear
power density above a previously attained
power level or after operation at low power
for a long time. PCI failures are caused by
a combination of tensile stresses in the
Zircaloy cladding and the fission product
environment inside the fuel rods. The tensile
stresses results from mechanical interaction
between fuel pellets and cladding tubes.
Among the fission products there are aggressive
elements which contribute to an environmentally
assisted cracking of the cladding tubes.

Operating procedures to mitigate PCI loads have
been identified, ref 1 and 2. To clarify these
operating procedures a number of concepts need
to be defined.

Preconditioning of a fuel rod means that the linear
power density is increased at a maximum and relatively
slow preconditioning ramp rate. The preconditioning is
very often done in steps and a maximum allowed step
height is then defined. A fuel rod is preconditioned
for a power level when the rod has operated at this
level for some time, the preconditioning time.

Preconditioning procedures are usually only applied
above a certain linear power density, the thresh-
hold level, below which the probability for PCI
failures is negligible.

If the linear power density is reduced after the
preconditioning, the fuel loses its preconditioning.
This process is referred to as deconditioning.
Sometimes the expression preconditioning lifetime is
used.
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22B The concepts described above ace illustrated in
figure 1.

For BWR fuel manufactured by ASEA-ATOM , PCI related
operating recommendations have been adopted that with
very high confidence prevent PCI failures. 27 kW/m
is the threshoLd level for preconditioning. The
preconditioning ramp rate is 0.06 W/(in.s) and the
maximum step height is 1 kW/m. These values are used
as guidelines for the planning of the operation of
ASEA-ATOM 3WRs and have significant margins to values
where failures have been experienced in test reactor
experiments. The PCI recommendations could maybe be
less restrictive by permitting less margins to the
failure limits but six years of very positive
experience in terms of number of fuel failures and
a very limited capacity loss of only 0.4 % do not
presently motivate a change of the established
procedures.

In a power reactor local power changes in fuel rods
are caused by global changes of the reactor power
and changes in the power distribution. Xenon
transients may perturb the power distribution to
an extent which makes PCI considerations necessary.
Maneuvering of control rods has a strong influence
on the power distribution which in some cases is
important from the PCI point of view. Also, after
refuelling, power may increase relative to the
previously prevailing power level.

The effect of global and local power changes on
the fuel rods depends strongly on reactor and
core design and in-core fuel management. There-
fore, 'specific design features of a reactor and
the associated in-core fuel management system
must be considered when the PCI fuel duty is
evaluated. This report describes the PCI fuel
duty during normal operation of ASEA-ATOM BWRs.

Characteristics of the ASEA-ATOM BWR relevant to PCI

In a BWlt the; main ^circulation pumps are used for
power control. The basis for this is the void
feedback affect: A high recirculation flow reduces
the void content of the core and increases the
reactivity and vice versa.

Modern ASEA-ATOM BWRs have internal main recirculation
pumps. This means that the pump impeller is located

inside the reactor pressure vessel and is connected
through a shaft to the pump motor outside the pressure
vessel.

The operating regime of an ASEA-ATOM BWR is described
in figure 2. At rated power there is a coolant flow
range of approximately 25 4. In some older ASEA-ATOM
BWRs with external main recirculation pumps the flow
"window" is as large as 40 %. This permits flexibility
in power control especially in load-follow operation.
A large number of control rod patterns can for example
be used at full power. By operating at low flow/high
void at end-of-cycle, the neutron economy is improved
by the spectral shift effect.

A reactor power control line is also indicated in
figure 2. As is evident from the figure, the reactor
power can be reduced to 65 % using only the re-
circulation pumps. This is a very important design
feature for the preconditioning of the fuel after
refuelling and for load-follow operation.

A second important design feature of the ASEA-ATOM
BWR is the fine motion control rod drives. These
have a screw and nut mechanism driven by an electric
motor and permit withdrawal in very small increments,
typically 18 mm which corresponds to 0.5 % of full
stroke.

The effect of the control rods on the local power
distribution has been determined from gamma
scanning of fuel rods. It was concluded that a 18 nun
withdrawal of a control rod causes a maximum increase
in linear power density of about 1 kW/m. This means
that as long as the control rod withdrawal at full
power is limited to 18 mm once per four hours, the
PCI limitations are always maintained. The possibility
to always withdraw control rods is important since
it permits modification of the control rod pattern
and burnup compensation at full reactor power.

Characteristics of the ASEA-ATOM fuel design and in-core
fuel management system

In a ASEA-ATOM BWR-75 with 8 x 8 fuel the operating
limit of the linear power density is 41.5 kW/m. This
level can be reached during the first two cycles of
operation for a given fuel bundle. After this the
maximum linear power density drops gradually ending
at approximately 10 kW/m by the end of the fifth cycle.



The low linear power density is possible with the
optimum power density for the ASEA-ATOM BWR of
approximately 24 W/g U and burnable absorbers which
serve to keep a low power peaking factor.

The ASEA-ATOM burnable absorber design is based on
axial grading of gadolinia bearing uranium dioxide
pellets in the fuel rods. This concept allows a
limited control rod inventory at power. While satis-
fying the reactivity shut-down criteria, the concept
also provides additional means for axial power shaping.

The advanced use of burnable absorber facilitates the
use of a single sequence of control rod patterns
throughout a cycle, the so called Mono-Sequence
Operation. Earlier several control rod sequences were
used during a cycle with each sequence swapping
involving major maneuvering of the control rods and
causing production losses due to the PCI operating
restrictions. Thus the Mono—Sequence Operation has
been very important to reduce the impact of these
restrictions.

ASEA-ATOM is currently developing a new BWR fuel
assembly design, SVEA, having an internal water cross.
The primary objective of the design is to improve
the neutron economy. Besides this the local peaking
factor is reduced with almost 10 %. This will reduce
the maximum linear power density to about 38 kW/m.

A reduction from 41.5 kW/m to 38 kW/m is a significant
and useful reduction of PCI fuel duty. This conclusion
is drawn from numerous experiments which have shown
that the PCI failure probability is strongly dependent
on linear power density around 40 kW/m.

PCI fuel duty

4.1
Normal loading strategy
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The power in a fuel assembly depends on the reacti-
vity. When reactivity decreases the power is
reduced and vice versa. During depletion of fuel
without burnable absorber (BA) the reactivity
decreases monotonously. The reactivity can be
controlled by using burnable absorber (BA) in the fuel
or by maneuvering the adjacent control rod. Fuel
design changes (initial enrichment, water to fuel

ratio, etc) may also affect the reactivity. By
introducing BA in the fuel or by inserting a control
rod the reactivity and the power decreases.

In AA BWR fuel BA is routinely used since 1975.
The reactivity of fiiel with BA increases during
the time interval when the BA is being depleted.
The effect of the BA is designed to disappear after
the first cycle of operation. This means that the
depletion time for the BA varies between 4 and 10
MWd/kg U, depending mainly on the cycle length
(12- and 18-month cycles).

The reactivity characteristic of fuel with BA
implies in principal a very slowly increasing
power during the first year of operation and
thereafter a monotonous decrease during the remaining
life of the fuel assembly. Thus the maximum fuel duty
in terms of linear power density is obtained during
the second part of the first cycle or during the first
part of the second cycle of operation. The ideal power
history is outlined in principle in Figure 3 and a
real example is given in Figure 4.

During normal operation unacceptable power ramps
from the PCI point of view are caused only by control
rod withdrawal, xenon transients, and as a result
of previous fuel shuffling.

4.2
Fuel Shuffling

After refuelling, the reactivity distribution of
the core will be different in comparison with that
at the end of the previous operating cycle. This is
of course due to insertion of fresh fuel but is
generally also caused by at least some rearrangement
of the irradiated fuel. Such "shuffling" of fuel
bundles may cause power ramps in the fuel during the
succeding cycle. In the ideal equilibrium cycle
the fuel assemblies are moved outwards to the core
edge during the last years of operation and there is
usually no economic incentive for shuffling inwards
from low to high power regions which would cause
power ramps in the fuel.

In reality a certain amount of inward fuel
shuffling does occur. Varying cycle lengths may
for example require various size reload fuel batches.



228 Further, as a result of the final optimization of
a reload pattern for obtaining higher reactivity and
improved power shaping while satisfying all con-
straints, some fuel assemblies are usually shuffled
to positions with higher power. An example of a
power history is shown in Fiyure 3. This type of
shuffling could to some extent be avoided by a
less economical but still fully acceptable reload
pattern design.

Shuffling of fuel assemblies can load to power ramps
up to the order of 10 kW/m in a few assemblies. This
implies that the rate of power increase during first
power ascension to full power after refuelling must
be restricted. One essential principle in the AA
philosophy of reactor operation is the assumption
that, after a refuelling the core is always regarded
as "non-preconditioned". This is conservative but is
in any way recommended with regard to shuffled fuel
in order to reduce the overall risk for PCI fuel
failures.

4.3
Control rod withdrawal

When a control rod is withdrawn the power in the
surrounding fuel is increased drastically, which
could lead to unacceptable power ramps in the fuel.
With the Mono Sequence Concept only one control rod
sequence is used during the complete cycle and only
a few control rods (5-10 %) are used for reactivity
compensation in specially prepared control modules.
Fuel assemblies are positioned in these modules
during their third or fourth year of operation, which
assures that the power peaking does not become limiting
during control rod withdrawal and that the so called
"control rod history effect" (differential burnup and
conversion across a fuel bundle) does not lead to any
thermal limitations.

When a fuel assembly is moved to a control module
the power is kept low by the control rod during a
great part of the cycle, and when the rod is subse-
quently withdrawn the power is normally increased to
a power level which is below the threshold level or
below the maximum value obtained during the previous
cycle. In some cases power increases to values above
the previous maximum level may, however, occur.

The time interval for the low-power operation may
also be longer than the lifetime of the fuel pre-
conditioning. This implies that in some cases a
slow control rod withdrawal rate is needed in
order to precondition the fuel. This can be done
at full power without energy generation losses,
by using the Fine Motion Control Rod Drives (FMCRD)
that all AA BWRs are equipped with. An example of
a power history of a fuel rod in a control
module is shown in Figure S.

Except for the deep control rods in the control
rod modules some shallow control rods may be
needed for shorter intervals during the first
part of the cycle to control the axial power
distribution. When withdrawing such rods a slow
control rod withdrawal rate is needed, but again
this does not lead to any power production losses.

4.4
Xenon Transients

Power changes in the reactor lead to xenon varia-
tions in the core which may cause significant
changes in the power distribution. The most important
case is the fast return to full power after for
instance a scram. During such a restart the xenon
variation may cause power ramps in the fuel up to
about 6 kw/m if no limitation on the power ascension
is applied. To prevent unacceptable power ramps
certain holding times at power levels just below
full power are prescribed.

During load follow operation the xenon transient
is less than during a fast restart. Figure 6 shows
a typical daily load follow cycle with a power
reduction to about 70 % for about seven hours during
the night- During this period the xenon distribution
changes so that when the reactor lias obtained 100 %
power again the power distribution is more upward
tilted causing power ramps in the upper part of the
core. Then the power distribution changes during the
transient and after 6-8 hours a more bottom-skewed
power distribution is obtained causing power ramps in
the bottom part of the core. The latter power ramps
are not so severe from the PCI point of view, since
they are very small and slow, in most cases below
the permissible ramp rate. Without restrictions the
fuel is ramped up to 2-3 kW/m. By introducing some
minor holding times just below 100 % power evan these
small ranips are avoided.



Conclusions

In the previous section it was shown that J.n the
ideal case PCI loads on the fuel in an ASEA-ATOM
BWR are very small, not to say negligible. Fuel
shuffling, which is desirable to get a high fuel
cycle flexibility, may however lead to PCI loads
in some assemblies at the first reactor startup
after refuelling. To prevent PCI failures in these
assemblies the first ascension to full power after
refuelling is done slowly. In doing this the fine
motion control rod drives and the operating range
of the main recirculation pumps serve to minimize
the production loss.

A few assemblies in the control modules may
also experience PCI loads at control rod with-
drawal for burnup compensation. To prevent PCI
failures for this reason the maximum control rod
withdrawal rate for fuel which has not been pre-
conditioned is about 111 mm once per four hours. The
fine motion control rod drives make this type of
operation possible. This PCI operating restriction
does not lead to any production loss.

229

The 1 kW/m PCI limitation on the power step increase
for fuel which has not been preconditioned has the
effect that xenon induced power transients must be
prevented from introducing PCI loads. This is done
by prescribing certain hold times a few percent
below full power before returning to full power
after a short shut-down or at daily ind weekly
load-follow operation.

The.ASEA-ATOM BWR, fuel and in-core fuel management
system does not lead to generic PCI loads on
all Euel rods. It is rather a limited fraction of
the rods which in some situations reach the operating
conditions where PCI failures are possible. PCI
operating restrictions have proven to mitigate PCI
very effectively at a capacity loss of only 0.4 I.
This limited PCI fuel duty and small capacity loss
due to PCI operating restrictions for standard fuel
are factors of importance for the development of
PCI remedy fuel designs, i e.

- A remedy design has to sustain a duty cycle
which is not very severe and the ramp tests
performed in test reactors usually greatly
exaggerate the true operating conditions.

The PCI penalty is currently so low that only
low-costPCI remedies are attractive for ASEA-ATOM
owns.
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Figure 2. ASEA— ATOM BWR operating regime
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