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Abstract

The inlet coolant temperature reduction technique has been used to extend the load follow oper-
ation further in the end-of-cycle-life(EOL). In order to simulate the technique and calculate the
nuclear characteristics of a PWR core according to the load follow operation, the three dimensional
computing system has been established. The analysis was performed in both MINB and SPINR
modes of typical 12-3-6-3 locad follow operation for the EOL of KNU-1 plant. Moreover, the capa-
bility of return-to-power has been also tested for those two modes with the system analysis by the
RETRAN-02 code. The results show that it has no difficulty to extend the load follow operation
further in the EOL by applying the inlet coolant temprature reduction, and also the spinning reserve
capacity (SRC) increases by 13% in MINB mode and 14% in SPINR mode more that used by con-
trol rods only, for 14°F drop in the inlet temperature.
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generating capacity grows, it becomes necessary
1. Introduction to operate some nuclear plants in a load follow
mode, which is also the power system’s operating

As the nuclear portion of the utility’s power requirements. Recently, extensive studies on the
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load follow capacities have been made in many
countries.’»2 However, the load follow operation
is subjected to precise centrol rod manipulation
and the interchange of soluble boron to compe-
nsate for the xenon behavior and meet the con-
stant axial offset control(CAOC) strategy during
power changes.

Especially, at the end-of-cycle-life(EOL) where
the boron concentration is sufficiently low, the
boron dilution capability will be limited. This
decrease in dilution capabilities reduces the ability
to override a xenon transient following a power
reduction and, finally the ability of the plant to
perform load follow operation proposed by the
Westinghouse Electric Corporation. This method
is based on a negative moderator temperature
coefficient of reactivity. Hence a drop in mode-
rator temperature, instead of boron dilution,
produces the additional reactivity at EOL.

In this study, in order to simulate this techn-
ique and calculate the nuclear characteristics of
core according to the load follow operation, the
three-dimensional computing system has been
established by using the KINS-2 code and other
codes which provide input data for the KINS-2
code.

The analysis was performed with both MINB
and SPINR modes of typical 12-3-6-3(100-50-
100% power) load cycle for the EOL of KNU-1
plant. MINB and SPINR mode are to minimize
the role of boron system and to maximize the
capability of return-to-power, respectively. More-
over the spinning reserve capacity(SRC) has
been also tested for those two modes by the
temperature reduction method and compared with
that used by control rods only.

II. Computing System for Load-Follow
Simulation

Generally the response of a PWR plant to
network load demands depended largely on the

ability of the mechanical control rod systems and
chemical shim to change power in the reactor.
Thus in order to precisely simulate the change
of nuclear characteristics of core according to the
control rod motion, it is important to perform
the three-dimensional power calculation.

In this study, among the well-known and
available computer codes, the most proper code
for thd load follow simulation in each step of
nuclear calculation was selected and analyzed.
The KICC code® whose confidence has been
already proved was selected for the cell calcula-
tion. The boron concentration change according
to the core burnup was represented by the saw-
tooth shape from BOL (1, 200ppm) to EOL (18,
000MWD/MTU). However, since MASK could
not be simulated with such sawtooth shape in
actual generation of table-set, all isotope conce-
ntration in the sawtooth calculation were stored
and only the boron concentration was varied
linearly.

The FATAC code" was used to generate the
group constants for BP rods,which was the neu-
tron transport code using the collision probability
method, and provided the microscopic cross-sec-
tion of boron to the KIDD code. The KIDD
code® was used for generating the assemblywise
group constant by the color-set method. These
group constants were collected in a table-set to be
used in the three-dimensional KINS-2 code.

The KINS-2 code® is the nodal depletion code
which uses the response matrix method for the
calculation of transport probability parameters.
This code has quite accurate models for xenon
and thermal-hydraulic feedbacks to predict the
xenon behavior during power changes and the
coolant temperature effect, which are prerequisites
for the load follow simulation. The flow chart
of overall computing system is shown in Figure
1

In order to prove the accuracy and the com-
patibility of KINS-2 code for this study, the
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Fig. 1. Computing System for Load Follow
Analysis

Table 1. Moderator Temperature Coeflicient of

Reactivity (pcm/°F)

Power Prog?:?med ll%s;i)grltl Calculated
0% 547. 0°F —2b.6 20, 47
20% 552. 7°F —26.5 —22.14
40% 558. 4°F —27.6 —24, 06
60% 564.1°F —28.9 —26.09
80% 569. 8°F —30.0 —28.11
160% 575.5°F —31.1 —30. 08

moderator temperature coeflicient(MTC) of re-
activity which was the basic parameter for the
temperature reduction technique was tested for
the EOL of KNU-1 core. In this study the
coolant inlet temperature was perturbed with+
5°F from the programmed inlet temperature and
the effective multiplication factor was calculated
for each temperature to obtain the MTC for
various power level. The results were compared
with those in the nuclear design report” and
showed good agreements, as shown in Table 1.

III. Model Description
In the daily load follow operation, the xenon

concentration suffers relatively severe damping
due to the power changes before arrival at the

equilibrium. The important characteristics of
transient xenon in a reactor core can be repre-
sented as follows;

(1) A power change causes the xenon concen-
tration to change in such a way that the power
change will be accelerated in the short term.

(2) The xenon concentration change has a

slow time constant.
Thus the accurate prediction of xenon transient
is most important to keep the core axial offset
(AO) in the target band by compensating its
reactivity with the boron adjustment.

In this study, instead of the equilibrium
Xenon concentration in each time interval which
was used in most depletion calculation, the
time dependent non-equilibrium xenon concent-

ration was calculated from the following rate

equations;
dN,

dtl = YI—AINI (1)

dg;x; :YXe_AXeNXe+)~1NI (2)

where the disappearance rate is given by

A,,:Z,.+0'ﬁ1¢1+o':2¢2 3

and the yield rate is given by
Y,.=Y, ( 'Ll,_) (W2 11¢1 402 285) 4)

where ¢;, ¢,=the absolute fluxes(zn/bn-sec)
A,—the decy constant(sec™?) for nuclide #
N,=the number density of nuclide »
(atoms/bn-cm)
Y,=the yied fraction of nuclide #» from
fission
v=the value of neutrons per fission
The above two coupled equations are generally
not solved easily because the disappearance rate
A, and the yield rate Y, are functions of time.
However, if A, and Y, can be approximated to
the step-wise constant at each time step 4,
those two equations will be the first order Bern-
oulli-type differential equations and can be solved

analytically. This approximation will not intr-
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oduce appreciable error because the core state was
sufficiently slowly varying during the daily load
follow operation and, moreover, the actual cale-
ulation time interval was divided by the suffi-
cient number of subintervals just for the xenon
calculation in this study.

The analytical form of concentation of each
nuclide at the end of the subinterval can be

expressed as;
N (4t) =N; (O)exp(— AIAt)

+ Xj (1—exp(—A;4t)) (5)
Nx. (48) =Nx.(0)exp(— Ax.4t)
(g A Ao And)

AN(0) AY;
(A ATy
(exp(—Aidt) —exp(—Axdt)) (6)
where N(0) is the nuclide concentration at

the beginning of the subinterval. Those calcula-
tions have been propagated to the end of the
actual time step and, according to the resulted
xenon concentration the boron concentration was
determined by the criticality search for the power

level.

IV Load Follow Simulation by the Temper-
ature Reduction Technique at EOL

To extend the nuclear plant operational flexi-
bility, the capability of load follow operation is
one of the foremost requirement for the reactor
supplier. However, this enhancement in opera-
tional flexibility can be subject to the assurance
of the safety limit, such as the LOCA envelope.
Thus Westinghouse had suggested the constant
axial offset control(CAOC) strategy™® to mini-
mize xenon redistribution and thus peak local
power densities during operation while maintai-
ning the necessary load change flexibility.

The basic principle of ‘CAOC is to maintain
the core axial offset within a band about a re-
ferance target value: According this strategy, two

operational modes have been suggested® Mode
A and Mode B which are operations without the
use of part-length rods(PLR) and with the use
of PLR, respectively. However, the Ilatter is
beyond our concern because the use of PLR has
been prohibited in the KNU-1 plant.

For mode A the full-length rods(FLR) are
used to control axial offset and to absorb part of
the reactivity change associated with the power
change. The balance of the reactivity change is
controlled through changes in the boron concen-
tration. Moreover, if the axial offset moves out-
side the band, the boron concentration is adjusted
to bring the axial offset within the band.

However, as the core approaches the end-of-
cycle-life, the boron concentration decreases and
consequently the boron dilution becomes more
difficult. The larger the power reduction, the

larger the reactivity decrease becomes. Therefore,

the amount of power change is more limited
because the boron dilution capability is more
limited as the core approaches the end-of-cycle-
life. "vTo overcome this problem, the temperature
reduction technique1® has been proposed by the
Westinghouse Electric Corporation. This method
is based on a negative moderator temperature
coefficient of reactivity. Hence a drop in moder-
ator temperature, instead of boron dilution, pro-
duce the additional reactivity at EOL.

In this study, the operational mode is based
on the MINB mode,® which is to use only
enough boron to keep the axial offset inside the
target-band and thus to minimize the boron sys
tem duty. The calculational procedure in each
time step is as follows;

(1) choose three locations of control rods with
the position corresponding to reactivity change
by the power defect as a center.

(2) calculate axial offset and the critical boron
concentration for each location. -

"(3) check whether the axial offset is in the
band and whether the change of critical boron
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concentration satisfies the MINB mode.

(4) if the results of the third procedures is
not satisfactory, adjust the location of rods dy
interrelating axial offset and critical boron con-
centration. Thus choose new location and repeat
the above procedures. Next, the other thing to
be checked is the boron dilution rate which has
a limit value corresponding to the original con-
centration. In KNU-1 plant, the rate of change
is limited to 10 percent of the original concent-
ration in one hour. Thus if the -calculated
dilution rate exceeds to this limit value, the
coolant inlet temperature should be dropped from
the programmed value to compensate the boron
dilution with holding axial offset as the same.

The calculations were performed for KNU-1
plant at 85%EOL (12450MWD/MTU). The load
cycle has the 12-3-6-3Chour) pattern with 100-
50~100(%) of power level. Results are shown in
Figure2. As shown in Figure2, at 9 hour after
the start of load follow, the boron dilution rate
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Fig. 2. 12-3-6-3 Load-Follow with MINB Mode
(KNU-1, CY1,85% EOL)

exceeded to the limit value and thus the tempe-
rature reduction was performed until 13 hour.
As the result of this study. the maximum tem-
perature drop was 9°F for the MINB mode.

V Return-to-Power Analysis

Another important parameter repuired during
load follow operation is“spinning reserve capacity
(SRC)”. SRC refers to the ability to increase
power at a rapid rate(5%/min) from some part-
power operating during the daily load cycle to
some higher power level in response to an una-
nticipated system demand.

At EOL where the boron concentration is not
sufficient to override the xenon transient, the
capability of return-to-power will be also limited
and thus the temperature reduction technique
will be attractive. In the previous section it
was noted that under MINB constraints the con-

trol rods cannot be used for rapid load increase
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Fig. 3. 12-3-6-3 Load-Follow with SPINR Mode
(KNU-1, CY1, 85% EOL)
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since either the rods are fully withdrawn or the
rods cannot be withdrawn witheut violating
CAQOC limits from 9 hour after the initial power
reduction. Thus in this study, the other strategy,
which is named as “Maximum Spinning Reserve
(SPINR) W” was simulated. The operational
principle of this strategy can be summarized as
foliows;

(1) when operating above approximately 85
(4I) near the positive edge of the control band.

(2) when operating below approximately 85
percent power maintains A\l pear the negative
edge of the control band.

The simylation of 12-3-6-3 load pattern for
KNU-L, at EOL, with the SPINR mode is shown
in Figure3. The procedure to test SRC with the
temperature redyction method has three basic
steps;

(1) use control rods to the maximum extent
possible.

(2) force reactor coolant temperature to drop
by continued turhine loading. until the low ope-
ration temperature limit is reached

(3) recover reactor coolant temperature by bor-
on dilution. An example is shown is shown in
Figured.

Figure 5 shows the comparison of SRC with
the temperature reduction to that used control
rods only, for MINB mode. According to 14°F
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Fig. 4. Return-to Power with Reduced Tempera-
ture
drop in temperature, maximum increased SRC
was 13% of power and, for the SPINR mode,
maximum increased SRC was 14% of power as
shown in Figure 6. Moreover it was already
noted that the SPINR mode :has greater SRC
than MINB mode. :
During the temperature reduction technique,
it has two inherent system limits; throttle valve
limite and steam generator moisture carryover. _
As a result of the temperature reduction:the’steam
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Fig. 5. Beturn-to Powaer Capability during 12-3-6-3 Load-Follsw with MINB Mede (KNU-1,

CX1, 85%EOL)
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Fig. 6. Return-to-Power Capability during 12-3-6-3 Load-Follow with SPINR Mode (KNU-1
CY1, 85% EOL)

Steam lszead
Atmosphere Atmosphere
@ ’ ®
— @ Atmosphere
>
5 55
111X 9 1 ®[@® 1 ¥
354363738
22 23
44a]43la21a1{40 Pressurizer 46 |47 |48 |49 |50
20 @|(10
29
@
53 54 51 60
61
Steam

Steam
Generator;
7 52 21 30
Reactor
2 1
® @ ) ——v*u! 0] .17—1
@

8 M
@@ %"3@

| ® )°

13 14
e %

Fig. 7. System Nodalization for RETRAN-02 Calculation
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pressure must decreases and consequently the
turbine throttle valve must open to match the
steam flow. At some point the steam preassure
will become so low that the throttle valves are
wide open. Also the reduced temperature operati
on will increase the moisture carryover due to
low steam pressure, which degrades the plant
performance. In order to prevent such a viola-
tion, the control system provides interlock C-16
to prevent tempepature reduction of greater than
20°F. Therefore use of the inlet temperature
reduction option must be compatible with the
plant’s secondary side characteristics and a plant
system analysis is recommended prior to its uti-
lization. In this study, the RETRAN-(2 code?
was used to simulate all essential primary and
secondary operational parameters and control sys
tems during the return-to-power.Initial conditions
for the analysis were obtained from the core
calculations described above and the plant noda-
lization was shown in Figure 7.

The simulations were performed with the re-
activity control and the governer valve control to
match the reactor power and the turbine load.
The model analysis showed no abnormal perfor-
mance of any plént controller, as shown in
Figure 4, for 14°F drop in the inlet temperature
which was sufficiently higher than the typical
operational limit, 20°F.

VI Discussion and Conclusions

In this study, the extension of the load follow
capability has been examined by the inlet tem-
perature reduction technique at EOL of KNU-],
where the boron dilution capability is not suffi-
cient to compensate the xenon transient. Thus
in order to simulate the load follow operation,
the three-dimensional computing system has been
established by using the KINS-2 code. The
analyses have been performed for both MINB

and SPINR mode. The results showed that the

required amount of temperature reduction to
overcome the shortage of boron dilution at 9
hours after the start of power reduction was 9°F
in MINB mode.

And the return-to-power capability was also
tested for both of two modes with the system
analysis by the RETRAN-(02 code. In this SRC
test, the maximum amounts of percent power
increases are 13% and 14% in MINB and SPINR
mode, respectively, for the 14°F drop in temper-
ature. Moreover, it has been confirmed that the
SPINR mode had more SRC than the MINB
mode, »

According to the results of this study, it has
been conclusive that the load follow capability
of KNU-1 plant was successfully extended at
EOL by the temperature reduction method and
also the SRC was remarkably increased without

no abnormal performance of any plant controller.
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