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Abstract

The lcad-following capability of ENGH (Korean Next Generation HReactor) s
evaluated in this paper, During lead maneuwverings, in KNGE, an extended NMbde-K
control systern controls the core power and the axdal power distribution simmltansously
with operator control of the boron concenfration, Input signals to the MMode-K logic are
the measured core temperature mismatch and the ASI (Axial Shape Index), The load
follow performance of KNGR is evaluated by using an NSS5S (Muclear Steam Supply
Swstem) analysis code, EISPAC-1D, Numerical simulations for an equilibrium cwele
show that the Mhde-K confrol system provides satisfactory performance for both
scheduled dailvy load follow and grid follow operations, Core temperature as well as ASI
was successfully controlled and all the NESE systerns worked as thewv were designed,

1. Introduction

During the load maneuwvering the power output of electric supply system i
controlled to correct for warlations in grid frequency and to maintain reliability during
various types of electrical swstem disturkances, In general nuclear power plants are
utilized for hase-load operation due fo thelr relatively low energy generation cost,
Hewrewrer, if the nuclear capacity constifutes a large fraction of the total electric capacity,
the ahility of muclear units to perform lead maneuwerings is inevitable, In addition,
improverment of load follow capability of nuclear power plants s required for betfer
compettivensss of ruclear units (1],

KMNGR (Korean Next Generation Feactor] iz an evelutichary PWR rated at 4000
LIWth, which is currently under development in KorealZ], ©ne of the top-tier
regquirements of KINGH is that it shall ke akle to do a wide range of lead maneuverings
including the scheduled daily lead following and the zeneral frequency  control
operations[3], In this paper, the lead follow capahkility of KMNGR iz evaluated for both
daily load follow and general grid follew operations,

For ewvaluatictn of the lead follow capahbility, the performance of the control logic
should ke analvzed through integrated amnalvses of NSSS  (Wuclear Steam Supply
Swstem), In the present work, the lead follow performance of KMGR is evaluated by
using the KISPAC-1D[d] code, which is a best estimate N3SS performance analwsis



code, KISFAC-1D was developed by extending the point core model of KISFAC[E] to a
one-dimensional model in arder to incorporate MMode-E[G], which is the control strategy
for KNGR lead follow operations,

2 KENGER Design Features for Load-Following Operations

Load follow operations are tyvpically divided inte daily or weekly power maneuverings
and grid frequency regulation including the primary and remete frequency controls, Daily
of weekend power maneuvering is to follow the relatively slow load wariations Jduring a
dav or weekend, and thus it is generslly pee-planned and repetitive, In contrast, the
objective of frequency contrel operations is to regulate the grid frequency against
unexpected fairly fast external disturbances,

With respect o load follew operations of KNGE, the bottomline of desizn
requirernents iz that the load follow capakility should ke awailable througheout the whole
lifetime and load follow operations could ke performed from BOC (Beglmning of Cwcle)
to 90% EOC (End of Cwele) of each core cycle, Table | shows the specific design
requiremnents for load follow operations of ENGRI3],

Takle 1, Load follow requirements of KINGR

Cperation Mode Bequirement

o 100-60-100 25F [(10 ~ 16)-2-(10 ~ 4)-2 hr] power cycle

Daily Lead Fol
B Leaa Fefew over a 2d-heur period

o 25 %P lead change for local frequency control

o 10 %F lead change for remote frequency contrel

o maximum lead change rate @ 05 %P/sec for local control
i 2 2 F/min for remete control

Frequency Control

Unexpected Load | o 10022 load rejection without reactor frip
Change o £10 %P step load change

Famp Change o +8%/min load change

Cne of key features of the KNGRE core design, to improve the load followr
performance, is the CEA (Control Element Assembly) confizuration[?], The KMGE core
has a total of 93 CEAs, which are grouped into 2 FSCEA (Fart-Strength CEA) banks
(FZ, F1), & regulating banks (F5, B4, B3, B2, Rl), and 2 shutdewn banks, The abscorber
material for both regulating and shutdown banks is boron carbide (BJZ), while inconnel
absorber is used i the tweoe PSCEA hanks, The shutdewn banks are used only for
shutdowr, and power regulation is done using regulating banks and PSCEAs, The fiwe
regulating banks are sequentially inserted (or withdrawn) in a fized overlap mode,
Howewer, independent movement is allowed for the two FPSCEAs banks, The two
PECEAs banks are infroduced to mazimize the leoad follow performance, Basically, the
PECEA:s are grav rods and thus inserfion or withdrawal of PSCEAs induces smmall
perturbations  to the core power distribution, relative to the full-strength CEAs,
Currently, the control of PSCELAs can be either manual or automatic, depending on the



operational mode, For normal full power operations, the FSCEAs are manually operated,
while thev are automatically controlled during lead maneuverings,

3, Load Follow Control Logic
31 The MNode-K Control Svstem

For improved lead follow performance of KNGH, the Mode-K contrel logic has been
originally  deweloped by KAERI The basic objective of Mode-K iz to control
automatically the axial power distribution as well as the core power, Le, the core
average temperature, Specifically, the Mode-K control swstem is designed to provide the
reactivity contrel and the axial power profile contrel simultanecusly and autornatically by
mainly using the CE&As, with operator control of the soluble horen concentration, during
the load maneuwering, The axial power distribution is characterized by the so-called AZSI
(Axial Shape Index), which means the power difference between top and bottom halves
of the core and is defined as: AS] = (Bottam Half Fower - Top Half Fower)/ (Bottom
Halt Fower + Top Half Power),

In the Mode-K control system, the direction and the speed of CEA mewvement iz
determined by the current BRS (Feactor Begulating System) using the core temperature
mismatch  ketween the core awverage temperature and the reference programtned
temperature, Gven the CEA direction and speed, the Mode-KE control logic selects the
CE4A bank (or banks) to ke meoved on the basis of the ASI deviation from the farget
A5] walue, and the selected CEA bank (or banks) is actually moved by the CEDMCE
{Control Element Driving Mechanism Control Systerm),

The bank selection logic of Mode-K depends on the magnitue of the ASI deviation
[ AAST= AS] - target ASID) which is categorized by & stage flags, The stage flag
varies as the ASI deviation changes as shown in Fig, 1. The ARS (ASI Bestoring
Stagel+ and ARS- stage flag mean hottom-shifted and top-shifted power distributions,
respectively, For ARS + stage flags, Mode-I tries to select CEA hanks to restore the
ASI FOS (Fized Owerlap Stagel+ denotes glightly bottom-chifted power profile, while
FOS- slightly top-shifted profile, During FOS &, the AS] deviation is considered as
acceptable and thus all CEA banks are moved simultanecusly in the fized owverlap meode
to confrol the core reactivity, When the ASI mismatch is wvery small, the stage flag is
ORE (Overlap Festoring Stage), The ORS stage flag indicates that the CEA movement
should ke done such that the reference owerlap between CEL banks could be restored,
regardless of the ASI change resulting from the CEA movement,

For a specific core condition, the Mode-K logic selects the optimal CEA beank (or
banks), if any, depending on the CEA direction and the stage flag, Detail logic takbles
for the stage flag change and the CEA selection can be found in Refs, 6, 7. The
getpoints in Fig, 1 for the hysteresis of the stage flag are determined wia numerical
simulations to maximize the performance of Ilode-K,

In the IMMode-K logic, the CEA banks are sequentially inserted, starting with FPZ, then
F1l, and then the regulating banks, As previously stated, the PECEA groups can be
moved mdependently, Le, variable owerlap is allowed between PZ Pl and BR, Howewer,



the regulating banks should be moved keeping the fized reference owverlap, For
self-consistency and simplicity of the Mbde-K contrel logic, several constraints for the
FSCEA movement are imposed on the CEA selection and mowvement: Fl {or BB) cannot
ke inserted mere than PZ (or F1) and FZ (or P1) cannot ke withdrawn more than Pl for
31530
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Fig 1, Concept of Mode-IK stage flag change

EBasically, the hank selection logic of Mode-K is based on a simple, well-known
phvsical phenomena: insertion of a CEA in the top half of the core supptesses the top
power, while CEA inserfion in the bettom half decreases the bottom power, on the
contrary, withdrawal of a CEA in the top half of the core results in top-shift of the
powrer  Jdistribution relative to the initial state, and CEA withdrawal in the bottom half
induces the bottom-shift of the power distribution,

The horon concentration plavs an lmpertant role in the successful application of
Mode-E, Cortrol of the boron concentration is inewitable for the following reason, First,
diluticn of the boron concentration is necessarily required to compensate for the zencon
buildup due to the power reduction and to guarantee the return-to-power capakility
during the lead follow operation, Secondly, the boron concentration should be controlled
such that relevant CEA positions could ke awvailable, as much as possible, for the ARS
+ stage flags In ENGER, the boron concentration is manvally adjusted, Therefore, it is
assumed that the boron scenarios for load follow operations are a pricri determined by
using a core simulation code, Neanwhile, in MMode-K, the boron concentration is kept
constant during power ramp-up and ramp-down stages to simplify boron scenario and
thus to minimize the amount of waste water,

3.2 The ASI Control Logic for BRES Dead Band

Cne of the major features of the Mode-K contrel logic described in the prewious
section is that the CEA direction is determined bw the BES, Consequently, no control
action iz prowided if the core awerage coclant temperature is within the termperatire dead
band, no matter how large the ASI dewviation is, This feature mayv lead to unfavorable
AE] deviation during the lead follow operations, Furthermore, due to such a drawhack,
Mode-KE can be susceptible to the axial zenon coscillation taking place during a constant
powwrer lewel, To mitigate the defect of Mode-K and to maximize the load follow
performance of KNGR, a dead band ASI confral logic was deweloped, which controls the



AE] ewvenn when the core awverage temperature is within the RRES temperature dead
band[7], The ENGR ERS has a svmmetric dead band of 4 °F width, in other words,
ERS requires no CEA movement when -2 °F < AT (temperature mismatch) < 2 °F,

&5 in the previous Mode-K logic, a new stage flag is defined, as in Fig, 2, for the
CEA selecticts in the dead hand ASI contrel logic, The AAS stage flag means that the
&E] deviation 5 acceptable, thus, there is no control action in this case, TJARS+
indicates that the power distribufion is highly bottorn-shifted and UTARS- indicates the
top-skewed axial power distribution, As shown in Fig, 2, the dead band AST control is
actuated if the AS] deviation exoeeds 0.05, The setpoint 0.05 for the ASD contrel is from
the current COG (Core Operating Guideline) of KSMNF, The KNGE COG should he
determined in the future, consistently to the Mode-IK contral logic,

In Fig, 3, the logic diagram of the dead band ASI control is given, First the stage
flag is determined using the AS] dewviation, and if the stage flag is UARS+ or TTARS-,
the ASI contrel is perfoamed in the following strategies, If AT iz positive, the
pffectiveness of the CEA insertion is checked, If there is a CEA (or CEAs) whose
insertion can restore the ASI in the fawvorable direction, the CEA (or CEAs) iz inserted,
This kind of CE& ingsertion can reduce the ASI deviation well within the dead hand,
Otherwise, the CEA moverment iz decided in the direction of withdrawal, If there exists
an effective CE4A  withdrawal and AT < 1.75°F, the selected CEA (or CEA&s) i
withdrawm, ©On the other hand, a similar CEA selection is performed in the case of
negative AT In this case, howewer, the effective CEA mowvement is searched in the
direction of withdrawal first, It 15 worthwhile to note that only effective CEA mowvement,
from the wiewpoint of AS] control, iz accepted fo awold conflict with the temperature
control of the RRS, Ref, 7 contains more detail informations for the dead band ASI
contrel logic,

UARE- AR+

AAT

-0.05 -0.04 I o004 o0& &5 deviation
Fig. 2, Stage Flag change in the dead band ASI confrol Logic

The objective of ASI control in the dead band is to keep the aksclute walue of

AASF less than 005, The potential of the dead band control can be roughly estimated
kv evaluating the reactivity of the dead band, The MTC walue of the equilibrium KNGR

core iz within the range -117 pemi'F (BOC) ~ -32 pem/*F (EOQC) at the full power
condition, Consequently, the total amount of reactivity contained in the dead band can be
sald to be equivalent to 468 pom (BOC) ~ 128 pom (EOC), This means that the ASI
contrel, within the dead band, could be wery effective if the CEA direction iz consistent



with mismatch of the core temperature, In the KNGER BRE, the rod speed depends on
the core femperature mismatch, high (30 inch/min) or low (3 inch/min) speed, However,
CE2& iz alwawvs diiven at the low speed in the case of the dead band AST control since
the temperature mismatch is small enough,
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Fig, 3. Diagram of the dead band ASI control logic (Tn = 1,75 “F)
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4 Simulation Besults

To demeonstrate the load follow capakility of KENGR numerical simulations were
performed with the FKISPAC-1D code at 90% EOC of an equilibrium cvele (Cwele 6), In
general successful lead follow operations at BEOC imply that the load follow performance
at BOC or WOC would ke acceptakle,

KISPAC-1D iz based on a one-dimensional core model, which is collapsed from the
three-dimensional BROCE[E] medel, In the KISPAC-1D model sewveral adaptation
calculations are performed to make rmajor core parameters close to those of ROCE as
much as possible and fo minimize the Jdifference hbetween these two models, The
adaptation procedures are applied to axial power distribution, the CEA worth, the zencon
worth, ete, Table 2 compares core characteristics of KISPAC-1D with those of ROCS,
In Takle 2, EZ] means the equilibrium shape index, and this is the target ASI in the
load followr simulations,



Takle 2, Core model comparison of KISPAC-1D and ROCSE

EoX BAOC AN2EEQC
Parameter (500 MWD{T) | (12000 MWD/T) | (16000 MWD/T)
ROCE 1-D ROCE 1-D ROCE 1-D
ESI (xz100)
100 *=F -1.3 -13 3k 35k 34 34
B0 #F -1119 -116 -136 -13.2 -0z -193
¥e worth (pom)
100 *=F 2d4E0 2460 7647 7647 2TE 2Tz
B0 #F a” 1793 MA Zl4Z A& 206
CEC (ppm)
100 =F 1175 112h 515 515 183 1583
B0 #F 1295 1295 676 677 351 352
CE& wrorth (HFF, pom)
Fz 144 144 164 164 177 176
F1 16R 166 180 179 193 192
F& 220 220 281 281 794 204
B4 03 306 il 310 333 333
R3 939 941 985 936 1043 1042
Boron worth (poem/ppm)
100 22F 7.2 7.18 a.1 a.16 8.7 gz
B0 22F 7.3 1.26 8.2 g.19 B.A g.71
Power Defect
(100-503%:F, pom) G05 604 a0z g53 997 952

* ot Available

In the current design of KNGEH, the overlap between regulating beanks are 6032, ig.,
2886 cm, The owverlap is defined as the distance hketween the rod tip of a preceding
CEA and that of the follewing CEA, Load follow simulations with 6028 owerlap showed
that the lead-following performance of EINGE iz fairly poor at WIDC and EQC[T, 9, 101,
To improve the performance of KNGR load follew operations, in this work, the owerlap
between regulating banks was changed to 4032, ie, 1524 cm,

41 Daily Load Follow Operation

Typical daily lead maneuverings were simmulated at 9028 EOC using the Mode-IE
control swstern, where the turkine power varies according to the 100-50-100 %P pattern,
Initially, the reactor is at the full power condition of equilibrivm zenon and all CEAs are
tully withdrawn, The power is reduced to 5025 at a rate of 283/ /lr and held at 5055 for
next 6 hours, which results in the maximum buildup of zenon reactivity, After the
G-hour hold at 502, the power is ramped up to 10025 power over 2 hours, and then
kept at 10022 power for the next 14 howurs, In this case, the target ASI is 0034, ie, the
EZSI at 10022 power, thus the initial Mode-IK stage flag is ORS,

In Fig, 4, simulation results for tweoe cases of daily lead maneuwerings are given, The



two power maneuverings are different in the boron scenarios, One is the reference boron
gcenario, where the amount of boron dilution is determined to adequately compensate for
the zenon buildup during the part lead, With the reference Toron scenario, the dead
band ASI contrel loglc is not used, The other case corresponds to a & ppm owverdilution
relative to the reference one, In this case, the extended Mode-K logic including the dead
band contrel scheme is applied to control the ASI The uncertainty of the boronormeter
to ke used for ENGR = known to be (23 of reading + 6 ppm). Thus, the & ppm
overdilution is well within the uncertainty range of measurerments of the boron
concentration,

For the reference boron scemario, it is observed that both the core temperature and
AET are well controlled, The maximum AS] deviation iz akout -0.054 agin at 5022 powwer
and AAST during full power is less than 0025 asiu, As shown in Fig, 4, the ASI
deviation tends to increase during the ramp-dewn stage, This s due to guite a large
difference in the ESI walues of 10022 and 6022 power lewvels, After power reached 5022
power, AAST starts to decrease, reaching -0054 asiv at 269 hr, During this period (2 hr

~ Z.69 hi), in spite of relatively large ASI deviation, there is no CEA movement to
confrel the AZI, since the core temperature mismatch is within the BRES dead hand,
Howewer, after 269 hr, the temperature mismatch become larger than the dead band
because of the xenon buildup, thus RRS requires a CELA withdrawal, In thizs situation,
the Mode-K logic select FZ bank since the stage flag is ARS-, ie,, top-shifted povwser
distribution, Withdrawal of P2 continues, depending on the BRS siznal, until F2's
position coincides with those of Pl and BR, Afterward, FZ, FPl, and BS hbanks are
intermittently withdrawn like a single CEA until 8 hr,

In the case of the & ppm overdilution of the boron concentration, one can notice that
AAST is controlled within 005 asiu over the whole time, During the power
ramp-down, the AAST behavior is very similar to that of the reference boron scenario,
In this case, the owverdilution keeps the core temperature mismatch within the dead band
during the pait load stage, As in the previous case, AAST decreases almost linearly
after reaching 50%: power, becoming smaller than -005 asiv at 272 hr, At that time, the
dead band confrol logle starts to work, In this case, the stage flag of the dead hand
contiol loglc is UARS-, thus P2 bank is withdrawn until AAST is larger than -004
asin, While the core power staws at b022, the ASI iz likely to reach the ESI of G022
power, consequently, A48T tends to decrease continuously during the part load,
Therefore, similar dead band ASI contrel is repeated until 8 hr, When the core power is
increased back to full power at 10 hr, FZ is 316 cm withdrawn and other banks are
fully withdrawrn, & relatively large msertion of P2 oat 10022 power is due to the & ppm
overdiluation at 503 power, Ower the next two hours, P2 5 slowly withdraoswn to the
top of the core, During full poswer, the reactivity change due to zenon hbehavior Is
wholly compensated wia the boron concenfration control, At 24 hr, the ASI deviation is
abeut -0.018 and the core is ready to repeat subsequent daily load follow operation,

It should be noted that AJAST would bhe wery large during 503 power if the dead
band control logic is not introduced, And large AAST at part lead will ncur a



significant zenon oscillation after returning to full power, Unfortunately, behawvior of the
other WS55 swstems are not provided due to the lack of space in this paper, Howewer,
it was confirmed that all N335 swstems were successfully controlled,

4 2 Grid Follow Operation

& grid follew operation was simulated for ENGH, where both remote and local
frequency comntrols were superposed on the typical daily lead maneuwer, In this
simulation, mazimum power inerease and decrease rate are 13/ min and 1.7%/min,
respectively, The power maneuvering pattern is twpical of the French PWER grid follow
operations[9], Turbine load changes (Frocar) due to the local frequency control are
determined kv using the following formula:

Procar = 0.02F e 50 (ﬁ A,

mm'}
where Ffome 15 a randem number,

Fig, & shows the simulation results for the grid follow operation, One can see that
AAST is confrolled within 005 asiu most of the Hme except short period during a
power ncreasing range around 95 hr, The masdmum AJAS8F is -0059 at 95 hr, During
the part load (0 hr ~9 hr), the ASI control is slightly better, compared with the daily
load maneuwverings of the previous section, Thiz is mainly  because the power
maneuvering range is a littdle smaller in grid follow operation, and alse turbine powwer
repeats ncrease and decrease, On the one hand, bottom-shifted power distributions are
observed during the remeote frequency control at full powwer, This phenomenon s because
the ESI at low power s much smaller than that of full poswer,

It is also observed that the core inlet temperature is well controlled within the range,
RRZ F ~ G&3 °F. Althoush not shown here, it is emphasized that all the other NSSS
svstermns were alse successfully controlled, Especially, the pressurizer spray walve was
not opened owver the whole time, despite that the turbine power wvaries fairly fast and
largels,

Concerning grid follow operations in miclear power plants, one of the critical issues
iz the control rod stepping, Takle 3 shews the fraveling distances of CEA banks in the
zrid follow operation, As s expected, the FSCEA's traveling distances are much longer
than theose of regolating banks, It should be noted that the dead hand ASI control
results in a marginal increase in the traveling distance of FZ bank, The design lifetime
of the current CEDM (Control Element Driving Mechanism) is abkeut 80,000 ft,
Therefore, the lifetime of CEDIW should be significantly extended in order to perform
usnal grid follow operaticns during the lifetime of KNGR,

Takle 3, CEA traveling distance in grid follow operation

CEA EBank FZ F1 B& Rd B3
Traveling EG 2 30,2 152 7.46 0
Distance (m) {5123 (29.9) {154} (7 4R) iy

+ writhout dead band A5 control
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5 Summary and Conclusions

For improvemnent of load follow performance of ENGR an automatic control logic



named MNode-KE  was  dewveloped, where both core temperature and  axial  power
digtribution are simultanecusly controlled with manval contrel of the boron concentration,
In the criginal MMode-K logic, the CEA movernent is wheolly determined by the BERE,
thus the logic is fairly sensitive to the boron scenario, To resolve the drawhack of
Mode-KE, a temperature dead band AST control loglc was  introduced, The load
maneuvering performance of KENGH was analwvzed for Jdailv lead follow and grid follow
operations using an NS3S analvsis code, EISPAC-1D, Load follow simulations at 9032
EQC of an equilibrivm ovecle identified the following characteristics of KINGH,

& With 602 owerlap between regulating CEA banks, lead follow performance of EINGR
iz not satisfactory, Howewer, the core power and ASI are successfully controlled
when the owverlap is changed to 4094,

# With introduction of the temperature dead hand ASI control logic, flexibility of the
boron scenario is significantly improwved, and alse the control logilc can ke robust
with respect to the axial xenon oscillation,

# During daily load follow and s=rid follow operations, all MNSSS svstems are well
controlled,

# Lifetime of CEDDL should be significantly extended to perform wswal zrid follow
operation based on the Mode-K control logic,

It is recommended, for further improwerment of lead maneuvering capability of KNGR,
that the PESCEA worth should ke increased and the warth of regulating banks should e
optimized, Optimmized CEA worth is expected to improwe the load follow performance and
also reduce the CEA traweling distance,
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