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Abstract

The ipad follpwing copability of KENGE iz evalugted for both dailv fpad folfow and
general  grid  follow  operations  using the SAF  simwlgtor which = the new
FRAMATOME simulator AR the main ENGR susterns thot could impact the behosior
of Mode K or thet oon be directly impacted by the Mode K have been modelized in
the SAF Ten lpad follmn frangient have been simuigted in order fo cover the KNGER
performance reguirement of regords the lpad following opercion The tvpes of lpad
following operation conzidered are the scheduled daily lpad follow fransient with and
without freguency condrol operation, the weekend operation and the fost return fo pooer

opErdi or
1. Introduction

KMNGR (Korean MNext Generation Beactor) is an evolutionary PWER rated at 4000
LAWth, which iz currently under dewvelopment in Korealll, ©mne of the top-tier
reguirements of KEMNGR is that it shall ke akle to do a wide range of load
maneuverings[2], To de this, the Mode K control logic has been originally developed b
KAERI[3].

The Meode K control svstem s designed to provide the reactivity control and the axial
power profile confrol simultanecusly and automatically by mainly using the CEAs, with
operator control of the soluble boron concentration, during the load maneuwvering, It is
consisted of two control svstemn, One is average coolant temperature (TAVE) control
and the other is axial shape index [ASI) control,

In thiz paper, the load following capability of KNGR iz evaluated for both daily load
follow and general grid follow operations uwsing the SAF simulator which is the new
FRAMATOME simulator[d], All the main ENGR svstems that could impact the behawior
of Mode K or that can be directly impacted by the Mode K hawe been modelized in the
SAF



The simulations hawve been defined in one hand, to cover all kinds of lead following
transients defined in the performance requirements for KNGER, in the other hand, to get
the sensitivity of performmances to certain pararmeters such ags bank worth or referehce
overlap, Consequently, multiple simulations hawve been performed for a same transient
with different design parameters andfor set-peints, Combining  different types of
transients and different design parameter values, it has been chosen a total nomber of
10 simulation cases,

The types of lead fellowing operation considered are the scheduled daily load follow
operation with (le, grid following operation) and without frequency control in operation,

weekend operation, and fast return-to-power operation,

2 Design Features of ENGH Load Follow Control

2.1, Mode K characteristics

The main characteristic of the Mode K core contrel concept iz the control of the
average temperature (TAVG) and axial power distribution (represented he ASI)
simultanecusly in an autormatic way, The boron concentration warlations are performmed
kv the operator following a predetermined pattern of soluble boron concenfration wersus
time determined mainly in order to compensate xenon concentration wariation and to
keep control hanks at positions for which the ASI control is effective 5],

The main task of the awverage coolant temperature control is to maintain the coolant
temperature around the reference wvalue, The TAVG set-point depends on the turkine
load indez, elaborated from the turkine first stage pressure representative of the thermal
powwrer when the turkine bw-pass swystem iz closed, The awverage coclant temperature
deviation signal commmands the bank movernent direction and the bank movement speed,
& positive TAVG deviation signal mduces bank insertion, & negative TAVG deviation
signal induces hank withdrawing, When the TAVSG dewiation incresses, the hank
moverment speed increases, The speed iz one of two discrete rates, low rate of 3
inch/min and high rate of 30 inch/min, The bank movermnent speed is identical for all the
banks,

The purpose of AS] control is to limit axial oscillations of power distribution mainly
due to xenon warlations consecutlve to power  warlations, In order to increase
maneuverability and lead follew  flexibility, That iz obtained by controlling the ASI
parameter, The A% control mowes banks in order to kring ASI back to its dead-hank
defined around the ASI target walue, It mowes the meost suitable bank considering the
bank mowvernent direction, the bank positions infe the core and the characteriztics
behavior resulting from the insertion or withdrawral of control banks,

There are five stages that depend on the AS] dewiation walue, which are owverlap
restoring stage, fixed overlap stage (FOS+/-), and ASI restoring stage (ARS+/-),

The coupling between TAVG and AS] controls iz based on the following principles,



TAVG control has priority owver ASI contrel and the bank moeowement direction iz defined
by the temperature deviation,

The Mode K logic uzes the characteriztic of the TAVG deviation to determine the
moverment direction and the speed, the ASI stage flag respresenting the ASI deviation
maghitide that indicates the necessity for the AS] contrelling, the benk withdrassral
posifions to determine the bank owerlaps and to cornpare them to the reference overlaps
and the kank fictitious positions and to compare them o the top and to the bottom of
the core,

2.2, Daily Load Follow and Frequency Control Operation Characteristics

The transients simulated with SAF that are analvzed in this paper are the main load
following transients defined in the performance requirements for the EINGR,

& dally lead follow transient is a typical scheduled power modulated transient that is
performed by the nuclear power plant, Within 24 hour periced, turkine power is decreaged
for a few hours to a part power lewel and then brought beck to full power, The
maghitde of the power wariation is at least 5022 of rated power, The load variation rate
iz at least #5%/hr. In the frame of the daiy load follow operation, the duration of the
operation with stabilized set-point at intermediate power lewvels can wvarvy between 4 and
10 howurs, The daily lead follow operation shall ke performed until up to 90%2 of the
cvele length for ewery fuel reload cwele, The twypical daily load follow transient is
1a0-60-1002% MNP, 14-2-6-Z hr,

The grid follow operation corresponds to the plant operation under frequency control,
There are twoe kinds of frequency controls, the local frequency contral and the remote
frequency control,

Local frequency control performs automatic actions as soon as there Is an imbalance
between the electricity power production and demand which leads to deviate the
frecquency from its reference walue, The controller gain is such that a 20 mHz drop in
frequency will produce an increase in power demand of 122 of rated power, The neormal
rahge for power wariations induced by this control iz + 2532,

The magnitude of the remote frequency control demand signal iz generated at the
national dispatching center in real time, It accounts for both the integral of the
frequency deviation walue wersus time and the exchanged power dewviation from the
scheduled exchanged program with other countries for example the load signal variation
speed iz below Z22/min The maximum power wvariation magnitude of the signal is +
1022 when power lewel is abowe G020 and it is reduced to 222 when power lewel is

under 502 of norminal pover,

2.3. Simulator Characteristics

MWode K load follow transients are performed with the SAF simulator,



This simulator iz mainly used for operator training, in normal and  accidental
conditions, as well as for walidating medifications kefore implementation on site, [t can
ke used also to investigate the creation of new models, to walidate human factor studies,
to optimize the ceontrol room, to check disposition considered during emergency states
and to evaluate accident consequences in best-estimate conditions,

The c¢aleulational code uzed to simulate the reactsr coolant swstem s the code
TRACAS TRHRACAS iz a node and junction two-phase model, It is a five-equation code,
? mass balance equations (two phases per volume) 2 energy balance equations (two
phases), and 1 momentum equation (on junctions), TRACAS uses 54 nodes and 58
internal junctions, It has been qualified bw comparison with desigm codes FRACAS,
THEMIS and RELAF,

The neutronic meodel COR is an axial model based on the FRAMATOME one
dimensional neutronic design code ESPADON, The two codes use the same neutronic
maedels, COR is a 1D diffusion model with twoe energy groups, It handles core axial
geotnetry with 20 mesh peints, It includes the ftreatment of all feedback effects of water
temperature, Doppler and zenon, Control rods are simulated by poison added in each
mesh, The mesh where a rod s partially inserted is freated by a weighting taking into
account the flux distribution within the mesh,

The core model uses the boron concentration walue and the axial temperature
distribution provided by TRACAS and the rod bank positions prowided by the Mbde K
BES to caleulate the awverage flux wersus reactivity, the flux asial distribution resolving
the diffusion equation in steady state, the core reactivity, the =enon and iodine
concenfration warlation, and the cross sections considering the current operating
conditions (e, moderator density, boron concentration, fuel temperature), xenon and

iodine concenfrations,

3. Simulated Cases and Their Characteristics

The simulations hawve been defined in one hand, to cover all kinds of lead following
transients defined in the performance requirements for ENGE, in the other hand, to zet
the sensitivity of performmances to certain pararmeters such ags bank worth or referehce
overlap, Consequently, multiple simulations hawe been performed for a same transient
with different design perameters andfoer set-peints, Combining  different types of
transients and different design parameter values, it has been chosen a total nomber of
10 simulation cases, Table | summarizes simulated case characteristics,

In Figure 1 iz shown the load warlation pattern of 14-2-6-2 hr, 100-50-100%2
operation for the daily load following operation, A ramp rate of 6 MWefmin, which is
ecuivalent to 2552 /hr, is chosen in the SAF,

In Figure 2 iz shown the lead wariation pattern of 14-2-30-2 he, 100-50-1002%2
cperation for the weekend load following operation, During the later time pericd at part
load, it is expected that rather large positive reactivity due to e decay is compensated,



In Figure 3 is shown the load wariation pettern simulated, The awverage reference
power levels are G235 at part load and 89%2 at full lead, and the ramp rate is set to 4
LT e min with which it takes about 95 minutes to change the power level by 272, The
load wvariations for the frequency control are superposed on this scheduled daily pattern,
The pattern of lead wvariations is same to that in the fypical set, kot the magnitude was
exaggerated up to +102%, for the remote frequency control In addition, wariations writhin
+ 2832 range were accommodated for the local confrol,

In Figure 4 is shown the load wariation pettern of the fast return-to-poswer operation
transient, At the time when the Xe reactivity starts to decrease at part lead (BE hr),
the power lewvel is increased to 100% NP with a ramp rate of 25 WIWe/min (1.5%/min),
The plant has been operated in the grid following mode before starting the fast
ramp-up, but noe signal for the frequency contrel is accormmeodated thereafter,

Each transient is simulated for 1 day cwele except the weekend operation for which 2
days are necessary, Considering the Jifferent core conditions, three fuel burn-up states
of the equilibrivm cwele were considered, The performance sensitivity of the four
following parameters is analysed, ARS+/- set-points, reference owverlap set-point of
temperature dead-kand for low speed and reactivity worth of banks,

Most of the cases simulate the grid following operation because this operation is
regarded as the most challenging to both core and NS5 controllakility, The dependency
of contrallakility on each parameter may ke distinguished as follows,

Cages 1, &, and 7 are expected to show the burmm-up dependency, Especially in the
viewpoint of dilution capakility compering cases 4 and 11 show that too, With
considerations for the higher power defect (higher meoderator temperature ccefficient),
stronger Xe instakility, and limited dilution capabilite near EOC, more cases are
sirnulated at 903 EOC,

Cases | and Z are expected to show the difference in the magnitmde of ASI deviation
due to different A5 dead-kand width, Case 2 allows larger ASI dewiation writhout AZSI
control actions and may result in a larger perturkation on ASI than case 1,

Cases 5 and 6 will show the AS] deviation depends on the reference owerlap, The
availakility of banki(s) with which the Mode K logic results in hetter controllability may
depend on the reference overlap,

The temperature confrol has the priority on the ASI contrel in the current Mode K
logic, Therefore the larger the dead-hand is, the longer time during ne bank moves for
AE] controlling is, Cases 7 and 10 will show mainly the difference in the magnitude of
851 deviation while the average femperature is mamtained within the dead-hand,

In addition to the narroewer temperature dead-band, the AZ] target is increased of
28% in case 10 compered to other cases, Changing the ASI target from the equilibrium
ASD (ESD) is one of the possibiliies for improving the stability o ASD contrel,
Furthermere, a different boron scenario from case 7 was used for cagse 10, The starting
time of boration after the return-to-power was delaved 50 minutes compared to the
scheduled scenarie, This delay may result in a deep insertion of PZ bank and hetter ASI



controllabillity during the remaining period,
Cases 1, 3, 4, cases 7, 9 and cases 8 will show the controllakility for each kind of
operation,

4 Ewaluation of the Capability of Mode K

The simulated results of each case are shown in Figures & through 14 for the coolant
average temperature deviation and the A5D dewiation, The Tabkles 2 and 3 summarize
the main results as regards TAVSG deviation, ASI deviation, Hguid wastes, number of
bank steps, axmial power peak increagse, and bank insertion limit The masimom positive
and negative AS] deviations are presented, as well as the time period during which A
A5] remains out of the control dead-kand and the time pericd during which J&ASI
remaing out of a reasonakle dead-band of 53

These tables present between brackets, the potential negative dewviations that could
oceur at the end of transients if there is no adaptation of boration/dilution scenarie to
control ASL

The TAVG iz controlled correctly in all the transients, -whatewer the burn-up the
transient profile (daily load follow operation, fast return to power or week-end
operation) and the set-points (ARS set-point, reference overlap, ASI target walue, TAVG
dead-band magnitude) are,

When the frequency control signal is superposed to the load follow fransient there are
high rate bank moverment demands from fime to time, These demands are due to high
power variation rates induced by the frequency control signal, They generate fast large
bank movements at high power lewels after the return to the mazimum power level and
consequently induce fast large ASI deviations,

For the A5 control it is noticed that for all the simulated transients, whatewer the
burn-up, the set-points (reference overlap wvalue, ARS +/- set-point walues, ASI target
value, bank worth) and the profile (daily load or zrid follow transient, fast return to
power transient, week-end operation), an adaptation of the scheduled boron scenario
performing a dilution at the end of the transient to insert P2 in order to bring back ASI
te itz dead-kend improwes the ASI contrel, The magnitude of the negative AZSI
deviations are reduced in a large way, Therefore, AS] is maintained higher than 5%,
These diluticns at the end of the fransient hawve been performed in ocases 3, 4, B, 8, and
9, They are not performed in case 1, 2 5 and 10 becavse they are not wet necessary
since the ASI dewviation remains lower than 522, MNewertheless, if the fransient had hbeen
contitmed the dilution would had been performed certainly,

In case of a deviation occurs at the end of the transients it iz controlled b the
suitakle adaptation of the scheduled boron scenario, even if for case 7 transients hawve
been simulated without adapting the horon scenario,

&t keginning of life mode K confrols ASD correctly for all kind of operations, At
middle of the c¢wele and at 9032 of the end of the cwvcle mode K confrols AS] correctly



at part load for all kind of operations but it does not aveid large positive AZ] deviations
after the return to power, The acceptability of these positive deviations depends on the
availakle core marging for normal operation,

As fransient case 10 shows, possibilities to improve mode K ASI control (magnitude
and duration of ASI deviation reduction) exists by optimization of set-peints like ASI
target and corresponding kank initial posifions, boron scenaric, TAVSG dead-hand, bank
worth,

The comparison between the masimum axial power peak walue (FZ2) reached after the
return to high power level and the initial FZ walue (ie. the equilibrium walue) allows to
have a rough assessment of the loss of high linear power density (HLFD) meargin
during the transients, The magnitude of FZ2 wariations are linked to ASI deviations, A
better control of AT after the return fo power will reduce FZ magnitude wariations,

At WMOC the two transients, one with 4022 reference owverlap and the other with 6022
reference owerlap, present the same FZ2 increase walue, At 903 EOC the similar
transients show that using 6022 reference owerlap lead to a slight reduction of the FZ2
increase during the transient (193¢ instead of 1634),

The liquid -waste amounts are linked to the uwsed boron scenaries and zenon
concenfration variation during the fransients, Values presented on Tables 2 and 3 are of
the same order of magnitude as these obtained on French confext, A more positive ASI
target wvalue orfand a narrow TAVSG dead-band would decrease the amount of lLquid
wastes to be treated,

Takles 2 and 3 alse show a large number of CEDRM actuations during lead follow
transients, mainly during grid follew operation, It is noted that except in transient case
10 (ARS target = ESI +25%, TAVG width = 3°F) P2 performs always the higher
number of steps, after Pl and Fb follow in a decreasing order,

It shows a large number of steps, mainly for banks PZ Pl and BR during grid follow
operation transients, The main reason is the wvery larze (10% NF) remote control signal
magnitude combined with the small worth of the benk inserted wwithin the core at high
power levels (around 170 pom for PZ), A further analvsis will have to conclude if these
figures are in accordance with CEDM functional requirements, In case of they are
unacceptable, ways of reduction will hawe to he analvzed in a further phase of the
project,

3. Conclusion and Further Study

The Mode K core control {average coolant temperature and axial shape index controls)
has keen reviewed based on a set of 10 typical fransient sirmulations performed with
FRANA TONE new simulator, SAF, The Mode K core control and all the main EWNGH
svstems have been completely implemented in the sirmulator,

The transients that have been simulated allow to cover 3 burn-ups(BOC, MOC, 90%
EOC), to cover all types of transient defined in KNGR performance requirements, to get



sensitivity of performances to certain parameters such as bank worth, reference owerlap,
£5] dead-kand, ASI target walue, and to get sensitivity of performances to certain
modifications of the horon scenario,

The analvsis of Mode K performances show that the temperature s correctly
controlled and there is noe liguid wastes owverproduction, and that the ASD is correctly
confrolled at part load, whatewer the fransient profile, the burm-up or the chogen
set-points, MNewertheless, there are large positive A5 deviations for long time periods
mainly after the middle of the cwele, The grid follew cperation induces a high mumber
of P2 and Pl bank steps, mainly due to the large remote contrel magnitude and to the
small bank worth, The AST control is not werv sensitive to the reference overlap, but is
degraded after the return to power when either the kank worth or the A5 dead-hand
are increased, The number of bank steps iz not very sensitive either to the burn-up o
to the AS] dead-band or to the reference owerlap, It is decreased when the bank -worth
15 increased but in that case the ASI contrel is degraded during grid fellew operation
after the return to potwer,

The best results as tegards the ASD control are obtained under the following
assumptions, First, ASI target increased of 253 (le, PZ slightly inserted kefore starting
the transient) compared to the reference conditions with all banks out of the core,
Second, temperature dead-kand reduced from +2°F to +15°F,
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Figure 9. Case b5 -T* Deviation-ASI Figure 10. Case 6 - T*® Deviation-ASI
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Figure 11. Case 7 -T* Deviation-ASI Figure 12, Case 8 - T* Deviation-ASI
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Figure 13. Case 9 -T* Deviation-ASI Figure 14. Case 10 - T* Deviation-ASI
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