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The research subject is finding an engineering solution for VV-412 core automatic protection during operation in
both steady-state and transient conditions within ICIS using local parameters (i.e. maximum linear power, departure
from nucleate boiling ratio). Such engineering solution will be implemented by safety system software-hardware
(PTK-Z) on the basis of signals coming from in-core neutron flux detectors, temperature sensors, primary coolant
flow and coolant pressure transducers. Calculated survey of possibility to use Kalman filters or corrective filter to
eliminate time delay in SPND signals was carried out. The inaccuracy in the method of maximum linear power
monitoring was determined. This work shows that the solution was found using the practice of in-core
instrumentation, and ICIS designing and operation with improved metrology, reliability and time parameters and
using advanced data communication technologies intended for important challenges of the world market, and as a

response to standards.

INTRODUCTION

Realisation of protection function on the basis of
local parameters is ensured by the following factors in
reactor V-412:

—arrangement of ICIDs within the core, 54 in
number, each of them being supplied with seven
Rhodium SPNDs, with certain time transient
characteristics;

—arrangement of coolant temperature sensors in
cold legs, coolant flow detectors in the primary loops,
and pressure transducers above the core;

— development and implementation of
instrumentation equipment, which satisfies safety
category 2 requirements (category indication 2NU as
per [1], and 2NU/K2 as per [2]) for quality, velocity and
metrology parameters of monitors or system responses,
and software, using advanced data communication
technologies intended for important challenges of the
world market, and with satisfaction of IEC 880, IEC
987 standards and normative  documentation
requirements for category 2NU (as per [1]) hardware
and software.

FORMULATION OF THE PROBLEM

The technical solution of local protection system for
the V-412 core should provide the following:

—automatic generation of protection signals and
delivery to CPSE at reactor power ranging within 20
and 110% of nominal power in case if the local rod
power exceeds the rated limit, or departure of nucleate
boiling ratio drops below the rated limited value with
time delay at least 3 s [3];

— probability of failure to respond a scram function
of PTK-Z should not exceed 5-107 within a 1 year time
domain [4];
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—inaccuracy of maximal value of linear fuel rod
power density should not exceed 5% [3, 5];

—inaccuracy of minimal value of departure from
nucleate boiling ratio should not exceed +17% [3, 6].

The objective of this paper is to survey the
possibility to integrate in ICIS (PTK-2Z) of such function
as automatic core protection of reactor V-412 in
response to local parameters (i.e. maximum linear
power, departure from nucleate boiling ratio) during
normal operation and transient conditions.

ARRANGEMENT OF INSTRUMENTATION
EQUIPMENT AND COMPUTER
FACILITIES

In order to perform the function of automatic
protection in response to local parameters (scram, PP)
the following apparatus should be used: instrumentation
equipment and computer facilities of safety category 2
(category indication 2NU as per [1] and 2NU/K2 as per
[2]), which is integrated in every safety channel of the
plant as a part of safety system software-hardware
(PTK-2).

Every PTK-Z cabinet is connected with thermal
engineering detectors with cable lines of an individual
safety channel. The cable lines deliver every detector
signal to instrumentation equipment inlet, and also the
signals from 1/6 part of the whole number of SPNDs.

Cabinets PTK-Z and cabinets of various safety
categories are furnished with connection via local net of
lower level of safety category 2 (category indication
2NU as per [1] and 2NU/K2 as per [2]). This enables
every safety channel processor taking decisions using
the whole amount of data on in-core processes and
deliver protection signal to CPSE of the applicant safety
channel. PTK-Z block scheme is given in Fig. 1.
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Fig. 1. PTK-Z scheme

SIGNAL INTERPRETATION ALGORITHMS
Preliminary signal interpretation

Every delivered analogue signal shall pass a
rejection process, which consists of comparing the
signal against limitations established [5]:

Amin < A < Amax ' (1)

where A is the current signal indication; Ampi, —is an
extremely small design signal indication; A —iS an
extremely large design signal indication.

After a rejection procedure every signal, except
SPND signals, should pass a smoothing procedure in
accordance with the following formula:

A=k -[AD-AL-D]+A -1, @
where A is a signal indication; A, — is a smoothed signal
indication; t — denotes a current polling cycle; (t-1) -
denotes a previous polling cycle; k. —is an individual
smoothing coefficient (0.1 < k. < 1).

The value of k. depends on the magnitude and
character of electromagnetic induction at signal transfer
lines from the detectors to the equipment of certain
power units, and it can be determined at CA stage.

Interpretation of normalised signals from the
transducers of general process measurements
The transducers of general process measurements
comprise pressure and pressure difference transducers,
detector of boron acid concentration, RCPS capacity

sensor, etc. The normalised signals from these detectors
are converted into physical units of measurement
according to the following formula:

W, —W,
W=—"2__1 (A_A)+W, 3

Aup_ low o

where A — is the value of normalised signal (mA or V);
W, —is the upper margin of normalised signal values
(in physical units of measurement); A,, — is the upper
margin of normalised signal (mA or V); W, — is the
lower margin of normalised signal (in physical units of
measurement); A — is the lower margin of normalised
signal (mA or V).

Algorithm of determining a fuel rod linear power
density and generating a protection signal on the basis
of this parameter

The value of maximum linear power in an (i,j)-th
part of the core is determined by a statistical
summarising (averaging) of linear power values, which
were determined from the signals of six SPNDs of the
most close ICID that belong to various PTK-Z channels,
where j is FA No according to the map of core.
Correspondence between j-th FA and j(n)-th ICID in
each FA is shown in (Table 1) (the Table gives the Nos.
of FAs. with ICID, the distance between ICID and
applicable FA is given in the brackets) [5].

Table 1
List of six FAs located in the close vicinity of ICID
and used for power density calculation in every FA
FA No Channe 1 Channe 2 Channe 3 Channe 4 Channe 5 Channe 6
1 10(2) 16(4) 30(4) 12(4) 2(2) 18(2)
2 10(2) 16(5) 30(4) 12(4) 2(0) 5(3)
162 158(4) 163(1) 160(2) 148(4) 145(2) 153(2)
163 158(5) 163(0) 147(3) 148(4) 145(2) 136(4)




SPND numbering in ICID corresponds to elevation
numbering in FA (Fig. 2).

A Core top

5m

3.5

v Core bottom

Fig. 2. Core levels whose geometrical centres (from 1-st
to 7-th) correspond to SPND emitters (1, 2,...7)

Statistical summarising (averaging) for the
neighbouring SPND is performed according to the
following formula:

KV, -J. Ay

6 . .
Qi M 0 Tl T
A = KK ; e KV, Ky
YT :
Zlqijj" ‘N,

where KKj; —is a linear power peaking factor of the (i, j)
section of the core; Kcj, — is a mean linear power
peaking factor of six fuel rods surrounding a tube with
ICID in the (i, j) section of the core; KVj — is relative
power density of the (i, j) section of the core; KVjj, — is
relative power density in n SPND location associated
with (i, j) section of the core; j, — are ICID Nos. that

surround j-th FA (n=1...6); A;; — is the sensitivity of i-
the SPND in the j,-th ICID converted into the unit of
FA length measurement; Ny, — is the sign of (i, jn)

: (4)

SPND availability; J.. —is normalised F current of i

ij
SPND in j, ICID; Qi — is statistical weight of jn SPND
jn

signal in calculation of linear power density in ij section
of the core.

;. shall be originally determined according to

formula:
di5, = F(I‘) ' ®)
lin F(O)
where F(r) is a relative value of “influence function” at
distance r from the centre of (j) th FA to location of j, —
th SPND at i level; F(o) is a relative value of “influence
function” in the centre of j-th FA.

Correspondence of statistical weights to the distance
between ICID and FA is given in Table 2.

Relative power density 3-dimensional in core
distributions are gained during power density recovery
process in VK ICIS. Power density recovery algorithm
in based on mathematical model including equation of
connection between the results of measurements and the
field to be found, and also the neutron diffusion
equation. To work out the diffusion equation and

definition neutron-physical model parameters the
iteration method is used. To decrease deviation between
neutron-physical model and transducer signals
adaptation of material parameter and division section,
based on measurement results is carried out. Described
algorithm has been used in MCDS PPO and has
successful operation experience over 100 reactor-years.

Table 2
Correspondence between statistical weight and distance
between ICID and FA

Distance between ICID and FA | Statistical weight
0 1

0.2954

0.1336

0.1024

0.0554

0.005

g |WIN|-

For the purpose of calculation accuracy of fuel rod
linear power density and reliability of protection signal,
which generates on the basis of this parameter, also
taking into account the probability of uncontrolled CPS
CR movement, the value of maximum linear power of
FA that contains working group CPS CR in (i, j) section
of the core is determined on the basis of duplicated
statistical summarising according to the following
formula:

6 J—
KV; - KVij - 0y
KK, “ZO o 6)
1] 311 6 !
z KVilj 'qijlj
1j=0
where KVy; — is the value of relative power density
calculated on the basis of formula:

_ A
KVij = —2-.311, (7
K ilj

where A.. — is the magnitude to be determined using

ilj
formula (4) for every FA neiboughring the j FA
(Ij = 0,6), lflj =0 KV"J' = KVij.

In the base condition, arrays KK, Kc, KV, A, and 77

are periodically delivered from VK ICIS and ensure on-
line monitoring maximum linear power by way of on-
line measuring of SPND currents.

The acquired Aj values are compared against the

design limitations (PP, scram), which are individual for
every axial core section.

Should a design limitation is achieved or exceeded
at any of the core sections, an applicable protection
signal shall be sent to scram — PP system

The process of preparation, verification and display
of the above mentioned magnitudes to PTK-Z is called
calibration of protection system instrumentation
channels on the basis of local parameters, which is
required for sustaining ICIS metrology characteristics at
applicable level within a considered function.

In order to use calibration data it is required to write
formula 30 anew in the following format:

S, K0 ()3, (0)
_KK;(0) = P K, (0)-Key (0)

i(t) 5
311
Z:;,%n “Nij,

. ®



and formula (6) in the following format:
. £, KV, (0)- KV (1)
Ao IZ(;Aijh i, _KK;(0) IJZ:C; KV, (0) " 9)
311 & '
quj
1=0
where | j are the numbers of FAs adjacent to the j-th FA
if |j:0, Ij:j-
Al the coefficients and magnitudes, except J; (t),

are valid for the time when calibration was performed.

Algorithm for calculation of minimal value of
departure from nucleate boiling ratio and generating a
protection signal on the basis of this parameter

The aggregate coolant mass flow G™ in the
primary loops is calculated by the following formula
[5, 6]:

G = in, (10)
k=1
where G — is the coolant mass flow in k-th loop.
An average water mass velocity in FA cell (pw) is
calculated using the following formula:
pw = G '(l_chak).K
163-F;,
where K —is a coefficient that accounts coolant
leakages; Fga =0.0246 m?—is the area of FA cross
section without central channel and channels for AR;
Kpeak = 0.98 —is a coefficient that accounts the mass
velocity peaking along FA cross section.
For every FA, the coolant inlet temperature is
determined using the following formula:

4
Zch 'Gk 'ijm 'Fk

inl _ k=1
) P =

i 4
sz ’ ijm R
k=1

where j — FA No; ch — is coolant temperature in cold

leg of k-th loop; Fy—is the sign of RCPS actuation in
k-th loop; Gy —is coolant flow in k-th loop; m — is a
code making Fi-8 + Fy-4 + F32 + Fy Pym—1Iis a
coefficient of k loop temperature influence on the
temperature of j the FA with m-th condition of values of
signs Fy.

For each selected core section (i, j), enthalpy Ij is
calculated according to the following formula:

(11)

peak !

(12)

H. ﬁﬁ’lAnﬁAij 100 L
8 8 m 2 3
Iij: 'l(t‘l'lznl7 (13)
pW'FceII

where K;-K; is margin coefficient in preheating;
I:“l = I(Pin.,Timl); H. — is the core height; P;, — is inlet
pressure in the core; F, — is the area of cross section of
the cell under consideration.
For each selected core section (i, j) relative enthalpy
X is calculated in accordance with the following
formula:
I. —T'(P.
x, =57 Pw) (14)
: r(P,)

where I'(Pi,) — is water enthalpy in saturation line;
r(P;n) — is specific heat of vaporisation.
For each selected core section (i, j) the value @f)

critical heat flux Q;" is calculated using the following
formula:
Qicjri =f ,0.795,((1_ Xij)oAlosAPinlfo.s)><
x(pw)o‘sn‘ (1= Xij) - 0127 (1_0.0185.1)"“ )’
where fz — is form factor calculated by formula:

(15)

yi=1

5 3.79 - 19.61 - (Pinl/Pcri) + 17.86 - (Pinl/Peri)?
[ 8 j

3.24-A,,

]3.79 - 19.61 - (Pinl/Per) + 17.86 - (Pinl/Per)?

=37

0.24-Aigj+2-Aigj+ Aij
3.24-A;

]3.79 —19.61 - (Pinl/Pcr) + 17.86 - (PinI/Pcr)z
(16)
where P, = 22.115 MPa is critical water pressure.
Departures from nucleate boiling ratio (DNB;)) are
determined according to formula:

ong = & T 1K)
ij '

(17)
Ajj- K,

where K; — is the error of formula for critical heat flux;

Kq—is margin coefficient for power; = =3.1416;

d = 0.0091m — is fuel rod diameter.

From all the obtained DNB;; values the smallest
DNB,,» value is selected and compared against the
design limitations (PP, scram). Should the design
limitation be reached or fall below, an applicable
protection alarm signal shall be sent to system PP-
scram.

INACCURACY CALCULATIONS

General description

The whole set of inaccuracies of local protection
system may be split into two parts: dynamic and
statistical [5].

Dynamic inaccuracies are defined by:

—Increase velocity of local linear power density,
method selected for elimination of time delay of SPND
currents and inaccuracy in determining the value of the
instant component of SPND signals, which comprise the

system (O _r>O0p_k )-

— Inaccuracy in determining the instant component
(Orn)-

— Scope and manner of CPS CR movement within
the time period between calibration actions (G ;)

Allowable difference between current calibration
coefficients and those transmitted to PTK-Z (O i, )-

Statistical inaccuracies are defined by:
— Distance between the controlled section and

transducer (o, );

— Inaccuracy of calibration coefficients (G, );

— Inaccuracy of the equipment, which in our case
depends on the share of random component of



inaccuracy in measuring SPND currents, and also by
interference and induction on the way of passing a
signal from Rhodium SPNDs and methods that are used

for their elimination G, .

Both inaccuracies of tolerance values for fuel
production and assembly-to assembly gaps are taken
into account in calculation of engineering uncertainty
coefficient. The inaccuracy of reactor thermal power is
taken into account in calculation of uncertainty
coefficient for keeping reactor power. Both the
uncertainty coefficient and safety factor are taken into
account in calculation of ultimate tolerable values of
power density in a certain fuel loading.

Analysis of dynamic inaccuracy

It is adopted in the system:

- for monitoring the processes with velocities
ranging within 4% per second and 40% per second to
apply a corrective filter;

- for monitoring the processes with velocities
ranging within 0.1% per second and 5% per second to
apply a Kalman filter.

Any of these filters has a 0.6 s response cycle,
emitter diameter of 0.5 mm (instantaneous component is
close to 6%). The corrective filter is capable to
completely eliminate the delay; while Kalman filter is
intended to allow a 0.5 s delay and reduced coefficient
of interference elimination.

Investigation proved that:

— corrective filter provides a time delay at 0.05 s
for its range of processes of time changes, and this time
delay may be neglected. In this case, the inaccuracy,
which comprises the influence of interference and
induction, is defined by rejection “gates” and does not
exceed +4%;

— Kalman filter, provides a time delay at 0.5 s for
its range of processes of time changes, and this time
delay may be also neglected. In this case, the
inaccuracy, which comprises the influence of
interference and induction, is defined by rejection
“gates” and does not exceed +1%.

A complimentary time difference, caused by a
probable uncertainty of instantaneous component
ranging within £17% (c = (6+£1)%), (for instance, the
filter is adjusted for an instantaneous component of 6%,
while SPND has a 5% instantaneous component), has
the value of +0.05s for a corrective filter and for
Kalman filter +0.5 s. This brings to additional maximal
errors: for corrective filter at most 2%, for Kalman
filter at most +2.5%, respectively.

For instance, Figs. 3 and 4 depict the reaction of
lagging behind of a corrective filter with fluctuation of
neutron flux velocity of 40% per second. In this case,
the coefficients of the filter were adjusted for the
instantaneous component of 6%, while the actual
instantaneous component of SPND was 5%. Fig. 5
depicts the reaction of lagging behind of Kalman filter
with fluctuation of neutron flux velocity of 5% per
second.

In this case, the coefficients of the filter were
adjusted for the instantaneous component of 6%, while
the actual instantaneous component of SPND was 5%.
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Fig. 5. Influence of incorrect accounting the
instantaneous component upon the increase of Kalman

filter lagging behind

The error discussed herein actually has a
significantly smaller value, because the tolerance values
for variance in diameters of Rhodium wire are small.

Thus, the aggregate dynamic inaccuracy:

— for corrective filter does not exceed:

Tom, . =\ (e )? +(0m)? = (4%)? +(2%)? < 4.5%;

— for Kalman filter does not exceed:

Obing = \/(Gka)z +(0m)* = \/(1%)2 +(2.5%)* <2.7%,
and for the processes with velocities less than 1% per
second Kalman filter inaccuracy may be neglected.




Initial data. Core loading
This investigation simulated the first fuel loading of
NPP with V-412 reactor [5]. The calculations were
based on the map of fuel loading, which is shown in
Fig. 6.

Fig. 6. Map of the first fuel loading of NPP with V-412
reactor

Description of fuel types is given in Table 3

CPS CR distribution withi n the group is given in

Table 4.
Table 4

FAs containing CPS CR and CPS CR distribution
within the groups

Gﬁyp FAs containing CPS CR
1 |13;74;147;151; 90; 17; 20; 46; 113; 144; 118; 51
2 |44, 85; 123; 120; 79; 41; 9; 24; 101; 155; 140; 63
3 21; 59; 125; 143; 105; 39; 68; 69; 81; 83; 95; 96
4 111; 121; 93;53;43; 71
5 98; 122; 107, 66; 42; 57
6 22;73; 136; 142; 91; 28
7 19; 34; 100; 145; 130; 64; 110; 80; 56
8 11; 47; 126; 153; 117; 38; 84; 108; 54
9 87; 146; 141; 141, 77; 18; 23; 82
10 52;58; 133; 31; 112; 106

Group 10 is a control one.

Coolant flow in the core is 84000 m*/h.

Pressure below the core — 157 bar.

Inlet coolant temperature in the core — 291 °C

Position of CPS CR working group (No 10). From
the core bottom is 90% (318.6 cm) (with burnup
simulation).

Effective boundary conditions for delayed neutrons:

Table 3 . .
Description of fuel types ina radial reflector are 24 cm;
Fuel type Description in an edge reflector are 27 cm.
16ZS 1.6% Condition variety
2478 2.4% The conditions for the beginning and end of cycle
362ZS 3.62% (3.7+3.3) life have been investigated for exhausting the reactivity
247536 2.4%, B-0.036 margin ion boron, with various positions of CPS CR
247520 2.4%, B-0.020 groups and certain clusters. The condition parameters
3627536 3.62%, B-0.036 are shown in table (Table 5).
Table 5
Parameters of conditions under investigation
Con’\(ljition m%)r/r?:j]t Mreactor H3B03_ POS't'Og%fUER CPR RCU_g_roup v\’/\llt?] z(a)fsti ﬁ\k aP:t?JI(tzll?an]; Data table
(0] (EFPD) power comcentration 8-th 9-th 10-th position CPS CR CR No
1 0 100% critical 100% | 100% | 90% 100% 100 40% 7
2 0 100% critical 100% | 100% | 40% 100% - - 8
3 293.7 100% 0 (subcrit.) | 100% | 100% | 90% 100% 100 40% 9
4 293.7 100% 0 (subcrit.) | 100% | 100% | 40% 100% — — 10

For every condition there have been performed the
diagrams that depict the dependence of inaccuracy in
determining the maximum linear power in protection
system that uses local parameters upon the margin to
design limits. The diagrams show the variety of data
points covering the entire core space. The diagrams
reveal a common trend of growth of the inaccuracy
value with the increase of margin to design limitations,
and also a drop of the inaccuracy value with linear
power values close to the margins or exceeding the
margins (the margin to the setpoint becomes negative).
BIPR-7A [7] and Permak-A [8, 9] calculations were
performed for 10 axial elevations.

Main findings

Every finding without any exclusion prove that:

— methodological inaccuracies in monitoring of
maximum linear power in the core space, which is free
from CPS CR (in the base design condition of V-412

reactor unit this makes 99.6% of the core space), do not
exceed +2%;

— the above stated methodological inaccuracy for
the FA length were absorbers CPS CR are emerged,
significantly grows (up to 20%), meanwhile, the margin
to design limitations grows even more significantly (up
to 40...50%) and, consequently, this phenomenon does
not make an obstacle for the local parameter protection
system to perform the design base functions.

Figures (Figs. 7-14) depict the dependence of
methodological inaccuracies in  monitoring the
maximum linear power upon the margin to the design
limitation with account of single failure criterion in
every individual PTK-Z semi set. The data is given for
both the beginning and end of fuel cycle for reactor base
operation with sticking of individual CPS CR and with
changing the CPS CR position up to 40% from the core
bottom. In these figures it is necessary to point out a




high concentration of calculation data (7987 data points)
acquired during investigation of methodological
inaccuracies of this algorithm. Each of the figures
shows the inaccuracy values of maximum linear power,
and the comparison data against design limitations.

20 1 o Disabling 1 mDisabling3 ~ Disabling 5 x No disabling
I I

10

0

0 20 40 60 80
Fig. 7. TEF=0, stuck CPS CR No. 100 at elevation of
40% from the core bottom, H10=90%, calculation made
for PTK-Z semi set one
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Fig. 11. TEF=0, stuck CPS CR No. 100 at elevation of

40% from the core bottom, H10=90%, calculation made
for PTK-Z semi set two
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Fig. 9. TEF=293.7, stuck CPS CR No. 100 at elevation
of 40% from the core bottom, H10=90%, calculation
made for PTK-Z semi set one
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Fig. 10. TEF=293.7, condition with location of CPS CR
working group at elevation of 40% from the core
bottom, calculation made for PTK-Z semi set one

Fig. 12. TEF=0, critical condition with location of CPS
CR working group at elevation of 40% from the core
bottom, calculation made for PTK-Z semi set two
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Fig. 13. TEF=293.7, stuck CPS CR No. 100 at elevation

of 40% from the core bottom, H10=90%, calculation
made for PTK-Z semi set two
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Fig. 14. TEF=293.7, condition with location of CPS
CR working group at elevation of 40% from the core
bottom, calculation made for PTK-Z semi set two.

Figs. 7, 8, and 11, 12 show the distribution of
inaccuracies at the beginning and end of fuel cycle,



when boron reactivity margin is exhausted (0 and 293.7
effective power days), for first and second PTK-Z semi
set, respectively. For calibration we selected the state
where CR working grop has a position of 90% from the
core bottom.

Figs. 9-14 show the same magnitudes if the position
of CPS CR working group changes up to 40% of the
core bottom.

All the eight figures show that all most stressed core
sections the inaccuracy values do not exceed the
threshold of 1.5...2% with allowance for a single failure
criterion.

Figs. 7-14 show the high values of inaccuracy that
appear in the locations of CPS CR emerging, disappear
in the places where the linear power directly approaches
the design limits or exceeds them, which always
coincides with CPS CR extraction.

Thus, the investigations performed proved, that:

— additional variable component of the inaccuracy

O'kainOccurs in the locations of CPS CR submerging

and reaches a significant value (up to 30%). In such
cases the local linear power will always drop, and a
margin to design limits, which exceeds the inaccuracy,
will inadvertently appear;

—the value approach to design limits is always
associated with CPS CR unavailability in controlled
core section, which automatically eliminates the
additional dynamical component. At the same time
methodical inaccuracy in controlled areas, connected
with ICID distribution within the core, does not exceed,
while inaccuracy, caused by difference between currect
calibration coefficients from those transmitted to PTK-
Z, never exceeds 2%.

Analysis of statistical inaccuracy

The analysis of inaccuracy, which is caused by the
increase of random noise component in the equipment
either by a corrective filter, or Kalman filter, proved that
the increase of interference of 0.1 or 0.3% by 20 or 6
times, respectively, can be neglected.

Evaluation of PPO ICIS-M operation at power units
NPP has revealed that the error of calibration

coefficients o,,, (MSD) comes to 2.5%.

Proceeding from BIPR-7A and PERMAK-A
findings, the net value of ¢ accounting a single failure
criterion (with failed SPNDs 63 in number — one safety
channel) does not exceed 2...3% at reaching design
operation limits.

Aggregate inaccuracy

As a result, the aggregate inaccuracy in monitoring
maximum linear power may be written in the following
form:

[2_ [2 2 2 2 2 _
o —\/‘7 w0t (2 TO k +0 catipr =

=2.25+6.25+1+4+4 = 4.2%.
A conservative evaluation of relative error in the
value of departure from nucleate boiling ratio can be
determined by the following formula:

Aons = \JAZ +AG?, + AT + AA” + A =

inl

—\15% +3? +3.52 +4.22 + 2° ~16.4%.

where A —is the error of calculation formula, which
makes 15%; AGga — is the error in coolant flow in FA,
which makes at most 3 % (the error of leakage from the
core, and coolant flow peakidness are not taken into
account); AT, —is the error in calculation of inlet
temperature in FA, which makes at most 3.5%; AA —is
the error in maximum linear power (4.2%); Ay —is the
error caused by inaccuracies of calculating the thermal
physical properties of water, which makes at most 2%.

All original inaccuracies are obtained from operation
experience, taken as hardware performance data or from
calculation evaluations, etc.

RELIABILITY PARAMETERS FOR SIGNAL
GENERATING FUNCTION
OF PROTECTION SYSTEM USING LOCAL
PARAMETERS

In calculation of reliability parameters, we assumed
an exponential law for distribution of failure-free
operation period and for recovery period, which have
parameters A and p, respectively [5].

Reliability calculations were performed by way of
summarising failure intensivity (A method).

For this purpose, A characteristics of equipment
elements were selected with allowance for load factors.

Where foreign-made equipment components were
used, we used the reliability data from the catalogues
issued by the companies that produce these components.
If the required data were unavailable (this is mainly
related to microcircuits), we accepted the reliability data
of the Russian-made analogues (conservative
assessment).

A failure of signal generating function using local
parameters is considered to be the failure to give a
command, even if a requirement of this command exists
(rejection of requirement); or unreasonable command
(spurious command).

The reliability calculation of the signals is performed
proceeding from the fact that the ICIS structure is
capable to provide power density monitoring in every
FA section using SPND signals coming from six various
ICIDs (that surround a FA), each of which has a
connection to independent PTK-Z channel.

Reliability indicators of departure from nucleate
boiling ratio
Failure intensity: 2.46-10° 1/h.
Failure run: 4.1-10%h.
Frequency of spurious actuation per year: 3.3-10 1/year.
Probability of requirement rejection: 7.3-10°.
Reliability indicators of fuel rod local power

Failure intensity: 0.28-10° 1/h.
Failure run: 3.6:10° h.
Frequency of spurious actuation per year: 2.9-10° 1/year.
Probability of requirement rejection: 6.2-10°.

CONCLUSIONS

This investigation findings prove the possibility to
integrate in ICIS (PTK-Z) the function of automatic
protection of V-412 core on the basis of local
parameters.

The article presents the following PTK-Z block
structure with indicated data links and safety categories;



algorithms for processing SPND signals important for
determination of local parameters in each part of the
core in both normal and abnormal operation conditions;
inaccuracies of maximum linear power with various
positions of CPS CR (i.e the entire bank is submerged,
and one CR is stuck) at the beginning or end of the
cycle.

Thus, the calculated investigation proved that the
engineering solution (conception, selected composition,
structure, calculation algorithms, detector arrangement
in the core or safety channels, statistical weight and
organisation of recalibration process) of protection
system using local parameters ensures generating scram
signals, when the local parameters reach design
limitations with additional methodological inaccuracy
that makes +2% at most, including a single failure, and
satisfies the requirements of TA for MCDS of V-412
reactor unit.
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ACRONIMS
APCS - automatic process control system;
CA — commissioning activities;
CPS CR - control and protection system control
rods;
FA — fuel assembly;
ICID - in-core instrumentation detectors;
ICIS — in-core instrumentation system;
MCDS - monitoring, control and diagnostic system;
MSD — mean square deviation;
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PP — preventive protection;
PPO — application software;
PTK-Z — safety system software-hardware;
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RCU - rapid core unloading;
TA — technical assignment;
VK ICIS - computer
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AHAJIN3 HAJIEXKHOCTH ®YHKIUHI 3AIIATHI AKTUBHOM 30HbI PEAKTOPA B-412
O JOKAJBHBIM TIAPAMETPAM: MAKCUMAJIBHASI JINHEVMHASI MOIITHOCTD,
3AIIAC KPU3UCA TEIVIOOTJAYHA

C.C. Jluc, M.M. Cemepaxk, A.U. Kanwka

OOBEeKTOM HCCIEOBaHMSA SBIACTCA TEXHHYECKOE pEIIeHHE 3aJadyd OOEeCIeYeHHMs aBTOMATHUECKOW 3alfUThI
aKTUBHON 30HBI peakTopa B-412 mo moxampHBIM mapaMeTpaM (MakCHMajibHas JIMHEHHAs MOIIHOCTH, 3amac 0
KpHU3UCa TEIJIOOTAaur) B IMPOIECCe HIKCIUTyaTali B 0a30BOM M IEPEXOAHOM DPEXMMaxX B PaMKaxX CHCTEMBI
BHyTpHpeakToproro koutpoisi (CBPK), peamusyemoii mporpaMMHO-TexHHUeckuM Komiutekcom 3amutsl (ITTK-3) ¢
HCTIONb30BaHUEM CHUTHAIOB BHYTPHPEAKTOPHBIX JAaTYMKOB HEHTPOHHOTO IIOTOKA, TEMIIEpPaTyphl, pacxoga u
JIaBJICHUS] TEIUIOHOCUTEISI IEPBOr0 KOHTypa. B mpomecce paboTel HPOBOIMIOCH PacueTHOE OOOCHOBaHHE
npuMeHeHnst puiibTpoB KanMana u KoppekTHpyromero (GuibTpa Uil YCTpaHEHHUs 3ana3bIBaHus J1aTdhKa NpsMOi
sapsaku (JI13), onpeneneHus METOIMYECKON MOTPEIIHOCTH KOHTPOJsSI MaKCHMalbHOW JHHEHHOW MOIIHOCTH B
akTHBHOMW 30He. [TokazaHo, 4TO penieHue 3aJauu 00ecIeYeHus] aBTOMAaTHYECKON 3alUThl aKTUBHOW 30HBI peakTopa
B-412 1o nokanbHBIM napameTpaM ObUIO HalIEHO C y4eTOM HAKOIUICHHOTO OIBITa BHYTPUPEAKTOPHBIX N3MEPEHHH,
a Takke npoekTHpoBaHMs M Skcruryatanuun CBPK Ha 0a3e moBbIIEHHS METPOJIOTMYECKHX, HAJEKHOCTHBIX M
BPEMEHHBIX XapaKTepUCTHK C HCIIOJIb30BaHUEM BO3MOYKHOCTEH COBPEMEHHBIX MH()OPMAIMOHHBIX TEXHOJIOTHH IS
OTBETCTBEHHBIX IPUMEHEHHUH U C y4E€TOM TpeOOBaHWH HOPMAaTHBHBIX JOKYMEHTOB.



AHAJII3 HAIIMHOCTI ®YHKIIA 3AXUCTY AKTUBHOI 30HU PEAKTOPA B-412
3A JIOKAJIbLHUMH TAPAMETPAMM: MAKCUMAJIbHA JIIHIAHA IOTYKHICTD,
3AIIAC J10 KPU3H TEILIOBLJIAYUI

C.C. Jluc, M.M. Cemepax, O.1. Kanroka

OO0'eXTOM NOCHI/DKEHHSI € TEXHIYHE BUPILICHHs 3aJaui 3a0e3leueHHs aBTOMaTUYHOTO 3aXUCTY aKTHBHOI 30HU
peaxTopa B-412 mo nokanpHUX MapameTpax (MakcHMalbHA JIiHiffHAa MOTYXKHICTB, 3amac JO KPH3H TEIUIOBiAadi) B
mpoI1ieci eKCIuTyartarii B 6a30BOMy 1 epexiqHOMY PEeXUMAaX Y paMKax CHCTEMH BHYTPIITHEOPEAKTOPHOTO KOHTPOIIO
(CBPK), mo peanizoByeThCsl MPOrpaMHO-TeXHIYHAM KomiuiekcoMm 3axucty (IITK-3) 3 BHKOpHCTaHHSIM CHTHANIB
BHYTPIITHOPEAKTOPHUX JAaTYHKIB HEHTPOHHOTO TOTOKY, TEMIIEPATypH, BUTPATH i THCKY TEIUIOHOCIS TEpIIOro
KoHTYypy. B mporeci poboT mpoBoAmiocs po3paxyHKOBE OOTPYHTYBaHHS 3acTocyBaHHS QimeTpiB Kammana i
KOpHUTrylo4oro (inpTpa A YCYHEHHs 3ami3HIOBaHHS naTdyvka npsmoi 3apsaku ([I13), Bu3HaueHHS MeTOAMYHOL
MOXMOKH KOHTPOJIO MaKCHUMaJbHOI JIIHIMHOI MOTYXHOCTI B aKTUBHIH 30HI. [loka3ano, 1o pimieHHs 3amadi
3a0e3Me4yeHHs aBTOMaTHYHOT0 3aXHUCTY aKTHBHOI 30HH peakropa B-412 1o nokanbHUX mapaMeTpax OyJo 3HaiiieHo
3 ypaxyBaHHAM HaKOIIMYEHOTO JOCBiZy BHYTpIIIHBOPEAKTOPHUX BUMIPIOBaHb, @ TaKOX IPOSKTYBaHHS 1
excrutyaranii CBPK Ha 06a3i migBUINCHHS METPOJOTIYHHMX, HANIMHICHMX 1 THMYacOBHX XapaKTCPUCTHK 3
BUKOPHCTaHHSIM MOXIIMBOCTEH CydacHHUX IH(QOpMaliHHUX TEXHOJOTIH /I8 BIANOBINAIBHUX 3acCTOCYBaHb 1 3
ypaxyBaHHSM BUMOT HODMaTUBHUX JOKYMEHTIB.



