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ORIGINAL STUDY

Development of a Neutronic Model of the
WWER-1000 Reactor Facility Core

Darkhan M. Seken a,b,*, Artur S. Surayev a, Ruslan A. Irkimbekov a, Galina A. Vityuk a,
Nurzhan Y. Mukhamedov a, Olzhas M. Zhanbolatov a, Vladimir A. Vityuk c

a “Institute of Atomic Energy” RSE NNC RK, Kurchatov, Kazakhstan
b NPJSC “Shakarim University of Semey”, Semey, Kazakhstan
c National Nuclear Center of the Republic of Kazakhstan, Kurchatov, Kazakhstan

Abstract

A neutronic model of the WWER-1000 reactor has been developed. The reactor block of the B-320 series, which is the
most common among NPPs with the WWER type reactors, was selected for the modeling. The modeling was performed
using the MCNP6 software. A three-dimensional model of the core has been developed, which fully corresponds to the
reactor plant, both in terms of geometric parameters and material composition. The fuel assemblies and rods of the
reactor control and protection system have been assembled into appropriate groups. The following opportunities have
been implemented in the neutronic model: modeling of various critical reactor states; reactor power control; boron
control; efficiency of individual rods and their groups. Preliminary calculations have been performed to substantiate
the model operability. The integral and differential efficiency of the control protection systems, temperature feedback
of reactivity, the Doppler coefficient, coolant density and boric acid concentration have been also studied.

Keywords: Neutronic model, WWER-1000, Fuel element, FA, Core, MCNP, CPS

1. Introduction

N eutron-physical modelling of nuclear power
plants is an important aspect of scientific and

technical support for the development of nuclear en-
ergy in the Republic of Kazakhstan. It is important for
the Kazakh specialists to master tools and methods that
will ensure quality verification of nuclear reactor
characteristics declared by potential suppliers of
reactor technologies, Will contribute to the organiza-
tion of future efficient and stable operation of the NPP,
as well as to the expansion of knowledge in the field of
physics modelling of reactor plants.
Currently, Kazakh scientists, primarily employees of

the National Nuclear Center of the Republic of
Kazakhstan, have acquired significant competencies in
numerical modeling of neutron-physical and thermo-
dynamic processes in the IVG.1 M and IGR nuclear
research reactors. The data obtained were used in the

implementation of the project to convert cores to low-
enrichment fuel [1,2], as well as in the preparation of
in-pile experiments [3e7].
Today, the Republic of Kazakhstan stands on the

threshold of a decision to build the first nuclear power
plant [8]. The WWER-1000 reactor, or waterewater
power reactor, is one of the most common types of
nuclear reactors designed for electricity generation.
This reactor has a representative data set available to
study the physics of pressurised water reactors in
detail. In this context, it is appropriate to test methods
and approaches for numerical modelling of power re-
actors to be carried out on the basis of this installation.
The nominal electrical capacity of this reactor is
1000 MW, and thermal - 3000 MW. The water in this
reactor performs three functions: heat carrier, neutron
retarder and neutron reflector [9e12].
The development of the WWER-1000 reactor

neutronic model, in particular the B-320 series reactor
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unit, was carried out using the MCNP6 software. This
model includes a three-dimensional representation of
the reactor core, which exactly corresponds to the real
installation in terms of geometric parameters and ma-
terial composition.
The determination of kinetic parameters is of great

importance in calculations of reactor physics for the
transient reactivity analysis, safety and control of nu-
clear reactors. The kinetic parameters are the effective
fraction of delayed neutrons, the lifetime of fast neu-
trons, and the neutron generation time.
One of the important parameters determining the

reactor safe and stable operation is the calculation of the
reactivity margin and the effect of the control and pro-
tection system (CPS) and boron control on the reactivity
margin. CPS plays a key role in ensuring theWWER-1000
reactor stability andmaintaining the required level of the
reactivity margin. The CPS automatically reacts to
changes in the reactor operating conditions, adjusting
the control parameters to ensure safe and efficient
operation. Real-time reactor control requires high accu-
racy and reliability of the CPS operation, especially under
high loads and variable operating.
Boron control also plays an important role in

ensuring the reactor safety. Boron is used to control the
neutron flux, regulating its intensity and providing
control over the process of nuclear fission. This allows
the reactor to maintain optimal operating conditions
and prevent possible emergencies.
In this paper, modeling of the core of the WWER-

1000 reactor with the MCNP will be considered and the
effect of the boron control and CPS on the reactivity
margin will be analyzed. The integral and differential
efficiency of the CPS, temperature feedback of reac-
tivity, coolant density, boric acid concentration and
Doppler coefficient have been studied. All calculations
have been compared with the experimental and refer-
ences data to conclude that the developed neutronic
model is correct.

2. Object of research

The WWER-1000 reactor core is the central part of
the reactor, where nuclear fission and a controlled
chain reaction occur and it is composed of 163 fuel
assemblies, each of which has 312 fuel elements. The
main structural characteristics of the core are shown in
Table 1 [13].
The first fuel loading of the reactor core is formed

from the FAs of five types (Fig. 1):

� FA13AU e FA with 1.3 % (235U) fuel enrichment;
� FA22AU e FA with 2.2 % (235U) fuel enrichment;
� FA30AV5 e 303 fuel elements with 3.0 % (235U)

fuel enrichment, 9 fuel elements with 2.4 %

(235U) fuel enrichment and 5 % gadolinium oxide
content;

� FA39AWU e 243 fuel elements with 4.0 % (235U)
fuel enrichment, 60 fuel elements with 3.6 %
(235U) fuel enrichment, 9 fuel elements with 3.3%
(235U) fuel enrichment and 5 % gadolinium oxide
content;

� FA390GO e 240 fuel elements with 4.0 % (235U)
fuel enrichment, 66 fuel elements with 3.6 %
(235U) fuel enrichment, 6 fuel rods with 3.3 %
(235U) fuel enrichment and 5 % gadolinium oxide
content [14].

The fuel assembly (FA) consists of a power frame, a
beam of fuel elements, a head and a bottom nozzle. The
FA end parts are used to fix the cassette in the core
setting sockets. The upper end part (head) provides
interaction with the reactor inner devices and the FA
compression from surfacing, as well as a detachable
connection to the FA frame. The lower end part (bottom
nozzle) provides a predetermined location of the cassette
in the core, as well as the coolant path organization.
In the guide tubes, the drive can, depending on the

position of the cassette in the core, move a beam of 18
absorber rods (ARs) of the control and protection

Table 1. Main structural characteristics of the WWER-1000 reactor
core.

Parameter name Parameter value

The outer radius of the reactor vessel, mm 2267.5
The inner radius of the reactor vessel, mm 2068.0
The outer radius of the reactor barrel, mm 1810.0
The outer radius of the reactor baffle, mm 1742.5
The total number of the FAs in the core, pcs 163
The number of the FAs with CPS AR, pcs 61
The pitch between the FAs, mm 236

Fig. 1. The first reactor fuel cycle.
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system control rod, the AR core is made of a dispersion
material [15]. Fig. 2 shows a dimensional drawing of
the FA with the main dimensions. The main charac-
teristics of the FAs are given in Table 2 [16].
The fuel element in Fig. 3 consists of a sealed shell,

inside which the fuel is placed and the fission products
are localized. Cylindrical uranium dioxide tablets with a
density of 10400 kg/m3, each with an outer diameter
of 7.53 mm and a height of 20 mm, are placed in the
fuel rod. The total length of the fuel column is 3530 mm
(extension by ~ 30 mm is possible when operating at
power). In the middle of the tablet there is a hole with a
diameter of 1.4 mm, the edges are chamfered. The gap
between the tablet and the shell, as well as the central
hole, are designed to allow the tablet to increase as a
result of radiation swelling. For spatial fixation of the
fuel column and ensuring its continuity, a fixing
element (spring, split sleeve, etc.) is placed in the fuel
element. The fuel element shell, made of zirconium
alloy, provides the required mechanical strength of the
structure, its dimensional stability, and also protects
nuclear fuel and fission products from the corrosive
and erosive effects of the coolant. The main charac-
teristics of fuel rods are shown in Table 3.

The loading of the WWER-1000 with uranium is
approximately 70 tons, the average enrichment in the
core in the steadyestate mode is 3e3.3 %, which
approximately corresponds to 2100 kg of 235U.
Reactor power is regulated by the control and pro-

tection system (CPS) d by changing the position of
clusters of rods with absorbing elements (AEs) in the
core, as well as by changing the concentration of boric
acid in the water of the primary circuit.
In the standard V-320 project, 61 clusters of the CPS

control rod (CR) are installed at the WWER-1000
reactor, divided into 10 groups, one of which is used for
operational control, 9 others as emergency protection
and solving some specific tasks, for example, suppres-
sion of xenon oscillations. Each cluster contains 18
absorbing rods.
The AEs are moved (Fig. 4) in the guide tubes with a

size of 12.6 � 0.8 mm, called the CPS guide channels.
The radial annular gap between the AE and the guide
tube inner surface is 0.9 mm [17].
The main characteristics of the CPS CR are given in

Table 4.
Fig. 5 shows the numbering of the FAs, the placement

of 61 CPS CRs in the WWER-1000 core and the location
of the loops.

3. Methods of research

One of the main tools for studying the neutron-
physical characteristics of systems is the MCNP (Monte
Carlo N-Particle) software package [18] that uses esti-
mated nuclear data libraries ENDF/B-VII.0 [19] for
calculation of the neutron transport equasions.
The MCNP input file consists of three main sections:

cell maps, surface maps, and data maps. The geometry
and material parameters defining the system structureFig. 2. Fuel assembly.

Table 2. Main characteristics of the WWER-1000 reactor FA.

Parameter Value

The FA size (turnkey), mm 234
The number of the fuel rods in the FA 312
The method of placing the fuel rods Uniformly

triangular
The pitch between the fuel rods, mm 12.75
The fuel rod diameter, mm 9.1
The number of guide channels in the FA,

pcs
18

The central tube (frame) for placement of
the energy measurement sensors, pcs

1

The number of absorber rods in the beam,
pcs

18

The material of the tubes of the guide
channels

Stainless steel

The central tube material Zrþ1 %Nb alloy
The central tube size, mm Ø11 � 0.8
The size of the tubes of the guide chan-

nels, mm
Ø12.6 � 0.8
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are input into the cell maps. Each cell is described by a
number, material, density, and associated surfaces. The
surface maps define geometric surfaces that divide the
space into different areas. These surfaces can be used
for defining the cell edges and the system shape. The
data maps contain the parameters for calculations, such
as the number of neutrons per a cycle, the initial value
of the fission factor, and other modeling settings.
The neutron fission factor Keff is a key parameter for

determining the state of a chain reaction in a nuclear
reactor. Three calculation options have been consid-
ered to compare the effective neutron fission factor and
the fraction of the delayed neutrons with the data from
the source for the reactor model.
For critical neutron calculation the following initial

parameters are used: number of neutrons e
10 000 000, initial keff e 1.00, number of cycles skipped
e 50, total number of cycles 200. The calculation error
is around ±0.00002e0.00003 (or ±0.002e0.003 %),
which is considered to be an acceptable level of accu-
racy for neutron-physical calculations.

1. The calculation of the reactivity margin based on
Keff at the first fuel loading into the reactor is car-
ried out without the use of a control and protection
system and without boron control. The tempera-
ture of the coolant and fuel is equal to 300 K in this
version. The reactor reactivity (r) can be calculated
using the neutron fission factor Keff according to the
formula:

r¼
�
1� 1

Keff

�
∕0:0064 ð1Þ

Fig. 3. Horizontal section of the fuel element.

Table 3. Main characteristics of the WWER-1000 reactor fuel elements.

The radius of the fuel element central
hole, mm

0.7

The fuel outer radius, mm 3.765
The inner radius of the fuel element

cladding, mm
3.9

The outer radius of the fuel element
cladding, mm

4.55

Enrichment, % 1.3e2.2 e

3.0e3.6 e 4
The fuel element height, mm 3530
The cladding material Zr þ 1 % Nb
The fuel weight in 1 fuel element, kg 1.575
The fuel UO2

The fuel density, kg/m3 10400
The moderator H2O
The gas, filling the gap between the pellet

and cladding
He

Fig. 4. Absorber element.
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Here, r e reactivity, Keff e neutron fission factor,
0.0064 d effective fraction of delayed neutrons.

2. The calculation with the CPS fully introduced into
the core and without boron control with the fuel
and coolant temperature of 300 K. The calculation
is necessary to evaluate the efficiency of the reactor
reactor control system under these conditions.

3. The calculation with boron control

The boron control is changing the boric acid con-
centration in the water of the primary circuit. The main
purpose of the boron control is to compensate for slow
changes in the reactivity during reactor operation.
At the operation initial stage, the boric acid concen-

tration is 0e16 g/kg (H2O) for compensating the large
margin of the fuel reactivity, which is about 30b. As the
fuel burns out, the boric acid concentration gradually
decreases in order to maintain the stable neutron
power.
At this stage, the boric acid concentration is 6 g/kg

(H2O), and all groups of the control rods are removed
from the core. The temperature of the fuel and coolant
is 300 K each.

4. Neutronic model of the core

Fig. 6 shows a complete geometric model of the
reactor core in the MCNP (VisEd) visual editor. The
model includes all the key components of the core, such
as 163 fuel assemblies with the fuel elements, re-
flectors, control and protection systems. The use of

Table 4. Main characteristics of the CPS CR.

Parameter name Parameter value

The number of AEs in the CPS CR 18
The absorber material
- Upper part
- Lower part

В4С
Dy2O3 � TiO2

The absorber height, mm
- Total
- Upper part
- Lower part

3530
3230
300

The absorber material density, kg/m3
- Upper part
- Lower part

1700
4900

The outer diamter of the AE cladding, mm 8.2
The AE cladding thickness, mm 0.6
The cladding material Stainless steel
The number of the CPS rods, pcs 61

Fig. 5. eNumbering of the FAs and the placement of 61 CPS CRs in the WWER-1000 core.
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VisEd allows visualizing the structure and layout of the
reactor, which facilitates the construction of a model
and its debugging for the safe and efficient operation of
the WWER-1000/B320.
Each fuel assembly has a different arrangement of

the fuel elements as shown in Fig. 7.
Fig. 8 shows a complete geometric model of the fuel

element with 3.0 % fuel enrichment and 2.4 % uranium
gadoline fuel element of the WWER-1000/B320
reactor in the MCNP (VisEd) visual editor. The enrich-
ment of gadolinium oxide in U-Gd is 5.0 %.

5. Calculation results

The neutron fission factor at the first fuel loading
without the CPS and boron control was 1.17695
(±0.00003). Thus, the reactor reactivity margin was
23.5b [20,21].
The neutron fission factor was 1.11358 (±0.00002)

and the reactivity was 15.9b with the CPS completely
dropped without the boron control.
The neutron fission factor was 1.00128 (±0.00002)

and the reactor reactivity was 0.21b with the boron
control.
Thereby, it requires the effective using of the control

systems and adding the boric acid to the water in order
to reduce the reactor reactivity during the first fuel
loading. It is possible to adjust the reactivity
throughout the entire operating cycle ensuring the
reactor stable operation by immersing the CPS into the
core and adjusting the boric acid.
The value of the parameters of the delayed neutrons

during the boron control is given in Table 5, where li is
the average lifetime of the emitter nuclei, bi is the

fracture of the delayed neutrons, li are the radioactive
decay constants of the i-th group. The reactor kinetics
depends on the properties of the groups of the delayed
neutrons of the fissile material. On a more precise ex-
amination, six groups of delayed neutrons are taken
into account.
The delayed neutrons play a key role in the reactor

reactivity controll. They provide additional time for the
reactor to balance the reactivity which is critical for
safety. Precise values of the parameters, such as the
average lifetime of the emitter nuclei (li), the fraction of
the delayed neutrons (bi), and the radioactive decay
constants (li), make it possible to forecast the reactor
behavior more accurately.
One of the methods of testing the reactor model is to

compare the effective fraction of the delayed neutrons,
calculated using the MCNP_NNC code, with the refer-
ences data. Table 6 shows the calculated effective
fraction of the delayed neutrons in comparison with the
references data.
Table 6 illustrates that the calculated effective frac-

tion of the delayed neutrons correlates with the given
reference data, which confirms the model reliability.

6. Model verification

Figs. 9 and 10 show the integral and differential ef-
ficiency of the working (No. 10) group of the CPS when
they were removed from the core with the pitch of
350 mm. CPS groups No. 1e9 were removed from the
core where the boric acid concentration was 4 g/kg
(H2O), and the temperature of the coolant and fuel was
600 K (the results of the Keff and the changing pa-
rameters of the reactor model are shown in Table 7).

Fig. 6. Graphical representation of the reactor design model.
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The comparison of the calculated MCNP_NNC data with
the reference [23], where there are the experimental
and calculated data of the RAINBOW software package,
is shown.
The comparison of the measured values with the data

obtained during modeling with MCNP_NNC was

performed for the CPS group No. 10 during the with-
drawal. The absolute error of the experimental and
Rainbow calculated data was 0.009 for the integral
characteristic of the CPS group No. 10. And it was 0.02
for the data from the experiment and calculation of the
MCNP_NNC.

Fig. 7. Arrangement of fuel elements in the FAs of different types: 13AU, 22AU, 30AV5, 39AWU, and 390GO.

Fig. 8. Fuel element and channel model.
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Table 5. Parameters of delayed neutrons.

Neutrons group number (i) 1 2 3 4 5 6

Fraction of the total number of
delayed neutrons (bi)

0.00020 0.00113 0.00110 0.00318 0.00103 0.00035

Decay constant (li), s
�1 0.01249 0.03168 0.11007 0.32014 1.34664 8.85678

Average life time (li), s 55.49294 21.88179 6.29715 2.16516 0.51472 0.07826

Table 6. Calculated effective fraction of the delayed neutrons in comparison with the references data.

Keff ± s (MCNP_NNC calculation) beff (MCNP_NNC calculation) beff (references data)

Variant 1 1.17695 ± 0.00003 0.00686 ± 0.00006 0.00724 [14]
0.00639 [22]Variant 2 1.11358 ± 0.00002 0.00684 ± 0.00007

Variant 3 1.00900 ± 0.00004 0.00698 ± 0.00006

Fig. 9. CPS integral efficiency.

Fig. 10. CPS differential efficiency.
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The differential efficiency of a movable absorber at a
given position «H» along the height of the reactor core
is defined as the amount of positive reactivity released
when it is raised by one unit of length from the spec-
ified position «H». This parameter determines how
effectively the rod compensates for reactivity pertur-
bations, ensuring safe and stable reactor operation. It is
used in the design and calibration of the CPS, rod
placement optimization, and fuel burnup management
because the efficiency depends on the insertion depth
and core condition.
The relative error of the differential characteristic

peak was 2.35 % for the value of the experiment and
the Rainbow software package. The relative error for
the experiment and MCNP_NNC was 1.028 %.
Fig. 11 shows a comparison of the results between

the MCNP_NNC calculated data, the Nguyen Huu Tiep
(MCNP5) data from the reference [24] and the SRAC
software package. In these variants, the temperature of
the moderator was assumed to be equal to 600 K, the

boric acid and CPS CR were not modeled (Table 8). The
fuel temperature changed step by step from 600 to
1200 K (each step is 100 K). As Fig. 11 shows, it was
found that Keff decreases with the fuel temperature
increasing, which is the expected behavior.
First, the change in the reactivity was calculated using

the Equation (2) to compare the Doppler coefficient.

Dr¼
KT2
eff �KT1

eff

KT2
eff $K

T1
eff

ð2Þ

here, KT2
eff and KT1

eff correspond to the effective neutron

fission factor for temperatures T2 and T1. The Doppler
coefficient (Dc) was then calculated as the ratio of the
change in reactivity to the change in the fuel temper-
ature using Equation (3) and expressed in pcm/K (1
pcm ¼ 10�5).

Table 7. Integral and differential efficiency.

Calculation Coolant
density, kg/m3

Fuel
temperature, K

Coolant
temperature, K

CPS
No.10a, mm

Boric acid,
g/kg (H2O)

Keff

1 700 600 600 3530 4 1.01514(2)
2 700 600 600 3180 4 1.01518(3)
3 700 600 600 2830 4 1.01544(2)
4 700 600 600 2480 4 1.01595(3)
5 700 600 600 2130 4 1.01674(2)
6 700 600 600 1780 4 1.01759(3)
7 700 600 600 1430 4 1.01830(2)
8 700 600 600 1080 4 1.01891(2)
9 700 600 600 730 4 1.01933(2)
10 700 600 600 380 4 1.01950(2)
11 700 600 600 30 4 1.01953(2)
a 353-CPS No.10 is completely in the core, 0-CPS No.10 is above the core.

Fig. 11. Change in reactivity depending on the change in the fuel temperature.
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Dc¼ Dr

DT
ð3Þ

here, DТ is the fuel temperature change (DT ¼ 600 K in
this case).
It was found that the reactivity decrease (Doppler

effect) due to the temperature increase from 600 K to
1200 K was �2.03969 pcm/K (MCNP5), �2.263647
pcm/K (SRAC) and �1.665 pcm/K (MCNP_NNC). This
result corresponds to some calculation results for a
light-water reactor and does not exceed the values
recommended in ISAR [25] (from �3.3 to �1.7 pcm/K).
Fig. 12 shows a comparison of the calculated data

with the reference [26] (the SAPPHIRE program, where
the fuel concentration is higher since the fuel load in-
cludes the FAs with an enrichment of 3.3 % and 4.4 %,
as well as with grouping with the fuel elements with an
enrichment of 3.6 %.) when the coolant density
changes. The calculation of the fission factor in the
range of changes in coolant density from 0.01 to
1000 kg/m3 (boric acid concentration was 16 g/kg
(H2O), the coolant and fuel temperature was 300 K,

Table 9) was carried out for the fully fueled cores at the
beginning of fuel loading. The boric acid with a suffi-
ciently high concentration (16 g/kg H2O) is used to
ensure subcriticality in an emergency or overload. The
results of Keff calculation are shown in Fig. 12.
The absolute error of the dependence of effective

neutron fission factor on the coolant density of
1000 kg/m3 was 0.0872.
The calculation of the effective fission factor in the

boric acid concentration range from 16.0 g/kg (H2O) to
zero was carried out for the primary fuel loading of
the cores. The results of Keff calculation are shown in
Table 10 and Fig. 13 in comparison with the reference
[21].
The absolute error for the dependence of the effec-

tive neutron fission factor on the boric acid concen-
tration in the coolant for the calculation results
according to the SAPPHIRE and MCNP_NNC codes is
0.04237 at 0 g/kg (H2O) and 0.095 at 16 g/kg (H2O).
The calculation results show that at the start of the

campaign, the criticality is achieved at a boric acid
concentration of 6.4 g/kg (H2O). The complete removal

Table 8. Change of the reactivity depending on the fuel temperature change.

Calculation Coolant
density, kg/m3

Fuel
temperature, K

Coolant
temperature, K

CPS
No.10, mm

Boric acid,
g/kg (H2O)

Keff

1 1000 600 300 0 0 1.16839(6)
2 1000 700 300 0 0 1.16588(6)
3 1000 800 300 0 0 1.16340(6)
4 1000 900 300 0 0 1.16106(6)
5 1000 1000 300 0 0 1.15891(6)
6 1000 1100 300 0 0 1.15689(6)
7 1000 1200 300 0 0 1.15491(6)

Fig. 12. Dependence of the effective fission factor on the coolant density with the boric acid concentration 16 g/kg (H2O).
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of the boric acid from the coolant leads to an increase
in the fission factory up to 1.17763.
The calculation results confirm the suitability of

modeling neutronic processes occurring in the reactor
core using the MCNP software package.

7. Conclusion

A neutronic model of the WWER-1000 reactor facility
was developed and verified using the MCNP6 software

package. The model was created considering the key
geometrical and material characteristics of the fuel and
core components. It allows for accurate calculations of
the core's key parameters at different stages of the fuel
campaign.
The performed simulations showed that at the

beginning of the fuel cycle, without the use of control
rods or boron regulation, the neutron multiplication
factor is 1.17695 (±0.00003), which corresponds to a
reactivity margin of approximately 23.5b.

Table 9. Dependence of the effective fission factor on the coolant density.

Calculation Coolant
density, kg/m3

Fuel
temperature, K

Coolant
temperature, K

CPS
No.10, mm

Boric acid,
g/kg (H2O)

Keff

1 10 300 300 0 16 0.44057(3)
2 200 300 300 0 16 0.78593(4)
3 400 300 300 0 16 0.85662(5)
4 600 300 300 0 16 0.86178(6)
5 800 300 300 0 16 0.85154(5)
6 1000 300 300 0 16 0.83280(5)

Table 10. Dependence of the effective fission factor on the boric acid concentration in the coolant.

Calculation Coolant
density, kg/m3

Fuel
temperature, K

Coolant
temperature, K

CPS
No.10, mm

Boric acid,
g/kg (H2O)

Keff

1 1000 300 300 0 0 1.17763(6)
2 1000 300 300 0 2 1.11241(6)
3 1000 300 300 0 4 1.05702(6)
4 1000 300 300 0 6 1.00910(6)
5 1000 300 300 0 8 0.96666(6)
6 1000 300 300 0 10 0.92865(6)
7 1000 300 300 0 12 0.89444(5)
8 1000 300 300 0 14 0.86337(5)
9 1000 300 300 0 16 0.83497(6)

Fig. 13. Dependence of the effective fission factor on the boric acid concentration in the coolant.
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With full insertion of the control rods, the value de-
creases to 1.11358 (±0.00002), and the reactivity
drops to 15.9b. When boron regulation is applied, the
multiplication factor is 1.00128 (±0.00002), indicating
an almost critical state of the reactor (reactivity of
0.21b). These results confirm the necessity of
comprehensive application of control systems for
reactivity management and safe reactor operation.
An evaluation of the effective delayed neutron frac-

tion yielded z0.0068e0.0070, which is in good
agreement with the reference range (0.0064e0.0072),
confirming the correctness of the reactor kinetics
description.
Integral and differential characteristics were obtained

for one of the control rod groups (No. 10), with a de-
viation from experimental data not exceeding 2 %,
which further indicates the adequacy of the model. The
calculated Doppler coefficient was �1.665 pcm/K, fall-
ing within the IAEA-recommended range (�3.3 to �1.7
pcm/K). It was also demonstrated that increasing fuel
temperature from 600 to 1200 K and changing the
coolant density from 10 to 1000 kg/m3 significantly
affect reactor criticality, as does varying boric acid
concentration from 16 to 0 g/kg (at zero concentration,
Keff ¼ 1.17763).
Thus, the calculations confirm that the devel-

oped model accurately reflects the physical processes
in the WWER-1000 core and can be used for analysis,
design, and optimization of operating modes, as well
as for verification of new calculation methods. The
model provides a high level of consistency with
experimental and published data and can be applied to
justify the safety and efficiency of reactor facility
operation.
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