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The paper analyzes the cooling conditions of the control rods in the mixed core of the WWER-1000 reactor
containing fuel assemblies of different vendors (TVSA, WFA/RWFA). The coolant heat-up in the guide thimbles
due to own energy release in control rod materials and control rod temperatures required to justify safe operation
were calculated for the most conservative case, when the core consists only of TVSAs with a standardized guide
thimble inlet plug of NCCP. The energy release was obtained using the calculation method for the boron carbide
absorber (B4C), dysprosium titanate (Dy,O3 TiO,), control rod cladding (42CrNiMo), water gap between the
cladding and the guide thimble and in the guide thimble (zirconium alloy), fully immersed and 70% immersed
RCCA 10th control group. The highest calculated energy release will be observed in fully immersed control rods
with boron carbide material at the height position corresponding to the zone of maximum neutron fluence and will
be 43.8 W/cm?®. The maximum energy release of the 70% immersed (from the bottom of the core) 10th control
group is 29.4 W/cm?® for fresh B,C. For the condition of the reactor facility at which the temperatures in FA guide
thimbles are maximum, for a "fresh” control rod characterized by maximum energy release in the neutron-absorbing
material, the maximum coolant heat-up in the guide thimbles does not exceed 28.9 °C, with the maximum coolant
heat-up in FAs being 44 °C, and the maximum control rod cladding temperature not exceeding 335.6 °C at a coolant
saturation temperature of 345.8 °C, which indicates that there will be no coolant boiling in the guide thimbles under
operation. The maximum temperature typical for the central part of the control rod absorber and for the most
conservative calculation for a "fresh" absorber is 529.6 °C, which is significantly lower the melting point of boron
carbide, which is ~2350 °C. The maximum calculated temperature in the contact zone of the B4,C absorber with
control rod cladding is 348 °C. The performed calculations and further analysis of the results confirm that during
operation of the RCCA control rods with both “fresh” and “burned-up” B,C, there will be no boiling of the coolant
and melting of the absorber in the central part of the control rod. This means that the VVVER-1000 core with TVSAs
and WFAs/RWFAs and the RCCA rods are reliably cooled.

INTRODUCTION structural materials, and the phenomena such as the

Structural materials of the reactor core operate under ~ evolution of point defects, phase transformations,
extremely severe conditions during a long period of radiation hardening, swelling and embrlttlgment, which
time at high coolant parameters and significant thermal ~ /S0 depend on temperature. For austenitic structural
loads. The rod cluster control assembly (RCCA) is an materials, most of these phenomena are observed in the
integral part of the WWER-1000 nuclear fuel cycle. The ~ temperature range from 300 to 400 °C. Given that the
modern control rod (CR) of the RCCA consists of a  emperature of the WWER-1000 primary coolant can
cladding made of chromium-nickel alloy 42CrNiMo and ~ "€a¢h almost 350 °C, determining the temperature at
a neutron-absorbing mandrel combined in height with ~ Which each of the CRs is operated is important for
dysprosium titanate powder (Dy,05-TiO,) in the lower underst_andlng the processes Fhat occur in them and
part and boron carbide powder (B,C) in the upper part,  Makes it possible to predict their performance.

The CR is sealed with appropriate end plugs. The Reactor irradiation leads to a number of phenomena
cladding of the RCCA control rod must meet many that cause energy release not only in the reactor core
requirements, be mechanically reliable and ensure the structural materials, but even in the coolant. In this

stability of the shape, dimensions and tightness of the regzird, eacr;‘ struclturalﬂcomponen_t must be reliably
control rod during long-term operation in the reactor. cooled by the coolant flow, and its amount must be

Some characteristics of structural materials (e.g., sufficient to prevent its boiling on the surface of the

mechanical) depend on temperature. Irradiation results structural component. The design of the core component
in the degradation of the initial characteristics of Should be such that even under conservative operating

40 ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Ne4(152)


mailto:valeriyz@kipt.kharkov.ua

parameters, no melting of any of its elements is
possible. This statement applies not only to the
protective structural components, such as the fuel
cladding and CR cladding, but also to the materials
inside them, such as the fuel pellet or neutron-absorbing
material. When justifying the safe operation of fuel, the
temperature in the center of the fuel pellet must be
calculated, which, under some operating parameters,
can reach the melting point (~2805 °C).

Reactor irradiation of CRs results in significant
energy release, and for CRs with “fresh” neutron-
absorbing material in the fully immersed 10th group of
the RCCAs, reaches 4.5 kW with a maximum local
linear energy release of 20 W per 1 cm of control rod
length. Long-term operation of the RCCAs in the
reactor core results in some decrease in neutron
absorption efficiency, and hence to a decrease and
redistribution of energy release in the neutron-absorbing
material along the rod cross section.

The temperature of control rod materials is affected
not only by the energy release in them but also by the
conditions of their cooling in the guide thimbles (GT).
Ukrainian nuclear power units operate fuel assemblies
from different vendors: TVSA by JSC TVEL and
WFA/RWFA by Westinghouse, which have differences
in certain structural components and hydraulic
resistance. TVSAs supplied for the needs of Ukrainian
NPPs have three modifications of the GT inlet plugs
that limit the flow of coolant into the GTs for cooling of
the CRs. That is, the CRs in different fuel assemblies
with different GT inlet plugs designs will be cooled
differently. Moreover, the presence of fuel assemblies
of different designs (vendors) in the reactor core will
also affect the cooling conditions for CRs, since they
have different hydraulic resistance.

Currently, Ukrainian NPPs with WWER-1000
reactors face the issue of extending the service life of
the already operating RCCAs and justifying the
implementation of nationally fabricated RCCAs. This
will require the justification their corrosion and
radiation resistance, justification material compatibility
at the contact temperature, and estimation the
sufficiency of mechanical characteristics to maintain the
integrity of the CR cladding and other RCCA
components under all static and dynamic loads. These
activities require calculation of the temperatures of CR
structural materials in a mixed core (TVSAs and
WFAS/RWFASs). This will enable further material
science studies for the temperatures close to real ones
and justify reliable cooling of CRs.

1. CALCULATION OF ENERGY RELEASE
BY RADIUS AND HEIGHT POSITION
OF B,C ABSORBER

Reactor irradiation results in a number of
phenomena that induce energy release in core materials.
For structural materials, this is the interaction with y-
qguanta and electrons, and for neutron-absorbing
materials, this is also the interaction with neutrons. In an
operating reactor, y-quanta and electrons are produced
as a result of nuclear interaction of neutrons with fissile
isotopes and are emitted by radioactive products during
decay. When a reactor operates at power, the proportion

of fission sources is much higher than that of decay
sources. The power of fission sources is proportional to
the neutron flux density, which in turn is proportional to
the power of nuclear fuel release in the axial zone in
which the irradiated material is located (Fig. 1).
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Fig. 1. Schematic axial distribution of fast neutron
flux density by core height [1]
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During operation, the neutron-absorbing materials of
CRs are exposed to intense neutron irradiation in the
reactor core and, due to a large cross section of thermal
neutron absorption, they release intense heat. For boron
carbide (B4C), the main energy release reaction is the
interaction of a neutron with a single neutron-absorbing
isotope  B: n+ B =>'Li+*He+2.78 MeV. For
dysprosium titanate (Dy,03'TiO,), this is a series of
reactions with a number of dysprosium isotopes. With
the same neutron flux density, the energy release in B,C
is about 5 times higher than that in Dy,03-TiO,, and it is
the energy release in B,C that will play a key role in the
overall energy release in the structural materials of CRs.

For the CRs immersed by 70% from the bottom of
the core, which is the conservative case considered for
WWER-1000 reactor (see Fig. 1), the dependence of the
average energy release power in the CR sections on the
height position for different points of operation time is
shown in Fig. 2. Based on the results obtained, for fresh
neutron-absorbing material B4C, the energy release in
the lower, most loaded part of the neutron-absorbing
stack is 29 W/cm®.

Boron carbide is a burnable neutron absorber
because the products of °B and neutron interaction do
not possess a significant neutron absorption cross
section. The density of °B decreases, which leads to a
decrease in neutron absorption efficiency and, as a
result, a decrease in energy release over the operating
time (Fig. 3).

The decrease in energy release is uneven for the
entire absorber volume. The interaction cross section of
B,C with neutrons is quite significant (for a material
with a natural boron isotope content it is ~ 760 barn).
For fresh B4C, neutrons are absorbed mainly by the
outer layers of the material. The energy release in the
lower part of the neutron-absorbing stack of B,C in the
peripheral layer reaches 86 W/cm? (Fig. 4,a).

The contribution of the B,C peripheral layers to the
total neutron absorption decreases over the operation
time, which leads to a decrease in energy release.
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Fig. 2. Dependences of the specific energy release in the
sections of CRs with B,C on the height position for
different periods of operation

After 3 years of operation, the energy release in the
lower part of the peripheral layer will decrease from 86
to 30 W/ecm®. The middle and inner layers of B,C will
contribute more to the neutron absorption efficiency
(see Fig. 4,b). Since the thermal conductivity of vibro-
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Fig. 3. Dependence of the average specific energy
release on the operating time in the core at the 70%
immersion depth of the RCCAs

compacted boron carbide is only 0.3 W/(m'K) (573 K)
[2], the shift of energy release to the central part of the
CR can cause intense heating, which should be taken
into account in further calculations.
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Fig. 4. Distribution of specific energy release by the radius of the B,C neutron absorbing stack for different height
sections of the CRs for time points t = 0 years (a) and t = 3 years (b)

The calculations showed that, with respect to the
conservatism, further thermal calculations should be
performed for fresh non-irradiated neutron-absorbing
material, since it is characterized by the highest energy
release, and the calculation of the temperature in the
center of the B,C absorber should also be performed for
the material with the highest burnup by '°B (after 3
years of operation).

2. COOLING OF THE CONTROL RODS
AND CALCULATION OF TEMPERATURE
ON THE CLADDING SURFACE

In the calculations, it is expedient to consider two
positions of the RCCA control group in the reactor core:

—full immersion of the 10th control group
(immersion at 0% from the bottom of the core, lower
limit switch);

—partial immersion (operating state) of the 10th
control group (70% immersion from the bottom of the
core).

The calculations were performed for those zones
along the CR height that overlap with the FA fuel stack.
The total energy release, which results in the heat-up of

the coolant in the GTs, comprises the energy release in
the neutron-absorbing material (B4C, Dy,05 TiO,), in
the CR cladding (42CrNiMo alloy), in the water gap,
and energy release in the GT material (zirconium alloy)
for a fully immersed control group in FAs, in which the
RCCAs with Kg = 1.35 are positioned (Fig. 5,a).

The results of the calculation of the total energy
release power for the entire volume of material that can
come into contact with the coolant in the GTs are shown
in Fig. 5,b and Table 1.

Generalization of the calculation results for the
energy release in different materials revealed that the
total energy release power of GT and CR materials is
5513 W and is contributed primarily by the energy
release in B,4C absorber (see Fig. 5,a), the contribution
of other materials is much lower.

For the 70% immersed RCCA control group for the
FA, in which the RCCA with Kq = 1.35 is positioned,
the calculation results for the specific energy release are
shown in Fig. 6,a. The results of the total calculation of
the energy release by the entire volume of material that
can come into contact with the coolant in the GT are
shown in Fig. 6,b and Table 2.

42 ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Ne4(152)



—e— Absorber (B,C + Dy,0,TiO,)
4— 42CrNiMo (cladding + end plug)

60 —r—1—

50 4 —w— Water (gap + water column)
—¢— Guide Thimble (Zr)
40 W e,

NN
// N

5555 b
Y 4y
0 él T T T T T L """"ﬁl-é—-?.&p T
0 50 100 150 200 250 300 350 400
Core height position, cm

Specific energy release, Wicm®

a

—e— Absorber (B,C + DyzogTiOZ)
4—42CrNiMo (cladding + end plug) [T
—v— Water (gap + water column) _a
4 Guide Thimble (Zr) r’".
—a—Total

6000

)
s
=}
S
=3

B

\

L]

[ ]

2000 o

n/././
,'df e _Q_Q_Q_Q-g-g—g—g-g xx
50 100 150 200 250 300 350 400
Core height position, cm

b

Energy release, W

Fig. 5. Distribution of specific energy release power (a) and energy release power (b) by height position at full
immersion of the RCCA 10th control group

Table 1

Energy release power in GT and CR structural materials at full immersion of the RCCA 10th control group

Material Total energy release power, W
Absorber (Dy,05-TiO, + B,C) 4241
Alloy 42CrNiMo (cladding + bottom end plug) 311
Water 366
GT material 594
Total 5513
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Fig. 6. Distribution of specific energy release power (a) and energy release power (b) by height position for the
70% immersed RCCA 10th control group

Table 2

Energy release power in structural materials of the GTs and CRs for 70% immersed RCCA 10th control group

Material Total energy release power, W
Absorber (Dy,03-TiO, + B4C) 728
Alloy 42CrNiMo (cladding + bottom end plug) 99
Water 1258
GT material 959
Total 3041

Generalization of the calculation results for the
energy release by different materials revealed that the
total energy release power of GT and CR materials is
3041 W and is contributed primarily by the energy
release in water and GT material (see Fig. 6,b), the
contribution of other materials is much lower.

The temperature of CR materials is influenced not
only by the energy release in it but also by the

conditions of its cooling in the GT. Currently, Ukrainian
NPPs operate Westinghouse fuel of RWFA and WFA
modifications. The designs of the GTs and the plugs are
identical in these FAs. At the same time, compared to
TVSAs, the hydraulic resistance coefficients of WFAS
and RWFAs are higher [3], and therefore the CR
cooling conditions in WFAs and RWFAs are better than
in TVSAs. The TVSAs supplied for the needs of
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Ukrainian NPPs have three modifications of fuel inlet
plugs, which can be conditionally labeled “Standardized
NCCP”, “MSZ Bolt” and “NCCP Bolt” by their design
features.

The inlet plug of the GT affects significantly on the
volume of coolant that passes through the GT. The
analysis of the GT inlet plugs design differences enables
to arrange the plugs in the following row by decreased
hydraulic resistance coefficient (HRC): “Standardized
NCCP”, “MSZ Bolt” and “NCCP Bolt”. Taking into
account the above, the TVSA with the GT plug
“Standardized NCCP”, which has a central hole with
diameter of 2 mm and the highest hydraulic resistance,
should be considered as a limiting factor in terms of the
cooling conditions of the CRs.

With an increase in the number of RWFAs in the
core, which exhibit a higher hydraulic resistance, the
cooling conditions for CRs in TVSAs will be improved.
Taking into account the above, a homogeneous core
with TVSASs is considered as a conservative case.

According to the report [4], during the tests of
TVSA with the inlet plug “Standardized NCCP”, the
coolant consumption and rate were measured for three
positions of the RCCA, where for the fully immersed
RCCA the coolant flow rate is 0.033 kg/s, for the
partially immersed RCCA — 0.044 kg/s, and for the fully
withdrawn RCCA — 0.047 Kkg/s.

The distribution of the coolant heat-up temperature
in the GT along its height and the maximum heat-up
temperature in the GT are calculated based on the data
regarding the volume of coolant flowing through the
GT, and taking into account the distribution of the total
energy release power in the GT, in the CR, and in the
water gap (Fig. 7).

For the calculation, it was assumed that all the heat
from the GT is consumed to heat up the water in the

GT. Heat exchange through the GT is absent. The
coolant consumption corresponds to the data given in

[4].
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Fig. 7. Coolant het-up along the GT height with no heat
exchange through the GT from/to the main coolant flow
in FA

The coolant heat-up is calculated by the following
expression:
Q
r= cpm)’ @
where AT — heat-up of the coolant, °C; Cp, — heat
capacity of water, J/(kg-°C); m — coolant consumption
through the GT, kg/s.

The calculation results revealed that in the absence
of heat exchange through the GT from/to the main
coolant flow in the FA, the maximum heat-up of the GT
coolant at the GT outlet would be 28.9 °C for a fully
immersed CR and 12.4 °C for a 70% immersed one
(Table 3).

Table 3

Parameters for calculation of the coolant heat-up

Parameter Fully immersed CR 70% immersed CR
Coolant temperature at the GT inlet, °C 290 290
Coolant consumption through the GT, kg/s 0.033 0.044
Total heat release in the GT and CR, W 5513 3041
Coolant heat-up in the GT, °C 28.9 12.6

That is, for the most conservative case, for a fully
immersed CR, the coolant heat-up in the GT due to
energy release in the GT and CR does not exceed
28.9 °C. The coolant temperature on the outer side of
the GT is higher than on the inner side when the reactor
is at power operation. The maximum coolant heat-up at
the FA can be up to 44 °C (temperature difference at the
inlet and outlet of the FA) [5]. This will result in heat
exchange through the GT and additional heat-up of the
coolant inside the GT. For a fully immersed CR, such
heat-up will be insignificant, since the temperature drop
through the GT is insignificant, and for a 70% immersed
CR, such heat exchange will be crucial for heating up
the coolant column in the lower part of the GT (from the
bottom of the GT to the bottom of the CR), 11350 W is
required (with an average C,=5490 J/(kg-°C)) to heat up
the coolant in the GT by 44 °C (coolant consumption in
the GT is 0.047 kg/s), with the fully withrdawn control

rod. At the same time, the total energy release in the GT
and CR structural materials is lower.

Depending on the immersion depth of the CR, the
contribution of heat exchange to the overall heat-up of
the coolant in the GT will differ and will contribute to
the equalization of the external and internal
temperatures. However, heat exchange cannot result in
overheating of the coolant in the GT above the
temperature of the main coolant flow. That is, to
calculate the temperature on the surface of the CR
cladding, to increase the conservatism of calculations, it
can be assumed that the coolant heat-up temperature in
the GT is equal to (or not greater than) the coolant heat-
up temperature in FA (~ 44 °C), which is a conservative
assumption for calculating the maximum temperature of
the CR cladding outer surface.
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The temperature of the CR cladding outer surface, at
each segment with a characteristic specific energy
release power, was estimated by the formula:

£ = gt + LR, [°C), )
where t§ — temperature of the CR cladding outer
surface in segment i; tf™ — coolant temperature in
segment i; g; — specific energy release power of the CR
in segment i; d.; — diameter of the CR; a; — coefficient
of heat transfer from the CR to the coolant in segment i.

The table characteristics of the coolant were used for
the calculations [6]. The parameters of the coolant for
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shorter temperature segments were calculated by
approximating the data.

The heat transfer coefficient ranges from
11400 W/(m?-°C) in the lower part of the GT to
12800 W/(m?-°C) in the upper part of the GT under the
coolant parameters in the GT. The specific energy
release power in the CRs (CR + cladding) is shown in
Figs. 5,b and 6,b. The temperature distribution of the
coolant and CR cladding by core height for a fully
immersed and 70% immersed RCCAs is shown in
Fig. 8.
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Fig. 8. Temperature distribution of the coolant and CR cladding by the core height for fully immersed (a)
and 70% immersed (b) RCCAs

The calculation results showed (Table 4) that at a
coolant temperature of 290 °C at the GT inlet and
maximum coolant heat-up of 44 °C in FA and GT, the
maximum temperature of the CR cladding for a fully
immersed CR would be 335.6 °C, and for the CR

immersed by 70% from the core bottom — 335.3 °C,
which, at a coolant saturation temperature of 345.8 °C,
gives a saturation margin of 10.2 and 10.5 °C,
respectively.

Table 4
Calculation results for the CR cooling
Parameter Fully immersed CR 70% immersed CR
Coolant temperature at the GT inlet, °C 290 290
Coolant consumption through the GT, kg/s 0.033 0.044
Coolant temperature at the GT outlet, °C 334 334
Coolant temperature at the FA outlet, °C 334 334
Maximum temperature of the CR cladding, °C 335.6 335.3
Coolant saturation temperature, °C 345.8 345.8
Saturation temperature margin, °C 10.2 10.5

3. ESTIMATION OF THE BORON CARBIDE
ABSORBER TEMPERATURE

The maximum temperatures of the powder absorber
in the central part of the neutron-absorbing B,C stack
and at the interface of B,C - CR cladding were
calculated. To calculate the maximum temperatures,
there were used the calculation data of the specific
energy release power distribution along the radius of the
B,C powder backfill with a density of 1.7 g/cm®. These
temperatures are necessary to confirm that the absorber
temperature does not exceed the melting point
(~2350 °C [2]) and for further studies of the boron
carbide absorber compatibility with cladding materials
(42CrNiMo, Cr18Ni10Ti).

The calculations are based on the model of heat
transfer by conductivity (Fourier’s law) for a long

cylinder in a stationary mode (as the most conservative),
taking into account the distribution of energy release
power along the radius of the absorber. The temperature
of the CR cladding outer surface was used as boundary
conditions.

In order to verify the adequacy of the chosen method
of estimation, a verification was performed by
comparing the result of fuel pellet (fresh fuel)
temperature calculation with generalized data for fuel.
According to generalized literature data, the temperature
in the center of a fuel pellet is 1379 °C for a fuel rod
consisting of a fuel pellet, a cladding and a gap with
helium, with a linear energy release of 341.5 W/cm and
an external cladding temperature of 346.1 °C. And the
calculations performed using the proposed model
yielded a temperature of 1397 °C. Such a small
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difference between the generalized and calculated data
confirms the reliability of the proposed computational
model.

3.1. CALCULATIONS FOR CRS WITH FRESH
POWDERED ABSORBER

The thermal conductivity of boron carbide powder
depends to a greater extent on the density of the filling,
and to a lesser extent on the particle size distribution in
the powder. In addition to the above, the thermal
conductivity of the vibration-compacted powdered B,C
used as a neutron-absorbing stack of the CR also
depends on the pressure of helium gas under the CR
cladding and should be obtained experimentally.

The thermal conductivity of the powdered absorber
in the range from 100 to 600 °C, obtained by
approximating the experimental data presented in [2], is
described by the equation:

Aap(T) ~ 0.0004 + 9 x 1076 x T, W/(cmC), (3)
where T — temperature, °C; A4, (T) — thermal conduc-
tivity of the powdered absorber (boron carbide) as a
function of temperature, W/(cm-°C).

Experimental data on the thermal conductivity of
42CrNiMo alloy in the temperature range from 300 to
400 °C [7] can be approximated by a linear expression:

Aq(T) = 0.06 + 0.0003 X T, W/(cm-°C) 4)
where T — cladding temperature, °C; 1,,(T) — thermal
conductivity of the cladding (42CrNiMo) as a function
of temperature, W/(cm-°C).
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According to the results of the calculation of energy
release in the B,C absorber, for a fully immersed CR,
the maximum energy release in fresh B,C is at a height
position of 190 cm from the CR bottom. The maximum
calculated temperature (actual) of the cladding outer
surface at the indicated height position is 321.8 °C. For
the B4C absorber in the CR, which is part of the 10th
control group, immersed at 70% from the core bottom,
the maximum energy release in fresh B,4C is located in
the lower part, which corresponds to the height position
of 287 c¢cm. The maximum cladding temperature is
330.4 °C. The saturation temperature of the core coolant
is 345.8 °C, which can be considered the maximum
temperature of the CR cladding for conservative
calculations.

The calculation results for the temperature
distribution along the CR radius in the zone of
maximum energy release are shown in Fig. 9. The
maximum temperature of the powder filling is typical
for the CR with the maximum conservative cladding
temperature for the central part of the absorber of
529.6 °C (see Fig. 9,a). For the maximum calculated
temperature of the cladding outer surface, the
temperature in the center of the cladding will be
515.6 °C. The temperature in the contact zone of B,C
with the cladding depends on the temperature of the
cladding outer surfaceand is 348 and 324 °C for realistic
and conservative calculations, respectively.
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Fig. 9. Temperature distribution in B,C absorber along the CR radius at different temperatures of the cladding
outer surface for a fully immersed group (a) and 70% immersed (b) RCCAs

For a CR immersed by 70%, in the zone of
maximum energy release in B,C and at the temperature
of the cladding outer surface corresponding to the
saturation temperature of the coolant (345.8 °C), the
temperature in the center will be 477.5 °C (see Fig. 9,b).
The calculated temperature in the contact zone of B,C
with the CR cladding, will be 347.3°C for the
conservative case. For the actual temperature of the CR
cladding, these temperatures will be lower.

3.2. CALCULATIONS FOR CRS AFTER 3 YEARS
OF OPERATION WITH A POWDERED
AND SINTERED ROD ABSORBER

The performed calculations enabled to obtain the
temperature distribution along the radius of the “fresh”

CR absorber for a fully immersed and 70% immersed
RCCAs. For a “fresh” B,C absorber, the main energy
release is in the peripheral layers of the absorber. The
isotopic composition of B,C changes with the operation
time. After 3 years of RCCA operation in the automatic
control mode at 70% immersion, in the lower, most
loaded part of the boron absorber, the averaged °B
burnup by volume will be 40...42%. And the energy
release power shifts to the central layers of the absorber.
This redistribution of energy release power leads to an
increase in the temperature in the central part of the CR
to 501.1 °C (for a “fresh” CR absorber under similar
conditions, it is 477.5 °C).
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Fig. 10. Temperature distribution of B,C absorber along the CR radius at different temperatures of the cladding
outer surface for a 70% immersed RCCAs after 3 years of operation, for powder (a) and sintered (b) absorber

When B,C is burned up by '°B for more than
35...40%, the powder turns into a monolithic mandrel.
The thermal conductivity of sintered boron carbide
differs significantly from that of powder [8], so the
temperature in the center of the absorber will also differ.
In the temperature range from 300 to 600 °C, the
thermal conductivity of the mandrel can be described by
the following expression:

MT) ~ 01198 — 7 x 107° X T, W/(cm°C).  (5)

Based on the calculated temperature distribution
along the CR radius, for the RCCA control group
immersed by 70% from the bottom of the core, the
maximum temperature of the sintered B,C after 3 years
of operation is observed in the center of the absorber
and, for the most conservative case, is not greater than
354 °C.

CONCLUSIONS

1. The energy release was obtained using the
calculation method for the boron carbide absorber
(B4C), dysprosium titanate (Dy,05 TiO,), CR cladding
(42CrNiMo), water gap between the cladding and the
guide thimble and in the guide thimble (zirconium
alloy), fully immersed and 70% immersed RCCA 10th
control group.

2. The highest calculated energy release will be
observed in fully immersed CRs with boron carbide
material at the height position corresponding to the zone
of maximum neutron fluence and will be 43.8 W/cm?®.
The maximum specific energy release of the 70%
immersed (from the bottom of the core) RCCA 10th
control group is 29.4 W/cm?® for fresh B,C.

3. Taking into account the conservatism, it is
expedient to perform thermal calculations for “fresh”
non-irradiated neutron-absorbing material B,C, since it
is characterized by the highest energy release, and to
obtain the temperature in the center of B,C absorber
also for the material with the highest burnup by '°B
(after 3 years of operation), since the energy release in it
shifts to the central layers of the absorber.

4. Taking into account the main features and
differences of TVSA and WFA/RWFA designs, it is
concluded that the thermal calculation of TVSA with a
standardized GT end plug of NCCP should be
considered as limiting in terms of cooling conditions for

the RCCA CRs. And with RWFAS present in the core,
which exhibit a higher hydraulic resistance, the cooling
conditions for CRs in TVSAs are improved.

5. For the condition of the reactor facility, at which
temperatures in the GTs of FAs are maximum, for a
“fresh” CR, which is characterized by maximum energy
release in neutron-absorbing material, the maximum
value of the CR cladding temperature does not exceed
335.6°C at a coolant saturation temperature of
345.8 °C, which indicates that there will be no boiling
of the coolant in the GTs under operation. This means
that the WWER-1000 core with TVSAs and
WFAS/RWFAs, which contain RCCAs, is reliably
cooled.

6. Despite the radial zone of maximum energy
release in B,C (“fresh” or “burned up” absorber), for all
the cases considered, the maximum temperature is
observed in the center of the CR absorber and for the
most conservative calculation for the “fresh” absorber it
will be 529.6 °C, which is significantly lower than the
melting point of boron carbide, which is ~ 2350 °C.

7. The maximum calculated temperature in the
contact zone of B,C absorber with CR cladding is
348 °C, which must be taken into account when
justifying their compatibility.

8. The performed calculations and further analysis
of the results confirm that during operation of the
RCCA control rods with both “fresh” and “burned up”
B.,C, there will be no boiling of the coolant and melting
of the absorber in the central part of the CR. This means
that the WWER-1000 core with TVSAs and
WFAs/RWFAs and the RCCA rods are reliably cooled.
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OXOJIOIKEHHSI ITEJI TA BUSHAYEHHS BAZK/INBUX TEMIIEPATYP
JIJIS1 OBTPYHTYBAHHS BE3NNEYHOI EKCITTY ATALIII

B.A. 3yiiok, B.B. I'ann, B.B. 3izynos, A./l. /Icamipzoes, O.C. Mazypox, O.B. I'ooyn, A.A. Makapenko

[poananizoBano ymoBu oxonomkenHs [1EJI TIC CY3 y ckiaai 3MimraHoi akTuBHOT 30Hu peaktopa BBEP-1000,
o MicTuTh manuBa pisHux BUpoOHuKiB (TB3A, TB3-W/WR). Ins Hai0inbl KOHCEPBATHBHOTO BHUIAIKY, KOJIU
aKTHBHA 30Ha CKJajgaeThes juie 3a nanuea TB3A 3 yHidikoBanum BxinnuM HakoHeuHnkoM HK H3XK, BusnaueHo
migirpie  terutonociss B HK 3a paxyHok BiacHoro eHeproBuauicHHs B Marepiamax IIEJI ta po3paxoBaHO
temnepatypu [1EJI, HeoOximHi A oOTpyHTYBaHHS O€3MEYHOI eKCIuTyaTallii. Po3paxyHKOBUM IUISIXOM BH3HAYEHO
EHEepProBUAIICHHS sl TmorjiuHada kapbimy 6opy (B4C), turamary mucmposito (Dy,03 TiO,), o6ononku ITEJI
(42XHM), BomsHOTO 3a30py Mk 000JIOHKOIO Ta HAIIPSIMHUM KaHAJIOM Ta B HAIIPSIMHOMY KaHaJli (CIUIaB IUPKOHII0),
it TIEJI moBHicTio 3aHypeHoi Ta 3aHypeHoi Ha 70% 10-i perymrorouoi rpymm. HaiiGinpme pospaxyHKOBe
CHEePrOBUUICHHSA CHOCTEepIraTUMEThCs Tpu moBHOMY 3aHypeHHi [IEJI 3 marepiamom kapOiny Oopy Ha BHUCOTHIMH
T03HAYIl, SKA BiAIOBiA€ 30HI MAKCHMATLHOrO ()IIOCHCY HEHTPOHIB Ta cTaHOBHTH 43,8 Br/cM®. MakcumanbHe
CHEepProBUIICHHS 3aHypeHoi Ha 70% (Bim Hu3y aktuBHOI 30HH) 10-i perymiorodoi rpymu mist ceikoro B,C
cranoButb 29,4 Br/em®. Jlns CTaHy PEaKkTOPHOI YCTaHOBKH, pH sikoMy Temiieparypu y HK TB3 makcumanbHi, st
«cBikoro» IIEJI, mo XapakTepuU3yeThCs MAaKCHMajbHUM CHEPrOBUAUICHHAM Yy HEUTPOHHO-TIOTIHHAIYOMY
Marepiani, MakcuMmanbHuil migirpiB Temtonocis y HK He nepeBumiye 28,9 °C npu MakcUManbHOMY MiAirpisi
tewioHocis Ha TB3 44 °C, a makcuManbHe 3HaueHHsS Temiepatypu obosonku [IEJI e mepesuinye 335,6 °C 3a
TeMIepaTypu Hacw4deHHs TertoHocis 345,8 °C, mo cBiTYATH TpO BIACYTHICTH KUMiHHA TeruioHocis y HK mix gac
eKkcITyaranii. MakcumanabHa TeMIeparypa XapakTepHa Uil HeHTpaibHOi vacThHM mnorimHada [IEJI ta mos
HAMOLIPII KOHCEPBATUBHOTO PO3PAXYHKY U1 «CBDKOTO» IOTJIMHAYa CTaHOBHTH 529,6 °C, mo 3HAYHO HIDKYE
TeMIepaTypH IUIaBICHHA KapOimy Oopy, ska ctaHOBHTH ~ 2350 °C. MakcumaiibHa pO3paxyHKOBa TeMIIEpaTypa B
30HI koHTaKTy moriauHad B,C-o6oxonka [1EJI cranoButh 348 °C. IlpoBenmeHi po3paxyHKH Ta MONANBIIHNA aHAII3
pe3yIbTaTIB MATBEPIKYIOTh, o mmix dac ekcruryararii [IEJI [IC CY3 sk 31 «CBOXKHM», TakK i 3 «BHUTOPLIAMY
nornuHadeM B,C Oyze BiICYTHE KUITIHHS TEMJIOHOCIS Ta PO3ILUIABICHHS MOTJIMHAYA B IeHTpanbHii yactuHi [1EJI.
Ile 3maumth, 1m0 akTuBHa 30Ha BBEP-1000 3 TB3A T1a TB3-W/WR Ta cam IIEJI TIC CVY3 wnHagiiHo
OXOJIOZXKYIOTBCA.
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