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Abstract: Zaporizhzhia Nuclear Power Plant (NPP) is under temporary occu-

pation. There are reasonable suspicions regarding compliance with all the norms
and standards of Ukraine and the IAEA recommendations. Deliberate sabotage
measures are possible, the result of which will lead to an emergency cooling mode of
the WWER-1000 reactor vessel. The reactor vessel resource determines the service
life of the entire NPP unit. The complex and dangerous situation that has developed
at the Zaporizhzhya NPP, due to possible emergency modes with ultra-rapid cooling
of the reactors, may lead to their failure, and therefore to the failure of the Za-
porizhzhya NPP units. The emergency mode of ultrafast cooling of the reactor at a
speed of 1800 degrees per hour is considered with a numerical solution of the prob-
lem of unsteady heat conductivity. The effect of this mode on the cyclic damage of the
metal of the reactor vessel and on its brittle strength was evaluated. An appropriate
prognosis of its radiation lifetime was made. For this, the worst postulated critical
crack, for which the predicted lifetime of the reactor is the smallest, is determined.
The express methodology of the specified calculation assessment for the reactor ves-
sels was tested, which contains all the necessary sections according to the norms and
recommendations of the IAEA: thermal conductivity, stress state, cyclic damage, ra-
diation lifetime. The methodology is relevant and useful for assessing the safety of
reactors of the WWER type and negative consequences, including in the conditions of
terrorist actions of the occupation administration.
Keywords: Nuclear power plant, safety, water-water energy reactor, reactor pressure
vessel, weld, reactor cooling accident mode, numerical methods, non-stationary
thermal conductivity, strength, stress state, cyclic damage of metal, resistance to brit-
tle fracture, radiation lifetime, express calculation methodology.
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Introduction. Zaporizhzhia NPP, the largest in Europe, is under temporary
occupation. There is information that there are almost no highly qualified Ukrainian
personnel left at this nuclear plant. Who exactly replaced the Ukrainian personnel,
which persons, according to which profession, experience and with what
qualifications perform the functions of managing this large, extremely complex and
responsible facility - it is not known definitively. There is some information about the
presence of representatives of the foreign concern Rosatom, whose professional
capabilities are questionable. In addition, there are well-founded suspicions about the
possibility of the occupiers undermining safety-important elements and systems of
the Zaporizhia NPP (primarily the current state of the systems and elements of units 4
and 5). In particular, there is a danger of intentional detonation of steam pipelines, the
loss of which will lead to an accident cooling mode of the WWER-1000 reactor
vessel. The lifetime of the reactor vessel determines the lifetime of the entire NPP
unit. And among the NPP accident modes dangerous for the WWER-1000 reactor
vessel, modes with its rapid cooling are the most dangerous for its integrity and
radiation lifetime. Thus, the complex and dangerous situation that has developed at
the Zaporizhia NPP, due to possible accident modes with ultra-fast cooling of the
reactors, may lead to their loss, and thus, to the loss of units of the Zaporizhia NPP.

The latest research and publications. Starting from 2014, the authors have
been developing the relevant special expert express methodology ([1], [2]). The goal
i1s to have a reliable scientific-technical and engineering-methodological tool that
would allow at any time, in a short period of time and without significant costs, to
obtain verified and conservative results of assessments of emergency modes of
nuclear power plants, as well as their consequences for the integrity, cyclic damage
[2] and radiation resource [1] of the bodies of WWER reactors (primarily WWER-
1000). Also, the authors adhere to the requirements of all norms and standards of
Ukraine and IAEA recommendations.

The goal of the work is the development of express methodology to assess the
most dangerous scenario for the reactor vessels. Non-stationary thermal conductivity.
Considering the above, this study is devoted to modeling the accident mode with
ultra-fast cooling of the reactor vessel. To achieve its goal, the most severe design
and real accident modes, which negatively affect the technical condition of the
WWER-1000 reactor vessel, were previously analyzed.

Main assumptions. Among such regimes, the attention of the authors was
drawn to the mode of cooling the reactor body at a rate of 1800°C per hour, which
took place on October 22, 1985 at Unit 1 of the South Ukrainian NPP [7]. In the
future, for the convenience of teaching, this mode is designated as "22.10.85" (by the
date of the event). Note that the WWER-1000 reactors vessels of the Zaporizhzhya
NPP and the South Ukrainian NPP are similar and have the same design, main design
dimensions and manufacturing materials (Figure 1).
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Figure 1. The WWER-1000 reactor and its relevant elements, which are important
when considering accidents with its cooling
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Given the lack of detailed technical data on the scenario of the flow of the
"22.10.85" mode (results of measurements of coolant control devices or previously
performed calculations), the cooling of the reactor vessel wall is modeled as follows.

In a general three-dimensional formulation, the problem of non-stationary
thermal conductivity is determined by the Fourier-Kirchhoff equation, which relates
the change in temperature T of a volumetric body at any of its points (x, y, z) at a
given time t:

0

ch—Zza(lz—z)+%(lg—;)+%(lz—:)+Qw(x,y,z, t,T), (1)

where p — density; ¢ — specific heat capacity; 4 — thermal conductivity coefficient;
Ow(x, , z, t, T) — the power of internal heat sources.

To assess the strength of the reactor body in a certain zone of its wall and the
acceptable accuracy of this express assessment, it is enough to take into account the
following assumptions: during emergency cooling of the wall of the reactor body, the
temperature of the metal changes along the thickness of the wall (in the radial
direction), and in the other two perpendicular directions (along the ring and
vertically) there is no temperature gradient. Then the three-dimensional equation of
non-stationary thermal conductivity (1) reduces to a one-dimensional equation:

pc—=/1%,0<x<5, (2)

where 6 — the thickness of the wall of the reactor body.

The currently known emergency cooling rate of the inner surface of the reactor
vessel wall is equal to 1800°C/hour = 0.5°C/sec.

It is assumed that, taking into account this speed, the temperature of the inner
surface of the reactor wall at the beginning of the mode decreases from 290°C to
100°C in 380 seconds and in the further development of the mode is kept within
100°C until the disappearance of the temperature gradient along the thickness of the
reactor wall at the end of the mode. The corresponding duration of the mode is
calculated and is 15,000 seconds.

Taking this emergency scenario into account in the express assessment requires
appropriate management of the calculation model. Therefore, in the numerical
solution of the problem of non-stationary thermal conductivity (2), the boundary
condition of the second kind was used for the inner wall of the reactor body:

x=0-—/1ﬂ= (t),t>0 (3)
) axz q ] ]

60



Benmunsuis, oceimneHHss ma merino2a3ornocmadaHHs. Bun. 51, 2024

where g(#) — the time-varying cooling flow under the condition ¢(?) < 0.

The outer surface of the wall of the reactor body (x = 9) is under the influence
of the external environment (external thermal insulation).

Management of the calculation model of cooling is carried out by determining
the law of the cooling flow g(z), W/m? on the inner wall of the reactor body:

q(t) = 1

(0 <t <380; —97500;

380 <t <530; —97500 + 18750 - (1 — cos (—’;'g;ffg’g)>;

530 <t <1000; 42,553191 -t — 82553,19; (4)
1000 <t <2500, 13,333333 -t — 53333,33;
2500 <t <£6000; 4,2857143 -t — 30714,29;

\6000 <t < 15000; 0,5555556 -t — 8333,333.

The g(#) graph shown in Figure 2 corresponds to this law.

The starting initial data for calculating the change in temperature fields in the
wall of the reactor body during an emergency scenario are the law of change of the
cooling flow ¢(?) (formula (4), Figure 2), wall thickness &, initial temperature field in
the wall for the mode of normal operation 7, thermal insulation temperature 77, heat
transfer coefficient on the outer surface of the wall x, metal density p, metal thermal
conductivity coefficient 4 and its specific heat capacity c.

The calculation algorithm of the implicit four-point finite difference procedure
is implemented, each iteration of which for the step 4 (mm) along the wall thickness
from 0 to 6 mm through the nodes i = /=N and for the step 7 (sec) in the time of
development of the emergency scenario from 0 to /15000 sec after moments of time n

the next.

The first running coefficients a; and S; are determined:

2ar
2 A = hevzar )
h 2athq(t)
= —Tn .
A= 20 T Ak ¥ 200

where a — the coefficient of thermal conductivity:

a = 2/(pc).

The coefficients ¢; and S of the running method are determined:

A;

o = —————;
B; — Ciaj_4
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Figure 2. Graph ¢() that corresponds to the adopted law of modeling cooling flow ¢(#) for the
"22.10.85" mode
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The temperature of the metal on the outer surface of the wall of the reactor
body T#*! is determined:

st _ AT 204y +haT!™)
N Ah2+2ad hc+ A(1—an—-1))

(7)

where x — heat transfer coefficient; 77 — the temperature of the external thermal
insulation.
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The temperature field in the wall at the moment of time (n + 1) 1s calculated,
where the movement along nodes i along the thickness of the wall of the reactor body
is performed from (N - 1) to I:

n+1 _ n+1
T =Ty + B

For the "22.10.85" accident mode, the results of the calculation of non-
stationary thermal conductivity through the wall of the reactor body at the level of
weld No. 3 (Figure 1) were obtained, the scenario of the temperature gradient change
for which is shown in the form of a surface in Figure 3.

Definition of a stress state. The scenario for the "22.10.85" mode of changes
in annular and axial stresses in the wall of the reactor vessel at the level of weld No.
3, which corresponds to the above-mentioned temperature and pressure gradients in
the reactor during operation, is performed in accordance with the Strength Norms [6].
At the same time, residual stresses from welding are also taken into account.

Sections of determination of the state of the metal and its prognosis.
According to the requirements of the Strength Norms [6], the total brittleness
temperature of the metal T of the reactor vessel under the action of radiation and
cyclic loads is (without taking into account the effect of thermal aging):

Tk - TkO + ATF + ATN,

where Ty, — initial brittleness temperature of the metal; AT, — shift of brittleness
temperature due to radiation load; ATy — the shift in brittleness temperature due to
cyclic damage.

The shift of the critical brittleness temperature from cyclic loads ATy is
determined according to clause 5.8.4.4 of the Strength norm [6] by the formula

m
ATy = 20 Z Ni
N L[Nyl °

=1

where N; — the number of load cycles in the i-th mode of operation; [Ny]; — the
number of cycles allowed for the i-th operating mode; m — the number of modes.
The shift of the critical temperature of brittleness due to the influence of
ionizing radiation ATy is determined according to clause 5.8.4.5 [6] by the formula
ATp = Ap- F %,
where Ap — radiation embrittlement coefficient °C; F — transfer of neutrons with an
energy not less than 0.5 MeV, reduced in 10*? neutrons/m?.
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Figure 3: The scenario of the development in time (seconds) of the temperature gradient through the
wall of the WWER-1000 reactor vessel at the level of weld No. 3 during the accident mode
"22.10.85"

Thus, it is necessary to evaluate the cyclic damage and resistance to brittle
fracture for the reactor vessel, as well as their joint effect on the strength and lifetime
of the reactor vessel.

Assessment of cyclic metal damage. Let's evaluate the cyclic damage of the metal of
the reactor vessel at the level of its weld No. 3, taking into account operational loads
and the "22.10.85" regime. This calculated estimate is made in accordance with the
requirements of section 5.6 of the Strength Norms [6].

The reduced stresses (0;) and conditional elastic reduced stresses (oz) are
determined according to the requirements of section 5.3 of the Strength Norms [6].
Therefore, in order to determine the reduced stresses, it was necessary to determine
the three main stresses. In addition, taking into account that 95.5% of the wall
thickness is occupied by the base metal and only 4.5% by the surfacing, to determine
the elastic state of the metal of the wall of the reactor vessel at the level of weld No.
3, the normative formulas of Table P3.17 of Appendix 3 of the Norm [6] were used of
strength for a single-layer thick-walled cylinder, namely, for the calculation of radial
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o,, annular oy and axial g, stresses.

The results of determining the cyclic damage of the metal of the reactor vessel
at the level of its weld No. 3 for the "22.10.85" mode are given with different scales
along the vertical axis in Figures 4 (up to 60 mm wall thickness) and 5 (from 60 mm
to 200 mm thickness walls).
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Figure 4: Graph of cyclic damage a of the metal of the WWER-1000 reactor vessel at the level of
weld No. 3 for the normal operation and "22.10.85" modes on the wall thickness section from the

inner surface to a depth of 60 mm (on a scale convenient for perception)

Evaluation of brittle strength and prognosis of radiation lifetime. When
evaluating the brittle strength and lifetime of the reactor vessel, a set of postulated
annular and axial cracks (9 defects each) with the following parameters was
considered:

— depth a: 30 mm, 40 mm and 50 mm;
— depth to half-length ratio a/c: 0,2; 0,6 and 1,0,
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Figure 5: Graph of cyclic damage a of the metal of the WWER-1000 reactor vessel at the level of
weld No. 3 for normal operation and "22.10.85" modes in the wall thickness section from a depth of

60 mm to the outer surface (on a scale convenient for perception).

which i1s within the regulatory limits in clause 5.8.5.2, and in item 4 of clause 5.8.7.2
of the Strength Norms [6], and in clause 6.3 of the IJAEA recommendations [4].
The calculated assessment is performed by two methods according to:
— section 5.8, in particular - item 5.8.7.2 Strength standards [6];
— chapter 7, in particular, clause 7.3 of the [AEA recommendations [5].
The stress intensity factor of the first kind K; was calculated by the method of
weight functions according to [4].
When evaluation the lifetime of the reactor vessel, it is taken into account that:
— the operating time of the reactor of unit No. 1 of the South Ukrainian NPP,
determined in years, is 2 (two) years more than calculated in the fuel campaigns;
— there 1s an additional shift of the critical fragility temperature ATy from the
operating modes and emergency mode "22.10.85".
The worst result for the considered set of postulated annular cracks
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corresponds to an annular crack with a depth of a =30mm and a ratio of
a/c = 0,2. For her, the lifetime of the reactor vessel is equal to 5.59 years.

The worst result for the considered set of postulated axial cracks corresponds
to an axial crack with a depth of @ = 50 mm and a ratio of a/c = 0,2. For it, the
lifetime of the reactor vessel is 2.91 years.

The results of calculating the resistance to brittle fracture of the reactor body
according to the normative criterion for the specified critical case (axial crack with a
depth of a = 50 mm with a ratio of a/c = 0,2) are presented in Figure 6 (obtained
according to the IAEA recommendations [5]).

The result of the assessment of the resource/lifetime of the reactor body — 2.91
years — for the specified critical case is shown in Figure 7. The specified lifetime will
be exhausted at a metal depth of 15.45 mm at a temperature of 116.72 °C at 1710
seconds of the accident mode "22.10.85".

According to the data of the South Ukrainian NPP, at the end of the 38th fuel
campaign (the last 40th year of operation according to the requirements of the
passport and the reactor design), the reserve for fulfilling the conditions of brittle
strength at the critical temperature of brittleness (the condition looks like T}, < Ty )
for the worst design mode for the weld No. 3 is equal to 2.0°C for the radiation
working time of the metal of the reactor vessel 37.3-10'® neutrons/cm?.

According to the results of the calculated assessment of the influence of the
"22.10.85" regime and other regimes on the shift of the critical brittleness
temperature (taking into account the shift of ATy from fatigue cyclic damage), the
following was found out (Figure 8):

1. According to the data analysis of the South Ukrainian NPP, the emergency
critical brittleness temperature T)¢ for the worst design mode is probably equal
to 51.5°C. Then the temperature T}, (without a margin of 2°C) is equal to 49.5°C;
2. Taking into account the shift ATy = 20°C -a = 20-0.0308 = 0.62°C from
common cyclic loads reduces the estimated value of the lifetime/operating time
of the reactor by 1.1 = 43.4 — 42.3 years.

Conclusions. The results of the computational modeling demonstrate the very
negative consequences of ultra-fast accident cooling of the wall of the WWER-1000
reactor vessel. The design regimes correspond to the reactor's design lifetime of 40
years, when the "22.10.85" regime considered here corresponds to its radiation
lifetime of less than 3 years; in addition to the above, the general cyclic damage of
the metal of the reactor vessel, in the case of the implementation of its ultra-fast
cooling regime like "22.10.85", contributes to the reduction of the lifetime/term of
safe operation of the WWER-1000 reactor vessel by more than 1 year. Regarding the
assessment methodology used here, the following can be noted.
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Figure 6: Graphs KI(T) and [KI](T), obtained according to the recommendations of the IAEA [5],
which correspond to the emergency mode "22.10.85", the initial and limit state of the metal of weld
No. 3 WWER-1000:
red surface — graph KI(T) for an axial semi-elliptical crack (a/c=0.2 and a=50 mm) for accident
mode "22.10.85";
green curve — initial state of the metal of weld No. 3;
blue curve — the limit state of the metal of weld No. 3 at a depth of 15.45 mm at 1710 seconds of
accident mode "22.10.85"

The used engineering and scientific and technical calculation methods correspond to
the current norms, and their results are conservative and correct. This engineering and
analytical express assessment was performed by the authors during one month of
estimated working time. At the same time, as general experience shows, it is
traditionally necessary to spend from six months to one year of working time on such
a calculation using numerical methods and large computer programs.
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Axial crack: a/c=0.2; a=50 mm

10

n
b

[=
o

Lt}

4
operating|time, years

brittleness temperature TI,{:,ICI

-10

-13

-20

-25
Figure 7: Graphs T2 (F, a,t) and Ty (F, a, t) of determining the radiation lifetime of the WWER-1000
reactor vessel for the "22.10.85" regime (taking into account the influence of radiation F and cyclic
loads in time t (years)) for the metal of weld No. 3:
the red graph T (F, a, t) corresponds to the red surface KI(T) in Figure 6;
the blue graph Ty (F, a, t) corresponds to the transition of the initial state of the metal to the limit

state (green and blue curves of Figure 6)

The results of calculations according to this express method can be clarified in case
of obtaining additional data. In the extremely difficult modern conditions of war and
in the tense working conditions of the nuclear industry of Ukraine, the use of such
expert express assessments can be a useful and timely means for forecasting
dangerous beyond-design consequences for nuclear power plants, including — after
the intervention and terrorist actions of the occupiers, which is now possible at the
site of the Zaporizhzhya NPP.
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Figure 8: Negative impact on the resource of the WWER-1000 reactor vessel (weld No. 3) of
combined radiation and cyclic loads taking into account the emergency mode "22.10.85" at the limit
of the design designated lifetime of 40 years. Reduction of the period of safe operation of the
WWER-1000 by 1.1 years.

In case of implementation of accident modes with ultra-fast cooling of the
reactor at the Zaporizhzhya NPP, it is necessary to collect relevant data for the final
assessment of the safety of the reactor vessel and, based on their results, to implement
appropriate technical compensatory measures to ensure the safety of the nuclear
installation. First of all, this concerns units 4 and 5 of the Zaporizhzhia NPP, where
the occupation administration could implement extra-design modes and accident
situations.
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Yrkpainu ma pexomenoayiti MAI'ATE w000 ynpasninHsa yum 8eiukum ma Hao36udati-
HO CKIAOHUM Ma 8i0N0s8idanbHum 06’ ckmom. Llinkom timosipHo, wo manru micye He-
00HOpa306i nopyuienns pexcumie pooomu AEC, a maxoc MOMCIUS] HABMUCHT Ou-
8epCiliii 3axo0u, 8 pe3y1bmami AKux 6y0e 86e0eHO PedCUM aABaAPIUHO20 0X0I00HCEHHS
kopnycy peakmopa BBEP-1000. Pecypc kopnycy peakmopa Uu3HaA4ae mepmin C1yxic-
ou 6cvoeo o10xky AEC. A cepeo pesxcumis asapii AEC, nebesneunux ons kopnycy pe-
akmopa BBEP-1000, nati6inbw nebezneuHumu 015 1020 yinicHocmi ma paoiayitinoco
PEeCypcy € pexicumu 3 1020 WUEUOKUM OXOL0OMCeHHAM. Takum YuHoM, cKlaoHa ma He-
besneuna cumyayis, wo ckraracsa Ha 3anopizvkiu AEC, uepe3 mooicnusi asapitini
pedrcumMu 3 HAOUBUOKUM OXON00NCEHHAM PeaKmopis, Modice npu3eecmiu 00 ix Uxooy
3 1a0dy, a omarce, i 010ki6 3anopizvkoi AEC. L]i numanus posensdaromucs 6 pobomi, a
came po32NA0AEMbC ABAPIUHUL PEHCUM HAOULBUOKO20 OXOJIOONCEHHS peakmopa
BBEP-1000 3i weuoxicmio 1800 epadycieé Ha c00uHy 3 4UCEIbHUM PIUUEHHIM 3a0ayi
HeCcmayioHapHoi menionposiOHOCMI MemoOOM CKIHYEHUX PIZHUYb 3 BUKOPUCAHHAM
HesigHUX pizHuyesux cxem. OQYiHeHO BNIUB YbO20 PeHCUM) HA YUKTIYHE NOUKOOIHCEH-
Hs memany kopnycy peakmopa BBEP-1000 ma na tioeo Kpuxxy miynicme. 3po0.ieno
BIONOBIOHULL NPOSHO3 11020 padiayitinoco xcumms. g yb02o USHAYAEMbCI Hall2ip-
wa nocmynbo8aHa KpUMudHa mpiuna, 01 AKOI NPOSHO308AHUL MEPMIH CIYHCOU
peakmopa € HaumeHwuM. Anpobo8arHo excnpec-memoouxKy 3a3HAYeHOl pO3PAaAXyHKO-
60i oyinku 0na kopnycie BBEP-1000, axa micmums yci HeoOXiOHI po30iiu 32i0HO 3
Hopmamu ma pexomenoayiamu MAI'ATE: mennonpogionicmo, Hanpydicenull CMa,
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YUKTLIYHI NOWKOOXMCeHHs, padiayiunull pecypc. Memoouka € akmyanbHo0 ma KOpuc-
HOM0 07151 OYiHKU Oe3neku peakmopie muny BBEP ma necamu6Hux HACIOKIB,  MOMY
qycni 8 yMo8ax mepopucmuynux Oitl OKynayituHoi aominicmpayii (ha npuxnaoi 3a-
nopizvkoi AEC).

Knrouosi crnosa: Amomna enexmpocmanyis, 6esnexa, 6000-8005HUL eHepeemuy-
HULl peakmop, KOpnyC peakmopa, 36aApHUll W08, a8apitiHuti pedcum OXON00NHCEHHs
peakmopa, 4uceivbHi Memoou, HeCmayioHapHa menjionposiOHiCMb, MIYHICMb, HA-
NPYAHCEHUU CMAH, YUKTIUHI NOUKOONCEHH Memany, CmitKicms 00 KPUXKo20 pyUuHy-
8aHHS, padiayiuHuL mepMin CLydHcoU, eKcnpec-memoouKka po3paxyHky.
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