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ABSTRACT

The control and protection system (CPS) with absorber elements (AE) plays a key role in the stable and safe operation of
WWER-1000 reactor, ensuring power regulation and emergency shutdown. The reliability of CPS AE directly depends on the
integrity of the AE shell components, which are subjected to both welding stresses during assembly and to operational loads.
A critical reliability factor for such structures is the stress-strain state at various stages of assembly and operation. This study
focuses on the analysis of the SSS in the AE shell components caused by the technological phase of assembly welding and
operational loading. Numerical modeling of thermodeformational processes shows that the geometric characteristics of the
structure result in the fundamental difference in the stress distribution: a biaxial stressed state forms in the area where the cone
is welded to the AE shell, and a triaxial stressed state develops in the zone where the tip is joined to AE shell. It is shown that
during reactor emergency shutdown and cooling to room temperature, there is a significant drop in the external coolant pressure
and a sharp increase in the maximum stresses within the AE shell wall, indicating an increased risk of integrity loss.
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INTRODUCTION

Nuclear power plant operation is associated with the
need to guarantee a high level of safety of both the
individual components, and the entire cycle of ener-
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Figure 1. Sketches of CPS absorbing elements AE (a) and absorb-
ing rod AR (b): 1 — head; 2 — AR; 3 — nut; 4 — spring
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gy generation. This concerns ensuring the integrity
of the structures and components of nuclear reactors
and accompanying process equipment, planned run-
ning of the processes of nuclear and related reactions,
avoiding the release of radioactive substances into the
environment, safety of service engineering personnel,
etc. The complexity and interrelation of the physical
and technological processes, as well as a considerable
influence of the human factor necessitates a detailed
and comprehensive study of the regularities of their
impact on safe operation of nuclear reactors.

An important part of the reactor is the control and
protection system (CPS), which includes the absorber
elements (CPS AE) (Figure 1, a), which have a crit-
ical role in ensuring a stable and safe operation of
the reactor, fulfilling a range of important functions
[1, 2]. First, CPS allows precisely controlling and reg-
ulating the reactor power, ensuring its effective and
safe operation. It is responsible for starting the reactor
and gradual reaching of the specified power level, as
well as a change of the reactor operating modes by
switching from one power level to another one. Sec-
ondly, CPS ensures the possibility of prompt termina-
tion of the chain reaction of nuclear fission in the case
of emergency situations or the need to quickly reduce
the power. This is achieved by dropping the absorbing
elements into the AE core, preventing further devel-
opment of the reaction. Finally, CPS is an important
element of general reactor safety, as its functioning
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allows eliminating the probability of uncontrolled de-
velopment of the nuclear reaction, thus preventing the
possible emergencies.

Thus, ensuring safe operation of a nuclear reactor
is directly related to guaranteeing the integrity of CPS
components. The importance of this factor led to for-
mulation of a range of regulatory requirements as to
analysis of the technical state and serviceability of in-
dividual CPS components, in particular, strength and
tightness of absorbing elements (AE) [3-5].

A feature of these AE is their complex profile and
presence of assembly welded joints of the shell with
the cone and tip. This, in its turn, determines the com-
plex distribution of mechanical stresses under the
operation conditions, caused by a nonlinear interac-
tion of residual postweld stresses with the operational
stresses. It is known that the magnitude of the stress-
es characterizes the proneness to brittle, brittle-duc-
tile and fatigue fracture of structural materials [6—8].
Therefore, understanding of the regularities of stress
distribution in the cross-section of shell CPS AE at
different stages of operation is important for correct
prediction of the reliability during design, technical
diagnostics of the actual state and extension of the
service life for the post-project period.

THE OBJECTIVE

of this study is determination of the influence of the
process of assembly welding and thermal-force oper-
ational impact on the stress-strain state (SSS) of the
shell elements of CPS AE.

AE (Figure 1, b) is a rod with a cylindrical shell
from chromium-nickel alloy 42KhNM [9] with
the outer diameter of 8.2 mm and wall thickness of
0.50-0.55 mm, hermetically sealed with end parts (tip
which ensures connection to the CPS AE load-carry-
ing system, and weighing cone) and filled with ab-
sorbing material [10].

Temperature dependencies of physical and me-
chanical properties of corrosion-resistant 42KhNM
alloy are given in the Table 1. The yield strength of
42KhNM alloy during manufacture of seamless thin-
walled cold-deformed pipes is specified at the lev-
el of 6, = 520 MPa at T'= 20 °C, o, = 245 MPa at
T=375°C.

The shell sealing is performed by electric arc
welding of the upper and lower end parts in inert gas
atmosphere. Located inside the shell is an absorber
element from a dispersion material, such as boron car-
bide (B,C) and dysprosium titanate (Dy,O, + TiO,)
in an aluminium matrix or hafnium [11]. Depletion
of these elements and their swelling leads to devel-
opment of excess internal pressure P, inside the cy-
lindrical shell (close to 3.0 MPa) and under certain

Table 1. Temperature dependencies of physical and mechanical
properties of 42KhNM alloy [9]

T, E, o106, A, cp,
°C GPa 1/°C W/(cm-°C) | J/(cm?-°C)
20 234 14.5 0.050 3.550
100 223 15.0 0.100 3.686
200 218 15.6 0.130 3.800
300 210 16.0 0.150 3.854
400 204 16.6 0.180 3.955
500 196 17.0 0.205 3.991
600 188 17.5 0.230 4.040
700 143 18.0 0.230 4.043
800 135 18.5 0.230 4.113
900 118 19.0 0.230 4.115
1000 96 19.5 0.230 4.115
1100 46 19.5 0.230 4.115
1200 8 19.5 0.230 4.115

conditions it affects the load-carrying capacity and
quantitative indices of the technical state. According
to the design conditions of AE operation, there is the
external pressure of the coolant P, = 16 MPa at the
temperature of 7, = 350 °C. In addition to the design
mode, it is also necessary to take into account the situ-
ation of emergency shutdown of the reactor, when P_
drops to zero, and the temperature decreases to room
temperature, 7, = 20 °C. Summing up the above-said,
we can single out three characteristic states of CPS
AE, namely: after assembly welding, under the condi-
tions of design operation in the stationary mode and in
case of reactor shut-down and its cooling.

As was noted above, a typical characteristic of reli-
ability of critical elements of power-generating equip-
ment, which is determined during assessment of the
reactor condition, is the level of mechanical stresses,
formed at different stages of operation. For the case
of shell CPS AE stress distribution in the structure
cross-section is determined by interaction of postweld
stresses with external loading and temperature influ-
ence. Therefore, in order to predict the stress fields,
it is necessary to take into account both the techno-
logical aspect of assembly welding, i.e. kinetics of
the thermodeformational state of the structure mate-
rial under the impact of the local heat source down to
complete cooling and reaching the residual state, and
further heating and loading during operation.

Spatial heterogeneity and nonlinear kinetics of the
physical and mechanical processes, which determine
the current and residual SSS of the structure during
assembly welding and further operation, complicates
the use of simplified analytical methods of analysis.
More over, small scale of CPS AE components and
their geometric shape make the use of instrumen-
tal NDT methods more complicated. Therefore, it
is expedient to apply the methods of mathematical
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modeling and computer simulation of the respective
technological processes based on multiphysical math-
ematical models and finite element means of their nu-
merical implementation.

In this paper the problem of numerical prediction
of the temperature field kinetics and development of
elastoplastic deformations was considered within the
framework of formulation of the boundary problem
of nonstationary thermoplasticity. The temperature
field kinetics was described by numerical solution of
the nonstationary heat-conductivity equation, name-

ly [12]:

oT(r,B,z
cp(r,B,z,T)(;—TB)

=V[a(rB.2T)VT(r.B.2) ],

where A, cp is the heat conductivity and volumetric
heat capacity of the structure material in this point,
respectively, as a function of spatial coordinates and
temperature.

The heat source is the Gaussian surface heat flux
from the welding arc into the area of the assembly
joint of the tip with the shell and of the cone with the
shell. Heat dissipation through the surface in welding
occurs due to Newton—Richmann’s (convective heat
transfer) and Stefan—Boltzmann laws (infrared radia-
tion), and it is described by the respective heat flows.
Thus, the boundary conditions as to the formulated
problem (1) are as follows [12]:

oT
—X(T)E= —qy +ar (T-T,)+

+e0 g, (T4 —Tg),

(M

@

where 7 is the normal to the surface; a, is the heat
transfer coefficient; 7. is the ambient temperature;
& is surface emissivity; 6, is the Stephan-Boltzmann
constant; g, is the welding heat energy flow.

Mathematical consideration of the unified problem
of the kinetics of the temperature field and SSS de-
velopment is based on the finite element description,
using eight-node finite elements (FE). Within the FE
volume, the distributions of temperatures, stresses and
strains are taken to be homogeneous, and the incre-
ment of the strain tensor can be represented according
to the following expression [13]:

_ gee p

dsij —dSij+d8ij +8ijdsT, 3)
where dej;,de},8, -de; are the components of strain
tensor increment, due to the elastic mechanism of de-

formation, instantaneous plasticity strains and kinet-
ics of a heterogeneous temperature field, respectively.

Tensors of mechanical stresses o, and elastic

strains daf} are related to each other by the general-
ized Hooke’s law, i.e. [14]:
. ©0;—9,0

s TU+8U(KG+([))’ (4)

where ¢ is the mean value of normal components of stress
(GBB +0,, +c,,) K- 1-2v
3 ’ E
the bulk modulus, G is the shear modulus.
Increment of instantaneous plasticity strain dej
from the stressed state in a specific FE can be calculat-

ed using a linear dependence of scalar function A and
deviator component of the stress tensor, namely [14]:

tensor G, 1e. o= 18

de; =dA(c; —§,0). )

Specific value of function A depends on the
stressed state in the considered area of the structure,
as well as on the shape of the material yield surface,
which is characterized by stresses 6 :

dA=0,ifc, <o,
dA>0,ifc, =0,
state 6, > o is inadmissible. (6)
Proceeding from the above, the increments of the
strain tensor can be represented in the form of super-
position of the increment of the respective compo-
nents:

Ae; =¥ (o, —8,0)+5,(Ko+Ae;) -

_i(% -8,0) ~(Ko)',

(N

where symbol “*” refers the respective variable to
the previous tracking step; W is the function of the
material state, which determines the condition of
plastic flow of the material according to von Mises
criterion [15]:

1
2G’
if 6, <o, =0y,
| (®)
¥Y>—,ifc, =0,
2G

state 6, > o 1s inadmissible.

Function ¥ is determined by iteration at each step
of digital tracing within the boundary problem of non-
stationary thermoplasticity, which allows solving the
nonlinearity by the plastic yield of the material.

Computer implementation of the given algorithms
allowed performing analysis of the regularity of
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Figure 2. Sketch and finite element model of a welded joint of
CPS AE shell with a tip [10]

formation of CPS AE SSS at the stage of assembly
welding and further operation. Welding the tip to the
shell (Figure 2) in an argon atmosphere is performed
in the following mode according to [10]: U= 120 V;
I=20A;v, =13 m/h. Welding of the assembled
cone to the shell (Figure 3) in an argon atmosphere
occurs in the following mode: U =10 V; [ = 30 A;
v, =12 m/h.

As shown by the calculation results (Figure 4,
a), the shape of penetration in the area of joining the
cone to the shell of the AE ensures a proper perma-
nent joint of these components. Residual postweld
stresses are characterized by an increase in the normal
stresses in the circumferential (o s ~ 590 MPa) and
axial (o_ = 540 MPa) directions in the area close to
the middle of the cone wall thickness (Figure 5). In
addition, the zone of tensile stresses extends right up
to the internal surface of the shell in the area of the
joint with the cone. Contrarily, the external surface
is characterized by compressive normal stresses. The
maximum values of circumferential stresses are close
to those of the material yield strength, according to
von Mises plasticity criterion. In contrast to this, the
radial component of stress is almost five times lower
(0, = 105 MPa). Such a biaxiality of the stress field,
in general, is characteristic for the cylindrical shell el-
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Figure 3. Sketch and finite element model of a welded joint of the
CPS AE shell with the cone [10]
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Figure 4. Calculated distribution of maximum temperatures in the
zone of the welded joint of CPS AE shell with the cone (a) and
with the tip (b)

ements, joined by a circumferential weld, while the
features of stress distribution are due to the ratio of the
wall thickness to the cylinder radius.

Under operating load conditions according to the
design stationary mode (7, = 350 °C, P_ = 16 MPa,
P, =3 MPa) the stress distribution does not change
in principle (Figure 6). However, a certain reduction
of maximum stresses (c,, = 500 MPa, 6_ =~ 470 MPa,
o, = 85 MPa) is observed, caused by the natural
lowering of the yield strength at the temperature of
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Figure 5. Calculated distributions of residual postweld stresses
in the zone of the welded joint of the cone with CPS AE shell:
a — circumferential component; b — axial component; ¢ — ra-
dial component

31



0.S. Milenin et al.

Cpps MPa

L ~ I
600 — _—

400 e Lee s,

200 ' : [

4.0 425
et ¥

Cross-section

e ——

.

—
400 2222"1° . “es .’\‘-\\

-‘Nl'

-400

~600

G, MPa
600

400

200

O, i it i -~ 8 :

20
-200

[
i

i
[

.
]
(o]
-

ry
A
=
e

=

L
e

n
=
w

e
Y
=

125

~400

-600

¢ R.mm

Figure 6. Calculated distributions of residual and operational
stresses in the cross-section of the welded joint of the cone with
the AE shell; circumferential (a), axial (b), radial (c): / — resid-
ual stresses; 2 — 7T, =350 °C, P, =3 MPa, P, = 16 MPa; 3 —
T,=20°C, P =3 MPa
350 °C, compared to room temperature, at which the
process of assembly welding was conducted. The
operational situation of reactor shutdown, CPS AE
cooling to room temperature and lowering of exter-
nal pressure (P, =3 MPa, P_ =0 MPa, T, = 20 °C)
leads to a significant increase of maximum stresses
(csBB = 670 MPa, 6_ = 660 MPa, 6 _~ 120 MPa) in the
shell wall (Figure 6) for the reason that the internal
pressure from the filler is not compensated by the ex-
ternal pressure of the coolant, so that it can be consid-
ered as the most unfavourable in terms of strength of
the welded joint of AE shell with the cone.
Distribution of maximum temperatures in the area
of joining the tip to the shell demonstrates significant
penetration, which ensures a proper permanent joint
of individual parts (Figure 4, b). A fundamental dif-
ference in the residual stress distribution (Figure 7) is
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Figure 7. Calculated distributions of residual postweld stresses
in the zone of the welded joint of the tip with the CPS AE shell:
circumferential (), axial (b) radial (c)

the fact that the welded joint is located in the CPS AE
solid part, so that the area of high postweld circum-
ferential and axial stresses forms in the subsurface
zone, where maximum lowering of the joint strength
is to be expected. In addition, compared to the welded
joint of the shell with the cone a lower level of max-
imum residual stresses is observed (04, = 460 MPa,
c_=350 MPa, 5~ 35 MPa).

Similar to the case of the area of the joint of the
cone with the shell, under the conditions of design op-
eration a certain lowering of stresses (04, ~ 420 MPa,
c_~300 MPa, c_~ 10 MPa) is observed in the area of
the joint of the tip with the shell (Figure 8), while the
most hazardous stressed state develops during reactor
shutdown (Figure 8), when there are no compensat-
ing compressive forces from external pressure, while
redistribution of stresses with increase of the yield
strength as a result of temperature lowering from
350 °C to room temperature causes an increase of nor-
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mal stresses by more than 100 MPa (o, = 530 MPa)
G_~410 MPa, 5_~ 30 MPa).
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CONCLUSIONS

1. A model was developed of the kinetics of the tem-
perature field and stress-strain state of CPS AE of
WWER-1000 during assembly welding of the cone
to the AE shell and of the tip to the AE shell was de-
veloped. Used for this purpose, was a numerical solu-
tion of a nonstationary equation of heat conductivity
alongside with successive tracking of the develop-
ment of elastoplastic strains of a continuous medium
by finite element solution of the boundary problem of
nonstationary thermoplasticity.

2. It is shown that development of a thermodefor-
mational state of CPS AE structure during welding of
the cone to the shell leads to formation of a biaxial
SSS, characteristic for welding thick-walled pipes,
with considerable prevalence of circumferential and

longitudinal stresses. In the zone of connection of the
CPS AE tip to the shell, the weld is located in the sol-
id part of the structure which leads to formation of a
subsurface area of intensive postweld circumferential
and axial stresses. The maximum radial stresses rise
to the level of other components of the stress tensor.
As a result, this area of the structure is in the state of
triaxial stress.

3. During operation, the total pattern of stress distri-
bution is preserved, but their maximum values become
lower. This phenomenon is related to the fact that at
the working temperature of 350 °C the material yield
strength decreases, compared to its room temperature
value, at which assembly welding was performed. As a
result, the material becomes more susceptible to plastic
strains, which promotes partial redistribution of stresses.

4. During the reactor shutdown and its cooling to
room temperature a significant lowering of the external
pressure takes place. As the internal pressure of the filler
is no longer balanced by the coolant pressure, it caus-
es an abrupt increase of maximum stresses in the wall
of CPS AE shell. Such a situation creates the most un-
favourable conditions for strength of welded joints, in-
creasing the risk of defect development and deterioration
of the operational reliability of the structure.
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