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Analysis of the design calculation of the 08.8111.335SB emergency-
cooldown heat exchanger (ECHE) strength revealed a number of deviations
from the requirements of current regulations of Ukraine in nuclear energy,
which, in particular, include the lack of information on the calculation of the
static strength of heat-exchanger flange elements and the excess of allowable
stresses in their pins. This article describes a mathematical model for calcu-
lating the ECHE thermal stress state, which is used to simulate the ECHE
operation under conditions of normal use. A number of computer calculations
of ECHE deformation processes were performed using the described equa-
tions of the three-dimensional theory of elasticity. Such calculations were
performed, using the finite element (FE) method, to analyze the strength of
the ECHE and, in particular, elements of its flange joints. Results of ECHE
static strength calculations are given. The calculations were performed using
the general FE model of the ECHE, the model including all its basic ele-
ments. In addition, individual FE models of ECHE flange joint elements
DN2130 and DN2080 were developed, on whose basis their static strength
calculations were performed. As a result of calculations of the strength of the
main ECHE elements, it is concluded that the operating stresses for the con-
sidered groups of categories of design stresses in the design zones of the
ECHE design do not exceed the allowable values, and, accordingly, the static
strength conditions are met. Given the symmetry of ECHE flange joints, FE
models of the half-period of one bolted joint were used to calculate their
static joint strength. The main boundary conditions for all calculations were:
the tightening force of pins, as well as the pressure and temperature of the
operating environment. The calculation of the static strength of the flange
joint elements DN2130 and DN2080, using the design value of the pre-
tightening force of the pins, showed that the conditions of static strength are
not met for the considered groups of categories of design stresses.

Keywords: emergency cooldown heat exchanger, extension of service life, de-
sign substantiation of safe operation, assessment of technical condition, thermal
stress state of the ECHE, FE method.

One of the priority areas of operation of existing nuclear power plants (NPPs) in Ukraine is to extend

their service life. Within this area, a wide range of work is carried out, one of which is technical condition
assessment whose purpose is to confirm the safe operation of reactor plant elements in the beyond-design
period. As part of technical condition assessment, strength and reliability analysis works are performed in
accordance with [1] and [2]. It should be noted that these works must be performed in compliance with the
requirements of modern nuclear energy standards of Ukraine.

As the experience of the analysis of design strength calculations [3] shows, when solving the prob-
lem of substantiating the safe operation of the ECHE, special attention should be paid to its flange joint ele-
ments. Given the significant development of electronic computers, it is possible to calculate the strength of
complex, in terms of geometry, units of equipment, using the FE method.

This article describes the mathematical model of the FE method and approaches to calculating the
strength of the main ECHE elements.

Statement and Solution of the Problem of the ECHE Static Strength

The task is to determine the thermoelastic state of the ECHE under conditions of normal use. At the
first stage of consideration of the problem we assume that in the course of the ECHE operation, deforma-
tions are elastic and such that allow one to use geometrically linear relations of the general theory of elastic-
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ity. In the case of detection of areas with the stress exceeding the yield strength, further calculation must be
performed using equations of thermoelasticity.

We formulate a mathematical model for calculating the thermoelastic state of the ECHE, providing it
operates under normal conditions. It should be noted that the ECHE design is made up of various noncanoni-
cal-shape elements with uneven surfaces. Particularly complex elements of geometry are both in the area
where individual structural elements are joined and in areas of abrupt change in the geometric configuration
of the ECHE. Therefore, the use of generally accepted assumptions of the theory of shells and the use of ana-
Iytical calculations of complex-geometry bodies can lead to significant errors. Based on this, to calculate the
ECHE strength we used a three-dimensional problem statement, which allows us, with a sufficient degree of
adequacy, to describe the stress state of structures.

Consider the ECHE as a three-dimensional elastic body occupying the region Q of the Euclidean
space S. According to the theory of the FE method, we assume that the ECHE consists of a number of indi-
vidual three-dimensional FEs. Next, consider one such FE in the coordinate system x, y and z.

The stress-strain state of a body is characterized by displacement vectors 9, strain tensors €, and
stress tensors o. The displacement vectors take into account the components u =u(x,y,z), v=v(x,y,2),
w=w(x,y,z), which indicate the displacement of the x, y and z axes, respectively. The strain tensors are
divided into the linear tensors g,, €,, €, and angular ones Y.y, Y., Y... The stresses are divided into the normal
stresses o,, ©,, 6, and tangent ones T,,, T., T... The complete system of the problem of elastic body statics con-

sists of the following relations [4], [S]:
— Cauchy ratio

_ 1 dy, d”j
EU_E(EJ»—Fd_Xi)’ (1
— Hooke's law
6, =(—LV 5 1ou)e., )
o A+v)a-2v) Y Y
— equilibrium equation
o..
~+pF =0, 3)
Y
— stress boundary conditions
N 0y =Di> 4)
— displacement boundary conditions
w,=u; ,Npu re S, (5)

where ¢;, 6; are components of the strain and stress tensors; F;, N; are vector components of the mass force F
and a unit normal vector N to the surface S =S, U S, ; r is the radius vector of the point (x, y, z); p; is the vector

of forces distributed over the body volume; E is Young's modulus; v is Poisson’s module; p is the shear
modulus; 9; is the Kronecker symbol; i, j=1, 2, 3.

Relations (1)—(3) and boundary conditions (4), (5) constitute a complete system of equations of the
static problem of the theory of elasticity.

However, it is not always possible to obtain an analytical solution for complex-geometry bodies.
Therefore, numerical methods, in particular the FE method, are widely used to solve such problems. The
most natural is the variational formulation of the problem of the theory of elasticity.

Variational Problem Statement

The basis for the variational formulation of the problem is the mathematical formulation of the static
problem of the theory of elasticity in displacements in the form of the Lagrange variational principle.

The Cauchy relationship (1) and Hooke's law (2) can be written in matrix form by entering the ma-
trix differential operators [B] and [D]
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{e}=1[B]u. (6)
{o}=[D] de}-1{e, b. 7

where {ST}:{OL~6,OL-6,0L-6,0,O,0} is the vector of temperature deformations (a is the thermal expansion

coefficient, 0 is the average element temperature).
The amount of the potential energy stored by the element during deformation can be found using the
following formula:

M0 = J{of {pkiv— [ {6 {pkiv— [ {5} {abas. ®)

Given the division of the body Q into n-number of FEs, the total potential energy of the elastic de-
formation of the body is determined by adding the elementary contributions of each of the FEs

M(u) = Zne(u) .
e=1

Thus, in this statement, the problem of determining the stress-strain state of the body € subjected to
temperature and force load is reduced to finding the minimum of function (8) on the set V. In other words, for
relations (1)—(5), determined are such equation solutions at which the following variational problem is solved:

H(Lt) ?) min .

When solving this problem, strains (6) are first determined, and then, stresses (7).

This mathematical formulation of the problem is used to determine the thermal stress state of ECHEs
of power unit No. 4 of Zaporizhzhia NPP under static power and temperature load. The three-dimensional
approach allows us to adequately take into account the complex geometric shape and investigate the thermal
stress state of the ECHE. It also makes it possible to more accurately assess the level of stress in places of
local stress concentration.

Calculation of the ECHE Strength by the FE Method

Solving the problem of calculating the ECHE static strength, using the above method included:

— construction of a FE model of the geometric configuration and fields of ECHE displacements;

— obtainment and solution, on this basis, of equilibrium equations in the form of a system of linear
algebraic equations with respect to unknown nodal displacements;

— determination of the stress state of the ECHE.

Using the equations of the three-dimensional theory of elasticity, a number of calculations of the
thermoelastic state of the ECHE under conditions of its normal operation were performed. During the forma-
tion of the ECHE FE model, the factory, design and operational documentation (drawings, design strength
calculation, passport, etc.) were used. The values of allowable stress values were determined using the values
of the tensile strength and yield strength given in [6].

A general view of the ECHE is shown in Fig. 1.

The main operating parameters of the ECHE are given in table 1. The working-environment pressure
and temperature values used in the calculations of the ECHE strength were taken in accordance with [8].

All the ECHE elements are made of corrosion-resistant heat-resistant steel 08X18H10T and flange
joint pins, of steel XH35BT. According to [6], during the calculation, the physical and mechanical properties
of materials corresponding to temperatures of +70 °C and +150 °C were taken into account.

According to the norms [6], for the corresponding groups of categories of the design stresses that oc-
cur in the ECHE elements, their permissible values were determined, which are given in table 2.

The general view of the ECHE FE calculation model, which includes all the main elements, is shown
in Fig. 2. This model includes 92,722 nodes and 287,064 FEs.

The kinematic boundary conditions of the ECHE were set in the form of a prohibition of all struc-
tural displacements and rotations in the fixed support, as well as the permission of displacements in the mov-
able support along the ECHE longitudinal axis (see Fig. 1).
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Fig. 1. Overall dimensions of the ECHE
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Fig. 2. Calculation model of the ECHE

Table 1. Basic calculation parameters

Name of ECHE environment

Pressure values, MPa

Temperature values, °C

Operating environment

Body

2.1

+150

H;BO; solution 16g/kg

+70

Service water of group "A"

Pipe part 0.5

Table 2. Values of allowable stresses

Type of structure

Allowable stress values for corresponding groups at design tempeature, MPa

()1 01 (6)yw (0), or (6)3y (0)ry OF (G4

150 °C 70 °C 150 °C 70 °C 150 °C 70 °C

Pins 181.50 193.10 235.95 251.03 308.55 328.27

Body elements

124.00 126.80 161.20 164.84 372.00 380.40

Weld seams 190.92 201.00 248.19 261.30 496.40 522.60

40

Force boundary conditions were taken into account in the form of
— ECHE's own weight;

—mass of liquid;

— pressure and temperature of the operating environment;

— load from the attached ECHE lines (forces and moments);

— tightening forces of flange joint pins.
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To correctly set the loads from the attached ECHE lines, the strength calculations for the service-
water system segments and the emergency cooling system of the active zone of power unit No. 4 of
Zaporizhzhia NPP were performed. During the strength calculations, the geometry of the lines, weight-and-
dimentional characteristics, attachment points and technical parameters of the internal environment were
taken into account. The above lines were modeled using two-node pipe-type rod elements. The developed
models of the lines take into account the segments from ECHE branch pipes and to the nearest fixed sup-
ports. This approach allows one to assert the correctness of taking into account the loads on ECHE branch
pipes from the attached lines.

Loads on ECHE branch pipes from the attached lines, which were taken into account during static
strength calculation, are given in table 3.

Table 3. Forces and moments from the attached lines

Forces, N Moments, N-mm
R, | R, | R, M, | M, | M,
Service water inlet
21,985 | 2,353 | 11,827 |  -1,167.825 | 7868516 | 127,567
Service water outlet
1,124 | -2,385 | 20,220 | -8763,668 | -7,113462 |  -1,049,489
Distillate product inlet
-4,259 | 769 | 18,416 | 16,380 | 4,659 | -6,368
Distillate product outlet
-187 | 2,211 | 18,007 | 1,318 | 2,176 | 2,094

As a result of the calculations performed using the FE method, the values of stresses in the main
ECHE elements are obtained for normal operating conditions. Graphical view of the distribution of equiva-
lent stresses by maximum shearing stress theory (SMAXTAU) is shown in Fig. 3, 4. The results of stresses
and their comparison with the allowable values are given in table 4.

The analysis of the obtained results shows that the largest values of stresses occur at the place where
the dividing plate is welded to the inner surface of the branch pipe inlet for the heat carrier (point 4). These
stresses are local in nature and are caused to a greater extent by the ECHE structure geometry and the loads
from the heat carrier pressure.

The operating stresses in groups of categories of the design stresses (6);, (6), and (6)gy in the design
zones of the ECHE structure do not exceed the allowable stress values for these groups, and, accordingly,
the static strength conditions are met.

Table 4. Stress in ECHE elements

. o)1, Allowable G)), Allowable O)rV» Allowable
ECHE element Point 1(\/[%’151 stress, MPa 1(\/[%’251 stress, MPa (N[)}I;; stress, MPa
Main elements
ECHE body 1 82.76 125.35 213.10
Inter-tubular
environment chamber 2 39.00 124.00 61.01 161.20 64.89 372.00
Branch pipes 3 47.42 79.76 94.20
5 84.58 101.30 124.20
Weld seams
Between dividing plate |, 115 6o 192.34 244.50
and branch pipe
Between inter-tubular
environment chamber 6 52.12 52.12 119.90
and internal casing 190.92 248.19 496.40
Between flange and body 7 49.50 56.08 54.54
Between inter-tubular
environment chamber 8 26.86 81.03 81.12
and body
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Fig. 3. Distribution of equivalent stresses in ECHE elements
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Fig. 4. Distribution of equivalent stresses in ECHE elements (sectional view)

Calculation of the static strength of ECHE Flange Joint Elements

ECHE flange joints have a symmetrical design. In order to reduce the dimensionality of the task of
calculating the strength of flange joints, modeling of cutaways with the appropriate conditions of symmetry
was performed. To calculate the static strength of flange joint elements, individual FE models of the half-
period of one bolted joint were developed.

The half-period consists of a half-
period of flanges proper, corresponding
parts of transition cones, shells, elliptical
bottoms and half of a pin with two halves
of nuts.

According to [7], the pins of the
flange joints Dn2130, Dn2080 and Dn1780
should be tightened with a torque of 246,
84, 85kgm, respectively, which corre-
spond to pre-tightening forces of
22,527 kgf, 8,836 kgf, and 8,900 kgf.

The calculation of the static
strength of flange joint elements showed
that for the flange joints Dn2130 and
Dn2080 the conditions of static strength
are not met. Therefore, in the future, the .
results of calculations of the strength of Lo

the elements of the flange joints DN2130 Fig. 6. General view of the half-period model of the flange joints
and DN2080 will be presented. Dn2130 and Dn2080
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The general view of the half-period model of the flange joints DN2130 and DN2080, as well as the
points of their most loaded elements: weld wiskers for weld build-up (1, 2), weld build-up (3) and a pin (4)
are shown in Fig. 6.

Figs. 7 and 8 show the results of calculation of equivalent stresses by maximum shearing stress the-
ory (SMAXTAU) for the half-period model of flange joints Dn2130 and Dn2080 under normal operating
conditions, the results having been obtained taking into account the design values of pin tightening.

The results of the stress calculation for the flange joints DN2130 and DN2080 as well as of their
comparison with the available values for the respective groups of categories of design stresses are given in
tables 5 and 6.

Excessive allowable values for some stress groups were found in such elements of flange joints as pins
(point 4 in Fig. 6) and weld whiskers (points 1 and 2 in Fig. 6). High stresses in flange joint elements are ex-
plained by the fact that due to the effect of "protrusion" under the action of pressure of the bottom and shell
attached to the flanges, as well as depending on the tightening force of the pins, the equilibrium conditions of
applied force vectors changes, which in turn leads to additional deformations of flange joint elements.

SMAXTAU[HMW2], SMAXTAU[Hm2]
4758

446.1
416.4
3866
356.9
3271
297 4
%77
2379
208.2
178.4
1487
19

89.22
59.48
29.74
0

Fig. 7. Results of the equivalent stress calculation for the flange joint Dn2130

SMAXTAU[HAMMZ], SMAKTAUHMMS]

F18.3
297 .1
2759
2848
2334
2122
191
16958
.11'18.5
1273
106.1
84.88
B3.66
42 44
21:22
1]

Fig 8. Results of the equivalent stress calculation for the flange joint DN2080
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Table 5. Stresses in elements of the half-period of the flange joint DN2130

Flanged joint (o), or Allowable (o), or Allowable (o)gyor Allowable
element (0),» MPa stress, MPa (0)3,, MPa stress, MPa (0)4y» MPa stress, MPa
Pin 172.02 181.50 195.32 235.95 372.41 308.55
Weld build-up 96.40 190.92 96.20 248.19 88.29 496.40
W‘zld Wi“ls)ker 216.81 244.41 470.47
W f;mh. - 124.00 161.20 372.00
eic WhLsKer 218.89 236.82 455.85
(point 2)
Table 6. Stresses in elements of the half-period of the flange joint DN2080
Flange joint (o), or Allowable (o), or Allowable (o)gyor Allowable
element (6) s MPa stress, MPa (0)3,, MPa stress, MPa (0)4y» MPa stress, MPa
Pin 98.27 193.10 280.24 251.03 339.16 328.27
Weld build-up 43.60 201.00 44.08 261.30 127.86 522.60
W‘Eliz?lls)ker 68.82 204.98 309.96
W fd ! o 126.80 164.84 380.40
eic whisker 67.71 211.32 205.23
(point 2)

It should be noted that the values of the stresses of pins of the flanged joints Dn2130 and Dn2080 in
the group of the stresses (c)s,, obtained by calculation, coincide with the values specified in document [7],
which indicates the correctness of the calculation models and calculations in general. The groups of the
stresses (6),,» and (o)4, were not considered in document [7].

Conclusions

The static strength of the ECHE under normal operating conditions is calculated. Strength calcula-
tions are performed with the setting of all boundary conditions that occur under these ECHE operating condi-
tions. The obtained results confirm the fulfillment of the strength conditions [6] of the main elements of the
ECHE. However, a detailed analysis of the strength of elements of the flange joints Dn2130 and Dn2080
shows that the allowable values of stresses in their pins and weld whiskers are exceeded. Given that the
ECHE belongs to the equipment of systems important for the safety of the reactor unit, and there is a failure
to meet the strength conditions of elements of the flange connections DN2130 and DN2080, it is advisable to
determine the conditions under which the safe operation of the ECHE is possible.
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AHaJIi3 CTATHYHOI MIlTHOCTI TeIVIO0OMiHHMKA aBapiifHOT0 PO3X0JI0IKYBAHHS
3 BUKOPUCTAHHSAM IPOEKTHOI'0 3HAYEHHS 3aTATY IINWILOK (uUIaHIeBHX 3’€AHAHb

T. B. Iluporos

AIT «/leprxaBHuiA HAYKOBO-IHKEHEPHHIA LIEHTP CUCTEM KOHTPOJIIO Ta aBapiiHOTO pearyBaHHs»
04213, m. KuiB, nip. ['epois Craninrpazny, 64/56

Ananiz npoekmmnozo pospaxynKy MIYHOCMI Meni0o0oMiHHUKA asapitinoeo posxonodacysanns 08.8111.335 Chb
(TOAP) 6usi6us HU3Ky 6iOXULEHb GI0 BUMO2 YUHHUX HOPMATMUBHUX OOKYMEHMIE YKpainu 6 amomuiil enepeemuyi, 30Kkpema,
00 HUX HAAEHCUMb 8IOCYMHICIb 8I00MOCMEN W00 PO3PAXYHKY CIAMUYHOL MiYyHOCMI elemenmie paanyesux 3’ cOHanb
Meni100OMIHHUKA A NepesUneH s 3HAUeHb OONYCIMUMUX HANPYXHCeHb Y WNUTbKAX. Y yill cmammi onucano mamemamuy-
HY MOOeib pO3paxyHKy mepmonanpyscenozo cmany TOAP, 3a 00nomo2ot AKoi 6UKOHAHO MOOeNO8AHH 1020 pobomu 8
YMOBAX HOPMANbHOI eKxcniyamayii. 3 6UKOPUCMAHHAM ONUCAHUX PIGHAHb MPUSUMIDHOI MeOopii NPYI’CHOCME GUKOHAHO Psio
KOMN T0OMEPHUX PO3PAXYHKIE Npoyecie 0eqhopmysanHs poseianymozo meniooominnuxa. Taxi po3paxynku nposedeti 3 me-
moro ananizy miynocmi TOAP ma tioeo enemenmis pranyesux 3’ €0HaHb, 30KpeMd, Ma GUKOHAHI 3 BUKOPUCTIAHHAM Memo-
0y ckinuennux enemenmis. Haseoeno pesynomamu pospaxyukie cmamuunoi miynocmi TOAP, eukonanux 3 GUKOpUcman-
HAM 302a7bHOI CKIHYEHHOENeMEHMHOT MOOei MenI00OMIHHUKA, WO BKIIOYAC YCI OCHOBHI 11020 elemenmu. JJo0amKkoso
PO3POOIEHO OKpeMi CKiHYeHHOoeleMeHmHI Modeli enemenmie aanyesux 3’eonans /n2130 ma [Jn2080 TOAP, na ocrosi
SAKUX BUKOHAHO PO3PAXYHKU iX cmamuynoi miynocmi. B pesynomami nposedenux po3paxyHKie MiyHOCMi OCHOBHUX elleme-
numie TOAP 3pobneno ucHo8OK, wjo Oiloui HANPYICEHHS 34 PO3STAHYIMUMU SPYNAMU KAme2opill HABeOeHUX HANPYICEHb 6
PO3PAXYHKOBUX 30HAX KOHCIMPYKYIT MeniooOMIHHUKA He nepesunyioms 00NYCMUMUX 3HA4YeHb, 8i0N0BIOHO, YMOBU CIAMU-
ynoi MiyHocmi GUKOHYIOMbCA. Bpaxoeyrouu cumempiro pranyesux 3’cOnanb meniooOMiHHUKA, 075 iX PO3PAXYHKY HA
CIMAMUYHY MIYHICMb BUKOPUCTIOBYBANUCH CKIHUEHHOCNEMEHMHI MOOei Hanignepiody 00Ho2o 601moeozo 3uennenns. Oc-
HOBHUMU SPAHUYHUMU YMOBAMU OJisl BCIX PO3PAXYHKIE OYIUL: CUNA 3aMASHEHHS WNUILOK, MUCK MA meMnepamypa pooboyo-
20 cepedosuwja. Pospaxynox cmamuunoi miynocmi enemenmie gnanyesux 3’conans [Jn2130 ma [n2080, 3 suxopucman-
HAM NPOEKMHO20 3HAUEHHS CUNIU NONEPEOHbO2O 3AMACHEH S WINUTOK, NOKA3A6, WO YMOBU CIAMUYHOT MIYHOCMI He GUKO-
HYIOMbCA 015 PO3STAHYMUX SPYN KAMe20opiil HABeOeHUX HaANPYICEHb.

Kntouogi cnosa: menioobMiHHUK a8apitiHO20 PO3XON0OACYBAHHSL, NPOOOBHCEHHSI MEPMIHY eKCIyamayii, pO3paxyH-
KO8e 0OIPYHMYBAHHsL Oe3NeUHOI eKCRIyamayii, OYiHKA MEeXHIYHO20 CMAHY, MEPMOHANPYHCEHUL CMAH MenI00OMIHHUKA, Me-
MO0 CKIHYEHHUX e/leMeHMIs.
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