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ESTIMATION OF MCP-195M ELEMENTS STRESS-STRAIN
STATE AT THE INITIAL DYNAMICS OF SHAFT
JAMMING/MPA TRANSIENT PROCESS

B.B. ®@inonos, AP [Jyoux., KM. Jlyk auenxo. Ouinka HJC enementis I'IH-195M npu nouartkosiii nuHamini mepexiinoro
nponecy 3akanaioBanHsa Bamxy/MITIA. TIIH e BaxumBuM enemeHToM Juis Gesmeunoi ekciuryatanii AEC. B mporeci oOrpyHTyBaHHS
MOXKJIMBOCTI IIPOZIOBXKEHHSI pecypcy OONaJHaHHS BITYM3HSIHUX EHEProOJIOKiB OKpeMa yBara NpHIILIETHCS OWiHLI craHy kopmycy ['L[H.
Hacamnepen, ue moB’s3aHo 3 THM, IIO KOPIYC HAcOCy BUKOHYE (YHKILiIO Oap’epy Oe3leKkH, a TaKoX € BaXKO 3MIHHMM elleMeHTOM PVY.
Iinicuicte enementiB I'IIH orminioeTbest mus OaraTthboX INpeICTAaBHUIBKUX aBapiiHMX CIEHApIiiB, sIKI PO3PaxOBYIOTHCS 3a JIOIIOMOIOIO
cucTeMHHX Teruiorinpasniuanx koxais tuiry RELAP/KOPCAP. B kpamomy Bumajky, B TaknxX KOJaX HAacCOCHHH arperar Moxe OyTH
MPEICTABICHUH MOJECIUIIO IHEPUIHHOI JIaHKM NEepIIoro MOpSAKy, IO Ja€ MOXIIMBICTH iMmiTyBatu ioro BuOir. IIpore, Taki mozeni
MIPUHIUIIOBO HE MOXYTh BiTBOpIoBaTH moBeAiHKy I'T[H npu MuTTeBil 3MiHI KDYyTHOrO MOMEHTY, a TAaKOX IIPU yAapHiil 3MiHi aGCOMOTHOrO
tucky. Lle, dakTHuHO, MPU3BOAUTH O HEBU3HAYEHOCTI BiJHOCHO IOYATKOBOi IMHAMIKM ITIPH TaKUX IEPEXiJHUX MpoIecax, IO MOXe
BIUIMHYTH Ha SKICHI Ta KUIbKICHI XapaKTEepUCTHKH mpoueciB. MakTHYHO, Pe3yldbTaTH, SIKI OTPUMYIOTHCS 3a JOINOMOIOK HOJAIBHHX
TEIUIOTIIPABIIYHIX KOAIB € 0e3BiIHOCHMMHM, TOOTO, HE 3pO3yMUIO UM BOHM HEIOOLIHIOIOTH UM HEPEOLIHIOITh BaXIIMBI IS MOAAIBIIAX
MIIHICHUX PO3paxyHKiB TepMidHi mapamerpu. B poboti npencrasneno cipomeni CFD- ta CAE-moneni I'lIH-195M n1s anainisy nmo4aTkoBoi
JMHAMIKH IePeXiTHOTO NpOoLEeCy MPU HOro 3aKJIMHIOBAaHHI. ICHYye HEBU3HAYEHICTh CTOCOBHO a0COJIIOTHOTO 3HAYEHHS aMIUTITYId TUHAMIYHUX
HaBaHTa)XXeHb MY 3aKiuHIoBaHHI Bay I'I{H, Takox 3anumraeTbcst HE3pO3yMIINM, IO SIKOi TPYNH SBMIL CJIiJ| BIZIHOCHTH JaHUI TpoIec Ta
HACKIJIbKH BPaxyBaHHS HOTO € KPUTUYHUM IIPH TPOJIOBXKEHI pecypcy enemeHTiB Hacocy. Po3pobnena CFD-Mozens, sika BKIIOUae B cebe
00’em temoHocist Ta CAE-monens eneMeHTiB KoHCTpykuii I'LIH, 1m0 yTBOpIOIOTH OJHOHampaBiieHWil iHTepdeiic B3aemoaii pinivuHu Ta
koHcTpyknii. CFD-mozens Oyma BamioBaHa Ha IpeIMET IMOBTOPEHHS EKCIIEPUMEHTABHMX XapaKTepUCTHK Hacocy. Jlms aHamisy
nepexigHoro mporecy B npotouHii wactuHi I'ILIH Oyno BHKOpHCTaHO «METOZ CTHCIMBOI PiIMHH», KU IONEPENHBO ITepeBipeHni Ha
KOPEKTHICTh NPOTHO3YBAaHHS XapaKTEPUCTHK KIACUYHOTO riapoynapy. Pesynbpratu nopansioro ananizy H/IC enementi I'I[H cBiguath mpo
BiJICYTHICTh KPUTUYHHX HANpYKEHb 3 TOYKM 30pYy MIIHOCTI KOHCTpyKuii. OTpumani 3a nomomororo CFD, amruniTyan 3MiHH THCKY JUIsS
MOYaTKOBOI IMHAMIKM PO3TIIIHYTHX TporneciB (3ae6inpmoro MITA) MoxxyTs OyTH BUKOPHCTaHi B SKOCTI KOPUTYIOUNX (YHKIH 11 Mozeti
HACOCY B CHCTEMHHX TEIUIOTIIPABIIYHUX KOJAX.

Kouosi crosa: CFD-monemoBanus, I'L{H, poboue koseco, nepexinnuii npouec, ouinka minHocti, MITA, CAE-monens

V. Filonov, Y. Dubyk, K. Lukianenko. Estimation of MCP-195M elements stress-strain state at the initialdinamics of shaft jam-
ming/MPA transient process. MCP is an important element for NPPs safe operation. During the lifetime prolongation project for domestic
power units, special attention is paid to assessment of MCPs body state. First, this is because pump body serves as a safety barrier, and that it
is a hard-replaceable NPP element. The MCP elements integrity is estimated for many representative emergency transients, which are calcu-
lated using system thermal hydraulics codes (RELAP/CORSAR). In the best case, in such codes the pump unit can be represented by first
order inertial link model, which makes it possible to simulate its run-out. However, such models cannot fundamentally reproduce MCP dy-
namic during the instantaneous change in torque, as well as during shock changes in absolute pressure. This actually leads to uncertainties of
initial dynamics for such transients that can effect on their qualitative and quantitative characteristics. In fact, obtained by nodal thermal
hydraulic codes results are irrelevant, i.e. it is unclear whether they underestimate or overestimate thermal parameters important for future
strength calculations. This work presents simplified CFD-models and CAE-models of MCP-195M for analysis of transient process with
pump jamming initial dynamics. There is an uncertainty regarding the absolute value of dynamic loads amplitude when pump shaft is jam-
ming. It is also incomprehensible to which phenomena group we should refer this process, and is taking account of it phenomena due prolon-
gation of MCP elements service life is critical. Developed CFD-model includes coolant domain and CAE-model of MCP construction ele-
ments, which create a unidirectional fluid — solid interaction interface. CFD-model was validated for a correspondence with experimental
pump characteristics. For analysis of transient process in flow MCP part “compressible liquid method” was used. Initially, this method was
tested for correct prediction of classical water hammer characteristics. Stress assessment of MCP elements indicates that strength criterions
are satisfied. Pressure change amplitudes obtained using CFD for initial dynamics of considered processes (mostly BLOCA) could be used as
corrective functions for pump model in system thermal hydraulic codes.

Keywords: CFD-simulation, MCP, impeller, transient process, strength assessment, BLOCA, CAE-model

Introduction. System one-dimensional / pseudo-three-dimensional thermal-hydraulic codes of
RELAP/CORSAIR type are not capable to predict correctly the differential characteristics that deter-

DOI: 10.15276/0pu.3.59.2019.04

© 2019 The Authors. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ENERGETICS



26 . . . . ISSN 2076-2429 (print)
IMpani Opecpkoro nositexHigHOTO YHiBepeutety, 2019. Bum. 3(59) ISSN 2223-3814 (online)

mine structural integrity of equipment. The use of CFD, together with system codes, allows us to ob-
tain in-depth simplified and limited in width optimal computational models capable to predict funda-
mentally three-dimensional processes. Analysis of these processes is very important for the formation
of realistic boundary conditions (BC) and to further assessment the residual life of the NPP equipment.

In terms of impact on the reliability of the main elements of the circulation pump (MCP), one of
the most dangerous processes is the shaft jamming. In this case, the transient process of global restruc-
turing of the flow with the redistribution of energy evolves over several tens of milliseconds. After
jamming of the MCP, due to changes in the direction of the meridional component of absolute veloc-
ity, additional abrupt short-term dynamic loads on the working blades may occur. The flow part of the
MCP-195M is made to ensure the passage of the coolant, regardless of the orientation of the impeller,
provided the integrity of all elements. This ensures no hydraulic shock, and the main pressure rise is
caused by the transition of kinetic energy of the stream into the potential energy of the fluid. At the
edges of the working blades, hypothetically, there may be a flow disruption and the origin of the cavi-
tation process. The most dangerous, in terms of dynamic impact on the MCP elements, is the transient
process caused by the circulation loop rupture. In this case, called maximum project accident (MPA),
the dynamics of the process, is determined by time, several times greater than the dynamics of MCP
shaft jamming.

Analysis of recent publications and problem statement. Hypothetically, with the partial over-
lap of the cross-section of the flow portion of the blades or outlet pipe, incomplete hydraulic shock of
the maximum amplitude of 1 MPa can occur during MCP shaft jamming [1]. Phenomenology of the
MCP shaft jamming process or the MPA dynamics has not been practically studied. Therefore, it is
important to develop models based on three-dimensional calculated hydrodynamics, which will allow
to evaluate the dynamic response of the flowing part of the MCP and to formulate correct boundary
conditions for further strength analysis.

The purpose and objectives of the study. The purpose of the three-dimensional MCP-195M
CFD model is to determine the risk of pump elements being affected by the initial transient dynamics
due to a sharp drop in torque or absolute pressure.

Creating a calculation model. The main complexity of the development of the MCP-195M
CFD-model is caused by the geometric uncertainty of the pump impeller, which can lead to a mis-
match with the experimental head pressure.

The design model includes the pump impeller coolant space and outlet device, as well as the inlet
and outlet pipelines. The general view of the calculation model is shown in Fig. 1.
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Fig. 1. General view of the calculation model: components (a), boundary conditions (b)
To evaluate the characteristics of the initial dynamics for the MCP shaft jamming or breaking the

circulation loop using CFD analysis, a model of the flowing part of the MCP-195M was developed.
Assuming that during velocity field volume changed, as well as in the case of pressure surge, there are
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no cavitation processes, then the ability of the CFD codes to predict the dynamics of the transient for
the MCP depends on the quality of the direct / indirect water hammer modeling as well as rotating
flow modeling. Implementation of a direct water hammer in the MCP is possible only hypothetically.
However, this phenomenon is the most difficult in terms of CFD. Modeling the dynamic impact on the
wall requires consideration of the compressibility of the coolant, which is formulated on the basis of
the Tate equation (compressible fluid method) [2]. The application of this dependence on the example
of direct water hammer analysis is demonstrated in [3].

Spatial sampling of the calculation model is based on a hybrid approach. In the first stage, based
on the semi-empirical boundary layer theory [4] and the experience of modeling different blade ma-
chines [5], the parameters of the discrete analogue of the boundary layer were evaluated. In the second
stage, varying the spatial sampling density, variant calculations were performed to analyze the results
of mesh convergence [6]. The general view of the calculation grid and the graph of the convergence
results are shown in Fig. 2. The following characteristic values were selected for mesh convergence
analysis: coolant pressure, efficiency, average speed and static pressure at the outlet of the impeller.
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Fig. 2. General view of the calculation grid and the results of convergence analysis

As is known from the theory of blade machines [7], the pump head can be determined according
to the following relationship:

H="(p, —Bn)+l( (1)
g

pg

where P, P, — static pressure at the outlet and inlet respectively;

Ci G
2 _TJ’

C..., C, — absolute output and inlet speeds;

p — average coolant density;

g —acceleration of free fall.

The efficiency of the pump unit can be found by dependence (2) [5, 7].
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where M,. — torque relative to the axis of rotation of the impeller.

Variant calculations were performed for the nominal mode of the MCP operation. The coolant
flow rate was taken to be 4000 kg/s, at a temperature of 300 °C.

Subsequent calculations used mesh # 1 and mesh # 2 containing 1.8 and 4.1 million control vol-
umes, respectively. Mesh # 1 was used to calculate the pressure characteristics, mesh # 2, respectively,
for the analysis of dynamic response. The calculation of the head pressure characteristic of MCP-
195M in comparison with the tests [8], as well as the 4 quadrant dependence is shown in Fig. 3, a.
There is a rotational flow around the axis of the pressure head of the MCP, which is consistent with
the analysis [9].
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Fig. 3. Results of a series of steady-state calculations: results of verification of the pressure characteristic(a),
demonstration of a twisted current line in the output branch pipe (b)

The calculation points agree well with the test curve and maximum deviation not exceeding 5 %.
The operating point of the pump, at the reactor normal operation, is as follows: head — 92.7/92 m, effi-
ciency — 76.1/76.7 %, power — 4.88/4.91 MW. This suggests that transients associated with a change
in network characteristic (MPA) or, directly, with a change in torque (jamming of the MCP shaft), can
be adequately predicted by the model developed in the case of a single-phase environment.

Analysis of initial dynamics for the MCP-195M shaft jamming. For this type of modeling, it
is considered that the angular velocity changes abruptly from the nominal value to zero. In this case,
the dynamic impact was considered for two cases. In the first case, due to the inertia of the flow, the
mass flow rate of the coolant practically does not change within one period of the rotating pressure
wave. This approach is consistent with the mass boundary condition at the inlet and the “open bound-
ary” at the outlet. In the second case, the “open boundary” corresponds to the inlet and outlet, which
makes it possible to take into account the energy loss in both directions of the pipeline, which proba-
bly reduces the dynamic impact.

The analysis was divided into two stages:

— Modeling of the steady state operation of the MCP at the nominal parameters of the reactor unit
(NO) operation using the “compressible fluid” method.

— Simulation of a non-stationary flow process in the flowing part with a sharp change in the an-
gular velocity to zero.

The calculation was performed on mesh # 2 calculation grid (see Fig. 2). The stationary calcula-
tion was performed using the combined time step settings for the pseudo-stationary process character-
istic of ANSYS CFX. The global imbalance of calculations at each time step does not exceed 1 %.
Estimated time step is 0.0005 sec. within 0.0045 s.
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After MCP shaft jamming, the average static pressure in the flowing part of the pump is almost in-
stantaneously reduced due to the lack of flow energy gain from the working blades. In this case, on the in-
ner surface of the MCP housing along the wave front, there is a region of compression of the coolant and,
thus, an increase in static pressure due to the inhibition of the directional movement of the coolant, which
inertialy moves from the space between the blades. Therefore, the magnitude that characterizes the dy-
namic effect is the difference between the maximum and the average volume of pressure. For the first few
milliseconds, the processes with one and two “open boundaries™ are almost identical (Figs. 4, 5). After the
pressure wave from the pressure head reaches the inlet nozzle, the mass flow rate is no longer constant. In
the first case, the presence of a constant action of the head of the coolant at the inlet leads to the fact that
part of the wave energy is stored in the fluid space, which leads to damping oscillations. A characteristic
difference of damped oscillations with one “open boundary”, compared to two “open boundaries”, is the
presence of greater relaxation of oscillations in the second case (more than 95 % of the amplitude damping
in one period). Thus, in terms of initial impact, both approaches are equivalent. If we consider the devel-
opment of the process, the most plausible is the option with two “open borders”. In addition, in this case, in
the future there is an opportunity to take into account the support from the side of the MCP, which leads to
a more severe change in the flow of coolant through the flow part.
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Fig. 4. Dynamics of change of static and full pressure on the inner surface of the outlet device (I — “opening”
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Fig. 5. Dynamics of rotational pressure wave motion (relative value): “opening” boundary condition at the
outlet (a), “opening” BC'’s at the inlet and outlet (b)
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Analysis of the dynamic influence of the coolant at the instantaneous MCP shaft jamming indi-
cates the absence of water hammer. The main influence on the internal surface of the outlet of the
MCP is the rotating wave caused by the tuning flow. In the first few milliseconds, the average static
pressure of the coolant rapidly drops, which, during the development of the process, fluctuates around
the conditional zero (in the calculations, the conditional zero is 15.78 MPa). In this case, the value of
the maximum pressure practically does not change and moves clockwise until the wave reaches the
inlet. The failure of the mean pressure volume (at constant maximum) can be interpreted as an increase
in static pressure relative to the constant mean value. Then, the amplitude of the conditional incom-
plete water hammer is 0.7 MPa, and the similar value of the total pressure is 0.85 MPa.

In the subsequent strength analysis, we use the results obtained for the two-open-bound variant in
the form of a distributed absolute pressure value under the boundary conditions of the CAE models of
the MCP elements.

Analysis of initial dynamics at the maximum project accident (MPA). Thermal-hydraulic
analysis of the leakage of a coolant into the space of a containment shell at MPA has a number of un-
certainties [10, 11]:

— Quasi-static pressure in the output section of the coolant leak.

— Impact of steam plug.

— Effect of a two-phase medium on the propagation of a shock wave of pressure.

— Availability of working MCP and their effect on the flow restructuring, as well as the resistance
of the circuit to the propagation of the shock wave from the MCP input / output branch.

The developed CFD-model of MCP-195M gives an opportunity to evaluate the process character-
istics in a single-phase formulation and is the first approximation in the analysis of the response to the
rupture of the circulation circuit. Dynamics in shocks and sudden changes in shut-off pressure (taking
into account the current crisis) are in most cases adequately predicted in a one-dimensional approxi-
mation and, in many cases, the preferred approach. The rate of coolant leakage is a major factor in the
dynamic impact on the MCP. The limiting factor for the rate of coolant leakage, with the existing
pressure drop, is the local speed of sound in the environment. In the case of two-phase flow, the speed
of sound is substantially lower than in the liquid and, even, in the vapor phase. In a single-phase envi-
ronment, a flow crisis occurs at a much higher mass flow rate, which results in higher loads on the
supports and pump outlet. Evaluation for a single-phase environment that eliminates the possibility of
cavitation is considered to be a more conservative option, although this statement is not conclusive and
possibly unfair to the impeller.

To form a boundary condition that corresponds to the rupture of the circulation loop, it is neces-
sary to determine the shut-off pressure. Because we analyze the short-term, the impact of the increase
in pressure in the feed is neglected. To estimate the pressure drop during the depressurization of the
hot water circuit, an additional calculation procedure was created that takes into account the additional
saturation pressure. However, from a thermophysical point of view, the saturation pressure is consid-
ered quasi-stable. The nucleation effect is evaluated by an additional procedure. The phenomenologi-
cal and mathematical foundations of this effect have been implemented in accordance with the ex-
perimental and theoretical generalizations described in [12, 13]. The use of additional shut-off pressure
estimation is necessary in the case of a detailed shock wave analysis over several periods.

In [3] the problem of propagation of the decompression wave upon breaking of the cold loop of
the main circulation pipeline (MCP) in the WWER-1000 reactor under identical boundary conditions
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is considered. On the basis of the results obtained in [3], boundary conditions on the inlet branch in the
MCP were formulated (Fig. 6), which partially account for the development of decompression waves
through a reactor, which in the first approximation corresponds to their system interconnection. Thus,
two variants of boundary conditions are considered. In the first case, the “open boundary” on the inlet
nozzle with a shut-off pressure of 15.78 MPa is considered. In the second case, the shut-off pressure
obtained at the reactor outlet in the analysis of the maximum project accident (MPA) [3] is considered.
In both cases, “open boundary” condition is used with a decompression shut-off pressure (Fig. 5). The
initial pressure point (20000 m’; 92 m) was selected as the initial condition. The time step of the calcu-
lation was 0.001 sec., which gradually increased to 0.0025 sec. All other parameters are similar to the
calculations of the MCP shaft jamming.
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Fig. 6. Boundary conditions at the inlet and outlet ports of the MCP,; decompression (a), at the inlet with
allowance for the reactor (b)

The reactive force acting on the MCP was estimated according to the Mescherskii dependence in
which the displacement of the pump goes to zero. Then, the reactive force is reduced to a simple ratio:

Loor r
Ly LY e 3)
dt dt

where F’ — reactive power;

G — mass flow rate of coolant;

W — the velocity of the coolant in the output section.

The results of a simplified analysis of the transient process in the breakdown of the MCP indicate
that, from the hydrodynamic point of view (notwithstanding the initial amplitude of 5...6 MPa), there
is no critical force on the MCP outlet, as well as on the hydraulic shock absorbers. Probably the great-
est danger this process poses to the pump impeller. The results of the calculations for the two variants
of the boundary conditions are shown in Fig. 7.
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Fig. 7. Calculation results: change of mass flow rate and velocity of the coolant in the output section of the
pressure head of the MCP (a), change of the reactive force in time (b), change of the absolute pressure averaged
over the surface of the discharge device of MCP (c), (p — boundary conditions taking into account the reactor)

For each of the two variants of the BC formation, the initial change in absolute pressure and ve-
locity field is qualitatively identical (Fig. 8).
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Fig. 8. Initial dynamics of change in absolute pressure and velocity at rupture
of the cold circulating loop of the MCP

Subsequently, on the basis of the obtained results, spatially dependent boundary conditions for
CAE-models of the MCP elements were formed to estimate the stress-strain state.

Estimation of strength of MCP elements under dynamic influences. From the structural integ-
rity point of view, MPA and shaft jamming, they are the most dynamic accidents, which are insuffi-
ciently evaluated using system codes, in particular RELAP. During these accidents, the following ele-
ments are most affected by the dynamic loads: the MCP housing, the supporting elements (including
hydro shock absorbers), the blades and the shaft. If the body and support elements have evaluation
criteria and strength requirements [14], the situation with the shaft and blades is somewhat uncertain.
Firstly, there are no regulatory documents for assessing these dynamic phenomena from the strength
point of view and secondly, should the strength conditions be fulfilled for them at all? Their fail will
not lead to breaches of safety barriers. It is also quite clear that after the MPA the reactor should not be
operated. In addition, after stopping, the MCP internal units can be inspected and replaced. On the
other hand, failure of the blades, for example, can cause active zone damage by foreign object, which
is undesirable in any case. Therefore, in order to ensure reliable operation of the power unit, during the
over-design period the fulfillment of the conditions of durability of the MCP housing and supporting
elements is a mandatory requirement, and for blades and shaft is an additional requirement.

Pump housing is massive injection molding piece that is designed with a large margin of safety.
Under normal conditions of operation (NO) and in case of violation of normal operation (VNO), the
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stresses in the housing do not exceed 110 MPa for a group of stress categories (o), that take into ac-

count mechanical loads. According to preliminary estimates, the additional stresses from the decom-
pression wave are negligible, and given that in accident situations the permissible stresses [14] are 1.4
times greater than normal operating conditions, the strength conditions are fulfilled with margin.

In the horizontal direction, the MCP housing is supported by three shock absorbers (GA), which
are at an angle of 120° and which have to take the dynamic and seismic loading. Generally, GA P-170
is used at domestic NPPs, which can handle up to 170 tonnes or 1,667 MN. Conservatively, we will
assume that only two hydraulic shock absorbers will take the reactive force, then each of them will be

loaded by:
1
F=F/. =F y ~0.577F . 4
A cos30° A \/g “)

Using shown in Fig. 6 b reactive force and calculating the load on GA per (4), we obtain the val-
ue of 0.4 MN, which is much less than the permissible load on GA. Even when considering load com-
binations NO + SSE + PA, where SSE is the safety shutdown earthquake and PA is a project accident,
the effort on one GA will not exceed 0.9 MN.

Consider the strength of the wheel and shaft. Fig. 7 shows a sketch of their connection, the torque
is transmitted from the shaft to the impeller through a sleeve with involute slots (m = 5, z = 32), the
wheel is connected to the sleeve by three pressed pins ¥24.5. The necessary dimensions for calcula-
tion are shown in Fig. 9.
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Fig. 9. Sketch of connecting a shaft to an impeller

To estimate the stresses in the impeller and the rotor, a finite-element model was created and pre-
viously obtained pressure for the MCP shaft jamming and MPA was used as a boundary condition.
The results of the calculation are shown in Fig. 10. It can be seen that the impeller stresses are insig-
nificant, with maximum local peak value of 337 MPa. Their use in cyclic strength estimation is inap-
propriate since, after these emergencies, the MCP internals will be inspected and repaired if necessary.
The calculation of brittle strength is also unnecessary, since the impeller is made of austenitic steel.
The only one possible mechanism of failure is the loss of bearing capacity when plastic hinges appear,
i.e. viscous fracture. Because the stresses are highly local in nature and rapidly attenuate through the
thickness of the blade wall, they are not dangerous and cannot cause impeller damage.
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Fig. 10. Equivalent von Mises stresses in the MCP blades, MPa: jamming of the MCP (a), MPA (b)

The evaluation of the MCP’s rotor strength should be performed taking into account both the
tangent and the bending stresses. But, given that it is designed with a large margin of safety, more in
the condition of rigidity than durability, the weaker link is the slot sleeve, which, moreover, is made of
worse steel. In this case, the performance of the slotted connection should be evaluated in the absence
of contact surfaces being bent:

e = <[o], =220 MPa, (5)

- F-r
where ¢ =0.75 — coefficient that takes into account the uneven load distribution between the slots;

F =0.02 m’® — the area of the lateral surface of the slots;

r =86 mm — the internal radius of the sleeve with slots.

According to the impeller calculation, the maximum dynamic torque during an MPA is 1204800
Nm, and at jamming 42639 Nm, which causes stresses level around 90 MPa and 970 MPa, respec-
tively, i.e. the strength conditions (5) are met only for the MCP jamming.

With MPA, we have a considerable load thus the slot will fail not the impeller. The absence of
criteria when calculating the MPA for the MCP internals, as well as the fact that after the MPA the
equipment of the reactor installation will not be operated (in any case after the emergency the equip-
ment will be fully inspected), makes it possible to extend the lifetime of all the MCP equipment.

Conclusions. Analyzing the initial dynamics and predicting the field of distributed parameters
using system codes is practically impossible for the phenomena associated with the MCP shaft jam-
ming or with the MPA.

To form the distributed values of the boundary conditions for the calculations on the strength of
the MCP elements, a CFD model of the flow part of the pump was developed, which, within 5 % de-
viation from the field measurements, makes it possible to predict the head pressure. In the case of a
single-phase medium in the absence of local cavitation, the calculated CFD model of the flowing part
of the MCP-195M enables to predict in the first approximation the initial dynamics of transients asso-
ciated with a change in torque (shaft jamming) or with a change in loop resistance (MPA).

MCP jamming was modeled on the assumption of an abrupt torque change with two different
variants of boundary conditions that take into account / do not take into account the change in the mass
flow rate of the suction pipe. The dynamics of change in absolute pressure and velocity field at MPA
(breaking the “cold thread”), were also predicted for two different variants of boundary conditions,
among which the influence of the reactor is taken into account based on the results obtained in [3].

In both cases, the initial dynamics of the transition process is not qualitatively different for differ-
ent variants of boundary conditions, respectively. To account for the compressibility of the coolant, a
“compressible fluid method” is used, which is based on the Tate's equation. The estimation of the reac-
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tive force from the side of the pressure head of the MCP was estimated in the assumption of zero dis-
placement of the pump housing in a zero-dimensional approximation.

It is shown that when the shaft is jammed there are conditions of incomplete water hammer, the
through passage of the MCP is not overlapped, so the use of formulas of the complete water hammer
is too conservative and leads to overestimation of stresses, both in the body elements of the MCP and
in the MCP internals.

Strength calculations of the most loaded elements of the MCP were carried out: the housing,
shock absorbers, impeller, rotor. In terms of dynamic stresses, the most dangerous is the maximum
design accident. The results of the calculations indicate that structural integrity conditions are fulfilled,
apart from the maximum design accident for the impeller connecting elements. At the same time, it
should be noted that there are no calculation criteria for dynamic loads of the rotor and the impeller.
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