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EXPERIMENTAL FACILITY FOR DETERMINATION OF
CAVITATIONAL PROCESSES IN THE NPP PIPELINES

B.A. T'epnuea, B.B. 3anopoowcan, FO.B. @Qunonuu, M.A. Ianuenxo, A.Il. ILlonyovko. IIpoeKT eKCHepUMEHTAIBLHOIO CTeHAy MJIs
JocaiKeHHs KaBiTauiiiHux mnpoueciB B TpydonpoBonax AEC. JocBin excrutyaranii TEIUIOBUX I aTOMHHX CTaHIIM MOKa3aB, 10 OJHIEIO 3
OCHOBHUX IPHYHUH IIOSABH TPIIIHH B TPyOOIPOBOJAX 1 €IeMEHTaX TEINIOMEXaHIqHOro o0IafHaHHA € BiOpamii. CrpalioBaHHS BiTHOCHO BEIHKUX
TepenajiB THCKy Ha MICLEBHMX ONOpax, IO HPEICTABISAIOTh COOOK PEryIIIOrodi OpraHH i JPOCENbHI IIAifOM, MOXYTh CYIPOBOIXKYBATHCS
HECTAI[IOHAPHUMU TIPOLIECAMH, TOB'I3aHUMHU 3 IMYJBCAL[IMM CTATUYHOTO 1 MOBHOIO THCKY. Y pOOOTI NMPOBOJMBCS aHali3 MDKHAPOJHOTO i
BITYM3HSIHOTO JOCBINY 3 AOCHIIKEHb KaBITAI[IWHUX MPOLECIB, MPUPOAY IX YTBOPEHHS, a TAKOXX METOAM PEECTpALlii. Y JIOMOBii MpencTaBIeHo
HPOEKT KOHCTPYKILi €KCIePMMEHTaIbHOIO CTEHJy JUIi JOCHIDKEHHs KaBiTauiiHMX mnpoueciB B TpyoomnpoBozax AEC Ta omyc ocHOBHHX
KOHCTPYKTHBHHX OCOOJIMBOCTEH KOMIIOHEHTIB ycTaHOBKH. CTeH/T pOo3p00JIEHO 3 METOK BUBYEHHS MPOLECIB, SIKI MPU3BOISATH 10 MOSBH BiOpartiit
B TpybonpoBogax AEC Ha MicLisiX BCTaHOBJICHHS IPOCEIBHUX IIai0, Ta MpeCTaBisie COOOK 3aMKHYTHH HUPKYJISALIHHUNA KOHTYpP 3allOBHEHUI
Bozot0. CIIijT 3ayBaXkUTH, 1110 0OpaHa KOMIIOHOBKA O0JIaIHAHHS B CTEH/Ii TO3BOJISIE 3MIHIOBATH BiJICTaHb MK JIPOCETFHAMH IIaiibaMu, a TaKOXK 1X
KinbKicT. J{is 3a0e3rnedeHHs] B €KCIEPUMEHTAIbHIA YCTAHOBIII BHHUKHEHHS MPOIIECY PO3BMHEHOI KaBitamil 3a3maneriap Oyna po3zpoOieHa
MaTeMaTUYHa MOJICNb CTEHITY, Ka JI03BOJIMIA 00paTh HeoOXiaHe 00saJHAHHS 32 PO3PaXyHKOBUMH XapakTepuctukamu. [lonepenHiit netansuuii
aHaJli3 HECTAI[IOHAPHKX i CTAIlIOHAPHMX TIPOIIECIB, SIKi BHHUKAIOTh Ha JPOCENBHUX IIaifbax, MPOBOJMBCS 3a JOMOMOTOKO IIPOTrPaMHOTO MAKETy
ANSYS. B skocTi iHCTpyMeHTa 111 MOJICIIOBaHHS KaBiTalil BUKOpHCTOBYBaBcsi Monyib CFX, B sikoMy peanizoBaHa Mojenb KasiTallii Penes-
IInecera. Ilpu 1boMy, A1 MEPIIOTO €TaIy Po3paxyHKy Oyna oOpana mozenb TypOyientHocti SST, a must apyroro LES WALE. Pesynbratu
eKCTIEPHMEHTaIBHHX JIOCIIiJDKEHb, PO3POOICHOr0 CTEHA, MAIOTh J03BOIMTHPO3POOUTH 3aX0/M MO0 3HIKEHHS PiBHS BiOpaIliil y BiIMOBIIHIX
enemenTax obnanHanas AEC, a TakoX IPOBECTH BaJliJAIliF0 PO3PAaXyHKOBUX KOMI'FOTEPHHX IIPOrpaM 3 aHAII3y CTAl[lOHAPHUX 1 HECTALlIOHAPHHUX
npoueciB Tedii JBoda3zHUX MOTOKIB B TPYOONPOBOAAX 3 MIaHOOBUMH By3JIaMH.
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V. Gerliga, V. Zaporozhan, Y. Fylonych, M. Panchenko, A. Sholudko. Experimental facility for determination of cavitational pro-
cesses in the NPP pipelines. The obtained experience during operating thermal and nuclear power plants has shown that the vibrations are
one of the main causes of the cracks occurrence in the pipelines and elements of thermal-mechanical equipment. The large pressure drops
that are accompanied by the appearance of non-stationary processes can occur at the places of throttles and valves installation. These pro-
cesses are associated with the static and the total pressure pulsations in the system. The paper analyzes the international and domestic experi-
ence in the cavitation processes research, the nature of their formation, as well as methods of the registration. The report presents the design
of the experimental facility that was developed for the studying of the cavitation processes in the NPP pipelines. Moreover, the paper was
augmented by the description of the main design features of the installation components. The experimental stand is designed to study the
processes that lead to the appearance of vibrations in the NPP pipelines at the places of the throttle installation. The installation is a closed
circulation loop that filled by water. It should be noted that the selected arrangement of the main stand’s equipment allows changing the
distance between the throttles, as well as their quantity. In order to ensure the occurring of the continuous cavitation process in the experi-
mental facility, the mathematical model of the experimental stand was developed in advance. The results of the performed simulations have
made it possible to select the necessary equipment according to the design's characteristics. The previous detailed analysis of non-stationary
and stationary processes occurring at the locations of throttles was carried out using the ANSY'S software package. The CFX module was
used as the tool for cavitation’s simulation. For this purpose, Rayleigh-Pleset cavitation model was implemented. At the same time, for the
first stage of the cavitation’s calculation, the SST model of the turbulence was chosen, and for the second stage - LES WALE. The experi-
mental results will allow us to develop methods to reduce the level of vibrations in the relevant NPP equipment elements and to validate
high-performance computational fluid dynamics programs for the stationary and non-stationary processes’ analysis of two-phase flows in the
pipelines with throttle nozzles.

Keywords: cavitation, throttle, nozzle, vibration, experimental facility, NPP, ANSYS, CFX

Introduction
Experience in the operation of thermal and nuclear power plants has shown that vibration is one
of the main causes of cracks in pipelines and elements of thermomechanical equipment.
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At the moment, there are problems of vibration damage of the pipelines of important systems for
safety at NPPs. They are caused by the generation of dangerous excitatory forces and the presence of
destructive dynamic influence of the throttled flow in the pipelines and internal elements of the rein-
forcement of these systems [1]. In particular, such processes are most common in throttle due to the
occurrence of cavitation effects.

A thorough study of the processes with cavitation throttles will allow to determine the mecha-
nism and conditions of cavitation, as well as to develop ways to reduce the intensity or generally elim-
inate vibrations in different systems of units.

In order to study these issues, a design of an experimental stand was developed, which will ex-
plore different approaches to minimize vibration of equipment at the locations of throttles. On the ba-
sis of the obtained experimental results, validation of CFD programs will be carried out, which will
further allow to investigate the main modes of operation of the NPP throttles and, if negative cavita-
tion effects occur, take appropriate measures.

Analysis of literary data

The current computational and experimental studies are mainly focused either on the develop-
ment and optimization [2] of mathematical and physical models, or on the prediction of cavitation ero-
sion [3].

It is known that cavitation occurs in a liquid, in places where the pressure is locally reduced to
“excessively” low values, which leads to boiling. Formed during cavitation “embryos” may contain
both gas and vapor. Further movement of the bubbles in the region with increased pressure is accom-
panied by condensation of water vapor. Unlike vapors, the gas mixture takes some time to re-dissolve.
It is known that the amount of gas that can be dissolved in water is described by Henry's law, and the
rate of dissolution by Fick's law. It is obvious that in practical experiments it will be impossible to dis-
tinguish between steam and gas cavitation [4], so both types should be considered as one cavitation
“cloud” [5].

Cavitation processes have a complex structure and behavior. The results of experimental studies
by Kubota et al. showed that the cavitation “cloud” is a vortex and consists of gas bubbles (diameter
~10™° m). This structure is periodic and is accompanied by constant pressure fluctuations. In the works
of Reisman and Brenn [6], the generated impulses were divided by intensity into local and global.

Pirsol's work shows that small cavitation bubbles generate noise with frequencies up to 3 MHz,
whereas Sou [7] found that large bubbles can generate noise up to 10 kHz. The level of cavitation
noise increases from the beginning of the formation of the cavitation “cloud” to the moment when the
cavitation becomes fully developed (can reach 90 dB), and then decreases.

To date, there are a number of methods for detecting the presence of cavitation, namely:

— determination of changes in pressure, flow rate, noise and oxygen content in the liquid [8];

— vibration measurement — the presence of cavitation in the system causes vibrations with fre-
guencies of about 103 Hz [7];

—take photos using a high-speed recorder. The made images in the device are processed using
special mathematical algorithms and the distribution of gas and liquid in the stream is analyzed;

- PIV (VelocimetrylmageParticlelmage) is an optical flow visualization method. Used to deter-
mine the instantaneous velocity distribution in a stream;

— measurement of fluid luminescence, bubble spectrometry, topography and others [9].

Using a simplified Rayleigh-Plesset model [10, 11], it is possible to obtain agreement of the re-
sults of numerical simulation with the experimental data at a deviation of 5...15 % [12].

The purpose of the work is to identify ways to increase the resource of equipment by identifying
“critical” sites with advanced cavitation. To achieve this it is necessary to study experimentally the
mechanism of cavitation process on the nodes of the throttle. According to the purpose, an experi-
mental stand was developed, which allows not only to study the processes of cavitation, but also to
develop and experimentally measures to eliminate these negative effects.

Stand description

The stand is a closed circuit (Fig. 1), all the pipelines in it are made of stainless steel.
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Fig. 1. Stand diagram for the study of processes in pipelines with cavity throttle nozzles

Water in the tank BK1 is heated by an electric heater TEN (2.5 kW) and pumped through the
Dy50 pipeline by means of the pump H1 (CNSK-25-200, P=21...26 kg/cm?, Q=1 l/c, AP=20 kg/cm?).
Two intake valves 31 and 32 (HBV-140M) are installed on the suction and discharge lines of the dis-
charge device, respectively. After the pump, the medium moves through the Dy32 pipeline with a
length of 400 mm. To achieve the required speed, there is an increase in the throughput diameter of the
pipeline to Dy40, by means of a diffuser welded to the Dy32 pipeline. Further along the water is an
ultrasonic flowmeter G1 (TUF2000B, Q=1...7 l/c), which is located outside the pipe. To regulate the
flow in the pipeline installed control valves P1 and P2 (15c22nj) before and after the throttle unit. The
pressure and temperature in front of the control unit are measured using a pressure gauge MN1 (MO
11202) and a thermometer T1, respectively. When certain parameters are reached at the throttle node,
cavitation effects occur (in the process of fluid flow through DSh1 and DSh2). Pressure drop on DShl
and DSh2 is measured with the help of DME1 and DME2 (PD100-DD 2.5-181-0.5) diffmanometers,
respectively. The vibration parameters are fixed on the curved section by means of the IT'1, Y10 dis-
placement sensor and the vibrometer. Up to 30 electrical PE1 sensors (PD100-DI 2.5-181-0.25) are
installed between the DSh1 and the knee to measure the cavitation arising from thermoacoustic oscilla-
tions. The test section consists of 4 different lengths of pipelines (L1=200 mm, L2=350 m, L3=450 mm,
L4=600 mm), which are fixed by means of flange connections. This arrangement will allow you to
change the distance of the DSh2 installation relative to the DSh1.

Filling of the contour with water is carried out through the water supply pipe, which is connected to
the sewer system. The level in the tank BK1 is fixed by means of a glass tube A3 (on the principle of
connected vessels). After raising the water to the required level, the valves Z4, Z5, Z9 are closed and the
valve is opened, which increases the pressure in the tank by creating an air cushion over the volume of
liquid (the pressure in the tank BK1 is measured using a pressure gauge , which should not exceed the
mark at 6 atm, and this pressure corresponds to a saturation temperature of ~150 °C). For emergency
relief of pressure in tank BK1 there is a safety valve 37, which is mounted on the pipe Dy10.

Scope of the stand

The triggering of relatively large pressure drops at local supports, which are regulators and throt-
tles, can be accompanied by non-stationary processes associated with static and full pressure ripples.
These processes have not been studied with the necessary completeness and can create dangerous ex-
citations of forces that lead to resonant oscillations of pipelines. Excitations can occur in areas of local
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flow separation at the DP due to the non-stationarity of the jet at the DP and due to the “cortical” na-
ture of the flow at the DU.

At the second unit of Zaporizhzhya NPP during testing of efficiency of pump TQ21DO01 the leak
was detected in the welding connection. The cause of cracks is the vibration that occurs during cavita-
tion processes. Also, during testing, the vibration of the sprinkler pump recirculation line was recorded
in the area of the DP diaphragm, which is a standard throttles. Accordingly, the pressure drop on the
throttle, when implemented during the modes of fluid flow, was the source of the formation of nega-
tive excitatory forces.

SUNPP also confirms the presence of vibration in pipelines related to safety systems.

According to the above is the need for experimental study of cavitation processes in pipelines with
throttle nozzles. In the future, the results of the experiments will allow the validation of heat-hydraulic CFD
programs using them to predict the occurrence of cavitation processes in other NPP systems.

Description of model ANSYS CFX

To study the occurrence of cavitation in the system, a preliminary detailed analysis of the non-
stationary and stationary processes occurring on the throttles using the ANSYS software package was
carried out.

ICEM CFD was selected as the grid generator. It was used
to build a structured grid, which consists entirely of hexagonal
elements, which in turn made it possible to shorten the estimated
time and reduce the CPU load. Presented in Fig. 2 calculation
grid has been adapted (“smoothed”) by flow. This method min-
imizes approximation errors during the calculation process.

The calculated CFD model includes the following assumptions:
. . . — the design model contains one plane of symmetry;

Fig. 2. Calcul_atlon grid for channel —no heat losses in the work area (q=0);
with throttle — isothermal flow (t=140 °C);
— steam and liquid have the same velocities.

It is important to note that the latter assumption is typical of a homogeneous medium with two-
phase flow mode.

ANSYS CFX was used as a cavitation simulation tool, which implemented the above-mentioned
Rayleigh-Pletset cavitation model. This model calculates the volumetric content of vapor and liquid in
the cell. Therefore, the model takes into account two important factors - the rate of bubble growth and
the statistical nature of the distribution of bubbles in the cavitation flow.

The rate of increase of the bubble is calculated by the simplified Rayleigh equation:

d_R_ Eph—p
dt 3 p '

where R — cavitation bubble radius; p, — pressure inside the bubble (saturated vapor pressure in the
model); p — local fluid pressure (absolute CFD pressure).

The modeling process was divided into two stages:

—finding the convergence of the solution with the excluded cavitation model under the conditions of
stationary flow. As a result, the initial distribution of parameters in the calculation zone was obtained,;

— initialization of the cavitation model (initial conditions, the so-called “first approximation”.

For the first stage, the SST turbulence model was selected [13]. Combining the best sides of both
the k-e and k-w models of turbulence and with high precision, the appearance of turbulent vortices be-
hind a throttle.

For the second stage of the calculation, a model was selected that allows to take into account
large eddies in the non-stationary formulation of the LES WALE problem. This model is not as costly
as the SST, however, requiring grinding of the mesh in the wall layers [14].

An absolute pressure equal to Pays inner=1 721 826.4 Pa, was selected as the input boundary condi-
tions. Output — mass flow rate was equal to Gouer=2.2 kg/s. This flow provides the necessary pressure
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drop, which is triggered on the throttle and, therefore, the emergence of advanced cavitation. As can
be seen from Fig. 3, with the pressure drop on the throttle, cavitation occurs, which is followed by fur-
ther separation of steam bubbles further down the stream. The accumulation of the vapor phase behind
the throttle is related, first of all, to the formation of low pressure at the section 0.13 m behind the
throttle, as well as to the occurrence of turbulent backflows behind the throttle.
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Fig. 3. Flow picture of cavitation in flow and graph of pressure distribution in axial direction of calculation zone

A mathematical model, previously developed for the experimental stand, showed the possibility
of developed cavitation and allowed to select the necessary equipment of the stand according to the
calculated parameters: pump, manometers, regulators, thermocouples, etc.

Conclusions

Existing empirical mathematical models allow us to determine the presence of cavitation in the
system, as well as its character with an error that can reach 15 %. In addition, these models do not ful-
ly reflect the distribution of the main characteristics, namely pressure, velocity, etc., on local equip-
ment. In addition, the results of the calculations of sequentially installed multiple throttles have certain
uncertainties related to the variation of local resistance coefficients depending on the distance between
the throttles and the change of local resistance coefficients when the axes of the holes in the throttles
are displaced.

For detailed modeling of cavitation processes on the real equipment of NPPs (safety systems), it
is first necessary to carry out the validation of thermal-hydraulic CFD programs through experiments,
i.e. to determine the correcting coefficients, to correctly select the initial conditions and to use such
mathematical models (initialize), in which the error of results will be minimal. In particular, in order to
reduce or prevent cavitation processes, it is necessary to study in detail the possibility of installing on
the pipeline two or more throttles, a throttle with a perforated cellular hole, additional resistance over
the throttle opening.

Accordingly, the validated models, based on the results obtained from the experimental stand,
will allow develop measures to reduce the level of vibration in the relevant elements of the NPP
equipment. In turn, the stand will test the developed measures and confirm their effectiveness, as the
design features of the stand include a wide range of possible combinations of elements and boundary
conditions for the study of cavitation processes.
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