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Abstract

The prevention of cavitation is one of the important problems in developing SFR
(Sodium-cooled Fast Reactor) in the future. However most of the cavitation researches in
the past were conducted using water to simulate sodium. This results in very limited data
for sodium cavitation that could become an obstacle for the development of SFR in the
future. In order to understand the characteristics of sodium cavitation for the prevention
of cavitation in the future, study on the noise characteristics and erosion induced by
sodium cavitation was conducted. The experiment to understand the characteristics of
sodium cavitation, i.e. onset condition and noise spectrum, were conducted at flowing
sodium with temperature of 200°-400°C and stagnant pressure range from 0.061-0.181
MPa-a using venturi channel. The results showed that the onset cavitation coefficient K
for the judgment of cavitation occurrence in sodium had the value of around unity due to
vaporous cavitation. The noise spectrum of sodium cavitation showed an increase at high
frequency region from 2 kHz up to 20 kHz due to rapid collapse of cavitation bubbles
(vaporous cavitation). For studying the erosion induced by sodium cavitation, the
experiment was conducted in flowing sodium at 200°C for 600 hours in venturi channel.
The erosion result induced by sodium cavitation showed that micro pits and micro cracks
were formed on the surface of venturi channel made of stainless steel 316 even for 600
hours. These were caused by the micro jets that hit the wall of the venturi channel due to
very rapid collapse of cavitation bubbles close to the wall.

Keywords: Sodium, Water, Cavitation, Onset, Noise, Erosion.
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1.1 Background

According to the International Energy Outlook 2011 report [1-1], the projection of
the energy consumption grows by 53 percent from 2008 to 2035. The total world energy
use rises from 505 quadrillion Btu in 2008 to 619 quadrillion Btu in 2020 and 770
quadrillion Btu in 2035. Much of the growth in energy consumption occurs in non-OECD
nations due to economic growth such as in China, India, Brazil and others Asian
countries. In connection with the increasing of energy demand, nuclear energy has played
an important role to fulfill the energy demand and to reduce the amount of carbon dioxide
produced from the burning of fossil fuels. However, one the issues in providing energy
for the sustainability of the development in the world from nuclear energy is the limited
amount of uranium resource that could hinder energy security. To address this problem,
Generation IV nuclear energy systems forum was established to improve nuclear reactors
performance in sustainability, economics and proliferation resistance [1-2]. One of the
Generation IV nuclear reactors being researched and developed in the world widely is the
Sodium-cooled Fast Reactor (SFR). SFR is a fast neutron spectrum reactor with liquid
sodium coolant. The goal of this reactor is to increase the uranium usage by breeding
plutonium by means of fast neutron spectrum in the core and reducing the amount of
transuranic isotopes of the spent fuels leaving reactor. Other advantage of SFR is the use
of liquid sodium as coolant, therefore eliminate the need to use high-pressure coolant
since sodium boils at around 883°C and reduce the risk of leakage. However, in order to
increase its competitiveness by reducing the cost to build it, the design of the future SFR
is made compact. The compact design of SFR creates some problems from the point of
fluid dynamic design. One of the problems encounter in the compact design of SFR is the

[11]
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occurrence of cavitation and its erosion effect on the material. Also with the design of
more compact reactor vessel and components of the future SFR, cavitation can easily
occur because of higher coolant velocity in coolant flow circuits such as in the fuel
assembly entrance nozzle in connecting tube, gap between support plate and fuel
assembly, upper and lower neutron shields and orifices between high pressure plenum
and low pressure plenum as shown in Fig. 1.1. Therefore, the study of cavitation and its
erosion effect for SFR is very important for the safety of the future SFR. Besides erosion,

cavitation can also cause material fatigue due to vibration, neutronics and hydrodynamics

s

|
| |~
| |
||

J n .

(a) (b) (c)

problems.

[ —e]

Fig. 1.1 Some possibilities of cavitation that can occur in () fuel assembly entrance
nozzle in connecting tube and gap between support plate; (b) orifices between high and

low pressure plenums; and (C) neutron shields.
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1.2 Review of Previous Studies

Some researchers in the past have extensively studied cavitation, especially in
uncompressible fluid such as water. Cavitation itself can be regarded as an ebullition
process that takes place if the bubble grows as liquid rapidly changes into vapor and
occurs when the pressure level goes below the vapor pressure of the liquid. Erosion
caused by cavitation in liquid sodium is one of the critical problems for the development
of future Sodium-Cooled Fast Reactor (SFR) [1-3]. Damage of structural material caused
by the collapse of cavitation bubbles in SFR may be expected in cases where the design
requires a more compact reactor vessel and components, leading to higher sodium flow
velocity. The cavitation might occur in local condition where the local pressure falls
below the vapor pressure of the fluid due to high flow velocity. The damage of the
structural material such as cracks or severe erosion leads to the failure of the reactor
component. If the damage occurs in primary coolant pipes, the leak of reactor coolant
from primary circuits could take place.

Cavitation starts when the small bubbles grow into larger ones and collapse. The
formation of small cavitation bubbles in flow components is an important phenomenon in
cavitation stages before the bubbles can grow into violent ones and damage or erode the
surface. This first stage in cavitation phenomena is known as the onset or inception of
cavitation. The onset cavitation condition can be judged from the change of the audible
sound noise. As the sound noise changes during the onset condition, the flow and fluid
properties (static pressure, vapor pressure, density and velocity) can be grouped into one
non-dimensional parameter known as cavitation coefficient or number K similar to that

used in water cavitation. This cavitation coefficient or number can be used to predict the

[13]
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occurrence of cavitation in the flow. Since theoretically when cavitation starts to occur
(onset condition) the value of cavitation coefficient is 1 (unity). Therefore any values
lower than 1 indicates the existence of cavitation in the flow. Meanwhile, many
researchers have conducted the study of the cavitation by acoustic noise measurement.
For instance, Sato in 1987 [1-4] studied the cavitation process by means of acoustic pulse
measurement by using long orifice in water. He stated that cavitation process could be
divided into some stages according to the measured acoustic pulse count rate with some
critical points that are closely related with the flow characteristics from incipient to
developed stages (change of cavitation coefficient). Sato and Kakutani [1-5] in his work
found a relation between cavitation inception and cavitation coefficient, and the
cavitation coefficient number is influenced by the air content in water. Coubiere [1-6]
carried out a work to determine the onset cavitation condition using orifice in sodium at
250°-545°C and water at 19-62°C and found that the onset cavitation coefficient in case
of orifice test section is around 2-3 and will change with the change of downstream
pressure and free argon gas content. He also found that the ratio of the noise intensity
increases rapidly in case of cavitation. Lin and Katz [1-7] in their experiment in water jet
cavitation stated that the inception of cavitation are affected by the jet velocity, dissolved
air content, nozzle geometry and size, boundary layer tripping and external excitation.
Hammitt [1-8 and 1-9], Hammitt, et a/ [1-10 to 1-12] and Ericson [1-13] conducted
extensive researches on the effect of air/gas content on cavitation inception number in
water and mercury. Hammitt, et al/ [1-10] stated that the effect of gas content
(entrainment) upon cavitation initiation number for liquid metal (mercury) in a 2 inch
venturi appears to be relatively small between the minimum attainable gas (around 0.2

[14]
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ppm) and around 2 ppm for argon, but becomes a factor of around 2 or more for gas
contents in the 3-4 ppm range. This has been demonstrated by the data to be the case for
mercury temperatures ranging from room temperature to about 400°F (around 204.44°C),
at a single velocity and in the steel venturi. Hammitt [1-8 and 1-9] and Hammitt, ez a/ [1-
11 and 1-12] also reviewed the effect of air content on the cavitation coefficient number
for initiation of cavitation in water. In general, an increase in air content causes an
increase in inception cavitation coefficient. Also the importance of air content upon
inception cavitation coefficient depends upon the type of cavitation, i.e. bubble, laminar
(steady cavity), vortex cavitation, etc., where the bubble cavitation being the most
sensitive. The type of cavitation found depends on geometry and other flow parameters.
Ericson [1-13] also found the same result with Hammitt [1-10] in case of mercury with
injected argon gas in stainless steel venturi where the trend of increasing cavitation
number can be seen if the argon gas content rises above 2%. Some works related to water
cavitation in venturi and orifice as reviewed by Hammitt [1-14] show that the onset or
inception cavitation number tends to increase with the increase of air or dissolved gas
content ranging from around 0.025 to 1.2 [1-15 to 1-19]. Duport [1-20] in his experiment
in water show that the onset cavitation numbers did not show large differences between
different orifice shapes. Hammitt and Erickson [1-21] also show that for venturi results
with different orifice throats from 1/8 to 3/4 inch in water the air content largely
influenced the onset cavitation number. Kamiyama and Yamasaki [1-22] show that their
analytical prediction of cavitation occurrence based on analogy with the choked flow has
good agreement with experimental results in organic liquids and Freon-12. They also

found that the occurrence of cavitation in sodium and water has similar tendency and can

[15]
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be predicted qualitatively based on critical flow analogy [1-23]. They tried to predict
cavitation in liquid hydrogen, oxygen, nitrogen, water and Freon-113 considering the
effect of vaporization, gas solubility, surface tension and electrical tension. They found
that in case of water the gas solubility has significant influence to increase the incipient
cavitation number [1-24]. Reviewed from the previous investigations of cavitation onset
conditions, most of the studies were conducted using water and mercury, and very little
data on sodium that has different properties with water and mercury. Also most of the
studies in sodium were analytical work rather than experimental. Therefore,
understanding the onset cavitation condition experimentally in sodium is very important
as a threshold for the prediction of cavitation occurrence in the flow.

Previous studies in the past have shown that cavitation can produce damages.
Therefore the early detection of cavitation in SFR is very important part in order to
ensure the safety of the flow components. This could prevent further damages caused by
cavitation such as erosion on the material surface. In regard with the occurrence of
cavitation in the fluid system besides its potential to create erosion, it is generally
accepted especially in the water system case that the onset of cavitation is associated with
the change of its acoustic noise as one of the characteristics of cavitation since the noise
is produced by the formation and collapse of cavitation bubbles. Therefore, the noise
emitted from cavitation bubbles can be used as a tool to detect the occurrence of
cavitation in the sodium similar to that used in water. The differentiation of cavitation
noise spectrum from the background noise can be used to judge whether cavitation
already occurred or not in the flow system. Bistafa in 1986 [1-25] measured the noise

generated by cavitation in orifice plates immersed in water and found an increase of
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about 20 dB between the background and cavitation noises. Frizell, et al in 1987 [1-26]
found that noise frequency from a bubble generated by a nozzle in water is associated
with the volume pulsation of the bubble. The sound produced is in the form of a damped
sinusoidal oscillation. Research on the noise produced by bubbles splitting in a turbulent
free shear flow in water showed that splitting can be a substantial noise producer with
sound level above single phase jet noise [1-27]. The study of the cavitation noise and its
correlation with the cavitation coefficient has been conducted by Zhuang, ef al in 1988
[1-28] on three different headforms in water. They found that for higher cavitation
coefficient the sound spectra were dominated by the background noise over low
frequency. In cavitation inception, the noise levels do not increase very much in the low
frequency range but increase drastically in the high frequency range. Sanjay, et a/ [1-29]
found that the multiple peaks of noise spectrum observed in single bubbles cavitation
around two axisymmetric headforms in water were resulted from several shock waves
emitted during the collapse process. Arakeri, et a/ [1-30] in their experiment in water
using axisymmetric body and seeding artificial nuclei in boundary layer stated that
cavitation noise is a complex process that is not only affected by the degree of cavitation
but also by the influence of the nuclei number density present in the fluid. Testud, et a/ in
2007 [1-31], investigated the effect of geometry on the cavitation noise. In their
experiment they stated that the acoustic noise in high degree of cavitation condition
shows no differences between single-hole and multi-hole orifices. From the previous
results in relation with cavitation noise reviewed above, most of the researches in
cavitation noise did not explain in detail the spectrum of the noise especially in the case
of sodium cavitation noise. Since in the complex flow systems, the different noise
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spectrums might have the same noise intensity or magnitude. Also, most of the results
were obtained in water as a model fluid that has different properties with sodium.
Therefore it is important to differentiate the noise spectrum between cavitation and no
cavitation conditions in sodium.

In case of cavitation damage, previous researchers have studied the damage of
liquid metal cavitation by using liquid sodium and tap water in vibratory apparatus at
temperatures range of 400°-1500°F (204.44°-815.56°C) in sodium and using various
materials [1-32 to 1-40]. As results, it has been known that cavitation causes damages on
the surface of the materials in the forms of coarse surfaces, pits and cracks and influenced
by the magnitude of bubble collapse, amplitude of the vibration, system pressure, fluid
and material properties. For the study of liquid metal erosion itself especially in liquid
sodium, cavitation tests were conducted mostly by using vibratory apparatus at non
flowing condition in sodium since it can be done at relatively low cost, the liquid metals
inventory can be easily operated and handled, and a large number of data can be obtained
for various combinations of liquid metals and test materials for relatively short duration
of time. However, cavitation tests using the vibratory apparatus lack the information of
the actual damage process in practical flowing condition, since most of the components
that suffer from cavitation are operated in the flowing systems. The formation and
collapse sites of cavitation bubbles in flowing systems are different from each other
compared to vibratory apparatus where the formation and collapse sites are
approximately the same. Also the growth and collapse process of the bubbles in flowing
condition might be difference since the shapes of the bubbles at flowing conditions are

influenced by the flow, hence influence the damage on the surface of material. Smith,
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DeVan and Grindell [1-41] conducted the cavitation damage study to centrifugal pump
impellers made from Inconel using sodium at temperatures of 1050°-1250°F (565.56°-
676.67°C) for 2575 hours of sodium pump operation. They found that the damages were
located mostly on the trailing side of the main vanes and approximately equidistant
between the main and the splitting vanes, indicating flow influence. Robinson and
Hammitt [1-42 and 1-43] found that pitting damages formed by cavitation in case of
water system are influenced by the flow of the water and the pits have either
approximately symmetrical or irregular shapes following the flow. Meanwhile, most of
the materials used for the flow components of SFR are stainless steel. The cladding tube
of the fuel is also made from stainless steel, i.e. 316 SS (316 Stainless Steel). However,
review from the previous publications found that most of the data for cavitation damage
of 316 SS in liquid sodium are obtained for short period of time and by using vibratory
apparatus at non flowing condition, while for longer time at flowing condition in sodium
pump using Inconel. Therefore it is necessary to know in more detail the damage on the
surface of the test section caused by cavitation in flowing liquid sodium that can match
closely with the real cavitation condition, i.e. in flowing condition. For that reason,
cavitation erosion experiment in sodium using venturi made from 316 SS was conducted,
because 316 SS is used in the fuel cladding of SFR where the possibility of cavitation

could occur and erode the surface due to high velocity.

1.3 Purpose of Study

The purpose of the study presented in this dissertation is:
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To investigate the detail of the onset or inception condition in sodium as a threshold
for the prediction of cavitation occurrence in the flowing system and prevention of
cavitation damages. The results are compared with the onset condition in water
cavitation case. The formation of small cavitation bubbles in flow components is an
important phenomenon in cavitation stages before the bubbles can grow into violent
ones and damage or erode the surface. This important first stage in cavitation
phenomena is known as the onset or inception of cavitation. Therefore, knowing the
onset condition is very important in order to prevent cavitation to grow even further.
Previous researches on sodium and water cavitation are not enough since there are no
direct comparisons between sodium and water cavitation using the same test section
geometry and fluid parameters (kinematic viscosity). Therefore, comparing between
the two results are difficult to be done using data from previous studies.

To investigate the detail of the cavitation noise spectrum in sodium as a method to
detect the occurrence of cavitation in the flowing system for the prevention of
cavitation damages. The results are compared with the cavitation noise spectrum in
water cavitation case. The differentiation of cavitation noise from the background
noise is very important because it can be used to judge whether cavitation already
occurred or not in the flow system. The early detection of cavitation from the noise
could prevent cavitation bubbles growing into developed cavitation condition that
could severely damage the material and creates undesirable problems. There are no
data from the previous researches that give details of the sodium cavitation noise
spectrum in flowing system. Therefore, it is very important to conduct cavitation

noise experiment.
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3) To investigate the detail of the erosion on the surface of the test section material made
from 316 SS caused by cavitation bubbles collapse in sodium flow for long time
period (600 hours). 316 SS is chosen because this material is used as cladding
material in SFR. The experiment was conducted to understand the erosion due to
cavitation in practical sodium flow system since there is very limited data concerning

sodium cavitation damage in flowing condition.

1.4 Outline of Dissertation

The outline of this dissertation consists of:

Chapter 1 Introduction

This chapter describes the background of the study, review of the previous research and
the purpose of the study. First the development of SFR and the issue related to cavitation
is explained briefly. Next, previous research related to cavitation is presented in detail.

Finally the purpose of the study is explained.

Chapter 2 Experimental Apparatus and Procedure for Sodium and Water
Cavitation

This chapter describes the experimental apparatuses and procedure for the study in
sodium and water cavitation. The detail of the apparatus, test sections and the sensors

used for the measurements are explained in detail as well as the experimental procedure.
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Chapter 3 Characteristics of Onset Condition in Sodium and Water Cavitation

This chapter explains the characteristics of the onset condition for sodium and water
cavitation conducted with the same venturi channel geometry for comparison. These
experiments were conducted to understand the onset or the beginning condition of the
cavitation occurrence in sodium and water that is very important for the prediction of
cavitation. Since cavitation can be prevented earlier if the onset condition can be
predicted in the flow. The experiments were conducted in sodium at 200-400°C and in
water at 56-90°C because of the same kinematic viscosity between sodium and water at
these temperatures. The results were presented in the form of noise intensity change and
the change of the non-dimensional parameter known as cavitation coefficient K that
relates the change of the static pressure with the change of the dynamic pressure derived

from Bernoulli’s equation.

Chapter 4 Characteristics of Noise Spectrum in Sodium and Water Cavitation

This chapter describes the results of the experiments to understand the characteristics of
the noise spectrum in sodium cavitation that is very important for the early detection of
cavitation. The results are compared with water cavitation case conducted for the same
test section geometry using venturi channel. The experiments were conducted in sodium
at 200-400°C and in water at 56-90°C because of the same kinematic viscosity between
sodium and water at these temperatures. The spectrum results were measured and
analyzed in detail for each cavitation condition in both sodium and water, i.e. no

cavitation, intermittent cavitation and developed cavitation.
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Chapter 5 Erosion in Sodium Cavitation

This chapter explains the result of erosion on the surface of stainless steel 316 in flowing
sodium cavitation using venturi for 600 hours at 200°C in developed cavitation condition
with cavitation coefficient K: 0.59-0.51. The erosion results in the form of micro pits and
micro cracks were observed in detail by using optical microscope and SEM on the
surface of the 316 SS. The pits distribution and diameter on the surface of the 316 SS

were counted and discussed in detail.

Chapter 6 Conclusions

This chapter summarizes all the conclusions from each chapter in the study.
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2.1 Introduction

Sodium cavitation is one of the important problems for the development of SFR in
the future. However most of the studies were conducted in water instead of sodium.
Therefore experimental study in sodium and water are necessary in order to understand
the clear differences between sodium and water cavitation. In this study, two kind of
different experiments were conducted. One in sodium and the other one in water. In
sodium, two experiments were conducted separately to observe the characteristics of
sodium cavitation (onset, acoustic noise and erosion). The sodium cavitation experiment
to observe the onset condition and acoustic noise were conducted at 200°, 300° and
400°C with stagnant pressure range of 0.061-0.181 MPa-a. Cavitation erosion experiment
in sodium were conducted at 200°C for 600 hours at developed cavitation condition (K:
0.59-0.51). While in water, water cavitation experiments were also conducted at two
different experiments. One experiment of water cavitation were conducted at 56°, 74° and
90°C at atmospheric pressure to observe the onset and acoustic noise spectrum of water
cavitation. The other experiment to observe the dynamics of water cavitation were
conducted at room temperature with the stagnant pressure of 0.062 MPa-a. The detail
description of experimental apparatus, test section, accuracy and experimental procedure

are explained below.

2.2 Sodium L oop Apparatus
The sodium cavitation experiment was conducted by using the sodium loop
apparatus. The schematic of the sodium loop facility at Sukegawa Electric Co., Ltd. is

shown in Fig. 2.1. This sodium loop can be operated up to 500°C at 0.2 Mpa-a and 40
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L/min. The sodium inventory of the loop is about 90 kg. The loop consists of the test
section with venturi part, electromagnetic pump (EMP), electromagnetic flow meter
(EMF), heater, cooler, cold trap and expansion tank. The test section is located about 3.6
m above the ground so that the static pressure could be lower in order to realize cavitation.
The heater controls sodium temperature in the loop during experiment. Argon gas is used
as a cover gas by injecting it inside the expansion tank. EMP is used to circulate liquid
sodium inside the loop. Liquid sodium flow rate is measured by using EMF and the cold
trap is used to purify liquid sodium from impurity. Liquid sodium is charged to the loop
facility at 120°C before experiment. The impurity is estimated to be 1 ppm (part per
million) at this condition and most of the impurities are oxides. The physical and

thermodynamic properties of sodium used for the experiments are listed in Table 2.1.

Fig. 2.1 Picture of sodium loop apparatus at Sukegawa Electric, Co., Ltd.
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Table 2.1 Physical and thermodynamic properties of sodium [2-1].

Melting point [°C]

98.0

Boiling point [°C]

883.0

Vapor pressure at 200°-400°C [kPa]

22x10°-52x 107

Liquid density at 200°-400°C [kg.m™]

903.0 - 857.7

Surface tension at 200°-400°C [N.m'l]

1.90x 107~ 1.69x 10

Viscosity at 200°-400°C [Pa.s]

452x10%-2.77x 10"

Calculated argon gas solubility at

equilibrium from 200°-400°C [ppm]

4.46x10°-2.83

Kinematic viscosity at 200°-400°C [m".s™']

501x107-3.23x 107

Sound velocity 200°-400°C [m.s™']

2462.2 —2366.2

2.2.1 Description of the Venturi Channel

Figure 2.2 shows a schematic of the test section for the present liquid sodium

[32]

cavitation experiment. The piping of the test section including the venturi is made from
316 SS (316 stainless steel) since this material is used as fuel cladding of SFR due to its
good compatibility with sodium. The test section consists of the venturi channel, the
wave-guide rod and the static pressure tap. Cavitation is realized in the venturi by
increasing liquid sodium flow velocity gradually using a voltage slider until cavitation
noise is heard. The inner diameter (ID), the outer diameter (OD) and the length of the
venturi are 6.5 mm, 21 mm and 20 mm, respectively as shown in Fig. 2.3. Occurrence of

cavitation is judged by an indirect method [2-2] using an accelerometer (Ono Sokki NP-
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2710) mounted at the end of the wave-guide rod. The wave-guide rod is used to direct the
acoustic noise signal to the accelerometer and acting as a heat resistance since the
temperature of the accelerometer must be maintained not to exceed the accelerometer
operating temperature range. The static pressure of the liquid sodium downstream of the
test section is measured by the diaphragm connected at the pressure tap and transmitted
along the silicon oil tube to the pressure transducer (Ashcroft GC-51, Fig. 2.4). This
silicon oil tube also acts as a heat resistance to keep the maximum allowable temperature
of the pressure gauge below 200°C. At the top of the test section, a gas injector made of
porous tungsten plug with porosity of 30% is mounted. The temperature is measured by

using thermocouple.

Expansion
Tank

Cooler

Coeldtrap

[
L]

»e >
r—}' L]
Heater Eleciromagnetic Flocromagnedi
flow meter Purra:[?-' e

P: Pressure transducer
A: Accelerometer
T: Thermocouple

Fig. 2.2 Schematic of sodium loop apparatus at Sukegawa Electric Co. Ltd.
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Fig. 2.3 Schematics of liquid sodium test section (length is in mm).
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Silicon oil tube

Pressure transducer Diaphragm flange

Fig. 2.4 Picture of pressure transducer connected to diaphragm flange.

l':m

Fig. 2.5 Picture of accelerometer (Ono Sokki NP-2710).

Fig. 2.6 Picture of charge amplifier (TEAC SA-630).
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Fig. 2.7 Picture of data acquisition device (Roga Instruments Plug.n.DAQ).

2.3 Water Loop Apparatus
2.3.1 High Pressure Water Loop Apparatus

Two experimental apparatuses were used for cavitation experiments using water,
i.e. high-pressure water loop and low-pressure water loop apparatuses. Both of the loops
are located at Research Laboratory for Nuclear Reactors (RLNR) of Tokyo Institute of
Technology as shown in Figs. 2.8 and 2.9. The high-pressure water loop apparatus can be
operated at high temperature since it is made from stainless steel. The loop consists of
water main pump, orifice flow meter, pre-heater, venturi channel, condenser, buffer tank
and cooler. In this experiment, tap water is supplied to the loop from the water supply
tank after being filtered. The circulation flow rate is controlled by the rotation speed of
the main pump, and the flow rate is measured by using the orifice flow meter. Pre-heater

is used to control the water temperature inside the loop.
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The venturi channel has the inner diameter (ID) of 6.5 mm and the outer diameter
(OD) of 21 mm. The dimensions of the venturi channel for the high-pressure water loop
apparatus are the same as that used for liquid sodium cavitation experiment described
above. The cavitation noise signal is measured by using accelerometer (TEAC 601)
mounted at the edge of the wave-guide rod connected to the venturi channel. A pressure
transducer (Toyoda Koki PMS-5; operating measurement is from 0 MPa up to 1 MPa) is
connected at the downstream of the venturi channel to measure the static pressure at
downstream. Figure 2.10 shows the calibration curve of the pressure transducer Toyoda
Koki. Table 2.2 shows the physical and thermodynamics properties of water used for the
experiments. The venturi channel for water cavitation experiment using high-pressure
water loop was made from stainless steel, and the schematic of the test section is shown

in Fig. 2.12.
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flow-meter
Main pump
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| pump
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Fig. 2.8 Schematic of the high-pressure water loop apparatus.
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Fig. 2.9 Schematic of the high-pressure water loop venturi test section (length is in mm).
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Fig. 2.10 Calibration curve of the pressure transducer.
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e

Fig. 2.11 Picture of accelerometer (TEAC-601).

Table 2.2 Physical and thermodynamics properties of water.

Melting point [°C] 0
Boiling point [°C] 100
Vapor pressure at 56°-90°C [kPa] 16.53 —70.18
Liquid density at 56°-90°C [kg/m"] 985.2-965.3
Surface tension at 56°-90°C [N.m™'] 6.7x 107 —6.1 x 10~
Viscosity at 56°-90°C [Pa.s] 496x10*-3.14x 10"
Calculated air (21% O3+79% N) solubility at

14.26 - 9.64
equilibrium from 56°-90°C [ppm]
Kinematic viscosity at 56°-90°C [m”.s™'] 5.00x 107 -323x 107
Sound velocity 56°-90°C [m.s™'] 1494.3 — 1509.8

2.3.2 Low Pressure Water Loop Apparatus

The low-pressure water loop apparatus operates at room temperature since it is
made from acrylic resin. The loop itself consists of four main parts, i.e. water pump, flow
meter, water tank and test section as shown in Fig. 2.12. The pump to circulate tap water

is a canned motor pump supplied by Teikoku Electric MFG. Co., Ltd. This pump is
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connected to an inverter to control the rotation speed of the pump. The flow meter is an
orifice type and used to measure the flow rate of water based on pressure difference
between the upstream and downstream of the flow. This flow meter is connected with a
differential pressure transducer whose output signal is proportional to the pressure
difference. At the top of the loop, there is water tank to contain water and circulate it
during experiment. The venturi channel is mounted below the tank. The venturi test
section has the same dimension as that used in sodium cavitation and high-pressure water
loop apparatus (OD: 21 mm, ID: 6.5 mm), except that it is made from acrylic. Cavitation
experiment in water loop uses tap water that is already filtered. The acoustic noise signal
from cavitation and downstream static pressure of the venturi are measured by using
accelerometer (TEAC 601) and pressure transducer (Toyoda Koki PMS-5; operating
measurement is from 0 MPa up to 1 MPa), respectively. The schematic figure of venturi
test section is shown in Fig. 2.13 below. To observe the dynamics of cavitation bubbles
in the venturi channel, a high-speed camera (Photron Fastcam-Net 1000) and stroboscope
light (Sugawara Lab. MS-300) are used. The characteristics of the high-speed camera and

stroboscope are explained in detail in the appendix.
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Fig. 2.12 Schematic of the low-pressure water loop apparatus.
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Fig. 2.13 Schematic of the low-pressure water loop venturi test section (léngth is in mm).
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Fig. 2.14 Picture of high-speed camera (TEAC-601).

Fig. 2.15 Picture of stroboscope (Sugawara MS-300).

2.3.3 Dissolved Oxygen M eter

Dissolved gas is any gas that is dissolved in the liquid. The measurement of the
dissolved oxygen (DO) in water was conducted by using a dissolved oxygen meter
(Horiba OM-51). The specification of the meter is presented in the appendix. The criteria
for judging the stability of the DO measurement is within +3 digit variance after 10

seconds, while for temperature is within £2°C variance after 10 seconds.
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Fig. 2.16 Picture of dissolved oxygen meter (Horiba OM-51).

2.4 Noise M easurement M ethod

The acoustic noise from the collapse of cavitation bubbles that hit the surface of
the test section will be transmitted to the accelerometer. The accelerometer is a shear type
accelerometer, which means that the accelerometer will generate charge when there is a
force applied in the shear directions. During cavitation, the formation and collapse of
cavitation bubbles will produce acoustic noise signals that hit the wall and create
vibrations. These vibrations on the wall are measured by the accelerometer creating
charge signals. These charge signals will be amplified by the charge amplifier (TEAC
SA-630). The output voltage of the charge amplifier will enter the data acquisition device
(Roga Instruments, Plug.n.DAQ) before being recorded by using PC (Visual Analyzer,
Silanumsoft.org) to analyze the acoustic noise intensity and spectrum. The schematic of
the noise measurement is shown in Fig. 2.17. The wave-guide rod is placed 30 mm from
the venturi channel exit because it is expected at around this part the cavitation bubbles
will be collapsed and produce acoustic sound noise that can be recorded. The changes of

the acoustic noise intensity and acoustic sound intensity level with the change of the
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distance are presented in Figs. 2.18 and 2.19. The value of the sound intensity increases

inversely squared with increasing distance from the sound source as stated by

N2
]

1. =1]-L

2 1[er

where I is the sound intensity [W/m?] and r [m] is distance from the sound source. The
sound intensity level (dB) is calculated by

SIL = 1010g10 [I]J

0

where I = 10> W/m®>= 0 dB is the standard reference sound intensity. Figure 2.19
shows that increasing the distance twice will reduce the sound intensity level of about 6
dB that is still in the range of the measurement equipment. The difference becomes
smaller and can be neglected if the sound travels in solid for instance in steel with the
sound speed of about 6100 m/s, because sound travels better in solid than in air that has
the value of about 343 m/s at 20°C and 1 atm. From the accuracy of each equipment used,
(accelerometer, charge amplifier, data acquisition, pressure transducer), the total accuracy

of this experiment is estimated to be around + 13.25%.

Acoustic pulse

»

!

Accelerometer
(0.31 pC/(m/s?)
+10%; 30 kHz)

Charge amplifier
(Nofilter; 0.3 —»! Dataacquisition —p
pC/(m/s?) +1%; (10 V max=*=2%)
10 V max)

PC; Spectrum
analysis
(0-20 kHz)

Fig. 2.17 Schematic of the noise measurement.
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Fig. 2.18 Relative change of the sound intensity with distance.
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Fig. 2.19 Relative change of the sound intensity level with distance.
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2.5 Experimental Procedure

2.5.1 Experimental Procedure of Sodium Cavitation

The experimental procedure for the sodium cavitation experiment to measure its

noise and onset conditions is explained as follows:

1)

2)

3)

4)

5)

6)

Before the cavitation noise measurement, hitting test of the test section using
hammer was conducted in no circulating condition to determine the resonance
frequency of the test section.

The sodium loop was circulated at a desired temperature at 200°C.

The circulation was stopped shortly by turning off the EMP, and then the argon
cover gas pressure in the expansion tank was controlled to 0.061 MPa-a and kept
it constant. The term of the stagnant pressure used later was defined by the argon
cover gas pressure in the expansion tank measured when the liquid sodium was
not circulated.

When all the experimental conditions were satisfied, the EMP was turned on
again to circulate the liquid sodium.

Sodium flow rate was increased gradually by increasing EMP voltage until
cavitation occurred in the test section and the data were acquired. Cavitation noise
was measured for 1 second with sampling frequency of 40,960 Hz. The frequency
spectrum of the noise was recorded in the frequency range of 0-20,480 Hz. After
all the necessary data were collected, the procedure was repeated again for higher
stagnant pressure condition up to 0.181 MPa-a.

Next, the procedure was repeated for higher sodium temperature of 300°C and

400°C, respectively.
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2.5.2. Experimental Procedure of Water Cavitation at High Temperature

For the water cavitation case at high temperature, the experiments were conducted

in water at temperatures of 56°, 74° and 90°C and atmospheric pressure using the high

pressure water loop apparatus. These temperatures were chosen because they had the

same kinematic viscosity with those of liquid sodium at 200°, 300° and 400°C. The

geometry of the venturi channel used for the experiment is the same between sodium and

water that is 6.5 mm ID and 21 mm OD. The detailed experimental procedure in water at

high temperature is explained as follows:

1)

2)

3)

4)

At the beginning, the concentration of the dissolved oxygen (DO) in the water
was measured first by using a dissolved oxygen meter (Horiba OM-51). The
measurement was conducted three times and the results were averaged.

Next, the water at the loop was circulated at low flow rate.

Using pre-heater, the temperature of the water was increased to a desired level of
experimental condition, i.e. 56°C and kept constant during experiment.

After that the flow rate of the main pump was increased gradually until cavitation
occurred at the test section that was indicated by its higher noise intensity. The
onset cavitation condition was determined by an increase of the noise intensity,
since the occurrence of cavitation created bubbles that collapsed and produced
sound noise. The data (noise, pressure, temperature and flow rate) were then
recorded on a PC to be analyzed later. All the experiments were conducted at
atmospheric condition of 0.101 MPa-a and using air as the cover gas in the water

loop.
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5) The experiment was repeated again for 74°C and 90°C. The experiments were
first conducted for higher DO concentration, i.e. normal DO concentration in tap
water without considering to reduce the DO concentration.

6) After the experiment at 56°, 74° and 90°C and higher DO concentration finished,
next the experiments were conducted at lower DO concentration, i.e. below the
normal DO concentration of tap water. Lower DO condition was achieved by
heating the water at the loop at 90°C and vacuuming several days until the DO
concentration decreased (about 1 week). The DO concentration was assumed not
to change during the experiment. In order to keep the DO concentration low, after
each experiment the loop was vacuumed to remove the remaining air.

7) The DO concentration after heating and vacuuming the loop was measured again

and the experimental procedure was repeated again from step 2 to step 5.

2.5.3. Experimental Procedure of Water Cavitation at Room Temperature
The experimental procedure for water cavitation experiment at room temperature
using the low-pressure water apparatus is explained as follows:

1) First, the concentration of the dissolved oxygen (DO) in the water was measured
by using a dissolved oxygen meter (Horiba OM-51). The measurement was
conducted three times and the results were averaged.

2) Second, the loop pressure was reduced by using a vacuum pump to 0.062 MPa-a
so that cavitation can easily occurred inside the venturi channel.

3) Third, the flow rate of the main pump was increased gradually until cavitation

bubbles formed at the venturi test section made from acrylic resin.
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4) Next, stroboscope lamp (Sugawara Lab. MS-300) and high speed camera
(Photron Fastcam-Net 1000) was used to obtain the dynamics of the bubbles
during cavitation conditions from onset to develop. The stroboscope flashing
frequency was operated at 500 Hz with flashing duration of 2.4 ps and flash
energy of 5 W. The high speed camera was operated at 500 fps (frame per second).
This will give an image with the size of 512 x 240 pixels and recording time of
2.1 seconds. Because the minimum shutter speed of the high speed camera is
about 4 times larger than the duration of the stroboscope flashing, therefore it has
no effect on the recording process as shown in the Fig. 2.20. The picture data

were then stored into a computer to be analyzed.

Fig. 2.20 Schematic of the high speed camera recording.
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2.5.4 Experimental Procedure of Cavitation Erosion in Sodium

The detailed experimental procedures for sodium cavitation erosion experiment

are explained as follows:

1)

2)

3)

4)

Sodium was circulated in the sodium flow loop with a desired temperature of
200°C.

The circulation was stopped shortly by turning off the EMP (Electromagnetic
Pump). Then, the cover gas pressure in the expansion tank was controlled to the
desired experimental condition by controlling argon gas in the expansion tank to
105-110 kPa (stagnant pressure). The stagnant pressure was defined by the
measured argon gas pressure in the expansion tank when the sodium was not
circulated.

The EMP was turned on again to circulate the sodium.

The EMP voltage was increased gradually to increase the flow rate to 27-28
L/min until cavitation became developed in the test section, which was indicated
by its distinct and high noise sounds. A developed cavitation condition was set up,
where the cavitation coefficient K defined by Eq. (3-1) had the value of 0.59-0.51.

P
g(Vlz - Voz)

where Py is static pressure measured at the downstream of the venturi channel with the

measured value of 0.042-0.052 MPa-a. P, is the saturated vapor pressure of the sodium at

200°C. p is sodium density at 200°C. Vyand V; are obtained from the measured flow rate

divided by the maximum diameter (21 mm) and the minimum diameter (6.5 mm) of the

venturi channel, respectively. The cavitation coefficient has been employed as a non-
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dimensional parameter for determination of onset of cavitation condition. The cavitation
coefficient expresses the degree of approach of local pressure at venturi part £, relative to
the saturation pressure P, of the liquid due to an increase of dynamic pressure. Equation
(3-1) is derived from the Bernoulli's equation for incompressible flow. It states that for

inviscid flow an increase on the velocity of the fluid occurs simultaneously with the

decrease of pressure as stated by:

P +£V2 =P +£V2 B0 ) 1017201 | R R R (3_2)
1 21 0 20

The cavitation coefficient K is defined by

If P, approaches P , then EQ. (3-3) can be stated as EQ. (3-1) above. For V;>> 1

Ry-P,
e e, (3-4)

£y
2

The physical meaning of cavitation coefficient is:

e If K > 1; theoretically no vapor is formed because local static pressure P >
saturated vapor pressure. Therefore no cavitation bubbles are formed in the liquid.

e If K = 1; theoretically vapor starts to form because local static pressure P =
saturated vapor pressure. Cavitation bubbles start to form in the liquid.

e [fK < 1; theoretically more vapor will be formed because local static pressure P <
saturated vapor pressure. More cavitation bubbles will be formed due to reduce

pressure. In general, cavitation takes place when cavitation coefficient K
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approaches unity. Therefore, it could be used as a prediction of cavity bubbles
formation.
In sodium cavitation erosion experiment, the saturated vapor pressure of sodium
at 200°C is calculated by using the following equation [2-3]:
INP=11.9463-12633.73/T —0.4672INT .. uenrentantant e e e e (3-5)

where P is in MPa and T is in K. The density is calculated by [2-3]:

p.=219.0
f=27532
g=511.58
h=0.5
T.=2503.7K

The cavitation coefficient K with the value of 0.59-0.51 (developed cavitation
condition) was maintained for 600 hours during the experiment. After the experiment, the
venturi channel was cut and washed by ethanol and water to remove the remaining
sodium that might adhere to the surface of the test section. Then the surface of the test
section was analyzed by using an optical micrograph and SEM (Scanning Electron

Microscope).

2.6 Conclusion
Experimental apparatuses and venturi channel test section for sodium and water

cavitation have been designed and utilized for this study. The noise measurement was
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successfully set up to measure the cavitation noise as well as for the prediction of

cavitation onset in sodium and water.
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3.1 Introduction

The prevention of cavitation is one of the most important necessities for the
hydrodynamic design of the sodium-cooled fast reactors (SFR). There is possibility of
cavitation in the flow components where flow channel area has contraction and as a result
local velocity becomes higher and static pressure becomes lower than the saturation
pressure, such as in the flow regulating system that consists of the slits of the connecting
tubes of the inner structure and the orifices of the entrance nozzles of the fuel assemblies.
Furthermore, the innovative compact design for more economic SFR leads to higher
velocity of primary coolant, which could promote the occurrence of cavitation since local
static pressure in the reactor vessel and piping goes below the saturation pressure of the
coolant because of the increasing velocity.

Cavitation starts when the small bubbles grow into larger ones and collapse. The
formation of small cavitation bubbles in flow components is an important phenomenon in
cavitation stages before the bubbles can grow into violent ones and damage or erode the
surface. This first stage in cavitation phenomena is known as the onset or inception of
cavitation. The onset cavitation condition can be judged from the change of the audible
sound noise. As the sound noise changes during the onset condition, the flow and fluid
properties (static pressure, vapor pressure, density and velocity) can be grouped into one
non-dimensional parameter known as cavitation coefficient or number K similar to that
used in water cavitation. This cavitation coefficient or number can be used to predict the
occurrence of cavitation in the flow. Since theoretically when cavitation starts to occur
(onset condition) the value of cavitation coefficient is 1 (unity). Therefore any values

lower than 1 indicates the existence of cavitation in the flow. Meanwhile, many

[55]



Chapter 3. Characteristics of Onset Condition in Sedium and Water Cavitation

researchers have conducted the study of the cavitation by acoustic noise measurement.
For instance, Sato and Kakutani [3-1] in his work found a relation between cavitation
inception and cavitation coefficient and the cavitation number is influenced by the air
content in water. Coubiere [3-2] carried out a work to determine the onset cavitation
condition using sodium and found that the onset cavitation coefficient in case of orifice
test section is around 2-3 and will change with the change of downstream pressure and
free argon gas content. He also found that the ratio of the noise intensity increases rapidly
in case of cavitation. Lin and Katz [3-3] in their experiment in water jet cavitation stated
that the inception of cavitation are affected by the jet velocity, dissolved air content,
nozzle geometry and size, boundary layer tripping and external excitation. Hammitt [3-4
and 3-5], Hammitt, et al [3-6 to 3-8] and Ericson [3-9] conducted extensive researches
on the effect of air/gas content on cavitation inception number in water and mercury.
Hammitt, et al [3-6] stated that the effect of gas content (entrainment) upon cavitation
initiation number for liquid metal (mercury) in a %2 inch venturi appears to be relatively
small between the minimum attainable gas (around 0.2 ppm) and around 2 ppm for argon,
but becomes a factor of around 2 or more for gas contents in the 3-4 ppm range. This has
been demonstrated by the present data to be the case for mercury temperatures ranging
from room temperature to about 400°F (around 204.44°C), at a single velocity and in the
steel venturi. Hammitt [3-4 and 3-5] and Hammiitt, ef a/ [3-7 and 3-8] also reviewed the
effect of air content on the cavitation coefficient for initiation of cavitation in water. In
general, an increase in air content causes an increase in inception cavitation coefficient.
Also the importance of air content upon inception cavitation coefficient depends upon the

type of cavitation, i.e. bubble, laminar (steady cavity), vortex cavitation, etc., where the
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bubble cavitation being the most sensitive. The type of cavitation found depends on
geometry and other flow parameters. Ericson [3-9] also found the same result with
Hammitt [3-6] in case of mercury with injected argon gas in stainless steel venturi where
the trend of increasing cavitation coefficient number can be seen if the argon gas content
rises above 2%.

Therefore in the present study, the onset condition of cavitation in sodium is
investigated using venturi test section since there are limited data in the past concerning
onset condition of sodium cavitation. This lack of data can be a major obstacle in
developing SFR in the future. The results of the experiment are compared with the onset
condition in water cavitation conducted for the same test section geometry. This is
conducted in order to understand the differences of onset condition between sodium and
water cavitation. CFD and high speed photography are also used in order to understand

the detail of the cavitation process and the dynamics of cavitation bubbles in a venturi.

3.2 Experiment
3.2.1 Experimental Apparatus

In case of sodium cavitation, the experiment was conducted by using a sodium
loop facility at Sukegawa Electric Co., Ltd. Argon gas was used as a cover gas pressure
in the loop during the experiment. The downstream static pressure was measured by
using a pressure transducer and the flow rate of liquid sodium was measured by using an
electromagnetic flow meter. The test section for this experiment is a venturi made from
316 SS with an inner diameter of 6.5 mm, an outer diameter of 21 mm, and a length of 20

mm. The detail explanation of this apparatus can be found in Chapter 2.1.
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While for the water cavitation, the experiment was conducted by using high-
pressure water loop apparatus as explained in detail in Chapter 2.2.1. The test section
used has the same diameter as that used for sodium cavitation experiment. It is also made

from stainless steel since it will be used at temperatures higher than room temperature.

3.2.2 Experimental Condition

The experimental conditions for this experiment are explained in Tables 3-1 and
3-2. Since it is difficult to measure the gas solubility, therefore the solubility of air and
argon gas in water and sodium was calculated analytically for estimation. The calculated
solubility of air and argon gas in water from 10°-90°C and in sodium from 200°-400°C is
shown in Fig. 3.1 below. The minimum Re number in case of sodium during cavitation
experiment at the outer diameter of the test section (21 mm) was around 37700 and at the
inner diameter of the test section or venturi (6.5 mm) was around 122000. While the
minimum Re number in case of water during cavitation experiment at the outer diameter
of the test section (21 mm) was around 16000 and at the inner diameter of the test section
or venturi (6.5 mm) was around 53800. The Re number during experiment is higher than

4000, therefore the flow was turbulent.

Table 3.1 Experimental conditions of sodium cavitation experiment.

Stagnant Pressure in the Expansion Tank,
Na Temperature [°C]
MPa absolute [MPa-a]

200-400 0.061-0.181
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Table 3.2 Experimental conditions of water cavitation experiment.

Stagnant Pressure in the Buffer Tank,

Water Temperature [°C]
MPa absolute [MPa-a]

56-90 0.101 (atmospheric pressure)

40
g 35
£ w /
5, |
£\ /
"
& 20 = Air (21% Oxygen + 79%
5 \ / Nitrogen)in water
2 .
% 15 \ / —— Argonin sodium
wm
'_é 10 \ /
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0
0 100 200 300 400 500
Temperature (deg. C)

Fig. 3.1 Calculated solubility of air and argon in water and sodium at equilibrium,

respectively.

3.3 Definition of Cavitation Coefficient
For any cavitation process, cavitation coefficient has been employed as a non-
dimensional parameter for the judgment of cavitation onset. The cavitation coefficient

expresses the degree of approach of local pressure F relative to the saturation pressure
P of the liquid due to an increase of dynamic pressure. Cavitation coefficient K is
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derived from the Bernoulli's equation for incompressible flow. The cavitation coefficient

K is defined by

In the experiment, the value of Vjand V;is obtained from the measured flow rate divided
by the maximum cross section (21 mm) and the minimum cross section (6.5 mm) of the
venturi, respectively. In general, cavitation takes place when cavitation coefficient K

approaches unity. Therefore, it could be used as a prediction of cavity bubbles formation.

3.4 Resultsand Discussion
3.4.1 Onset of Sodium Cavitation in Venturi Channel

The results of the cavitation experiment in flowing liquid sodium are presented in
Figs. 3.2 to 3.5. Figure 3.2 (a) and 3.2 (b) show the result of the acoustic noise intensity
over cavitation coefficient K calculated by Eq. (3-1) at 300° and 400°C. The results show
that there are two different regions, i. e., the no cavitation region marked with the vacant
symbols for cavitation coefficient K>1 and cavitation region marked with the solid color
symbols for cavitation coefficient K<1. This figure shows that the noise intensity is
relatively low when K is much higher than unity and expected there is no cavitation in the
venturi region. The noise intensity begins to rise rapidly when K approaches unity, which
implies the onset of cavitation. The relation of the onset of cavitation and the value of the
cavitation coefficient K means the validity of the cavitation onset theory based on the
Bernoulli’s equation in incompressible flow. It has been also found that noise intensity
increases at cavitation inception for orifice test section in sodium, but with a value higher
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than 1 [3-10]. The differences between the present results and those of [3-10] can be
attributed to the difference in free argon gas content which could act as nucleation sites
for the growth of cavitation bubbles. According to [3-10], the inception value is
influenced by the change of free argon gas content in the liquid sodium flow. Based on
[3-11], the calculated argon gas content in liquid sodium ranging from 200°-400°C is
estimated to be 4.5 x 107-2.8 ppm, which is lower compared to 8-120 ppm in [3-10].

Under developed cavitation condition where K is lower than unity, the noise
intensity is relatively constant without changing drastically with the change of K caused
by the choking of the flow. The change of the stagnant pressure in the expansion tank has
no significant effect on the noise intensity in developed cavitation conditions. The noise
intensity at 400°C has no significant differences with that at 300°C, which is around 43
dB rms (root mean square) at developed cavitation conditions.

The onset cavitation condition in this experiment was judged by hearing the rapid
knocking sound of cavitation on the cavitation test section and observing the spectrum
analyzer monitor for any changes on the noise amplitude signals. It is concluded that
cavitation starts to occur (onset of cavitation) when there is a sudden increase on the
amplitude of the acoustic noise signal, and rapid knocking sounds in the test tube. The
onset condition cannot be judged directly from observation of the growth of cavity

bubbles since sodium is opaque (non-transparent).
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Fig. 3.2 (a) Noise intensity as a function of cavitation coefficient at 300°C.
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Fig. 3.2 (b) Noise intensity as a function of cavitation coefficient at 400°C.

Figures 3.3 to 3.5 show the results of no cavitation and occurrence of cavitation

on the map of the venturi velocity, i. e., the sodium superficial velocity in the venturi part,
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as a function of cavitation coefficient at 200°, 300° and 400°C, respectively. For every
temperature rise, it is clear that the stagnant pressure in the expansion tank has influence
on the velocity in the venturi part at the onset of cavitation. The onset cavitation velocity
at the venturi increases with the increase of the stagnant pressure conditions in the
expansion tank. For instance, at 200°C the onset cavitation velocity is around 10 m/s for
stagnant pressure at the expansion tank of 0.061 MPa-a and around 16 m/s for stagnant
pressure at the expansion tank of 0.181 MPa-a. The velocity then becomes relatively
constant in the developed cavitation conditions. It is concluded from these figures that the
formation of cavitation bubbles is suppressed at higher stagnant pressure, therefore the
onset cavitation velocity in the venturi increases as predicted from Eq. (3-1). Moreover,
these figures show that cavitation coefficient at the onset cavitation condition is nearly
equal to unity. However, an increase in temperature shifts the cavitation coefficient to a
value a little higher than unity. This is probably caused by an increase of sodium vapor
pressure that increases the threshold for onset cavitation condition or because of the
increased argon gas concentration that dissolved into sodium, since solubility of argon
gas increases with the increase of sodium temperature as observed and calculated by
using equation from [3-11]. It is also found from these figures that there are two distinct
regions, 1. €., no cavitation region for K>1, and cavitation region for K<1.

It is found in Figs. 3.3 to 3.5 that even if the cavitation coefficient is decreased to
below unity by decreasing downstream static pressure, the sodium superficial velocity in
the venturi is nearly constant without changing significantly. These phenomena are
similar to the choked flow or two-phase critical flow. For cavitation in a venturi, the

choked flow is caused by the decrease of the sound velocity in the liquid sodium due to
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the formation of cavitation bubbles. This formation of cavitation bubbles will restrict the
liquid sodium velocity to increase further, therefore the sodium liquid velocity is
relatively constant.

The physical phenomena of sodium cavitation can be explained in this way. When
cavitation coefficient K is higher than unity, the liquid static pressure is still higher than
the saturated vapor pressure of the sodium at a given temperature. At this condition the
theoretically no cavitation bubbles will be formed. Therefore the acoustic noise intensity
is still relatively low. If the sodium velocity is increased, the static pressure will reduce
further based on the pressure-velocity relationship of the Bernoulli’s equation. When
cavitation coefficient K is equal to unity, the liquid static pressure of sodium will be equal
to its saturated vapor pressure. At this condition cavitation bubbles start to form because
of the vaporization process. This formation of cavitation bubbles will create high acoustic
noise intensity because of the rapid formation and collapse of cavitation bubbles. This
condition is known as the onset of cavitation. Increasing the liquid sodium velocity
further will decrease the liquid sodium static pressure lower than its saturated vapor
pressure and more cavitation bubbles will be formed that increase the phenomena of
cavitation. At this condition the value of cavitation coefficient K is lower than unity and
the cavitation condition is known as developed cavitation condition. The acoustic noise
will increase. If there is some dissolved gas in the liquid, the dissolved gas could come
out from the liquid to create small micro nucleation sites. This micro nucleation sites will
increase the onset condition because of gas expansion at low pressure. Therefore

cavitation could occur early.
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3.4.2 Comparison of Cavitation Onset in Sodium and Water for Venturi Channel
Cavitation process in sodium and water is different due to different important
factors such as velocity and pressure of the flow, saturated vapor pressure, density,
surface tension, viscosity and dissolved gas in liquid. Tables 3.3 and 3.4 show the
different properties between sodium and water that can influence onset condition. The
similarity of local pressure can be expressed using non-dimensional parameter known as
cavitation coefficient K. This cavitation coefficient K is the function of pressure,
saturated vapor pressure, density, and velocity. And the similarity of single phase flow
can be expressed to non-dimensional parameter known as Re number that is the function
of velocity, diameter and kinematic viscosity. However to consider all the fluid and flow
properties in the experiment is very difficult. Therefore only kinematic viscosity and
geometry of the test section are similarly considered. The kinematic viscosity of sodium
at 200°-400°C is equal to the kinematic viscosity of water at 56°-90°C that has the value
of 5.01 x 107 = 3.23 x 107 m?s. The test section geometry used in sodium is equal to the
test section geometry used in water, which is 21 mm OD and 6.5 mm ID. And the results
between sodium and water cavitation are compared based on these similarities at no
cavitation, onset of cavitation and developed cavitation. In this experiment, the results are
considered satisfy when the value of cavitation coefficient K is lower than unity that
theoretically means developed cavitation condition, and when the acoustic noise intensity

measured during experiment is constant.
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Table 3.3 Thermodynamics properties of sodium.

Vapor pressure at 200°-400°C [kPa] 22x10°-52x 10
Liquid density at 200°-400°C [kg.m™] 903.0 - 857.7
Surface tension at 200°-400°C [N.m'] 1.90x 10" —1.69x 10”
Viscosity at 200°-400°C [Pa.s] 452x10*-2.77x 10"

Calculated argon gas solubility at
4.46x 10°-2.83
equilibrium from 200°-400°C [ppm]

Kinematic viscosity at 200°-400°C [m”.s™'] 501x107-323x 107

Sound velocity 200°-400°C [m.s™'] 2462.2 — 2366.2

Table 3.4 Thermodynamics properties of water.

Vapor pressure at 56°-90°C [kPa] 16.53 -70.18
Liquid density at 56°-90°C [kg/m"] 985.2-965.3
Surface tension at 56°-90°C [N.m™'] 6.7x 107 - 6.1 x 10~
Viscosity at 56°-90°C [Pa.s] 496x10*-3.14x 10"
Calculated air (21% O,+79% N,) solubility at

14.26 - 9.64
equilibrium from 56°-90°C [ppm]
Kinematic viscosity at 56°-90°C [m”.s™'] 5.00x 107-3.23x 107
Sound velocity 56°-90°C [m.s™'] 1494.3 — 1509.8

The results of the water cavitation experiment can be seen in Figs. 3.7 to 3.11.
The experiments were conducted for two different dissolved oxygen (DO) concentrations,

i.e. higher and lower DO concentrations. The DO concentration in water was reduced by
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heating the loop to 90°C for several hours. After that the loop was vacuumed to several
hours also. This technique will remove some of the DO oxygen in water. However there
was a saturated minimum DO concentration in which the level cannot be reduced further
even with heating and vacuuming the loop for several times. As observed from the
experiment, it was difficult to reduce the DO concentration below 3 mg/L. The results of
the experiment in higher DO concentration can be seen from Figs 3.7 and 3.8. These
figures show the onset condition of cavitation in water as a function of the noise intensity.
For higher DO concentration in the water, the onset cavitation coefficient is around 2.7 at
56°C and around 2.9 at 74°C. It is also found that increasing the temperature in the water
tends to increase the onset cavitation coefficient. This is because cavitation is actually a
vaporization process that occurs if the static pressure falls below the vapor pressure of the
liquid. In water, the vapor pressure is about 16.5 kPa at 56°C while it is about 36.9 kPa at
74°C. The increase of vapor pressure from 56°C to 74°C is more than twice. Therefore,
an increase of temperature can have important effect on the growth of cavitation bubbles.
In case of lower DO concentrations, Figs. 3.9 to 3.11 show the results of the onset
coefficients of cavitation in water. The results show that DO concentration seems to have
some effects on the onset of cavitation in water. The change of the onset cavitation
coefficient is not so large, which is about 2.1 at 56°C and 2.3 at 74°C. However there is a
trend that the onset condition decreases with the decrease of DO concentration. The
decrease of DO concentration in water might cause this condition. In the experiment,
heating and vacuuming the loop reduced DO concentration. Since it was difficult to
differentiate between dissolved and floating micro bubbles of air that contained oxygen,

therefore a reduction of DO by heating and vacuuming might also decrease the number of
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nucleation sites (micro bubbles) as the growing sites of cavitation bubbles. And it is
widely known that nucleation sites (micro bubbles) can have significant effect on the
degree and onset cavitation coefficient. Higher concentration of dissolved/entrained air
corresponds to more violent cavitation in water as observed by Bistafa [3-12]. Other
consideration affected by the decrease of DO concentration is the total pressure inside the
micro bubble. According to Brennen [3-13], the inside pressure of the cavitation bubble
is the mixture of partial pressure of liquid vapor pressure and gas. Since there is a
decrease of DO concentration in the water (gas), therefore it is also expected that the total
pressure will decrease. This decrease causes the micro bubble have smaller radius. Also
the decrease of total pressure required for the growth of cavitation bubble will increase
the dynamic pressure (faster velocity) in order to realize the formation of cavitation
bubbles in the flow (lower static pressure) and decrease the onset cavitation condition
(lower cavitation coefficient K).

From the results presented in Figs. 3.2 to 3.11, the comparison of onset condition
between sodium at 300° and 400°C and water at 56°, 74° and 90°C can be analyzed
because of the same kinematic viscosity. Figure 3.11 shows the comparison of the onset
condition in sodium and water. The comparison of onset cavitation condition expressed in
the form of cavitation coefficient K between sodium and water is conducted when
cavitation starts to occur in the flow (onset condition) as can be seen from the sharp
increase of the acoustic noise intensity signal and hearing the rapid knocking sound on
the venturi channel. For water at 56° and 74°C, the onset cavitation coefficient is almost
the same which is about 2.1 and 2.3, respectively. While at 90°C the onset cavitation

coefficient is about 1.8. The onset cavitation coefficients in the water case are relatively
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higher than those in the sodium case which are about unity at 300° and 400°C. Even with
lower DO concentration, the cavitation coefficient in water is still larger as compared to
sodium. This difference might be caused by the difference of dissolved gas in water and
sodium. In this case, water has higher dissolved gas concentration as compared to sodium.
It is because air is easy to dissolve in water than argon in sodium, and based on the
experiment this will increase the onset cavitation condition in water. Therefore in sodium,
cavitation might occur mostly in the form of vaporous cavitation since the dissolved
argon gas is very little while in water in the form of gaseous cavitation.

Comparing the results of sodium and water cavitation, it can be stated that the
noise intensity has the same tendency or trend to increase as cavitation coefficient
gradually decrease in both sodium and water. In case of sodium, the increase of the noise
intensity is very steep as cavitation coefficient approaches unity. Therefore it is relatively
easy to determine the onset condition. While in water, the increase of the noise intensity
occurs gradually and less steep in higher DO concentration, at this condition the
determination of the onset condition is relatively difficult. Except at lower DO
concentration where the increase is relatively steep. The physical phenomena of this
condition might be explained in this way. Since cavitation in sodium is dominated by
vaporous cavitation due to very low dissolved gas concentration, therefore vaporization
will not occur if the static pressure does not fall below the sodium saturated vapor
pressure at a given temperature. As the static pressure falls below the saturated vapor
pressure of sodium, vaporization or onset of cavitation starts to occur suddenly and a
sudden increase of noise intensity is observed. This sudden increase of acoustic noise
intensity at onset condition creates a steep acoustic noise gradient as observed in the
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sodium cavitation experiment. These phenomena are different in case of water. In water
due to very high dissolved gas concentration, the dissolved gas could precipitate from
water at low static pressure creating micro bubbles. As the static pressure gradually
decrease, the micro bubbles will also grow or expand gradually at low pressure creating
gradual increase of acoustic noise intensity. Therefore the acoustic noise gradient is less
steep as compared to sodium during the onset condition.

Analytical prediction of onset condition of cavitation was also conducted in the
past by Kamiyama, et al [3-15 to 3-17]. Comparing with their study in the past, they
predict qualitatively that the gradient of the onset condition is not so steep due to gaseous
cavitation in various liquids. The onset condition in sodium at high temperature was
predicted analytically to have the same tendency with that in cold water in case of
gaseous cavitation. Their assumption for the analytical prediction of onset condition lies
in the dominant gaseous cavitation process rather than vaporous cavitation. In this study,
it is shown that from sodium cavitation experiment the gradient is steep at onset condition
due to vaporous cavitation. While in water is gradual and not so steep due to gaseous
cavitation. Experimental results in sodium and water also show that onset condition has
difference tendency between sodium and water that is caused by different dissolved gas
concentration. Therefore onset condition in water is higher than in sodium. Also in
sodium the most dominant cavitation process is vaporous cavitation due to very low
dissolved gas concentration, while in water is gaseous cavitation due to very high

dissolved gas concentration.
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Fig. 3.7 Onset of cavitation in water at 56°C and higher dissolved oxygen content.
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Fig. 3.8 Onset of cavitation in water at 74°C and higher dissolved oxygen content.
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Fig. 3.9 Onset of cavitation in water at 56°C and lower dissolved oxygen content.
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Fig. 3.10 Onset of cavitation in water at 74°C and lower dissolved oxygen content.
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Fig. 3.11 Onset of cavitation in water at 90°C and lower dissolved oxygen content.
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Fig. 3.12 Comparison of onset condition in sodium and water.
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3.4.3 CFD Calculation of Cavitation for the Comparison of Sodium and Water
Cavitation

In order to understand the detail of the cavitation process and the dynamics of
cavitation bubbles for sodium and water cavitation, numerical calculation using CFD
code is employed and the effect of gas on onset or inception of cavitation is also

discussed in this chapter.

3.4.3.1 Mixture M odel

The two-phase model used is based on the mixture model theory [3-18]. This
model is a simplified multiphase model that can model phases, which move at different
velocities. However this model assumes local equilibrium over short spatial length scale
which means the coupling between two-phases should be strong. The mixture model can
model n-phases (fluid or particulate) by solving the momentum, continuity, and energy
equations for the mixture, the volume fraction equations for the secondary phases, and
algebraic expressions for the relative velocities. Typical applications include
sedimentation, cyclone separators, particle-laden flows with low loading, and bubbly
flows where the gas volume fraction remains low. The mixture model uses a single-fluid
approach just like VOF model. However it differs in two respects:

o The model allows the phases to be interpenetrating. The volume fractions ¢, and
o, for a control volume can therefore be equal to any value between 0 and 1,

depending on the space occupied by phase g and phase p.
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e The model allows the phases to move at different velocities using the concept of
slip velocities. If the phases are assumed to move at the same velocity, then the
mixture model reduces to a homogenous multiphase model.

The mixture model solves the continuity equation, momentum equation, energy equation
and the volume fraction equation for the secondary phases for the mixture.

The continuity equation for the mixture is stated as

%(pm)+ V.(pm zfmj 0 e 3-2)

N
where v, 1s the mass-averaged velocity:

5 Z P Uy
U, = (3-3)
P

and p, is the mixture density:

¢, is the volume fraction of phase .

The momentum equation for the mixture is

oo e {puvio = e ¥) vt )|

p, g+ F+ V(Z Oy Var ik Udr,k]

k=1

where n i1s the number of phases, F' is a body force, and x4, is the viscosity of the

mixture:
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By = D QU e (3-6)
k=1

vari 1s the drift velocity for secondary phase :

and the energy equation for the mixture is
a n n -
52(0”‘ p.E)+ V.Z(ak vi(p,E, + p)) = V.(k?ﬂVT)+ S e (3-8)
k=1 k=1

where £, is the effective conductivity (Z a,(k, +k, )), where £, is the turbulent thermal

conductivity, defined according to the turbulence model being used. The first term on the
righ-hand side of the energy equation represents energy transfer due to conduction. S,

includes any other volumetric heat sources. In energy equation,

For a compressible phase, and E, =5, for an incompressible phase, where 4, is the

sensible enthalpy for phase £.

3.4.3.2 Cavitation Model
The cavitation model used in the numerical calculation is the full cavitation model
based on the work by [3-14]. This model is embedded in the CFD code FLUENT version
6.3.26 as the basic cavitation model [3-18]. The basic cavitation model in FLUENT has
the following assumptions:
1) The system under investigation involves two phases (liquid and its vapor) and a

certain fraction of modeled non-condensable gases.
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2) Both bubble formation (evaporation) and collapse (condensation) are taken into
account in the model.

3) The mass fraction of non-condensable gas is known in advance.

3.4.3.3 Vapor Mass Fraction and Transport

The governing equation for the transport of vapor mass fraction, f, is given by:

3;% +V&Mmf) VIVE)HR, =R, oo, (3-10)

where R, and R, are derived from the Rayleigh-Plesset equations

Ps = P =Rd f 3(de +4—#d—R+£ and limiting bubble size considerations
P dt= 2\ dt R dt pR

(interface surface area per unit volume) [3-19].

When p < pSﬂt
0. 2Apuw pM—f) ....................................................... (3-11)
3p
when p<p_,
2 —
A,J&L4Qf ............................................................. (3-12)
3p,

C, and C, are empirical constants with default value of 0.02 and 0.01, respectively and

have been validated in sharp edge orifice and hydrofoil in water [3-19]. For sodium case
in this study, the default empirical constants are validated with sodium cavitation
experiment in venturi channel conducted at 200°-400° and pressure range of 0.061-0.181

MPa-a for a total of 52 cases and show good agreement with experiments. Therefore, the
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default value of C,: 0.02 and C,: 0.01 can be used for numerical calculation of sodium

cavitation. ¥, is the characteristic velocity which is approximated by the local

turbulence intensity, i.e. V,, = N

3.4.3.4 Turbulence Induced Pressure Fluctuations
The effect of turbulence on cavitating flow is included in the FLUENT’s

cavitation model [3-18] and the equation for p_, is therefore changed to the form

Dy = 0.5(D 00 8 Py ) e (3-13)
where
D = 0390k <o (3-14)

3.4.3.5 Effect of Gas S

The working fluid in the FLUENT’s cavitation model is assumed to be a mixture
of the liquid phase and the gaseous phase, with the gaseous phase comprising of the

liquid vapor and the gas, such as air or argon gas [3-18]. With the effect of gas /3, the

density of the mixture p, , is calculated as

pm:avpv+agpg+(1—av—ag)pl ....................................................... (3-15)

The relationship between the mass fraction, f;, and the volume fraction, ¢, is
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3.4.3.6 Phase Change Rates
The final form of the phase change rates [EqQs. (3-11) and (3-12)] after accounting
for the effects of turbulence and gases are

when p<p,

Jk 2(p, - p)(

R C _plpv

when p<p,

R.=C, —p,pv / . (3718)

3.4.3.7 Standard k —¢ Model

The standard k£ —& model is a semi-empirical model based on model transport
equations for the turbulence kinetic energy (k) and its dissipation rate (&). The model
transport equation for £ is derived from the exact equation, while the model transport
equation for & was obtained using physical reasoning and bears little resemblance to its
mathematically exact counterpart. In the derivation of the £ — & model, the assumption is
that the flow is fully turbulent, and the effects of molecular viscosity are negligible. The
standard k — & model is therefore valid only for fully turbulent flows [3-18].

The turbulence kinetic energy, &, and its rate of dissipation, &£, are obtained from

the following transport equations:

9 9 9 1 ok
= —(pk)+ o (pkui)=g|:£y+g—J§}+Gk +G, = pe—Yy, +S, i, (3-19)
X Jj k j
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and

d d d o€ £ g’
g(pg)-'_g(pa’li): §|:(lu +%J g:l + Cls E(Gk + C3£Gb)_ C2£p7+ Sg (3'20)
i j J

j e
In these equations, G, represents the generation of turbulence kinetic energy due to the
mean velocity gradients. G, is the generation of turbulence kinetic energy due to
buoyancy. Y,, represents the contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate. C,,, C,,, and C,, are constants. o, and o,
are the turbulent Prandtl numbers for £ and €, respectively. S, and S, are user-defined

source terms. The turbulent or eddy viscosity, #,, is computed by combining k and &£ as

follows:

C

Where C, is a constant. The model constants C,., C s

les “oeo o,, and o, have the
following default values

C.=144,C,, =192,C,=0.09,0, =1.0,0, =13

These default values have been determined from experiments with air and water for
fundamental turbulent shear flows including homogenous shear flows and decaying
isotropic grid turbulence. They have been found to work fairly well for a wide range of

wall-bounded and free shear flows [3-18].
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3.4.3.8 Test Section Geometry

The simulated test section for numerical calculation is based on the cavitation
experiments conducted by the authors in water and liquid sodium. The geometry of the
venturi part of the test section for both sodium and water cavitation experiment is similar
and can be seen in Fig. 3.13. The inner diameter (D1) and outer diameter (D0) is 6.5 mm
and 21 mm, respectively.

Figure 3.14 shows the grid for the numerical solution. It consists of 11440
quadrilateral cells, axisymmetric. The results of the grid sensitivity dependency on the
numerical solution are shown in Fig. 3.15. It shows that the numerical result of 11440
cells have no significant difference with a test section comprising of 45760 cells.

Therefore 11440 quadrilateral cells were used for the calculation.

Il

100 ‘_1_0_ 20 ‘ 20 ‘ 100

Fig. 3.13 Venturi test section for cavitation experiment (length is in mm).
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Inlet Outlet

Fig. 3.14 Grid for numerical solution.

[}
®

gotsats o R0 W

Fig. 3.15 Grid sensitivity check at central axis.

3.4.3.9 Results of CFD Calculation

Cavitation occurrences in numerical calculation are judged from the large increase
of void fraction distribution at the central axis. The change of the void fraction at the wall
will follow the change at the central axis. Figure 3.16 shows an example of the result of

void fraction distributions for water. The inlet and outlet of the venturi is at 110 mm and
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130 mm, respectively. The figure indicates a sharp increase of the void fraction for
cavitation coefficient K equals to 1.08 and 0.98. At these values, cavitation starts to occur
because there is a sudden change of the void fraction distribution at the venturi part. This
increase is caused by the formation of cavity bubbles at the venturi due to a large
decrease of static pressure below the vapor pressure of the liquid due to evaporation as
shown in Fig. 3.16 by assuming that the air gas content is 15 ppm which is a typical value
for tap water.

To check the validation of the cavitation model in sodium, cavitation calculation
in sodium was conducted for different temperature and stagnant pressure range condition
based on experiment data in sodium cavitation from 200°-400°C and 0.061-0.181 MPa
(52 cases). The onset condition results are compared with the experiment and the results
show reasonably good agreement as shown in Figs. 3-17 to 3-19.

The boundary conditions for the numerical simulation in this study are fixed inlet
velocity and fixed outlet pressure. The values are based on experimental measurements
conducted in sodium and water at different temperatures and pressures conditions. The
relative velocity between gas and liquid is assumed to be zero (no slip). For the present
experiment, the solubility of argon gas in liquid sodium was not measured since it was
difficult to measure it using the present experimental apparatus. Therefore in sodium the
dissolved argon gas concentration was calculated and assumed to be in equilibrium with
the sodium temperature. The properties of sodium at 200°-400°C (saturated vapor
pressure, density, surface tension and viscosity) for numerical calculation are shown in
Table 3.3 above. While for water, the properties of water at 10.8°-13°C are shown in

Table 3.5 below.
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Table 3.5 Properties of water for numerical calculation.

Vapor pressure at 10.8°-13°C [kPa] 1.288 —1.490
Liquid density at 10.8°-13°C [kg/m"] 999.65 — 999.41
Surface tension at 10.8°-13°C [N.m'] 74x10°-73x 107
Viscosity at 10.8°-13°C [Pa.s] 1.28x10°-1.20x 107

Numerical calculation results of onset cavitation conditions in water and liquid

sodium compared with the experiments for different value of gases £ concentration are

shown in Figs. 3.20 and 3.21. In water, the gas is assumed to be air; while in liquid
sodium is assumed to be argon gas. For both cases, the change of the gas has significant
effects on the onset conditions of cavitation. The onset conditions of cavitation increase
with the increase of gases concentration because their existences in the fluid could
enhance the growth process of cavity bubbles. These phenomena are caused by the
increasing number of micro nucleation sites that will grow into cavitation bubbles when
the liquid pressure is low. Reference [3-12] in his experiment stated that the gas content
is very influential in the inception mechanism of cavitation. He showed that gaseous
cavitation due to diffusion of air into the nuclei is easy to occur for flow with higher air
concentration than with lower air concentration. The number of bubbles also increases for
flow with higher air concentration than for lower one.

From the figures, for water with air gas content of 40 ppm, the results are close to
the experimental data. While in sodium, the content of argon gas that gives the results
close with the experimental data is 1 ppm. The difference of gas content might be caused

by the different solubility of air and argon gas in water and liquid sodium. In water, air is
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easily dissolved while in liquid sodium argon gas is not easily dissolved. For instance in
equilibrium condition, the solubility of argon gas in liquid sodium at 400°C calculated by
Veleckis’ correlation [3-19] and the solubility of air in water at 10.8°C-13°C calculated
based on the averaged value of dissolved oxygen measurement at average water
temperature of 10.96°C are 2.83 ppm and 27.03 ppm, respectively. In water, the value of
air gas content in the numerical calculation that gives the result close to the experimental
data is much higher than the calculated value at equilibrium condition as calculated by
using Henry’s law [3-20]. While in sodium, the value of argon gas in the numerical
calculation that gives the result close to the experimental data is lower than the calculated
value at equilibrium condition. These differences are caused by the different onset
cavitation condition judgment between experiments and numerical calculations. In water
experiment the judgment of onset cavitation was conducted by visual observation,
therefore cavitation can be seen and occurred earlier than numerical prediction. While in
sodium, the judgment was based from acoustical noise, therefore cavitation occurred later

because of the influence of background noise than predicted from numerical calculation.

0.4 inlet venturi outlet inlet venturi outlet
' x\;ate} 10.3-‘1;3.(1:“50 P ke -
ir (assumed): m N o o
03 Psts(xgj: 0.062?\'1F’a-g? _?;25 i a 10
5 : / | 1.44 ©
g A1 R :
£ 0.2 ' ' ——108 - 4
o —0.98 s10t
2 o
01k . o r ! !
in Water 10.8-13.0°C ___o98
Air (assumed): 15 ppm
9 s . : 108 Psla‘g: D.UG? MPa-ia . .
00 110 120 130 140 150 160 100 110 120 130 140 150 160
Length (mm) Length {mm)

Fig. 3.16 Calculation results of void fraction (left figure) and static pressure (right figure)

at central axis of the test section.
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Fig. 3.17 Comparison of onset cavitation condition in sodium between experiment (left

figures) and numerical calculation (right figures) at 200°C.
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Fig. 3.19 Comparison of onset cavitation condition in sodium between experiment (left

figures) and numerical calculation (right figures) at 300°C.
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Fig. 3.21 Comparison of onset cavitation condition in sodium (flow rate: 26.86-29.72

I/min; K: 1.22-0.93; P4: 0.094-0.087 MPa-a.

Figures 3.22 and 3.23 show the contours of void fractions for water and liquid
sodium with different gas contents (air or argon gas). The contours show the formations
of voids (cavity bubbles) at the throat of the venturi inlet. The high void fractions (cavity
bubbles) are caused by the high turbulent intensity and large pressure drop when the
liquid (water and sodium) flowing through the throat of the venturi region, especially at
the inlet throat of the venturi channel. This will cause evaporation and the bubbles grow
into large cavitation bubbles. Because of the increase of the gas content (air or argon), the

voids filling up the venturi part of the test section shown in Fig. 3.22 (lower figure) and
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Fig. 3.23 (lower figure) and might choke the flow. In the experiment, choking conditions
are observed in case of sodium cavitation. These choking conditions might be caused by
the decrease of sound velocity in the liquid due to the increasing amount of cavitation
bubbles (vapors). These figures also show that the voids (cavity bubbles) are carried
away downstream by the flow and collapse (condense) due to the high pressure

downstream of the test section that creates condensation.
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Fig. 3.22 Contours of void fraction (0: liquid, 1: vapor) in water for K: 0.98 and T: 10.8-

13.0°C, S (air): 15 ppm (upper figure), and S (air): 45 ppm (lower figure).
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Fig. 3.23 Contours of void fraction (0: liquid, 1: vapor) in liquid sodium for K: 0.92 and

T: 400°C, S (argon): 1 ppm (upper figure), and £ (argon): 3 ppm (lower figure).

Numerical simulation of cavitation in sodium for different conditions i.e. no
cavitation, intermittent, and developed cavitation is shown in Fig. 3.24. The calculation
conditions and boundary conditions are based on the experimental measurement
conducted at stagnant pressure in the expansion tank of 0.181 MPa-a and sodium
temperature of 200°C. The relative velocity between gas and liquid is assumed to be zero

(no slip condition). The gas (argon) content f in sodium is assumed to be 1 ppb in order

to have the computed result in close agreement with the experiments, since in the
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experiments the argon gas content in liquid sodium was not measured. Figure 3.24 shows
the contours of calculated void fractions for no cavitation at K: 1.07, intermittent
cavitation at K: 0.95 and developed cavitation at K: 0.91 at 200°C.

The calculated result shows that cavitation bubbles are produced at the throat of
the venturi as shown in Fig. 3.24 (a). These bubbles are produced by the high velocity
that decreases the static pressure below the static pressure of liquid sodium at 200°C.
However, the bubbles are very small and can condense quickly before growing to large
bubbles and collapse downstream. For this condition, sodium flow rate is not high
enough to detach the bubbles from the wall. Therefore, there is no cavitation bubbles
observed in the downstream of the venturi.

Meanwhile in intermittent and developed cavitation conditions shown in Fig. 3.24
(b) and 3.24 (c), respectively, pressure drop at the throat of the venturi becomes larger
due to an increase of liquid sodium flow rate. This initiates bubbles to grow even larger.
The cavitaton bubbles are easily detached from the wall because of higher flow rate, and
conveyed downstream. At downstream, these bubbles collapse due to condensation
caused by an increase in static pressure of liquid sodium.

Moreover, more bubbles are produced in developed cavitation in Fig. 3.24 (c)
compared to in intermittent cavitation in Fig. 3.24 (b) because of larger pressure drop.
These bubbles occupy most of the test section. Since more bubbles are produced with an
increase in the flow rate, it is possible that choking conditions will occur at some certain
void fractions, in which the speed of liquid sodium is close to or equal to the sonic speed
in two-phase liquid sodium. At this condition, the number of bubbles produced is

relatively constant; therefore the magnitude of the noise intensity is also relatively

[96]



Chapter 3. Characteristics ef Onset Condition in Sedium and Water Cavitation

constant. Furthermore, more erosion should be expected at developed cavitation because

of more cavitation bubbles collapse.
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Fig. 3.24 Contours of void fraction (0: liquid, 1: vapor) in liquid sodium at 200°C and

(argon): 1 ppb, for (a) K: 1.07; (b) K: 0.95; and (¢) K: 0.91.

3.4.4 High Speed Photography of Cavitation Bubblesin Water
In order to support the CFD calculation results of the cavitation process and how
the bubble dynamics progress during the onset and developed cavitation conditions,

cavitation in water at room temperature using venturi test section made from acrylic resin
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was conducted. This experiment was conducted using the low pressure water loop
apparatus. The pressure at the loop was reduced to 0.062 MPa-a so that cavitation can
easily occur in the venturi channel. The dynamics of the cavitation bubbles during the
onset and developed cavitation conditions are recorded by using high speed camera with
stroboscope lights. The stroboscope lights frequency is 500 Hz with flashing duration of
2.4 us and flashing energy of 5 W. The high speed camera was operated at 500 fps (frame
per second) and digital shutter speed of 1/500 second. This will give an image with the
size of 512 x 240 pixels and recording time of 2.1 seconds.

The results of the cavitation conditions from onset to develop are shown in
Figures 3.25 and 3.26. At intermittent condition where the cavitation bubbles occur
intermittently as shown in Fig. 3.25, the high speed camera pictures show that cavitation
bubbles at the beginning occurred at the throat of the venturi channel inlet (at time 0/500
s). This small bubbles start to elongate into long cavitation bubbles attached on the
surface of the venturi channel following the flow of the water inside the channel (at time
2/500-6/500 s). The shape of the elongated bubbles are relatively straight. At the end of
the venturi outlet, the bubbles start to separate from the wall (at time 7/500-8/500 s). At
develop cavitation condition shown in Fig. 3.26, the elongated cavitation bubbles that
attached on the surface of the venturi channel start to grow at the throat of the venturi
channel outlet (at time 0/500 s). The growing bubbles will separate from the wall and
collapse downstream (at time 1/500-2/500 s). The collapse of the cavitation bubbles
downstream will alter or disturb the flow at the venturi channel shown at time 3/500-
7/500, where the shape of the elongated bubbles that attached on the surface are disturbed
and not relatively straight. Especially close to the throat of the venturi channel outlet.
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Fig. 3.25 High speed camera of water cavitation at intermittent condition. Water

temperature is 21.2°-22.4°C (room temperature).

Fig. 3.26 High speed camera of water cavitation at develop condition. Water temperature

is 21.2°-22.4°C (room temperature).
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3.5 Conclusion

From the experimental results of sodium and water cavitation it can be concluded

that:

1)

2)

3)

The onset condition of sodium cavitation was around unity (a little bit higher than 1).
This value was lower than onset condition of water cavitation that had a value higher
than unity. This condition might be caused by the lower concentration of dissolved
gas (argon) in sodium as compared to air in water.

The increase of the stagnant pressure at the expansion tank in sodium cavitation will
increase the onset velocity for the realization of cavitation in venturi test section. The
high stagnant pressure could suppressed the formation of cavitation bubbles during
the onset condition, therefore the onset cavitation velocity in the venturi increased in
order to decrease the local static pressure below the sodium vapor pressure (cavitation
bubbles formation).

The onset condition of sodium cavitation can be predicted easily on the map of noise
intensity change with the change of cavitation coefficient since the gradient of the
noise intensity with the change of cavitation coefficient was steep (the increase of
noise intensity from no cavitation to onset of cavitation condition was steep). In the
water cavitation case, the determination of the onset condition was rather difficult at
lower temperature since the change of the noise intensity was gradual with the change
of cavitation coefficient from no cavitation to onset of cavitation condition. However
at higher temperature the change of the noise intensity became steep again. The
differences of the onset condition and change in the noise intensity with the change of

cavitation coefficient between sodium and water might be caused by the difference
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mechanism of cavitation. The dominant cavitation process during the onset of
cavitation in case of sodium was vaporous cavitation while in water it was in the form
of gaseous cavitation. These different mechanisms caused the onset cavitation
condition in sodium were lower than in water and the change of noise intensity was
steep when cavitation occurred at the venturi.

From the numerical simulation of cavitation for water and liquid sodium, it can be
concluded that the onset conditions of cavitation were influenced by the amount of
non-condensable gases in the liquid, i.e. argon and air. Comparing with the
experimental results, the gas contents that gave close predictions on onset cavitation
conditions with the experiments were larger in water than in liquid sodium because of
the different solubility of air and argon gas.

The high-speed camera used to observe the cavitation process in water showed that
cavitation bubbles first produced at the venturi throat and increased with the increased
of the flow. These voids were then conveyed and collapsed at downstream because of

an increase in the static pressure.

References
Sato, K. and Kakutani, K., (1994), Measurement of Cavitation Inception, JSME
International Journal Series B, Vol. 37, No. 2, pp. 306-312.
Courbiere, P., (1984), An acoustic Method for Characterizing The Onset of
Cavitation in Nozzles and Pumps, International Symposium on Cavitation

Inception, pp. 137-143.

[101]



3-3

3-4

3-5

3-6

3-8

3-9

3-10

Chapter 3. Characteristics ef Onset Condition in Sedium and Water Cavitation

Lin, H. J. and Katz, J., (1987), The Effect of Background Noise on Cavitation
Phenomena in Water Jets, Cavitation and Multiphase Flow Forum, FED-Vol. 50,
June 14-17, pp. 41-44.

Hammitt, F. G.,, (1971), Effects of Gas Content Upon Cavitation Inception,
Performance, and Damage, UMICH 01357-19-T.

Hammitt, F. G, (1971), Effects of Gas Content Upon Cavitation Inception,
Performance, and Damage (Summary Report for Working Group No. 1 of Section
for Hydraulic Machinery, Equipment and Cavitation of TAHR), UMICH 01357-21-
T.

Hammitt, F. G., Robinson, M. J., Kersppainen, D. J. and Robinson, R. A., (1965),
Gas Entrainment Effects on Cavitation Number in Mercury in ”2 inch Venturi to
400°F, Internal report 06110-7-1.

Hammitt, F. G,, Robinson, M. J., Koopman, R. P. and Ericson, D. M., (1966), Gas
Content Effects on Cavitation Number in Water in A Cavitating Venturi, TR-19.
Hammitt and Ericson, D. M., (1969), Scale Effects Including Gas Content Upon
Cavitation in A Flowing System, TR-01357-11-T.

Ericson, D. M., (1969), Observations and Analyses of Cavitating Flow in Venturi
Systems, Ph.D dissertation, University of Michigan.

Coubiere, P., (1984), An Acoustic Method for Characterizing The Onset of
Cavitation in Nozzles and Pumps, International Symposium on Cavitation

Inception, pp. 137-145.

[102]



3-12

3-13

3-14

3-15

3-16

3-17

3-18

3-19

Chapter 3. Characteristics ef Onset Condition in Sedium and Water Cavitation

Veleckis, E., Dhar, S. K., Cafasso, F. A. and Feder, H. M., (1971), Solubility of
Helium and Argon in Liquid Sodium, The Journal of Physical Chemistry, Vol. 75,
No. 18, pp. 2832-2838.

Bistafa, S. R., (1986), Noise Generated by Cavitation in Orifice-Plates with Some
Gaseous Effects, International Symposium on Cavitation and Multiphase Flow
Noise, pp. 41-52.

Brennen, C. E., (1995), Cavitation and Bubble Dynamics, Oxford University Press,
New York.

Singhal, A. K., Athavale, M. M., Li, H. and Jiang, Y., (2002), Mathematical Basis
and Validation of the Full Cavitation Model, Journal of Fluids Engineering, 124,
pp. 617-624.

Kamiyama, S. and Yamasaki, T., (1986), Critical Condition of Cavitation
Occurrence in Various Liquids, Journal of Fluids Engineering, Vol. 108, pp. 428-
432.

Kamiyama, S. and Yamasaki, T., (1980), One Predicting Method of Gaseous
Cavitation Occurrence in Water and Sodium, Bulletin of the JSME, Vol. 23, No.
183, pp. 1428-1434.

Kamiyama, S. and Yamasaki, T., (1982), One Prediction Method of Cavitation
Occurrence in Special Liquids (in Japanese), Bulletin of the JSME, Vol. 48, No.
125, pp. 43-49.

FLUENT 6.3 User’s Guide, (2006), Fluent Inc.

Fink, J. K., and Leibowitz, L., (1995), Thermodynamic and Transport Properties of

Sodium Liquid and Vapor. Argonne National Laboratory, USA.

[103]



Chapter 3. Characteristics ef Onset Condition in Sedium and Water Cavitation

3-20 Sander, R., (1999), Compilation of Henry's Law Constants for Inorganic and
Organic Species of Potential Importance in Environmental Chemistry, Max-Planck

Institute of Chemistry, Germany.

[104]



Chapter 4. Characteristics of Naise Spectuum in Sedium and Water Cavitation

CHAPTER 4

CHARACTERISTICS OF NOISE

SPECTRUM IN SODIUM AND WATER

CAVITATION

[105]



Chapter 4. Characteristics of Naise Spectuum in Sedium and Water Cavitation

4.1 Introduction

The early detection of cavitation in SFR is very important part in order to ensure
the safety of the flow components. This could prevent further damages caused by
cavitation such as erosion on the material surface. In regard with the occurrence of
cavitation in the fluid system besides its potential to create erosion, it is generally
accepted especially in the water system case that the onset of cavitation is associated with
its acoustic noise as one of the characteristics of cavitation since the noise is produced by
the formation and collapse of cavitation bubbles. Therefore, the noise emitted from
cavitation bubbles can be used as a tool to detect the occurrence of cavitation in the
sodium similar to that used in water. The differentiation of cavitation noise from the
background noise can be used to judge whether cavitation already occurred or not in the
flow system. Bistafa in 1986 [4-1] measured the noise generated by cavitation in orifice
plates immersed in water and found an increase of about 20 dB between the background
and cavitation. Sato in 1987 [4-2] studied the cavitation process by means of acoustic
pulse measurement has been conducted by using long orifice in water. He stated that
cavitation stages could be divided according to the acoustic pulse count rate. Frizell, et a/
in 1987 [4-3] found that noise frequency from a bubble generated by a nozzle in water is
associated with the volume pulsation of the bubble. The sound produced is in the form of
a damped sinusoidal oscillation. Research on the noise produced by bubbles splitting in a
turbulent free shear flow in water showed that splitting can be a substantial noise
producer with sound level above single phase jet noise [4-4]. The study of the cavitation
noise and its correlation with the cavitation coefficient has been conducted by Zhuang, et

al in 1988 [4-5] on three different headforms in water. They found that for higher
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cavitation coefficient the sound spectra were dominated by the background noise over
low frequency. In cavitation inception, the noise levels do not increase very much in the
low frequency range but increase drastically in the high frequency range. Sanjay, ef al [4-
6] found that the multiple peaks of noise spectrum observed in single bubbles cavitation
around two axisymmetric headforms in water were resulted from several shock waves
emitted during the collapse process. Arakeri, et al [4-7] stated that cavitation noise is a
complex process that is not only affected by the degree of cavitation but also by the
influence of the nuclei number density present in the fluid. Testud, et al in 2007 [4-8],
investigated the effect of geometry on the cavitation noise. In their experiment they stated
that the acoustic noise in high degree of cavitation condition (develop cavitation) shows
no differences between single-hole and multi-hole orifices.

In the present study, the cavitation noise spectrum is investigated for sodium
cavitation using venturi channel since noise spectrum of sodium cavitation has not been
analyzed in detail in the past. The results of the experiment are compared with the water
cavitation noise spectrum conducted for the same test section geometry in order to

understand the differences between sodium and water cavitation noise spectrums.

4.2 Experiment
4.2.1 Experimental Apparatus

In case of sodium cavitation, the experiment was conducted by using a sodium
loop facility at Sukegawa Electric Co., Ltd. Argon gas was used as a cover gas pressure
in the loop during the experiment. The downstream static pressure was measured by

using a pressure transducer and the flow rate of liquid sodium was measured by using an
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electromagnetic flow meter. The test section for this experiment is a venturi made from
316 SS with an inner diameter of 6.5 mm, an outer diameter of 21 mm, and a length of 20
mm. The detail explanation of this apparatus can be found in Chapter 2.1 and ref. [4-9].
While for the water cavitation, the experiment was conducted by using high-
pressure water loop apparatus as explained in detail in Chapter 2.2.1. The test section
used has the same diameter as that used for sodium cavitation experiment. It is also made

from stainless steel since it will be used at temperatures higher than room temperature.

4.2.2 Experimental Condition

The experimental conditions for sodium cavitation experiment are listed in Tables
4.1 and 4.2. The minimum Re number during experiments was around 37700 at outer
diameter (21 mm) and 122000 at inner diameter (6.5 mm) for sodium. While it was
around 16000 at outer diameter (21 mm) and 53800 at inner diameter (6.5 mm) for water.

Therefore the flow was turbulent.

Table 4.1 Experimental conditions of sodium cavitation experiment.

Stagnant Pressure in the Expansion Tank,
Na Temperature [°C]
MPa absolute [MPa-a]

200-400 0.061-0.181
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Table 4.2 Experimental conditions of water cavitation experiment.

Stagnant Pressure in the Buffer Tank,
Water Temperature [°C]
MPa absolute [MPa-a]

56-90 0.101 (atmospheric pressure)

4.3 Resultsand Discussion
4.3.1 Noise Spectrum of Sodium Cavitation in Venturi Channel

The formation and collapse of cavitation bubbles produce acoustic noise that can
be recorded. In case of large system such as in cooling pipes, the differentiation of
sodium cavitation noise from the background noise can be used to judge whether
cavitation occurs or not. This could prevent further damages caused by cavitation such as
erosion on the material surface. Figure 4.1 shows the resonance frequencies of the test
section under uncirculated condition. The peaks of noise intensity corresponding to the
resonance frequencies are around 1 kHz, 3 kHz, 5 kHz, 9 kHz, and 20 kHz.

It is found from the characteristics of noise signal that there are two typical
cavitation conditions, namely intermittent and developed cavitation. Intermittent
cavitation indicates that cavitation occurs intermittently for a few milliseconds and the
noise signal fluctuates as the bubbles grow and collapse intermittently, while developed
cavitation could occur for a relatively long time and the intensity of the noise signal is
relatively constant.

Figures 4.2 (a) to 4.2 (g) show the noise intensities spectrum at 200°C with the
parameter of the stagnant pressure change. This figure also shows some resonance peaks
similar with those obtained in Fig. 4.1. When the flow rate of liquid sodium is increased
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gradually before the occurrence of cavitation, the intensity of flow noise with low
frequency up to around 600 Hz increases and becomes saturated. As the flow rate is
increased further, cavitation bubbles start to form which produce noise in the frequency
from around 600 Hz up to 20 kHz. When cavitation condition changes from no cavitation
to developed cavitation, the increase of the noise intensity is more significant at higher
frequency region than at the lower frequency region. This might be caused by the rapid
formation of cavitation bubbles due to reduction of static pressure at the venturi inlet and
collapse/condensation of cavitation bubbles due to recovery of static pressure at the
venturi outlet. At very low cavitation coefficient corresponding to developed cavitation
condition and very high noise, the noise intensity becomes constant with magnitude of
around -50 dB. This condition is caused by the relatively constant formation and collapse
of cavitation bubbles due to choking condition.

It is found from the comparison in Figs. 4.2 (a) to 4.2 (g) that the change of the
stagnant pressure in the expansion tank from 0.061 MPa-a to 0.181 MPa-a does not have

significant effect on the frequency spectrum of the noise intensity.

70

LR
L T sodium: 200°C
75 L Pstag.= 0.121 MPa-a

-80
-85

-90

Noise intensity (dB)

-95

-100

-105

Fig. 4.1 Resonance frequency of the sodium test section.
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The results of noise intensity spectrums at 300°C as shown in Figs. 4.3 (a) to 4.3
(g) show similarity with those obtained at 200°C where the noise spectrum tends to
increase at higher frequency region. At developed cavitation condition, the magnitude of
the noise is also around -50 dB. A little instability of the noise spectrum was observed at
0.161 MPa-a.

Figures 4.4 (a) to 4.4 (f) show the result at 400°C. At 400°C, some instabilities or
fluctuations were observed (Figs. 4.4 (a), 4.4 (b), 4.4 (d), 4.4 (e), and 4.4 (f)) clearly
from hearing the noise sounds and observing the spectrum on computer monitor. In this
unstable cavitation sometimes the magnitude of the noise intensity was as large as in the
developed cavitation for a relatively long time, but then suddenly the noise became as
low as in no cavitation conditions. The noise intensity fluctuated between low and high
intensities. The fluctuations might be caused by the shedding process of cavitation
bubbles due to more violent cavitation bubbles collapse, since at high temperature the
vapor pressure will increase as well as the solubility of argon gas. This might create a
more violent cavitation bubbles that disturb the flow. Therefore, any disturbances in the
flow may have the possibility to disturb cavitation conditions [4-10]. The collapse of
cavitation bubbles at downstream of the test section will in turn produce shock waves and
reentrant flows traveling to the upstream direction. These shock waves and reentrant
flows could disturb the flow that could stop cavitation suddenly. The flow velocity in the
venturi could also decrease to very low value momentarily, which corresponds to the

decrease of its noise intensity spectrum shown for K: 0.88 since noise is a function of
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flow velocity (flow rate). It should be noted that the cavitation coefficient K in this figure
was calculated when the noise spectrum became stable (no instabilities).

It is found from the data with temperatures ranging from 200°-400°C that the
stagnant pressure change in the expansion tank does not affect the spectrum of the noise
intensity at intermittent and developed cavitation for 200°, 300°, and 400°C. Therefore, it
is independent of the stagnant pressure level.

The phenomena of the acoustic noise generation due to cavitation are explained in
this way. When the liquid velocity is very high at the venturi channel the static pressure
could fall to the saturated vapor pressure and evaporation could occur (K=1 theoretically)
creating small cavitation bubbles. Because the inside pressure of the bubble is higher than
the outside pressure (liquid static pressure), bubbles will expand. If there is some
dissolved gas in the liquid, the dissolved gas could come out from the liquid and creating
some micro nucleation bubbles. The mixing of the saturated vapor pressure that cause
evaporation and dissolved gas partial pressures could increase the bubble inside pressure
and the growth process will be larger. This large cavitation bubbles could collapse when
the liquid static pressure recovers again to its original pressure at downstream of the
venturi channel creating compression process to the bubble by the liquid. This collapse
process will be very intense and the inside pressure and temperature of the collapse
bubble will increase sharply. This high collapse energy will be transformed into acoustic
noise pulse that hit the surface of the test section. The surface of the test section will
vibrate and the vibration is transferred to the accelerometer. Reducing the pressure
further will increase the evaporation process at venturi channel and more cavitation

bubbles will be formed (K<I theoretically). Bubbles will also grow larger because of
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pressure decrease. Therefore the acoustic noise intensity will increase because of large

cavitation bubbles collapse as measured by accelerometer.

——T
-30 | T sodium: 200°C
| Pstag: 0.061 MPa-a

-40 |

S o

Noise intensity (dB)
¢
o
i)

10° 10*

Frequency (Hz)

— No cavitation; K: 1.01

—— Intermittent cavitation; K: 0.83
Developed cavitation; K: 0.66

— Developed cavitaion; K: 0.41

Fig. 4.2 (a) Noise intensity spectrum at 200°C and Pstag: 0.061 MPa-a.
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Fig. 4.2 (b) Noise intensity spectrum at 200°C and Pstag: 0.081 MPa-a.
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Fig. 4.2 (c) Noise intensity spectrum at 200°C and Pstag: 0.101 MPa-a.
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Fig. 4.2 (d) Noise intensity spectrum at 200°C and Pstag: 0.121 MPa-a.
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Fig. 4.2 (f) Noise intensity spectrum at 200°C and Pstag: 0.161 MPa-a.
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Fig. 4.2 (g) Noise intensity spectrum at 200°C and Pstag: 0.181 MPa-a.
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Fig. 4.3 (e) Noise intensity spectrum at 300°C and Pstag: 0.141 MPa-a.
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Fig. 4.5 Schematic of acoustic noise pulse formation.

4.3.2 Comparison of Cavitation Noise Spectrum in Sodium and Water for Venturi
Channel

Experiments in water cavitation for comparison with sodium cavitation results
were also conducted at 56°C, 74°C and 90°C because of the same kinematic viscosity
with sodium at 200°C, 300°C and 400°C, and with the same venturi channel geometry
(21 mm OD and 6.5 mm ID). The acoustic noise results are compared based on these
similarities from no cavitation to developed cavitation. The results are considered satisfy
when acoustic noise intensity becomes constant (developed cavitation condition).
Figures 4.6 shows the resonance frequency of the test section used in water with some
multiple resonance peaks. Figures 4.7 (a) and 4.7 (b) show the results of the acoustic
noise spectrum in water at 56°C and 74°C for higher DO concentration. While Figs. 4.8
(a) to 4.8 (c) show the results of the noise spectrum in water at 56°C, 74°C and 90°C for
lower DO concentration. From the results of the noise spectrum in Figs. 4.7 and 4.8, it
seems that there are no significant differences between the spectrums observed at 56°C to
90°C at higher and lower DO concentrations. The spectrums at no cavitation, intermittent

and developed cavitation are similar in their shapes. The noise spectrum increases from
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low to high frequency regions at developed cavitation condition with intensity of around -

50 dB.
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Fig. 4.6 Resonance frequency of the water test section.
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Fig. 4.7 (a) Noise spectrum in water at 56°C and higher DO concentration.
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Fig. 4.7 (b) Noise spectrum in water at 74°C and higher DO concentration.
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Fig. 4.8 (a) Noise spectrum in water at 56°C and lower DO concentration.
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Comparison of the acoustic noise intensity spectrum between water at 56°C, DO
concentration 3.91 mg/L, Pstag: 0.101 MPa-a (air) and sodium at 200°C, Pstag: 0.101
MPa-a (argon) were shown in Fig. 4.8 (d). The noise spectrum results between sodium
and water are compared based on the acoustic noise spectrum recorded from no
cavitation to developed cavitation conditions. The comparison shows that the noise
intensity during the onset and developed of cavitation increase at high frequency region.
The increase at high frequency region is clearer in case of sodium than in water. The
physical phenomena of this result can be explained in this way. In sodium, the increase of
the acoustic noise intensity at high frequency region is clearer than in water. These
phenomena might be caused by the more dominant vaporous cavitation in sodium due to
very low dissolved gas concentration. Therefore, cavitation bubbles can collapse rapidly
in sodium without the damping effect from partial gas pressure of the dissolved gas. The
rapid collapse will produce clear acoustic noise intensity increase at high frequency
region. In case of water during no cavitation condition, the noise intensity spectrum
increases at low frequency region (up to about 2 kHz). At onset and developed cavitation
conditions, the noise spectrum gradually increases from low frequency up to 20 kHz. The
increase of the noise at low frequency is probably caused by the noise coming from small
nuclei due to dissolved gas. The dissolved gas at low pressure will precipitate, expand
and collapse creating acoustic noise at low frequency region. Also because the collapse of
the nuclei is not so rapid due to damping effect of the gas partial pressure, the acoustic
noise produced might have low frequency. However since evaporation also occurs in
water, the bubbles produced by evaporation might collapse rapidly creating high
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frequency noise. Therefore in water the noise intensity occurs from low to high frequency
regions. But because gaseous cavitation effect is more dominant, the increase of the noise
intensity at high frequency region is not so clear as compared to sodium.

The results also show some spectrum peaks on the figures for both water and
sodium that were resulted from resonance frequencies of the test section. Although both
noise intensity spectrums in sodium and water cavitation cases are different in their
shapes, however their noise intensities show sharp increase at higher frequency region
than at lower one. The increase of the noise spectrum at higher frequency region is more
apparent in case of sodium cavitation than in water cavitation. At develop cavitation, the
noise spectrum increases at higher frequency region for both sodium and water. It
indicates that the bubble behavior during developed cavitation stages for both sodium and
water is similar. Also, because the frequency spectrum mostly changes at high frequency
region during cavitation, therefore it can be used as a tool for the detection of cavitation
in the flow.

The acoustic noise in sodium and water are influenced by some important factors
such as the transmission of sound in the liquid (sound velocity), sound intensity and
bubble fraction. The velocity of sound in the sodium and water are very high as shown in
Tables 3.3 and 3.4 above. In liquid metal and water, the occurrence of cavitation will
produce bubbles that can change the sound transmission. The sound intensity and
velocity can decrease due to some fraction of bubbles present in the liquid. Even small
amount of bubbles can significantly reduce sound velocity and intensity as shown by [4-
11]. However in the experiment the venturi channel geometry (21 mm OD and 6.5 mm
ID) is smaller than the decrease of sound velocity and intensity due to cavitation bubbles
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as observed from experiment in water by Huang, et a/ [4-11]. Therefore in the experiment
it is assumed that sound intensity decrease is very low because of the small diameter of

the test section. And acoustic noise can be easily transmitted to the accelerometer.

— T T T
— -30 |- T sodium: 200°C
om — Pstag: 0.101 MPa-a
) g0
- T 40 -
= > L
2 12 5
i C - b T A
I3 g »
c £ '
= -60 |-
5 8
o L

o -1 . Ege
(ZD 00 | Twater: 56°C . Z .70 No cavitation; K: 0.97

DO: 3.910 mg/L at 18.87°C |l —— Intermittent cavitation; K: 0.89

Air at 56°C: 8.51 ppm Developed cavitation; K: 0.77

Pstag: 0.101 MPa-a (air) -80 - —— Developed cavitaion; K: 0.58

Ll . P R | M| . L L

3 7 3 =
10 Frequency (H2) 10 10 Frequency (Hz) 10

— No cavitation; K: 4.70

—— Onset of cavitation; K: 2.08
Developed cavitation; K: 1.93

—— Developed cavitation; K: 1.88

Fig. 4.8 (d) Noise spectrum comparison in water at 56°C and sodium at 200°C.

4.3.3 Numerical Simulation of Cavitation Spectrum
A numerical simulation of noise spectrum resulting from the growth and collapse
of cavitation bubbles were performed in this study. The purpose is to understand how the

spectrum is generated during the growth and collapse of cavitation bubble.

4.3.3.1 Keller-Miksis Equation
The equation used for the simulation is the Keller-Miksis equation [4-12] that
describes the radial motion of two-coupled spherical bubbles in a compressible liquid.

The Keller-Miksis equation is stated as:
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( dRilj d’R, [3 dR, 1][5113,.]2
1-—L= R = +| > - ——
dt ¢ dt 2 dt 2c )\ dt
. dp,, & 7
_1(1+4R:1jp“+Rzpw_ > 1
P dt c¢)” Aa D, dt

where R =R (1) is the instantancous radius of bubble i, p, is the center-to-center

distance between bubbles i and ;, and the over dots denote the time derivate. The
surrounding liquid is assumed to be water at temperature of 56°C. The density p=
985.228 kg/m’, viscosity x=0.000496 kg/m.s, sound speed ¢= 1500 m/s, surface tension

0= 0.0669 N/m, and vapor pressure p = 16469.79 Pa.

The pressure inside bubble is determined by [4-13]

2w\ R, -1
= o+ — ‘ L (4‘3)
pb,l [p\ R,.O J( R}} _ hlg J

where R, is the ambient radius and 4, is the hard-core radius (R, /8.54 for air [4-13]) and

p.. is the far field pressure in the liquid. The polytrophic exponent of the gas, x is
assumed to be equal to its specific heat ratio y (1.4 for air). The pressure wave emitted

from pulsating sphere is calculated by [4-12]

d(Ri2 1.31) . .
pi = £ = p(le RIZ-{— RIZ Rl] ............................................................. (4'4)
r, dt 7

i

In order to solve the differential equation, an ODE45 solver utilizing Runge-Kutta

method is used to solve the change of the bubble radius with time as
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R, =R, + %[kl +2k2 +2k3 + k4]

Kl=hf(,R,)

| L e (4-5)
k2=hf tn +Eh,Rn +5k1

K3=h. f(tn Lar o+ 1k2]
2 2

kd=h.f(t, +h,R, +k3)
where k1, k2, k3, and k4 are the deltas based on the slope at the beginning, midpoint and

end of the interval. f(¢,R) is the derivative of bubble radius R with respect to time ¢, and

bubble radius R, while 4 is the time step used for the calculation ( Ar).

4.3.3.2 Fast Fourier Transform (FFT)

Fourier analysis stated that a complicated mathematical function that depends on
time could be transformed into different function as the sum of sines and cosines of
different frequencies, or in other word from time domain to frequency domain. In this
calculation, the calculated pressure waves are presented in the time domain and assumed
to be the sum of sines and cosines waves with different frequencies. Therefore, to change
the pressure wave result emitted from pulsating sphere from the time domain to
frequency domain, a Fast Fourier Transform (FFT) is used. FFT is an algorithm to
compute the Discrete Fourier Transform (DFT) of a sequence of values and decompose it

into components of different frequencies. FFT transforms vectors of length N by:

X(k)= Zx(j)w;(vf_])(k_l) Jom 0,1,y N L e e (4-6)
where
Oy =N =cosQa/ N)=isinQ@a/N) 4-7)

_ Re{e(-zm)w }_ilm{e(-zm')/zv}
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4.3.3.3 Initial and Boundary Condition

The initial condition for the calculation is

The boundary condition for the calculation is assumed to be the change of the far field

pressure in the liquid p_ with time. The value is the static pressure change at inlet,

venturi and outlet parts of the test section computed from the dynamic pressure and total
pressure (Psutic + Pdynamic = constant = 0.101325 MPa). This value is calculated based on
the experiment in water cavitation conducted at no cavitation, onset cavitation and
developed cavitation conditions at 56°C. The value is plotted in Fig. 4.8 below, where

negative value represents vacuum condition.

1.20E+05 ‘
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8.00E+04 'l\\ —M
\
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2.00E+04 Develop

Static pressure [Pa)

0.00E+00

0.005 0.01 0.015 0.02

-2.00e+04 |

-4.00E+04

time [s]

Fig. 4.9 Boundary conditions for calculation.
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In this calculation it is assumed that the initial bubble radius of bubble 1 is the same with
bubble 2 (R10=R20=10 pum). It is also assumed that no heat transfer occurs from or to the
bubble during the growth and collapse process (bubbles are in thermal equilibrium with
the fluid). Also the bubble is assumed to be remaining spherical during the growth and

collapse.

4.3.3.4 Result of Calculation

The calculation result of the change of bubble radius with time is presented in
Figs. 4.10 (a) to 4.10 (c). The result shows that at no cavitation condition, the bubble did
not grow into larger one because of the damping from the liquid pressure, surface tension
and viscosity. Reducing the far field pressure into smaller values at onset condition
increases the bubble radius. Bubble starts to grow into larger one with diameter of around

0.002 m (2 mm) as shown at D,= infinity, D,= 300*R10 and D, = 200*R10. At

develop condition the change of the bubble radius is the largest of all as compared at no
cavitation and onset cavitation conditions. It is caused by the higher pressure inside of the
bubble following the change of the far field pressure in the liquid. Therefore, this large
difference between inside pressure and the far field pressure increases the growth rate of

the bubble from 10 pm to around 0.013 m (13 mm) for D,= infinity, 0.010 m (10 mm)
for D,= 300*R10 and 0.0095 m (9.5 mm) for D,= 200*R10. The figure also shows
that bubble growth for center-to-center distance between bubble D= infinity is the
largest as compared to D, =300*R10 or D, =200*R10. Since bubble 1 is equal to

bubble 2 (R10=R20=10 um), therefore the result of bubble 2 shows similarity with
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bubble 1. The results also show that after the bubbles grow into larger ones and collapse
at onset of cavitation, the collapse bubbles rebound several times before completely
disappear because of the damping from viscosity and liquid compressibility. However, at
developed cavitation the rebound process is not so large and the bubble seems to
completely disappear after some small and short rebound steps.

The result of the pressure change with the change of center-to-center distance D,

between bubble 1 and 2 is presented in Figs. 4.11 (a) to 4.11 (C) calculated at a distance

r= 1 m from the bubble center. The calculated result shows that although the growth of

the bubble radius at D,= infinity is the largest; however the pressure pulse created is the

smallest at developed cavitation condition. The largest pressure pulse is created when

Dy~ 200*R 10 as shown in the Fig. 4.11 (C). The peak of the pressure is produced during

the collapse process since at this process the acceleration and velocity terms are the
largest as shown in Fig. 4.12.

Result of the spectrum from the pressure pulse at D,= infinity, D12=300*R10
and 1)12:200*R10 is shown in Figs. 4.13 (a) to 4.13 (c) below. The spectrums were

generated using the data of the pressure pulses shown in Fig. 4.12 (a) to 4.12 (C) in a time
period from 1072 s to 0.01 s. The sampling frequency assumed is 2 MHz. The acoustical

pressure is presented in dB values

where P is the acoustical pressure of the spectrum and Py is atmospheric pressure (0.101

MPa). The figure shows the result with the change of the conditions from no cavitation to
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developed cavitation. The intensity of the acoustical pressure increases following the
change from no cavitation to developed cavitation condition, which is from the value of
around -1.8x10> dB at no cavitation to around -8x10' dB at develop cavitation. The
intensity of the acoustical pressure is relatively flat from lower frequency up to about 10

kHz, and gradually increasing up to 20 kHz. The result of the spectrum at D, infinity
shows similarity with the results at D, = 200*R10 and D, = 300*R10 where the

spectrum increases at high frequency region and flat at lower one.

D12=infinity
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0.014 56 deg. C; onset cav. K: 2.08; Bubble 1
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£
& 0.01
3
T
© 0.008+ |
] \
g I|
S 0.006- i
@ i
|
0.004+ |
0.002
0 ' : .
0 0.002 0.004 0.006 0.008 0.01

Time, second

Fig. 4.10 (a) Bubble radius change with center-to-center distance Dy, = ®-
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Fig. 4.10 (b) Bubble radius change with center-to-center distance D,= 300xR10.
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Fig. 4.10 (c) Bubble radius change with center-to-center distance Dy,= 200xR10.
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Fig. 4.11 (b) Pressure change with center-to-center distance Dy,= 300xR10.
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D12=200"R10

101
56 deg. C; dev. cav. K: 1.93; Bubble 1
E 9 56 deg. C; onset cav. K: 2.08; Bubble 1
© 56 deg. C; no cav. K: 4.70; Bubble 1
o
= 8
o
[}
5 7
&
o 6f
a
2 5
2
3 4
@
o 3
@
N
® 2r
E
o 1+ |
= 1 ]
0
495 5 5.05 5.1 5.15
Time, second x10°

Fig. 4.11 (c) Pressure change with center-to-center distance D,= 200xR10.
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Fig. 4.13 (b) Acoustical pressure change with center-to-center distance D5~ 300xR10.
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Fig. 4.13 (c) Acoustical pressure change with center-to-center distance D,= 200xR10.

4.3.3.5 Thermal Effect on Bubble Growth
If the bubble temperature is different with the liquid temperature (not in thermal
equilibrium with the liquid), then the heat transfer can have important effect on the

bubble growth rate. The heat diffusion equation in the liquid is stated that

3T+61R(RJ28T:069(,23TJ ................................................................ (4-10)
ot dt\r) or r*orl or

The heat supplied to the bubble from the liquid is related by

IR _ 4 (E’TJ .................................................................................... (4-11)
ot p,L\or

where L is the latent heat of vaporization. During bubble growth, the heat supplied to the
interface creating a thermal boundary layer on the bubble wall. As for any diffusive

process, the order magnitude of the boundary layer thickness is \/o;r Where o, =4, /pc,, 18
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the thermal diffusivity of the liquid (4, p, and ¢, are the conductivity, density and heat

capacity of the liquid). The typical temperature gradient within the boundary layer is

AT/\Jar , where AT=T_-T,, the difference between liquid temperature and bubble

temperature. According to Fourier’s law, the conductive heat flux towards the interface is

then of the order of A7/ [o;¢ [4-14]. The energy balance express that at any time the heat
supplied by conduction to the interface of area 4zR* is used for vaporization and causes

the increase of the mass of vapor Lt p, inside the bubble (p, is the vapor density).
3 ' '

Hence, the energy balance can be written as

11M47d32:d[4ﬂR3jva ................................................................... (4-12)

Joit dt\3

Figures 4.14 (a) to 4.14 (c) show the comparison of the bubble radius, pressure
and acoustical pressure without the difference of the liquid and bubble temperature, and
with the difference of the liquid and bubble temperature of 20°C. The results show that
the bubble radius will grow larger with temperature difference of 20°C as compared
without temperature difference as shown in Fig. 4.14 (a). The bubble slightly grows to
around 0.011 m (11 mm) as compared to 0.010 m (10 mm) at developed cavitation
condition. However, at intermittent condition the change of the bubble radius is
noticeable between the upper and lower figures of Fig. 4.14 (a). The bubble grows to
around 0.004 m (4 mm) from around 0.002 m (2 mm), an increase of around 2 mm. At no
cavitation condition, the results are about the same between the upper figure and lower

figure where the bubble does not grow significantly.
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Fig. 4.14 (a) Comparison of bubble radius change with center-to-center distance D,,=
300xR10. Upper figure (7 - T, = 0°C), lower figure (r - T, = 20°C).

Figure 4.14 (b) shows that the result with temperature difference of 20°C
between liquid and bubble temperature have slightly higher normalized pressure pulse

(about 4.5) as compared to without temperature difference (about 4). However, the noise
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spectrums as shown in Fig. 4.14 (C) are similar for the bubbles with and without
temperature difference, where the acoustical pressure increases at higher frequency
region compared to lower frequency region.
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Fig. 414 (b) Comparison of pressure change with center-to-center distance D, =

300xR10. Upper figure (7 - T, = 0°C), lower figure (7 - T, = 20°C).
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D,,= 300xR10. Upper figure (Too ~Tp = 0°C), lower figure (Too ~Ty = 20°C).

4.4 Conclusion

Noise characteristics of sodium cavitation were investigated for a venturi with
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inner diameter of 6.5 mm and length of 20 mm. The experiments were conducted at

sodium stagnant pressures in the expansion tank in the range of 0.061-0.181 MPa-a and

in temperatures range of 200°-400°C. The results were compared with water cavitation

noise spectrum conducted with the same test section geometry. The major conclusions are

summarized as follows:

1)

2)

3)

Cavitation occurrence in sodium produced a noise in the range of 600 Hz to 20 kHz,
while in water it increases for the whole frequency range. In sodium at developed
cavitation condition, the noise intensity was relatively constant at around -50 dB
which might be caused by the choking of the fluid. At 400°C, instabilities of the noise
intensities were observed. These instabilities might be caused by the shedding process
of cavitation bubbles that produce shock waves and disturb the flow conditions
upstream.

The change of the stagnant pressure at the expansion tank did not affect the spectrum
of the noise intensity at 200°-400°C during intermittent and developed cavitation.
Noise spectrum comparison with the water cavitation case showed that cavitation in
water produced noise from low frequency up to 20 kHz. However, although both
noise intensity spectrums in sodium and water cavitation cases were different in their
shapes, but their noise intensities showed sharp increase at higher frequency region
than at lower one. The increase of the noise spectrum at higher frequency region was
more noticeable in case of sodium cavitation than in water cavitation. At develop
cavitation, the noise spectrum increased at higher frequency region for both sodium
and water. It indicated that the bubble behavior during developed cavitation stage for

both sodium and water was similar.
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Numerical calculation for bubble growth and collapse showed that the collapse
process produced high pressure pulse. The intensity of the acoustical pressure was
relatively flat from lower frequency up to about 10 kHz, and gradually increasing up

to 20 kHz.
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CHAPTER 5

EROSION IN SODIUM CAVITATION
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5.1 Introduction

Erosion caused by cavitation in sodium is one of the critical problems for
developing Sodium-Cooled Fast Reactor (SFR) [5-1]. Damage of structural material
caused by the collapse of cavitation bubbles in SFR may be expected in cases where the
design requires a more compact reactor vessel and components, leading to higher sodium
flow velocity. The cavitation might occur in local condition where the local pressure falls
below the vapor pressure of the fluid due to high flow velocity. The damage of the
structural material such as cracks or severe erosion leads to the failure of the reactor
component. If the damage occurs in primary coolant pipes, the leak of reactor coolant
from primary circuits could take place.

Previous researches have been conducted to study the damage of liquid metal
cavitation and as a result, it has been known that cavitation causes damages on the
surface of the materials [5-2 to 5-9]. For the study of liquid metal erosion itself,
cavitation tests were conducted mostly by using vibratory apparatus since it can be done
at relatively low cost, the liquid metals inventory can be easily operated and handled, and
a large number of data can be obtained for various combinations of liquid metals and test
materials for relatively short duration of time.

However, cavitation tests using the vibratory apparatus lack the information of the
actual damage process in practical flowing condition, since most of the components that
suffer from cavitation are operated in the flowing systems. The formation and collapse
sites of cavitation bubbles in flowing systems are different from each other compared to
vibratory apparatus where the formation and collapse sites are approximately the same.
Also the growth and collapse process of the bubbles in flowing condition might be

[151]



Chapter 5. Envsion in Sedium Cavitation

difference since the shapes of the bubbles at flowing conditions are influenced by the
flow. Moreover, it is known that pitting damages formed by cavitation in case of water
system are influenced by the flow of the water [5-10], and most of the data for cavitation
damage in sodium are obtained for short period of time and by using vibratory apparatus
that could enhance its collapse process. Therefore it is necessary to know in more detail
the damage on the surface of the test section caused by cavitation in flowing sodium.
Therefore, in the present study the damage behavior is investigated in venturi
channel made from 316 SS in order to understand the behavior of the damage in flowing
sodium cavitation for long time period of 600 hours. The inner surfaces of the test section
are observed using an optical micrograph and a scanning electron microscope (SEM) to

investigate the erosion process.

5.2 Experiment
5.2.1 Experimental Apparatus

The experiment was conducted by using a sodium loop facility at Sukegawa
Electric Co., Ltd. Argon gas was used as a cover gas pressure in the loop during the
experiment. The downstream static pressure was measured by using a pressure transducer
and the flow rate of sodium was measured by using an electromagnetic flow meter. The
test section for this experiment is a venturi made from 316 SS with an inner diameter of
6.5 mm, an outer diameter of 21 mm, and a length of 20 mm. The detail explanation of

this apparatus can be found in Chapter 2.1 and ref. [5-11].
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5.2.2 Experimental Condition

The experimental conditions for sodium cavitation damage experiment are listed
in Table 5.1. The physical and thermodynamic properties of sodium and the chemical
compositions of 316 SS can be seen in Tables 5.2 and 5.3, respectively. The minimum
Re number at outer diameter was around 56500 and at inner diameter was around 182600

indicating turbulent flow.

Table 5.1 Experimental conditions for cavitation erosion experiment.

Sodium temperature [°C] 200

Stagnant pressure at expansion tank [kPa] | 105-110

Flow rate [L/min] 27-28
Cavitation coefficient, K [-] 0.59-0.51
Experimental time [h] 600

Table 5.2 Physical and thermodynamic properties of sodium [5-12].

Melting point [°C] 98
Boiling point [°C] 883
Vapor pressure at 200°C [MPa] 220x10°
Liquid density at 200°C [kg.m™] 903
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Table 5.3 Compositions of 316 SS.

Material %
Fe Balance
C 0.04-0.1
Mn 0.04-0.1
Si 0.0-0.75
P 0.0-0.045
0.0-0.03
Cr 16.0-18.0
Mo 2.0-3.0
Ni 10.0-14.0

Table 5.4 Mechanical properties of 316 SS.

Tensile strength [MPa] 515
Yield strength [MPa] 205
Hardness [HB] 217

5.3 Resultsand Discussion

In order to see the inner surface condition of the venturi channel before cavitation
test, a hole with the same diameter of 6.5 mm was made in a 316 SS rod by the same
machining method as that for the fabrication of the venturi channel as shown in Fig. 5.1
(a@). The cylinder was then cut into half in the axial direction, and the inner surface of the
cylinder was observed by using SEM as shown in Fig. 5.1 (b). Under SEM observation,
clear lines made by machining were observed on the inner surface, and no indication of

pits or erosion can be observed.
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In this experiment, the venturi channel was tested in developed cavitation
condition using sodium for 600 hours. After experiment, ethanol was used to wash the
remaining sodium that might adhere on the surface by the following reaction

2CH;CH,0H + 2Na -> 2CH3;CH,0ONa + H,
The solution was left to dry and leave the white solid sodium ethoxide that can be cleaned
by water easily. This process was repeated several times to ensure that there is no sodium
adhere on the surface of the test section. After that the test section was then cut into half
in the horizontal direction as shown in Fig. 5.1 (C). The cut part of the test section was
polished smoothly using polisher from grit size of 120 and gradually increasing to grit
size of 2400 with water as grease. Next, velvet polisher was used until the surface of the
material became a mirror like surface to observe the damage part from its cross section.
From visual observation using naked eyes on the inner surface of the cross section, there
were not found any eroded parts appreciably. However, color degradation from white-
colored surface to brown-colored one was observed on inner surface in the downstream
part, which suggests the occurrence of erosion. Since cavitation bubbles are formed at the
venturi part, transported downstream through the venturi part, and collapse in the

downstream part due to the recovery of sodium static pressure.
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Cutting
direction %

6.5 mm

(a) (b)

Flow direction

Upstream
part Downstream
part
Venturi
part

(©)

Fig. 5.1 (&) A 316 SS cylinder made with the same machining method as the venturi

channel used for cavitation damage experiment; (b) SEM of the inner surface of Fig. 5.1

(a); and (c) Venturi channel cut into half after cavitation experiment for 600 hours.

In order to observe the inner surface of the test section more clearly, an optical
microscope was used and the result is shown in Fig. 5.2. The upper picture of Fig. 5.2
shows the upstream part of the venturi where cavitation bubbles are formed due to the
decrease in static pressure below the vapor pressure of sodium at 200°C because of the

acceleration of sodium flow. This acceleration occurs when sodium travels from the
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upstream part to the inside of the venturi region. The figure shows that the inner surface
at the upstream part of the venturi reveals relatively smooth surface. No clear micro pits
are observed in this region. The lower picture of Fig. 5.2 shows the downstream part of
the venturi. The surface shows some pitting damages at around 100 pum from the throat
outlet. These damages are caused by the collapse of cavitation bubbles when travelling
out from the venturi outlet. The collapse produces shock waves and micro jets which

impinge on the surface of the test section, hence creating some observable micro pits.

Upstream

Downstream

Pits at

Elostliraction, ™~ downstream

Fig. 5.2 Photograph of the test section surface at upstream (upper picture) and

downstream (lower picture) parts of the venturi channel.
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SEM was utilized to observe the damage part more clearly such as the size,
distribution and shape of each pit. However, since the sample holder of the SEM machine
has limited size, the test section was cut into seven samples with 5 and 10 mm in length
(Fig. 5.3) so that the surface of each sample could be observed. The specimens were
washed again by ethanol and water before observed by using SEM. Therefore the
possibility that oil attach on the surface was impossible. Because of the curvature of the
inner surface of the test section, observation on the surface of the test section cannot be
done over the radial direction (from bottom to top). Therefore, only around the axis part
of the inner surface of the test section on the axial direction was observed (from left to
right). The surface from samples No. 4 until No. 7 was observed around the axis part and
the SEM pictures were taken beginning from the left part and step-by-step moving to the
right. Each picture was observed and the numbers and shapes of pits were counted to get
the total number of pits. The total number of pits then divided by the number of pictures

taken in each samples to get the average number of pits.

Radial

Fig. 5.3 Venturi channel cut into seven samples.

[158]



Chapter 5. Envsion in Sedium Cavitation

From the SEM observation on the surface, the number of pits on the surface of
each sample was counted with emphasis on samples No. 4 to No. 7 (downstream part of
the test section) where cavitation bubbles collapse due to high static pressure of the
sodium on these regions and expected that at these parts the erosion will be higher. To
ensure pits were formed, the observation of the surface using backscattered electron
signal generated at low angles from the specimen was also performed. The backscattered
electron signal at low angles is very sensitive to compositional information, therefore
differences between the compositions can be observed. The backscattered electron signal
is generated from the electron beams that are reflected from the sample/specimen by
elastic scattering. The intensity of the signal depends on the atomic number of the
specimen. Therefore information about different elements in the specimen can be
obtained. The results show that there were no differences in color as shown in Fig. 5.5
below. It means that the materials have the same compositions and indicate that pits were
formed due to cavitation. If the compositions were different than different colors could be
seen on the Fig. 5.5. Observation on the surface of the specimen was also conducted
using laser microscope (Keyence VK-8500). The typical 2D and 3D surface analysis
clearly shows a hole with depth of around 25 pum as shown in Figs. 5.6 and 5.7. This hole
clearly indicates that pit is created due to cavitation. Figure 5.8 shows the average
number of pits on the surface of samples No. 4 to 7. It was found that the average
numbers of pits were high on the surface of samples No. 6 and 7, which suggested that
most of the bubbles collapsed in these regions. This was possible since the static pressure

of the sodium in that region was higher than at regions of samples No. 4 and 5. Cavitation
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bubbles would have more time to travel downstream because the pressure difference was
not large enough to make the bubbles to collapse; hence the energy to produce a micro pit
was not so large. Therefore, most of the bubbles might collapse at region of samples No.
6 and 7. The existence of pits on the surface of samples No. 4 and 5 suggests that some
small number of bubbles also collapse there. Smaller bubbles might collapse easily on the
surface of samples No. 4 and 5, while larger bubbles require larger pressure difference to
collapse. Therefore, the collapse of larger bubbles can be achieved at region of samples
No. 6 and 7. Figure 3.4 also shows that the formation and collapse sites of cavitation

bubbles are not same, but rather downstream of the venturi outlet resulting from the flow.

Primary electron beam

Secondary electron
Backscattered
electron signal

specimen

Fig. 5.4 Different electron signals generated by SEM.
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15.0kV 28 8Bmm x118

(a) (b)
Fig. 55 a) Pits distribution at sample No. 6 (~7700um from left), and b) its

corresponding backscattered electron signal.

Fig. 5.6 2D surface analysis of sample no. 7 (~600 um from left).
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Fig. 5.7 3D surface analysis of sample no. 7 (~600 um from left).

2

(pits/mm”~)

(9]
IO
|

Average number of pits
[\
7
|

4 5 6 7
Sample number

Fig. 5.8 Average number of pits for each sample number.
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Figure 5.9 shows the distribution of the number of the pits with its diameter for
samples No. 4 to 7. It was found that most of the pits formed on the surface of the test
section had diameter of around 25 pum indicated by some clearly observable peaks for
samples No. 4 to 7. Samples No. 6 and 7 had larger number of pits with diameter of
around 25 um compared to others. Pits with smaller diameter might be produced by the
low energy from cavitation bubbles collapse, while those with larger diameter might be
produced by larger energy since the collapse energy from a cavitation bubble has linear
relationship with a pit being formed on the surface of the material [5-13]. For instance, in
case of sample No. 6, some pits with diameter larger than 25 um were also observed with
the largest diameter of around 110 pum, which indicated intense collapse of cavitation

bubbles at this region which formed a larger pit diameter.

) ——

L —O— Sample no. 4
—2— Sample no. 5

30 —O— Sample no. 6

—v— Sample no. 7 |

20

Numbers of pits

10

Pits diameter (micrometer)

Fig.5.9 Average number of pits for each sample versus pits diameter.
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Figures 5.10 to 5.13 show the distributions of the pits and the enlarge view of the
pits from the surfaces of samples No. 4 to No. 7 that are located downstream of the
venturi channel. Briefly observing the surfaces of samples No. 4 to No. 7 it can be seen
that pits distributions on samples No. 4 and 5 are scarce and lower than distributions on
samples No. 6 and 7 where a lot of erosions can be observed. Figure 5.12 shows the
SEM photographs of the inner surface on sample No. 6. As shown in Fig. 5.12 (a), pits
are not distributed uniformly on the surface. Some of the pits have large diameters but
others have smaller diameters. The difference in the diameter of the pits might be caused
by the difference of the energy absorbed by the material to form a pit resulting from the
collapse of a cavitation bubble. Since the collapse of cavitation bubbles occurred
randomly, therefore it was expected statistically that a pit was formed by a single collapse
of cavitation bubble [5-14]. However, larger pits might be produced by the collapsing of
some small cavitation bubbles at the same local place or by larger bubbles although the
probability was very small. Therefore it can be seen in Fig. 5.9 above that the number of
pits with diameter larger than 25 um is decreasing. The pits that were observed on the
surface of sample No. 4 to No. 7 show irregular shapes rather than round ones. This
might indicate the influence of the flow that changes the shapes of the collapse bubbles
from spherical to non-spherical.

Meanwhile, Fig. 5.10 (b) to 5.13 (b) show an enlarged view of a pit with a
diameter of around 25-40 um. It seems that the ductile surface is deformed to a pit by
pressure pulse. Based on the differences of color from SEM, the surface plots of the pits
can be predicted qualitatively and are shown from Figs. 5.10 (c) to 5.13 (c). The
qualitative surface plot shows rough surfaces with holes that indicate the formation of
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pits induced by sodium cavitation. From the surface photograph using SEM, the depth of
the pit could not be determined due to the curvature of the test section. Also because the
pits are formed randomly, therefore observation of the pits’ depth at the sample cross-
section is difficult because it is hard to match the cutting part with the pitting parts caused

by cavitation in the sodium flow.

1110KV. 18.6mrm <204 ) 200 y.m 19,.3rl|ln..1.r.i;46 i
(a) Pits distribution (~ 2500 um from left) (b) Enlarged view (~625 pm from left)

Fig. 5.10 SEM of inner surface on sample No. 4.

11.0kV 22 Zmm x167 | 300um 11,0k, 20 3mm x1.52k 30 pm

(a) Pits distribution (~ 4285 um from left) (b) Enlarged view (~1428 um from left)

Fig. 5.11 SEM of inner surface on sample No. 5.
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10.0kV 28.4mm x100 500 pm 1,06V 254mmocd ATk 50 pm
(a) Pits distribution (~ 3750 um from left) (b) Enlarged view (~9300 um from left)

Fig. 5.12 SEM of inner surface on sample No. 6.

50 um

(a) Pits distribution (~ 2500 um from left) (b) Enlarged view (~3823 um from left)

Fig. 5.13 SEM of inner surface on sample No. 7.

Besides micro pits which were formed on the inner surface of the test section,
some micro cracks were also observed on the inner surface of samples No. 2, 3 and 4
with the length of around 100 um as shown in Fig. 5.13. These micro cracks might be
caused by the cyclic process that occurred on the test section due to the formation and
collapse of the bubbles at the test section. It was known that the formation and collapse of

cavitation bubbles in venturi channel occurred with certain frequency [5-15]. When this
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condition was maintained for longer time scale, material became fatigue and small cracks
might grow slowly into larger ones. If these cracks cannot be prevented well, material can
be damaged further which could cause an accident during the operation of a sodium-

cooled fast reactor. And this could stop the operation of reactor for a longer time.

10.0kV 23.3mm %700 | 10.0kV 24.3mm x1.00k

(a) Sample No. 2 (~8600 um from left) (b) Sample No. 3 (~6000 pm from left)

11.0kV 19.1mm x1.10k

(c) Sample No. 4 (~7500 pm from left)

Fig. 5.14 SEM observation of micro cracks on inner surface of the test section.

There are a lot of important factors that can influence erosion in sodium such as
hardness of the material, liquid density, sound velocity, liquid pressure and bubble wall

distance. The hardness the material, the more resistant it is from cavitation erosion.
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Liquid density, sound velocity, liquid pressure and bubble distance from the wall
significantly influence the generation of impact pressure when bubble collapse
theoretically [5-16]. Higher liquid density, sound velocity and liquid pressure will create
higher impact pressure and more erosion.

To observe the mechanism of cavitation bubbles collapse, a high-speed camera
was used. Since it is difficult to observe the collapse process in sodium, experiment in
water to simulate bubble collapse in sodium was conducted at room temperature. The
experiment was conducted at water temperature of 34.5°C, K: 0.78 (developed cavitation).
The high-speed camera (Ultranac FS-501) during the experiment was operated at frame
rate of 50000 fps and flashing lamp (Nissin Electronic LH-SA2H) was operated at 50
Joules/flash, exposure time 180 us. From Fig. 5.15 it is shown that although the high-
speed camera frame was very rapid, however the collapse of the bubble cannot be
observed clearly. It indicates that the collapse speed at developed cavitation was very fast.
The rapid collapse of cavitation bubbles might be caused by the influence of pressure
waves from the neighboring bubbles. The pressure waves could add more external
pressure during the collapse process that increases the bubble wall velocity as shown in
Figure 5.16. Therefore the processes of cavitation bubbles collapse in sodium are
assumed based on references of bubbles collapse near wall in water. Figure 5.17 shows
the schematic process of the pits and micro cracks formation. At first the cavitation
bubbles generated at the throat of the venturi channel were transported to downstream
because of the sodium flow. Static pressure at downstream of the venturi channel was
recovered again at downstream since the dynamic pressure was reduced. Because there

was an increase of the static pressure at downstream, bubbles could collapse very
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intensely. Based on the reference from Tomita and Shima [5-17], the collapse of the
cavitation bubbles was not spherical because of the wall effect. This un-spherical collapse
of bubble will produce micro jet with higher velocity normal to the wall. Analytical
estimation of the micro jet velocity by [5-18] is 100 m/s based on the measurement from
dynamic pressure [5-19]. The micro jet velocity lies in the range of 100-200 m/s as
measured by [5-20 to 5-24]. The impact pressure of the micro jet on the wall can be

estimated by using the water hammer formula of Joukowski and Allievi [5-16]:

Where AP is the normal pressure to the wall, p is the fluid density, ¢ is the sound

velocity in fluid and V; is the jet velocity. For sodium at 200°C, jet velocity of 100-200
m/s and sound velocity of 2462.25 m/s the pressure is estimated to be 222-444 MPa. This
value is higher than the yield strength of 316 SS that has the value of 205 MPa. Therefore,
the formation of micro pits on the surface the venturi channel is possible because of the
plastic deformation. This created micro jet from cavitation bubbles collapse could hit the
surface of the material and creating some observable micro pits during the experiment for
600 hours. In sodium, the micro jet velocity might be very large because there is no
damping by the gas when the bubbles collapse due to vaporous cavitation process. The
collapse of the bubbles will create vibrations also on the material because of the shock
wave. These vibrations can create micro cracks due to material fatigue, and the micro
cracks can go first from the pits as the weakest point in material surface. Analytical
calculation of micro jet velocity [5-25] shows that the effects of surface tension and

initial bubble radius on micro jet velocity are small than liquid pressure and stand-off
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parameter observation (bubble distance from the wall divided by the initial bubble radius)

[5-26].

el R % N W

# ‘ l } [ 0/50000 s 3/50000 s 4/50000s  7/50000 s
- i 5

N B 1/50000 s 2/50000s 5/50000s  §/50000 s

Eam— S & %

Fig. 5.15 Collapse process in water cavitation (K: 0.78 (developed cavitation); T: 34.5°C).

Frame speed of high-speed camera: 50000 fps, flashing lamp energy: 50 J, exposure time:

180 pis.
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Fig. 5.16 Schematic of rapid bubble collapse at downstream of venturi channel.
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Sodium flow
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Liquid sodium M-'CTDJEt Bubble

Y
(1) collapse
Material surface \

Pit formed

Sodium flow / \‘ Sodium flow
Liquid sodium Cavitation Liquid sodium
bubble

Material surface Material surface

Vibration due to cavitation

Fig. 5.17 Schematic of pits and cracks formation due to cavitation.

5.4 Conclusion

Cavitation erosion experiment has been conducted for flowing sodium in venturi
channel made from 316 SS. The following conclusions are obtained:
1) Cavitation created damage on the surface of the test section in the form of irregular
pits due to eroded surface and micro cracks.
2) Most of the pits formed on the surface of the test section occurred on sample No. 6 that
was further downstream of the venturi outlet. This indicated that the formation and
collapse sites of cavitation bubbles were not the same and influenced by the sodium flow.
These pits had diameter of around 25 pm. Some pits with diameter larger than 25 um
were also observed with the largest diameter of around 110 pm, which suggested intense
collapse of cavitation bubbles in this region.

3) The collapse of cavitation bubbles at downstream produced micro pits with various
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diameter. The distribution of the pits showed that pits with smaller diameters have higher

number density on the surface of the material than with larger diameters. This suggested

that the bubbles collapse pressure was more intense at lower pressure than at higher

pressure.

4) Micro cracks were observed on the inner surface of the venturi channel which might

be caused by the cyclic process of the formation and collapse of the cavitation bubbles at

the venturi channel.
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SFR is one of the proposed Generation-IV nuclear reactors. However in the
development of SFR cavitation is regarded as one of the most important aspects to be
solved because of the compact design. To simulate cavitation in sodium, most of the
researches were conducted in water instead of sodium. This results in the very limited
data in sodium cavitation as compared to water cavitation. Also, cavitation experiment in
water lacks the information of the actual cavitation process in sodium because of the
different properties between sodium and water. This lack of information can be a major
obstacle in developing SFR in the future. Therefore cavitation experiment in sodium is
very important in order to understand the differences between sodium and water
cavitation. The objective of this study is to investigate cavitation characteristics using
sodium to get the actual cavitation process. The results are compared with water
cavitation case to make clear the differences. From the experiments conducted in this
study and the results presented from Chapter 3, Chapter 4 and Chapter 5, the overall
conclusions are summarized below:

a) For the simulation of sodium cavitation using water, the concentration of gas is very
important to control. Because in sodium the gas content is not so high and vaporous
cavitation could occur. However in case of water the gas content is high enough,
therefore gaseous cavitation could occur. In sodium case due to vaporous cavitation,
the onset cavitation coefficient K is around 1, while in water due to gaseous cavitation
the onset cavitation coefficient K is higher than 1.

b) For the detection of sodium cavitation acoustic noise, it is important to differentiate
the noise spectrum especially at high frequency region. In case of sodium cavitation

the noise increases at high frequency region (from around 2 kHz up to 20 kHz)
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probably caused by the more dominant vaporous cavitation process. While in water
the noise increases not only at high frequency but also at low frequency region (from
low frequency up to 20 kHz) that probably caused by gaseous cavitation.

In sodium erosion experiment, it is found that erosion in the form of micro pits and
micro cracks occurred even for 600 hours in developed cavitation under flowing
condition. Most of the pits created have diameter of around 25 um.

From the results, to simulate sodium cavitation using water, controlling the gas
concentration is very important to have the similar characteristics of cavitation (onset
and acoustic noise). While in erosion, the collapse of vaporous cavitation might create
more erosion than gaseous cavitation because the bubbles directly collapse without
damping.

For the future development of SFR, these results show that it is important to

choose material with higher strength that is more resistant to erosion at some parts where

the possibility of cavitation occurrence is high. Also controlling the coolant velocity and

pressure in SFR is important to prevent cavitation. Lower velocity and higher pressure

than atmospheric condition could suppress cavitation.
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Sensor characteristics for sodium cavitation.

Ono Sokki

Maximum shock

Model 98,000 m/s”
NP-2710 resistance
Structure Shear type Operating range 0 70 tolJ 260°C
.o, . 0‘31 . .
Sensitivity Insulation resistance At least 1000 MQ
pC/(m/s?)£10%
Capacitance Approx. 340 pF | Weight 2g
Resonance . .
Approx. 50kHz | Ground/insulation Case ground
frequency

Frequency response

fc to 10 kHz+5%

Case material Titanium
range* fc to 20 kHz+3dB
Transverse
o Within 5% Outer dimension 7.9 Hex x 8.4 H
sensitivity
Maximum allowable 5 5-44 coaxial right
22,600 m/s Connector

acceleration

angle

*The fc depends on the time constant with respect to the charge amplifier, fc=1/2 nRC
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Characteristics of pressure transducer and diaphragm flange.

Specification (pressure gauge)

Model Ashcroft GC51
Accuracy +0.25% FS (Full scale)
Stability +0.25% FS/year
Response time 30 msec
Output resolution 0.1% FS
Zero offset <+0.1% FS/year
Standard ranges (compound) -15 to 50 psi
Standard ranges (gauge) 0-7500 psi
Temperature limit (operating) -10 to 60°C
Temperature effects (-10 to 60°C) +0.2% FS
Output signal 4-20 mA (2 wire)
Supply voltage 12-32 Vdc
Specification (diaphragm)
Diameter 110 mm
Lower flange material 316L SS
Upper flange material 316 SS
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Characteristics of charge amplifier.

Model

TEAC SA-630

Input

BNC Connector, Switched Charge Type or IEPE Type

Maximum Input

100000pC (charge); £10V (voltage)

Current Sources

0.5mA, 3mA

Sensitivity Setting

Three Digits Digital Switch,
Sensitivity setting (x 0.1, x 0.01/x 0.001)

10, 100, 1000, 10000 m/s” at 0.03 to 0.999 pC/m/s”

Input Ranges 1, 10, 100, 1000 m/s” at 1.0 to 9.99 pC/m/s’

0.1, 1, 10, 100 m/s” at 10 to 99.9 pC/m/s>
Sensitivity Range from 0.03 to 999 pC/m/ s* or mV/m/ s
Rated Output +1V; BNC Connector; Output Impedance 1 ohm or less

Maximum Output

+10V; £10mA; Load Impedance 2k-ohm or more

Sensitivity Accuracy

+1.0% or less

Frequency Response

0.2Hz to 50kHz; +0.5dB/-3dB;
LPF and HPF Pass; 'H' or 'M' Range

Output Filter

Low Pass Filter (-3dB +1dB ); 100, 300, 1k, 3k, 10kHz;
-12dB/oct
High Pass Filter (-3dB); SHz; -12dB/oct

Noise Level

0.02pC(mV) rms or less; at Input
Input Capacitance 1000pF, Sensitivity 1pC(mV)/m/ s*;
Output 1m/s” ; LPF Pass

Calibration Voltage

Sin Wave 200Hz+20Hz, 2Vpp+5%

Power Supply

DC 10V to 15V 200mA
ACO90V to 135V 8VA
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Characteristics of data acquisition device.

Model Roga Instruments Plug.n.DAQ
Analog Input 2 channels single ended BNC, IEPE
Impedance 100 kOhm

IEPE power 24 V/4 mA

Input ranges 0.1V, 1V, 10V

3.5 Hz to 24 kHz (-3 dB)

Bandwidth

10 Hz to 22 kHz (-0.5 dB)
Sampling Frequency 32 kHz; 44.1 kHz; 48 kHz
Absolute accuracy 2% typical
Gain accuracy 0.2% or better
Distortion <0.05%
S/N >85 dB (90 dB typical)

Aliasing rejection

-70 dB (up to 0.4 xfs)

Pass band ripple 0.05dB

Analog output 2 channels single ended BNC

Output 1V, 100 Ohm

Bandwidih 1 Hz-22 kHz (+/- 0.5 dB, 48 kHz FS)
0.5 Hz-24 kHz (-3 dB, 48 kHz FS)

Absolute accuracy 2% typical

Distortion <0.02%

S/N >90 dB

Pass band ripple 0.2dB
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Sensor characteristics for water cavitation.

Model TEAC-601 Peak operating +100,000 m/s”
Shock
Sensitivity 0.3+20% pC/(m/s?*) | survivability 200,000 m/s’
(peak)
Transverse
5% Grounding Case ground
sensitivity (max)
Micro connector
Capacitance 1,000+20% pF Connector
(M3 screw)
Operating o
1J 20 to 80°C Case Titanium
temperature range
Frequency .
fc to 30kHz Weight (approx.) 27¢g
response (£3 dB)*
Resonant
60kHz Size 9HEXx 10.5H
frequency (approx.)

*fc depends on the time constant of the connected amplifier, fc=1/2 tRC.

Characteristics of high-speed camera.

Model

Photron Fastcam-Net 1000

Lens mount

C mount type

Sensor CCD

Memory 128 MByte

Frame rate 30-10,000 fps (frame per second)
Frame size 512 x 480 to 128 x 34 pixels
Shutter speed 1/500 to 1/120,000 sec.
Power supply AC 100V 50/60 Hz

Operating temperature

0-35°C




Characteristics of stroboscope.

Model Sugawara MS-300
Flashing range 30-30,000 r/min (0.5-500 Hz)
Flashing energy SW
Flash duration 2.4 us
_ Internal sync, external sync, frequency dividing,
Function
delay, shift.
Power supply 90-264 VAC

Specification of the dissolved oxygen (DO) meter.

Model Horiba OM-51

Measurement | Dissolved Oxygen | Diaphragm galvanic battery method

Method Saturation Oxygen | Dissolved Oxygen conversion

Oxygen Dissolved Oxygen conversion
Measurement | Temperature 0.0 ~ 100.0; Resolution 0.1:
Range Dissolved Oxygen | 0.00 ~ 19.99 mg/L; Resolution 0.01mg/L

Saturation Oxygen | 0.0 ~ 199.9%; Resolution 0.1%

Oxygen 0.0 ~ 50.0%; Resolution 0.1%

Repeatability | Temperature +0.1+1 digit

Dissolved Oxygen | +0.1mg/L=+1 digit
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