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Abstract

Tubes in steam generators vibrate when subjected to cross-flow of secondary side
coolant, particularly in the U-bend region. Such tube vibrations result in fretting wear at
tube supports, reducing the margin of safety against failure. In the event of a main steam-
line-break, the superheated water in the steam generator undergoes rapid
depressurisation, resulting in a high-velocity two-phase steam-water flow across the
steam generator tubes. This rapid blow-down phenomenon induces potentially
catastrophic transient loading that is difficult to predict. Since the tubes represent the
boundary between irradiated primary side fluids (deuterium) and the secondary side
coolant, tubes in CANDU steam generators that cannot withstand the transient loading
will leak irradiated primary side fluid into the secondary side, which passes outside of the
containment building. The objective of this experimental study is to develop a better
understanding of the transient loading and its prediction, such that structural tube failures

can be avoided.
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Chapter 1 — Introduction

Nuclear technology has been the subject of intensive industrial and academic
research for the past sixty years, as manufacturers strived to improve the reliability of the
designs of the various components that make up a nuclear power plant and to enhance
economic and energy efficiencies. A departure from standard working conditions in
nuclear power plants may occur as a result of several events such as chemical explosions,
earthquakes, air crashes, sabotage. operational transients, cooling system failures and
operator errors (Riebold. 1981). One of the phenomena that must to be analysed and
addressed during the licensing procedure for water-cooled nuclear reactors is the

postulated Loss-Of-Coolant Accident (LOCA).

The LOCA behaviour resulting from a guillotine break of a main steam line in a
Canadian Deuterium Uranium (CANDU) power plant, particularly due to external events
such as seismic activity and sabotage, forms the motivation of this research investigation.
A major piping rupture of this type is one of many ‘limiting fault condition occurrences’
(Riebold, 1981). These faults fall under the category of accidents that are highly
improbable, yet are studied often, due to the severity of their consequences. The worst
possible outcome in this case would be the release of significant doses of radioactive
material that bypass the reactor containment walls of a nuclear power plant. In general,
flow dynamic behaviour is calculated numerically using specialised numerical computer
codes. A satisfactory numerical assessment of a particular accident event constitutes a

requirement for licensing the operation of the reactor (Banerjee and Hancox, 1978).

CANDU steam generators contain tubes that carry irradiated heavy water, also
known as deuterium oxide, which is the neutron moderator fluid in CANDU core
reactors. Heat is transferred from the heavy water to the light water in the secondary side
of the steam generator, which eventually leaves the generator as steam, powering

conventional turbines that generate electrical power. A simplified schematic of a
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Figure 1-1. CANDU Reactor Schematic

CANDU power reactor is shown in Figure 1-1. As can be seen in Figure 1-1, U-tube
rupture in a steam generator due to a main steam line LOCA would leak highly
radioactive reactor coolant, DO, into the main steam system, which can breach the
containment boundary since the steam lines extend beyond the containment walls (Wu

and Chuang, 1984).

1.1 Vibration of Tubes in a Steam Generator U-Bend

A main concern of reactor safety is to ensure that radioactive materials produced
by nuclear fission reactions during reactor operation are safely contained (Ybarrondo et
al., 1972). In Pressurised Water Reactor (PWR) power plants such as CANDU, the steam
generator provides the required heat sink capability in the reactor loop, and plays a very

important role in the safe and secure plant operation since it represents the dynamic



M.A.Sc. Thesis — Ouajih Hamouda McMaster University — Mechanical Engineering

connection between the reactor core and the turbine generator (Chappidi et al., 1993;
Kalra, 1984). Under normal operation, the circulation of the boiling two-phase steam-
water flow governs the thermal hydraulic behaviour of a typical CANDU U-tube
generator. shown in Figure 1-2. A thorough understanding and prediction capability of
normal and off-normal steam generator behaviour are of prime importance with respect to

evaluation of operation and accident transients.

In CANDU steam generators, steam rises parallel to the tubes. driven by
buoyancy forces. During their normal operating life, steam generator tubes can be
damaged by corrosion and mechanical wear (Kalra. 1990). In the U-bend region. the
tubes experience two-phase steam-water cross-flow, which can produce tube vibrations.
Typically, anti-vibration bars are installed to minimise this vibration response. Small
clearances between the tubes and the tube supports exist in order to allow for thermal
expansion and manufacturing assembly. Fretting wear due to impacting and sliding
contact at the tube supports reduces the tube wall thickness. and naturally. the tube’s
margin of safety against mechanical failure. It is critical that failures are avoided in
normal and off-normal situations, since, as previously discussed. the steam generator
tubes provide the safety barrier between the radioactive primary side coolant, and the

non-radioactive secondary side fluid.

1.2 Loss-of-Coolant Accidents in Nuclear Power Generators

One of the most important events considered in the design and licensing stage of
nuclear safety assessments is the sudden rupture of a major coolant line. which triggers a
LOCA. In PWRs, a large-break LOCA is considered to be the worst-case scenario. and is
characterised as the hypothetical Design Basis Accident (DBA). The largest break is
proposed wherein the pipe is instantaneously separated to allow flow out both ends, and

this is termed a "guillotine double-ended pipe break” (Ybarrondo et al.. 1972). Reviews of

(0'5)
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Figure 1-2. CANDU 600 MW(e) Steam Generator (Meneley, 2003)
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available thermal hydraulic analyses indicate that the most critical transient from a steam
generator tube integrity perspective is the guillotine large-break Main Steam-Line-Break
(MSLB). Basically, the DBA represents the postulated, most severe. but highly unlikely
condition against which reactor safety systems must be designed (Riebold. 1981).
Research in the nuclear safety field has targeted the identification of the full thermo-
hydraulic behaviour associated with LOCAs in a manner that permits exploration of
safety margins, in order to provide an adequate foundation for quantification of existing

design conservatism.

A double-ended guillotine pipe break in the main steam-line of a CANDU steam
generator is almost instantaneously succeeded by a rapid blow-down. where liquid water
in the steam generator is brought to a superheated state by means of a very rapid
depressurisation. and suddenly flashes to vapour. This phenomenon produces a huge
increase in the flow rate and hence pressure drop, resulting in considerable transient drag
loading on the tubes in the U-bend region. The United States Atomic Energy Commission
(AEC) stated in the Report of the Advisory Task Force on Power Reactor Emergency
Cooling that ““the key phenomena during loss-of-coolant ... are the hydraulic effects of
blow-down on the core and other components within the primary coolant system™
(Allemann et al., 1970). For the design of steam generators, investigation of the
conditions at the onset of the phase transition provides important physical insights to the

processes that lead to such explosive liquid flashing (Elias and Chambré, 1993).

1.2.1 Transient Rapid Depressurisation Behaviour

Depressurisation LOCAs caused by a loss of system integrity may give rise to
violent phase change effects, classified as blow-downs. A blow-down can be defined as
the “seemingly explosive phase transition which occurs as a result of suddenly lowering

the pressure in a vessel or piping network initially containing high-pressure high-
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temperature liquid, to a level substantially below the saturation pressure corresponding
to the initial liquid temperature’ (Winters and Merte, 1978). The liquid temperature
decreases quickly as a result of a blow-down. Physically speaking, because of the sudden
pressure drop, the whole energy in the liquid cannot be contained as sensible heat, and

the surplus heat is converted into latent heat of vaporisation (Saury et al., 2005).

When a component of a nuclear power reactor system is subjected to a rapid
depressurisation due to a pipe rupture, the resultant behaviour of the system depends on
the initial conditions (Elias and Chambré, 1984; Krotiuk, 2004). If the fluid is initially
saturated liquid and the break pressure is below the saturation pressure, the
decompression produces liquid flashing, and a two-phase mixture of vapour and
superheated liquid results. In the case of subcooled liquid, the flashing also produces a
two-phase mixture, similar to the saturated liquid initial conditions. If the fluid is initially
saturated steam. an isentropic decompression produces “wet® steam. Finally, if the fluid is
initially a two-phase mixture, it remains as a two-phase mixture following
decompression, and the continued flashing increases the quality of the mixture. For
normal CANDU operating conditions, the secondary side steam generator can be sub-
cooled liquid, saturated liquid, two-phase flow, or saturated steam, depending on the

location considered inside the steam generator.

The nature of blow-downs is very complex, and is influenced by vessel or pipe
geometries and sizes of pipe rupture, among other factors (Winters and Merte, 1978).
Essentially, a sudden pipe rupture produces a depressurisation wave at the break, which
propagates in both directions into the system (Bartdk, 1990). The pressure in this wave
falls from the initial value and may reach a pressure well below the saturation pressure
corresponding to the initial temperature. This phenomenon is widely termed the “pressure
undershoot” (Alamgir and Lienhard, 1981). The pressure undershoot plays a vital role in
the ensuing vapour generation and pressure recovery processes (Elias and Chambré.
1993). There is a finite time between the superheated state of the liquid and the first

appearance of detectable bubbles. and the coolant is temporarily in a meta-stable state
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before the onset of nucleation triggers the sudden expansion of the liquid (Kendoush,
1989). The extremely rapid growth of vapour bubbles in the superheated coolant gives
the blow-down its explosive character. The pressure then recovers slightly, but never
reaches the initial saturation value (Edwards and O’Brien, 1970). In nuclear safety LOCA
studies, the pressure undershoot plays a significant role. and in most relevant
experimental studies, bulk boiling as well as heterogeneous wall boiling occur throughout

the entire depressurisation process (Giihler et al., 1979).

1.2.2 Accident Consequences

Inside a nuclear reactor vessel, following a large primary pipe break,
decompression waves and transient pressure forces produce dynamic loading on the
surfaces of the vessel internals, such as fuel rods and calandria tubes (Organisation for
Economic Co-operation and Development, 2008). Similarly, Steam-Line-Break (SLB)
transients in steam generators produce high velocity flows that affect thermal and
hydraulic loads on the internal components (Kalra and Adams, 1980). As far as nuclear
safety is concerned, transient phenomena in steam generators are second in importance
only to transients in the reactor vessel (Kalra, 1984). Due to the pronounced boiling
effect, the liquid level on the generator secondary side depletes rapidly. which eventually
leads to dry-out of the steam generator (Chappidi et al., 1993). Furthermore, the increased
pressure imbalance produces a transient loading on the tubes carrying the primary fluid,

potentially jeopardising their structural integrity.

Severe accident induced Steam Generator Tube Rupture (SGTR) is a major
concern since tube failure due to transient forces caused by a MSLB can lead to nuclear
fission products escaping from the primary circuit to the secondary side, and ultimately
bypassing the containment (Auvinen et al.. 2005; Bhasin et al., 1993; Liao and Guentay,

2009; Wu and Chuang, 1984). It is common for steam generators to operate with certain
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minimal tube flaw conditions, a situation that is remedied during routine maintenance
procedures. Detailed inspection, fitness-for-service and life cycle management programs
are performed in order to ensure that no tubes reach a state at which postulated accidental
events pose a risk towards their integrity, and that any leakage produced from accidents
will be of no significant consequence (Revankar and Riznic, 2009). It is important to
study events associated with the decompression of a steam generator initially operating at
high pressure as this can lead to improved understanding of loading on steam generator
tubes (Edwards and O’Brien, 1970). The passage and reflection of acoustic waves into
the interior of the steam generator from the rupture location takes place during the first
few milliseconds of the transient, and the resultant forces must be identified and properly
modelled in order to evaluate the integrity of steam generator tubes in the aftermath of a

LOCA (Allemann et al., 1970).

1.3 Research Objective

The objective of this research project is to address the potential for steam
generator tubes of increased vulnerability, due to fretting wear or corrosion degradation,
to rupture because of transient loading during a postulated MSLB accident. The overall
purpose of this project is to perform an experimental investigation of the transient blow-
down loading of steam generator tubes in order to provide some physical insights and
guidance for the development of predictive modelling tools. The experiments were
conducted using a purpose design and built experimental blow-down rig that implements

a CANDU design model tube bundle.

The introduction of a test section to study the transient loads on steam generator
tubes represents the experimental novelty of this study, and the author is not aware of any
experimental studies of this kind having previously been carried out for CANDU steam

generators. A series of blow-down experiments were performed in which the pressure
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drop was increased from relatively low values to scaled CANDU steam generator
operating conditions. The effects of initial volume of liquid and location of the liquid free
surface relative to the model tube bundle test section were investigated to assist in
understanding the nature of the transient behaviour and the generation of tube loading.
This thesis presents the design of the purpose built experimental rig, a description of the
experimental procedure, including commissioning, and an analysis of the results of the

dynamic thermal-hydraulic behaviour during a simulated main steam pipe rupture.
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Chapter 2 — Literature Review

The need for adequate performance margins for nuclear power plants, including
the safety systems, is constantly increasing. High levels of safety can be designed for, but
excessive requirements come with a rapid cost increase (Meneley, 2003). This results in
increasing demands for quantitative measurability in design and safety assessment
methodologies, completeness in codes and standards, and rigor in their application
(Ybarrondo et al., 1972). Despite a knowledge of the basic principles governing the main
physical phenomena, serious efforts are undertaken in an attempt to accurately describe
the depressurisation in terms of mathematical equations, incorporate the equations into
numerical computations, and evaluate the margins of conservatism inherent to

incorporated assumptions.

Design information requirements are related to operating license requirements,
since the design must be deemed acceptable by licensing authorities. Licensing
calculations have generally focused on being more conservative rather than realistic,
over-predicting expected defined accident consequences, in order to assure regulatory
authorities that the protection of the public is maintained during plant operation and

under off-normal accidental situations.

Normally, in studying accidental behaviour of industrial products, such as those in
the automotive and robotics fields, full-scale demonstration experiments are available. In
the case of nuclear power plants however, it is generally not practical to obtain full-scale
tests. The diversity of reactor system designs and the large variety of potential events to
be assessed make the necessary huge number of full-scale experiments exorbitantly
costly (Jackson et al., 1980). The commonly adopted theoretical approach in steam
generator performance assessment is to solve the appropriate conservation equations in
two-phase flow, with constitutive relationships empirically formulated, usually from

simple tube experiments (Kalra, 1984).

10
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The majority of the work available in the published literature investigates
guillotine breaks of coolant circuits, and the implications are extended towards studying
the safety considerations in the sudden depressurisations of vessels containing subcooled
or saturated liquids. The phenomenon has been theoretically and experimentally
modelled by a vast number of researchers (Deligiannis and Cleaver, 1996). Experimental
investigations have generally been set-up with the hope of achieving improved
knowledge of the physics governing rapid flow depressurisation, conceiving theoretical
models, and providing data to compare the models through numerical simulations (Drai

et al., 1998).

2.1 Critical Flow

Following the rupture of coolant piping, the coolant discharge rate from the break
becomes one of the main issues to be analysed for the overall safety of water-cooled
nuclear reactors. The desire to obtain realistic predictions of transient mass discharge
rates from postulated breaks has driven much of the research activity towards
understanding critical two-phase flow. The main reason for this is that the condition of
critical flow sets the maximum possible escape rate of a high-pressure fluid from the
system in which it is contained. For instance, the critical flow specifies the highest rate at
which light water can be lost from the steam generator of a Pressurised Heavy Water
Reactor (PHWR) under LOCA conditions (Levy, 1965). As the coolant decompresses to
the ambient pressure level, given the initial high-pressure, high-temperature operating
conditions, the discharge rate is governed by the compressible behaviour of the ensuing
two-phase mixture during blow-down (Henry, 1970; Sozzi and Sutherland, 1975).
Advances in nuclear technology stimulated extensive research activity focussing on two-
phase critical flow of one-component mixtures, and many analytical and experimental
investigations were performed, signifying the fundamental importance and relevance of

the phenomenon with regards to blow-down safety analysis in nuclear power plants

11



M.A.Sc. Thesis — Ouajih Hamouda McMaster University — Mechanical Engineering

(Ardron, 1978; Faletti and Moulton, 1963; Henry and Fauske, 1971; Hutcherson et al.,
1983).

For a postulated LOCA. the critical tflow at the break location determines the
discharge rate, and therefore has a direct strong influence on the subsequent system
depressurisation. The sudden pipe rupture generates a rarefaction wave that travels
through the system, away from the break, at sonic velocity relative to the flow. At the
same time, the newly imposed pressure difference accelerates the fluid towards the break.
When the fluid velocity and the sonic velocity become equal and opposite to each other,
the wave becomes stagnant with respect to an observer (Weisman and Tentner, 1978). At
this stage, the flow is considered “critical” or ‘choked’, and downstream pressure signals
can no longer be transmitted to the upstream fluid. Thus, for critical flow through an
outlet, the flow rate reaches a maximum and ceases to depend on conditions downstream
of the break (Dobran, 1987). Further reductions in receiver pressure no longer cause flow
acceleration, and merely result in a steeper pressure gradient at some location in the
outlet passage (Ardron and Furness, 1976). Hence, the critical flow rate through a broken
pipe depends on upstream fluid conditions, and local conditions determined by the pipe

break characteristics, but not on the downstream conditions.

The critical flow rate of a blow-down transient limits the two-phase mixture
discharge to a maximum value, and an accurate evaluation of this flow rate is
fundamental towards predicting the system behaviour (Sami and Duong, 1989; Weisman
and Tentner. 1978). Reliable modelling of the two-phase fluid characteristics of the
critical mass flow rate through a ruptured pipe is important not only for predicting the
fluid decompression rate, but also for calculation of the receiver pressurisation rate.
vessel thrust reaction. and impingement forces produced by the expanding jet on nearby
surfaces that come in contact with the fluid flow (Dobran, 1987: Moody, 1975). During
the first several hundred milliseconds of the blow-down. vessel internal structures are
exposed to significant hydrodynamic forces, and the impingement loads are estimated by

application of the critical flow theories (Schneider and Whipple, 1978; Ardron et al.,

12
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1977). Allemann et al. (1971b) presented some rough preliminary analysis to illustrate
thrust effects in blow-down phenomena. Equation (1) was used to calculate the thrust

force, Fer:

G*
Fop=—%Ayv +PA, (1)
€

where G, is the critical mass flow rate, g¢ is the universal gravitational constant, 4, is the
break location flow area. v, is the critical specific volume, and P, is the critical pressure.
The main factors affecting the two-phase critical flow rate are the fluid properties, break

geometry, degree of superheat, and exit quality (Giihler et al., 1979).

2.1.1 Single-Phase Critical Flow

The concept of single-phase critical flow is fairly simple and well understood, and
widely accepted analytical models are available in the published literature (Riznic and
Ishii, 1989; Wallis, 1980). Critical flow occurs when fluid velocity is equal to the sonic
velocity of the propagation of the pressure wave (Isbin et al., 1957). The sonic velocity,

a, is represented in Equation (2) (Weisman and Tentner, 1978):

2 _ g(‘V_Z
(dv) )
dP ).

where s is the entropy. The critical mass flow rate, G, can then be found using Equation

(3):

a

where p is the density.

13
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2.1.2 Two-Phase Critical Flow

In two-phase flow, the physics of the situation are considerably more
complicated. The reason for this is that the mechanical and thermal non-equilibrium
effects due to liquid flashing, which are not encountered in single-phase flow,
significantly influence two-phase critical flow (Riznic and Ishii, 1989; Weisman and
Tentner, 1978). Mechanical non-equilibrium refers to unequal phase velocities in a two-
phase critical flow, and thermal non-equilibrium concerns change in local void fraction
due to pressure change. Since blow-down flow does not involve external heating, the
vapour generation mechanism is mainly due to the flashing effect (Tain et al.. 1995). In
fact, the non-equilibrium vapour generation process related to pressure reduction is one
of the most important features of flashing liquid flow (Downar-Zapolski et al., 1996).
Because of the finite rate at which the void fraction can change, flashing initiates with
some delay. This leads to meta-stable conditions where the actual void fraction does not
equal the equilibrium value corresponding to the local pressure. In order to determine the

critical flow rate, an accurate description of the flashing phenomena is clearly required.

The Homogeneous Equilibrium Model (HEM) and various non-equilibrium
models are used to model two-phase critical flow. For a homogeneous two-phase
mixture, the sonic velocity and critical flow can be related by the change in specific
volume with pressure, in a similar approach as that for single-phase critical flow
(Weisman and Tentner, 1978). The relationship is more complex than single-phase
however, since the change in specific volume depends on the amount of vaporisation that
occurs during the wave passage. The HEM assumes thermodynamic equilibrium between
the phases and provides good results for critical flow rate for long tubes, in which there is
sufficient time for the two phases to reach equilibrium (Dobran, 1987). In short tubes
however, this condition is not satisfied. and the HEM usually under-predicts the mass
flow rate (Giihler et al.. 1979; Ju et al.. 1982). For such cases. a non-equilibrium model is

commonly employed instead. The non-equilibrium models consider relative velocity and
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temperature differences between the phases, and are usually functions of flow regime.
They are generally more successful than the HEM, but so far, no single model has been

successful for all quality regimes and discharge nozzle geometries.

In nozzle, venturi, orifice. and short pipe geometries, the two-phase mixtures are
subjected to extremely high accelerations, not allowing the vapour-liquid interface
enough time to achieve equilibrium mass transport or flashing rate (Levy, 1965). Thus, it
has generally been accepted that non-equilibrium effects need to be accounted for in
nozzles and short pipes (Fraser and Abdelmessih, 2002). The effects of flow length and
diameter on the critical flow rate for long pipes are not fully understood. This poses
important questions concerning the suitability of experimental observations in small
laboratory test sections, which are typically used to simulate large nozzles and pipes in
industrial power plants (Isbin, 1980). The following three points characterise the problem

(Hutcherson et al., 1983):

. Does the critical flow in large pipes differ from that in small nozzles?

. Does the transient two-phase critical flow in large diameter ducts differ from
steady-state critical flow in smaller geometries?

. What role do the internal flow area and meta-stable thermodynamic states

play in determining the flow regime, and thus the system compressibility?

The suppression of nucleation by non-equilibrium phenomena, which can occur if
the coolant temperature is low enough, is another challenge that researchers aiming to
model two-phase critical flow have faced (Wallis, 1980). In this case, the transition from
single-phase to two-phase choking flow in the early blow-down stages requires some
consideration. Furthermore, the flow pattern can also influence both thermal and
mechanical non-equilibrium (Weisman and Tentner, 1978). Usually, critical mass flow-
rates are very high and dispersed flow is the dominant regime. Thermal non-equilibrium
effects in this case will differ between liquid droplets dispersed in vapour and bubbles
entrained in liquid flow. Thus, a modelling assumption based on a particular flow pattern

may not be appropriate when applied to a different flow pattern.
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2.2 Critical Two-Phase Flow Experimental Studies

This section presents some of the most significant pioneering studies that have
investigated two-phase critical flow. Isbin et al. (1957) conducted the first explicit
experimental investigation published in the literature that measured critical flows of
steam-water mixtures over a wide range of quality. Faletti and Moulton (1963) studied
critical flow of steam-water mixtures in an annulus configuration. They plotted measured
critical mass velocities as a function of mixture quality, and the results were correlated
against theoretical homogeneous critical mass velocities. They found that exit pressures

were generally lower than what had previously been reported in the literature.

The first experimental blow-down study was conducted by Edwards and O"Brien
(1970). They performed high-pressure high-temperature pipe blow-down experiments in
a 3-inch nominal bore horizontal pipe about 13 feet long. initially filled with subcooled
water. The rapid depressurisation was initiated by the rupture of a glass disc located at
one end of the pipe, suddenly exposing the water to the atmosphere. Edwards and
O’Brien made qualitative observations pertaining to bubble growth and the ejection
process induced by rapid depressurisation, and recorded transient pressure and
temperature histories at seven axial locations. The pressure decreased from the initial
level to a value much lower than the saturation pressure that corresponds to the initial
liquid temperature at each measurement location. It was noticed that when the liquid was
decompressed below its saturation pressure, vapour formed at a finite rate until a new
equilibrium state was achieved. The duration of the non-equilibrium state was about 0.5

milliseconds.

Edwards and O’Brien indicated that theoretical predictions closely matched the
initial stages of depressurisation. Despite the existence of non-uniformities and
uncertainties in the initial liquid temperatures, these experiments are regarded as the
classical blow-down tests in the literature, since they were performed at high pressures up

to PWR conditions. This experiment has been the point of reference for a great deal of

16



M.A.Sc. Thesis — Ouajih Hamouda McMaster University — Mechanical Engineering

subsequent analysis, and the experimental data has been used to a large extent as a
standard against which various blow-down models were verified and validated (Malnes

and Rasmussen, 1974).

Henry et al. (1970) investigated the critical flow phenomenon in one-component,
two-phase, liquid-vapour mixtures with respect to processes in steam turbines, boilers,
and nuclear reactors. Aided by the experimental studies, Henry and Fauske (1971)
formulated “frozen® flow theoretical models that are still used to predict two-phase
critical flows. Sozzi and Sutherland (1975) conducted critical flow tests with saturated.
subcooled and boiling water. They were particularly interested in the effects of fluid
enthalpy. entrance geometry and flow length. They showed that critical. two-phase flow
at high pressure and low quality is strongly dependent on upstream stagnation quality.

The dependence faltered with increasing flow lengths for two-phase upstream conditions.

Bartak (1990) investigated the early stage of flashing flow in horizontal pipes
connected to pressure vessels. The experimental test facility consisted of a scaled PWR
model vessel and its internal structures, and the horizontal test pipe was 1.7 metres long
and 88 millimetres in diameter. Pressure and temperature was measured at 200 millimetre
intervals, and depressurisation rates ranging from 10,000 to 40,000 MPa/s were achieved
using an assembly of two rupture discs. The pressure transients displayed a different
trend from Edwards and O’Brien’s (1970) results. In contrast to the previous
experiments, in which the test pipe was closed off at one end, the presence of the
pressurised vessel in this study influenced the reflection of the pressure waves. For
experiments with initial temperatures greater than 220 °C, significant pressure undershoot
behaviour produced non-equilibrium two-phase flow conditions along the entire length of
the discharge pipe. For lower initial temperatures, the pressure undershoot was negligible,

and oscillatory high-amplitude reflected waves were obtained.
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2.2.1 Large-Scale Tests

Moody (1966) presented a vessel blow-down critical flow model that was
compared with two pressure suppression tests for full-scale segments of atomic power
plants. In one test, the simulation consisted of a 1/112 segment of an atomic power plant,
and in the other, the model reactor vessel was a 1/48 segment. Figure 2-1 displays a basic
primary system schematic of the tests. The initial pressure of the saturated steam-water
mixture in the model vessels was 1250 psi. The blow-downs were initiated using a double

rupture disc assembly, and transient pressure measurements were obtained.

Allemann et al. (1970) conducted Containment System Experiment (CSE) blow-

down tests to provide an experimental database for verification of modelling assumptions

AT
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Figure 2-1. Blow-Down System for Pressure Suppression Tests for Full-Scale Segments of Atomic Power Plants
(Moody, 1966)
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and calculations with regards to full-scale reactor plants, and to build on existing models
and develop improvements where predictions of experimental results were unsatisfactory.
The CSE of Battelle-Northwest was a large-scale program for evaluation of the success
of containment systems in nuclear electric power plants in reducing the release of
radioactive fission products as a result of severe accident conditions. A rapid pressure
loss at the break location produced a pressure difference that accelerated flow towards the

break.

Transient and dynamic pressures, temperatures, liquid levels. stresses, flow rates,
fluid masses remaining. fluid void fractions in the exit duct, thrust reactions and
hydraulic forces resulting from sudden rupture of high temperature water systems were
studied, and measured values were compared to predictions of available analytical
models. Hypothetical piping breaks from a bottom outlet were simulated in a 150 ft’
vessel, and high-enthalpy water blow-downs up to 2100 psi and 600 °F were investigated
with orifice diameters of 1.5 to 6.8 inches. The pipe breaks were simulated using rupture
discs. Most of the initial depressurisation was achieved within one millisecond. Nitrogen
gas was used for pressurisation, and Allemann et al. commented that nitrogen dissolved
in the water might have caused abnormal subcooled behaviour. The nitrogen solubility
had a pronounced effect on blow-down in the subcooled regime, by reducing the severity
of pressure oscillations and the rate of subcooled decompression. As a result, the authors
concluded that the data gathered using gas pressurisation without special provisions was

not directly applicable to typical DBA situations.

In a continuing effort, Allemann et al. (1971a) studied high-pressure water blow-
downs using orifice diameters of 0.9 to 5.2 inches at three different locations on the
vessel. For these tests, a sieve plate separator was used to divide the vessel into two
volumes. The plate was intended to simulate the reactor core, but was more
representative of smaller components such as mixer, support and grid plates in nuclear
reactors. The same group of researchers later conducted further tests through 1.5 to 6.8

inches diameter side nozzles (Allemann et al., 1971b). The experiments were conducted
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Figure 2-2. Liquid Level Decrease with Time for Initially Partly Full Saturated Vessel (Allemann et al., 1971b)

for two types of initial conditions: hot subcooled water, and saturated water surmounted
by a vapour region of high quality steam. Figure 2-2 shows the non-linear decrease of
liquid level with time for an initially partly full saturated vessel. The thrust force
generated by the blow-down was measured using load cells, and Figure 2-3 shows thrust
as a function of vessel pressure. The authors attributed the low force values to meta-

stable flow conditions, deciding that the flow must have a large slip ratio.

The Marviken power plant in Sweden was originally designed as a boiling heavy-
water direct cycle reactor, but served as a large-scale test facility for critical flow
experiments instead, from 1972 to 1985. Critical flow tests were performed to investigate
the effect of parameters such as upstream conditions and nozzle dimensions on the
critical mass flow rate. A series of blow-down experiments were also carried out on a test

facility in the Battelle-Institute in Frankfurt in 1975. The simulated pressure vessel with
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Figure 2-3. Thrust vs. Vessel Pressure (Allemann et al., 1971b)

internal components stood 11.3 metres high, and had a diameter of 0.8 metres. The
purpose of the experiments, referred to as the RS-16B experiments, was to study blow-
down loads on PWR internals. The Heil Dampf Reaktor in West Germany is another
example of a research reactor that was used as a test facility for large-scale experiments.
The main objective of these tests was to explore the effects of multidimensional fluid-
structure interaction phenomena during the blow-down phase of a LOCA for code

validation purposes.

Kalra and Adams (1980) performed SLB simulation experiments in a 1/7 scale
PWR U-tube Electric Power Research Institute (EPRI) steam generator simulation
facility. The general-purpose EPRI facility was specially designed for the investigation of
the thermal-hydraulic behaviour of a prototypical PWR U-tube steam generator,
employing conventional fluid-to-fluid modelling (Freon-to-water) and flow visualisation

techniques. Because design-specific vendor data are usually proprietary and not available
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to the general public, Kalra (1984) identified the need to set up a general facility of this
type for performing the wide variety of steady state and transient steam generator safety
tests. The scale-model of a prototype U-Tube Steam Generator (UTSG) was built for
experimental work, and a large database was established. The main concepts of the
facility included preservation of geometric similarity, modelling the global steam-water
behaviour in steam generators, enabling visual observations of flow pattern development
inside the steam generator to be made, and performing normal operational and off-normal

accidental conditions transient experiments.

Figure 2-4 depicts a schematic of the EPRI steam generator simulation facility.
The experimental design preserved geometric similarities through incorporating the
major features of industrial UTSGs and employing the underlying principles of fluid-to-
fluid scaling. For scaling purposes, the prototype was based on a compromise standard
commercial design that did not involve vendor-specific details. Classic transients such as
the SLB were studied and reported. Furthermore, flow visualisation provided a better
fundamental understanding of flow behaviour and contributed towards the improvement

of analytical models and code validation efforts.

2.2.2 Code Development and Validation

Many experimental results were obtained over the years in order to validate
available computer behaviour prediction codes and develop code improvements that
allow for more accurate representation of observed response characteristics. For example.
Hanson and Anderson (1969) carried out simple pipe blow-down tests to compare the
magnitude of the thrust forces predicted by the computer codes BURST and WHAM. The

experimental configuration is shown in Figure 2-5.
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Figure 2-5. Idaho Nuclear Corporation Pipe Experiment (Hanson and Anderson, 1969)
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Having stated that experiments were required to improve the mathematical
models and provide benchmarks that validate whether or not the models adequately
represent the pertinent physical phenomena, Banerjee and Hancox (1978) presented a
strategy for the development of LOCA analysis codes. They focussed mainly on
developing procedures that determine benchmark and computationally efficient solutions
to the various models. The experiments by Hall and Hall (1979) are another example of
high-pressure steam-water blow-down tests carried out to supplement the available
database for code validation. More recently, Mignot et al. (2004) presented experimental
supercritical water depressurisation results as well as calculations for validation of
current computer models used in reactor design codes such as RELAP. Pinhasi et al.
(2005) state that more experimental blow-down data is needed for complete validation of
pertinent models and evaluation of physical mechanisms. They argue that benchmark
experiments should be extended to provide data on a wider range of parameters that have

not been properly considered so far, such as mass flow rate and void fraction.

2.2.3 Non-Equilibrium Effects

Non-equilibrium effects such as slip ratio (mechanical non-equilibrium) and
delayed phase transition (thermal non-equilibrium) were investigated by a large number
of researchers, and several analytical models were developed to account for the observed
trends in mathematical terms. Klingebiel and Moulton (1971) experimentally studied the
nature of two-phase choking and the validity of describing the physical processes through
a separated model. They were specifically interested in assessing the contribution of the
slip between the two phases. Winters and Merte (1979) performed pipe blow-down
experiments with dichlorodifluoromethane (R-12). in which prominent two-phase non-
equilibrium behaviour was also manifested. The blow-down transients were highly
influenced by the initial temperature and the pipe geometry, but not by the initial pressure

level. Hutcherson et al. (1983) noticed a significant non-uniform fluid quality distribution
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during the early stages of blow-downs in their tests. Choking only occurred at the exit of
the exhaust duct that was used, and it was determined that the initial pressure decrease
inside the vessel was due to the vapour volume production rate being lower than the
initial volume exhaust rate. In experiments performed by Nakamura et al. (1984).
dynamic characteristics associated with the flashing phenomena of saturated water

contained in vessels also displayed similar features.

Hanaoka et al. (1990) performed blow-down experiments triggered by a quick
opening solenoid valve. A test piece rod was placed inside the vessel as a source of
nucleation cavities, and the flashing phenomenon was compared with and without the test
piece under identical conditions. They discovered that for the same initial conditions, the
test piece resulted in an increase in the heterogeneity of the flashing nucleation, and the
limits of superheat were reduced. The presence of the test piece essentially decreased the
time available for pressure relaxation, and produced more explosive flashing behaviour.
After the inception of flashing, the pattern of the pressure recovery was dependent mainly
on mass discharge flux through the orifice and the rate of vapour formation. Fraser and
Abdelmessih (2002) investigated one-component, critical two-phase flow of saturated
and subcooled water in long pipes. They introduced a new method, involving a cavitating
ring that could be positioned in axial locations along the pipe length, which allowed them
to control the location of flashing inception. They carried out a systematic study of the
effects of flashing inception, and using the information gained from the experimental
analysis, developed a computer model for predicting critical two-phase flow rates over a

wide range of conditions.

2.2.4 Working Fluid

Using working fluids such as R-12, as realised by Winters and Merte (1978). has

more experimental advantages than merely providing blow-down data for a fluid other
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than water. The advantages are mainly associated with its relatively low vapour pressure.
This makes it possible to use thinner rupture diaphragms than the thick tempered glass
membranes required for high-pressure water blow-down experiments. Also, because the
saturation temperature of R-12 is close to that of ambient temperature conditions, it is
easier to maintain uniform initial temperatures. Winters and Merte used a cellulose
triacetate rupture membrane that shatters when pierced under stress, and almost always
provides no blockage of flow area at the exit of the duct. In the experiments conducted by
Edwards and O’Brien (1970), the thick glass discs left non-yielding obstructions in the
path of the exiting flow and undesirably reduced the break area significantly. Clegg and
Papadakis (1986) studied the evaporation of saturated liquid Freon-11 in a small glass
tank, and stated that direct visual liquid observations during evaporation were facilitated

because of the proximity of the boiling point to ambient temperature conditions.

Deligiannis and Cleaver (1996) carried out pressurised Freon-12 blow-down
experiments from a partially full vessel with a vent pipe. They provided several
justifications for their selection of R-12 as a working fluid. Most of the literature work
had been previously performed for water, and given that the thermodynamic properties of
saturated Freon-12 are well known, it was regarded beneficial to provide data for a fluid
different from water. The low vapour pressures associated with R-12 permitted the use of
a thin Melinex film as a rupture diaphragm. Problems that arise due to high pressures,
such as safety concerns and leakage issues, were avoided. The use of thermal insulation
was also unnecessary since initial temperatures were fairly uniform. Reinke and
Yadigaroglu (2001) released up to 2 litres of meta-stable propane, butane, refrigerant-
134a and water to atmospheric pressure from initial superheats through rapid
depressurisation from glass receptacles without nucleation sites. The velocity of the two-
phase flow produced at the boiling front was significantly lower than that predicted by

isentropic phase change theory.
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2.2.5 Depressurisation Rate

In order to accurately represent instantaneous pipe ruptures and other very sudden
accidents, the rapidity with which the experimental configurations replicate this
phenomenon is of paramount importance. Lienhard et al. (1978) studied extremely high
speeds of depressurisation that had not been previously attained in published laboratory
experiments. Subcooled water was released from 10.8 metre long horizontal pipes of one-
half and two inches internal diameter equipped with a novel quick-opening mechanism.
at thermodynamic parameters typical for PWR conditions. The very high depressurisation
rates. up to 200,000 MPa/s, allowed the water to reach superheated states at pressures,
Pin, much lower than the saturation pressure, Py, The magnitude of the pressure
undershoot, APuuser, from Equation (4), was highly dependent on the initial fluid

temperature, and showed a weaker dependence on the blow-down depressurisation rate.

AP

jonter, = g~ E i 4)
The authors noticed that the initial pressure had no significant influence on the pressure
undershoot, and that the speed of propagation of pressure rarefaction waves in water
could be higher than the speed of sound when the water is contained in a heavy pipe.
Several other authors experimentally concluded for other fluids that increasing break exit
sizes result in higher rates of depressurisation (Giihler et al., 1979; Hanaoka et al., 1990;

Nakamura et al., 1984).

Hanaoka et al. (1990) conducted blow-down experiments from a Pyrex glass
vessel through a top orifice initiated by electro-magnetic quick-opening valves. Similar
phenomena were observed, in that the pressure decreased below saturation pressure, after
which the pressure recovered due to inception of flashing. The authors concluded that the
liquid superheat limit depends mainly on the experimental depressurisation rate. More
recently. Saury et al. (2005) analysed the effects of initial water level and
depressurisation rate on the flash evaporation of a water film. Qualitative descriptions

were made possible using high-speed camera visualisations. Up until then, studies that
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involved high depressurisation rates usually focussed on flowing pressurised liquid
(Alamgir et al., 1980; Alamgir and Lienhard, 1981; Deligiannis and Cleaver, 1990; Elias
and Chambré, 1993; Reinke and Yadigaroglu, 2001), and not much was available in the
literature regarding stagnant liquid pool depressurisation. Saury et al. acquired
visualisations that showed a very violent initial mechanism of flashing, where the liquid
was completely disrupted and bubble nucleation occurred everywhere in the liquid
volume. After a short period of intense liquid boiling, the magnitude of the phenomenon
decreased, and boiling approached the free surface. It was concluded that the maximum
amplitude of flash evaporation, the flashing time, and the final evaporated mass were all
increasing functions of the initial liquid level. In modelling flashing two-phase flow, the
depressurisation rate is treated as an independent parameter, as it is very difficult to
accurately describe its dependency on various parameters and conditions such as initial
thermodynamic conditions, test channel geometries, and sudden depressurisation

mechanisms (Pinhasi et al.. 2005).

2.2.6 Steam Generator Tube Integrity

There is very little in the published literature pertaining to experimental studies on
steam generator tubes exposed to rapid blow-downs. Tubes in nuclear steam generators
under normal operating conditions experience significant degradation such as denting,
stress corrosion cracking, fretting and fatigue, due to various chemical and thermal-
hydraulic circumstances. Although such degraded steam generator tubes may be
acceptable for normal operation, their vulnerability in accident conditions may be
increased. The Atomic Energy Control Board (AECB) carried out an experimental
program to determine the tolerance of steam generator tubes with various defects to high
cross-flow velocities (Forrest, 1995). Tube bundles were placed in water tunnels in which
high cross-flow velocities were established. The tubes were tested at steady state up to

failure, either due to a leak or complete rupture, and the failed surfaces were then
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inspected. During four of the tests, a dummy tube in the first or second row was found to

have failed. and all tubes showed scuff marks associated with tube-to-tube impacts.

2.3 Analysis of Predictive Models

The behaviour of heat exchangers, and specifically steam generators, is
fundamentally nonlinear due to coupling effects between energy transport (heat transfer
coefficients) and mass 