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EXECUTIVE SUMMARY

The main goal of the project was to develop a comprehensive database and models
on the steam generator tube degradation process and resulting leak rates that permit the
CNSC to independently evaluate the integrity of steam generator tubes as plants age and
degradation proceeds, new forms of degradation appear, and thus new defect-specific
management schemes should be implemented. The scope of the present research includes
consolidation of data on CANDU and PWR steam generator tube degradation
mechanisms (Primary Water Stress Corrosion Cracking (PWSCC), pitting and fretting)
and the development of flaw and their growth based on fracture mechanics models. An
experiment and modeling program was initiated. Experimental data on leakage rates for
CANDU SG relevant tube cracks was collected and a Homogeneous Equilibrium Model
(HEM) and Homogeneous Non-Equilibrium Model (HNEM) were derived from the
conservation equations, providing a physical basis for prediction. Several tasks were
carried out under this project
= An experimental program was created which includes: the design and building of a
experimental test facility; development of a test matrix; the design and manufacture of
simulated crack test specimens; conduction of experiments for various operating
conditions.

= A consolidated database on choked flow for small length to diameter cracks was
compiled by running tests on the Facility for Leak Rate Testing (FLRT) at the
Multiphase Flows and Fuel Cell Research Labs (MFRL) at Purdue University by
simulating the pressure difference of a steam generator tube across crack samples
conducting a constant area leak rate tests.

= Development of a new choking flow model and validation against experimental data.

= Application of the RELAP5 code model for predicting choking flow and assessing it’s
predictive capabilities.

= Recommendation of an optimal choked flow modeling approach for application for
SG tube integrity assessments.
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1. INTRODUCTION
1.1 Significance of the Problem

Steam generators (SG) are considered primary heavy components in CANDU reactors
and in PWR. During the design and construction phases of the reactors, these components
were not meant to be replaced over the lifetime of the power plant. However due to
failure of some steam generator tubes, maintenance and replacement of the steam
generators is required. Each steam generator contains between 3200 and 15,500 tubes
depending on the manufacturer, and each tube acts as a primary pressure boundary. The
steam generator tubes together account for a majority of the primary pressure boundary
surface of both CANDU and PWRs, and ultimately determines if radiation is leaked to
the environment under normal operating conditions. Steam generator tubes as well as
many other components of a CANDU and PWR use Monel 400, Inconel 600 (Alloy 600),
Alloy 690, and Alloy 800 which have experienced in-service corrosion and mechanical
degradation of various forms (ANL, 2010, Staehle and Gorman 2003).

There is the potential that if a tube bursts while a plant is operating, radioactivity from
the primary coolant system - the system that pumps water through the reactor core - could
escape directly to the atmosphere in the form of steam. However, failure of a single steam
generator tube, or even a few tubes, would not be a serious safety-related event in a
CANDU reactor. The leakage from a ruptured tube is within makeup capacity of the
primary heat transport system, so that as long as the operator takes the correct actions, the
off-site consequences will be negligible. The Alloy 600 mill annealed steam generator
tubes in PWR may serve as a good example of allowable continued operation with limited
leakage. A sufficient safety margin against tube rupture used to be the basis for a variety
of maintenance strategies developed to maintain a suitable level of plant safety and
reliability. Several through-wall flaws may remain in operation and potentially contribute
to the total primary-to-secondary leak rate. However, assurance that no tubes deteriorate
to the point where their integrity could be seriously breached as result of a potential event,
and that any leakage caused by such an accident will be small enough to be
inconsequential, can only be obtained through detailed monitoring and management of
steam generator conditions in practice (IAEA 2007, IAEA 2011).

1.2 Steam Generator Degradation

While many of the current nuclear power reactors in the United States have shown
great integrity and allowed to be relicensed for a period beyond their originally predicted
lifetime, the safety of these plants is an integral part of the future of safe, environmentally
friendly, nuclear power. Steam generator (SG) tubes constitute a large fraction of the
reactor primary coolant loop pressure boundary surface area in both CANDU and PWR.
The SG tubes play an important safety role because they act as a main barrier for
radiation or fission products between the primary and secondary side of a power plant.
This means that any leakage of coolant through the wall of a SG tube will allow radiation
to escape into the non-radioactive side of the plant, which then has the potential to leak to
the atmosphere. Therefore, the integrity of the SG tubes is an essential part of the overall
safety of a plant and the public.

Damage to a steam generator tube impairs its ability to perform its required safety
function in terms of both structural integrity and leakage integrity. There are many
different degradation mechanisms that can occur related to SG tubes. They are susceptible
to corrosion and mechanical damage, while at the same time must maintain more than 6.9

Purdue University



MPa (1000 psi) pressure differential between the inside and outside tube wall during
normal operation. In the event of a main steam-line break (MSLB) in a pressurized water
reactor where the secondary side drops to atmospheric pressure, the tube wall differential
pressure can be as high as 18 MPa (2560 psi). Traditionally, steam generators were
designed with a sufficient safety margin against rupture. The design requirements of
ASME code and the Nuclear Regulatory Commission (NRC) for steam generator tubes is
1.4 - APMSLB = 25 MP a (3660 psi) (Majumdar, 1999). These safety margins are based
on the rupture or burst pressure of unflawed tubes. A typical unflawed Alloy 600 tube has
an industry expected burst pressure of ~ 86 MP a (12500 psi) (Vaia et al, 2005). Some of
the main tube degradation mechanisms that have been identified are due to corrosion,
mechanical wear, and fatigue. Table 1.1 explains only a small portion of the potential
degradation mechanisms. The definitions are adapted from EPRI (Fuller et al., 2006).

Table 1.1 Steam Generator Degradation (Adapted from Wade 1995)

Type of Degradation Description

Denting The physical deformation of the Inconel Alloy 600 tubes as
they pass through the support plate. Caused by a buildup of
corrosive material in the space between the tube and the

plate.

Fatigue cracking Caused by tube vibration.

Fretting The wearing of tubes in their supports due to flow induced
vibration.

Intergranular attack/stress- | Caused when tube material is attacked by chemical

corrosion cracking impurities from the secondary-loop water. It occurs

(outside diameter) primarily within tube sheet crevices and other areas where
impurities concentrate.

Pitting The result of local breakdown in the protective film on the

tube. Active corrosion occurs at the site of breakdown.

Stress-corrosion cracking | Cracking of steam generator tubes occurring at the tangent
(inside diameter) point and apex of U-bend tubes, at the tube sheet roll
transition, and in tube dents. It occurs when Inconel Alloy
600 tubing is exposed to primary-loop water.

Tube wear A thinning of tubes caused by contact with support
structures as the tubes vibrate or as feed water entering the
vessel impinges on the tube bundle at that location.

Wastage A general corrosion caused by chemical attack from acid
phosphate residues in areas of low water flow.

Current and past studies point to intergranular attack/stress-corrosion cracking as the
most common mode of failure. This form of failure accounted for 60 to 80 percent of all
tube defects that required plugging up to the year 2007. While, fretting and pitting
combined to account for another 15 to 20 percent of all tube defects. The remaining
failures were due to mechanical damage, wastage, denting, and fatigue cracking
(Karwoski et al, 2007). Most all SGs in the U.S. were originally built using mill annealed
Alloy 600. Past research has shown that thermal treatment of Alloy 600 makes it less
vulnerable to degradation, and even more promising is thermally treated Alloy 690 which
has even further improved mechanical properties and corrosion resistance. As of 2009, 51
of the 69 PWRs in operation in the U.S. have replaced their tubing material: 42 units
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switched to thermally treated Alloy 690; 8 units switched to thermally treated Alloy 600
and the remaining unit stayed with the original mill annealed Alloy 600 tubing (H.
Rathbun et al, 2009). In just two years (2008-2009), the number of power plants using
Alloy 690 SG tubing increased by 25%, with approximately 69% using Alloy 690, 25%
using thermally treated Alloy 600, and the remaining using mill annealed Alloy 600
tubes. It must be acknowledged that while any one of these defined mechanisms may
cause a SG tube defect, they do not inherently lead to leak rates across the primary
radiation boundary. They must of course, grow to become through-wall flaws. Also, it is
beyond the scope of this study to introduce or define the mechanistic behavior of crack
growth. Actual cracks may have a very complex morphology, which can be difficult to
define. This study is focused on the leak rate behavior of well-defined crack geometries,
as crack opening area will highly affect the choking flow rates and must be well known.
If one were able to accurately predict the crack growth and opening area, this would not
necessarily lead to accurate prediction of the thermo-hydraulic path. For instance, in
actual reactor environments, corrosion products are transported throughout the reactor
loops by the coolant. The origin of such products cannot be well established. However
they may concentrate to form deposits. These deposits are referred to by the acronym
CRUD in the nuclear industry, with the origin of such terminology difficult to determine.
Three different acronyms have been used in literature which are; Chalk River
Unidentified Deposits, Canadian Reactor Unidentified Deposits, and Corrosion Related
Unidentified Deposits. While these deposits may in fact be the source or cause of a SG
tube defect, they also will likely influence the thermal-hydraulic flow path of such defect.
Not only may they partially plug a through-wall flaw, they also may extend from the tube
wall effectively lengthening the flow channel.

1.3 Leak before Break Approach

Assessment of the conditional probabilities of tube failures, leak rates, and ultimately
risk of exceeding licensing dose limits is an approach to steam generator tube fitness-for-
service assessment that has begun to be used increasingly in recent years throughout the
nuclear power industry. The advantage of this type of analysis is that it avoids the
excessive conservatism typically present in deterministic methodologies. However, it
requires considerable effort and expense to develop all of the failure, leakage, probability
of detection, and flaw growth distributions and models necessary to obtain meaningful
results from a probabilistic model. The Canadian Nuclear Safety Commission (CNSC)
recently developed the CANTIA methodology for probabilistic assessment of inspection
strategies for steam generator tubes as a direct effect on the probability of tube failure and
primary-to-secondary leak rate.

The probabilistic approach largely depends on the models and data for crack detection,
crack growth, failure probability, and two-phase critical flow. Recently there are several
advances made on crack initial growth, and detection methodology as given in the
following review. There is almost no data on two-phase critical flow in crack that has
well defined entrance condition (sharp entrance or smooth entrance), flow turns (45° or
22° turn) and roughness. Also, there is limited data on the actual simulated cracks for
steam generator tubes. In order to verify the critical flow model and estimate the
performance of the thermalhydraulic model in assessment of leak rates through the steam
generator tubes experimental data is needed in well-defined crack geometry.

Thus, there is a need for improvement of existing probability assessment methodology
for the leak rates through SG tubes. In view of this, the present work addresses these
issues by providing experimental data and models on two-phase critical flow for well-
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defined crack geometry and then develop an improved probability assessment
methodology for the leak rates through SG tubes.

1.4 Scope and Objectives

The scope of the project was to provide the experimental data and the predictive
correlations and models needed to permit the CNSC to independently evaluate the
integrity of steam generator tubes as plants age and degradation proceeds, new forms of
degradation appear, and as new defect-specific management, schemes are implemented.

The following objectives were defined for the research project.

1.To develop experimental program which includes: the design and building of a
experimental test facility; development of a test matrix; the design and
manufacture of simulated crack test specimens; conduction of experiments for
various operating conditions;

Ii.To consolidated database on choked flow for small length to diameter cracks;

iii.To development of a new choking flow model and validate against experimental data;

iv. To apply RELAPS5 code model for predicting choking flow and assessing it’s
predictive capabilities; and

v. To recommend an optimal choked flow modeling approach for application for SG
tube integrity assessments

There have been many studies both theoretical and experimental on choking flow. Very
few studies however have the same geometric setup. Some focus on slits, some large pipe
breaks, and some converging or diverging nozzles. It is therefore difficult to translate
these results to the specific problem of steam generator tube cracks. It is theorized that
with such small length to diameter ratio in steam generator tube cracks, that non-
equilibrium effects will play a significant role in the flow. There will be a very large
pressure gradient at the choking plane and there will not be a sufficient amount of time
for thermal equilibrium to take place. This will show that the homogeneous equilibrium
model will under predict such flow and non-equilibrium models may too be insufficient
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2. LITERATURE REVIEW
2.1 Steam Generator Characteristics

Steam Generators are heat exchangers between the primary and secondary loops of a
PWR and CANDU nuclear reactors. The inlet from the primary loop is referred to as the
‘hot-leg’ and the secondary loop portion is referred to as the ‘cold-leg’. In CANDU
reactors, the primary side operates between 9.3 MPa and 10.2 MPa (1350 psi-1480 psi) at
305°C (579°F) while the secondary side operates between 4.5 MPa and 5.7 MPa (650 psi-
830 psi) at around 265°C (509°F) . In case of PWR the primary side operates at a pressure
of about 15.51 MPa (2,250 psi) or about at an average temperature of 315°C (600° F) and
is subcooled while the secondary loop operates at pressure of 6.89 MPa (1000 psi) or and
an average temperature of 260°C (500° F). This indicates a pressure difference of about
1000 psi between the inner and outer walls of the steam generator tubes since the water
from the primary loop flows through the tubes and the water in the power loop outside
them. The steam generated is then sent to the turbines to produce power and then
condensed in the condensers before looping back to the SG via a feed pump.

CANDU Steam Generator designs are of a U-bend type and are manufactured by
Babcock & Wilcox. Existing PWR SGs in the United States are manufactured by 2
vendors — Westinghouse, and Babcock & Wilcox (Combustion Engineering has stopped
manufacturing Steam generators). Most of Combustion engineering and all of Babcock &
Wilcox’s designs are 2 loop reactors while the Westinghouse designs range from 2 to 4
loops. While all of Babcock & Wilcox’s SGs are once-through designs, Westinghouse
and Combustion Engineering utilize a recirculating “U-bend” design. Most tube
diameters range from 19 to 25 millimeters while their thicknesses vary from 1.3 to 2 mm.

The tube materials for SGs built in the early 1950s was Inconel 600 (Alloy 600) but
its susceptibility to Primary Water Stress Corrosion Cracking (PWSCC) and the
subsequent problems and costs involved with replacements caused researchers to search
for better materials and the solution lay in the use of Inconel 690 (Alloy 690), which over
extensive testing shows a marked reduction in susceptibility to SCC after testing for over
10000 hours (Norring & Engstrom, 2008).This reduced susceptibility is due to the
increase in Chromium content from 15% in Alloy 600 to almost 30% in Alloy 690. This
is because any grain boundary segregation causing the formation of chromium carbides
along grain boundaries and surface films will not succeed in thoroughly depleting
surrounding regions of chromium (due to the high content), resulting in a reduction in
crack formation and growth due to stress corrosion cracking (SCC) (Rios et al, 1995).

Thus, it is clear that switching to Alloy 690 or Alloy 800 tubes in SGs significantly
reduces the risk of SCC. However, of the 69 steam generators in the United States, 10 still
use mill-annealed Alloy 600 and 42 still use thermally treated Alloy 600 in their SGs, the
former of which is more susceptible to SCC. This makes it important and still relevant to
study both SCC and subcooled choking flow of Alloy 600 tubes, as they are still in
service. CANDU steam generators use Monel 400, Alloy 600 and Alloy 800 as tubing
material. Alloy 800 have been very successful for CANDU steam generators.
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Some steam generators have operated with a minimum of problems while other
designs have experienced a variety of corrosion and mechanically induced problems.
Corrosion problems include denting, wastage, intergranular attack, stress corrosion
cracking, corrosion fatigue, pitting on the outside surfaces of the tubes and stress
corrosion cracking on the inner surfaces of the tubes. Mechanical concerns have included
water hammer, thermal stratification in feed water pipes, fretting and wear of the tubes
caused by excessive tube vibration and erosion-corrosion. These problems have caused
unscheduled outages and expensive repairs. Where most extensively affected, steam
generators have been replaced after 8-12 years of operation, far short of the expected
plant operating period of 40 years. The International Atomic Energy Agency (IAEA)
reports that over the last 10 years unplanned steam generator outages have resulted in
over 60 billion kilowatt hours of lost generation (IAEA 2007). The economic
consequences of these unplanned outages are enormous.

2.2 Steam Generator Tube Degradation

Steam generator tubes undergo a variety of degradations and this affects their ability
to function while increasing the chances of a Loss of Coolant Accident (LOCA) or
radiation leak. Though the tubes are designed to withstand operating conditions of 1000
psi (6.89 MPa) pressure differential, in the event that the primary loop is compromised
vis-a-vis a rupture of the main steam line (Main Steam Line Break) then the tube wall
differential can be as high as 2500 psi (18 MPa) as per the NRC’s strict guidelines for the
design and use of tubes and thus they have a very high factor of safety. Some of the
methods of failure of SG tubes are listed below and have been classified by the Electric
Power Research Institute (EPRI, 1994) and Staehle and Gorman (2003).

I. Denting
Tube degradation near the connection with the support plate which occurs
due to a buildup of corrosive materials between the tube and plate.
ii. Fatigue Cracking
Cyclical stresses acting on the tubes due to vibrations or impact stresses
over time that cause crack growth.
iii. Pitting
The creation of micro cracks due to an electrochemical reduction of the
surface after films breakdown. Turnbull et al., (2006) proposed a model that a
series of ‘pits’ or micro cracks would grow at the point of active corrosion and
the rate of growth of the pits would be exceeded by the crack growth rate due
to the coalescence of various pits over time.
iv. Wastage
Phosphate and sulfur residues causing chemical corrosion in ‘wet’ areas
with low fluid flow rates.

V. Vibration induced wearing of tubes at the point of contact with the support
plates.
Vi. Wear

Thinning and eventual failure of tubes caused either by vibratory contact
with the support plates or constant wear from water impact.
vii.  Stress-Corrosion cracking
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The cracking of steam generator tubes that can occur from the secondary
side or primary side and is occurs due to a combination of corrosive
environment, susceptible material and a constant tensile stress on the material.
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Figure 2.1: Summary of the various modes of failure at various locations (mode-location
cases) that have occurred in recirculating steam generators (Staehle and Gorman 2003)

Of the various reasons for failure listed above, the most likely mode of failure to
occur is Stress Corrosion Cracking (SCC) which accounts for about 60 to 80% of all
damage in steam generator tubing. Stress Corrosion Cracking is a delayed cracking
mechanism that occurs only when the 3 conditions mentioned above are achieved and any
crack formation or defect growth that occurs when one of those conditions is not achieved
cannot be classified as SCC but as corrosion, fatigue failure etc.

There are various submodes of SCC including alkaline stress corrosion cracking
(AkSCC), low potential stress corrosion cracking (LPSCC), acidic stress corrosion
cracking (AcSCC), high-potential stress corrosion cracking (HPSCC), lead stress
corrosion cracking (PbSCC), low-valence stress corrosion cracking (Sy-SCC), organic
stress corrosion cracking (OgSCC), doped steam stress corrosion cracking (DSSCC), and
low-temperature stress corrosion cracking (LTSCC). The occurrence of these SCC
generally depend on the seven primary variables: pH, potential, species, alloy
composition, alloy structure, temperature, and stress. The detailed discussion of SCC on
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designs of steam generators as they affect corrosion, bulk water chemistry as it relates to
chemistry in heat-transfer crevices, and the chemistry of heat-transfer crevices are given
in reviews by Staehle and Gorman (2003, 2004a, 2004b) . At the end of each section, the
state of present knowledge is summarized including the lessons learned from service and
laboratory experience. In addition, possible problems for future reliable performance as
affected by corrosion are identified.

SCC depends on several factors which can be classified into primary and secondary
factors. Primary factors include the nature of the environment (Rios et al, 1995), the
tensile stresses acting on the material (Rebak, 1996), the film forming ability of that
material Anderson and Ford (1988), grain boundary sensitization (Was, 1990) and the
nature of the material (in terms of the composition and alloying elements present within)
along with the manufacturing technique utilized (for example, mill-annealed Alloy 600
tubes are more susceptible to SCC than Thermally Treated Alloy 600). Secondary factors
would be the degree of cold working, the location of the component within the reactor,
operating temperatures, nature of grain boundaries, impurity levels within the
environment and material (here the impurity being the major component that forms the
surface films, Ru and Staehle 2013), the expansion of the materials and the actual films
themselves.

SCC is a phenomenon with great historical significance. The first recorded instance of
SCC was by Moore et al, (1921) in 1921 who were examining the cracking of brass
cartridges and determined that ammonia from the urine of horses pulling the ammunition
carts combined with residual stresses from manufacture caused the cracking, whereby the
ammonia reacted with the copper to desensitize the material. At the time it was referred to
as ‘season’ cracking and annealing resolved this problem, which was of critical priority to
the British army since 63 years earlier, a mutiny by Indian soldiers against the British
army, widely considered to be the starting point for the Indian independence movement
was in protest of having to utilize pig fat to grease the brass cartridges in order to prevent
stress corrosion cracking.

There have been several reviews in literature (Rebak, 1996, Van Rooyen, 1975) that
have examined SCC over the decades since the beginning of the use of Ni-alloys in SGs
and an extensive review and report of various phenomena, models of initiation and
growth and conservative estimates to ensure prediction on actual data compiled at reactor
operating conditions from 3 different sources was compiled by this author but is beyond
the scope of this thesis to report in detail. A conclusion was drawn that SCC is a complex
phenomenon that is a combination of various factors and while most models assume a
single mode of failure, in reality it is likely a combination of all these factors combined.

The most likely method of SCC leading to failure in Alloy 600 tubes can be described
in the following manner:

An Inconel 600 Tube is extruded during manufacturing and thus possesses residual
stresses, which when coupled with an environment of distilled, sub-cooled water at high
temperatures, the conditions are primed for SCC.

While the stress intensity within the material contributes to an increase of the
electrochemical dissolution rate as described by the Coupled Environment Fracture
Model (MacDonald and Urquidi-MacDonald, 1991), pits may form at the surface and
when the growth rate of the pits exceeds the crack pit coalescence rate (or crack growth
rate), a stress corrosion crack has initiated. This crack’s growth is then determined by the
conditions at the crack tip such as the stress intensity (Andresen and Ford, 1988), the pH
within the crack tip environment (MacDonald and Urquidi-MacDonald, 1991) and the
melting temperature of the surface films (Galvele, 1987).
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The stress intensity is in turn dependent on the formation of carbides and segregation
at the grain boundaries. The movement of grain boundaries due to the formation of
vacancies and the existing tensile stress within the material causes the grains to spread
apart as vacancies coalesce into voids leading to crack growth. At the same time, the
formation of films on the surface and their subsequent breakdown due to the movement of
a dissolution plane to the surface causes the exposure of a bare surface, causing
electrochemical dissolution that is cyclical in nature, as the film tends to repassivate from
the chief impurities (in this case the chief constituents like Nickel, Ferrous and
Chromium) within Alloy 600.

Any probabilistic Risk assessment code must keep in mind that failures within a
steam generator occur due to fatigue and SCC. However, SCC is not such a major
problem for Alloy 690 tubes due to the increase in Chromium, reinforcing the importance
of Chromium in keeping corrosion at bay.

Thus it is apparent the a knowledge of SCC is mandatory for reactor designers and
Steam Generator design, but any description of crack growth, initiation and geometries
are beyond the scope of this study, which focuses on the study and analysis of leaking of
a subcooled liquid through these cracks, and the influence of crack areas, L/D, flow
channel length, roughness and subcooling on the critical flow rates.
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3. CRITICAL FLOW LITERATURE AND MODELS
3.1 Choking Flow in Literature

Choking flow is a phenomenon which occurs in a wide range of industrial systems. It
is especially important in a nuclear reactor; where high pressure subcooled water in the
case of a PWR is used to generate steam. In the instance of a loss of coolant accident
(LOCA), choking flow determines the coolant inventory of the reactor vessel. If choking
were not to occur, the reactor water inventory would be depleted rapidly. This is not the
case however because as the pressurized subcooled water nears the break, it flashes to
vapor which limits the mass flow rate due to choking. Therefore, the integrity of the core
during a LOCA is dependent upon this choking phenomenon.

A LOCA from a small break or large break in the main steam line or valve is not the
only place in a reactor where coolant could be escaping the primary side of the reactor.
Steam generator tubes have a history of small cracks and even ruptures, which lead to a
loss of coolant from the primary side to the secondary side under the previously explained
leak before break approach to steam generator tube integrity. Therefore, choking flow
plays an integral part not only in the engineered safeguards of a nuclear power plant, but
also to everyday operation. In the case of leakage through SG tubes to the secondary side
of the plant, radiation detection measurements of the secondary flow are taken and
calibrated to predict and increase or decrease of leakage through the SG tubes. If
excessive leakage occurs, the plant must shut down or the operator must take appropriate
action. It is therefore of great interest to not only qualitatively, but quantitatively be able
to predict such flow rate with great accuracy.

Most of the recent research related to steam generator tubes is in characterizing
defects as well as predicting burst pressures for tubes with defects. There is a plethora of
information related to the material behavior under such conditions (Pagan et al, 20009,
Kichirka et al, 1997). While some studies do experimentally determine leak rates from
steam generator tube defects, they are concentrated on the leak rates after burst. Burst is
associated with a very large opening in the side of a tube. The overall prediction of leak
rates through cracks is very dependent on the crack opening area, thus the future of leak
rate prediction will be the coupling of crack morphology and leak rate models. The work
presented here is concentrated on the leak before break, or leak before burst and does not
allow for crack growth during leakage.

There is very limited data on the steam generator tube leak rate measurement. Most
studies of subcooled choking flow are related to long tubes with large L/D and nozzles
(Henry, 1970, Henry and Fauske, 1971). A literature survey performed list the limited
sets of data that focus on crack and simulated crack geometries, and can be seen in Table
3.1. (Wolf and Revankar, 2012). The survey shows that this geometry has been studied
over a large range of pressures and liquid subcoolings however, as can be seen, these data
focus on L/D geometries greater than 15. Also, all of those data have a channel length
greater than 10 mm, which is not indicative of steam generator tubing. Steam generator
tubes have a wall thickness typically less than 3 mm.
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From available tabulated data on crack geometries, the parameter range associated
with the current study can further be realized by Figures 3.1 and 3.2. From Figure 3.2, it
can be seen that most data points fall at the higher L/D ratios than that of the current study.
Also, in the smallest range of L/D very few data exist at lower choking mass flux. From
figure 1.3, it can be seen that of those data points that fall at the smallest L/D seen in red,
no data points fall in subcoolings below 50 °C. In view of this an experimental program
was carried out where the simulated steam generator tube crack geometry were well
characterized and choking flow of subcooled water tests were performed.

Table 3.1: Summary of Studies conducted on two-phase choked flow with MFRL Data
included (Wolf and Revankar 2012) at Purdue University

Geometry L tXw Dh Area L/D R P ATsub
Authors . [mm] x 2 roughness
[fluid [mm] (] [mm] [mn?] [um] [Mpa] [K]
- annulus (sii) y (0.15-043) X (784{ . . y y y !
Agostnelietal (1958) | S S 152-254 iy 0.3-0.86 1238 | 176:840 | (—) | 352051 | 10-67
. (127) X 0.008- !
Ryley & Parker (1968) | slits |steam 35.6 (254) 242 323 14.7 (=) 0017 0
Simoneau (1974)  |slits [cryogenic N 254 (254)X 0.58 742 435 () | P68 | ()
fyogenic Nz : (0.284-0.3) : : : max=0-
Coller etal. (1980)  |*® Watelrsmm' 60-75 (02112 X (57.2)| 0422 1464 | 27187 | 034102 | Pop=115 | 33120
Abdollahian, Levy, cracks (0.74-63.5) X
Chexa (1683 oamnaer 18.6-57.2 00iga1z) | 00619 | 0015711 | 30634 | 03102 | 3264153 | 1119
slits |steam- (0.127-0.381) X y g y } !
Amos & Schrock (1983) ar 635 (apnes | 016077 | 2678 | 83400 | (=) | 4162 | 065
' cracks (0.02-0.22) X (0.74 ] y g _ g
Coller etal. (1984) soameer 20 279 0.04-044 | 0015655 | 45500 | 178 | Pup=115 | 0-72
slits/cracks (0.097-0.325) X _ '
Kefer etal. (1986) st 10-33 (ot0y | 025064 | 581393 | 15127 | 2040 | Pra160 | 040
slits  |steam- (80)X
John etal. (1987) water 4 0208) 04 200512 | 115 5240 | 40140 | 360
Bandyopadhyay et al. slits/cracks (0.27-0.50) X (15-
o0 Do 8 o 054097 | 57118 |83148 | (—) | 1.14-866 | 58-264
Wolf & Revankar, (2012) |slit| seam-water|  3.175 (0'25'053)) X@4&| 055084 | 086192 |448694| 30 680 | 2446
Samples tested n This | (1 eam-water 13 (083-26)X (0285 61104 | 0513450 | 1221 | 530 6.895  |14.1-49.1
Study 0.648)

It is evident from literature (table) that except for the findings of Wolf, most research

was conducted for crack L/Ds (Flow channel length over Hydraulic Diameter) over 14.7
and flow channel lengths of over 8 mm. The most recent work by Wolf and Revankar
(2012) was conducted on laser cut (therefore rough) samples with L/Ds ranging between
4.8 and 6.2 and flow channel length of 3.175 mm for 5 samples and additional testing on
a pinhole. Steam generator tubes thicknesses however range between 1 to 2 mm
depending on the material, design and manufacturer and between 12.5 and 19 mm in
diameter (Outer diameter OD). Also, L/D ratios are generally on the order of between 0.8
and 2 since the thickness is small but the crack can propagate over time thereby
increasing its hydraulic diameter. Thus further studies are being conducted on cracks of
1.3mm thickness with L/D ratios varying from 1.1 to 2.1
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work in literature (Amos and Schrock, 1983)

3.2 Modeling Efforts on Choked Flows

The next four sections will briefly outline various choking flow models such as the
homogeneous  equilibrium  model, homogeneous  non-equilibrium  models,
nonhomogeneous equilibrium models, and non-homogeneous non-equilibrium models. In
the context of these categories, equilibrium models are describing the thermal equilibrium
in which the temperature of each phase is the same. The flow is considered in non-
equilibrium if there is a temperature discontinuity between phases. If homogeneous flow

Purdue University

3-3



is considered, then the assumption is made that both the gas and liquid velocities of a
two-phase one-component flow are equal. In the case of nonhomogeneous flow, two
different criteria may be met. One case is that the gas and liquid velocities are different,

however the relative velocity is constant. That is that (V, —V,) is at steady state. This

type of flow is considered to be in mechanical equilibrium, but non-homogeneous. There
also exists mechanical non-equilibrium, non-homogeneous flow in which the acceleration
rates of each phase are different.

3.2.1 Homogenous Equilibrium Models (HEM)

The homogenous equilibrium model assumes the fluid is homogenous by treating it as
a pseudo-fluid whereby both the phases are in equilibrium, thus enabling the
simplification of a two-fluid mixture as a single phase (Wallis, 1969). In this assumption,
the fluid’s phases are assumed to be in both thermal and mechanical equilibrium meaning
that there is no slip between the two phases (both are travelling with the same velocity)
and both of them are at the same temperature. This allows the properties such as
thermodynamic quality to be calculated easily from steam tables and simplifies the
calculation since any equations of state have to applied to a single fluid, since the
assumption is that temperature and pressure of both phases follow the saturation curve
with isentropic expansion of the fluid (Amos and Schrock 1983).

Wallis (1980) studied the influence of changing parameters such as geometries and
pressures and its effect on the critical mass flux with respect to quality and found that
long channels allowed or establishment of equilibrium but not for short pipes since there
isn’t enough time for equilibrium conditions to be established. Thus, the assumption made
by many authors (Henry 1970, Wolf and Revankar 2012), for a liquid at low subcooling
under high pressures for small channels like steam generator tubes is that flashing will
occur at the exit or outlet of the flow channel where a large pressure gradient exists over a
very small distance and the flow is also critical. The assumption is that the first bubbles
are nucleated at this point (Wallis 1980).

The HEM is essentially a simple representation of the concept of critical flow,
whereby any change or increase in pressure has no effect on the mass flux G, thus

4G _,

P 3.1)
And applying the mixture conservation equations allows for the sound velocity to be
represented in terms of the fluid’s critical flow velocity since

Now the mass conservation equation for HEM assumptions and a constant area of
flow would be

d d
d_uz(l[(l_x) My + X, ,ng d_P+ﬁd_X
dz u dP dP "dz dz dz (3.3)
And the equation for conservation of momentum is
& __dpy _udu
dz dz’" udz (3.4)
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Thus combining these two equations with the boundary conditions of saturation
temperature at flow channel exit and exit speed Mach 1 when applied to the critical flow
criterion (Amos and Schrock, 1983),

dp (3.5)

Now combining this with (4.1) and rewriting # as # gives us

al—_ 2d_P
H (3.6)

Thus, (4.5) and (4.6) can be combined with equations (4.3) and (4.4) to give us the
sound speed criterion for choking under a Homogenous Equilibrium assumption as

du, du dx, o
U, = [~ — )= + X—2 + p1y (),
dx
Where dP " s the equilibrium mass transfer rate defined by (Schrock et al., 1982)
as
d d
- x)i + xi
dP dP

dx
(=)=
dP Sty (3.8)

In other words, for short channel lengths, the HEM is a ‘frozen flow’ model that
assumes that there is no quality change over flow length and the expansion is isentropic
with equal phase velocities (Henry and Fauske, 1971).

Since the HEM ignores many of the non-equilibrium phenomena along with an
isentropic assumption, it has a tendency to under predict the mass flow rate. A simple
explanation for this in terms of the isentropic assumption is because for a subcooled
stagnation state, the velocity of the mixture could exceed the velocity of the homogenous
fluid calculated at zero quality and since supersonic flow cannot occur in a straight duct,
this means the HEM will under predict the flow rate.

The HEM assumptions for a straight duct also disregards area change, friction and
energy addition along the length of the channel, instead assuming the liquid undergoes no
changes between the entrance and exit (since it is isentropic, and only area change will be
isentropic, Amos and Schrock, 1983) and since these are the only processes that can cause
phase change, for an isentropic assumption it is mandatory that friction loss and energy
addition in the channel be disregarded. Then the phase change would make no sense in
straight ducts, thus this is useful only if choking and flashing are occurring at the exit.

3.2.2 Non Homogenous Equilibrium Models (NHEM)
The NHEMSs assume that both phases are in thermal equilibrium but that there is slip

between the phases and they flow at different velocities. Thus solving it will involve
incorporation of the Drift flux model with a velocity difference factor.

Purdue University
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In this scenario, knowledge of the quality factor becomes important since that allows
determination of the velocities of the individual phases (Wallis 1980) and from this, the
velocity ratio (slip)

the ratio of mean vapor velocity to the mean liquid velocity can be found. This is
helpful since there are 3 major models explained in detail in (Wallis, 1980 Moody 1965,
Fauske 1962) that attempt to model the interphase slip as a function of ratios of the
specific volumes of the fluids.

These models are essentially simplifications that allow for the slip to be calculated if
the quality and therefore the specific volumes or densities of the individual phases are
known. The shortcomings of these assumptions is that the Moody model fails to consider
momentum conservation and thus knowledge of the energy balance allows Moody’s
criterion to be used, whereas the Fauske and Levy model disregard energy balance and
they can be utilized only if the momentum flux at the exit is known. Levy took the void
fraction into consideration in his model, however all 3 of these models tend to overpredict
the slip ratios from experimentally observed values. This also means that the mass fluxes
they predict would be higher than the HEM.

The inherent problem with these assumptions is that two-phase flow will have
transition regimes and bubble nucleation, while the slip assumption only regards two
perfect phases of fluid and vapor.

The advantage then, of the HEM and NHEM s is that they are simple, easy to calculate
and can be used as references to predict experiments and easily modified to match data
(empirical).

3.2.3 Homogenous Non-Equilibrium Models (HNEMS)

A subcooled liquid which flashes at the choking plane experiences thermal non-
equilibrium conditions since the two-phase depressurization could occur over a very short
distance and could be greater than the thermal exchange rate between the two phases and
disregarding these phenomena is why most researchers believe the equilibrium models
under predict the flow rates.

The non-equilibrium phenomena that have to be considered are bubble nucleation and
mass, momentum and heat transfer through the interphase between the two phases. There
are many phenomena occurring that influence the two-phase flow formation and the more
effects are considered in models, the more complex they become and some of the
assumptions that researchers are forced to assume for the models predictions to match
experimental data are far from observed values. Thus, all of the HNEMs contain a certain
degree of empiricism (Wallis 1980).

These models account for the non-equilibrium phenomena like bubble formation by

utilizing parameters such as the pressure undershoot AP developed by Alamgir and
Lienhard (1981) which is a pressure drop correction to a frozen flow, thereby resulting in
the saturation temperature of the fluid being higher than the actual temperature of the
fluid, resulting in a degree of superheat. In other words, the correlations attempt to correct
the deviation noticed in the HEMs and provide a theoretical justification for the
correlations.

Fauske (1985) modeled the flow of subcooled fluid for different relaxation times for
samples of varying geometries (varying L/Ds) and found that the relaxation times and
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lengths, or the time or distance required for the establishment of an interphase and
nucleation sites, were too large and long respectively with regards to steam generators
tube wall thicknesses. For extremely small L/Ds (L/D < 3), he stated that flow rate could
be modeled using a simple orifice equation for a given critical pressure.

G, =0.61V2p, (p, - p,) (3.9)

In this study, the L/D ratios range from 0.98 to 2.1 and thus this equation becomes
relevant. Thus by Fauske’s conclusions, the flow rate should be higher since there isn’t
enough time for a subcooled liquid to flash thereby reducing the critical flow rate.

Other models that have attempted to study non-equilibrium phenomena are like the
empirical models of Henry and Fauske that utilized a coefficient which indicates
fractional vapor generation at equilibrium which when combined with a simple
assumption of mechanical equilibrium (both phases are at the same velocity) allows
correlation of the model and data, by controlling the exit quality. This is extremely
simplified since only stagnation states are relevant and processes within the flow channel
are ignored. However, Wallis (1980) in his study of critical two-phase flows observed
that these empirical models did match experimental data and in some cases offered a
slight over prediction depending on the stagnation pressures, than the HEMs could. These
models are simple, have been utilized by the researcher and can be represented in terms of
the critical mass fluxes as,

Henry-Fauske model:
-1

1 1
X,C -
G2 =| XY +(v,—v,,) (I-x)N dse  °° pg(n Yj
- g fo

| nP S —Se AP P(S;e —Sg)

: (3.10)

where N is the parameter discussed above and is equal to zero for frozen flows and
when unity is close to the HEM and thus describes partial phase change. This model was
found to be relevant for crack L/Ds > 12.

Henry Model (Henry, 1970):
0.5
G, =0.61 2p,R,(1-17)

Wherenzo.l(L/D) if 0O<L/D<7
n=0.7 whenL/D>7

(3.11)

A major empirical model that has been utilized by several researchers attempting to
model non-equilibrium choked flow (Amos and Schrock 1983, Wolf and Revankar 2012)
is the pressure undershoot correlation of Alamgir and Lienhard (1981) mentioned earlier,
which allows for the development of the superheat needed for bubble formation as,

Purdue University



_0.25801°T*"°(0.49 +13.255°%)%°

(ksTc)O.5 (1 - VfJ
it (3.12)

thus the pressure at the point of flashing would be

AP,

Py =P,

sat

T,, —AP, (3.13)

Thus for the required amount of superheat to be achieved, the explanation for this
phenomenon would be that the fluid is at a vapor at its saturation pressure of P and the

liquid is at its saturation value of P+AR just upstream of the flashing location. The
averaged depressurization rate is the integral of the momentum equation over the
length L’ of the channel. For very long ducts however, the authors found that this model
overpredicts the flow rates when the liquid is subcooled, perhaps because the model
doesn’t factor in friction and energy transfer from the walls, which would cause a larger
pressure drop and further reduce actual flow rate.

There have been other models in literature that attempted to model specific physical
phenomena like bubble nucleation, interphase transfer and entrainment. These parameters
can have a significant effect on the location of flashing for longer channel lengths and
larger L/D values but at the cost of accuracy. Many of the assumptions made are very
different from values that are measured in literature and cast doubts on their accuracy.

Thus we have looked at empirical and physical phenomena based models. The last
category is those models that attempt to model each phase of the fluid and therefore can
be called a Non Homogenous Non-Equilibrium Models

3.2.4 Non Homogenous Non-Equilibrium Models (NHNEMS)

These models assume a lack of mechanical equilibrium, (the phases move at different
velocities), non-homogeneous flows (wherein the effect of transition regimes and
interphase conservation equations have to be considered) where the 2 phases are not in
thermal equilibrium. Thus each phase is modeled as a separate entity with its own mass,
momentum and energy equations and interaction terms must also be considered.

Since critical flow involves shock formation and breaks down at the point of shock
formation (mathematically, refer to Strang, 2007 for further details) in case of the two-
fluid model it becomes important to solve the equations of flow upstream and

downstream till the point where the equation breaks down, indicating the shock formation.

If this was to be integrated into an iterative code, it would be infinitely complex and use
up a large amount of computational resources. Just trying to model the formation of a
bubble, then consider the number of bubbles formed, which in turn affects the surface
area and void fraction calculations must be considered. Then, the flow regime must be
taken into consideration and the viscous forces, drag forces and inertial forces on each
bubble have to be considered and when combined with velocity of bubble and interfacial
transfer phenomena, the complexity of these calculations can be understood.
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Until a justification of the costs and resources required for utilizing such a method can
be made or computational methods and technology catch up to models, it is safer from the
point of view of an experimentalist to stick to semi-empirical models with a physical
basis such as the HNEM model by Wolf and Revankar (2012) for larger L/Ds and Fauske
model (1985) for smaller L/Ds.

Another class of models as mentioned earlier in this review is the integral analysis
model which averages and integrates the fluid property under consideration over the flow
length. It is relevant mentioning here earlier experiments that were tested in this author’s
lab by Wolf and Revankar (2012) were done to gather data which was then fitted to a
modified, integral model based on an empirical correlation by (Burnell, 1946) proposed in
1946 to calculate the critical mass flux of an orifice (L/D < 3) on the basis of the surface
tension and the stagnation temperature of the fluid, which can be listed as

G, = 2p(P-kP,) "

(3.14)
where k indicates the critical pressure as
k=1-0.264-20o)

O (12 1bar) (3.15)

Wolf’s (4) modified Burnell model makes use of Burnell model and modified it via an
empirical correlation by utilizing the k factor as a function of the subcooled temperature
as

AT Y
K =1+11.6(—Sub]

sat

(3.16)

which he found better predicted his data and similar efforts were made to compare this
model to critical flows through channels with SG thickness by this author.
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4. EXPERIMENTAL TEST FACILITY
4.1 Introduction

The purpose of the experimental program was to develop database on critical flow
through crack geometries with subcooled liquid flow at the entrance. These database are
then used in validating critical flow models that can be used in assessing leak rates from
steam generator tube cracks. In the previous chapter the crack opening area (COA)
models were studied. With a validated critical flow model and COA model the leak rates
from the steam generator tube cracks can be evaluated. Crack growth models enable the
leakage expected in future. All this information is useful to assess the steam generator
tube integrity and for maintenance scheduling. In view of this, an experimental test
program was developed to develop database on and new data on critical flow in tubes.

4.2 Experimental Test Facility
4.2.1 Test Facility Design

Design of a test facility to measure leak rates of through wall cracks was based on the
following goals. (1) The test facility should be modular so that various crack geometries
can be studied. (2) The pressure differential across the break should be similar to the
prototype about 6.8 MPa (1000 psi). (3) Facility should be such that tests can be easily
repeated. Based on these goals a test facility is designed. Figure 4.1 shows a schematic
of the test facility design. It consists of a vertical pressure vessel, which serve as the
blowdown tank, a water tank where steam condenses and the discharge from crack is
collected and measured, a nitrogen supply line to pressurize the vessel with control valve,
instrumentation and data acquisition system.

The volume of the vessel was based on the maximum discharge rate expected from
the crack. In designing the test facility the most important aspect is the volume of the
pressure vessel as this will determine what leak rates can be measured and for how long.
Also, the size of the condensing tank will affect this as well. Therefore, calculating the
ratio of the pressure vessel and condensing tank size is useful. The leak rates with
different sizes cracks using ANL leak rate model for PWSCC have shown that at normal

operating conditions are of the order of 50 I/m for a one inch crack as shown in Figure 4.2.

This indicates that one needs a very large pressure vessel to perform the experiments with
crack size of the order of 25 mm. Equating the mass specific heat of the condensing
volume with change introduced by leak rate allows us to calculate the ratio of the mass
required in the collection tank to that of the pressure vessel.

Using hyg ~ 2000 KJ/kg and Cp ~ 4.18 KJ/kg K if we allow the condensing tank to
rise 20°C in temperature then the mass accumulated in the condensing tank to the mass
held in the pressure vessel is equal to ~24.

Purdue University
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Given this limitation it has been determined that appropriate crack sizes to be studied
are between 2 and 8 mm in length. The given leak rates for different crack size at pressure
difference of 10 MPa (1450 psi) are shown in Table 4.1. A typical crack size of 2-10 mm
seems reasonable design size. For 10 mm crack size a 3” O.D. Schedule 80 or higher
piping as the pressure vessel and allowing 2/3 of the volume to be occupied by
pressurized nitrogen, a minimum of 0.9 m (3 ft) in length is required for the pressure
vessel. The design of the pressure vessel is shown in Figure 4.3. It has several inlet/outlet
ports including one for liquid discharge through the test section at the bottom, one inlet
port at the top for supply of nitrogen from nitrogen bottles, and six ports for
thermocouples and pressure sense lines.
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Figure 4.1: Schematic of test facility
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Figure 4.2: Leak rate predictions for 0.5 and 1 inch length cracks using the ANL leak rate

model for PWSCC

Table 4.1: Leak rates for a given crack length at Ap=10 MPa.

Crack Length (mm) |Crack Width (mm) |Leak Rate (L/min)
1 0.0016 0.0082
2 0.0033 0.0339
3 0.0053 0.0815
4 0.0078 0.1586
5 0.0109 0.2776
6 0.0150 0.4579
7 0.0204 0.7285
8 0.0278 1.1322
9 0.0378 1.7315
10 0.0514 2.6162
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4.2.2 Test Facility

The pressure vessel was first hydrostatic tested at 10.3MPa (1500 psig). Then another
hydro test was completed at 14 MPa (2000 psig), which is over 200% of the operating
pressure. The hydrostatic test was successful with no leaks or complications. The vessel
has one pressure relief valve (Kunkle brand) with pressure preset to 8.3 MPa (1150 psi)
and is mounted with a half inch NPT connection.

The pressure vessel is connected via 3/8 inch stainless steel tubing to the compressed
nitrogen bottles. Ceramic band heaters are used for heating the pressure vessel contents.
The band heaters of interests are 4.5 inches in inner diameter and vary between 800 and
1800 watts. They are placed in parallel for operation at 240 volts. Pressure and
temperature are measured and a relief valve is placed at the top of the tank. Pressure and
temperature are also measured just before the test section. A valve is used to initiate the
experiment. As the subcooled water is discharged it flashes and a two-phase critical flow
ensues. The discharge steam is condensed by the cooler water bath where the outlet of test
section is submerged. The condensed steam and discharged water are collected in the bath
volume. This allows for a time averaged mass flow rate to be measured.

Purdue University
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Figure 4.3: The pressure vessel design

The design of the condensing tank hanging system involves cable supporting the tank
with two load cells, which are strain gage type. The tank was suspended using steel wire
rope and eyebolts from channel struts spanning the test section support structure. The load
cells signal need to be amplified before measuring using the data acquisition system. The
load cells range is 0-300 Ibs. and puts an output in the range of 0-23mV. These have a
maximum error of 0.15 Ib. at any load. Figure 4.4 shows the picture of the two load cells.

An instrument amplifier with a gain of 100 was built in order to accomplish this. The
amplifier consist of a 15 volt DC power supply wired to two separate high precision
instrumentation op amps as seen in Figure 4.5. The calibration of the load is cell carried
out with known mass of the water in the tank. The test facility without insulation is shown
in Figure 4.6.

Purdue University
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Figure 4.5: Precision instrumentation amplifiers, Gain=100.

The water level in the vessel is measured with Honeywell DP transducers. Detailed
heat transfer calculations on heat loss from the pressure vessel were done and it was
found that a thickness of 2 inches in insulation is required for the pressure vessel. This
insulation is of the mineral wool variety, which has temperature tolerance up to 600°C. Its
thermal conductivity is lower than fiber glass. The DP cells were calibrated with NIST
standard pressure calibrator unit for the range of water level in the pressure tank. The load
cells, differential pressure cell and thermocouples were wired to the data acquisition
system for testing. The load cells, differential pressure cell and thermocouples were wired
to the data acquisition system and were tested. A Labview program was developed for
data acquisition and real time data display and monitoring.
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4.2.3 Crack Specimens

Two types of test crack specimens split into two batches were used. Samples were
manufactured by laser cutting, drilling and welding semicircular discs together over a
stainless steel nipple with the faces milled. This enabled the study of different geometries
and surface roughness’s. The hole was drilled with a drill bit and the slits were laser
machined on stainless steel SS 316 plates of thickness 3.175 mm. In Figure 4.7(a), the
orifice hole is shown. There is roughness in the hole and the average hole diameter was
estimated as 475.5 micrometer (um). By measuring the valleys and peaks the roughness
was estimated at 25 um. The slit test specimen number 2, 3, 4, 5 and 6 are shown in
Figures 4.8, 4.9, 4.10, 4.11, and 4.12 respectively. Since slits were cut with laser, the sizes
at front (downstream) and back (upstream) side of slit are not same as shown in Figures
4.8 t0 4.12. The measured slit dimensions are indicated on the figures.

Slit front

Purdue University
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Figure 4.12: Slit crack test specimen #6

The effective cross sectional flow area was calculated by averaging the front and back
cross section of the slit. In Table 4.2 and 4.3 dimensional characteristics of the pin hole
and slit cracks respectively. In Figures 4.13 to 4.19, the laser machined and welded slit
test specimens with L/D =1.7 to 2.1 are shown and in Table 4.4, the dimensional
characteristics for these specimens are given.

Table 4.2: Dimensions and flow area of the pinhole test specimen # 1

Diameter |Roughness [Relative
Test Specimen|(m) (m) roughness |Flow area (m2)
Pin Hole #1  |4.57500E-04] 2.50000E-05| 5.46448E-02 1.64389E-07

Table 4.3: Dimensions and flow area of the slit test specimen # 2 to #6 (Batch 1)

Hydraulic Wall
Test Diameter | Roughness| Relative
Specimen Dimension (m) (m) (m) roughness | Flow area
Length Width
Slit #2
Upstream 2.4489E-03 4.7162E-04] 7.9092E-04| 3.5000E-05 4.4252E-02 1.1550E-06
Downstream | 2.3049E-03  3.6242E-04| 6.2635E-04 4.0000E-05 6.3862E-02| 8.3534E-07,
Slit #3
Upstream 2.9774E-03  4.9457E-04| 8.4824E-04) 3.5000E-05 4.1262E-02 1.4725E-06
Downstream | 2.7704E-03  3.0595E-04| 5.5105E-04 4.0000E-05 7.2589E-02| 8.4760E-07,
Slit #4
Upstream 3.3641E-03 4.0201E-04] 7.1820E-04| 3.5000E-05 4.8733E-02 1.3524E-06
Downstream | 3.2868E-03  3.2985E-04| 5.9953E-04 4.0000E-05 6.6719E-02] 1.0842E-06
Slit #5
Upstream 3.8458E-03 4.2150E-04| 7.5973E-04| 3.5000E-05 4.6069E-02 1.6210E-06
Downstream | 3.8035E-03 2.8709E-04| 5.3388E-04 4.0000E-05 7.4923E-02] 1.0919E-06
Slit #6
Upstream 5.2951E-03 3.1277E-04] 5.9065E-04| 3.5000E-05 5.9256E-02 1.6562E-06
Downstream | 5.2812E-03  3.0750E-04| 5.8116E-04 4.0000E-05 6.8828E-02| 1.6240E-06
Purdue University 4-11
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Table 4.4: Sample Specimens tested in Batch 2

Sample Area [m?] Dia:)é?erfl[;l;\(:[m] Channe[lnl;]ength L L/Dh
Laser7 9.060E-07 6.220E-04 1.300E-03 2.1
Laser8 5.769E-07 6.355E-04 1.300E-03 2.0
Laser9 4.639E-07 6.172E-04 1.300E-03 2.1
Weld10 1.404E-06 9.755E-04 1.300E-03 1.3
Weld11l 4.594E-06 1.043E-03 1.300E-03 1.2
Weld12 1.110E-06 6.214E-04 1.300E-03 2.1
Weld13 5.132E-07 7.483E-04 1.300E-03 1.7

4.2.4 Reduction of Raw Data

In order to calculate the mass flow rates into the collecting tank in this experiment,
load cells are utilized while data is also recorded from thermocouples at various points of
the facility and a pressure transmitter to measure pressure upstream of the gauge and a

differential Pressure Cell to record the water level change within the pressure vessel.

The data stored within the text file is imported to the Microsoft EXCEL® file and is
reduced to find out:
I The average Temperature of the water flowing through the choking plane

in °C taken at a frequency of 1 Hz.
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ii. The average temperature of the Nitrogen gas in the cylinder above the water
in °C taken at a frequency of 1 Hz.

iii. The mass flow rate of water/steam into the collecting tank as measured by the
load cells which is averaged for every 10 data points and is recorded at a
frequency of 20 Hz.

iv. The mass flow rate as computed by the changing of water levels and nitrogen
from the pressure vessel, factoring in the change of densities of both the
nitrogen and water at different pressures and densities.

V. The average pressure as calculated by the pressure transmitter for the duration
of flow, since the variation is very small and the inlet of nitrogen as water
level is reduced causes the pressure vessel to behave at stagnation conditions.

The start and end points of this test are taken on the basis of the data from the pressure

transducer just before the crack. The instant the valve is opened, the pressure reading
spikes and the portion of the test considered relevant for calculating mass flow rate is
while the pressure profile is constant. Figure 4.20 shows the plot of pressure versus time
to determine the steady state condition for the data. The plot of averaged mass data (for
every 10 data points) is shown with time in Figure 4.21 which shows a linear profile. The
slope of this line gives the mass flow rate.
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Figure 4.20: Figure of Pressure Profile vs. Time that is used to find the steady state
condition after the opening of the valve
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Figure 4.21: Plot of Mass Vs Time averaged every 10 data points used to find the mass
flow rate, where initial mass is weight of tank and water combined

The time of the tests varies to a small extent with different stagnation conditions for
the same sample but varies to a great degree with changing crack geometry. As recorded
by this study, tests have lasted between an 80 seconds and 12 minutes, the latter time
being for pinhole geometry with 457 micron size hole. Typical tests lasted between 80
and 300 seconds of measurement depending on the size of the crack and upstream
pressure. For sample WELD11, whose crack length is on the order of about 0.0079 m
gives an extremely rapid blowdown and high flow rate, draining the pressure vessel in
about 30 seconds for 8 MPa pressure tests. Hence for this sample repeated tests were
conducted to get average mass flow rate..

Prior to the start of experimentation, calibration of the instruments was done. The
Load cells were calibrated by measuring the voltage readings for individual pours of 3
liters each and plotting the measured voltages Vs weight and compared to the
manufacturer’s ratings for highest and lowest readings, including the weight of the tank.

4.3 Test Procedures:

The following outlines the experimental procedures for operation of the leak rate
facility.

I.  Water used for the experiments was de-ionized and filtered prior to all tests.

ii.  For each test the condensing tank was filled with DI water to an acceptable level
above the flange exit.

iii.  All electronic data acquisition tools are turned on or plugged in well before the
test to allow all components to warm up. These include the data acquisition
computer, the differential pressure (DP) cell power supply (~24.5 V), the load cell
power supply (10 V), the load cell signal amplifier, and the digital thermocouple
temperature display.
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iv.  Before filling the vent line (V3) is opened to allow air in the vessel to escape.

v.  Using the DP cell signal, the pressure vessel is filled to half height using the fill
line pump and opening V2 and V1.

vi. V1 and V2 are both closed when desired water level is reached.

vii.  For non-heating experiments, V3 is closed and the Nitrogen regulator (V4) is
opened to obtain the desired test pressure. For heating experiments, the vessel is
pressurized to 50 psi and the heaters are plugged in. The water is allowed to reach
saturation temperature and then V3 is opened to vent off to help de-gas the water
and also allow better mixing for heating. V3 is then closed again.

viii.  During heating the data acquisition system is turned on to help characterize the
heating characteristics of the test, and to systematically watch the heating up
parameters.

ix.  Before the test begins, the pressure is double checked using the precision pressure
gauge P1.

X.  Once the desired temperature is met, the main valve V1 is opened using gloves
and safety glasses. The safety shield is then lowered and the test is watched via
the data acquisition computer.

Xi.  Once the water level is near the bottom of the pressure vessel (checked by DP cell)
the test is stopped by closing V1 and stopping the data acquisition.

xii.  The supply pressure valve V4 is then closed and V3 is opened to depressurize the
vessel.
xiii.  Doors to the facility are then opened to allow adequate air ventilation in the area.

4.4 Test Results
4.4.1 Cold Water Discharge Tests

Flow discharge tests were carried out with water at room temperature (20C). In Table
4.5, 4.6 and 4.7, the mass flow rate data, corresponding Reynolds number and discharge
coefficient for pinhole specimen #1, slit #2 and slit #6, are shown. For slit geometry, the
equivalent hydraulic diameter was used while calculating the Reynolds number. For
pinhole #1, the mass flux as function of upstream pressure it is shown in Figure 4.22.
Since the water is discharged to atmospheric pressure, the upstream pressure represent
total pressure drop across the slit. In Figures 4.23, 4.24, the mass flux is shown as
function of pressure are shown for slit #2 and slit#6 respectively. The trend lines show
square root fit to the pressure —showing that, in both cases, the mass flux increases as a
square root of pressure. In Table 4.8, and 4.9, the cold water mass flow rate data, the
corresponding Reynolds number and discharge coefficient for specimen Laser8, and
Weld10, are shown and in Figures 4.25 and 4.26, the corresponding mass fluxes as
function of pressure are shown.
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Table 4.5: Cold Water discharge characteristics for Pinhole #1

P[kPa] | m [kes] Tem‘{’g“‘“fe G [keg/m’s] Re cd
137.80 |1.30000E-03]  22.1 7.90810E+03 |3.61790E+03|4.79240E-01
689.00 |2.76670E-03| 234 1.68300E+04 |7.69970E+034.56120E-01
1378.00 |4.10000E-03] 22.0 | 2.49410E+04 |1.14100E+04[4.77960E-01
2067.00 |4.90000E-03]  21.1 2.98070E+04 |1.36370E+04|4.66400E-01
2756.00 |5.60000E-03]  20.8 | 3.40660E+04 |1.55850E+04|4.61620E-01
344500 |6.40000E-03]  23.1 3.89320E+04 [1.78110E+04|4.71870E-01
4134.00 |6.80000E-03|  22.6 | 4.13650E+04 |1.89250E+04|4.57680E-01
4823.00 |7.70000E-03| 233 | 4.68400E+04 |2.14290E+04|4.79810E-01
5512.00 |8.30000E-03] 232 | 5.04900E+04 |2.30990E+04|4.83790E-01
6.0E+04
5.0E+04
&>
€ 4.0E404
~
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Figure 4.22: Cold Water Discharge Mass Flux for Pinhole #1
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Table 4.6: Cold Water Discharge Characteristics for Slit# 2

P[kPa] | M [ke/s] Tem*{’g’]a'”’e G [kg/m’s] Re cd
646.97 |2.1300E-02]  24.1 2.5499E+04[1.5971E+04|7.1315E-01
1455.17 |3.2300E-02] 232  |3.8667E+04[2.4219E+04]7.2109E-01
2636.80 [4.3700E-02| 234  [5.2314E+04[3.2767E+04]7.2475E-01
4168.45 [5.6000E-02  23.1 6.7039E+04]4.1990E+047.3866E-01
5414.16 |6.3600E-02] 208  [7.6137E+04[4.7688E+04]7.3610E-01
6657.81 [7.1400E-02]  20.1 8.5474E+04[5.3537E+04] 7.4521E-01
1.0E+05
9.0E+04
8.0E+04
D 7.0E404
E
MGOE+04
—+
= 5.0E+04
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L 4.0E+04
(7, ]
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0.0E+00
0 2000 4000 6000 8000

Pressure [kPa]
Figure 4.23: Cold Water Discharge Mass Flux for Slit #2

Purdue University

4-19



Table 4.7: Cold Water Discharge Characteristics for Slit# 6

Pressure [kPa]

Pressure Temperature 2
kg/s B R Cd
kpa) | ™ keA] ] |C ke/ms] ¢
704.85 3.25E-02 259 2.00E+04 | 1.40E+04 | 5.34E-01
141796 | 5.49E-02 292 3.38E+04 | 2.55E+04 | 6.36E-01
3083.96 | 9.76E-02 235 6.01E+04 | 3.84E+04 | 7.66E-01
4083.7 1.20E-01 25.8 7.41E+04 | 5.17E+04 | 8.22E-01
5551.96 1.34E-01 20.8 8.27E+04 | 481E+04 | 7.86E-01
6850.04 1.52E-01 20.1 9.34E+04 | 543E+04 | 7.99E-01
1.0E+05
9.0E+04
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Figure 4.24: Cold Water Discharge Mass Flux for Slit# 6
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Table 4.8: Cold Water Discharge Characteristics for Sample Laser8

P[rlissz]re Subcooling AT[°C] | Area [?] Dh [ G [kg/es] Re
638 139.2 5.7688E-07 6.3554E-04 1.898E+04 12682
1469 175.1 5.7688E-07 6.3554E-04 2.985E+04 20008
2736 206.6 5.7688E-07 6.3554E-04 4.037E+04 27611
5399 245.9 5.7688E-07 6.3554E-04 5.366E+04 37361
6636 259.6 5.7688E-07 6.3554E-04 6.229E+04 39506

1.00E+05
—38.00E+04
17,]
o~
£
26.00E+04 -+
O
X
S
 4.00E+04
(7]
1%,]
s
2.00E+04
0.00E+00 T T T \
0.0 2.0 4.0 6.0 8.0
Pressure [KPa * 1000]
Figure 4.25: Cold Water Discharge Mass Flux for Sample Laser8
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Table 4.9: Cold Water Discharge Characteristics for Sample Weld10

P[ff;:]re Subcooling AT ['C] | Area [m?] Dh [m] G [kg/mes] Re
606 137.6 1.4039E-06 9.7550E-04 2 158E+04 21795
1315 170.7 1.4039E-06 9.7550E-04 3.134E+04 31518
2704 206.7 1.4039E-06 9.7550E-04 4.416E+04 44412
4017 228.7 1.4039E-06 9.7550E-04 5.271E+04 53063
5444 2476 1.4039E-06 9.7550E-04 6.268E+04 63429
6497 259.5 1.4039E-06 9.7550E-04 6.909E+04 69916
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4.4.2 Subcooled Flashing Discharge Tests

Figure 4.26: Cold Water Discharge Mass Flux for Sample Weld10

Test of flashing choked flow with heated water were carried out up to a vessel
pressure of 6.89 MPa (1000 psi). As the experimental program was designed around
testing choking flow through steam generator tube cracks, the most valuable data are
those at the highest pressures. The tests carried out at approximately 6.89 MPa, have a
pressure differential across the choking plane of near equal value. This is approaching the
same pressure differential across the walls of steam generator tubes. However, the
differential in actual steam generators is from approximately 14 MPa to 4.5 MPa, not
from 7 MPa to 0.1 MPa. Complete scaling of choking flow is not possible within the
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constraints of this project however, a scaling method is proposed in Chapter 8. The tests
carried out were varied with subcooling at near the same pressures.

The tests carried out were varied with subcooling at near the same pressures. A list of
subcooled choking flow measurements for various specimens can be seen in Table 3.9.
Pressures for the tests ranged from 6.87 MPa to 6.60 MPa, with a range of subcooling
between 48.1 and 24.7. The highest mass flux for each specimen was obtained at the
highest subcoolings, along with the lowest mass flux for the lowest subcoolings as
expected. A representation of the mass flux data with respect to subcooling can be seen in
Fig. 4.27. The vertical bars are given as a reference to the error involved in each
measurement. As the subcooling increased for each specimen the mass flux increased. In
general as the mass flux also increased as the area of the specimens increased. The
hydraulic diameter however of specimens #2 and #3 are nearly identical.

Table 4.10 Summary of flashing flow discharge results for specimens Slit#2- Slit#6 near

6.8 MPa
Pressure Temp. ATsuwp M Gc
Spec. #
[Mpal] [°C] [°c] [kg/s] [kg/m2s]
2 6.7277 237.0 46.1 5.430E-02 6.571E+04
6.7348 241.2 42.1 5.180E-02 6.268E+04
6.8737 252.1 32.5 4.630E-02 5.603E+04
3 6.7346 237.9 45.3 6.740E-02 7.090E+04
6.7280 244.2 38.9 6.500E-02 6.837E+04
6.7585 249.4 34.1 6.090E-02 6.406E+04
6.8659 254.7 29.9 5.970E-02 6.280E+04
4 6.7698 235.5 48.1 7.540E-02 6.111E+04
6.7760 245.4 38.2 7.150E-02 5.795E+04
6.8310 251.4 32.8 6.680E-02 5.414E+04
6.8178 256.4 27.7 6.500E-02 5.268E+04
5 6.6980 235.9 46.9 9.040E-02 6.652E+04
6.7703 243.5 40.0 8.860E-02 6.520E+04
6.7860 251.7 31.9 7.630E-02 5.615E+04
6.8487 257.0 27.4 7.570E-02 5.571E+04
6 6.6810 236.4 46.3 1.205E-01 6.934E+04
6.5970 243.3 38.5 1.066E-01 6.134E+04
6.7672 250.2 33.4 1.038E-01 5.973E+04
6.7367 258.6 24.7 9.730E-02 5.599E+04

The tests carried out for slit #2 at various pressures shown in Table 4.11 indicate that

the flow rate is dependent on subcooling. Subcooling for the tests varied from 15 C to 29
C. The heated water flashes as it is discharged from the cracks and hence the mass flux
discharge decreases with the heated tests. The comparison between cold water tests
discharge and heated tests discharge for slit #2 can be seen in Figure 4.28 as a function of
pressure. There is a slight offset in the third data point for flashing flow for slit #2 near
5.3 MPa. This lower flow rate than expected could not be explained until the test section
was taken apart. It was found that a tiny piece of metal from the steel threads of a recently
installed valve had come loose and lodged into the choking area. While studying flow in
small channels this type of interruption can be common, as particles in the stagnant fluid
can easily wedge into the flow channel. This lead to the additional step in the test
procedure of dismantling the test section before each run, checking and reinstallation.
Data for measured mass discharge rate for slit #6 at different pressures is shown in
Table 4.12. It can be seen from the data that tests were carried out at four different
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subcoolings near the same pressure of 3.6MPa. This allows for the dependence of mass
discharge rate on subcooling to be examined. The variance in pressure for these runs was
less than 0.08 MPa (11 psi). The critical mass flux as a function of subcooling can be seen
in Figure 4.29. As expected, the mass flux increases as subcooling increases.

7.00E+04
Slit #6 (A_exit=1.92e-6 m?2)
m Slit #5 (A_exit=1.36e-6 m2) T
6.50E+04 " Slit #4 (A_exit=1.23e-6 m2) +
x Slit #3 (A_exit=9.51e-7 m2)
— * slit #2 (A_exit=8.26e-7 m2)
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£ ot
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Figure 4.27. Critical mass flux as a function of subcooling for
specimens Slit#2- Slit#6 at about 6.8 MPa
Table 4.11: Subcooled Discharge Characteristics for Slit