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Pursuant to Article 1 of the Convention signed in Paris on 14th December 1960, and which came into
force on 30th September 1961, the Organisation for Economic Co-operation and Development (OECD) shall
promote policies designed:

— to achieve the highest sustainable economic growth and employment and a rising standard of living
in Member countries, while maintaining financial stability, and thus to contribute to the
development of the world economy;

— to contribute to sound economic expansion in Member as well as non-member countries in the
process of economic development; and

— to contribute to the expansion of world trade on a multilateral, non-discriminatory basis in
accordance with international obligations.

The original Member countries of the OECD are Austria, Belgium, Canada, Denmark, France,
Germany, Greece, Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, Portugal, Spain, Sweden,
Switzerland, Turkey, the United Kingdom and the United States. The following countries became Members
subsequently through accession at the dates indicated hereafter: Japan (28th April 1964), Finland (28th January
1969), Australia (7th June 1971), New Zealand (29th May 1973), Mexico (18th May 1994), the Czech Republic
(21st December 1995), Hungary (7th May 1996), Poland (22nd November 1996), Korea (12th December 1996)
and the Slovak Republic (14th December 2000). The Commission of the European Communities takes part in the
work of the OECD (Article 13 of the OECD Convention).

NUCLEAR ENERGY AGENCY

The OECD Nuclear Energy Agency (NEA) was established on 1st February 1958 under the name of
the OEEC European Nuclear Energy Agency. It received its present designation on 20th April 1972, when Japan
became its first non-European full Member. NEA membership today consists of 27 OECD Member countries:
Australia, Austria, Belgium, Canada, Czech Republic, Denmark, Finland, France, Germany, Greece, Hungary,
Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the Netherlands, Norway, Portugal, Republic of Korea, Spain,
Sweden, Switzerland, Turkey, the United Kingdom and the United States. The Commission of the European
Communities also takes part in the work of the Agency.

The mission of the NEA is:

— to assist its Member countries in maintaining and further developing, through international co-
operation, the scientific, technological and legal bases required for a safe, environmentally friendly
and economical use of nuclear energy for peaceful purposes, as well as

— to provide authoritative assessments and to forge common understandings on key issues, as input to
government decisions on nuclear energy policy and to broader OECD policy analyses in areas such
as energy and sustainable development.

Specific areas of competence of the NEA include safety and regulation of nuclear activities, radioactive
waste management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel
cycle, nuclear law and liability, and public information. The NEA Data Bank provides nuclear data and computer
program services for participating countries.

In these and related tasks, the NEA works in close collaboration with the International Atomic Energy
Agency in Vienna, with which it has a Co-operation Agreement, as well as with other international organisations in
the nuclear field.



COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international
committee made up of scientists and engineers. It was set up in 1973 to develop and co-
ordinate the activities of the Nuclear Energy Agency concerning the technical aspects of the
design, construction and operation of nuclear installations insofar as they affect the safety of
such installations. The Committee’s purpose is to foster international co-operation in nuclear
safety amongst the OECD Member countries.

The CSNI constitutes a forum for the exchange of technical information and for collaboration
between organisations which can contribute, from their respective backgrounds in research,
development, engineering or regulation, to these activities and to the definition of its
programme of work. It also reviews the state of knowledge on selected topics of nuclear
safety technology and safety assessment, including operating experience. It initiates and
conducts programmes identified by these reviews and assessments in order to overcome
discrepancies, develop improvements and reach international consensus in different projects
and International Standard Problems, and assists in the feedback of the results to participating
organisations. Full use is also made of traditional methods of co-operation, such as
information exchanges, establishment of working groups and organisation of conferences and
specialist meeting.

The greater part of CSNI’s current programme of work is concerned with safety technology of
water reactors. The principal areas covered are operating experience and the human factor,
reactor coolant system behaviour, various aspects of reactor component integrity, the
phenomenology of radioactive releases in reactor accidents and their confinement,
containment performance, risk assessment and severe accidents. The Committee also studies
the safety of the fuel cycle, conducts periodic surveys of reactor safety research programmes
and operates an international mechanism for exchanging reports on nuclear power plant
incidents.

In implementing its programme, CSNI establishes co-operative mechanisms with NEA’s
Committee on Nuclear Regulatory Activities (CNRA), responsible for the activities of the
Agency concerning the regulation, licensing and inspection of nuclear installations with
regard to safety. It also co-operates with NEA’s Committee on Radiation Protection and
Public Health and NEA’s Radioactive Waste Management Committee on matters of common
interest.
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Executive Summary

International Standard Problem No. 43 (ISP 43) addresses the nuclear industries present
capabilities of simulating fluid dynamics aspects of a subset of rapid boron dilution
transients. Specifically, the exercise focuses on the sequence involving the transport of a
boron-dilute slug through the actuation of a pump. The slug is formed on the primary side
of the steam generator as a consequence of in interfacing system leak from the secondary
unborated coolant.

Experimental data was collected using the University of Maryland 2x4 Thermalhydraulic
Loop (UM 2x4 Loop) and the Boron-mixing Visualization Facility. Two blind test series
were proposed during the first workshop (October 1998) and refined using participant
input. The first series, test series A, deals with the injection of a front, i.e., a single
interface between borated and dilute fluids. The second blind series, test series B, is the
more realistic injection of a slug, i.e., a dilute fluid volume preceded and followed by the
borated coolant of the primary system.

Data are collected in the UM 2x4 Loop and refined details are obtained from the
Visualization Facility, which represents a replica of the Loop’s vessel downcomer. In the
Loop experimental program, the dilute volume is simulated by cold water and the borated
primary coolant is simulated by hot water. The Visualization Facility uses dye to mark
the diluted front or slug. The measured boundary conditions for both test series include
the initial temperature of the primary system, the front/slug injection flowrate and
temperature, and the pressure drop across the core. Temperature data is collected at 185
thermocouple positions in the downcomer and 38 positions in the lower plenum. The
advancement of the front/slug through the system is monitored at discrete horizontal
levels that contain the thermocouples. The performance of codes is measured relative to
a set of figures of merit. During the first workshop, the principal figure of merit was
established to be the average temperature of the 24 channel-centered thermocouples at the
downcomer outlet. The frequency of data acquisition for code predictions was set to 2
Hz, which corresponds to the acquisition frequency of the two experimental setups. The
figures of merits were expanded at the second workshop (February 2000) after
experimental and computational data was collected. The revised list of figures of merit
included the level average temperatures before the downcomer expansion and just above
the injection cold leg. No turbulence measurements were provided. Quantitative
measures of azimuthal distribution were also added to the figures of merit list: standard
deviations, minima and maxima at the aforementioned levels. Furthermore, since
discrepancies in flow pattern are noticeable among the tests of series A, the flow patterns
obtained experimentally and from computations at 4 distinct times during the transients,
were also extracted. Data were reduced into a standard format that facilitates
comparisons.

Ten organizations from eight countries participated in the exercise. All used
computational fluid dynamics (CFD) codes to obtain predictions. Most participants used
commercial software (Fluent, CFX) while some used independently developed codes
(TRIO-U, PLASHY). The number of nodes used to discretize the simulation volume
ranged over two orders of magnitude. The turbulence models ranged from no turbulence
to renormalization group (RNG) k-epsilon. The spatial and temporal discretizations also
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varied substantially. Overall, code predictions show good agreement with experimental
data for first order figures of merit. Contrary to previous observations, flow patterns
showed high sensitivity to buoyancy effects and the level to which temperature dependent
properties and buoyancy-related turbulence effects were included in code models affected
the predictions of higher order figures of merit. One more important factor needs to be
considered in this discussion, namely the local refinement in regions where the flow is
subject to large gradients or where flow patterns are rapidly changing. The importance of
detail modeling is also evident from the comparisons of ISP 43. Specifically, where
discrepancies are noted between computations and experimental data, the level 8 and
level 10 predictions already reflect the disagreement. These levels are immediately
adjacent to the injection site, where flow gradients are largest and flow pattern features
actually form. The issue of local node refinement cannot be isolated from general mesh
convergence and turbulence models, so it must also need to be investigated through
parametric studies.

The most general finding of ISP 43 is that there is no reason to preclude the use of CFD
codes from investigating prototype PWR boron-dilution transients and, more broadly,
transients that involve single phase mixing. The good agreement between experiments
and many of the computational predictions shows that computational fluid dynamics
methods have reached the maturity necessary to obtain realistic predictions for averaged
values. It is also evident that computational power and the expertise of modelers are at a
stage at which it has become feasible to carry out some of the complex computations that
describe the behavior of nuclear systems.
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1 Motivation and Background

Rapid boron-dilution (RBD) transients have been the subject of extensive investigation
for more than a decade. Among the 13 groups of reactivity transients classified by the
IAEA, nine are boron-dilution related. B-10, a large cross section neutron absorber, is a
normal means of reactivity control in pressurized water reactors (PWRs) and in ex-
reactor fuel storage locations (e.g., the refueling cavity). Furthermore, emergency safety
systems are designed to decrease core reactivity under accident conditions by injecting
borated water from emergency supplies (accumulators, refueling water storage tanks,
etc.). The boration of water is accomplished by the addition of soluble boric acid
(H3BO:s).

RBD transients involve the sudden deboration of water at a location that is subject to a
consequent reactivity excursion. Most studied are refueling cavities and reactor cores. For
refueling cavities, NEA (August 1988) and INPO (August 1989) have reported precursor
events. The refueling cavity RBD precursors are only listed for completeness, but are
beyond the scope of this report.

UM focuses on RBD transients that can trigger core reactivity excursions. The sequences
of events that potentially lead to such an excursion are discussed by Gavrilas et al. (1997)
and summarized in Figure 1-1. The current test program involves the formation of a slug
through ingress of deborated water into a stagnant section of the primary system,
specifically accumulation in a steam generator (the sequence on the right-hand side of
Figure 1-1). Five precursor occurrences that fall along this sequence are listed by
Jacobsen (1989 and 1992). Another occurrence of deborated water accumulation in the
primary system was documented in France’s Blayais PWR. (INPO, 1990)

Rapid Boron-dilution

Transents
Ex-primary In-primary
Slug Formation Slug Formation
Debor ated Reactor Deborated | in vessel | | in steam generator |
Water Accumulator
Storage Tank / \
Operation in I n-leakage from
Boiling-Condensation Mode Deborated System
/ \ y
Pump Natural Pump
Actuation Circulation Actuation

Figure 1-1. RBD transient event initiation and progression

The resolution of actual consequences of an RBD transient requires two separate steps: 1)
determining the temporal and spatial concentration of boron at the core entrance, and 2)
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carrying out coupled thermalhydraulics-neutronics calculations for the core region. The
first step thus provides the initial and boundary conditions for the second step.

The UM program, and several others, are seeking to elucidate step 1. Work is progressing
in three areas: scaling, experimental, and computational. Scaling has been approached by
both experimental and computational groups. Significant experimental programs have
been undertaken by BoraBora—France, Vattenfall—Sweden, Pactel—Finland, UPTF—
Germany and UM 2x4 Loop—U.S.A. Computational efforts have paralleled experimental
work in all these countries and have also been performed by institutions in England and
Japan. In 1997, the Committee on the Safety of Nuclear Institutions within the
Organization for Economic Cooperation and Development (OECD/CSNI) approved an
experimental test program at the UM 2x4 Loop as international standard problem number
43 (ISP Nr. 43). ISP Nr. 43 verifies the ability of computational fluid dynamics (CFD)
codes to properly predict the mixing experienced by a deborated (clean) slug from its
initial stagnant position along its way to the core inlet.

1.1 RBD Test Program Objectives

The test series devised for ISP Nr. 43 has to simultaneously satisfy both experimental and
computational experts. While the needs of the two groups can be rather distinct, the tests
must preserve the principal physical characteristics of RBD transients to have benchmark
value, and have to provide clean initial/boundary conditions and accurate data to permit
the proper evaluation of code results.

From the point of view of verifying code predictions, the experiment has to contain the
major geometric/operational features that would be encountered in the prototype. As can
be seen in Figure 1-2, an expansion is designed into the downcomer to test a code’s
ability to deal with geometric discontinuities introduced by, for example, the presence of
thermal shields. The modularity designed into the facility is conducive not only to
reinstrumentation for different test programs but also to flow path selection for different
test series within a program.

Code predictions and experimental data are only compared for the downcomer region.
The lower plenum is included in the simulation boundary because of the physical
significance of the actual boron concentration at core inlet. To get a reasonable flow
pattern estimate in the lower plenum, a portion of the core must also be simulated.
Specifically, one has to include core pressure drops in the model to make it possible for
the code to simulate potential back-flow cells in the downcomer.

Four test series will be run in the course of ISP Nr. 43. The first is very simple and
approaches a special effect type exercise, while the last involves all integral test facility
features of the UM 2x4 Loop. In test series A, the “clean” water is injected from an
external tank, which effectively simulates the injection of a front rather than a slug. The
test has the advantage of eliminating back-end distortions from data interpretation—see
Figure 1-3. All cold legs, except the one used for front injection (CL Al—see Figure
2-2), are isolated from the vessel. This limits the path of the fluid from the tank, through
the cold leg and downcomer, up the core and out through hot leg A (HL A). The front is
injected using the CL A1 primary coolant pump. In test series B, the slug is injected into
the bottom of steam generator A from an external tank. The primary system is then
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isolated, and the slug is set in motion by pump Al. The other cold legs remain isolated.
The slug follows a closed path through CL Al, the downcomer, the lower plenum, the
core, and returns to its initial position through HL A. Test series C and D remain to be
performed. These two series increase test realism by permitting bypass flow to occur. In
test series C, CL A2 will be allowed to participate. A fraction of the flow that enters
through CL A1 will continue downwards through the downcomer along the path of test
series B, while a lesser fraction will return directly to the steam generator (SG) through
CL A2. In test series D, all cold legs will participate, and bypass will thus be possible in
all non-injection cold legs.

' inlet/outlet plane
[ B

simulation boundary

Figure 1-2. The recommended simulation boundary for ISP Nr. 43
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Figure 1-3. Illustration of slug/front deformation as it travels through a 1D channel.

2 Facility and Instrument Documentation

Data was acquired from the UM 2x4 Loop as well as a specially designed sister
visualization facility. Both facilities, their measurement techniques, instrumentation and
data reduction procedures are described in this section and the next.

21 Facilities

Two experimental facilities were used for ISP 43: the UM 2x4 Thermalhydraulic Facility,
and its sister LIF Visulization Facility.

2.1.1 Loop Facility Description

The University of Maryland, College Park 2x4 Thermal-Hydraulic Loop Facility is a
scaled down model of the Three Mile Island Unit 2 Babcock & Wilcox (B&W)
pressurized water reactor (PWR). The main components of the model reactor coolant
system (RCS) include a reactor vessel, two hot legs, two once-through steam generators
(SGs), four cold legs, four reactor coolant pumps (RCPs), and one pressurizer. It is made
of stainless steel, for a maximum pressure of 2.1 MPa (300 psi), which corresponds to a
scaling pressure ratio of 1:7. The volumetric ratio between the model and the prototype is
1:508 and the height ratio is 1:4.

Important features of the facility are flexibility through its modular design, expandability
with regard to instrumentation addition and replacement, and the possibility for direct
flow observation through view ports. Figure 2-1 shows a 3D view of all major
components except the pressurizer, which is irrelevant to the boron mixing investigation.
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Figure 2-1. Photograph and schematic of the UM 2x4 B&W Loop Facility

A top view of the facility is shown in Figure 2-2 below. As shown, there are two main
circulating loops and each loop includes one hot leg and two cold legs with one RCP in
each cold leg. As illustrated in this figure, the facility components are distinguished
according to the quadrant where they are located in the figure. The quadrants on the right
hand side are labeled with the letter A and the quadrants on the left hand side are labeled
with the letter B. In addition, a digit suffix makes the quadrant identification label unique
with the suffix 1 for the quadrants in the lower part of Figure 2-2 and the suffix 2 for the
quadrants in the upper part of the figure. Thus, the hot legs and SGs are labeled with A
and B respectively and the cold legs and RCPs are labeled with Al, A2, B1, and B2
accordingly.

:r quadrant A2,
: cold leg A2
: RCP A2

RCP Al

cold leg A1

quadrant A1l I

Figure 2-2. Identification scheme for the main RCS components
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The main RCS model components are described in the following text along with
modifications made for the purpose of the present investigation. Table 2-1 below gives
the volumetric characteristics of the 2x4 Loop main system components in comparison
with the prototype.

Table 2-1: Volumetric characteristics of the 2x4 loop facility

System 2x4 loop facility TMI-2 Prototype Volume
Components | Volume (1) | Fraction | Volume (1) | Fraction | fraction ratio
(Model to
Prototype)
Cold legs 77 0.129 41,000 0.136 1: 1.054
Downcomer 55 0.092 28,300 0.094 1: 1.022
Lower plenum 33 0.056 17,600 0.058 1: 1.036
Core 55 0.093 22,100 0.073 1: 0.785
Upper plenum 50 0.084 30,900 0.102 1: 1.214
Upper head 35 0.059 15,600 0.052 1: 0.881
Hot legs 57 0.096 27,000 0.089 1: 0.927
SGs 233 0.392 119,600 0.396 1: 1.010
Whole system 595 1 302,100 1 1: 508
volume ratio

2.1.1.1 Reactor Vessel

The reactor vessel is made of stainless steel. It is 1.2764 m (50.25 in) in height and has an
outside diameter of 0.5080 m (20 in). The inside diameter of the reactor vessel is 0.4826
m (19 in), for a wall thickness of 0.0127 m (0.5 in). The annular region between the
vessel wall and the core barrel wall comprises the downcomer.

The core barrel is made of 304 stainless steel with a wall thickness of 0.0048 m (3/16 in).
The outer diameter of the core barrel in its upper section is 0.4191 m (16.5 in) and the
core barrel outer diameter in its lower section is 0.3810 m (15 in). Thus, the downcomer
gap is equal to 0.0508 m (2 in) in its lower portion of the downcomer. In the upper
portion, the downcomer gap is 0.0318 m (1.25 in). The wider area in the downcomer
corresponds to the smaller diameter of the core barrel and is designed to increase the
fractional volume of the downcomer in order to meet the prototypical value.

All vent valves (eight of them) originally installed in the core barrel above the hot leg
penetrations were removed and the openings sealed for the purposes of the current
investigation.

Welded to the reactor vessel at the same axial elevation are two neck flanges for the hot
legs and four neck flanges for the cold legs. All flanges are made of stainless steel. Figure
2-3 below shows a scaled view of the reactor vessel.
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Figure 2-3. Vertical cross of reactor vessel section through the cold legs (dimensions in
millimeters)

As seen from Figure 2-3, the fluid from the downcomer enters the lower reactor plenum.
Through the perforated elliptic bottom of core barrel, the fluid can further penetrate into
the core region from the reactor lower plenum. The reactor core structure itself was not
simulated.

The mixing of the slug volume along its path towards the core is studied by distributed
measurement of the fluid temperature in the downcomer volume. It is clear however that
the slug temperature field, besides by mixing with the surrounding fluid of distinctive
temperature, is also affected by heat transfer at the surrounding wall surfaces. Thus,
direct heat exchange with the facility metal walls can also affect the slug temperature
field. In turn, the walls are surrounded and exchange heat with the ambient air in the case
of an external wall, such as the reactor vessel wall, or with fluid of different temperature
in the case of an internal wall, such as the core barrel wall. In the latter case, heat is
transported through the core barrel wall between the downcomer fluid flowing
downwards and the fluid in the core region flowing upwards. Thermal insulation was
used to minimize heat exchange through the facility walls.
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The internal vessel wall surface and both surfaces of the core barrel, Figure 2-4, were
coated with an insulating layer 0.8 mm thick. The cumulative effect of coating the barrel
and vessel results in a 5 % gap reduction on the upper portion and 3 % on the lower
portion of the downcomer, which fall within expected tolerances for the vessel. The
coating material consisted of an epoxy (brand name Novolaq) mixed with evacuated
ceramic micro-spheres in a volumetric ratio of 2:1. The thermal conductivity of the
coating at room temperature was measured to be 0.90 W/(mK). This is more than one
order of magnitude less than the conductivity of 304 stainless steal at room temperature,
which is equal to 14.9 W/(mK). It was estimated that the coating reduced the effect of the
wall heat transfer on the temperature of the fluid entering into the lower plenum from the
downcomer to less than 10 %.

Figure 2-4. Photograph of the core barrel with the applied insulating coating

2.1.1.2 Hot Legs

The hot legs, shown in Figure 2-5 are made of 0.089 m (3.5 in) nominal diameter 304
stainless steel schedule 40S piping. The corresponding hot leg inside diameter is equal to
0.090 m (3.55 in). The hot legs have two view ports: one view port in the vertical section
and one view port in the candy cane section. The design of the view ports is such as to
minimize any dead water regions or flow disturbance. Both view ports for each hot leg
are shown in Figure 2-1. One important feature of the system is the geometry of the hot
leg portion, which is connected to the SG. The shape of this portion is like an inverted U
and it is called a candy cane. It includes the highest elevation along the flow path
between the core and the SG as seen from Figure 2-1.
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Figure 2-5. Hot leg schematic

2.1.1.3 Cold Legs

The cold legs, shown in Figure 2-6, are made of 0.0762 m (3.0 in) nominal diameter 304
stainless steel schedule 40S piping. The corresponding cold leg inside diameter is equal
to 0.0779 m (3.068 in). One view port is located in the vertical section of each cold leg
near the bottom of the SGs as shown in Figure 2-1.

Figure 2-6. Cold leg and reactor coolant pump schematic

Page 21 NEA/CSNI/R(2000)22



The liquid level in the cold leg riser, above that water from the vertical riser starts spilling
over through the pump propeller into the horizontal section of the cold leg attached to the
pump discharge is called loop elevation. Because of the lowered loop configuration, the
loop seal elevation corresponds approximately to the middle height of the SG. Thus, the
W-shaped volume including the portion of the SG primary volume below the loop seal
elevation and the two attached cold leg risers is equal to approximately 82 liters, which
represents 13.78% of the primary volume. This volume is available for slug accumulation
prior to an RBD transient.

In the present study, pump Al is activated to transport the slug towards the downcomer.
The other three RCPs are always idle. Thus, water entering into the downcomer from
clod leg Al can either flow through the downcomer into the reactor core or bypass the
downcomer and enter into the three cold legs with idle RCPs. When desired, the bypass
flow through cold leg A2 and cold leg B2 can be individually blocked through the
insertion of aluminum blanks between the flanges that attach the cold legs to the reactor
vessel. The bypass flow through cold leg B1 can be blocked via a gate valve that is
installed at the flange connecting the cold leg to the reactor vessel. Cold leg Al is always
open for flow.

In order to provide well-defined boundary conditions for numerical simulations and
comparison with the loop data, cold leg A1 is constructed with a flow straightener, which
consists of a honeycomb structure that occupies the entire flow area of the cold leg.
Figure 2-7 shows a schematic of the flow straightener. The honeycomb is made of straws
15 cm long and 6 mm in diameter, and a thin mesh screen at the straw outlet side. The
screen has 8 threads per cm and an open area of 41%. It is located about 18 cm upstream
from the cold leg entrance into the downcomer and 5 cm downstream from the
honeycomb end. The honeycomb was found effective in straightening the flow through
the elimination of azimuthal velocity component. In addition, the axial velocity profile at
the honeycomb outlet was found to be relatively flat upon the activation of the RCP using
laser Doppler anemometry in the loop’s sister boron-mixing optical vessel (B-MOV)
visualization facility.

S, M T

Figure 2-7. Flow straightener inserted in injection cold leg.
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2.1.1.4 Steam Generators

The components of the two steam generators, Figure 2-8, are made of stainless steel.
Each contains 28 straight stainless steel tubes located in an outer shell tube. The tubes are
3.9052 m (12 ft 9-3/4 in) long and have an inside diameter of 0.02997 m (1.18 in) and an
outside diameter of 0.03175 m (1.25 in). The outer shell of the steam generator is of
0.3075 m (12 in) schedule 20 stainless steel pipe with an outside diameter of 0.32385 m
(12.75 in) and a wall thickness of 0.00635 m (0.25 in). The primary coolant enters from
the top and flows inside the straight tubes whereas the secondary water occupies the
volume between the primary tubes and the outer shell tube. No secondary cooling was
used for the current investigation and the steam generators secondary volume was dry.

=\

b

Figure 2-8. Steam generator schematic

2.1.1.5 Reactor Coolant Pumps

A centrifugal pump is installed at the top of each of the four cold leg risers as can be seen
from Figure 2-1 and Figure 2-6. Each RCP is individually activated and an emergency
trip can be used to shut down all active pumps. The steady-state pump speed can be set
manually at any level of up to 1500 rpm to provide the desired pump volumetric flow rate
up to about 10.3 1I/s. As already mentioned, only RCP Al was activated in the present
study in order to transport the slug while the other pumps were kept idle. In addition,
RCP B1 was used to circulate the primary system volume during the initial heat-up of the
coolant to the desired temperature. The impellers of the idle three RCPs provide a
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hydraulic resistance, which is important for realistic simulation of the core bypass flow
through the corresponding cold legs during an RBD transient.

2.1.1.6 Power System

The UM 2x4 Loop facility is equipped with a power system capable of providing up to
115 kW of heat power. For this purpose, 19 cartridge heaters can be installed in the
reactor vessel. The heaters are of two different types to allow for operation with an
uncovered upper portion of the core. There are 9 low-power heaters, each of 3.0 kW
capacity, designed to operate in both steam and water environment. There are also 10
high-power heaters, each of 8.8 kW capacity, which can operate properly only immersed
in water. Both types are resistance heaters operating on delta connected three phase AC at
480 volts.

The high-power heaters are 0.0254 m (1 in) in diameter and 1.1430 m (44 in) in length.
They have Incaloy sheathed cartridges with a heated lower section of 0.3556 m (14 in)
and an unheated upper section of 0.6096 m (24 in). A nominal pipe thread male fitting at
the top of each heater allows it to be directly attached to the pressure vessel upper head.

The low-power heaters are 0.0254 m (1 in) in diameter and 1.2954 (51 in) in length. They
also have Incaloy sheathed cartridges with a heated lower section of 0.6096 (24 in) and
an unheated upper section of 0.6604 (26 in).

Since both the high- and the low-power heaters begin at the lower core barrel plate, the
heated section of the low-power 3.0 kW heaters extends 0.254 m (10 in) above that of the
higher power 8.8 kW heaters. The longer length of the low-power heaters requires that
each one be raised up from a flush attachment to the vessel upper head by using a 0.1524
m (6 in) piece of stainless steel pipe.

Each heater has an internal thermocouple (type K) and the temperatures from those
thermocouples are displayed on the control monitor to verify proper functioning by the
operator. The heating power is varied using silicon-controlled rectifiers under the control
of the DAS (HP-3497). An automatic shutdown feature of the DAS cuts off the power
supply if any of the heater thermocouples exceeds a preset threshold value (usually 400
°C).

The UM 2x4 Loop as redesigned for the boron-mixing tests was capable of providing
61.6 kW of power using 7 high-power cartridge heaters for maximum heat output. The
other 12 heaters, including all low-power heaters, were removed to allow for
thermocouple penetration into the downcomer. The heaters were divided into four banks
for the purpose of power control with each bank being controlled by a silicon-controlled
rectifier. The heaters in each bank were connected in series to the corresponding silicon
controlled rectifier, which operates on a 4-20 mA current input signal provided by a
voltage supplied by the DAS (HP-3497). In order to ensure operator control of the power
input to the system, a calibration was performed over a range of input powers.

2.1.2  Visualization Facility Description

The visualization facility was constructed as a scaled replica of the UM 2x4 Loop facility
as a special effect facility. The entire reactor vessel and most of the attached pipes are
made of transparent plexiglas, as shown in Figure 2-9a. This allows the use of flow
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visualization techniques, such as Particle Image Velocimetry (PIV) and Laser Induced
Fluorescence (LIF), to perform high-resolution measurements of the flow field and
mixing phenomena. These methods offer several advantages over the traditional
measurement techniques (e.g., thermocouples, conductivity probes), since they are non-
intrusive and can achieve a much higher spatial and temporal resolution. The facility is
built to replicate the dimensions of the flow path (from the pump to the core inlet) of the
2x4 loop system (the relevant dimensions are listed in Table 2-2). As shown in Figure
2-9b, only the components necessary to model the slug flow path are reproduced: the
pump suction volume (or loop seal volume), the injection cold leg with its reactor coolant
pump, and the reactor vessel. Additional components include a controlled-resistance
bypass flow leg, which simulates flow through the adjacent cold leg as required for the
test C case, and a return flow path for the liquid leaving the reactor vessel (subsequently
referred to as a return pipe).

- Suppl
pply
Return L ] Tank
Tank
Return
Leg E
Reactor L
| Vessel - oop
a Seal
® -l Volume

L

i _-‘:..}.j Reactor
Injection Coolant
Leg Pump

Figure 2-9. (a) photograph and (b) 3-D drawing of the BMOV
Table 2-2: Dimensions of the BMOYV facility

Component Dimensions (cm)
Vessel inner diameter 48.30
Downcomer gap thickness (above expansion) 3.18
Downcomer gap thickness (below expansion) 5.08
Cold leg diameter 7.79
Downcomer length (above CL centerline) 25.40
Downcomer length (below CL centerline) 71.12
Distance of gap expansion from CL centerline 15.24
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Some modifications to the reactor vessel were also necessary in order to allow for the
placement of the optical equipment.Figure 2-10 shows a comparison between the vessels
of the BMOV and integral facilities. It can be observed that in the BMOV the ‘core’
region is not part of the flow path; instead, it is simply an air-filled volume open from
above. Consequently, the flow of liquid entering the bottom of the core barrel has to be
diverted and, as shown in the cross-sectional view, it leaves through a pipe from the
bottom of the reactor vessel. The flow then proceeds along the controlled-resistance
return leg and is collected in the return tank, shown in Figure 2-9b. The controlled-
resistance leg allows adjustment of the pressure drop along the flow path to match the
resistance of those components that are in the core of the integral facility. Also, in order
to reproduce the obstruction of the downcomer flow path caused by the hot leg sleeves in
the integral facility, two cylindrical inserts are placed in the BMOV downcomer gap.

The reactor coolant pump, which is responsible for the initiation of flow during the
experiments, consists of a 3-hp centrifugal pump actuated by a controller coupled with a
pulse width modulated inverter. This provides control capabilities over both the steady-
state and transient pump characteristics, and is necessary to reproduce the boundary
conditions observed in the integral facility.

(a) (b) ISLITTIN
.-l'ﬂ 5H ] -I . |
: Hot Leg Y-
Fake Cold Leg { Coolant
Hot Leg I [ ‘ Flow Path
Coolant I 11

Flow Path

Downcomer

Figure 2-10. Cross-sectional view of the (a) BMOV and (b) integral vessels

The passage of the slug through the pump impeller volume was shown to have a relevant
effect on the turbulent mixing of the slug along the discharge pipe (Gavelli, 1997).
Preliminary experiments on the BMOV facility also indicate that the flow leaves the
pump with a noticeable azimuthal velocity component. Due to the difficulty in trying to
quantify this swirling effect, both the 2x4 loop and the BMOV are constructed with a
honeycomb structure inside the injection cold leg, with the purpose of straightening the
flow and reducing the pump-induced turbulence. The honeycomb is made of 15 cm long,
6 mm diameter straws and a thin mesh screen, placed about 17.8 cm before the
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downcomer entrance, as shown in Figure 2-11. The radial streamwise velocity profile is
shown in Figure 2-12 at various times during the development of the flow.

Honeycomb

Downcomer

Slug

17.8 cm 5cm 15 cm

Figure 2-11. Honeycomb and screen position within cold leg inlet pipe
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Figure 2-12. Mean streamwise velocity at the inlet of the simulation boundary for various
flow rates

2.2 | nstrumentation

2.2.1 Loop Instrumentation and Data Acquisition

The phenomenon of fluid mixing is simulated in the test facility through mixing of water
volumes of different temperatures. The degree of fluid mixing is reflected by the fluid
temperature, which is measured by thermocouples (TCs) mounted steadily in the vessel

Page 27 NEA/CSNI/R(2000)22



downcomer, lower plenum, and cold legs. In addition, differential pressures and
volumetric flow rates are also measured.

2.2.1.1 Control System

The HP-3497 DAS has provisions for a total of six DC output signals to be used for
automatic system control. The DAS can control three systems: pressurizer heaters,
makeup water supply and core power heaters. For the current test series, the DAS system
controls only the core power heaters. The average phased resistance of each core heater
has been determined. These resistance values are combined with measured phase voltages
to provide a calibration curve to be used by the DAS control system. A desired power is
supplied by the control room via the DAS computer. The calibration curve determines the
necessary DC output voltage to be fed to the SCR control banks of the core heaters. Each
of the core heaters has an installed K-type thermocouple. If this thermocouple surpasses a
preset temperature, power will be deactivated. (Gavrilas et al., 1996, p. 103-104)

2.2.1.2 Power Measurement

The UMCP facility is capable of providing 115 kW of power using nineteen cartridge
heaters. Two types of heaters are used to allow for the uncovering of a portion of the core
without severe consequences. There are nine 3 kW heaters designed to operate in either a
gas or a liquid. There are ten 8.8 kW heaters that must be immersed in liquid in order to
operate. Both types are 3 phase, 480 volts AC, delta connected, resistance heaters. Heater
power is controlled using silicon controlled rectifiers (SCR) under the control of the DAS
(HP-3497).

The 8.8 kW heaters are 2.54 cm (1 inch diameter), 114.3 cm (44 inches) long, Incoloy
sheathed cartridges with a heated length of 35.56 cm (14 inches) below and unheated
length of 60.96 cm (24 inches). An internal type K thermocouple in each heater is used to
determine heater temperature so that burnout can be avoided. The heaters must be
covered by water during operation. A nominal pipe thread (NPT) male fitting at the top of
the heater allows it to be directly attached to the pressure vessel’s upper head.

The 3 kW heaters are 2.54 cm (1 inch) diameter, 129.54 (51 inches) long, Incoloy
sheathed cartridges with a heated length of 60.96 (24 inches) below and unheated length
of 66.04 (26 inches). An internal type J thermocouple in each heater is used to determine
heater temperature so that burnout can be avoided. The longer length of these heaters
requires that the heater be raised up from a flush attachment to the upper head by using a
15.24 cm (6 inch) piece of stainless steel pipe. Both the high and the low power heaters
begin at the lower core barrel plate. Therefore, the heated section of the 3 kW heaters
extends 25.4 cm (10 inches) above that of the higher power heaters.

The UMCP facility redesigned for the boron-mixing tests is capable of providing 61.6
kW of power using seven cartridge heaters. Twelve heaters have been removed to allow
for thermocouple penetration into the downcomer. Each of the seven in the boron-mixing
tests is an 8.8 kW heater. Using the high-power heaters allows for the greatest power
input range (0-61.6 kW).

The heaters have been divided into four banks for the purpose of power control. Each
bank is controlled by a silicon controlled rectifier (SCR). The heaters in each bank are
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connected in series to the SCR. There are five banks available, however, only four are
being used for this series of tests.

The power is generated by applying 3 phase AC voltage to the heaters. The maximum
voltage is 480 volts per phase. The voltage necessary to energize the heaters is provided
by four power controllers. Each controller is an SCR which operates on a 4-20 mA
current input signal provided by a voltage supplied by the DAS (HP-3497). Based upon
the input current, the power demand, the SCR supplies part or all of the AC voltage
cycle. At lower power, the SCR provides a small portion of the sinusoidal cycle and thus
the RMS voltage is in greater error than at higher power. The improved accuracy at high
power comes from the fact that, as more of the input AC cycle is used, the output cycle
better approximates a sine curve.

To determine the power, the resistance of each leg of the heater is measured. Power is
then based on the AC voltage applied to each phase of the heater by the SCR. The AC
voltage is supplied by the SCR and is converted to an equivalent DC voltage with AC-
DC converter chips. The AC-DC converter chips are connected to each phase of the SCR.
Therefore, a more accurate measure of the AC voltage is available. The function of the
AC-DC converter chips is to measure the true RMS voltage of each phase. There are two
SCRs that are connected. Each chip has been calibrated and the signal from it is stored
during the tests. The average voltage per bank (average voltage of 3 phases) is evaluated
and used for calculating the heater power. Heater power is calculated by:

3

F .
R Equation 2-1

where V is the average phase voltage across the heaters and R is the load resistance. The
load resistance is determined by:

Equation 2-2

where Ry is the load resistance and Ry is the average of the three phase measured
resistances.

In order to ensure operator control of the power input to the system, a calibration has
been performed over a range of input powers. The control signal from the DAS to the
SCRs has been fit over a range of power inputs. (Gavrilas et al., 1996, p.104-106)

2.2.1.3 Temperature Measurement

The TCs used in the present study are made by Omega Engineering, Inc. and are of types
K and T. The thermocouple (TC) characteristics are presented in Table 2-3.

Previous experiments at UM and elsewhere have shown that the slug mixing occurs
predominantly in the downcomer. To trace the temperature field there, altogether 286
TCs are mounted in the downcomer and the lower plenum of the reactor vessel on 11
horizontal planes labeled Level 1 through Level 11. Level 1 denotes the lowest plane and
Level 11 denotes the uppermost plane. The vertical location of all levels is measured
from the axis of the cold leg nozzles and is given with positive numbers for levels below
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the cold leg nozzle axis and with positive numbers for levels above the reference point as
shown in Figure 2-13 below.

Table 2-3: Thermocouple characteristics

ANSI Alloy Combination Error Limits
Code Y Range (°C) (whichever is greater)
+ Lead - Lead Above 0 °C | Below 0 °C
K © © 0 0
Chromega Alomega 2200 to 1,250 2.2 Coor 2.2 gor
(Ni-Cr) (Ni-Al) 0.75% 2.0%
Constantan 1.0 °C or 1.0 °C or
T Copper (Cu-Ni) -200 to 350 0.75% 1.5%
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Figure 2-13. Thermocouple levels in the reactor downcomer and lower plenum
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Levels 1, 2, and 3 are located within the lower reactor plenum and each level contains 26
TCs. This makes 78 TCs for the whole volume of the lower plenum. For each level, the
TCs are uniformly spaced along three concentric circles. There are 2 TCs on the
innermost circle of 0.02 m radius, 12 TCs on the middle circle of 0.0825 m radius, and 12
TCs on the outer circle of 0.165 m radius. The center point of the circles is located on the
axis of the rector vessel. Level 1 is located 0.8721 m below the cold leg nozzle axis and
Level 2 is placed 0.8086 m below the reference point. The TCs for Level 3 are 0.745 m
below the cold leg nozzle axis with the exception of the two TCs on the innermost circle
that are located 0.7859 m below the reference point. There is no azimuthal angle
displacement between the TC locations for all three levels and a top view of the TC
positions is shown in Figure 2-14 below.

HL B HL A

CL cold leg HL hot leg e thermocouple

Figure 2-14. Thermocouple positioning in the lower plenum (Levels 1, 2, and 3)

Levels 4, 5, 6, and 7 are located in the lower portion of the downcomer, which has a
larger gap flow area. The TCs on Level 4 are located 0.616 m below the cold leg nozzle
axis. This level is at the downcomer outlet and therefore is heavily instrumented. The
TCs are located at an azimuthal angle increment of 15° at the middle of the annulus gap.
At alternating azimuthal TC locations, the central TC is augmented by two more TCs
located at different radial positions. The additional TCs are used to examine the radial
variation of the slug temperature in the downcomer. The outer TC is located at a distance
of 0.006 m from the vessel wall and the inner TC is at the same distance from the barrel
wall. Thus, there are 12 inner TC, 24 TCs central TCs, and 12 outer TCs, which make 48
TCs altogether on this level. The TCs arrangement for Level 4 is illustrated in Figure
2-15.
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Level 5 is located 0.514 m below the cold leg nozzle axis and contains 12 TCs located at
the middle of the downcomer gap. The TCs are equally spaced along the downcomer
perimeter. The arrangement for Level 5 is illustrated in Figure 2-15.

Level 6 is located 0.413 m below the cold leg nozzle axis and contains 48 TCs arranged
as on Level 4. Level 7 is positioned 0.311 m below the cold leg nozzle axis and contains
12 TCs arranged as on Level 5. It is important to notice that Level 6 is located 7
expansion step heights downstream of the elevation of the expansion step and Level 7 is
located 5 expansion step heights downstream the expansion step. This corresponds to the
expected position for flow reattachment at 5 to 7 step heights downstream of the
backward facing step (Heenan and Morrison, 1998). Figure 2-15 below illustrates the TC
arrangement for Levels 6 and 7.

¢ < ¢ g v
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a) Levels 4, 6, and 8 b) Levels 5 and 7

Figure 2-15. Thermocouple positions in the downcomer (Levels 4, 5, 6, 7, and 8)

All other levels are located within the upper part of the reactor downcomer, which has a
smaller gap flow area. Level 8 is located 0.114 m below the cold leg nozzle axis and has
48 TCs arranged as on Level 4 as shown in Figure 2-15.

Level 9 is at the height of the cold and hot leg nozzles and it contains 30 TCs. There are 5
TCs positioned at the interface of each cold leg nozzle with the downcomer outer wall.
One TC is at the axis of the cold leg nozzle and the other 4 are positioned at a distance of
0.032 m from that axis along the cold leg nozzle vertical and horizontal diameter. In
addition, 6 TCs on Level 9 are positioned in the downcomer between the adjacent leg
nozzles at the middle of the gap. The last 4 TCs measure the temperature in the upper
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plenum at the inlet points to both hot leg nozzles. There are 2 TCs located at the inlet to
each hot leg nozzle. Both TCs are positioned at a distance of 0.032 m from the hot leg
axis along the vertical hot leg nozzle diameter. The distance between each of these TCs
and the reactor vessel vertical axis is 0.241 m. The arrangement of Level 9 TCs is
illustrated in Figure 2-16 below.
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Figure 2-16. Thermocouple positions in the downcomer nozzle area (Level 9)

Levels 10 and 11 are located in the portion of the downcomer above the leg nozzles and
they contain relatively few TCs. Level 10 is located 0.127 m above the leg nozzle axes
and has 4 TCs. They are positioned at the middle of the downcomer gap at an azimuthal
angle interval of 90°. Level 11 is located 0.238 m above the cold leg nozzle axes and
contains 6 TCs, which are also positioned at the middle of the downcomer gap. These
TCs are positioned at an azimuthal angle interval of 60°. Figure 2-17 below illustrates the
positions of Level 10 and 11 TCs. Table 2-4 below summarizes the TC instrumentation
for all levels in the 2x4 loop vessel.
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Figure 2-17. Thermocouples in the downcomer above nozzle area (Levels 10 and 11)

Table 2-4: Thermocouple instrumentation in the 2x4 loop vessel

Vessel Region | Level | Elevation (m) | TC Number | TC Type
Downcomer 11 -0.2380 6 T
above nozzles 10 -0.1270 4 T
Nozzle area 9 -0.0320 6 K(20)/T(10)

0 18
0.0320 6
Above step 8 0.1140 48 T
Downcomer 7 0.3110 12 K
below step 6 0.4130 48 K
5 0.5140 12 K
4 0.6160 48 K
Lower plenum 3 0.7450 24 K@3)/T(23)
0.7859 2
2 0.8086 26 K(25)/T (1)
1 0.8721 26 K

2.2.1.4 Flow Measurement

Two ultrasonic flowmeters—a TransPort™ Model PT868 device and a TransPort™
Model PT868-R both made by Panametrics, Inc—are used to measure the flow through
the cold legs. This flowmeter uses the transit time flow measurement technique. In this
method, two transducers are mounted to the exterior of the pipe at a fixed distance apart.
Each transducer sends out a series of acoustic pulses that are received by the other
transducer. The time interval from transmission to reception is measured in both
directions. If the liquid is stagnant, then the upstream transit time is equal to the
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downstream transit time. When the liquid is flowing, the downstream transit time is less
than the upstream transit time. This method requires acoustically conductive single-phase
fluids, which may contain traces of a second phase. Such fluids include most clean
liquids and liquids with a small percentage of entrained gas (e.g., air) bubbles.

The flowmeters are powered by a dedicated wall outlet connection. The instruments can
provide a standard 4-20 mA output signal or they can provide an outlet signal via an RS-
232 cable to a dedicated laptop computer. Since the UMCP facility DAS can only record
DC voltages, if the 4-20 mA signal is used, a 500 Ohm precision resistor is installed and
the voltage drop across this resistor is measured and recorded by the DAS.

One flowmeter is dedicated to cold leg A1, through which the slug is transported into the
downcomer. The second flowmeter is used to measure the bypass flow rate through any
one of the other three cold legs if desirable.

The flowmeters are appropriate for measuring velocities from 0.03 m/s to 12.2 m/s. For a
3 inch Schedule 40S pipe used for the cold leg, this velocity range corresponds to a
volumetric flow range of 0.14 1/s to 58.2 1/s. The observed flow rate stayed within this
range, once the RCP had run for a few seconds. For clamp-on ultrasonic transducers
(transducer number 30) mounted with a slide track fixture on the external pipe wall, the
accuracy is given in Table 2-5 below. As seen from the table, for typical flow conditions
encountered in the cold leg Al of the UM 2x4 Loop facility during the RBD mixing
experiments, the flowmeter accuracy was within 5%. It is important to mention that the
specifications given require straight runs of 10 diameters upstream and 5 diameters
downstream from the flowmeter itself. For this reason, the flowmeter transducers were
mounted in the cold leg risers at a position dividing the straight vertical portion of the
risers into two sections with a length ratio of 2:1. For cold leg A1 with upward flow in
the riser, the flowmeter was closer to the pump suction. For the other cold legs, the
flowmeter was closer to the bottom end of the riser due to the downward direction of the
bypass flow.

Table 2-5: TransPort™ PT86&8/PT868-R flowmeter characteristics

Typical Accuracy for Velocity Range
0.03m/s—03m/s |03m/s—12.2m/s
< 150 mm (6 in) +0.05 m/s 2-5%
> 150 mm (6 in) +0.01 m/s 2%

Pipe Diameter Repeatability

+(0.2-0.5%)

2.2.1.5 Differential Pressure Measurement

Differential pressure (DP) across different points in the reactor vessel was measured with
DP cell transmitters model 823DP-1 made by the Foxboro Company. The transmitters
included two different sensor types: low range and medium range sensors. The
transmitter is an electronic instrument that measures continuously differential pressure
and transmits this pressure as a proportional analog signal (in the mA range). The
transmitter can be used for measuring DPs associated with flow, liquid level, or other
type of applications. Depending on the jumper position of the transmitter, the range limits
of the devices are given in Table 2-6 below.
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Table 2-6: Measurement limits for Foxboro 823DP-1 DP cell transmitters

DP Range Limits .

Sensor <Pa mm H,0 (at 20 °C) Repeatability
Low range 0-72 762 o

Medium range 036 3.810 +(0.2-0.5%)

The maximum inherent error due to the built-in resistor across the output-test terminals of
the transmitter is £0.1% of span. Care should be exercised that environmental influences
on the transmitter and that of the calibrating equipment are minimized.

To mount the DP cells, six taps at different locations were used with four taps connected
to the downcomer directly through the vessel wall, one tap connected to cold leg Al and
one tap connected to hot leg A.

The downcomer taps are located at two different elevations. Two upper taps are at the
plane that contains the leg nozzle axes. Two lower taps are at a horizontal plane located
0.759 m below the leg nozzle axes, which corresponds to the lower plenum region. The
cold leg tap is connected to the bottom of the horizontal portion of cold leg Al close to
the cold leg nozzle. The distance from the cold leg inlet to the downcomer and the tap
port is 0.394 m. Thus, the honeycomb structure in the cold leg is located downstream
from the cold leg tap. The hot leg tap is connected to the bottom of the horizontal portion
of hot leg A close to the hot leg nozzle. The distance between the tap port and the reactor
vessel inner wall is 0.346 m. The azimuthal positioning of the upper and lower
downcomer taps as well as the connection scheme for all DP cells are shown in Figure
2-18 below.

Downcomer taps Downcomer taps 759 mm
at nozzle axes plane below nozzle axes plane

@ DP cell @ DP cell — tapand HL hot leg
across downcomer across core connected leads CL cold leg

Figure 2-18. DP taps positioning and DP cells connection scheme
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In addition, two ITT differential pressure transducers are employed in the slug injection
series. These instruments provide water level information for the slug injection tank and
the high-pressure injection (HPI) tank. A dedicated 30 DCV power supply provides
excitation voltage to these DP transducers. These instruments are designed to provide a
standard 4-20 mA output signal. However, a 500 Ohm precision resistor is installed in the
same manner as with the flow measurement.

2.2.1.6 Data Acquisition System

The data acquisition system (DAS) for the UM 2x4 Loop employs two Hewlett Packard
(HP) data acquisition units, HP-3497 and HP-3852. A personal computer with a Pentium
133 MHz processor communicates with both units and stores measured data from
thermocouples, differential-pressure cells and flowmeters. A Hewlett Packard Interface
Bus measurement coprocessor acts as the interface between the computer and the data
acquisition units. This is a self-contained unit with a speed of 8 MHz. The user interface
is done with HP Visual Engineering Environment (HPVee) software. The DAS also has
provisions for control output signals, e.g., to control the core heating power.
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Figure 2-19. Diagram of DAS
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The HP-3497 data acquisition unit is slower than the HP-3852 unit. HP-3497 allows for
six output signals through six dual current controller cards of the type HP-44430A. For
the present test program, only one output signal for the core heating power was used. The
HP-3497 unit can be also used to measure direct current voltages from the system sensors
such as DP cells and pressure transducers. For this purpose, it uses three HP-44422A
acquisition cards each of 20 direct current channels.

The HP-3852 data acquisition unit uses an HP-44701A integrating voltmeter, which is
equipped with six HP-44713A acquisition cards each of 24 direct current channels and
one HP-44708H acquisition card with 20 input channels for higher voltages and currents.
Thus, the unit can be used to multiplex through a maximum of 164 channels. The HP-
3852 data acquisition unit has its own processor, which makes the unit faster than HP-
3497, as already mentioned. HP-3852 was used to collect the temperature measurements
from the TCs of both type K and T.

To increase the speed of data acquisition, both data acquisition units record the measured
signals as direct current voltage signals. After each test run, a post-processing program
converts the measured signals into the corresponding physical quantities. In this mode of
operation, the HP-3852 unit at full load processes one set of TC readings for 0.404 s,
which is on the order of the response time for the thermocouples used in the present
study. The processing time consists of 0.024 s for measurement setup and additional
0.380 s for measurement and signal transfer. The HP-3852 can be also programmed to
take temperature measurements directly, which, as already mentioned, is more time
consuming.. As a whole, the DAS at its maximum capacity load of 172 channels worked
with a data acquisition frequency of approximately 2 Hz.

2.2.2 Visualization Measurement Techniques and Calibration

Laser Induced Fluorescence (LIF) is a common technique used in experimental fluid
mechanics to measure the concentration of a scalar species within a fluid, primarily
applied to study the fundamental behavior of turbulent scalar transport in jets and mixing
layers. The fundamental principle of quantitative LIF is that the fluorescent intensity
given off by an illuminated volume of dyed fluid will be proportional to the number of
dye molecules contained within that volume. When absorbing radiation of proper
wavelength, some molecular species respond by emitting light through a very rapid
process of electronic excitation and decay known as fluorescence (which usually takes
less than 10 s). The fluorescence occurs when a molecule in an excited electronic state
undergoes a nonradiative transition to an intermediate state before making the radiative
transition to its ground state. This results in an emission spectrum that is shifted with
respect to the spectrum of absorption, which is a fundamental characteristic of
fluorescence. With the selection of dyes that exhibit a large separation between their
absorption and fluorescence spectra and the use of the proper filters, the two radiations
(incident and emitted) can be separated. Furthermore, for a fixed value of the incident
radiation, it can be seen that the observed fluorescence intensity will be proportional to
the number of molecules present within the illuminated region. In the BMOV facility, a
5-W multiline Argon-ion laser (which has emission peaks of 488 and 514.5 nm) is used
as the excitation source, and Rhodamine-6G (C,gH31N,O;Cl) is the fluorescent dye used
to simulate the concentration of the boric acid. Rhodamine-6G was selected because its
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absorption spectrum overlaps the emission of the Argon-ion laser while its emission
spectrum has a peak at 560 nm, as listed inTable 2-7. Although the physical basis of the
measurement is relatively simple, the difficulty in obtaining quantitative results is usually
in ensuring that the illuminating intensity is constant (i.e. there is no significant
absorption of the incident light as it propagates through the dyed volume). This is
typically accomplished by controlling both the maximum concentration of the dye and
the path length over which the illuminating beam has to travel before reaching the
observation volume.

Table 2-7: Emission and absorption spectra for aqueous solution of Rhodamine-6G

Wavelength
Lower Upper Peak
Emission 540 660 560
Absorption 460 560 530

LIF measurements are based on the fact that, under conditions of linearity, the fluorescent
intensity of a volume of fluid, excited by a laser light, is proportional to the concentration
of dye in that same volume. Thus, the average dye concentration in a liquid volume can
be determined by measuring its light emission and comparing it with a proper calibration.
Before discussing how this proportionality can be ensured, the setup of the optical
equipment must be described.

When applied to the Boron dilution event in the downcomer of the PWR, a method
needed to be developed to illuminate and view the downcomer volume with a high spatial
resolution, while maintaining adequate temporal resolution and minimizing the
illumination beam path within the dye. Since the downcomer is largely a thin annular
volume, it made the most sense to have the illumination source projected radially outward
from the centerline, and then scanned azimuthally with a sufficient rotation speed to
satisfy the temporal resolution requirements.

The placement of the optical components is shown in Figure 2-20. The assembly is
designed to direct the laser beam through the downcomer gap from inside the core region.
In passing through the liquid in the gap, the laser excites the dissolved dye, inducing the
desired fluorescence. The light emitted is then measured by a photomultiplier tube
(PMT), which is focused on the excited volume composed of the entire beam path which
resides in the liquid. Thus, the measurements represent the average dye concentration that
is distributed over the length of the illuminated volume. The measurements constitute
primarily a radial average, but at the top and bottom regions of the downcomer the beam
will be angled approximately 25° with respect to the horizontal. This small distortion can
be corrected through the proper transformations. In order to study the mixing occurring
throughout the downcomer, the laser beam is swept over the annular volume in a raster-
scan fashion: vertical sweeps are obtained by reflecting the beam off an octagonal
rotating mirror, while an axial rotation about the z-axis is achieved by mounting the
entire optical assembly on a motor-driven bearing. The optical carriage assembly rotates
at 120 rpm and the octagonal mirror at approximately 6000 rpm. As a result, the
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downcomer is scanned at a frequency of 2 Hz, with about 400 vertical sweeps per
revolution.
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Figure 2-20. Optical instrumentation setup for LIF in BMOV facility

Figure 2-21 shows the coordinate system which will be utilized for the concentration
measurements. To measure the fluorescence generated by the different regions of the
downcomer, the PMT must be constantly aligned with the laser beam path. This is
obtained through use of the ‘one-pixel fluoroscope’ shown in Figure 2-22. A short-pass
filter (A < 600 nm) is placed along the path of the laser, to allow only radiation in the
absorption spectrum of Rhodamine-6G to reach the downcomer. A long-pass filter (A >
560 nm) is placed along the optical path from the downcomer to the PMT; its purpose is
to block out any light that may be elastically scattered by reflection from downcomer
walls or suspended particles within the flow, so that only the fluorescence intensity of the
dye is measured. The alignment of the PMT with the laser beam is maintained by the 45°-
inclined half-silvered mirror, which allows about 50% of the incident radiation to pass
through, while reflecting the other half, as indicated in Figure 2-22.

The PMT outputs an electrical current that is proportional to the intensity of the radiation
reaching its sensor, which is subsequently converted to a voltage and amplified prior to
sampling. The voltage is recorded by a 12-bit A/D card, which samples the data at a rate
of 500 kHz. Combined with the raster scanning of the downcomer by the laser beam, the
digitizing rate allows an angular sampling resolution of 0.24° (vertically) x 0.9°
(azimuthally), which translates to a spatial resolution of about 0.3 cm x 0.3 cm within the
optically accessible region.
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As mentioned earlier, the dye concentration can be measured from the fluorescence
intensity if the two are directly proportional to each other. This condition, however, is not
trivially satisfied. Care must be exercised to ensure that the concentration of the dye is
sufficient to produce measurable intensity, yet dilute enough to prevent nonlinear
fluorescence effects. One of the most important considerations is the absorption of the
laser light by the dye molecules as the illumination beam travels through the liquid
volume. Since the fluorescent emission is directly proportional to the incident light
intensity, the attenuation of the incident light inside the control volume causes a nonlinear
response in fluorescence intensity. This effect can be negligible for low dye
concentrations or small liquid regions, but it becomes more and more significant as either
one increases.

S S

l.;i"'ll .:' E.':___ 1

_h'-.’.--_.'
/
O

Injection
Cold Leg

V¥

Figure 2-21. Coordinate system for concentration measurements
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Figure 2-22. Schematic of the ‘One-pixel fluoroscope’
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To ensure a linear relationship between dye concentration and luminous emission, a set of
calibration tests are performed. The optical equipment is aligned so that the laser beam
sweeps a vertical section of the downcomer, passing through the centerline of the
injection cold leg (no axial rotation of the assembly). The entire volume is filled with a
well-mixed solution of known concentration, and a set of fluorescence measurements
along the calibration section are sampled. Seven different concentrations are used, and
the results are compared in Figure 2-23a.
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Figure 2-23. (a) Raw calibration curves for different dye concentrations, and (b) curves
normalized by 0.40 ppm

The horizontal axis represents the axial position along the downcomer with respect to the
cold leg centerline, the top of the downcomer being at the right end of the plot. The
fluorescence intensity captured by the photodiode varies largely with the position of the
beam as it crosses the downcomer gap. This is due to several factors: the change in gap
width of the downcomer at z = -19 cm, a change in the illumination volume due to the
change in angle of incidence as the downcomer is scanned, and a change of the laser
beam intensity due to reflection and refraction as it enters the gap at different angles. The
highest fluorescence is measured when the laser penetrates the injection cold leg, as the
length of its path in the liquid is much longer than at any other location. A sudden drop in
the signal is observed between -17 and -19 cm, which results from strong scattering of the
beam by the seams in the plexiglas between the top and bottom half of the core barrel.

Figure 2-23b shows the same calibration curves, this time normalized with respect to the
value Cy = 0.40 ppm. With exception of the ratio C/Cy = 1.65, the normalized curves are
nearly constant over a large portion of the downcomer. The main deviations are observed
over the injection cold leg region and towards the lower part of the downcomer. In the
cold leg, this is due to the long path of the laser in the dye solution, which causes
excessive attenuation of the beam. In the lower part of the downcomer, the problem is
likely a result of partial clipping of the laser beam on the rotating mirror corner, causing a
sharp decrease in intensity in this region. As the signal becomes small, the relative error
is increased and small changes in the offset values can lead to unreliable measurements.
Since the time of the calibration shown in Figure 2-23b, the optical alignment procedure
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had been substantially improved, which subsequently allowed the system to accurately
measure down to an axial position of z=-63 cm.
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Figure 2-24. Verification of quantitative measure of normalized concentration from several
regions of the downcomer. With the exception of the cold leg, the deviation is less than 5%.

Figure 2-24 shows that the LIF-measured concentration ratios correspond to the
respective actual ones to within a few percents, both in the upper and lower portions of
the downcomer. The same figure also shows the nonlinear response that is obtained, even
at lower concentrations, when the laser beam travels inside the cold leg. From these
measurements it is concluded that, if a maximum concentration not in excess of 0.40 ppm
is used, the response can be considered linear over the region —55 <z < 20 cm (excluding
the cold leg inlets), and the values will be within 5% of the concentration (based on full
scale). As mentioned above, the region of valid data collection was later extended to
include the lower region of the downcomer from —63 < z < -55 not reflected in Figure
2-23b. In the data collected for these experiments, the nominal concentration of the dye
was set to 0.1 ppm.

An additional laser and photodiode was used to measure the mean concentration inlet
conditions approximately 10 cm upstream of the cold leg/downcomer junction. For this
measurement a 50 mW laser beam from a separate Ar+ laser was directed through the
diameter of the inlet pipe. As for the primary LIF measurements, a half-silvered mirror
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and long-pass filter was used to eliminate contamination by scattered light and ensure a
complete observation of the illuminated volume.

Finally, two differential pressure transducers (Validyne model P55D-4-N-1-30-S-5-A,
+0.25% full scale, calibrated for a range of 0 to 89 cm of H,0) were used to monitor the
fluid levels within the supply and return tanks. Due to a slight variability of the tank
cross-section, both transducers were calibrated in Situ in terms of volume occupied within
the tank. The tank was filled in 1 liter increments up to the 200 liter capacity of the tank.
The resulting uncertainty is approximately +1 liter over the range used within the
experiments.

In addition to the quantitative LIF measurements, the visualization facility was also used
to make steady-state velocity measurements within select regions of the downcomer. The
measurements were completed using a two-component Dantec laser Doppler
anemometer, which was based on their MultiPDA (57N80) processor system with the
sizing module turned off. The system was configured to operate in backscatter mode in
order to eliminate the difficulties of aligning a separate receiver, and low f-number optics
were used to minimize the probe volume dimensions. This corresponded to a lens with a
310 mm focal length and a clear aperture of over 50 mm (beam separation was 40 mm),
giving an effective probe volume with a diameter of approximately 0.1 mm and a length
of nearly 2 mm. The filter bandwidth used to process the Doppler signals was varied
during the profiles in order to optimize the instrument resolution when passing through
areas of significantly different mean velocity. The transmitter was aligned perpendicular
to the outer vessel wall, which allowed for the measurements of the velocity components
in the azimuthal (6) and axial (2) directions.

A viewing prism was also constructed and attached to the outer wall of the downcomer to
correct the optical distortions caused by the cylindrical vessel. Without the prism, the
beams in the horizontal plane would be focused to a different spatial location than the
beams contained in the radial plane. The prism consisted of a small tank approximately
60 cm in length and 8 cm wide, which was cut such that the open side would seal tightly
against the vessel. The tank was then attached to the vessel and filled with water to
generate an effective planar surface through which to transmit the beams. With the prism
in place, the distortion in the effective probe volume locations was calculated to be less
than 1 mm, which is half the value of the long axis of the probe volume. Data points were
validated using both the signal to noise ratio and the coincidence between the Vv; and Vg
channels, thus preventing measurements of seed particles that may have only been
detected by one set of the laser beams.

The seed tracer particles were silver-coated, hollow glass spheres approximately 10 pm
in diameter with a specific gravity of 1.4. Their small size and low specific gravity ensure
that they will adequately follow the fluctuations of the flow.

The data measurements were acquired on a grid spaced 2 mm in the radial direction and
25 mm in the axial direction. Each data point consisted of a range of 2,000 to 10,000
individual data samples, depending on the local convection velocity (the larger the speed,
the greater the number of samples). Typical uncertainties in the velocity mean values are
less than 1%, with the exception of the near wall data, which is contaminated by poor
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signal quality and spurious reflections from the walls. Uncertainty in the higher order
moments is estimated to be less than 10%.

3 Testing Procedure

3.1.1 Loop Testing Procedures

The experimental program carried out consisted of four test series: A, B, C, and D,
designed with an increasing degree of complexity. The experimental procedures for all
test series are described here.

3.1.1.1 Test Series A

Test Series A was designed to study the mixing of a single front as it enters the
downcomer through cold leg Al from an external source and leaves the system through
an opening at hot leg A. A single mixing front condition is achieved when the injected
front volume is large enough. To provide for such a volume, an external tank of 400 1
capacity was connected to cold leg Al through a two-inch PVC pipe. The pipe
connection point to the cold leg was in the cold leg riser close to the bottom knee of the
leg. The tank was placed above the reactor vessel but the tank water level was below the
highest point in the reactor system represented by the hot leg candy cane section. For this
reason, a two-inch check valve was installed in the connecting pipe to prevent backflow
from the primary system into the slug tank. During the experiment, the tank water was
sucked into the reactor system by the reactor coolant pump in cold leg A1. An aluminum
diaphragm was inserted into the cold leg between the tank injection port and SG A in
order to prevent flow circulation through SG A during the test. The water was taken out
of the reactor system through a vent valve, which was installed on the top of steam
generator A. The vent was two inches in diameter and was controlled by means of a two-
inch gate valve. This outlet was connected to an overflow tank through a two-inch hose
attached to the vent.

Test Series A flow configuration is characterized by a single inlet path and a single outlet
path for the downcomer flow. There was a single inlet into the downcomer through cold
leg Al and a single outlet from the downcomer through the reactor core then hot leg A.
To provide for such flow conditions, the four-loop integral facility configuration was
effectively reduced to a single-loop configuration. For this purpose, cold legs A2 and B2
were isolated by inserting aluminum diaphragms between the flanges, which connect the
cold legs to the reactor vessel. Cold leg B1 was isolated by closing a gate valve installed
at the cold leg flange. Figure 3-2 shows the participating components and flow paths.

The test A procedure is as follows:

a. Fill the loop with tap water. Use air vents to remove trapped air from the
top of the downcomer.

b. Fill the slug injection tank with tap water.

c. With the valve to cold leg B1 open and the Bl RCP running (for mixing
purposes), use the system heaters to heat the system water.
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When the system reaches about 75°C, turn off the heaters and RCP BI,

and close the valve to cold leg B1.

Wait a few minutes for the system to come to rest.

Open the vent valve for SG A and start RCP Al. Continue until the slug

tank is nearly empty
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Figure 3-1. Configuration for Test A (faded components are inactive in this test)
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Figure 3-2. Participating components and flow paths in Test Series A

3.1.1.2 Test Series B

Test Series B, like the first test series, involved a single reactor loop with a downcomer
flow configuration (Figure 3-3), which is characterized by a single inlet path and a single
outlet path for the downcomer flow. However, it brings the experiment close to the reality
in the sense that the slug is of a limited volume and resides inside the reactor system prior
to its transportation phase. The flow paths were the same as in Test Series A with the
difference that a closed circulation loop through SG A was established. For this purpose,
the vent from SG A was closed and the aluminum diaphragm in cold leg Al was
removed. Figure 3-4 below shows the participating components and flow paths in Test
Series B.

The test B procedure is as follows:

a. Fill the loop with tap water. Use air vents to remove trapped air.

b. Fill the slug injection tank with tap water.

c. Use the system heaters to heat the system while RCP A1 circulates water
through HL A and CL Al.

d. When the system reaches about 75°C, turn off the heaters and RCP Al.

e. Wait a few minutes for the system to come to rest.

f.  With the HL A vent open, use the slug-line pump to inject the slug at the
injection point. Using the water level in the slug tank as a guide, continue until
about 55.3 1 have been injected. This is enough to bring the beginning of the
slug to the pump impeller.

Page 47 NEA/CSNI/R(2000)22



g. Close the valve to the slug line.

h. Close the SG A vent.

Set up the DAS to record data, then turn on RCP Al. Run it for about 200
seconds, and then turn it off.

—

This procedure was also followed for test series C and D.

Figure 3-3. Configuration of participating components for Test B
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Figure 3-4. Participating components and flow paths in Test Series B

Since the flow path in Test Series B was a closed loop, the test runs involved two mixing
fronts associated with the front and rear end of the slug volume. Respectively, an
oscillatory temperature pattern in the reactor downcomer was observed. The duration of
the runs spanned over two to three temperature cycles.

3.1.1.3 Test Series C

Test Series C added another step of complexity with respect to the downcomer flow
pattern in the sense that the downcomer flow configuration involved a single flow inlet
and multiple flow outlets. In addition to the main downcomer outlet path through the
core, a second outlet was provided through cold leg A2. For this purpose, the aluminum
diaphragm in cold leg A2 was removed and a core bypass flow path through the cold leg
was established. As in Test Series A and B, loop B was isolated by the aluminum
diaphragm in cold leg B2 and the gate valve in cold leg B1. Figure 3-5 below shows the
participating components and flow paths for the Test Series C. The test procedure was
identical to that applied in Test Series B.

3.1.1.4 Test Series D

Test Series D was performed with the participation of all facility loops. For this purpose,
in addition to the system modification in Test Series C, the aluminum blank in cold leg
B2 was removed and the gate valve in cold leg B1 was opened. Thus, the second main
loop involving hot leg B and cold legs B1 and B2 was engaged. Cold legs A2, B1, and
B2 provided bypass flow paths for the downcomer. Like in Test Series C, Test Series D
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involved a downcomer flow configuration with a single inlet and multiple flow outlets.
The test procedure was identical to that applied in Test Series B and C. Figure 3-6 below
shows the participating components and flow paths for the Test Series D.

cold leg B2 cold leg A2

cold leg B1 cold leg A1

@ idle RCP 52ﬁlircnigating <] gate valve
@ pump
@ active RCP f,?f%ﬁﬁgt | diaphragm
Figure 3-5. Flow paths and participating components in Test Series C
cold leg B2 cold leg A2

cold leg B1 cold leg A1

@ idle RCP [><] gate valve

@ active RCP (© pump
participating | diaphragm
volume

Figure 3-6. Flow paths and participating components in Test Series D

Page 50 NEA/CSNI/R(2000)22



brrjeschey voliae fhbera)

3.1.2  Visualization Testing Procedures

The injected volume transients for the tests are shown in Figure 3-7. For both the front
and slug mixing cases, the nominal pump behavior was kept the same with a steady state
flow rate of approximately 8 liters/sec. The start-up transient for the pump consists of a
gradual ramp over a span of approximately 12.5 seconds, which was selected to match
the preliminary tests simultaneously performed in the 2x4 loop facility.
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Figure 3-7. (a) Injected volume as a function of time for 12 separate front injection tests, (b)
flow rate vs. time obtained from the derivative of the injected volume

Repeatable inlet concentration boundary conditions are generated using a small drain
valve at the bottom of the lowered loop upstream of the pump (see

Figure 3-8). For both the front and the slug, the leading interface is very sharp and
repeatable. The trailing interface for the slug event was generated by placing a thin (0.1
mm) polyethylene sheet over the free surface of the fresh water in the supply tank, and
then filling the tank up with dyed water reserved from the filling of the vessel. In
addition, a recirculation pipe is placed in the inlet to the recovery tank, which returns the
outflow to the supply tank. Thus, once the test is initiated and the supply tank is slowly
drained, the plastic sheet is drawn closer and closer to the exit. Upon reaching the exit, a
small fixed razor perforates the sheet and allows the dyed water to follow behind the
fresh water. Although there is a slight amount of variability as to when the knife cuts the
sheet (which results in a slightly greater variability the volume of the injected slug), the
procedure produces a consistent slug with a sharp interface. Also note that with the lack
of a full steam generator and core volume, the total system volume of the BMOV is
approximately 2 of the 2x4 loop. The main effect of this difference will be a reduced
system cycle time with respect to the dilution oscillations as shown for the 2x4 loop in
Figure 3-5. Although the volume along the slug path is matched between the two
facilities, it was not possible to match the total system volume in a realistic manner.
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Figure 3-8. Mean concentration histories measured approximately 10 cm upstream of the
downcomer. (a) front injection, (b) slug injection

A detailed list of the set-up and testing procedure for both the front (Test A) and the slug
(Test B) experiments is enumerated below.

1. Front injection test procedure

a.
b.

—
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Fill system and add dye to known concentration of 0.10 ppm.

Insert recirculation pipe to allow pumping of fluid from the exit line back
into the inlet tank, and circulate with the main pump to ensure dye
uniformity and remove trapped air bubbles.

Optimize optical alignment of the photomultiplier tube (downcomer
measurement) and photodiode (inlet concentration) for uniform signal.
Shut off the main pump, and continue to circulate with small bypass
pump. (flow path is from downcomer exit to bypass cold leg A2)

Block exit pipe into recovery tank, remove the recirculation pipe, and
place exit line overflow standpipe over exit pipe. Open the main exit tank
valve, and allow stand pipe to equilibrate with system level.

Close exit pipe valve.

Drain inlet tank to a level approximately 6’ above the lower loop seal .
Slowly fill the inlet tank with clean, fresh water to height of the standpipe
in the exit tank.

Shut off bypass circulation. Open exit pipe valve.

After tank is filled, slowly bleed the tank with stopcock at bottom of lower
loop seal until the interface between the dyed and fresh water is centered
over the valve. (approx. 90 sec.)

Rotate the optical carriage assembly to 120 rpm. (approx. 90 sec.)

Initiate injection test.
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2. Slug injection test procedure
a. Fill and add dye to known concentration of 0.10 ppm
b. Insert recirculation pipe to allow pumping of fluid from the exit line back
into the inlet tank, and circulate with the main pump to ensure dye
uniformity and removal trapped air bubbles.
c. Optimize optical alignment of the photomultiplier tube (downcomer
measurement) and photodiode (inlet concentration) for uniform signal.
d. Shut off main pump, and continue to circulate with small bypass pump.
(flow path is from downcomer exit to bypass cold leg A2)
e. Close valve on exit pipe into recovery tank.
Drain inlet tank to a level approximately 6’ above the lower loop seal.
Slowly fill the inlet tank until the tank contains 80 liters of clean, fresh
water.
Insert the perforation device in the exit of the inlet tank.
Place 0.004” polyethylene sheet on the surface of the fresh water and
drape over the upper edges of the tank.
Fill the inlet tank with dyed water in the exit tank.
Shut off bypass circulation.
After tank is filled, slowly bleed the tank with stopcock at bottom of lower
loop seal until the interface between the dyed and fresh water is centered
over the valve. (approx. 90 sec.)
m. Rotate the optical carriage assembly to 120 rpm. (approx. 90 sec.)
Initiate injection test.
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3.2  Data Reduction and Processing

The data reductions for loop and visualization facilities are described in the subsequent
sections. The goal of the reduction was to obtain thermocouple/concentration readings at
the locations of thermocouples installed in the loop. Both the loop and visualization
facilities scanned through the entire region of interest within less than 0.5 s. The
participants were required to submit temperature computational results at the locations of
loop thermocouples at time intervals of 0.5 s.

3.2.1 Loop Data Reduction

The reduction of loop data is coupled to the data acquisition software. Specifically,
measured thermocouple voltages are directly processed by HPVee as shown in section
3.2.1.1. The reduction of flowmeter and DP data involves the conversion of voltages into
1/s of H,O respectively as described in sections 3.2.1.2 and 3.2.1.3. The chart of

Figure 3-9 summarizes the entire data processing procedure. To be able to adequately
compare data from the loop and visualization facility to participant submissions, the
visualization facility data and those of participants were also manipulated through the
steps highlighted on the chart.
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acquire instrumentation voltages into DAS and transfer to

HP VEE
import °C temperature readings import DP and FM voltage readings from
from HPVee into Excel HPVee into Excel
sort temperature readings by levels convert voltages into in H20 and /s,
and angle of each instrument respectively
h 4 h 4
linearly interpolate TC readings to integrate flow rate in time to give injected

give approximate readings at same < flow

Vipj Values as nominal test

arrange data form all
p| downcomer-center TCs
\ 4 in a Tecplot input format

identify and — find the max and min
delete erroneous N temperatures in each test
TCs | !

use kriging technique to
render data suitable for
plotting

normalize such that average
beginning and end temperatures are
consistent with nominal test

generate Tecplot movies
of temperatures as a
function of injected flow
in the expanded
downcomer

calculate level average temperatures
using downcomer-center
thermocouples

Figure 3-9. Data processing for UM Loop; highlighted boxes show steps applied to
visualization facility data and participant data to render them all in format conducive for
comparison
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3.2.1.1 Data Reduction for Thermocouples

The UM Loop facility is instrumented with 286 thermocouples, of which 164 can be
continuously measured and stored using the HP-3852. Two types of thermocouples are
used: type T and type K. They provide temperatures of the fluid in the primary and the
secondary systems as well as the heater temperatures.

The recording of the temperature data takes into account the processing speed of the
DAS. The voltage produced at the tip of the thermocouples is proportional to the
temperature at the location of contact between two dissimilar metals. The measured
voltage (in mV) is passed to the DAS computer and stored by the HPVee program.

The voltages fed into the HPVee program represent the potential difference between the
two ends of the thermocouple. To account for the positive temperature of the base of the
thermocouple, the DAS generates a reference temperature. This reference temperature is
converted to a voltage and added to the measured voltage, achieving an adjusted voltage
that corresponds to the true measured temperature. The HPVee program converts the
voltages into temperatures using Equation 3-1 (NIST), and the constants are given in
Table 3-1. The output of temperatures is in Excel format.

T=Py+ P1*V + Po*¥V2+ P3*¥V2 + Py*V* + Ps*V + Pe* VO + Po*V7 4 P*y8 + pyy?
Equation 3-1

Table 3-1: Thermocouple constants for calculating temperature from voltage

Constant Type K Type T
Ry -8.167743593 E-7 5.257929840 E-7
R, 3.963927586 E-5 3.860071243 E-5
R, 1.066719241 E-8 4.186486602 E-8
Py -5.115307103 E-2 1.238117795 E-1
Py 2.485028007 E4 2.686117637 E4
P, -3.826622822 ES -8.964942880 ES
P; 9.966105673 E7 -4.648926088 E7
Py -1.082062357 E10 1.244114245 E10
P 6.039285524 E11 2.275304922 E12
P -1.910899962 E13 -6.399496867 E14
P, 3.478234730 E14 5435757807 E16
Pg -3.399102821 E15 2.0123615370 E18
Py 1.382851398 E16 2.830121167 E19

(taken from Gavrilas et al., 1996, p.53)

To arrive at comparable data for each trial, thermocouple readings were both interpolated
and normalized. Using Microsoft Excel, the data for each trial was linearly interpolated in
flow rate using Equation 3-2. This yielded a temperature reading for each TC in each trial
that corresponded to the same set of injected flows and the same times. Then, each trial

within each test was normalized to cover the same range of temperatures using Equation
3-3.
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(ﬂ O\Nint - ﬂ OWbefore) * (Tafter - Tbefore )
(ﬂ OWafter - ﬂ OWbefore)

int

+ Tbefore
Equation 3-2

_ (T -T minraw)* (T MAX gegreg ~ | mindesired)

Toormatized =~ +T min,, Equation 3-3

(T max,,,— | minraw)

3.2.1.2 Data Reduction for Ultrasonic Flow Anemometers

Flow rate was integrated in time, yielding injected flow. This injected flow, which is a
function of time, is the most accurate way to define the state of the system. The scaling
approach developed by Gavrilas and Palazov (1997) shows that test-to-test comparison is
best carried out using the injected flow time scale.

3.2.1.3 Data Reduction for Pressure Transducers

In order to calibrate the ITT DP transducers, one must first vent both sides of the cell to
ensure that there is no air trapped in either line. Then take measurements at many points
along the full range of the water level that is to be measured. With this data, fit a linear
regression model. This model is used within the HPVee program to convert the voltages
from DP Cells to water level in the tanks. As with the temperature readings, this
conversion from voltage to water level is conducted after the test is completed.

3.2.2 Visualization Facility Data Reduction

3.2.2.1 Data Reduction for Laser Induced Fluorescence (LIF) Data

During each test, five different ASCII data files were recorded which contain the raw
data of the experiment. These files are detailed in Table 3-2. The signals from the
pressure transducers are converted into fluid level measurements from their calibration
coefficients determined prior to the tests. The signal is further conditioned by averaging
the data over 0.5 second intervals to remove fluctuations caused by waves on the free
surface and noise contamination. The pump speed data were examined for consistency,
but no quantitative results were developed from them.

The concentration data recorded by the photodiode upstream of the downcomer inlet
(led.dat) was normalized using:

V(it)-O Equation 3-4

C(t) = 100\/(0) =

where O is the offset voltage and V(0) is the initial voltage when the probe volume is
occupied by dyed fluid with a maximum concentration.
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In order to reduce the photomultiplier tube (PMT) data representing the concentration
within the downcomer, the raw data vector first had to be parsed into temporal sequence
of arrays representing azimuthal and axial evolution of the flow. In order to facilitate this
reconstruction, a series of LED’s were placed on the optical carriage such that they would
be observed at the beginning of each vertical scan. This provided a synchronization pulse
that could be used to unambiguously identify the starting point of each segment. A
similar reference light source was placed at a fixed azimuthal location to permit the
determination of one complete revolution.

Table 3-2: Data files recorded during each visualization test

Acquisition o
Name Rate (Hz) Description
pmt.dat 500,000 Raw data output from photomultiplier tube for concentration
measurement in downcomer
led.dat 5.000 Intensity of fluoresced light measured across the diameter of
’ the cold leg inlet 10 cm upstream of the downcomer junction
pumpspd.dat 5,000 Output from the pump controller. Voltage is proportional to
the impeller speed.
supplytank. dat 5,000 Voltage signal from differential pressure transducer connected
to supply tank.
returntank.dat Voltage signal from differential pressure transducer connected
5,000
to the return tank.

Once the data was ordered into the proper set of arrays, it must be normalized in order to
provide a quantitative result. Slight aberrations in the optical alignment (i.e. the beam not
being centered with the axis of rotation, and vibration induced by the drive teeth of the
optical carriage motor) created a small amount of azimuthal variation in the intensity of
the illuminating laser beam. As a result, the normalization procedure must also account
for the azimuthal as well as the axial changes, namely:

C(n,z0) = 100M
V(1,26)-0

Equation 3-5

where n is the number of azimuthal revolutions completed, z is the azimuthal coordinate,
and @ is the azimuthal coordinate.

Once the raw data has been reduced into the quantitative data, the tests can be examined
individually or used to generate an ensemble average of the temporal evolution of the
injection event (Figure 3-10). Such averages have been generated to allow comparison to
the computational results. Initially, 8 separate tests have been used to generate the
ensemble average, although 12 data sets for test A and 9 data sets for test B are shown in
the figures. This discrepancy results from additional tests that were processed after the
comparisons to the code results were completed. The azimuthal starting location for the
data sampling was not controlled, and as a result, each test has a temporal variability of
around £0.25 seconds when comparing with other runs. Each sequence may be advanced
or delayed by one revolution to compensate for these timing errors when generating the
ensemble average data.
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Figure 3-10. Generation of ensemble average and ensemble standard deviation of the
instantaneous spatial concentration fields

When comparing the visualization data to the computational results or the loop data for
test A, it has been noticed that there are some discrepancies in both the average injection
rate as well as the initial location of the injection interface (see Figure 3-11). The
injection rate of the simulation and the loop were conducted at approximately 7 liters/sec,
while the visualization studies had a flow rate of 8 liters/second. This difference is
compensated by making comparisons based upon the total injected volume after the
interface has entered the downcomer, and not on similar injection times. Once the
correction is completed, the inlet concentration histories will allow for a more reasonable
comparison between the experiments and the simulations. A tabulated version of the
exact revolutions data used for each corresponding time step is listed in Table 3-3. The
injected flowrate for the Test B conditions was closer to the 8 liters/sec used in the
visualization facility, and so no volume correction was used.

3.2.2.2 Data Reduction for Laser Doppler Anemometer Data

In addition to the quantitative fluorescent measurements, the visualization facility was
also used to map the steady-state velocity field within select regions of the downcomer.
The experiment was set-up with a viewing prism as described in section 2.2.2, and the
pump was operated under steady conditions with a flowrate of approximately 8 liters/sec.
The data was sampled on a grid with a spacing of 2 mm in the radial direction and 25 mm
in the axial direction, resulting in 253 individual sampling locations. At each grid point,
approximately 2000 to 10,000 velocity samples were acquired, and the mean and
standard deviations were calculated using a transit-time corrected weighted average in
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order to correct for the inherent velocity bias found in turbulent LDA measurements
(McGlaughlin & Tiederman, 1972; Buchhave €t. al, 1979).

Et)..n 100 . .
( b =
weaRIn |
"
0
Wi
1w CE™
[ % E (]
2" E
3 § ®
£ &
i £«
£ -
B E w
- g
il
m
io-
g
TN . :
(1] L] o el 0 " - i L] B o i w
Ioop injeclion time (seconds) Ioop mjeclion Bma (5ecands)

Figure 3-11. Comparison of uncorrected loop and visualization transients between (a)
injected volume, and (b) inlet concentration
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Figure 3-12. Inlet concentration history of the visualization and loop, plotted as a function
of injected volume. Visualization data has been shifted by -3.5 liters to compensate for
different initial positions of the interface.
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Table 3-3: Volume injected mapping to determine the nearest corresponding revolution
from the visualization data

ISP TIME | INJECTED |5, izaion Revoluon 0 2
Revolution = Number 24.0 43.99 26 27

11.0 0.03 1 11 24.5 47.45 27 28
11.5 0.04 1 11 25.0 50.91 28 28
12.0 0.05 1 11 25.5 54.36 28 29
12.5 0.05 1 11 26.0 57.89 29 30
13.0 0.10 2 11 26.5 61.42 30 31
13.5 0.19 7 11 27.0 65.03 31 32
14.0 0.41 8 11 27.5 68.59 32 33
14.5 0.77 8 11 28.0 72.19 33 34
15.0 1.29 9 12 28.5 75.79 34 35
15.5 2.02 10 12 29.0 79.39 35 35
16.0 2.96 10 13 29.5 82.96 35 36
16.5 4.14 11 14 30.0 86.62 36 37
17.0 5.57 12 14 30.5 90.22 37 38
17.5 7.24 13 15 31.0 93.85 38 39
18.0 9.13 14 16 31.5 97.45 39 40
18.5 11.23 15 17 32.0 101.08 40 41
19.0 13.57 16 18 32.5 104.77 41 42
19.5 16.10 17 19 33.0 108.34 42 43
20.0 18.82 18 20 33.5 111.96 43 43
20.5 21.62 19 21 34.0 115.59 43 44
21.0 24.55 20 22 34.5 119.21 44 45
215 27.63 21 22 35.0 122.86 45 46
22.0 30.83 22 23 35.5 126.49 46 47
225 33.97 23 24 36.0 130.08 47 48
23.0 37.31 24 25 36.5 133.70 48 49

4 Participant Input Models

The following table lists specification and code parameters deemed important for
reproducibility and evaluation of code predictions.

Table 4-1: Participant code specifications and input parameters

Parameter Relevance
CFD code: . .

- general information
Version:
Type of node FEM FV FD
Type of mesh

Total number of cells:

downcomer radial narrow/wide

numerical diffusion, flow pattern,

downcomer axial narrow/wide accuracy
downcomer azimuthal narrow wide
lower plenum vertical levels
lower plenum rings
NEA/CSNI/R(2000)22
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Parameter (continued) Relevance (continued)

Time step

Temporal discretization (order and method) accuracy, convergence, numerical
Spatial discretization (order and method)p-v diffusion

coupling

temperature dependent density (how)
temperature dependent viscosity
temperature dependent thermal conductivity
temperature dependent specific heat
turbulence model and constants if different

buoyancy effect, mixing, flow pattern

from standard: mixing, flow pattern
Wall treatment
Mass conservation: general check

Outlet locations (fn z)
Boundary condition at the outlet
Modeling of core support plate flow pattern
Total pressure drop from bottom of the vessel
to the outlet at steady state

In addition to general information for computation reproduction, there are specific input
options that affect overall convergence, numerical diffusion, mixing, buoyancy effects and
flow pattern establishment.

4.1 General code information

Table 4-2 shows the codes used by the 10 participants; note that CEA has 3 entries
corresponding to the 3 models run using different turbulence parameters. Four participants
used Fluent and three used CFX; both are finite volume codes. Trio U and Flotran are also
finite element codes. Thus 80% of participants chose finite volume codes, which are
traditionally most prevalent for computational fluid dynamics. Of the remaining two, one of
the codes employs the finite difference method and the other is a finite element code

Table 4-2: Codes, versions and nodalization mode

Organization CFD code Version Type of node
AEA Technology CFX-4 4.2 Finite Volume
Battelle Ingenieurtechnik GmbH  |Comet version 1.040  |Finite Volume
CEA keps Trio U V1,13 Finite Volume
CEA nut0 (sequential) Trio U V1,13 Finite Volume
CEA par (parallel) Trio U V1,1,3 Finite Volume
Fortum Engineering Ltd Fluent 5.0 Finite Volume
Framatome Technologies Inc. ANSYS/FLOTRAN [5.5.3 Finite Element
GRSmbH, Germany CFX-TASCtlow Version2.9 Finite Volume
Nuclear Research Institute Rez plc [FLUENT 5 5.0.2 Finite Volume
US Nuclear Regulatory FLUENT V5 5.2 Finite Volume
Commission
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Organization (continued) CFD code Version Type of node
(continued) (continued) (continued)
NUPEC(Nuclear Power PLASHY code 1 Finite Difference
Engineering Corporation) (Parallel Large Scale
Analysis System for
HY drodynamics)
Vattenfall Utveckling AB Fluent 5.1.1 Finite Volume

4.2

The equation discretization method and step size impact numerical diffusion and accuracy.
Table 4-3 lists the discretization methods employed by participants. Most participants
selected higher order discretization methods for both energy and momentum equations.
Expeditious hybrid schemes such as QUICK and SIMPLE were most common in participant
models. The majority of participants selected the more efficient and stable implicit temporal
discretization for this relatively slowly progressing transient; only CEA and NUPEC used
explicit schemes. The computational steps ranged from 0.01-0.1 s for implicit schemes and

Spatial and temporal discretization

were occasionally as low as 107 for explicit schemes.

Table 4-3: Spatial and temporal discretization method

Organization Type of mesh Spatial discretization |Temporal discretization |Time step
(order and method)p-v |(order and method)
coupling
AEA Body fitted multi- |QUICK 3rd order fully implicit 1st order 0.05s
Technology block backward scheme, backward Euler
SIMPLEC p-v coupling
Battelle unstructured 1st order upwind, Euler, implicit 0.1s
Ingenieurtechnik simple
GmbH
CEA keps Stuctured, X,Y;Z |2 : Quick for 1 : euler explicit dt=0,000578 s at
momentum and energy, nominal flow
p-v coupling (23,257s)
CEA nut0 Stuctured, X,Y;Z |2 : Quick for 1 : euler explicit dt=0,000955 s at
(sequential) momentum and energy, nominal flow
p-v coupling (23,644s)
CEA par Stuctured, X,Y;Z |2 : Quick for 1 : euler explicit dt =0,000955 s at
(parallel) momentum and energy, nominal flow
p-v coupling (23,644s)
Fortum Unstructured 2nd order upwind 2nd order implicit scheme|0.05-0.10 s
Engineering Ltd |hybrid mesh: scheme
tetrahedral and
hexahedral cells
Framatome Hexagonal Linear elements, Implicit, Second Order  [0.05 sec
Technologies (Brick) Elements |Segregated sequential
Inc. algorithm (finite-
element analog of
SIMPLER)
GRSmbH, block-structured |2. order mass-weighted |1. order implicit Euler 0.1t0 0.5
Germany hexahedral skew-upwind
differences
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Organization Type of mesh Spatial discretization |Temporal discretization |Time step
(continued) (continued) (order and method) p-v |(order and method) (continued)
coupling (continued) |(continued)
Nuclear mixed, diffusion - central Ist order implicit 0.025-0.1
Research unstructured differences, convection
Institute Rez plc - 1st order upwind,
SIMPLE
US Nuclear Hexagonal 2nd order Momentum |2nd order Implicit 0.05s
Regulatory and Energy (Simple)
Commission
NUPEC(Nuclear [3D Cylindrical |QUICK for spatial First order Euler explicit |variable (from
Power discretization, SMAC 7.7*%10-5 to
Engineering method for p-v 5.6*10-3 sec for
Corporation) coupling Test-A and from
7.7%10-5 to
4.0*10-3 sec for
Test-B)
Vattenfall Unstructured second order upwind, |2-nd order implicit 0.01 sec
Utveckling AB  |(hexas in SIMPLEC
downcomer,
tetras in lower
plenum and core.)

Table 4-4 shows the meshes selected by participants. This information must be considered
together with solution method and discretization schemes to assess the extent of numerical
diffusion. Overall, the simulation volume ranged from 75,976 to 750,000 cells with most
models containing between a quarter and a half million cells. Note that regions of refined
meshing should be identified to get a more informed view of mesh adequacy for the
particular flow pattern.

Table 4-4: Mesh description of participants input models

Organization Total number of|downcomer |downcomer axial |downcomer |lower lower
cells radial narrow/wide azimuthal plenum  |plenum rings
narrow/wide narrow wide |vertical
levels
AEA Technology 454,720 10/16 42/54 144/144 15 32
Battelle 75,976 narrow: 5, narrow: 28, wide: |72 10 9
Ingenieurtechnik wide: 9 50
GmbH
CEA keps 600,000 constant, ,005 |most of the time  |no azimuthal (levels of |no rings :
m constant, ,0,05 m; |values : X,Y,Z |uniform |X,Y,Z
etired up to ,015 |coordinates  |height of |coordinates
m when possible ,005 m
CEA nut0 750,000 constant, ,005 |constant, ,005 m |no azimuthal (levels of |no rings :
(sequential) m values : X,Y,Z [uniform [X)Y,Z
coordinates  |height of |coordinates
,005 m
CEA par (parallel) 750,000 constant, ,005 |constant, ,005 m |no azimuthal (levels of |no rings :
m values : X,Y,Z |uniform |X,Y,Z
coordinates  |height of |coordinates
,005 m
Fortum 175,361 7/11 26/28 62 15 38
Engineering Ltd
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Organization Total number of |downcomer downcomer downcomer |lower lower plenum
(continued) cells (continued) |radial axial azimuthal plenum rings
narrow/wide  |narrow/wide  |narrow wide |vertical (continued)
(continued) (continued) (continued) [levels
(continued)
Framatome 210,456 7 elements Typically 0.50 |120 elements [Approx. 18 |Approx. 25
Technologies Inc. elements narrow DC, 10 |in (1.27 cm) (every 3- vertical radial rings
elements wide |axial spacing |degrees) levels
DC with finer
spacing at
transitions
GRSmbH, 470,000 DC radial DC axial DC LP vertical |LP radial KV
Germany narrow KV = 6 |narrow KV = |azimuthal KV =20 =36/
/wide KV =6 |10/ wide KV =|KV =160 azimuthal
53 KV =160
Nuclear Research 272,261 10/16 ~ 50/100, 90/90 15 ~50, partially
Institute Rez plc partially unstructured
unstructured
(nozzles
region)
US Nuclear 434,589 8to12 / 13 [50to 100/55 |[180to240 / |19 30
Regulatory (upper region 180
Commission grid adaption
results in range
of values)
NUPEC(Nuclear 273,945 10/15 8/36 74 21 64
Power
Engineering
Corporation)
Vattenfall 133,136 9/15 31/27 120/120 15 15
Utveckling AB
4.3  Buoyancy effect modeling

Buoyancy mainly affects flow pattern and thus it can play a significant role in the validity of
a simulation. Furthermore, if buoyant effects are substantial, the turbulence generated must
be modeled to get an accurate estimate of mixing. The participant models ranged
substantially in the inclusion of temperature dependent properties. While most participants
employed forms of temperature dependent densities and viscosities, fewer considered the
effect of temperature on conductivity and specific heat to be relevant.

Table 4-5: Temperature dependent parameters used in participant models

Organization temperature temperature temperature temperature
dependent density  |dependent viscosity |dependent thermal |dependent specific
(how) conductivity heat
AEA Technology No but Boussinesq  |Yes No No
buoyancy
approximation
included
Battelle Boussinesc Mu = 1.002E-2 Pas |k =5.996E-1 c=4.182E+3
Ingenieurtechnik approximation, W/mK (const.) J/kgK (const.)
GmbH BETA =2.07E-4 1/K
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Organization
(continued)

temperature
dependent density
(how) (continued)

temperature
dependent viscosity
(continued)

temperature
dependent thermal
conductivity
(continued)

temperature
dependent specific
heat (continued)

CEA keps

yes using Boussinesq
approximation,
Reference
temperature 59 and
beta function of T
according to the real
density at T;
reference density at
59

dynamic viscosity mu
function of T

constant, value at
59

constant, value at
59

CEA nut0
(sequential)

yes using Boussinesq
approximation,
Reference
temperature 59 and
beta function of T
according to the real
density at T;
reference density at
59

dynamic viscosity mu
function of T

constant, value at
59

constant, value at
59

CEA par (parallel)

yes using Boussinesq
approximation,
Reference
temperature 59 and
beta fonction of T
according to the real
density at T;
reference density at
59

dynamic viscosity mu
function of T

constant, value at
59

constant, value at
59

Fortum Engineering
Ltd

Yes

Yes

No

Yes

Framatome
Technologies Inc.

YES - Variable
density via quadratic
equation fit

YES - Variable
viscosity via
exponential equation
fit

YES - Variable
conductivity via
exponential
equation fit

NO

GRSmbH, Germany

const. density

const. viscosity

const. thermal

const. specific heat

conductivity

Nuclear Research no no no no
Institute Rez plc
US Nuclear Table, Code uses Table, Code uses Table, Code uses |Constant
Regulatory Interpolation at each |Interpolation at each [Interpolation at
Commission time step time step each time step
NUPEC(Nuclear Yes Yes (fitted by the 4'th [No, constant value |No, constant value
Power Engineering  |(1000.8+2.59*10-  |order polynominal)
Corporation) 2*T-6.05*10-

3*T2+1.60*10-5*T3)
Vattenfall Utveckling [piecewise linear, 4  |piecewise linear, 5  |piecewise linear, 5 [piecewise linear, 5
AB points points points oints
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4.4  Turbulence modeling and wall treatment

The consequences of a rapid boron dilution transient depend not only on the initial slug
volume but also on the mixing experienced by the slug as it progresses to the core inlet. This
mixing is turbulence dominated, and thus the turbulence modeling is an essential component
of input model preparation. If computational methods and mesh refinement are adequate,
turbulence modeling must be employed to reproduce the physical mixing associated with
rapid boron-dilution transients. As can be seen in Table 4-6, all but one participant used
turbulence modeling. One other participant carried out a sensitivity study on the effect of
turbulence by running a model with a 600,000 cells using k-€, and than increasing the cells to
125 % but omitting turbulence. Only two participants deemed the increased computational
complexity associated with the RNG turbulence model necessary.

Table 4-6: Turbulence and wall modeling parameters

Organization Turbulence model and constants if |Wall treatment
different from standard

AEA Technology k-epsilon Smooth, adiabatic with standard
logarithmic wall functions

Battelle Ingenieurtechnik GmbH  |k-eps standard model log - law

CEA keps standard K-Epsilon standard wall laws, without any mesh
refinement near the wall

CEA nut0 (sequential) Turbulent diffusivity = 0 No wall laws

CEA par (parallel) Turbulent diffusivity = 0 No wall laws

Fortum Engineering Ltd Standard k-eps model Logarithmic wall functions

Framatome Technologies Inc. K-epsilon Log law of the wall

GRSmbH, Germany k-e turbulence model log law

Nuclear Research Institute Rez plc |k - epsilon standard wall function

US Nuclear Regulatory RNG k-epsilon non-equilibrium wall functions

Commission

NUPEC (Nuclear Power No use of any special turbulence No slip and adiabatic condition

Engineering Corporation) model

Vattenfall Utveckling AB RNG-k-epsilon adiabatic, roughness=0, non-
equilibrium wall function

45  Outlet modeling

The simulation outlet boundary is positioned one-third to half-way up into the core region.
The reason for it is the flow feedback to the lower plenum and the downcomer can affect the
flow pattern. The parameters of Table 4-7 describe the outlet boundary of each simulation. In
addition to the physical position of the outlet and the boundary condition, the modeling of the
support plate and the pressure loss experienced by the fluid can potentially affect the
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feedback into the lower plenum and downcomer. Although participants’ input model outlets
range significantly, a comparison of effect is not possible from the ISP 43 data since too
many parameters are dissimilar.

Table 4-7: Outlet boundary input parameters

Organization Outlet locations (fn z) |Boundary  |Modeling of core |Total pressure drop from
condition at |support plate bottom of the vessel to the
the outlet outlet at steady state

AEA Technology Ring around inside of [Neumann Porous medium 100 Pa

core barrel, 0.156m  |boundary with flow
above centre of cold |conditions |resistance
legs

Battelle z=0,167m zero gradient |actual simulation |6847 Pa

Ingenieurtechnik via nonmatch

GmbH

CEA keps Z =-,62865 Uniforme No modeling : Computations stopped before
pressure continuous steady-state is reached;

medium as possible [buoyancy effects included in
using coarse pressure pressure not stored
meshes and difficult to understand

CEA nut0 Z =-,62865 Uniforme No modeling : Computations stopped before

(sequential) pressure continuous steady-state is reached;

medium as possible [buoyancy effects included in
using coarse pressure pressure not stored
meshes and difficult to understand

CEA par (parallel) |Z =-,62865 Uniforme  |No modeling : Computations stopped before
pressure continuous steady-state is reached;

medium as possible [buoyancy effects included in
using coarse pressure pressure not stored
meshes and difficult to understand

Fortum Engineering (Model included short |Reference |Detailed model 8 kPa

Ltd parts of the hot leg pressure P=0 |using tetrahedral

pipes Pa mesh
Framatome At extended core outlet| Constant 5 Rings of 1.7 inches H20
Technologies Inc. (Z =-20.25 inches pressure distributed

above nozzles) resistance elements
GRSmbH, Germany |hot leg A intersection |const. porous media 1500 Pa

with DC wall pressure

Nuclear Research 0.5731 m under leg pressure none 268.52 Pa

Institute Rez plc level

US Nuclear z=-448m (44.8 cm |constant P  |Porous Media 150 Pa at centerline

Regulatory below cold legs)

Commission

NUPEC(Nuclear level where free outflow |The plate was not |1000(Pa) for Test-A and

Power Engineering

downcomer gap

modeled but the

1200(Pa) for Test-B

Corporation) changes from narrow equivalent flow
to wide (0.7504m from resistance was
bottom of the vessel) applied.
Vattenfall z=+0.216 static uniformly 180 Pa
Utveckling AB pressure = 0 |distributed
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5 Dataand Figuresof Merit Comparison

The initial figure of merit selected at the first ISP 43 workshop was the average temperature
at level 4, i.e., at the exit of the downcomer. During the second workshop, participants
selected an additional set of indicators to aid in the overall evaluation of code performance.

Specifically, the level average temperature was supplemented with the standard deviation at
that level, and the minimum and maximum, which are indicative of the azimuthal mixing of
the front/slug. Furthermore, the same first order (level average temperature) information was
to be evaluated just below and above the slug entrance, i.e., at levels 8 and 10. The azimuthal
distribution figures of merit are also evaluated at these levels. The flow pattern in the
expanded downcomer is also shown at several representative times for both the tests and
participant submissions.

51 TestA

The precision of an azimuthal average and standard deviation obtained by sampling only the
24 channel-centered thermocouples at a particular level was verified in the visualization
facility. The Figure 5-1 plots show a comparison of the average and standard deviations
obtained using the full azimuthal resolution of the LIF technique (360 points) as compared to
the 8, 12, or 24 points used in the loop level averages. Typically the mean values were close,
although the level 10 data show some clear differences with the full resolution results. The
more important level 4 data gives very good agreement, indicating that 24 azimuthally
spaced points seems to be sufficient to capture the first and second moments of the
concentration distribution.
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Figure 5-1. Comparison of continuous azimuthal sampling to 24 discrete locations sampling for
levels 4, 8 and 10 during test A
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It should be pointed out, however, that the sampled points used in this comparison still
represent radially averaged values, whereas the loop thermocouple data is only acquired at a
single radial position; the measurement loci difference is illustrated in Figure 5-2.

downcomer

Loop thermocouple
acquires a point reading

visualization facility
acquires a radially-
averaged reading

Figure 5-2. Measurement loci of the loop and visualization facility

5.1.1 Initial/Boundary Conditions and Ensemble Data for Test A

Initial and boundary conditions supplied to participants were taken from the second test of
series A. The initial primary coolant temperature was specified to be uniform at 74 °C. The
boundary conditions consisted of the inlet flow rate and front temperature given in Figure 5-3
and the core pressure drop given in Figure 5-4.
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Figure 5-3. Flow and temperature boundary conditions for test A
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Figure 5-4. Core pressure drop boundary conditions for test A
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5.1.1.1 Level4

The level 4 azimuthally averaged temperature history is the principal figure of merit for ISP
43. This figure is augmented by indicators of azimuthal mixing: standard deviation,
minimum, and maximum among thermocouples positioned at the 24 azimuthal locations

Figure 5-5 plots the azimuthally averaged temperature histories at level 4. Experimental and
computational data are shown. The solid black line and the black error bars represent the loop
data for the 16 redundant tests. The nominal test, i.e., the test for which boundary conditions
where supplied to participants, falls within the standard deviation and is represented by a thin
black line. The ensemble average and standard deviation of the 8 redundant visualization test
is represented by the red line and the red error bars. The loop and visualization facility
temperature histories are within each other’s standard deviation. Participant submissions are
indicated by the other lines on the plot. While computations appear to be generally in very
good agreement, a general trend of slight undermixing is noticeable in about half of the
simulations.

Figure 5-6 shows the history of the standard deviation among the 24 thermocouples of level
4. This is a measure of the azimuthal mixing the front has experienced by the time it reaches
the downcomer outlet. Ensemble loop and visualization facility data are again within each
other’s standard deviation. Participant predictions are distributed around the experimental
data with some showing more azimuthal mixing than measured experimentally, and other
showing less. It is interesting to note that at about 30 seconds all simulations show a more
uniform azimuthal distribution than the experiments.
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Figure 5-5. Level 4 azimuthally averaged temperature histories for Test A

Page 71 NEA/CSNI/R(2000)22



level 4 stdev —aeat
35 battelle
x framatech
30 —ars
—— Vo
. nri
O 257 nrc
§’ nupec
2 20 vattenfall
S —ensemble A
g 15 - —testA
o Viz
e
210
5 TTT—u—
S )
0 - : : =
10 15 40 45 50

Figure 5-6. History of the standard deviation of the 24 channel-center thermocouples at level 4
for Test A

The minima and maxima, Figure 5-7 and Figure 5-8, are further indicators of azimuthal
mixing. The general agreement between experiments and predictions is very good for
minima. The minimum histories that fall below the experimental data confirm a trend of
under mixing in a couple of predictions. The general agreement is not equally good for the
maxima. Note that the maximum is representative of the primary coolant in the boron
dilution transient. This means that the experiments show the front to be more segregated that
do some calculations, since it takes longer for the primary coolant to be mixed into the
diluted slug in both the loop and the visualization facility.

5.1.1.2 Level 8

Level 8 thermocouple readings were added to the list of figures of merit during the second
workshop. Data from this level indicates flow pattern development as shown in subsequent
sections and in section 5.2.2.

Level 8 average temperature histories are shown in Figure 5-9. Loop and visualization
facility data fall within each others standard deviations, but are more distinct than level 4
averages. Almost all participant submissions are within the visualization facility standard
deviations, but lie distinctly below the loop with the exception of the IVO submission. As

will be discussed in section 5.2.2, the level 8 behavior is a primary indicator of distinctions in
flow pattern.
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Figure 5-7. History of the minimum among the 24 channel-center thermocouples at level 4 for
Test A
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Figure 5-8. History of the maximum among the 24 channel-center thermocouples at level 4 for
Test A
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Figure 5-9. Level 8 average temperatures among the 24 channel-center thermocouples for Test
A

Figure 5-10 through Figure 5-12 show the standard deviation minima and maxima histories
at level 8. The figures indicate that the front remains more segregated and the primary fluid is
slower to get entrained into the front (see especially Figure 5-12) in the loop and IVO data,
but is more uniformly mixed azimuthally in the visualization facility and the balance of
participant submissions.

5.1.1.3 Level 10

Level 10 is relatively poorly instrumented in the loop. The average temperature and standard
deviation histories are plotted, however, to complete the quantitative analysis of flow pattern
features. The average temperature histories of Figure 5-13 show that the front affects level 10
about 3 seconds later in the loop than in the visualization facility or participant submissions.
Furthermore, the loop and IVO histories show that throughout the transient, level 10 is
slower to become mixed. The standard deviation histories depicted in Figure 5-14 also show
substantial differences between most of the simulations and the loop and visualization facility
data. Experimental data show that the front penetrates upwards, a relatively high degree of
segregation between cold and warm fluids persists throughout the transient. Computational
data, with the exception of IVO, NRI and Battelle, indicate that level 10 becomes uniformly
mixed within about 30 seconds of the start of the simulation.
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Figure 5-11. Level 8 minima among the 24 channel-center thermocouples for Test A
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Figure 5-12. Level 8 maxima among the 24 channel-center thermocouples for Test A
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Figure 5-13. Level 10 average temperatures among the 24 channel-center thermocouples for

Test A
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Figure 5-14. Level 10 standard deviations among the 24 channel-center thermocouplesfor Test
A

5.1.2 Azimutha Behavior for Test A Levels4, 8 and 10

The progresson of the front through the system can be tracked by plotting the tempora
evolution of the front at a particular level. Figure 5-15 shows this information as obtained
from loop data.

Ensemble Average Ensemble Standard Deviation

Figure 5-15. Test A ensemble averages and ensemble standard deviation obtained in the loop
for Levels 8 (top pair), and 4 (bottom pair). The horizontal axis represents the azimuthal
position, the vertical axis represents volume injected, and the color indicates concentration (red
= warm primary or “borated”, dark blue = cold front or “dilute”)
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Figure 5-16 shows the temporal evolution of the azimuthally resolved ensemble averages at
three different levels of the downcomer as measured in the visualization facility. These levels
correspond to three of the specific locations (level 4, 8, and 10) in which detailed
instrumentation was installed within the integral 2x4 loop facility. The plots show time along
the vertical axis, and the azimuthal position around the downcomer (positive angles are
clockwise when viewing the downcomer from above). The red end of the spectrum indicates
the maximum scalar concentration of the simulated Boron, while the dark blue indicates a
near zero or “dilute” volume of fluid.

Level 10 (topmost level, blue line) gives the average concentration evolution in the upper
downcomer, in a region between the injection inlet and the upper DC boundary. This level
sees the earliest evolution of the front passage, with the interface passing through level 10
first at an azimuthal location of 0°, at a time of approximately 7 seconds. This corresponds to
the radial expansion of the front around the injection point. The relatively weak ensemble
standard deviation for this level also shows the strong repeatability of the flow evolution in
this part of the downcomer, along with a relatively sharp interface that is characterized by
relatively little mixing.

Level 8 (middle level, green line) shows the concentration evolution within a region just
above the DC gap expansion. The trace is very similar to the Level 8 evolution, with the
exception of a little more irregularity in the region opposite the injection leg (-180 degrees),
where the front interfaces meet at a stagnation plane before they are forced to enter the lower
plenum.

Level 4 shows the greatest amount of mixing and variability, concentrated in a recirculation
zone centered below the injection leg (starting first in the region close to 0 degrees and
spreading out towards +/- 100 degrees as time increases). The large ensemble standard
deviation in this region indicates a variability of the large-scale structures along the interface.
In addition, the fact that the azimuthal profile remains relatively unchanged from 12 to 17
seconds gives rise to a consistent “flat spot” that can be characteristically observed in the
level 4 average profiles shown in figure 5-1. A discussion of these features and their cause
will be discussed in the flow pattern section the report (section 5.2.2).

5.1.2.1 Level4

A quantitative way of examining the flow pattern is by plotting the azimuthal profile at
several times through out the transients. The times selected for test A are 24, 28, 32 and 36
seconds. In Figure 5-17, the origin corresponds to the center of the injection cold leg, CL Al,
and the angle increases counterclockwise when viewed from the top. The data of Figure 5-17
is the ensemble average of the 16 redundant A tests in the loop; standard deviations marked
by error bars. The plot shows that the front penetrates downwards under the cold leg and that
the region opposite the injection site is the last to be mixed. The significant standard
deviation around the injection site at 24 s shows that the front is spreading to varying degrees
as it travels through the downcomer.
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Figure 5-16. Test A ensemble averages and ensemble standard deviation obtained in the
visualization facility for Levels 10 (top pair), 8 (middle pair), and 4 (bottom pair). The
horizontal axis represents the azimuthal position, the vertical axis represents time, and the color
indicates concentration (red = 100% or “borated”, dark blue = 0% or “dilute”). Note inverted
time axis relative to Figure 5-15.
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Figure 5-17. Temporal progression of the azimuthal distribution at level 4 in the loop for Test
A
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Figure 5-18 through Figure 5-21 compare the loop and Visualization facility data to
participant submissions. The visualization data differ from the loop data, and indicate a
different flow pattern. In the visualization facility, the front reaches level 4 predominantly to
the left and the right of the injection cold leg, and less mixing is observed under the injection
site and on the side opposite to CL Al. At 28 seconds, the front is predominantly flowing on
the side opposite the injection cold leg. Participant submissions at both 24 and 28 s appear
closer to the visualization facility experiments. At 32 and 36 data, all experimental and
computational data converge. The flow pattern is discussed in further details in section 5.2.2.

5.1.2.2 Level 8

The azimuthal temperature evolution at level 8 in the loop is plotted in 4 s increments in
Figure 5-22. Since 0 degree corresponds to the injection site, it can be noted that the front
flows primarily vertically under CL Al.

Figure 5-23 through Figure 5-26 compare loop data to visualization facility and participant
submissions. While in the first part of the transient experimental data and computations are in
good agreement, differences become apparent as the transient progresses. Specifically, at 28
and 32 s only the loop and IVO data show that the primary coolant on the side opposite the
injection is relatively unaffected, and that the front entrains primarily fluid under the
injection site. This observation is consistent with flow pattern examinations, which are
presented in section 5.2.2.
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Figure 5-18. Azimuthal distribution at level 4 at 24 s for Test A
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level 4 azimuthal distribution at 28 s
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Figure 5-19. Azimuthal distribution at level 4 at 28 s for Test A

level 4 azimuthal distribution at 32 s
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Figure 5-20. Azimuthal distribution at level 4 at 32 s for Test A
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level 4 azimuthal distribution at 36 s
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Figure 5-21. Azimuthal distribution at level 4 at 36 s for Test A

) ) ! ) ——20s
level 8 azimuthal distribution
80 —m—24s

~—4—28s

——32s

temperature (deg. C)

0 60 120 180 240 300 360
degrees from CLAL inlet

Figure 5-22. Azimuthal distribution at level 8 in the loop at 20, 24, 28 and 32 s for Test A
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Figure 5-23. Azimuthal distribution at level 8 at 20 s for Test A
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Figure 5-24. Azimuthal distribution at level 8 at 24 s for Test A
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level 8 azimuthal distribution at 28 s
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Figure 5-25. Azimuthal distribution at level 8 at 28 s for Test A
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Figure 5-26. Azimuthal distribution at level 8 at 32 s for Test A
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52 TestB

As for test A, the visualization facility confirmed the adequacy of thermocouple sampling in
the loop. The azimuthally averaged data (Figure 5-4) leads one to similar conclusions to
those provided by the front case. Namely, the high-resolution levels (24 sampling points)
appear to provide adequate sampling to provide a converged mean and standard deviation
provided there are not any significant radial variations in the concentration data.
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Figure 5-27. Level average and standard deviation comparisons of concentration vs. time for
Test B

5.2.1 Initial and Boundary Conditions and Ensemble Data for Test B

The initial and boundary conditions for test B were derived from the second test in the series.
The temperature and flow given to participants is shown in Figure 5-28.
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Figure 5-28. Flow and temperature boundary conditions for test B
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Figure 5-29. Core pressure drop boundary condition for test B

As in test A, the averages of the channel center thermocouples on levels 4 and 8 are the
principal figures of merit. The data are supplemented with standard deviation, minimum and
maximum histories to evaluate the azimuthal mixing. Because test series B injects a slug,
which is a realistic representation of the injected volume in the boron-dilution transient, the
average readings and mixing parameters at level 3 are also compared. This is the core inlet
plane, and the quantities examined would provide the boundary and initial conditions for the
coupled neutronic thermal-hydraulic computations necessary to evaluate the consequences of
a boron dilution scenario.

5.2.1.1 Level4

Participant submissions are in good agreement with the loop data, as can be observed in
Figure 5-30. Furthermore, several participant submissions fall within the narrow standard
deviation of the 6 redundant test B loop runs. Note that the slug injected in the loop is 56 1,
while that injected in the visualization facility is 801, which makes the comparison between
the two sets of experimental data difficult. A further data reduction step that extracts the slug
center is potentially possible, but it has to be applied individually at each level. This
reduction step has not been carried out because the loop and visualization facility slugs differ
in one other aspect. Specifically, the end of the slug is separated through a membrane in the
visualization facility, which limits all diffusion at that end between the primary and slug
coolants. Figure 5-30 illustrates this aspect by the steeper ascension of the trailing end of the
slug, relative to loop, of computational temperature histories.

Figure 5-31 shows the standard deviations among the 24 channel center thermocouples.
There are two local maxima in the history corresponding to the front and trailing ends of the
slug. Participant simulations are again in good overall agreement with loop data. The minima
of Figure 5-32 and the maxima of Figure 5-33 confirm that the simulations properly capture
the azimuthal mixing at level 4.
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52.1.2 Level 8

The level 8 average temperatures measured by the 24 channel center thermocouples are
depicted in Figure 5-34. The loop standard deviation from the 6 redundant tests is very low
as a consequence of the good repeatability of this test. As seen in Figure 5-35, most
participant submission azimuthal mixing predictions are in very good agreement with loop
data, but some simulations appear to excessively segregate the slug and primary fluids. It
must also be noted that the standard deviation at level 8 only exhibits one maximum. This is
indicative of the fact that the flow becomes well mixed azimuthally after the front end of the
slug passes. Figure 5-36, the minimum temperature history, and Figure 5-37, the maximum
temperature history, demonstrate that investigating standard deviation alone is insufficient.
Specifically, the maxima of Figure 5-37 show that code predictions overestimate the extent to
which warm primary coolant is entrained into the cold slug. This suggests that further
attention has to be paid to mesh refinement near the injection site where the main flow
features develop.
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Figure 5-30. Level 4 average of the 24 channel-center thermocouples for Test B
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Figure 5-31. Level 4 standard deviations among the 24 channel-center thermocouples for Test B
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Figure 5-32. Level 4 minima among the 24 channel-center thermocouples for Test B
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Figure 5-33. Level 4 maxima among the 24 channel-center thermocouples for Test B
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Figure 5-34. Level 8 averages of the 24 channel-center thermocouples for Test B
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Figure 5-35. Level 8 standard deviations among the 24 channel-center thermocouples for Test B
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Figure 5-36. Level 8 minima among the 24 channel-center thermocouples for Test B
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Figure 5-37. Level 8 maxima among the 24 channel-center thermocouples for Test B

52.1.3 Level 10

The level 10 figures of merit show that only a few predictions capture the predominantly
downward flow of the injected slug. As seen in the level average temperature histories of
Figure 5-38 CEA and IVO are in good agreement with experimental data, but the other
simulations show substantial cooling at level 10. The finding is supported by the standard
deviations, minima, and maxima of Figure 5-39 through Figure 5-41, in which most code
predictions rapidly transfer a large portion of the slug upwards and quickly entrain the warm
primary coolant.

52.14 Level 3

CFD codes will be used to estimate the amount of unborated fluid that reaches the core
entrance in rapid boron dilution investigations. Both the spatial and temporal distributions of
boron in the coolant are boundary and initial conditions needed for coupled neutronics
thermal-hydraulics computations. These parameters are represented by the same figures of
merit as investigated at levels 4 and 10. The average temperature histories at the core inlet,
actually below the core support plate, are depicted in Figure 5-42. Figure 5-43 through Figure
5-45 show the standard deviation, minimum and maximum histories at the same level. The
level average simulation predictions are in excellent agreement with experimental loop data.
However, some simulations show the primary coolant to remain more segregated spatially
from the slug than the experiment. A few appear to somewhat overmix the two fluids. It is
also interesting to note that the two maxima in Figure 5-43 show that the standard deviations
are noticeable for both the front and end of the slug. Computations accurately capture this
feature of the transient.
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Figure 5-38. Level 10 averages of the 24 channel-center thermocouples for Test B
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Figure 5-39. Level 10 standard deviations among the 24 channel-center thermocouples for Test
B
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Figure 5-40. Level 10 minima of the 24 channel-center thermocouples for Test B
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Figure 5-41. Level 10 maxima of the 24 channel-center thermocouples for Test B

Page 93

NEA/CSNI/R(2000)22




Iev7esl 3 average

70

65

60

55

50

temperature (deg. C)

45

40

35

30

10 15 20 25 30 .35 40 45 50 55 60
time (s)

Figure 5-42. Level 3 averages of the 24 channel-center thermocouples for Test B
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Figure 5-43. Level 3 standard deviations among the 24 channel-center thermocouples for Test B
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Figure 5-44. Level 3 minima of the 24 channel-center thermocouples for Test B
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Figure 5-45. Level 3 maxima of the 24 channel-center thermocouples for Test B
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5.2.2 Azimuthal Behavior for Test B Levels 4, 8 and 10

The pattern similarity between loop and visualization facility data, detailed in section 6.2,
allows the discussion of azimuthal behavior to be made by illustrating visualization facility
data. The ensemble averaged mean and standard deviation of the slug concentration is shown
in figure 5-3. The plots show time along the vertical axis, and the azimuthal position around
the downcomer (positive angles are clockwise when viewing the downcomer from above).
The red end of the spectrum indicates the maximum scalar concentration of the simulated
Boron, while the dark blue indicates a near zero or “dilute” volume of fluid.

The azimuthally resolved slug level averages shown below give a similar shape to the front
evolution shown in the section 5.1.2. The main difference is that a trailing interface can now
be observed to pass through a given level at a later time, restoring the concentration to near
its original value. Qualitatively, the evolution of the trailing interface typically looks quite
similar to the leading interface, but perhaps shows a slightly greater standard deviation value,
which is consistent with the greater variability that was observed in the timing of the trailing
interface. The total amount of mixed volume within the downcomer, however, will be greater
than the front case, owing to the fact that there is a greater interfacial area available for
mixing (i.e., both the leading and trailing interface).

6 Flow Pattern

The movies of temperatures in the expanded downcomer generated from loop, visualization
facility and participant submissions show that there is variability in flow pattern. The
variability is also noticeable in the results presented in section 5. An observation of the
general flow pattern is beneficial and instructive to:
* understanding the general behavior of the mixing one expects to encounter in such
complex geometries,
* comparing similarities and differences between the various experiments and
simulations,
» facilitating future discussions of the flow features to which the simulations may be
particularly sensitive.

In order to present a general discussion of the observed features, a representative temporal
sequence of images generated by the 2x4 loop, the visualization LIF studies, and participant
submissions are shown in the following sections.

6.1 TestA

The azimuthal temperatures plotted at levels 4 and 8 indicate that a further investigation into
flow pattern is desirable. The following sections present this investigation for both
experimental facilities and participant submissions.

6.1.1 Loop flow pattern

Two-dimensional downcomer temperature field visualizations were produced from the
downcomer TC measurements and presented as colored rectangular maps. The map area
represents the unfolded downcomer in its entire axial height, which includes TC levels 4
through 11. Only data from the TCs located at the downcomer gap midpoint were used for
visualization. The openings of all cold leg nozzles are indicated as white circles as are the hot
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leg penetrations. The red color corresponds to the maximum normalized temperature of one,
indicating unmixed system coolant, and black corresponds to the lowest normalized
temperature of zero, indicating unmixed front fluid. The azimuthal unfolding of the
downcomer is performed in a way as if the cold leg is located in front of the figure so that the
front enters the downcomer along the direction from the viewer’s eyes towards the map.

Ensemble Mean Ensemble RM5

200 100 o 180
L]
10
1%
20

200 100 0 100

& 20/

25

l"l“" .
<200 S lii] 0 100 200 <104 0 100
Axirmiithal Angle (degiess)

Figure 6-1. Test B ensemble averages for Levels 10 (top pair), 8 (middle pair), and 4 (bottom
pair). The horizontal axis represents the azimuthal position, the vertical axis represents time,
and the color indicates concentration (red = 100% or “borated”, dark blue = 0% or “dilute”).

Figure 6-2 a. shows 4 snapshots, arranged horizontally and ranging from left to right, of the
flow pattern in the loop downcomer at 24, 28, 32 and 36 seconds for the nominal A test, i.e.,
the test for which initial and boundary conditions were provided to participants. After its
practically uniform radial spreading upon the barrel wall, the front fluid follows predominant
flow paths for subsequent advancement and occupation of the downcomer volume. Initially,
a predominant favorable path is established going from the injection point diagonally down-
and leftwards. This is explained by the presence of the hot leg A that forms a local flow
blockage to the right from the injection point beneath hot leg B, being the predominant
entrance position, and beneath hot leg A as the front encompasses and streams downwards
with its advancement into the downcomer.

The ensemble averages of the 16 redundant A tests at the same time points are shown on
Figure 6-2 b. Figure 6-2 c. shows the standard deviations among the 16 redundant tests at the
same time points. Since the standard deviations appear substantial at 28 and 32 s, individual
snapshots of each test are also plotted.
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Figure 6-2. Flow patterns at 24, 28, 32 and 36 seconds as obtained from: a. the nominal test A,
and b. ensemble of the 16 redundant tests; c. standard deviation in the ensemble of the 16
redundant tests

Individual snapshots shown in Figure 6-3 through Figure 6-6 for 24 s through 36s, are placed
as shown in Table 6-1. A close investigation of the snapshots at 28, 32 and 36 s shows that
the tests fall into two categories. The first category comprises tests 93 60 01, 93 60 02, 93 60
03, 93 60 05, 93 60 06, 93 60 08, 93 60 09, 93 60 13, and 93 60 16, which exhibit the same
behavior of the nominal test A. However, 93 60 07, 93 60 10, 93 60 14, 93 60 17, 93 60 18,
93 60 19, and 93 60 20 differ from the first group. Specifically, a weaker flow tongue finds
its way from the injection point diagonally right- and downward. This forms a A-shaped
structure with a stronger left branch. The area between the two flow tongues, located beneath
the cold leg nozzle, represents a slow moving recirculation zone, which persists throughout
the time period depicted in the snapshots.

Table 6-1. Matrix of tests depicted in Figure 6-3 through Figure 6-6

936001 93 60 02 93 60 03 93 60 05
93 60 06 93 60 07 93 60 08 93 60 09
9360 10 9360 13 9360 14 9360 16
936017 93 60 18 9360 19 93 60 20
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Figure 6-4. Snapshots of the 16 redundant tests of series A at 28 s (72 liters)
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Figure 6-5. Snapshots of the 16 redundant tests of series A at 32 s (100 liters)
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Although the non-linearity of the flow caused by the multidimensional domain and the
turbulent flow regime does not preclude variations in flow pattern (see also visualization
facility data discussion), the distinction between the two groups identified above is
attributable to slight differences in buoyancy effect among the tests. The differences are due
to the temperature differences of the primary coolant and front caused by fluctuations in
initial heat up as well as changes in city water temperature. To quantify buoyancy
differences, the Froude (Fr) number was calculated from:

Fr = flow rate
downcomer area \/ length * gravity * bulk density * (jet density - bulk density)

where: flowrate—is as measured during the test in kg/s, Equation 6
downcomer area—is the horizontal cross section at level 8 in mz,
length—is the vertical distance between the center of the injection cold leg and level
8 in m,
gravity—is in m/s%,
bulk density—is the azimuthally averaged density at level 8 in kg/m’, and
jet density—is the inlet density measured by the thermocouples in CL A1 in kg/m”.

Level 8 was selected to represent the bulk temperature because differences are already
apparent at this point. The density was obtained from all channel center thermocouples to
eliminate any arbitrariness in the calculation of the Fr number. The Fr number histories of the
redundant tests of series A are plotted in Figure 6-7. The plots clearly show two families of
curves. In the first, the Fr number levels off at about 50 1 and remains flat under a value of 6.
These tests exhibit a predominant single branch of downwards flow. In the second family, Fr
numbers continue to ascend past 50 1 and reach values of 9 to 11. These tests all exhibit the
stagnation region under the injection cold leg. The only test that does not distinctly fall
within one of these families is 93 60 09; that test reaches a Fr of 7 at 100 1 injected and
appears typical of the first family.

12

—=93 60 01 Test A 93 60 03
10 4+ 93 60 05 =93 60 06 93 60 07 tests ﬁldt
——93 6009 —9360 10 93 60 13 exhib. <
93 60 14 93 60 16 93 60 17 SM” -
8 93 6018 =—9360 19 93 60 20 re W
/\/‘l//nje igh site

Froude number
(2]

tests with flow C\
W

3 hyranech
St |g|e orarrcir

10 20 30 40 50 60 70 80 90 100
injected flow (I)

Figure 6-7. Froude number histories for the redundant tests of series A
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6.1.2 Visualization facility flow pattern

A sequence of quantitative images from the visualization facility is shown in Figure 6-3.
Each of these images corresponds to a reduced data field that is approximately 400x500
elements (horizontal x vertical), which has not been smoothed or filtered in any way after the
normalization. Within each of these figures, the horizontal axis corresponds to the azimuthal
position (0 being the position of the injection cold leg, positive increasing angles correspond
to clockwise direction when vessel is viewed from above) and the vertical axis is the axial
location (z = 0 being the inlet level). The high-resolution of the images clearly depict the
scale and shape of the radially-averaged turbulent mixing interface between the dyed and
dilute streams, as well as the geometrical features within the downcomer itself.

As the leading edge of the front is injected into the downcomer (Figure 6-3a), the interface at
first expands radially outward from around the cold leg inlet. A circular recirculation zone or
vortex ring is centered about the axis of the injection leg. Occasionally these rings can be
seen owing to the mixing layer that forms in the mid-plane of the downcomer, causing waves
and striations of non-uniform concentration to appear around the cold leg injection point.

The cylindrical symmetry about the inlet leg is soon broken by the curvature of the
downcomer, the upper boundary, and the gap expansion. The front then expands azimuthally
around the downcomer (Figure 6-3b), until it nears the region 180 degrees opposite the inlet
leg, where a stagnation plane is formed (Figure 6-3c). Note that the strong asymmetry
observed in the 2x4 loop measurements is not as prevalent in the visualization studies.
Although there appears to be a slightly advanced development in the plume extending
towards Hot Leg B (B = 110°), it appears to be only a minor deviation from the azimuthally
symmetric pattern. There are several possible reasons that could contribute to this difference
in flow pattern between the 2x4 loop and the visualization facility:

1. The visualization measurement represents a radial average, while the 2x4 loop data
are from single points in the center of the downcomer.

2. The 2x4 loop injected front is negatively buoyant due to the temperature difference
between the mixed and unmixed fluid, while the visualization front is neutrally
buoyant.

3. The hot legs in the visualization facility are slightly misplaced (shifted azimuthally by
10°) in comparison to the corresponding locations on the 2x4 loop.

While the differences are likely due to a combination of these three factors, the first two are
the most significant.

After the plumes start to reach the stagnation plane opposite the injection leg, the flow is then
directed downward toward the lower plenum. Wakes from the hot-leg plenum are clearly
visible, as is the entrainment that occurs past the other stagnant cold leg volumes Figure 6-
3c).

One interesting feature of the flow is the recirculating region that occurs immediately below
the injection leg. This region maintains a volume of relatively unmixed high concentration
fluid in lower downcomer until the dilute fluid reaches the lower plenum opposite the
injection leg (Figure 6-3d). After entering the lower plenum, some of the fluid enters the
core, while the balance is eventually brought into the recirculation region from below (Figure

Page 104 NEA/CSNI/R(2000)22



6-3e, 6-3f). During the time that the front is propagating in the lower plenum, the
concentration distribution within the downcomer is relatively unchanged, which results in the
characteristic “flat spot” observed in the level average concentration profiles (Figure 5-1, at a

time of 13 to 17 seconds).
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Figure 6-8. Temporal sequence of a single front injection test (061499 run3). Vinj is the
injected volume corresponding to the equivalent loop tests as listed in Table 3-3.

Even though great pains were taken to ensure repeatable testing conditions, there were
several notable variations in the flow pattern observed for the same nominal test. These
differences occurred at the interface between the recirculation region within the lower
downcomer beneath the injection leg and the streaming front as it was moving azimuthally
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around the downcomer. Representative images illustrating these differences from several
different cases acquired at the same injected volume are shown in Figure 6-4.

[ =1 a = [=

= 3 = =]

Figure 6-9. Variation in mixing pattern observed within nominally identical initial conditions

The images of Figure 6-9 are sampled from four different tests at the same injection time. The
other half of the cases exhibited “tongues” of dilute fluid that would drop down into the
middle of the recirculation region (Figure 6-9b), or to the left (Figure 6-9¢) or right (Figure
6-9d) of the cold leg plane. These plumes likely originate from some type of instability that
occurs along the stagnation point between the recirculation zone and the fluid streaming
downward from the upper downcomer. Further evidence of this will be presented throughout
the discussion.

In addition to the radial-averaged concentration field, the azimuthal and axial velocity field
was measured in two separate radial planes within the downcomer using a two-component
LDV system. In order to obtain the data with sufficient grid resolution within the time
constraints of the project, the velocity fields were sampled under steady state conditions (the
pump was operated at the nominal flow rate of 8 liters/sec and with sufficient settling time to
ensure steady conditions within the entire flow volume).

The two-component system was used in backscatter mode to simplify alignment, with the
transceiver positioned orthogonal to the outer barrel wall. This enabled the measurement of
the azimuthal and axial velocity components. Owing to the use of backscatter collection, the
probe volume consisted of an ellipsoidal region that was approximately 2 mm long and 0.08
mm in diameter. For this reason, data within a couple mm of the wall is less reliable than the
flow in general, and should be treated with caution. 15 micron, silver-coated, hollow glass
beads (specific gravity of 1.4) were used as tracer particles for the study. The measurements
were sampled on a grid with a spacing of 2 mm in the radial direction and 25 mm in the axial
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direction. The measurement region extended over a region of approximately 250 mm above
and below the gap expansion in the downcomer. With the exception of the near-wall points
and regions of nearly stagnant flow, 10,000 individual samples were acquired for each grid
point, which were then used to calculate the mean, standard deviation and Reynolds Stress
for each point.

The first samples were obtained in a radial plane located 30 degrees clockwise (viewed from
above) from the injection leg (Figure 6-10). The most readily visible feature in this plane is
the strong jet that is impacting on the inner core barrel and streaming radially away from the
inlet. At the level of the inlet (z = 0), the azimuthal velocity on the inner barrel shows
average magnitudes that are close to 2 m/s (the average pipe inlet velocity is 1.75 m/s). Near
the outer barrel wall, the velocity is reversed, with peak velocities on the order of 0.5 m/s.

In the axial direction, the inner jet shows regions of growing upward velocity above the plane
of the inlet, and downward velocity components below. As with the azimuthal velocity, the
axial velocity also shows reversed directions for the outer wall region. These features are
consistent with a trapped recirculating vortex ring that is caused by the strong flow separation
at the sharp edge of the inlet leg. The recirculation in this region forms a strong shear layer,
whose large-scale structures are highly strained by the radial expansion of the rings as they
propagate away from the cold leg inlet, and will also result in one of the strongest mixing
regions that the interface will likely pass through. The free shear layer formed between the
wall jet and the vortex ring can occasionally be visualized in the LIF images as rings of
intermediate concentration propagating outward from the inlet (Figure 6-11). Apart from the
vortex rings that appear as a natural feature of turbulent shear layers, the strain field between
successive vortex rings is known to amplify the formation of streamwise vortex structures.
When this natural instability is combined with the added mean shear of the radial expansion,
one would expect to see strong streamwise features forming as well. Evidence of these radial
streak features is clearly visible in LIF images (Figure 6-11).
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Figure 6-10. Steady-state downcomer radial and axial velocities contours at q = 30°
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Figure 6-11. Vortex rings and radial non-uniformities caused by the separated jet and resulting
mixing layer at the injection leg downcomer junction

In the lower downcomer, the azimuthal velocity is only several cm/sec, while the axial
velocity shows some downward motion on the order of 10 to 30 cm/sec. This area
corresponds to the middle of the recirculation region in the lower DC beneath the inlet leg.
There is also a slight upward motion beneath the gap expansion, which results from the
separation past the sharp lip.

The standard deviation of the mean velocities and the Reynolds stress give their greatest
values in the region between the wall jet and the recirculation ring around the inlet region.
The v,vg Reynolds stress indicate that the coherent structures of the turbulent mixing layer are
largely responsible for the transport of momentum across the gap with.

At 150 degrees around from the inlet, the flow is still clearly streaming azimuthally around in
the upper DC, and a little bit weaker in the lower DC (Figure 6-12). The wake generated by
the hot leg blind (located azimuthally at approximately 110 degrees) is clearly visible around
z = -50 mm. The axial flow at this plane is predominantly a downward streaming motion,
with similar magnitudes in both the upper and lower DC. The turbulent fluctuations in this
plane are dominated by the near wake flow of the hot leg, which shows the typical signatures
that one would expect from such a flow.
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Figure 6-12. Steady-state downcomer radial and axial velocities contours at q = 150°

6.1.3 Participant submission flow pattern

Table 6-2 is the matrix of participant submission snapshots in Figure 6-13 through Figure
6-16. It is noticeable in Figure 6-13 that most code predictions establish the stagnation region
early in the transient. Only IVO’s prediction shows a predominant flow downwards. Battelle,
GRS, NUPEC and Vattenfall exhibit clear stagnation regions at this early point. The
stagnation region persists throughout the period captured by the snapshots of Figure 6-14
through Figure 6-16 in all submissions, with the exception of IVO, which preserves the
predominantly leftward tongue flow. The differences are consistent with the extent to which
participants selected to model buoyancy effects, i.e., with IVO’s extensive inclusion of
buoyancy dependent properties relative to those of other participants. Specifically, IVO’s
simulation captures the features of the low Froude number flow, while the other submissions
fall within the high Fr family.

Table 6-2. Matrix of code submission snapshots depicted in Figure 6-13 through Figure 6-16

AEAT Battelle
GRS IVO
NRC NRI
Nupec Vattenfall
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Figure 6-14. Snapshots of the 8 participant submissions for test A at 28 s (72 liters)
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Figure 6-15. Snapshots of the 8 participant submissions for test A at 32 s (100 liters)
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Figure 6-16. Snapshots of the 8 participant submissions for test A at 36 s (128 liters)
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6.2 TestB

The tests of series B have a very short period of time at the beginning of the transient when
buoyancy density differences are significant. This is because a slug is injected, and thus after
the front of the slug passes, the density difference actually reverses as the tail end flows
through the downcomer. The Fr number for the 6 redundant tests of series B is shown in
Figure 6-17. It is important to note that the visualization facility slug is 40 % larger than that
injected in loop experiments and used in simulations, so a direct quantitative comparison
cannot be made. Qualitatively, however, the next sections show that the flow pattern is
largely consistent among experiments and simulations in this test series.

60
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—TestB
50 + 93 60 03 B-2

93 60 04 B-2
—936001B-3
—936002B-3

: |
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Figure 6-17. Fr number histories of the 6 redundant tests of series B

6.2.1 Loop downcomer flow pattern for test B

Because buoyancy plays a minor role in this test series, the results are highly reproducible. A
single point, at 48 liters injected, can be used to compare experimental and computational
results. As can be seen in Figure 6-18, the nominal test B, i.e., that for which boundary and
initial conditions were supplied to participants, is very similar to the average of the ensemble
of the 6 redundant tests. Note also that the standard deviation of the ensemble tests is very
small, confirming great reproducibility.
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Figure 6-18. Flow patterns at 48 liters injected as obtained from: a. the nominal test B, and b.
ensemble of the 6 redundant tests; c¢. standard deviation in the ensemble of the 6 redundant tests

The patterns of the 6 tests depicted in Figure 6-19 show that all B tests exhibit the stagnation
region underneath the injection cold leg. As expected, in these tests where the Fr number is
high throughout, the flow entering the downcomer spreads azimuthally and than flows

downwards forming the A structure.

Figure 6-19. Snapshots of the 6 redundant tests of series B at 48 liters
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6.2.2 Visualization facility downcomer flow pattern for test B

In the neutrally buoyant case of the visualization facility, the transient mixing process for the
slug case is initially identical to that of the front. As the trailing interface is injected,
however, the dilute "boron-free" water is flushed from the system in the same way it was
filled. The timing is such that the low-speed recirculation region immediately below the
injection leg is the last region to be flushed clear of the diluted slug. Note also that the slug
has a volume of 80 liters, which is approximately the same as that of the downcomer and the
lower plenum. As mentioned earlier, the water is recirculated for the slug test so that the fluid
entering on the “tail” side of the slug has been slightly diluted by that portion of the slug,
which already exited the lower plenum.

6.2.3 Participant submissions downcomer flow pattern for test B

Table 6-3 shows the matrix of snapshots depicted in Figure 6-21. AEAT, NRC, NRI, NUPEC
and Vattenfall show downcomer flow pattern consistent with those observed in the loop and
visualization facility. IVO’s flow exhibits only a slight stagnation region, while all of CEA’s
simulations show a predominant downward flow.

Table 6-3. Matrix of code submission snapshots depicted in Figure 6-21

AEAT CEA keps CEA nut0
CEA nutOpar VO NRC
NRI Nupec Vattenfall

6.3  Flow Pattern Observed Under I njection Cold Leg

One of the interesting features observed in the visualization of the flow pattern is the
structure of the impinging jet, and its intersection with the slow-moving recirculation zone in
the lower downcomer. Accurate representation of this feature, and its rate of mixing, will
likely have an impact on the structure of the rest of the flow field. Although some
information has already been provided with the steady-state velocity fields presented in
section 6-1, additional qualitative visualizations have been performed to supplement this
data.

Data was acquired in this case using a high-resolution (1008x1016 pixels) 8-bit CCD camera
to image a fixed radial plane centered on the cold leg inlet, sampled at a rate of 10 frames per
second. The field of view of the camera was selected to image the downcomer gap from just
below the cold leg, to a region approximately 15 cm below the gap expansion. No corrections
were made for the optical distortion caused by viewing the plane through the cylindrical wall
of the downcomer. Although the images were normalized to provide a semi-quantitative
representation of the data, the noise of the camera at these particularly low light levels was
sufficient to render the data suitable mainly for qualitative visualization. The sequence of
images showing a front injection event (test A) is depicted in Figure 6-12.
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Figure 6-12. Sequence of images depicting the temporal evolution of the concentration field
in the radial plane aligned with the downcomer. Numbers indicate approximate distances in
centimeters. Black color indicated zero concentration (dilute), while white indicated 100%
concentration (borated). The image sequence starts when the front first exits the cold leg and
subsequent images are separated by 1 second.

As the front first enters, the impinging jet can be clearly seen on the outer core barrel wall.
Fairly strong radial gradients initially exist during the first several seconds before the mixing
layer has had a chance to transport and mix the incoming dilute fluid with the borated fluid
trapped in the recirculating water moving towards the cold leg inlet. The ring structures
themselves are clearly visible as dark lumps spaced periodically along the downcomer.
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As the impinging jet moves toward the gap widening, it is seen to separate from the outer
barrel wall and reattach on the inner pressure vessel wall. From this point, the jet tip appears
to slowly roll up into a larger structure, which maintains its position just below the gap
widening. The mixing zone within this area appears to surge up and down several times
throughout the duration of the injection event, and other structures appear, grow, and decay
as if they were moving perpendicular to the illuminated plane. This would be consistent with
the “nominal” cases observed where small mixing features are observed to propagate along
the interface between the dilute plume and borated recirculation region that exists in the
lower downcomer. The interesting aspect of this feature is that it’s behavior is in stark
contrast to that of the prototypical backwards-facing step flow, where the fluid exiting the
narrower gap separates at the corner, and then reattaches to the same wall some 5 to 8 step
heights downstream. The important thing to remember, however, is that this geometry is only
superficially similar to a prototypical backwards-facing step within this local region, and is in
reality a composition of several complex features which all are strongly coupled with one
another to form the overall flow pattern.

7 Conclusions

It is important to note that ISP 43 is only the second standard international computational
exercise to employ CFD codes for nuclear industry applications. The rapid boron dilution
scenario targeted by ISP 43 also involves the largest simulation volume of a standard
exercise using CFD codes. Thus the conclusions are twofold: first regarding the applicability
of CFD codes to problems specific to the nuclear industry, and second regarding the
performance of codes in simulating the integral facility behavior of a rapid boron dilution
transient.

The test series for rapid boron dilution run in the UM 2x4 Loop were designed to a large
extent to provide adequate insight into codes’ ability to capture phenomena important in this
transient. Thus, the two closed test series included in this report are the injection of a front
and the single inlet/single outlet injection of a slug. Both scenarios are sufficiently simple to
permit the examination of phenomena important to this transient, but sufficiently complex to
draw conclusions regarding the performance of codes in simulating the realistic transient.
The front injection, test series A, was not initially drafted to provide insight into the actual
boron dilution scenario. However, the 16 redundant tests of this series showed that buoyancy
has an impact on the transient and that the judicious inclusion of temperature dependent
properties is essential. This conclusion is very important in the context of the real boron
dilution transient, for which temperature differences between the slug and the primary
coolant into which it is injected can be substantial. An examination of downcomer Fr number
must be made before running plant simulations, even at the very high Re numbers expected
in the prototype pump startup.

The second test series, B, involved the injection of a slug. Six redundant tests were
documented. This is a realistic scenario for the downcomer volume, which was the focus of
this ISP. Like in the prototype, the slug has a steep front and a more shallow tail. Because of
the B&W lowered loop configuration of the UM 2x4 Loop, the slug size is substantially
larger than that expected to accumulate in U-tube steam generators. Thus, the temporal and
spatial distribution of boron scaled up from the UM 2x4 Loop experiments would not be
prototypical of most PWRs. Even with a smaller slug, mixing cannot be directly extrapolated
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to the prototype. Specifically, while it is expected that most of the prototype slug mixing will
occur in the downcomer, both the flow pattern and the entrainment of primary coolant into
the slug are affected by plant-specific features. This makes the use of computational tools
essential in assessing plant-specific boron dilution scenarios, and was an essential motivation
for this exercise.

The acquisition of data from several redundant tests for both the loop and visualization
facility, is also a unique feature of ISP 43. The data was processed and reduced to yield
ensemble averages and standard deviations that confirm repeatability and provide a true
experimental error band for the comparison of experimental and computational results. The
experimental error bands proved to be narrow for the figures of merit of the exercise. The
figures of merit being level average behavior and azimuthal mixing are primarily first order,
since they target basic conservation of mass, momentum and energy. Not surprisingly, codes
performed well overall with respect to the average mixing at the first level below the
injection site (level 8) and at the downcomer outlet (level 4) for both tests A and B.

Discrepancies were however evident in the more qualitative but essential comparison of
experimental and computational downcomer flow patterns. The evaluation of test A flow
patterns was challenging because the loop tests fell into two families: one that exhibited a
stagnation region under the injection site as did the visualization facility data and most of the
simulations, and one in which flow was predominant along a single tongue extending
downward in the direction of hot leg B. During the second workshop, participants suspected
the differences to be either due to buoyancy effects or the modeling of the simulation domain
outlet, i.e., the flow pressure drop beyond the downcomer. Further investigation of the Fr
number showed that slight variations (less than 5 °C) in the initial heat up of the primary
volume coupled with natural fluctuations of city water temperature, which thus changed the
initial front temperature, impact the effect of buoyancy in the different tests. Thus, the extent
to which participants accounted for temperature depended properties and whether or not they
included the effect of buoyancy on the generation and dissipation of turbulent kinetic energy
does affect the predicted flow pattern.

It is important to note that, even in the absence of buoyancy effects, a complex highly non-
linear flow such as that in the downcomer of an integral test facility will exhibit some
variation. This is evident in the neutrally buoyant visualization facility tests, in which several
of the flow patterns show a tongue of fluid penetrating into the stagnation region that forms
under the injection cold leg.

Because the test B experiments are subject to strong buoyancy effects only while the front of
the slug enters the downcomer, a stagnation region consistently develops under the injection
site in all experiments and most code predictions. It is important to note that temperature
differences between the slug and primary coolant are largest while the pump is ramping up
and in the very first seconds of steady state injection, thus while inertial forces are lowest.
The B test code predictions are overall in very good agreement with experimental data. This
good agreement extends beyond the downcomer to the plane below the core support plate. At
this level, both experiments and code predictions show the presence of still dilute coolant for
this large slug. Note that the consequences of any reactivity insertion caused by the
penetration of dilute fluid into the core must be assessed through coupled thermalhydraulic-
neutronic computations, which are beyond the scope of ISP 43.
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The goal of ISP 43 was to examine CFD codes’ ability to properly predict mixing of fluids in
a complex geometry under transient conditions. Broadly, there are two factors that affect
code-predicted mixing: mesh resolution and turbulence modeling. This makes it difficult to
evaluate the individual impact of these factors without rigorous parametric studies. Given
modern solution algorithms, an adequately resolved mesh can reduce numerical diffusion to
negligible levels in transients where mixing is turbulence dominated. The discretizations and
mesh refinements selected by some participants clearly show that mesh convergence had
been achieved. The under-mixing in several participant submissions evidences this. In the
case of a resolved mesh the selection of an appropriate turbulence model is essential to the
proper prediction of mixing. One more important factor needs to be considered in this
discussion, namely the local refinement in regions where the flow is subject to large
gradients or where flow patterns are rapidly changing. The importance of detail modeling is
also evident from the comparisons of ISP 43. Specifically, where discrepancies are noted
between computations and experimental data, the level 8 and level 10 predictions already
reflect the disagreement. These levels are immediately adjacent to the injection site, where
flow gradients are largest and flow pattern features actually form. The issue of local node
refinement cannot be isolated from general mesh convergence and turbulence models, so it
must also be investigated through parametric studies.

Based on the findings of ISP 43, there is no reason to preclude the use of CFD codes to from
investigating prototype PWR boron-dilution transients and, more broadly, transients that
involve single phase mixing. Parametric studies that lead to input/model improvements are
desirable for buoyancy effects. The good agreement between experiments and many of the
computational predictions shows that computational fluid dynamics methods have reached
the maturity necessary to obtain realistic predictions. It is also evident that computational
power and the expertise of modelers have reached a stage at which it has become feasible to
carry out some of the complex computations that describe the behavior of nuclear systems.
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9 Appendix A—Instrumentation Specifications

9.1

DAS Specifications

STEM SPEED CHARACTERISTICS

ement and transfer rates to close channels,
r, measure, and transfer readings.

rating Voltmeter Using FET Multiplexers

Integrating Voltmeter Using Relay Multiplexers
(fixed range, auto-zero off for DC volts, offset compen-
sated Q off for resistance)

Readings to Mainframe Internal Memory:

d range, auto-zero off for DC volts, offset compen- . A :
Q oﬁ‘g for resistance) Multiple "gamﬁama
Inputs Relay ontrPIIer
. > Muttiplexers |
gs to Mainframe Internal Memory: Uitipiaxers Data Eusj
: Integrating § :
Multiple " Mainframe Vi nI;m ot e: = Mainframe
Inputs FET |, Sl 2 ;nmem”
Muttiplexers Data Bus j v e
Integrating 5 :
= Mainframe
Voltmeter < rtarnal Measurement and Transfer Rate
1® Memory (readings/sec), 60/50 Hz
Integration Time in # of Power Line Cycles (NPLC)
HP 44705A/44705F/
Measurement and Transfer Rate
(readings/sec), 60/50 Hz 44706A/44708A/44708F 10 0.1 0.005 0.0005
R ¢ DC Volt Format
. Integration Time in # of Power Line Cycles (NPLC) Packed 5144 230216 387387 417417
'HP 44709A/44710A/ 64-bit Real ~ 51/43 230/214 387/387  417/417
711A/BA4T12A/44T13A/B 10 01 0.005 0.0005 Resistance
DC Volt Format Packed ~ 54/46 330/310 880/880  1060/1060 (2-w & 4-w Q) Packed  23/20 80/76 108/108 114114
64-bit Real ~ 54/45 320/285 680/680  770/770 Format 64-bit Real ~ 23/20 80/76 108/108  114/114
Resistance: HP 44705H/44708H only
[PwBiwQ)  Packed 2420 583 13138 MMM poyoco e packed 4740 t68158 228228 24072
] i i 40
fomat Wosthal TR0 BIE VRN RN BA-bitReal 4740 168/158  28/228  240/240
Resistance: Packed ~ 22/19 70/67 90/90 94/94
Readings to HP Series 300 Computers over HP-IB: Format: 64-bitReal 2219 70/67 90/90 94/94
Multiple A Mainframe Readings to HP Series 300 Computer over HP-IB:
Inputs FET Controller
Multiplexers Multiple A Mainframe
HP-1B Controller
L Inputs Relay
® V AP . de
Integrating s o Multiplexers HP-IB j
Voltmeter § p o \
@ Integrating s
Voltmeter 2 Camputer
@
A 4
Measurement and Transfer Rate
(readings/sec), 60/50 Hz
P . Measurement and Transfer Rate
Integration Time in # of Power Line Cycles (NPLC) (readings/sec), 60/50 Hz
HP 44709A/44710A . s
MTNABISTIZAMATIIAB 10 o 0.005 0.0005 Integration Time in # of Power Line Cycles (NPLC)
HP 44705A/44705F/
DC Volt Format Packed =~ 52/44 290/265 600/600  690/690
§4-bitReal 5043 250230 430430 470p70  AATOGA/AATOBA/AAIO6F LT L O
ASCII Real ~ 47/40 180/170 265/265  275/275 DC Volt Format
L Packed 4941 2201200 358/358  388/388
[2w&4wQ)  Packed 2320 8983 125125 130130 g‘;g;} Eg:i m‘g }ggﬂ o gggﬁgg gigﬁ}g
Format: 64-bit Real  23/20 83/80 118118 1221122 - -
ASCIl Real  22/19 73110 102102 103/103 Resistance
za:ex::;‘a:;':;iswnoe measurements using FET multiplexers, 4-wire Q th;::ngt“—w Q) 64 Eﬁ %k::; g?/:g ;gﬁg Eggﬂ gg :g;ﬂg;
' ASCII Real  21/18 68/64 81/81 91/91
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SYsSTEM ANALOG

MEASUREMENT ACCURACY SPECIFICATIONS

These specifications give you total system accuracy
including all errors contributed by the voltmeters, sys-
tem back-plane, ribbon cables, and function modules.
Cross talk between channels is not included here, but is
specified under the multiplexer descriptions.

Specified over time since last calibration, and operat-
ing temperature, with a one-hour warm-up.

DC Voltage

+ (% of reading + volts)

Integrating Voltmeter with Relay Multiplexers
90 Days, 18 to 28 °C, Auto-zero On.

Integration Time in Number of Power Line Cycles (NPLC)

1 0.1 0.005 0.0005
Range
30 mV 0.02%+8 v 0.02%+10V  002%+22uV  0.02%+60 v
300 MV 0.008%+8uV  0.008%+12V  0.008%+40 WV 0.008%+400 uV
3V 0.008%+10pV  0.008%+40 WV  0.008%+400 WV  0.008%+4 mV
30V 0.008%+300V 0.008%-+700 uV 0.008%+4 mV  0.008%+40 mV
300V 0.008%+700 WV 0.008%+4mV  0.008%+40mV  0.008%+400 mV

1 Year: Add 0.01% of reading to 90-day specifications.

Temperature Coefficient:

Add as an additional accuracy error using = (% of reading
+ volts) per °C change outside 18 to 28 °C, as long as the
operating temperature is maintained between 0 to 18

or 28 to 55 °C.

For 30 mV range, add 0.002% + 30 nV
For 300 mV and 3 V ranges, add 0.0006% + 300 nV
For 30 V and 300 V ranges, add 0.0006% + 30 p

Auto-zero Off:

Add as an additional accuracy error if auto-zero is turned
off. Assumes stable environment, = 1 °C, for 24 hours.

For 30 mV, 300 mV, and 3 V ranges, add 10 uV
For 30 V range, add 100 pv
For 300V range, add 1 mV

Integrating Voltmeter with FET Multiplexers
90 Days, 18 to 28 °C, Auto-zero On.

Integration Time in Number of Power Line Cycles (NPLC)

1 0.1 0.005 0.0005
Range
0mV 002%+32V  0.02%+50 0V 0.02%+240 0V 0.02%+300 uV
300 mV 0.008%4+32V  0.008%+50 uV  0.008%+320 WV 0.008%+1 mV
3V 000B%334uV  0.008%+80pV  0.008%+700pV  0.008%+4 mV
30V 0068%+330 vV 0.068%+700 WV 0.068%+4mV  0.068%+40 mV
300V 0.068%+700 1V 0.068%+4 mV  0.068%+40 mV 0.066%-+400 mV

1 Year: Add 0.01% of reading to 90-day specifications.
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Temperature Coefficient:

Add as an additional accuracy error for operating tem-
perature, T, between 0 to 18 or 28 to 55 °C.

For 30 mV range,

0to 18 °C, add (0.002% + 30 nV)*(18 - T);

28 to 40 °C, add (0.002% + 2.63 uV)*(T - 28);

40 to 55 °C, add (0.002% + 9.28 uV)*(T - 40) + 31.56 uV.

For 300 mV and 3 V ranges,

0'to 18 °C, add (0.0006% + 300 nV)*(18 - T)

28 t0 40 °C, add (0.0006% + 2.9 pV)*(T - 28);

400 55 °C, add (0.0006% + 9.55 uV)*(T - 40) + 34.8 V.

For 30V and 300 V ranges,

0to 18 °C, add (0.0006% + 30 uV)*(18 - T);

281040 °C, add (0.0006% + 32.6 uV)*(T - 28);

400 55 °C, add (0.0006% + 39.25 wV)*(T - 40) + 391.2 4V .

Auto-zero Off:

Add as an additional accuracy error if auto-zero is turned
off. Assumes stable environment, = 1 °C, for 24 hours.
For 30 mV, 300 mV, and 3 V ranges, add 10 1V

For 30 V range, add 100 uV

For 300 Vrange, add 1 mV

High Speed Voltmeter HP 44702 A/B with
High-Speed FET Multiplexers HP 44711A or

HP 44713A

Specified with auto-zeroing performed within one minute
of measurement

90 Days, 18 to 28 °C.

Single Reading  Averaged Reading
Range Linearity  Noise and Offset  Noise and Offset Averages
O mv  005% +88 v +59uV 100
320mvV  0.05% +234 WV +156 uV 10
256 V 0.05% +1.88mV +1.25mV 10
10.24 V 0.05% +15mV +5mV 10

1 Year: Add 0.05% of reading to 90-day specifications.

Temperature Coefficient:

Add as an additional accuracy error per °C change
outside 18 to 28 °C, but within 0 to 55 °C.

For 40 mV range,

0to 18 °C, add (0.004% + 0.448 uV)*(18- T);

280 40 °C, add (0.004% + 3.1 pV)*(T - 28);

4010 55 °C, add (0.004% + 9.74 V) *(T - 40} + 37.2 V.

For 320 mV range,

0t0 18 °C, add (0.002% + 3.91 uV)*(18 - T);

28 to 40 °C, add (0.002% + 6.51 pV)*(T - 28);

400 55 °C, add (0.002% + 13.16uV)*(T - 40) + 78.12 V.

For 2.56 V range,

0to 18 °C, add (0.002% + 31.3 W)*{(18 - T);

2810 40 °C, add (0.002% + 33.9 uV)*(T - 28);

4010 55 °C, add (0.002% + 40,55 uV/)*(T - 40) + 406.8 uV.

For 10.24 V range,

0to 18°C, add (0.002% + 125 uV)*(18- T

28 10 40 °C, add (0.002% + 127.6 pV)*(T - 28);

40 to 55 °C, add (0.002% + 134.25 uV)*(T - 40) + 1.53 mV.
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SYSTEM ANALOG MEASUREMENT ACCURACY SPECIFICATIONS
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ANALOG INPUTS

51/2- to 31/2-Digit Integrating
Voltmeter
HP 44701A

Directly Measures:

* DC Voltage
* Resistance
* AC Voltage

Benefits

* Accurately measure small signal
changes in noisy environments:
—Integrating A/D rejects normal
mode noise at multiples of the power line

frequency.

—Guarded input maximizes common-mode rejection.

¢ Choose the resolution, accuracy, and noise
rejection needed, while maximizing measure-
ment speed:

—Integration selection (number of power line cycles)
is key to optimizing these performance parameters.

—This voltmeter provides the fastest DC reading rates
available with power line-related noise rejection.

* Optimize resistance measurements to the
accuracy you need:

—Use two-wire Q for measurements where lead resis-
tance is not critical.

—Use four-wire Q where inaccuracies due to measure-
ment leads cannot be tolerated (most accurate
measurement technique for RTDs).

—Use offset-compensated Q to correctly measure
resistance in the presence of series voltages (often
caused by thermocouple effects).

DC Voltage

Accuracy:

+ (% of reading + volts), rear terminal input, one-hour
warm-up, specified over time since last calibration, and
operating temperature.

90 Days, 18 to 28 °C, Auto-zero On.

Integration Time in Number of Power Line Cycles (NPLC)
Range 1 0.1 0.005 0.0005

30mV  0.02%+6 uV 0.02%+8 uv 0.02%+20 uv 0.02%+60 pv
300 mV  0.008%+6pV  0.008%+10uV  0.008%+40uV  0.008%+400 v

3V 0.008%+8uV  0.008%+40uV 0.008%+400V  0.008%+4 mV
30V 0.008%+300 uV 0.008%+700 V. 0.008%+4mV  0.008%+40 mV
300V 0.008%+700 WV 0.008%+4 mV  0.008%+40 mV  0.008%-+400 mV

1 Year: Add 0.01% of reading to 90-day specifications.

Temperature Coefficient:

Add as an additional accuracy error using + (% of reading
+ volts) per °C change outside 18 to 28 °C, as long as the

operating temperature is maintained between 0 to 18 or

28 to 55 °C.
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For 30 mV range, add 0.002% + 30 nV
For 300 mV and 3 V ranges, add 0.0006% + 300 nV
For 30 V and 300 V ranges, add 0.0006% + 30 uV

Auto-zero Off:

Add as an additional accuracy error if auto-zero is turned
off. Assumes stable environment, = 1 ° C, for 24 hours.

For 30 mV, 300 mV, and 3 V ranges, add 10 uV/
For 30 V range, add 100 pV
For 300 V range, add 1 mV

Resolution:

Integration Time in Number of Power Line Cycles (NPLC)

Range: 1 0.1 0.005 0.0005
30 mvV 10 nV 100 nV T uv 10 wv
300 mv 100 nV 1uv 10 uwv 100 wv
3V 1w 10 v 100 uv 1mV
0V 10 v 100 uV 1mVv 10 mV
300V 100 uVv 1 mVv 10 mV 100 mV
Over-ranging: 1% of full scale
Reading Rate/Noise Rejection:
Integration Time
in Number of Power Line Cycles (NPLC)
1 0.1 0.005 0.0005
Integration Time 60 Hz (50 Hz) 16.7(20.0) 1.67(2.0) 100(100) 10(10)
msec msec usec usec
Number of Converted Digits 6'/2 5112 42 32
Reading Rate (readings/sec)
with auto-zero, auto-range off 57 415 1350 1600
60 Hz (50 Hz) (48) (360) (1350) (1600)
Min Noise Rejection (dB)
Normal Mode Rejection 60 0 0 0
at 50 or 60 Hz = 0.09%
DC Common Mode Rejection
with 1 k€ in low lead 120 120 120 120
Effective Common Mode
Rejection, at 50 or 60 Hz 150 90 90 90

+0.09% with 1 k< in low lead

DC Voltage Example:

Suppose that you want to measure an 8-volt signal 100
times per second. What is your resolution and accuracy?

Answer: Use the reading rate table to find that you
would set the VM to the 0.1 NPLC integration time which
gives you 51/2 digits at up to 415 Hz,Use the resolution
table to find that you would get 100 uV resolution on the
30 volt range at 0.1 NPLC. Use the accuracy table to find
that you would have an error of 1.3 mV (.008% % 8 V +
700 uV) or .02%.
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AnNALoG INPUTS
Resistance Accuracy:
Accuracy: 90 Days, 18 to 28 °C.
+ (% of reading + 2), 4- or 2-wire €2, offset compensation
on or off, rear terminal inputs, one-hour warm-up, speci- 90 day 1 year
fied over time since last calibration, and operating temper- g
. . nge
ature. (Current source compliance voltage is at least 6 V), 200 my 0.5% + 600 ¥ 075% + 900
2v 0.5% +8my 0.75% + 9 mV
90 Days, 18 to 28 °C. 2V 0.5% + 80 mV 0.75% + 80 mV
200V 0.5% + 600 mY 0.75% + 900 mV
Integration Time in Number of Powes Line Cycles (NPLC)
Range 1 01 0.005 0.0005 Temperature Ceefficient:
{1mA current source) Add as an additional accuracy error using = (% of read-
00002%+65me  0.02%+20mQ  002%+0mQ  0.02%+75mQ o ° ; ¥
¢ + volts) per °C change outside 18 to 28 °C, as long as
300 Q 0.015%+B mQ  0.015%+20 mQ 0.015%+60 m2  0.015%+400 m2 : s t + *
(108 uk Carront s;u:::el FeRLA m ot the aperating temperature is maintained between 0 to 18

3kQ 0015%+60 M 0015%+200mQ  0.015%4650 mQ 0.015%+4 Q

30 kQ 0.015%+00 mQ 0.015%+400mQ  0.015%+5Q  0.015%+80 Q2
(10 uA current source)
300 ka2 0.015%+1 Q2 G.015%+4 Q 0015%+50 2 0.015%+800
{1 A current saurce}
3mQ 01%+17Q 0.1%+70 £ 0.1%+500 01%-+6 k2

1 Year: Add 0.01% of reading to 90-day specifications.

Temperature Coefficient:

Add as an additional accuracy error using + (% of read-
ing + Q) per °C change outside 18 to 28 °C, as long as the
operating temperature is maintained between 0 to 18 or
28 to 55 °C.

For 30 ©2, 300 <2, and 3 k< ranges.
add 0.0006% + 500 uQ

For 30 k<2 range,
add 0.0006% + 5 mQ

For 300 kX range,
add 0.001% + 50 mQ

For 3 MQ range,
add 0.001% + 500 mQ

Reading Rate:
Integration Time in Number of
Power Line Cycles (NPLC}
1 0.1 0.005 0.0005

Reading Rate [readings/sec)

with auto-zero, auto-range off 28 100 155 160

60 Hz {50 Hz) {20 {95} {155) {180}
AC Voltage
Accuracy:

+ (% of reading + volts), 1 NPLC integration time, one-
hour warm-up, specified over time since last calibration,
and operating temperature. AC measurements are made
with an average detector calibrated in RMS, and are
intended to measure sine waves between 45 to 500 Hz
(AC-coupled). The voltmeter aceuracy is specified only
when the input voltage is greater than 10% of full scale.
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or 28 ta 55 °C.

For 200 mV range,
add 0.01% + 7 uV
For2V range,
add 0.01% + 70 v

For 20 V range,
add 0.01% + 700 pV

For 200 V range,
add 0.01% + 7 mV

Reading Rate:
1.5 sec/reading; changing to the AC Volts function
requires approximately 4 seconds.

Input Characteristics

Max Input Voltage:

354 V peak or 250 V DC between any two points (termi-
nals or chassis)

Warning:
This voltage is higher than the rating for multiplexers or
high-speed voltmeters that can share the analog back-plane.

Input Impedance:

Terminals
High to Low Low to Guard Guard to Chassis
Resistance {Q)
30 mV to 3V ranges > 108 s 108 > 108
30V,300Vranges > 107 = 5% > 108 > 108
Max Capacitance (pF)
at 1 MHz, all ranges 120 2700 7500

Max Bias Current:

Currents sourced by high or low into rear input termi-
nals or backplane
+ 1nA DC
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AnNnALoG INPUTS

Solid State Relay Multiplexers:
HP 44705F/44708F

Directly Multiplexes:

e Voltage

* 4-wire ) Resistance
(HP 44705F only)

* Thermocouples
(HP 44708F only)

Benefits

¢ Solid state switching is
free from wearout nor-
mally associated with
electromechanical
relays:

—Solid State Relay multiplexers do not rely on a
mechanical system to actuate the switching.
Switching is performed by optically-coupled Field
Effect Transistors.

—The switching element does not degrade when used
within its maximum ratings. The Solid State Relay
is free from the damaging arc associated with elec-
tromechanical relays.

* Optimize thermocouple measurement accuracy
with the HP 44708F:

~Thermocouple types can be mixed on the HP 44708F
multiplexer to optimize accuracy over the tempera-
ture ranges needed.

—Thermocouple compensation is performed automati-
cally by the HP 3852A without the need for external
wiring.

* Perform precision measurements of real world
electrical signals:

—Three-wire switching of High, Low, and Guard is pro-
vided to minimize the effects of Common Mode Voltage.

—Errors due to injected currents and thermal offsets

are minimized with the Solid State Relay Multiplexer.

—Break-before-make switching prevents inadvertent
connection of separate channels during scanning.

—Tree switching isolates the unused multiplexers
from the backplane of the HP 3852A.

—Internally, the HP 44705F Solid State Relay card is
divided into two groups to minimize crosstalk and
facilitate 4-wire resistance measurements,

—The Solid State Relay becomes a high impedance
when powered down thereby isolating each channel
in the event of power loss.

Input Characteristics

Max Switch Rate:
450 channels/second

Max Input Voltage between any two points:
100 VDC, 70 VACg (100 V Peak)

Safety Note: The maximum voltage atlowed on the internal analog buses
of the HP 3852A and HP 3853A is determined by the lowest voltage plug-
in accessory. Refer to page 21 for ratings of the other accessories present.
The HP 44705/ O8F limits the maximum voltage allowed on the internal
analog bus to 100 VDC, 70 VACrms (100 V Peak).
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Note: The maximum voltage restriction is specified between any two
points. This includes high, low guard, and chassis of any channel to any
other channel and chassis. For example, if + 50 dc/peak (35 VACrms)
were applied to channel 0, the maximum negative voltage on any other
channel would be - 50 Vdc/peak (35 VACrms)

Max Input Current: 20 mA non-inductive per channel
Max Input Power: 1 VA,., . per channel

Closed-channel Resistance:
< 700 Q in each high, low, and guard path.
Application Note:
The closed-channel resistance adds directly to Q measure-
ments made in 2-wire mode. The 4-wire-{) method is
recommended for () measurements on the HP 44705F

Max Offset Voltage: (measured high to low) + 5 uV

Max Bias Current:

(source by high, low, or guard into input terminals or
backplane): + 1.2 nA DC

Input Resistance:

(high to low, low to guard, guard to chassis)
Ambient Temperature < 28 °C: 109 Q
Ambient Temperature > 28 °C: 2 x 108 Q

Common Mode Rejection (1 k2 unbalance)

DC 60 Hz

1 accessory 110 dB nominal 75 dB nominal
7 accessories 100 dB nominal 65 dB nominal
Input Capacitance:

High to Low: 65 pF nominal

High to Guard: 75 pF nominal

High to Chassis: 200 pF nominal

Low to Guard: 90 pF nominal

Low to Chassis: 190 pF nominal

Guard to Chassis: 350 pF nominal

Bandwidth:

50 Q source, 1 MQ termination
1% Flatness: 50 kHz nominal
3 dB Bandwidth: 500 kHz nominal

Cross Talk:

channel-to-channel, 100 kHz, 50 © source, 1 M termi-
nation 30 dB nominal

Reference Junction Compensation Accuracy:
(HP 44708F only): 0.1 °C (ambient range of 18 to 28 °C)
Max Temperature Difference Across Isothermal
Block: (HP 44708F only) 0.2 °C

Max Wire Size: 16 AWG

Note: Nominal values are non-warranted characteristics which are repre-
sentative of this product.
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AnaLoG INPUTS

FET Multiplexers:

HP 44709A/44710A/44711A/B
/44712A/44713A/B/44719A/
44720A

Directly Multiplexes:
* Voltage

* Resistance

¢ Thermocouples

¢ Strain Gages

Benefits

* Maximize your measure-
ment throughput:

—A throughput rate of 100,000 readings/sec is real-
ized using High-Speed FET Multiplexers
(HP 44711A/B/44712A/44713A/B) directly controlled
through a dedicated ribbon cable by the High-Speed
Voltmeters.

—Up to six (eight in an extender) High-Speed FET
Multiplexers can be controlled through this ribbon
cable.

—The 24-channel multiplexers switch high and low
only. Each floating input is balanced (that is, equal
impedance between high-to-chassis and low-to-chas-
sis) to provide good common mode noise rejection.

—For lower costs per channel, single-ended multiplex-
ing of 48 channels (HP 44712A) is also available
(has no common mode noise rejection, however).

* Increase system reliability:

—FETs have no mechanical limitations such as wear
out due to switching. —Similar to their relay coun-
terparts, the HP 44709A/ 44710A/44719A/44720A
FET multiplexers have high, low, and guard connec-
tions for better common mode rejection than the
high-speed FET multiplexers.

Input Characteristics

Max Switch Rate:

Ribbon Cable Control
(HP 44711A/B/44712A/ 44713A/B):
100,000 channels/sec

Back-plane Control (all FET multiplexers):

5,600 channels/sec (using SCAN command and
external scan trigger)

Max Input Voltage:

All inputs (rear and back-plane) are protected to 16 V
peak above chassis. Input impedances, however, decrease
above 12 V due to internal protection circuitry. The ana-
log back-plane can be disconnected from the FET multi-
plexers, allowing the maximum back-plane voltage to be
42 V peak.

Max Input Current: 1 mA non-inductive per channel
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Input Characteristics

Input Impedance:
HP44711A/44713A (HP44711B/HP44713B)

Terminals
High to Low
High to Low to Chassis
Power On
Resistance (£2) >108(>108) > 108 (> 108)
Power Off Vin < 10V > 1000 (> 200) > 1000 (> 200)
Resistance (Q2) Vin > 10V > 200 (> 200) > 200 (> 200)
Max Capacitance (pF) <200 (< 200) <200 (< 250)
@1 MHz

The input impedance of the HP44712A is the same as the HP 44711A and
HP 44713A specifications for high-to-low terminals. Because the

HP 447124 is a single-ended 48-channel multiplexer, the resistance from
low to chassis is 100 Q + 5%,

Closed Channel Path Resistance:

3.1 kQ for either high or low inputs considered separately
2.1 kQ for the guard input (HP44709A/44710A)

<800 Q for channels 00-11 on the HP44711B/44713B
<1.3 kQ for channels 12-23 on the HP44711B/44713B

Bandwidth:
50 € source, 1 mQ termination

1.0% Flatness: 20 kHz
- 3 dB Bandwidth: 200 kHz

For the HP 44711B/44713B
1.0% Flatness: 40 kHz
- 3 dB Bandwidth: 40 kHz

Cross-Talk:
Channel-to-channel, 509 source, IMQ termination

-50dB @10 kHz
-35dB @ 100 kHz

For the HP 44711B/44713B

-55dB @ 10 kHz
-45 dB @ 100 kHz
Max Offset Voltage:

Offset voltage between high and low,
15 uV (0 to 28 °C)
185 uV (28 to 55 °C)
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9.2 Thermocouple Data
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-2
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Thermoelectric Voltage in Millivolts

~8.457

0483

0810
1138
1382

1.580
1817

2278
2508

2736

3197
3428
3.858

3889
4119
4349
4578
4806

5004

5487
5712
5937

6.161

6.384
6.807
6829
7.052

7278
7.495
mnr
8161
8383
8828
0052
8275

9.500
9.725

10176
10.402

3

~6.458

~8.451
-6.438

6183

6620
6852
7.074

7.206
757
7739
7.961
8.183

B8.405
8628
B 851
9074
9.208

9,522
0.747
0073
10.198
10425

4

8.227

8.450
8672
B B85
9119
9.343

8587
2792
10.018
10.244
10471

(3

5147
5374

5.824
6.040

8272
5.496
8718
5941
71863

7.384
7.828
8.050
B.272

B.404
B717

0.163
8.388

9812
0837

10.289
10516
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2,874

3797

4.027

8516
9186
2410
8635
10,086
10312
10.539
9
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TYPE

Reference
Tables

N.LST. _
Monograph 175
Revised to
ITS-90

Revised Thermocouple

Reference Tables

Thermocouple
Grade

Nickel-Chromium
VS.
Nickel-Aluminum

Extension
Grade

MAXIMUM TEMPERATURE RANGE
Thermocouple Grade

— 328 to 2282°F

— 200 to 1250°C

Extension Grade

32 to 392°F

0 to 200°C

LIMITS OF ERROR

(whichever is Greater)

Standard: 2.2°C or 0.75% Above 0°C
2.2°C or 2.0% Below 0°C

Special: 1.1°C or 0.4%

COMMENTS, BARE WIRE
ENVIRONMENT:

Clean Oxidizing and Inert; Limited
Use in Vacuum or Reducing; Wide
Temperature Range; Most Popular
Calibration

TEMPERATURE IN DEGREES °F
REFERENCE JUNCTION AT 32°F
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Revised Thermocouple

Reference Tables

TYPE

Reference
Tables

N.LS.T
Monograph 175
Revised to
ITS-90

Thermocouple
Grade

Nickel-Chromium
VS.
Nickel-Aluminum

Extension
Grade

MAXIMUM TEMPERATURE RANGE
Thermocouple Grade

— 328 to 2282°F

— 200 to 1250°C

Extension Grade

3210 392°F

0 to 200°C

LIMITS OF ERROR

(whichever is Greater)

Standard: 2.2°C or 0.75% Above 0°C
2.2°C or 2.0% Below 0°C

Special: 1.1°C or 0.4%

COMMENTS, BARE WIRE
ENVIRONMENT:

Clean Oxidizing and Inert; Limited
Use in Vacuum or Reducing; Wide
Temperature Range; Most Popular
Calibration

TEMPERATURE IN DEGREES °F
REFERENCE JUNCTION AT 32°F
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21071
21.308

21.781
22018

22255
22402
22728
22,066
23203

23428
23.676
23913
24.148
24386

24622
24858

26330
25.568

25802
26.037
26.273

26.743

26978
7.3
27.447
27 881
27815

28.149
28618
26.849
29.082
20.315
20780

30012
30243

10.584
10.811
11,038
11.288
11,497

11.728
11.956
12188
12418
12.647

12878
13.100
13.341
13673
13.805

14,037
14.270
14.503
14736
14.960

15:203
15.437
15,671
15.805
18.130

16374
16608
16.843
17.078
17.314

17.549
17.785
18.020
18.256
18.492

18.728
18.965
19.201
19.437
18.674

10010
20.147
20.384
20.621
20.857

21.094
21.33

21,805
22042

22279
22.516
22753
22.890
23.226

23483
23.700
23.936
24173
24.408

24.646
24.882
25,118
25354
25.500

25.825
26.081

26532
26767

27.001
21238
2747
27708
27.839

28173
28.406
28 6840
28873
29.106

20.338
20571
20803
30.035
30.267

30 498
30720

31180
31421

31.651
31 880
32110
32.339
32.568

32798
33p2s
33.253
33.480
33.708

10.607

15226

15928
16,163

16387
16.632
16.867
17.102
17,337

17573
17.808
18.044
18.280
18516

18.752
18.988
19.224
19.461
19.697
10.934
20171
20407
20.881
21118
21.355

22066

28,196

28,896
20129

20.362

4

6

7

Thermoclectric Voltage in Millivolts

10.629
10.857
11.085
11,313
11.542

1.772

16.421

16.800
17125
17.361

17.506
17.832
18088
18.303
18539

18.776
18012
10.248
19.485
18721

10.058
20194
20431

20905

21142
21379
21618
21.852
22,089

22326
22563
22800
23037
23274

23510
23747
23.084

24457

31.238
31 467

31.807
31.926
32156
32385
32614

32842
33070

33526
33753

3

10.852
10.880
11.108
11.336
11.565

12718

12.047
13478
13.410
13.642
13.874

14.107
14.340
14573
14.808
15.038

15.273
15,507
15741
15.978
16,208

16.444
16.679
16814
17.148
17.384

17620
17855
18.827
18.563

18.700
18.035
18.272
19.508
19.745

19.081
20 218
20455
20602
20829

21.165
21.402
21638
21876
22113

22350
22587
22824
23.061
23.207

23534
23771
24,007
24 244
24.480

24717
24953
25189
25425
25.660

25896
26132
26.367
26602
26.837

27.072
27.306
27.541
27775
28.008

28.243
28.478
28.710
28.943
29176

20.408

20873
30.104
30336

30 567
30.798
31028
31.260
31.490

31.720
31.940
32178
32 408
32636

32.885
33.083
33,321
33.776

4

10,675
10.803
11481
11.360
11.588

11.818

259020
26155

26.626
26861

27.005
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10.608
10.825
11.154
11.382
11.611

11.841
12.070
12301
12531
12762

12,003
13.225
13.457
13.689
13921

14154
14.386
14619
14.853
15.086

27119

27.588
27.822
28.056

28 280
28.523
28.766
28.980
29.222

268.455

30,382

10.720
10.048
11176
11.408
11.634

11.864
12083
12.324
12554
12.788

13018
13.248
13.480
13712
13.044

14477
14.410
14.643
14.878
15.100

15.343
16.577
15811
16.045
16.280

21.000

21.236
21.473
21.710
21.847
22184

2241

27142

27.611
27.845
28.079

28.313

28.780
28013
29.245

28478
2710

30.174
30.405

30.837

31.008
31.320
31,550

31.780
32018
32.247
32,476
32705

32933
33,181
33389
33817
33844

7

14923
15156

15.300
15.024
15.858
168.082
18.327

18.661

17.031
17.267
17.502

17.738
17.073
i5.208
18.445
18.681

1807
19.154
19.380
19.626
10.883

20,100

20573
20810
21.047

21,284
21.521
21.758
21.905
22232

27.189
27.424
27.658
27.892
28126

28.360
28.563
28.828
20,050
20.282

20524
28757
29.989
30.220
30.452

30,683
30914
31144
31.375
31.605

31.834
32.203
32522
32751
32,979
33.435
33862
a3sse
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TYPE

Reference

Monograph 175
Revised to
ITS-90

Thermocouple
Grade

Copper
VS.
Copper-Nickel

Extension
Grade
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—140

=110
—100

~4.023

-3732
~3581
-3.426

—3.267
-3.105

-2m
-2508

~2428

-2.061
~1.875
~1.688

—=1.494
-1.200
~1.101
-0.900
-0.605

-3

-4

=5 =6 =7 g

Thermoelectric Voltage in Millivolts

~8.257

2458
~2.280
~2.008
~1.813
-1.724

~1.533
-1.338
-1.141
~0.040
-0.738

-3

-8.258

-8.247

-9

-5.737
-5.055
~5.568
~5.476
-5.381

-5.281
5177
-5070
~4.958
—4.842

-4.722
~4.509
—a471
~4.340
~4.208

—2.990
-2822
~2.851

~2478
~2.208
~2118
-1.031
-1.743

~1.562
~1.368
-1.161
~0.960
~0.757

-4

~5.745 -5.760
-5.683 ~5.688
~-5577 ~5.608
~5.486 -5513
~5.301 —5.420
~5.201 -5322
~5.188 ~5219
-5.081 -5113
-~ 4,960 =5.003
—4.854
-4.734
~4.611
~4.484
-43%3
~4.218

-1.819

-1.620
—1.436
~1.240
K ~1.041
-0777 -0798 -0B818 -0838

~1.648

—0.850
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Revised Thermocouple
Reference Tables

TYPE

Reference

Monograph 175
Revised to
ITS-90

Thermocouple
Grade

Copper
VS.
Copper-Nickel

Extension
Grade

MAXIMUM TEMPERATURE RANGE
Thermocouple Grade

— 328 to 662°F

— 200 to 350°C

Extension Grade

—761t0212°F

- 60 to 100°C

LIMITS OF ERROR

(whichever is Greater)

Standard: 1.0°C or 0.75% Above 0°C
1.0°C or 1.5% Below 0°C

Special: 0.5°C or 0.4%

COMMENTS, BARE WIRE
ENVIRONMENT:

Mild Oxidizing, Reducing Vacuum
or Insert; Good Where Moisture
is Present; Low Temperature and
Cryogenic Applications

TEMPERATURE IN DEGREES °F
REFERENCE JUNCTION AT 32°F
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9.3 Differential Pressure Data

SPECIFICATION
SHEET
Service:
Output:
Ranges:
Span Control:

Zero Control:

Temperature Limits:

Overpressure Limit:
Static Pressure Limit:

Power Supply:

Load Limitations:

Humidity Limit:
Update Time:

Volumetric Displacement:

Dampening:
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Barton"™ ecx pitterential Pressure
& Flow Transmitters

Liquid, gas, or vapor

Model FHCG: 4 to 20 mAdc, 2 wire, linear with D.P.

Model FHFG: 4 to 20 mAdc, 2 wire, linear with flow (square root of DP)

Model FKCG: 4 to 20 mAdc, 2 wire, with FSK digital signal superimposed,
linear or square root of D.P.

0) 04" w.c. SWP 450 PSI

1) 0-24" w.c. SWP 450 PSI

2) 0-125" w.c. SWP 1500, 2300, or 6000 PSI

3) 0-250" w.c. SWP 1500, 2300, or 6000 PSI

4) 0-520" w.c SWP 1500, 2300, or 6000 PSI

5} 0-70 PSID SWP 1500, 2300, or 6000 PSI

6) 0-280 PSID SWP 6000 PSI

7) 0-430 PSID SWP 2300 PSI

Model FHCG and FHFG: 10:1 tumdown

Model FKCG: 100:1 tumdown

(range [0] 10:1, range [1] 60:1)

Model FHCG and FHFG: -100% to +90%
Model FKCG: -100% to 99%
NOTE: the total calibrated span and zero adjustment can not exceed the upper range limit

Electronics Unit

-40° to +185°F (-40° to +85°C)

-5° to +175°F {-20° to +80°C) for LCD Indicator

40° to +140°F (40° to +60°C) for lightning arrestor
NOTE: for units located in hazardous areas, the ambient temperature must be within the
limits specified by the appropriate standard.

Process:

-40° to +250°F (-40° to +120°C) silicone filled units
-5° to +250°F (-20° to +120°C) Fluorolubet filled units
Storage:
-40° to +195°F (-40° to +90°C)
Up to the SWP

Up to the SWP

11 to 45 Vdc at transmitter terminals
11 to 27 Vdc for units with lightning arrester

{ohms)
2000 | 45110
1800 foo— e
1000 | 5780
r - = ating
500 area
asv
10y 20 W30 40 50  (voits)
0-100% RH 11V 24V

Approx. 150 msec

Ranges 0 to 4: 0.001 cu. in.
Range 5: 0.003 cu. in.
Ranges 6 and 7: 0.008 cu. in.

Model FHCG and FHFG: 5 step switch selectable time constant: 0, 0.3, 1.2,

4.8, or 19.2 seconds
Model FKCG: Adjustable via HHC from 0 to 38.4 seconds
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PERFORMANCE
SPECIFICATIONS

LINEAR OUTPUT MODE
(Model FHCG and FKCG)

Accuracy: +0.10% of calibration span, up to 10:1 turndown
(Includes linearity, hysteresis For greater than 10:1 turndown:
and repeatability} +0.05 + 0.005 x turndown (%)
Linearity: +0.05% of calibrated span
Temperature Effect: Cell Range Zero Shift Span Shift
(% of URL) (% of Calibrated Span)
2t07 +0.25%/100°F +0.25%/100°F
Otol +0.5%/100°F +0.3%/100°F
Static Pressure Effect: SWP Zero Shift Span Shift
(% of URL) (% of Calibrated Span)
1500, 2300 or 6000 PSI +0.07%,/1000 PSI -0.14%/1000 PSI
450 PSI (4" w.c) +0.2%,/150 PSI -0.2%/450 PSI
450 PSI(24" w.c.) +0.2%/450 PSI -0.2%/450 PS|
Overpressure Effect: swp Zero Shift (% of URL)
1500 PSI +0.3%/1500 PSI
2300 PsI +0.3%/2300 PSI
6000 PSI +0.5%/6000 PSI
450 PSI (4" w.e.) +0.3%/150 PSI
450 PSI (24" w.c.) +0.3%/450 PSI
SQUARE ROOT OUTPUT MODE Turndown
(Model FHFG and FKCG)
Accuracy: Output Up to 10:1 Greater than 10:1
50 to 100% +0.1% 1(0.05 + 0.005 x turndown) (%)
20 to 50% +0.25% +2.5 x(0.05 + 0.005 x turndown) (%)
10 to 20% +0.5% +5 % (0.005 x turndown) (%)
Temperature Effect: Cell Ranges Shift at 20% Output
(% of URL)
2t07 +0.7%/100°F
Oto1 +1.5%/100°F
Static Pressure Effect: SwWp Shift at 20% Ouput
(% of URL)
1500, 2300, or 6000 +0.17%/1000 PSI
450 PSI (4" w.c.) +0.5%/150 PSI
450 PSI (24" w.c)) +0.5%/450 PSI
Overrange Effect: SwWp Shift at 20% Ouput
9 (% of URL)
1500, 2300 PSI +0.75%@SWP
6000 PSI +1.25%@SWP
450 PSI (4" w.c.) +0.75%/150 PSI
450 PSI (24" w.c.) +0.75%@SWP
Low Flow Cutoff: Maodel FHFG: 7% of Flow
Model FKCG: Adjustable via HHC from 7 to 20% of Flow
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PERFORMANCE

SPECIFICATIONS
kit b Stability: +0.1% URL/6 months
Supply Voltage Effect: +0.005% of calibration span/1 Volt change
RFI Effect: Built in RFI filters, negligible effect from 20 to 1000 MHz at 10V/m (Classification: 2 - abc
span per SAMA PMC 33.1)
Mounting Position Effect: Zero shift less than 0.5" w.c./10° tilt (no effect on span)

Step Response: |_Cell Range | Time Constant |

Range 0 1.25 sec.
Range 1 0.85 sec.
Range 2 0.45 sec.
Ranges 3 to 7 0.2 sec.
PHYSICAL
SPECIFICATIONS
Process Connections: 1/4-18 NPT on 2 1/8" centers (std)
1/2-14 NPT on 2", 2 1/8", or 2 1/4" centers with flange adapters (optional)
Conduit Connection: Two 1/2-14 NPT on terminal box
Process Wetted
Materials: Process Cover | Diaphragm Wetted Sensor Body O-Ring
Material Code
E Carbon Steel Hastelloy CHt 316 SST Vitonttt
w 316 SST Hastelloy C 316 SST Viton
H 316 SST Hastelloy C Hastelloy C Viton
M 316 SST Moneltttt Monel Viton
T 316 SST Tantalum Tantalum Viton
B Hastelloy C Hastelloy C Hastelloy C Teflonttt
L ‘Monel ‘Monel Monel Teflon
u Tantalum Tantalum Tantalum Teflon
Fill Fluid: Silicone Oil (std), Fluorolube (optional)
Bolts and Nuts: Cr-Mo alloy (std)
304 SST (optional, reduces the SWP to 1500 PSI)
17-4 PH SST (optional, for 6000 PSI SWP)
Electronics Housing: Low copper aluminum alloy, ancdized and finished with epoxy/polyurethane double coating
process (std)
304 SST (optional)
Mounting Bracket: Carbon Steel, epoxy coated (std)
304 SST (optional)
Environmental NEMA 4X and IEC IP-67
Protection:
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OUTLINE DIMENSION DRAWINGS

External adj.
Model FHC Signal UPFIDOWN
One-push ZERQ/SPAN

MODELS WITH CS OR SS PROCESS COVERS

Mtg. pipe Mounting

2 in) bracket Model FKC
) p
Process

_1: connection
H )

Fastener
iflameproof ex. only)

: H r
© oL s 1 | / h
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94 Flowmeter Data

Overall

Flow Accuracy

(% of reading): Transit-Time Mode:
Pipe Diameter > 150 mm ( 6")
Velocity > 0.3 m/s (>1 fi/s): 2 % typical

(1% with calibration)

Velocity < 0.3 m/s (< 1 ft/s): £0.01 m/s
(£ 0.03 fi/s) typical

Pipe Diameter < 150 mm (6")
Velocity > 0.3 m/s (> 1 ft/s): 2-5% typical

Velocity < 0.3 m/s (< 1 fi/s): £0.05 m/s
typical (£0.15 ft/s)

TransFlection Mode:
Velocity > 0.3 m/s (>1 fifs),

+5% typical or +2 % calibrated accuracy.
*In normal single-phase situations.

Range: -12.2 to 12.2 m/s (40 to 40 ft/s).
Rangeability: 400:1.
Repeatability: Transit-Time Mode:

10.2% to 0.5% clamp-on transducers.

TransFlection Mode:
+0.5 % (camp-on transducers).

Energy Accuracy

(% of reading): The accuracy of the energy measurement is
a combination of the accuracy of the flow
and temperature measurement.

Transit-Time Mode:
Accuracy of 1 % is typical for calibrated
systems.

TransFlection Mode:
Accuracy of 2 % is typical for calibrated
systems.

Note: Above specifications require straight runs of
10 diameters upstream and 5 diameters
downstream.

Low Voltage Direc-
tive Compliance  This unit complies with European Standard
EN61010.

Installation Category 11, Pollution Degree 11
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Electrical

Meter
Operating Power: 6 W, maximum.
Fuses: One 250 mA, 32 V.

Two 1 A, 125V, Slo-Blo.

Internal Batteries

Size: 4 C-size NiCad high-energy rechargeable
batteries.

Battery Life: Transit-Time Mode:
8-10 hours of continuous operation is
typical.

TransFlection Mode:

3-4 hours of continuous operation typical.
Note: The battery life will be reduced if you use

the 4-20 mA output and/or loop powered

temperature inpuls, back light, or the

printer output.

Recharge Time: 16-20 hours using the external power
supply/charger.

Power Supply/Charger

Input: 100/120 VAC or 200/260 VAC, 50/60 Hz
+10 %, 5 W maximunt.
Output; 12 VDC unregulated.

Note: The PT868-R may also be powered/charged
by any regulated DC source that provides
spike-free voltage of 10 to 28 VDC.

Size/Weight

Size: 127mm x 229 mm x 5.8 cm .
(5 x 9 x 2.3 inches).

Weight: 1.0 kg (2.2 1bs).
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Environmental

Operating

Temperature: -10 to 50°C (14 to 122°F).

Storage

Temperature: -10 to 50°C (14 to 122°F).

Note: To ensure maximum battery life, the
storage life should exceed 35°C
(95°F) for long periods.

Operating Modes

Flow

Measurement: Transit-Time or TransFlection Mode with
clamp-on or wetted transducers.

Energy: Two loop-powered temperature transmitter
inputs to calculate energy flow.

Input/Output

Keypad: 30-key tactile feedback membrane keypad.

Display: 64 X 128 pixel LCD graphic display with
back light.

Printer/

Terminal: One RS232 port for printer, terminal, or PC.

Analog Output: One 4-20 mA or 0-20 mA current output
(550 Q maximum load).

Analog Input: Two 4-20 mA analog inputs with switchable
16 V supply for loop-powered temperature
transmitters.

Acoustic: One pair of LEMO coaxial transducer
connectors.

Cable length 8 m (25 ft) standard. Up to
305 m (1000 ft) optional.
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Operational Specifications

Site Parameter
Programming:

Data Logging:

Display Functions:

Printer Output:
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Menu-driven operator interface using a
keypad and "soft" functions keys.

On-line help functions including pipe tables.

Storage for saving parameters for up to 20
sites.

Memory capacity to log over 43,000 flow
data points.

Keypad programmable for log units, update
times and start and stop times.

Graphic displays shows flow in numeric or
graphical format.

Also displays logged data.

Supports several thermal or impact printers.

QOutput data in numeric or graphical ("strip
chart™) format.
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Transducer

Clamp-On Transducer

Standard: Panametfrics’ clamp-on and wetted
transducers

Temperature

Range: -40 to 100°C (40 to 212°F) standard.
-200 to 260°C (-328 to 500°F) optional.

Frequency: 1 MHz standard.

500 kHz, 2MHz, 4 MHz optional.

Note: Transducers special applications
are available. Flowcells are also
available. Consult the factory for

details.

Optional

Materials: Stainless steel, high-temperature plastics,
Hastelloy, Monel, Titanium, etc.

Mounting: Chain, strap or magnetic slide-track
mounting fixtures.

Temperature Transducer

Type: Loop-powered 3-wire platinum RTD’s;
clamp-on and wetted (thermowell) types are
available.

Accuracy: 0.1°C (0.2°F), wetted RTD’s (matched pairs)

Range: -20 t0 260°C (-4 to S00°F)
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Pipe Size and Material
Clamp-On Transducers

Materials:

Pipes Sizes:

Pipe Wall Thick-
ness:

All metals, most plastics; consult
Panametrics for concrete, wood, and
composite materials for highly corroded, or
lined pipes.

Transit-Time Mode:

12.7 mm to 5 m (0.5 to 200")

outside diameter (OD).

TransFlection Mode:
Scmto 5 m(2to 200"
outside diameter (OD).

Upto 76.2 mm (3").

Wetted Transducers

Materials:

Pipe Sizes:
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All metals, most plastics; consult
Panametrics for concrete, glass, and cement.

Transit-Time Mode:
1 mm to 5 m (0.04 to 200")
inside diameter (ID).

TransFlection Mode:
5cmto 5 m(2to200")
inside diameter (ID).
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Available Options

Thickness Gage

Standard
Transducer:

Pipe Wall

Thickness Range:

Pipe Materials:

Accuracy:

Display
Resolution:

Thermal
Exposure:

Energy
Equipment

Printer Option

PC Interface
Software
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Panametrics dual element transducer

1.3 to 76.2 mm (0.05 to 3.0 inches)

Most standard metal and plastic pipe
materials

+1% typical or £0.05 mm (+0.002 inches)
0.01 mm (0.001 inches)

Continuous operation to 37°C (100°F).
Intermittent operation to 260°C (500°F) for
10 seconds followed by air cooling for 2
minutes.

Dual RTD transmitter; two 4 to 20-mA
transmitter with input for 3-wire RTD (100
ohm pt) and terminals for 4 to 20-mA
output; and 6 ft. cable.

Thermal printer with rechargeable battery,
6 ft. cable and 120-VAC or 240-VAC
charger.

TransPort Data Manager (TDM) software
links PT868-R with computer or PC.
Includes 3.5-in. and 5.25-in. diskettes,
interconnection cable (please specify type),
and manual.

NEA/CSNI/R(2000)22



10 Appendix B—Participant Modél I nformation and Documentation

10.1 Presentation of the contribution of CEA/DRN/DTP/SMTH to | SP43

Bernard MENANT
Commissariat a I’Energie Atomique Grenoble
DRN/DTP/SMTH
LAboratoire de Thermohydraulique Avancée
17 avenue des Martyrs
F 38054 GRENOBLE cedex 9
This work is supported by CEA/IPSN/DES/SECCA.

10.1.1 Introduction
The TRIO** thermal hydraulic programs developed in CEA are of general purpose.

The first contributions of CEA Grenoble to heterogeneous dilution problems were based on
TRIO_VF computations. More recently TRIO U, which is the CEA/DRN thermal-hydraulic
reference software, became available for these applications.

The applications of TRIO-VF were limited to the reactor vessel. This limitation is a
consequence of the structured volume approach in L,J,K numerotation.

In TRIO U, the numerotation by element, compatible with unstructured mesh approaches
was chosen. In consequence, more complex geometries can be modeled using either
structured finite volumes (VDF), or unstructured finite volumes (VEF). In 1998, a
computation of the transit of a cold plug through a complete 3 loop REP was successfully
attempted as a demonstration of the feasibility of such approaches using VDF 3D transient
modeling.

One interesting step in this approach is to validate our modeling for the reactor vessel. For
this reason we have chosen to work on case A or B of ISP 43. Case A is relative to the
response to an inlet temperature step during pump start-up transient. Case B, relative to the
transit of a cold plug, is closer to the practical case of the transit of a clear water plug. For
this reason, we focused our efforts on case B.

10.1.2 Summary description of the modeling

10.1.2.1 Generalities

The first attempt to use VEF tetrahedral meshes has shown that the computational time for a
sufficient description of ISP43 case B transient will be too important. For this reason we have
decided to use VDF. Furthermore, this approach is supported by the previous work using
TRIO_VF and TRIO U.

Due to the flow transient, the complexity of the geometry, and the importance of differential
gravity effects, classical turbulence models are not well qualified for ISP 43 applications.

Nevertheless, two approaches of instabilities and turbulence effects were attempted. The first
one is a classical K-Epsilon model, and the second one is a model using 0 turbulent
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diffusivities in which the explicitly modeled instabilities are supposed to account for these
effects.

The aim of our contribution is to evaluate the validity of these approaches, and to support
more general reflections about heterogeneous dilution.

Heat transfer to and through the solid boundaries is difficult to calculate, especially because
it is impossible to appreciate precisely the effects of the thermal coating used, in the case of
ISP43, on the walls. For these reasons, and in agreement with the reduced thermal losses
stated in the experience, the heat transfer through and inside the walls was neglected.

10.1.2.2 Mesh

Correct application of K _Epsilon modeling requires adapted mesh refinement near the walls.
As such refinement was not compatible with reasonable meshes, we have chosen to work on
nearly uniform meshes: in the case of v =0 computation, the mesh is constituted of about 750
000 cubes of .005 m of side; in the case of K-Epsilon modeling, the mesh is constituted of
about 600 000 parallelepipedic meshes ( most of the meshes are identical to the meshes for v,
=0 case, but some meshes located in the downcomer have been stretched in the axial
direction up to an aspect ratio of 3 :1)

The choice of these meshes is not supported by any convergence study. Comparisons with
experiments would show the validity of these approaches.

The K_Epsilon computation was run on one processor of an HP J2240 work station; The v,
=0 computation was run on another processor of this work station, and also on 36 processors
of a CRAY T3E (parallel processing).

Meshes are fully described in files which constitute the geometry inputs of TRIO U. These
big files may be transmitted on DAT if requested.

Half of he computed area and its partition for the parallel computation are illustrated on the
figure next page.

10.1.2.3 Special models
Turbulence: classical K-Epsilon and wall laws if any.

No heat transfer at the walls assumed.

10.1.2.4 Solution procedure

The spatial discretisation scheme is of the QUICK-FRAM type for momentum balances and
QUICK-SHARP for energy balances.

The time discretisation is of the EXPLICIT-EULER type.

The resolution of the pressure system is of the preconditioned alternate gradient type. The
criteria for convergence was chosen in order to get excellent mass-balances (for the two
sequential computations the maximum value of velocity divergence over one computational
mesh remains lower than 1.E-11 m3s-1 and the maximum difference between inlet and outlet
flow remains lower than 1.E-9 m3s-1; for the parallel computation these maximal values are
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respectively 1.E-7 m3s-1 and 1.E-5 m3s-1). In both cases the inlet flow is exactly the flow
specified in the tables available on the net.

« Full input deck listings are given in attachment for the three computations.

Processor

Inlet with
velocity and
temperature
transients

Boundary y
conditions

Figure 10-1. Illustration of the modeled fluid region
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10.1.3 Presentation of the results

10.1.3.1 Data acquisition
All along the transients 3 types of data were acquired:

=>» Time evolution of temperatures and of the 3 velocity components for each computational
time step, for the 185 TC locations specified to acquire, were stored for the 3 computations
(note that the time step due mainly to Courant stability condition is about one millisecond
after the pump start-up). Illustrations of acquired temperature evolutions are given on the 2
following figures.

Computational results at k-6-3—-c location
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Computational results at k-6—-3—c location
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=>» Snapshots of complete temperature fields were acquired for the two sequential
computations every .04 physical seconds. This is useful for fine visual analysis of the flow
behavior we computed. For this analysis we use 3D detailed visualizations (see next figure
below) and animations of these visualizations (see the 3 mpeg movie joined). For instance
this may help to understand the global effects of turbulent modeling (see next page).
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=> Dumps of all the variables necessary to restart the computation were performed every
.125 physical seconds for sequential computations and every .5 seconds for parallel
computation.
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10.1.3.2 Data transmitted to UMD

The temperature time evolutions we acquired were integrated over .5 seconds and stored
every .5 seconds at the middle time of the integration area in order to get results comparable
to other results of this ISP. The integrated results were introduced in the templates prepared
by UMD which are joined for the 3 computations. The effect of averaging is illustrated on
the next figure.

Farallel computation resulis at k-6-3-c location
— Acquired (50000 steps) — Integrated (120 points)
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10.1.4 Further work.

Our slow computations have been interrupted.

The physical time reached for sequential computations is about 23 seconds, and it is about 60
seconds for the parallel computation.

We hope this is sufficient for interesting analysis and comparisons with experimental results
and other computational results.

More analysis, and the redaction of a final report on this task are planned afterwards
according to the discussions of these comparisons during the next workshop.
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10.2 Description of the Computation Model made in Fortum Engineering Ltd
(referred to as 1 VO throughout the report)

Timo Toppila
Fortum Engineering Ltd
Timo.Toppila@fortum.com
10.2.1 Introduction

This paper describes a computational fluid dynamics (CFD) model of the 2x4 Thermal-
hydraulics loop facility of the University of Maryland made in Fortum Engineering Ltd
for the ISP-43. The boundary conditions used in the simulation of the test cases A and B
are also shortly described.

10.2.2 Computation model

10.2.2.1 Mesh

The computation mesh was developed according to next principles:

Detailed geometry description: all that may affect to the flow field is modeled.

Although the flow field and mixing in the downcomer is the main goal, the model should
include the core volume and part of the hot legs to correctly take into account inertia
effects. That will also be useful if the same model is used for calculations including open
loops and bypass flow.

Minimum number of computational cells that together with second order discretization
schemes gives reasonable accurate results.

Near wall mesh that gives 30 <y’ < 300 for the first cell: no accurate wall flow modeling
but logarithmic wall functions together with an appropriate turbulence model.

The computation mesh was made using the commercial preprocessing tool Geomesh. The
total number of hexahedral and tetrahedral cells is 175 361. The computation mesh is
illustrated in Figure 10-2 through Figure 10-6.
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Figure 10-2. Computation mesh, cross
section through the hot legs

Figure 10-4. Computation mesh, core
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Figure 10-3. Computation mesh, outer wall
of the reactor vessel Figure 10-5. Downcomer, horizontal cross-
section, lower part of the downcomer
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Figure 10-6. Bottom plate, tetrahedral wall grid

10.2.2.2 Numerical models

The Reynolds averaged Navier-Stokes equations together with the heat transfer equation
and Standard k-¢ turbulence model equations were solved using commercial CFD code
Fluent 5.0. The most important numerical settings were:

* Solver: so called segregated solver with SIMPLE pressure-velocity coupling

* Discretizations: Control-volume based discretization. Standard discretization
scheme for pressure equation, 2™ order upwind scheme for spatial
discretization and 2™ order implicit scheme for time discretization.

* Time step size 0.05 sec for the first seconds of the transient, then 0.1 sec.

The transient took about 3 weeks of CPU time to compute using Silicon Graphics Octane
workstation (250 MHz CPU, 1GB memory).

10.2.2.3 Boundary conditions and material properties
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The flow velocity components and temperature at the inlet were given as a function of
time using piecewise linear functions. The boundary conditions were based on the
measurements during the transient. The temperature and velocity boundary conditions at
inlet are presented in Figure 10-7 and Figure 10-8.

Test A inlet boundary conditions
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Figure 10-7. Inlet boundary conditions for Test A

Test B inlet boundary conditions
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Figure 10-8. Inlet boundary conditions for Test B
The reference pressure at the outlet was set to P=0.0 Pa.
All walls were set adiabatic and the standard logarithmic wall functions were used.

The numerical calculation was started when the flow rate starts to rise from zero. That
means that there is an 8.5 second time-difference between experiment and calculation in
test A and 10.0 seconds difference in test B.
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The viscosity, density and specific heat were set as a function of temperature using
piecewise linear function. A temperature dependent density is presented in Figure 10-9. A
constant value was used for the thermal conductivity.
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Figure 10-9. Water density
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10.3 ISP 43 Final Report: GRS Participant Discussion
M. Scheuerer
Gesellschaft fiir Anlagen- und Reaktorsicherheit GmbH,
Forschungsgelidnde ,

D-85748 Garching

10.3.1 Description of the CFD-method

GRS has performed calculations for test case A with the CFD-software developed by
AEA-Technology CFX-TASCflow. CFX-TASCflow solves the three-dimensional
Reynolds-averaged conservation equations for mass, momentum and energy (Navier-
Stokes-equations). The turbulent momentum and energy transfer terms which appear in
the mean flow equations are calculated with the k-& turbulence model (Launder and
Spalding, 1974). The numerical solution method is a conservative, element-based finite-
volume method with co-located variable storage. The numerical grids are non-orthogonal,
hexahedral and block-structured.

CFX-TASCflow offers a choice of various discretization schemes for the convective
fluxes appearing in the model transport equations. These are the Upwind Differencing
Scheme (UDS), the Mass-Weighted Skew-Upwind Differencing (MWS) and the Linear-
Profile Skew-Upwind Differencing (LPS) methods developed by Raithby (1976). The
approximation of the convective fluxes can be improved by using the Physical Advection
Correction (PAC) scheme. The former two methods have first order truncation errors.
The LPS-method combined with PAC is second order accurate. In the present work the
latter scheme is used. Diffusive fluxes are approximated using trilinear form-functions.
Time derivatives are discretized with a first-order backward Euler-method.

Picard iteration is used to resolve the nonlinearities in the governing equations. For each
iteration the pressure and velocity fields are solved as a coupled block system. An
algebraic multi-grid method, based on incomplete Gauss-elimination (Raw, 1996) is used
for the solution of the difference equations.

In the calculations described in this paper, which should be regarded as a first test of the
three-dimensional prediction procedure, several simplifying assumptions have been
made. These are:

e The fluid properties are constant.
* Buoyancy (gravity) effects are neglected.

* The outlet static pressure does not vary with time.
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The above assumptions have been made to achieve good accuracy and good robustness.
They are no limitations of the underlying calculation procedure.

10.3.2 Boundary and Initial Conditions

The geometry of the numerical model of the pressure-vessel, the cold legs, the hot leg
outlet and the downcomer is shown in Figure 10-10. The internal diameter of the test
vessel is 48,3 cm. The internal diameter of the main cooling line is 7,6 cm. Centred inside
the pressure vessel is the core, approximated by a porous region. Figure 10-11 shows the
numerical grid with the cold legs, the downcomer with an increase of its diameter in the
lower part, the downcomer walls, the bottom and the core of the RPV. It consists of
467040 flux elements.

The static pressure loss of 6 inches H>O across the core was obtained by a porosity factor
of 0.7. The unborated, cold water is injected at the cross sectional area located at the first
flange of cold leg Al. The primary system is initially well mixed at a temperature To =
74° C. The injected water has an initial temperature of Tmax = 72° C. After
approximately 5 s its minimum temperature of Tmin = 12° C is reached. The maximum
mass flow rate reaches m = 7.2 kg/s after 27 s problem. The inlet velocities, calculated
from the specified mass flow rates, are assumed to be constant across the inlet faces.
Turbulence intensities at the inlet are set to 7 % and the turbulence length scales to 0.005
m. The static pressure at the outlet cross section, at hot leg A, is set to a constant value.
There are no heat losses at the outer walls.

Initially the relative pressure and velocity fields are set equal to zero. The properties of
the fluid are set at a reference temperature of 287K, the density is P fuig = 999.2 kg/m3,

the dynamic viscosity has a value of g, = 0.001 Pa s, the heat capacity at constant
pressure is Cpyig = 4207 J/kg K and the conductivity is A guiq = 0.02 W/m K.

10.3.3 Results and Discussion

In the following discussion the nomenclature for the locations of temperatures adhere to the
thermocouple locations prescribed for the ISP43 experiment. Figure 10-12 gives an
overview on the location of measurement levels from the bottom to the top of the
downcomer and lower plenum. Figure 10-13 and

Figure 10-14 show the azimuthal distribution of the thermocouples in cross sections of
level 8 and level 7. On each level thermocouple one is located at the 3 o’clock position
corresponding to the centerline of cold leg Al, numbering proceeds from there in
counter-clockwise direction.

The three-dimensional effects of the asymmetric ECC-injection are shown in Figure
10-15 through Figure 10-17 of the temperature distributions in the downcomer at
transient times of 20, 40, and 62 s. Initially the system is filled with stagnant water at a
temperature of 74° C (347 K). Figure 10-15 shows the temperature distribution at time =
20 s. The cold water flows downward and in circumferential direction. Higher
temperatures appear at the cross section where the downcomer radius increases. These
are caused by local recirculation due to the geometry discontinuity. After 40 s, in Figure
10-16, the cold water has reached the lower plenum of the reactor where strong
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recirculation zones evolve. The flow in the core is strongly three-dimensional and has a
complex structure. At the end of the transient, at time = 62 s, shown in Figure 10-17, the
core is almost completely cooled down. The mixing of hot and cold water is very good.

The designated figure of merit for the comparison of experimental and numerical results
is the average fluid temperature at the center of level 4 in the downcomer for the transient
period from 0 to 62 s. In Figure 10-18 the experimental results are shown with its
corresponding maximum and minimum values. The averaged calculated temperatures are
within the experimental data range following mostly the lower limit of the transient. The
time history of the local temperatures at the center of the downcomer on level 4 at the 3,
6, 9 and 12 o’clock position are shown in Figure 10-19 through Figure 10-22. The graphs
with the individual temperatures show the three-dimensionality of the flow. Because of
the complex flow the temperature plots at the four positions are not quite symmetrical.
During the experiment the fastest cool-down occurs at the 3 o’clock position (Figure
10-22) while calculated temperatures drop fastest at the 9 o’clock position, opposite to
the inlet location, see Figure 10-21.

The time history of the average fluid temperatures located at the center of the downcomer
at level 7 and 9 is plotted in Figure 10-23 and Figure 10-24 together with the averaged
experimental value and its maximum and minimum value. Level 7 is located below the
step change in diameter of the downcomer and level 9 corresponds to the center of
injection plane. On both levels the calculated temperature gradients are within the
experimental range. The temperature drop corresponds to the temperature gradient of the
injected plug. The temperature distribution at the entrance plane (level 9) in Figure 10-24
shows that initial temperatures for the calculations are chosen close to minimum values
of the experiment. Therefore, numerical results remain at the lower temperature limit
compared to the experimental data at all other locations.

The calculations were performed on a DEC Alpha Server 8200 with 1GB RAM. The
simulation requires 512 MB storage and an average calculation time of 1.85 x 10-2 CPU
s /(real time s x grid point). An average time step size of 0.25 s is used, requiring ca. 5
iterations for convergence. The convergence criterion is set at 0.001 for the normalized
maximum residuals of the mass, momentum and energy equations.

10.3.4 Conclusions and Outlook

The rapid boron dilution transient test case A were calculated using the CFX-TASCflow
software. The presented results show good agreement with the experimental data.
However, the calculations should be further validated. The calculations should be
repeated using higher order difference schemes and the different solutions should be
compared in order to quantify the numerical errors. Then the spatial grids and time steps
need to be adjusted to minimize the solution error. Finally, model uncertainties should be
investigated, e.g. turbulence model, neglect of buoyancy effects, porous media
assumptions. These additional investigations will help to understand and interpret the
results better.
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Figure 10-10. Geometry of the numerical model of the reactor vessel
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Figure 10-15. Temperature distribution, time = 20s
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Figure 10-16. Temperature distribution, time = 40s
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Figure 10-17. Temperature distribution, time = 62s
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Page 171

NEA/CSNI/R(2000)22



k-4-7-c

——grs_7levd

60

\ ——Experiment

e
\*

a1
o

S
o
o

temperature, C
w
S
W"/

| e

0 10 20 30 40 50 60 70
time, s

10

0

Figure 10-22. Local fluid temperature at 12 o’clock position on level 4

temp_lev7

80

70 i

——EXp. avg
60 1
—=—EXp. max
—=—Exp min
%0 —4—calc GRS
(&)
g
Z 40
g
£
i)
30
20
10
0
0 10 20 30 40 50 60 70

Figure 10-23. Average fluid temperature at level 7

Page 172 NEA/CSNI/R(2000)22



temp_lev9

80

: I
|

o
o

i
1

——EXxp avg

—=—EXxp max

—=—EXp min

—&—calc GRS

N
o

temperature, C

w
o

20

LY
L

f

10

time, s

Figure 10-24. Average fluid temperature at level 9

Page 173

60 70

NEA/CSNI/R(2000)22



10.4 NRI Simulation of the | SP-43 Experiments

Petr Muhlbauer

Nuclear Research Institute ReZ plc, 250 68 Rez, Czech Republic
Muh@nri.cz

10.4.1 Introduction

Numerical simulations of the ISP-43 experiments in the NRI were performed within an
effort to evaluate the possible application of up-to-date multi-dimensional thermal
hydraulic codes to analysis of problems of boron dilution in the VVER NPPs. The
commercial CFD computer code FLUENT 5 was selected as the first tested code. In the
following chapters, a short description of NRI approach to the pretest simulations is
given.

10.4.2 Computational Model

Since it became very early clear that modeling of the whole experimental facility would
be very expensive as to the hardware and CPU time requirements (and, in fact, not
necessary), the modeled geometry was limited to the recommended simulation boundary.
Owing to limited computational resources at the time of calculations (512 Mb of
operational memory, only one license for the selected solver FLUENT 5) it was decided
for the pretest calculations to simplify the geometry and physical phenomena taken into
consideration in the following way:

* The three flaps near the downcomer outlet are not modeled.

* The spherical bottom of the vessel is modeled as a cylindrical one.

* The perforated bottom of the core barrel and the lower plate are not modeled.

* The heating rods are not modeled.

* Buoyancy effects are not taken into account

« Physical characteristics of water are taken as independent of temperature.

A scheme of the geometry and the number of computational cells in the individual parts
of the computational region is shown in Figure 10-25 and Table 10-1. In the nozzle
region, a very complicated flow should be expected, so quite small tetrahedral elements
are used there in order to reduce the numerical diffusion. In the rest of the downcomer,
brick elements are used to decrease the total number of computational cells. Brick
elements are used also in the lower plenum and in the outlet part of the model

Time dependent boundary conditions were modeled as piecewise-linear functions of
time. Uniform velocity inlet and pressure outlet boundary conditions options of the
FLUENT 5 code were used. Since the pressure difference between the lower plenum and
hot leg was supplied to the participants, the following procedure was used in order to
obtain a corresponding pressure difference in the geometrical model: A steady state
calculation for the final stage of the Test A was performed with outflow (zero streamwise
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gradients of all quantities except of pressure) boundary condition and a reference pressure
set in the lower plenum. Then the resulting pressure difference between the lower plenum
and outlet of 268.52 Pa was determined and compared with the measured pressure
difference of 1514.5 Pa. The supplied time courses of the experimental pressure
difference for both tests were then multiplied by the ratio 268.52/1514.5 = 0.1773.

As for the model of turbulence and the numerical methods, it was decided to use the well-
known k — & model of turbulence with standard wall functions, and first-order accurate
implicit segregated solver, first order upwind differencing, and SIMPLE algorithm for the
pressure—velocity coupling. All calculations were performed in single precision on
HP9000 K260 with 4 processors and 512 MB of RAM.

During the calculations of both tests, there was a backflow through a part of the outlet
plane that should be eliminated in the post-test calculations.
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Figure 10-25. Scheme of the solution domain (not to scale)
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Table 10-1: Types and numbers of cells in solution domain

Region Number of cells Type of control volumes
Topdc 13 500 Hexahedral
Nozzles 137 929 Hexahedral in pipes, tetrahedral
Downcomer 81 000 Hexahedral
Bottom 33 960 Hexahedral
Outlet 5872 Hexahedral

Total number of computational cells: 272 261.

10.4.3 Principal result

During the first workshop, level 4 average temperature was selected as the primary figure
of merit. This quantity for both tests is shown in

Figure 10-26. Large changes of the temperature between the 20 and 30 sof the
experiment do not correspond to the experiments and their reason must be found in the
stage of post-test calculations.
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Figure 10-26. Level 4 average temperatures for Test A (blue) and Test B (pink)
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Benchmark Aanalysis of Rapid Boron Dilution Transient by Level 4

A quantitative way of examining the flow pattern is by plotting the azimuthal profile at
several times through out the transients. The times selected for test A are 24, 28, 32 and
36 seconds. In Figure 5-17, the origin corresponds to the center of the injection cold leg,
CL A1, and the angle increases counterclockwise when viewed from the top. The data of
Figure 5-17 is the ensemble average of the 16 redundant A tests in the loop; standard
deviations marked by error bars. The plot shows that the front penetrates downwards
under the cold leg and that the region opposite the injection site is the last to be mixed.
The significant standard deviation around the injection site at 24 s shows that the front is
spreading to varying degrees as it travels through the downcomer.
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10.5 NUPEC Rapid Boron Dilution Calculations using thePLASHY/IMPACT Code
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10.5.1 Introduction

NUPEC has developed a general-purpose three-dimensional thermal-hydraulic code,
PLASHY, to solve large scale complicated fluid flow problems'’. PLASHY, which
stands for Parallel Large Scale Analysis System for HYdrodynamics, consists of two
independent modules, PLASHY-CRT and PLASHY-BFC. Both modules solve a set of
single-phase fluid thermal-hydraulic equations with or without turbulence transport
equations, heat conduction equation, and mass transfer equation in Cartesian/Cylindrical
coordinate system and Boundary Fitted Coordinate system, respectively. They can run on
a parallel computer, IBM SP2, by employing the zone decoupling method.

NUPEC continues the effort to assess the PLASHY code, and thus the benchmark
analysis of RBD transient was carried out. Because of the measured data for the ISP43
were closed, several sensitivity studies were required to select the computational grid
system, inlet/outlet boundary conditions, turbulent model and other modeling options.
After the sensitivity studies, about 300,000 cells in total, QUICK scheme for the
momentum equations, the first order upwind scheme for the energy equation, etc. were
selected. The turbulent model was neglected in the calculations because the occurrences
of laminar to turbulent transition were expected in the transient. PLASHY has the k-e
turbulent model, however the model of the PLASHY code did not work well for the
turbulent transition.

According to the procedure mentioned above, three-dimensional downcomer mixing
behaviors were calculated on the parallel computer SP2 by using the 12 of 76 CPU units.
To reduce the computing time, PLASHY-CRT was employed instead of PLASHY-BFC.
The curved wall of the lower plenum, the cold leg, and so on were modeled precisely by
a porous body method in the cylindrical coordinate system.

10.5.2 Outline of PLASHY-CRT

PLASHY-CRT is a three dimensional single-phase flow analysis code. It is one of the
base modules of IMPACT'", and used as the independent flow analysis code or as a
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cooperate module of a boiling transition analysis code, a fluid-structure interaction
analysis code and a severe accident analysis code. It employs a domain decoupling
method for parallel computation. The parallel processing efficiency is over 60% and the
speed-up ratio is about 40 in the 64-CPU calculations with over 1,000,000 cells in total.
Outline of PLASHY-CRT is as follows:

(a) Coordinate 3D Cartesian/Cylindrical
(b) Fluid Single-phase incompressible
(c) Basic equations Mass and momentum conservation and
Energy conservation equation
(d) Auxiliary equations Heat conduction equation and mass transfer equation
(e) Turbulence model k-e two-equation model or Large eddy simulation (LES)
(f) Numerical method Finite differential method
(g) Solution scheme SMAC method

(h) Difference scheme in time Euler Explicit or RRK"” or Adams-Bashforth method
(1) Difference scheme in space 1st-order upwind or QUICK or 3rd-order upwind or
2nd-order central or 4th-order central difference scheme

(j) Matrix solver ICCG method
(k) porous body Available
(1) Parallelization Domain decoupling method

10.5.3 Survey Studies

Because of the blind benchmark, survey study was necessary for selecting inlet/outlet
boundary conditions, convection term differencing scheme, turbulence model, and
computational grid. The brief explanations are as follows.

10.5.3.1 Inlet/outlet condition

The values of the inlet velocity and temperature at the point Al of the cold leg, shown in
Figure 10-27, were obtained form the digitized flow rate data in the MS Excel file
provided and set as time-dependent table-type data. The radial and azimuthal
distributions were neglected, and thus flat and uniform distributions were assumed.
Elevation of the outlet boundary was selected at the middle part of the core to reduce the
computational grid numbers. The free outflow boundary condition was adopted.

10.5.3.2 Resistance plate

Two multi-hole plates are installed on the bottom of the core (see Figure 10-27). These
might cause a significant pressure loss. These were modeled as a local resistance thin
plate in the calculations. Total pressure drop from bottom of the vessel to the outlet at
steady state was set at 1000(Pa) for Test-A and 1200(Pa) for Test-B. The value of the
resistance was estimated form the parameter survey study. Effects of flaps were also
considered.
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10.5.3.3 Downcomer-to-core heat transfer

In the early stages, when cold water came into the downcomer region, water in the core
was still hot. Therefore, heat transfer from the hot water in the core region to the cold
water in the downcomer was expected. To evaluate effects of the heat transfer, survey
calculations with the coarser mesh (about 30,000) were carried out. However, very small
effects were found for the temperature changes in the downcomer region, and therefore it
was neglected

10.5.3.4 Turbulence model

The value of the averaged Reynolds number at the downcomer region was expected to
change from 0 to over 10,000 during the transient. The standard k-e model was employed
at first with the coarser mesh (about 30,000), however the result was rather poor.
Therefore, we tried to use no turbulent model on the assumption that the numerical
diffusion generated from the differencing scheme applied to the convection term of the
momentum equation could provide an “equivalent” turbulent mixing (diffusion).
Although there was no physical basis for this assumption, turbulence was often accounted
for well in this way. (e.g. Kawamura and Kuwabara 1984)

10.5.3.5 Convection term differencing scheme

The method of differentiating the convection term of the momentum equation is a very
important issue because the amount of the numerical diffusion depends on the
differencing scheme. The calculated results by using the first upwind, the second upwind
Computational grid

In order to evaluate effects of mesh size, calculation with finer grid (about 300,000), was
performed. Although the small differences between the two were observed, the
calculation results were qualitatively the same. From these results, the fine grid system
was employed for the final calculation.

10.5.4 Benchmark analysis

10.5.4.1 Model configuration

The cold leg, reactor vessel and part of the hot leg were modeled in the cylindrical
coordinate system. Figure 10-29 shows the computational grid. The total number of cells
of the fine grid was 273,945. The curved walls of the cold/hot leg and the lower plenum
were precisely modeled by using the porous body approximation, as shown in Figure
10-30.

10.5.4.2 Material property

For accurate calculation, water density and viscosity were considered as variables of
temperature. The explicit forms of them are as follows:

Density = 1000.8 +2.591x10 T - 6.046x10° T + 1.595x10” T° [kg/m’],
Viscosity =1.787x107 - 5.4851x10” T +9.598x10” T* - 8.696x10™ T> + 3.059x 10" T*
[Pa.s],
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where T[°C.] denotes water temperature. Specific heat and thermal conductivity were
simply set as,

Specific heat =4174.0 [J/kg],
Thermal conductivity = 0.6114 [W/m.K],

(QUICK) and the third upwind scheme with the coarser mesh (about 30,000) were
compared and shown in the following Figure 10-28.

First, the result of the third upwind scheme was different from those of the other two
schemes and seemed strange. This was perhaps due to numerical instability that the
scheme had. Second, the first upwind was stable but had too large a numerical scheme to
get the real flow field. Consequently, we selected the QUICK scheme.

10.5.4.3 Test A results

At about 13 seconds, the inlet flow rate increased and reached approximately 7 liters/min
(the corresponding velocity is approximately 1.535 m/s) at about 30 seconds. On the
other hand, the temperature, approximately 73 °C., decreased steeply at about 15 seconds
and reached the lowest value, approximately 12 °C., about 20 seconds.

The calculated transient behavior in the vessel is shown in Figure 10-31. At 20 seconds,
the cold water reached the downcomer region and impinged to the shroud wall. Some of
the cold water flowed downward and rest took a roundabout way to the opposite side. At
32 seconds, the inlet flow rate became the maximum value, 7 liters/min, and the cold
water filled the downcomer region. However, some part of the region, under the clod leg,
was still warm because of upward flow from the lower plenum.

Figure 10-32 and

Figure 10-33 show the temperature change at several TCs locations. The temperatures of
almost every point decreased steeply at around 20 seconds. This means the front of the
cold water reached these TCs at that time. The difference between the coarse (about
30,000) and the fine results (about 300,000) is small.

10.5.4.4 Test B results

Test B was almost the same transient test as Test A, except the cold water came from the
Steam Generator (SG) instead of the external tank. Therefore, the same grid system was
employed. The cold water was swept from the bottom of the SG by hot water. As a result,
the temperature decreased and then increased again. Figure 10-34 and Figure 10-35 show
the transient behavior of Test B. Although the flow pattern change is almost the same as
Test A, the temperature in the vessel is quite different because of the above reason.

10.5.5 Reference

(1) Ujita, H. et al., "Development of severe accident analysis code 'SAMPSON' for
IMPACT project", J. Nucl. Sci. Technol., Vol. 36, No. 11, pp.1076- (1999).

(3) A. Wambecq, "Rational Runge-Kutta method for solving systems of ordinary
differential equations", Computing, 20, pp.333-342 (1978).
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Figure 10-27. Schematic of PWR test reactor vessel
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Figure 10-28. Survey of convection term differencing methods
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Figure 10-29. Computational grid for benchmark analysis
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Figure 10-30. Geometrical model of the test vessel by porous body approximation

Page 185 NEA/CSNI/R(2000)22



- -
i £
20sec i 3
: |
= a |
E = ”;
24sec £ == ‘1
'-.‘_-‘.,_ h‘h—;
= : - a
i -
1
28sec E
- s -
i p
32sec : 4
-:- :"‘.’1;
s

Figure 10-31. Series of velocity vectors and temperature contour in the vessel (Test A)
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Figure 10-33. Temperature change during the transient, level 10 (Test-A)
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Figure 10-34. Series of velocity vectors and temperature contour in the vessel, 15-30
seconds (Test B)
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Figure 10-35. Series of velocity vectors and temperature contours in the vessel, 40-60
seconds (Test B)
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10.6 Vattenfall Utveckling AB

This appendix is a short summary of the report: Andreasson P. & Hemstrom B.
“Simulation of rapid boron-dilution transient (OECD/CSNI ISP Nr. 43)”. Report nr. US
00:10.

When using CFD for complex processes computational resources are limited. A
computational effort of around one cpu-month for one case using one processor was
decided to be endurable for these simulations. One has to find the optimal balance
between spatial and temporal resolution, model and numerical complexity and extent of
the computational domain.

The following discussion gives motivations for some of our model choices.

10.6.1 Computational domain

The computational domain includes the entrance pipe downstream from where the
measured inlet profiles are given. The outlet boundary is positioned 0.44 m above the
core entrance. This placing of the outlet is believed to be sufficiently far downstream not
to significantly affect the flow in the downcomer.

10.6.2 Grid

A total of about 133 000 cells (70% hexahedrals, all in the downcomer, and 30%
tetrahedrals) was considered to be optimal. The cold leg (inlet) and the downcomer are
prioritised regions in the measurements. The spatial resolution is therefore finest in these
parts. However, a finer resolution in all parts of the reactor vessel would have been
desirable. Small flow structures in the downcomer (near the entrance and the annular void
widening) will have a poor resolution with the grid used. Also finer details of the flow in
the lower plenum are likely to be lost. Fully grid independent solutions are therefore not
to be expected.

10.6.3 Time-step

Ideally the CFL (Courant-Friedrichs-Lewy) number should be small in all regions, in the
order of or less than one if possible. Since velocity is highest and the grid finest near the
entrance of the cold leg into the reactor vessel, this is the critical region. The time-step
corresponding to a CFL number of 1.0 is around 0.001 sec. However, such a fine
temporal resolution was not possible to use with the chosen grid and computational
effort. Instead a time-step of 0.01 sec was used.

To investigate the influence of the choice of time-step a simulation with a time-step of
0.02 sec was conducted for the first 40 sec of case A. In Figure 10-36 the simulations
with the two different time-steps are compared for a level of z= 0.616 m and tangential
angles 0°, 120°, and 180 ° (monitor points k-4-1-C, k-4-9-C, and k-4-13-C respectively).

As seen in Figure 10-36 there is a difference between the results for the two different
time-steps, although the overall trends are similar. There are differences in details in all
parts of the reactor vessel, quantitatively as in Figure 10-36, or less. Another important
observation was that for At = 0.02 sec the temporal spectrum of the temperature variation
(and thereby also the dominant frequency) is exactly the same as for At = 0.01 sec. It is
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not surprising that instabilities display different features for different time-steps. A small
difference in the perturbation (such as imposed by a different time-step) grows to display
large differences in the variation from the mean temperature. However, the fact that the
statistical quantities of the variation are equal implies that the mechanism causing these
variations is time-step independent. It cannot be excluded, however, that there are other
features (other than the variation around the mean value) which display a time-step
dependence. The somewhat delayed temperature drop at time 30 - 31 s at monitor point
k-4-1-C seems to imply this.

10.6.4 Numerical schemes

Second order schemes are used. The mixing of a temperature slug is very sensitive to the
diffusional strength of the calculation. It is therefore important to avoid excessive
numerical diffusion.

10.6.5 Turbulence models

It is hardly motivated to use higher order turbulence models. It is better to spend
computational efforts on spatial and temporal resolution. What is “industrial standard”
(i.e. a two-equation turbulence model (here the RNG k-€ model) and Reynolds extended
analogy for heat) is therefore used.

For wall boundaries the momentum transfer and near-wall turbulent quantities were
modelled by so called wall functions. For momentum, k and € the nonequilibrium wall
function by Kim & Choudhury (1995) was used. For equilibrium conditions at high
Reynolds number conditions in the wall-adjacent cells this wall function conforms to the
standard “logarithmic law” for hydrodynamically smooth conditions. However, low-
Reynolds number flow conditions and nonequilibrium conditions (production of k does
not equal destruction €) can be anticipated in many regions. The model by Kim &
Choudhury (1995) attempts to compensate for these conditions by relating the
momentum transfer to k (uses k'? as velocity scale instead of friction velocity as in the
standard log-law) and solve for conservation of k also in the wall-adjacent cells. The
production of k and € are prescribed (varies with k and wall distance).

10.6.6 Core inlet plates and core

The holes in the core entrance plates are not modelled individually. The pressure drops
are modelled using a uniformly distributed resistance. This approximation is believed not
to significantly effect the flow field in the downcomer.

The resistance in the core region is modelled using a distributed resistance.

10.6.6.1 Buoyancy influence

Buoyant influence was, at the time of model set-up, believed to be negligible. It has,
however, later been shown that this i1s not the case. A simulation for Case A with
buoyancy forces modelled has later been performed. Figure 10-37 shows the temperature
field at level 4 after 24 seconds for this simulation. At this time only part of level 4 are
affected by the cold water plug. Figure 10-38 shows the temperature field at t=24 seconds
when the buoyancy force is not modelled, i.e. as in the transmitted simulation. The
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temperature fields differ, although the coldest temperatures are found at approximately
120 degrees from the inlet for both cases. As can be seen in Figure 10-39, which shows
temperatures as a function of azimuthal angle at the same level and time, this is also the
case for the concentration measurements in the visualisation loop at University of
Maryland.

10.6.6.2 Heat transfer to the walls

Heat transfer to walls is believed to be negligible.

Temperature (°C)
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Figure 10-36. Comparison of predictions with two different time-steps (thicker curves are
for Dt = 0.01 s, finer curves are for Dt = 0.02 s)
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Figure 10-37. Case A. Buoyancy forces modeled. Contour plot at level 4, seen from above,
at t=24 sec. The inlet is at 11:15.
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