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L'ENERGIE ATOMIQUE DU CANADA, LIMITEE

Description du Programme COG d'étude de la libération des produits de
fission en réacteur, de leur migration et dépôt dans des situations
accidentelles graves dans l'Installation d'Essaia de Dépressurisation

by

P,J, Fehrenbaoh and J.C. Wood

SUMMARY

Les accidenta de perte de caloporteur avec en plus diminution du
refroidissement d'urgence entraîneraient probablement de hautes températures
de combustible qui conduiraient à de graves dégâts de celui-ci et à une
libération importante de produits de fission dans le système de caloportage
primaire. Certains de ces produits de fission radioactifs migreraient alors
le long du système primaire de transfert de chaleur (SPTC) jusqu'au point de
rupture où une partie de ceux-ci seraient libérés dans l'enceinte de con-
finement. En calculant la quantité de produits de fission libérés et migres
dans ces conditions, il y a à considérer de nombreux phénomènes influant les
uns sur les autres et parfois entrant en compétition les uns avec les
autres. On effectue des simulations en laboratoire pour fournir des
renseignements sur ces phénomènes particuliers tels que l'oxydation de l'U02
et l'interaction du Zr et de l'U02 d'après lesquels on peut créer des
modèles mathématiques. On les incorpore ensuite à des programmes de calcul
pour tenir compte des effets d'interaction et évaluer les libérations
globales. Toutefois, on a aussi besoin des essais quant à tous les effets,
des essais en réacteur et des essais de vérification dans des conditions
représentant l'accident de réacteur hypothétique. La comparaison ultérieure
des prédictions du programme avec ces résultats d'essais "quant à tous les
effets" confirmera qu'on a tenu compte de toutes les interactions
importantes. En outre, les essais en réacteur sont la seule source de
renseignements sur la libération et migration des nucléides à vie courte de
produits de fission qui sont importants pour l'analyse des accidents de
réacteurs CANDU. De plus, la décontamination, après essais, d'une
installation d'essais en réacteur donne une possibilité unique de démontrer
les techniques et d'obtenir des renseignements sur la décontamination
intéressant la remise en état, après accident, des réacteurs de puissance
CANDU.

Des installations spéciales sont nécessaires pour les essais en
réacteur du fait de la libération considérable de produits de fission radio-
actifs et des hautes températures en jeu (allant jusqu'à 2500 degrés
Celsius). Pour répondre à ce besoin du programme canadien, on a construit
l'Installation d'Essais de Dépressurisation (IED) dans le réacteur NRU de
Chalk River (voir Annexe A pour la description de l'IED).
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Entre l'achèvement de sa construction au milieu de 1987 et le
premier essai de combustible à gaine en Zircaloy de l'année financière
1987/88, on exécutera plusieurs essais de mise en service. De même, on
achèvera d'importants travaux de mise au point pour permettre l'application
de l'instrumentation aux éléments combustibles irradiés et à l'appui de
l'examen, après essai, de l'assemblage combustible. En outre, on établira
un programme d'études de décontamination pour fournir des renseignements
intéressant la decontamination, aprè3 accident, des réacteurs de puissance.

Le programme à frais partagés d'étude avec l'IED, lequel est
financé par le Groupe de Travail sur les Transitoires de Haute Température,
comprend quatre essais, à savoir: l'essai initial, EXP-BTF-103, à transi-
toire allant jusqu'à 1500°C, et à prolongation à cette valeur, qui sera
terminé au cours de 1987/88; les essais EXP-BTF-1O1J et EXP-BTF-105 à
températures prévues de gaine de combustible de 1800 à 2100°C en 1988/89 et
1989/90; l'essai EXP-BTF-106 à températures de gaine de 2100-2500°C en
1990/91. Il se peut, bien sur, qu'on modifie légèrement les conditions
d'essais réelles par rapport aux valeurs proposées afin de profiter des
nouveaux renseignements provenant d'essais antérieurs. Toutefois, dans
chaque essai, le but est de mesurer les dégâts du combustible et la libéra-
tion des produits de fission à la suite de sa rupture dans des situations de
plus en plus graves.

Pour chaque essai, le programme d'essais proposé comporte:

une conception et proposition d'essai détaillée;
la conception et fabrication de l'assemblage combustible;
l'instrumentation de l'assemblage combustible;
un rapport d'analyse de sûreté;
l'essai en réacteur dont l'acquisition des données sur les dégâts
du combustible et données en ligne sur la libération des produits
de fission;
l'acquisition, après essai, des données sur la migration des pro-
duits de fission;
la décontamination de l'IED et l'acquisition des données;
l'examen détaillé, après irradiation, de l'assemblage combustible
et les échantillons de matières déposées;
l'extraction, la qualification et la documentation de toutes les
données;
l'analyse après essai et l'interprétation;
un procèes-verbal final des résultats d'essais.

On disposera alors des renseignements sur le comportement du combustible, la
libération et migration des produits de fission et la décontamination pour
étalonner les programmes et ceux-ci aideront à fournir une valeur plus
exacte de la conséquence d'accidents de dégâts graves du combustible.

Génie des combustibles
Laboratoires Nucléaires de Chalk River

Chalk River, Ontario KOJ 1J0
1987 avril
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Description of Che Slowdown Test Facility COG Program
on In-Reactor Fission Product Release, Transport,

and Deposition under Severe Accident Conditions

by

P,J. Fehrenbach and J.C. Wood

SUMMARY

Loss-of-coolant accidents with additional Impairment of emergency
cooling would probably result in high fuel temperatures leading to severe
fuel damage (SFD) and significant fission product release to the primary
heat transport system. Some of this fission product activity would then be
transported along the PHTS to the break where a fraction of it would be
released into containment. In calculating the amount of fission product
release and transport under such conditions, there are many interacting and
sometimes competing phenomena to consider. Laboratory simulations are being
used to provide data on these individual phenomena, such as UO2 oxidation
and Z1—UO2 interaction, from which mathematical models can be constructed.
These are then combined into computer codes to Include the interaction
effects and assess the overall releases. However, there is also the need
for all-effects, in-reactor, verification tests under conditions
representative of the hypothetical reactor accident. The subsequent
comparison of code predictions with these "all effects" data will confirm
that all important interactions have been included. In addition, in-reactor
tests are the only source of data on release and transport of short-lived
fission product nuclides, which are important in the consequence analysis of
CANDU reactor accidents. Post-test decontamination of an in-reactor test
facility also provides a unique opportunity to demonstrate techniques and
obtain decontamination data relevant to post-accident rehabilitation of
CANDU power reactors.

Specialized facilities are required for in-reactor testing because of
the extensive release of radioactive fission products and the high tempera-
tures involved (up to 2500 degrees Celsius). To meet this need for the
Canadian program, the Blowdown Test Facility (BTF) has been built in the NRU
reactor at Chalk River (see Appendix A for a description of BTF).

Between completion of construction in mid-1987 and the first
Zircaloy-sheathed fuel test In fiscal year 1987/88, several commissioning
tests are being performed. Similarly, extensive development work has been
completed to permit application of instrumentation to irradiated fuel
elements, and in support of post-test fuel assembly examination. A program
of decontamination studies has also been developed to generate information
relevant to post-accident decontamination of power reactors.

AECL-9343



The BTF shared cost t e s t program funded by the COG High Temperature
Transients Working Party consists of four t e s t s . The i n i t i a l t e s t ,
Exp-BTF-103, consisting of a transient to 1500°C and extended time at that
temperature wil l be completed during 1987/88. The program wil l proceed with
BTF-104 and BTP-105 t e s t s in 1988/89 and 1989/90 to target sheath
temperatures of 1800 to 21QO°C, and the BTF-106 test to sheath temperatures
of 2100-2500°C in 1990/91. Actual test conditions may of course be modified
s l ight ly from those proposed In order to take advantage of new information
fcrom previous t e s t s . However, the intent with each test is to measure fuel
damage and the release of f ission products following fuel fai lure under
increasingly severe condit ions.

The proposed test program includes for each tes t :

- detai led experiment design and proposal,
- fuel assembly design and fabrication,
- fuel assembly instrumentation,
- a safety analysis repor t ,
- the in-reactor t e s t , including acquisition of fuel damage and on-line

f iss ion product release data ,
- pos t - t e s t acquisition of f ission product transport data,
- BTF decontamination and data acquisit ion,
- deta i led post - i r radia t ion examination of the fuel assembly, and

deposition samples,
- r e t r i e v a l , qual i f icat ion, and documentation of a l l data,
- pos t - tes t analysis and in terpre ta t ion , and
- a f inal tes t resul ts repor t .

The data on fuel performance, fission product release and transport ,
and decontamination, wi l l then be available for benchmarking codes and wil l
help to provide a more r e l i ab le estimate of the consequences of severe fuel
damage accidents.

Fuel Engineering Branch
Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1J0

1987 April
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Description of Che Blowdown Test Fac i l i ty COG Program
on In-Reactor Fission Product Release, Transport,

and Deposition under Severe Accident Conditions

1. OBJECTIVES

The overall objectives of this program are to provide a data base of
information on the In-reactor release, transport, and deposition of fission
products from severely damaged fuel to the primary heat transport system
FHTS over the range of controlled sheath temperatures from 1500 to 2500°C,
and on decontamination of PHTS components after extensive fission product
deposition. More specifically, the test objectives are:

1. To measure the amount and timing of fission product activity release
to the primary heat transport system during LOCA blowdown conditions,
during very high-temperature post-LOCA operation, and during subsequent
rewet, and to correlate the measured releases with the stages of fuel
element deterioration,

2. To measure the rate of fission product transport and deposition in
carbon steel and stainless steel pipes, determine the partition of
fission product isotopes between liquid, solid, and vapour phases, and
the chemical form of fission product species in the blowdown tank, and

3. To demonstrate techniques and procedures for decontamination of the BTF
system components after extensive fission product deposition and
transport of irradiated fuel debris.

The data generated are essential for assessment and verification of
computer codes so that the radiological source term from hypothetical
reactor accidents can be predicted with a greater degree of confidence.

2. BENEFITS

The proposed program will provide information on fission product
behaviour under accident conditions that will be used to assess and refine
the predictive ability of accident analysis codes. Of particular importance
will be the data generated on the release and transport of short-lived
fission product species, since they are estimated to contribute a signif-
icant fraction of the total dose resulting from some reactor accidents. An
improved predictive ability will, in turn, reduce the necessity for the
conservatisms in safety analyses due to uncertainties, which have led to
system limitations. We can therefore expect reduced requirements for "add
on" safety systems, or alternatively, the ability to raise reactor operating
limits, both leading to improved economics. Increased confidence in source
term predictions will also help in reducing unnecessary conservatisms in
emergency planning considerations, and can only lead to improvements in the
public perception and acceptance of nuclear power.



3, DESCRIPTION AND CAPABILITY OF THE SLOWDOWN TEST FACILITY

3,1 LQCA and SFD Test Capability

To permit LOCA blowdown testa on multi-element CANDU* fuel assemblies
from full system pressure, and LQCA-SFD tests at high temperatures, a
facility has been specifically designed at Chalk River Nuclear Laboratories
(CRNL) to accommodate large fission product activity release. This facility
was originally conceived as the X-9 loop in the NRX reactor, but is now
being built as an addition to the existing U-l loop in the NRU reactor. The
Ulowdown Test Facility (BTF) is shown schematically in Figure 1 and its main
design parameters are presented in Table 1.

The in-reactor test section of BTF (Figure 2) is a vertical,
re-entrant, pressure tube assembly which will accommodate assemblies of fuel
plus a thermal shroud up to 70 mm in diameter and up to 3 m in length.
During normal operation or pre-blowdown conditioning, the U-l loop supplies
recirculating pressurized water or superheated steam coolant at 10.5 MPa
pressure and at temperatures up to 350°C. To initiate a simulated LOCA, the
test section is isolated from the U-l loop and "blown down" (depressurized)
from either steam or pressurized water at full loop pressure, into a
shielded catch tank. During the period of stagnation between blowdown and
rewet, a low velocity steam or inert gas flow is available to sweep released
fission products from the test section past the on-line gamma spectrometry
system. The high temperature transients are terminated by rewetting the
fuel and test section with cold water from pressurized accumulators, or by
slow cooling in steam. Post-transient cooling is by once-through,
deionized, loop make-up water.

The temperature rise in the fuel and sheath during a simulated LOCA is
provided by a combination of stored and decay heat, augmented if necessary
by nuclear heat input during loop depressurization in a similar manner to
low temperature single element LOCA tests in NRX (1,2). Control is achieved
by selection of pre-blowdown fuel power, post-blowdown fuel power, and the
time delay between blowdown and reactor trip. For severe fuel damage tests,
it may be necessary to extend the period of post-blowdown reactor operation
at low power to achieve and control fuel assembly temperatures above
1500°C.

Maximum permitted fuel and sheath temperatures during the high
temperature tests will depend on the ability of the thermal shroud
surrounding the fuel assembly to maintain the pressure tube temperature
below about 370°C. However, fuel assembly temperatures well in excess of
2000°C should be achievable. Calculations show that thermal shrouds uair.g
60% dense ZrO£ will maintain the required pressure tube temperatures with
fuel assembly temperatures at 2000"C. Higher fuel assembly temperatures
will be available using thermal shrouds containing 30% dense

* Canada Deuterium Uranium - "Registered in the U.S. Patent and Trademark
Office".



For LOCA tests, the emphasis Is on control and measurement of clad
temperature, differential pressure across the fuel sheath, and timing of the
fuel clad rupture, rather than on making the tests prototypical of the
therraalhydraulics of power reactor channels during accidents, since the
primary test objectives are to provide a data base for assessment of the
transient fuel performance code ELOCA.

For Severe Fuel Damage (SFD) tests, sheath temperatures and timing of
the fuel clad rupture are still of interest, but the focus is on progression
of fuel damage and the release, transport, and deposition of fission product
activity. For activity release, transport, and deposition studies, material
effects and post-LOCA coolant conditions are also of interest. Thus provi-
sions have been made, for example, to inject LiOH into the steam coolant
prior to blowdown, and to incorporate removable sections of different
material in the heated stainless steel blowdown line. The blowdown line is
trace heated to control the wall temperature and prevent condensation prior
to sampling locations.

3.2 Fission Product Monitoring

One of the most important aspects of this facility is the ability to
contain and monitor the fission products released from the fuel during
coolant blowdown, after blowdown during periods of coolant stagnation when
severe fuel damage (including relocation and dispersal) may occur, and
during rewet and post-rewet cooling. The facility has therefore been
designed to accommodate the dispersal beyond the test section of up to 500 g
of irradiated U02 (60 000 Ci), plus up to 50 000 Ci of soluble and gaseous
fission products. The remainder of the UO2 is expected to be contained in
the fuel assembly by the fuel debris retainer. Complete post-test
decontamination is an integral part of the facility.

Activity monitoring is provided by an extensive gamma spectrometry
system. The location and functions of individual spectrometers are
indicated in Figures 1 and 3 and in Table 2. A fast responding on-line
gamma spectrometry system (spectrometers 1,2, 5 and 6 in Figure 1) will be
used to identify releases of radioactive gases, solutions, aerosols and
solids. This on-line gamma spectrometry, together with measured test
section and fuel assembly temperatures and pressures, will permit
correlations of fission product release with the various stages of fuel
rupture and deterioration.

The blowdown line also contains a remotely controlled and time-
sequenced grab sample system to provide up to fourteen coolant samples from
particular time periods during the test for in-situ and post-test gamma
analysis. The grab sample spectrometer is able to move horizontally from
sample to sample, and vertically to analyse liquid and gas portions of the
samples separately. These data will augment on-line release measurements
and help to determine the partition of fission product species between the



liquid and vapour phases. The spectrometers before and after the blowdown
filter will be used to provide on-line and post-test gamma analysis of the
amount and type of activity removed from the coolant as solid material.

The on-line gamma speetrometry also provides capability for analyzing
fission product transport and deposition as a function of time and location.
This will be correlated with coolant conditions, determined by a
thermalhydraulic model of the blowdown system which permits calculation of
time-varying conditions at each spectrometer location. The model will be
benchmarked using data from pressure, temperature, flow, and density
instruments at several locations in the blowdown line. The spectrometer
located upstream from the fission product sample pit (location 3) will also
be used, in conjunction with the on-line spectrometers, to provide post-test
measurement of fission product deposition.

The blowdown tank spectrometer is able to travel vertically along the
blowdown tank and will be used to measure the equilibrium and longer term
distribution of iodine species and other isotopes between the liquid and gas
phase in the blowdown tank. It will also be used to measure deposition and
plating out of fission products from the liquid and vapour phase and removal
of activity during decontamination procedures. The spectrometer location at
the ion exchange column will also be used to monitor decontamination.

A mass spectrometer will determine the iodine species present on-line
by drawing gas samples from the blowdown tank. The amount of hydrogen
produced will also be measured on-line by mass spectrometry of the off-gas
sample drawn continuously from the top of the tank.

A series of deposition coupons are located within the test section,
immediately below the fuel assembly. These consist of four different
materials, with up to 20 coupons of each material arranged in a vertical
segment of the deposition tube. The samples are exposed to the steam/
hydrogen stream carrying fission products during the test, and will be
examined post-test to determine the physical and chemical nature of any
deposits.

A second set of deposition coupons will be suspended at various
elevations in the blowdown tank to expose them to either liquid or vapour.
These will consist of a wider variety of materials including concrete and
paint. In order to determine the effectiveness of decontamination, two
identical sets of coupons will be installed, one of which will be removed
prior to decontamination. These coupons will also be examined by SEM and
radiochemical analysis.

Aerosol transport is considered to be one of the most significant
means of fission product transport. In order to obtain more information on
the method of activity transport during severe fuel damage tests BTF-104 and
following, modifications are being designed to permit aerosol sampling for
post-teat examination-



One of the aerosol sampling stations will be located in the fission
product sampling pit, where the last three U-tube sampling stations will be
converted for this purpose (Figure 3). The converted U-tubes will contain a
combination of fine-wire impactors and cascade impactors which can be
removed for post-test SEM examination. The conceptual design of a second
sampling station on the blowdown line closer to the source of aerosols is
also underway. Consideration is also being given to the feasibility of
including an aerosol sampling device in the deposition tube within the test
section.

3.3 Construction and Commissioning Schedule

Design and construction of both the Blowdown Test Facility and the
Gamma Spectroraetry system are close to completion. Testing of system
functions has started prior to installation of the test section in mid-1987.
Non-nuclear and nuclear commissioning tests will be completed during 1987 so
the f irst Zircaloy-clad blowdown test can be performed in the 1987/88 fiscal
year.

The gamma spectrometry hardware and control and analysis software is
almost a l l available and undergoing testing. The system will be available
prior to nuclear commissiong tests.

Most of the REDNET data acquisition system computer and interface
equipment has been installed in NRU and special BTF support functions have
been demonstrated. Cabling and connections are being completed.

3.4 BTF Commissioning Tests

3.4.1 Uafuelled Commissioning Tests BTF-100, -101

Following completion and functional testing of the BTF, two sets of
unfuelled commissioning tests will be conducted prior to the nuclear
commissioning irradiation.

The first series of commissioning tests (BTF-100) will be conducted
with the reactor operating and with a non-fuelled insert in the BTF test
section. The test matrix for this series of tests includes measurements of
loop calorimetry at various reactor powers to determine the gamma heating
component in the BTF test section, measurements of the axial thermal neutron
flux profile, and radioactive isotope injection tests to provide .-'n-situ
calibration of all on-line gamma spectrometers and to determine the
characteristics of the system for a controlled pulse of activity moving
along the blowdown line.

The second of these (BTF-101) will employ an assembly of three
electric heaters, with a thermal shroud, to simulate a BTF trefoil fuel
assembly.



3.4.2 Stainless Steel-Clad Commissioning Tests (SSCT) BTF-102

Following the unfuelled BTF commissioning program, a series of coolant
transient tests is required to establish the correlation between reactor and
loop parameters and the temperature rise in a nuclear heated fuel assembly,
These initial nuclear tests will be raultt-blowdown, using trefoil assemblies
of unirradiated, stainless-steel sheathed, instrumented fuel elements
(Figure 2). Except for the stainless sheathing, which permits use of the
same assembly for more than one high temperature blowdown transient, the
assembly geometry will be prototypical of the Zircaloy-sheathed assemblies
to be used in subsequent tests. The prototypic thermal shroud assembly will
be instrumented with thermocouples to determine radial heat losses and
confirm that the shroud will perform as designed.

The blowdown testa will be conducted from pressurized water and steam
to determine the relationship between blowdown rate, pre-blowdown power, and
maximum sheath temperature, another objective of these tests will be to
demonstrate that post-blowdown sheath temperatures can be controlled by
adjustments to reactor power. The more severe transients will be performed
near the end of the series, with the final one going to a maximum
temperature near 1200°C. Two assemblies will be fabricated to ensure that
sufficient number of transients can be performed even in the event of an
early sheath failure, although no fuel failures are expected during these
commissioning tests.

3.5 Development of Fuel Assembly and Examination Techniques

3.5.1 In-Cell Application of Instrumentation

The decision to use at least one element pre-irradiated to 150
MW.h/kg U in each BTF trefoil fuel assembly requires either that any fuel
instrumentation be applied prior to the soaking irradiation or that it be
applied to the pre-irradiated element in the hot cell prior to the transient
irradiation in BTF. For several reasons, it is not practical to install the
instrumentation prior to the soak irradiation, and techniques are therefore
being developed to apply sheath thermocouples and element pressure
transducers to pre-irradiated elements in-cell.

3.5.2 Post-Irradiation Examination

The BTF program, in particular the severe fuel damage phase of the
program, will also require development of post-irradiation fuel handling and
examination techniques. Following exposure to high temperature steam, the
fuel and clad will be heavily oxidized and probably fragmented. Methods of
evaluating and quantifying the damage before disassembly and conventional
post-irradiation examination are required. Techniques under investigation
include neutron radiography or gamma tomography (3 ,4) .



4. BTF SEVERE FUEL DAMAGE TEST PROGRAM

4.1 Test Objectives

One of the main objectives of the series of severe fuel damage
in-reactor tests is to measure the amount and timing of fission product
activity release from fuel to the primary heat transport system during LOCA
blowdown conditions, during very high temperature post-LOCA operation with
no emergency cooling, and during subsequent rewet, and to correlate the
measured releases with the stages of fuel element deterioration.

Out-reactor tests at Westinghouse Canada Inc. (WECAN) (5-7) and
Whiteshell Nuclear Research Establishment (WNRE) (8) are investigating the
modes of CANDU bundle deterioration at high temperatures in a steam
atmosphere, including Zirr.aloy oxidation, melting, and Zr/U02 Interaction.
Out-reactor tests at CRNL (9,10) are providing data on fission product
release from small Zr-clad UO2 samples under similar conditions. Much of
the data on the behaviour of Zr-clad U02 PWR fuel available from the USNRC
Severe Fuel Damage program are also applicable to CANDU fuel, although,
because of the significant differences in fuel design, "all effects" tests
with CANDU fuel are still required. These various data bases permit and
enhance the development of predictive models such as those currently under
development at CRNL and elsewhere. The integral tests proposed in BTF
provide a means of assessing the overall capability of such models when
applied to CANDU fuel, and provide, in addition, important data on
short-lived fission product release and transport not available from
out-reactor tests.

Model calculations, supported by individual tests, indicate that the
amount of fuel bundle degradation and fission product release is very
sensitive to both the maximum temperature achieved in the fuel assembly and
the rate at which the sheath temperature rises to the melting temperature of
Zlrcaloy. The maximum fuel temperatures under accident conditions depend
not only on the type of accident, but also on the location of fuel within
the core (11). For each postulated accident, there is therefore a range of
maximum fuel temperatures and corresponding degree of fuel damage and
fission product release.

At temperatures up to about 1300°C, fuel sheaths will strain, oxidize,
and rupture, releasing the inventory of fission gas in the fuel/sheath gap,
but only small amounts of fission products from the fuel matrix. Those that
are released from the matrix at these temperatures are released primarily by
fuel cracking (12). In the temperature range from about 1300 to 175O°C, the
fuel sheaths oxidize more rapidly releasing additional energy, and release
of fission products from the matrix increases, primarily due to diffusion.
At temperatures above 1750°C, UO2 grain growth becomes a dominant
mechanism for further fission product release (13), as well as liquefaction
or dissolution of UO2 by interaction with molten Zircaloy (14-16), if
metallic Zircaloy was still present when the melting temperature was
reached. At temperatures above 2400°C, interaction of ZrO2 and U02 to
form a liquid Zr-U-0 alloy is possible, resulting in further fission product



release and fuel bundle degradation. Diffusion rates, grain growth rates,
and Ut^/Zr interaction are all sensitive to the degree of U02 oxidation.
When the fuel is quenched by emergency coolant injection, it is expected
that the oxidized fuel and sheaths will fracture due to thermal shock,
releasing an additional fraction of the remaining fission product
inventory.

In order to provide an integral data base for code assessment, it is
therefore important to conduct the in-reactor tests in the various
temperature regimes, and under the environmental and test conditions
associated with major fuel damage and fission product release mechanisms.

A second objective is to measure the rate of fission product transport
and deposition in carbon steel and stainless steel pipes, determine the
partition of fission product isotopes between liquid, solid and vapour
phases, and the chemical form of fission product species In the blowdown
tank.

Since Three Mile Island, there is general agreement that a number of
processes contribute to significant attenuation of fission product release
to the atmosphere from severely degraded fuel. The extensive source term
studies in the US (17,18) and elsewhere concentrate primarily on attenuation
mechanisms in LWK reactors, particularly in the reactor vessel or large
plenum structures, rather than on mechanisms operating during flow through
pipes which are more relevant to a CANDU power reactor. Work at WNRE has
shown that fission product iodine will remain primarily associated with the
liquid phase, providing a large attenuation factor for iodine isotopes of
major radiological significance. Measurements from the proposed tests are
expected to provide complementary evidence for iodine isotopes, as well as
data on attenuation coefficients for other isotopes of interest for thermo-
hydraulic and geometric conditions relevant to CANDU reactors.

Data from these tests will therefore contribute directly to estimation
of the radiological source term from CANDU power reactors in the event of an
accident involving severe fuel damage, and reduce unnecessary conservatism
in consideration of the consequences.

A third objective is to demonstrate procedures for decontamination of
the BTF, after extensive fission product deposition and transport of
irradiated fuel debris. These procedures would also be applicable to CANDU
fuel channels, feeder pipe assemblies, and fuelling machines and are the
subject of current COG sponsored development at CRNL.

Results of the Three Mile Island accident and subsequent studies
indicate that the radiologic hazard to the public from many reactor
accidents may not be as great as formerly predicted (17), and that in fact
it is probably feasible to consider reactor rehabilitation, particularly for
CANDU reactors with replaceable fuel channels. However, data are required



on effective decontamination procedures for reactor and primary heat
transport system components. The program of severe fuel damage tests in the
BTF will require decontamination between tests and presents a unique
opportunity for obtaining data relevant to reactor rehabilitation.

4.2 Test Description

The initial test(s) will be performed using a Zircaloy-sheathed
trefoil fuel assembly (Figure 2). Trefoil assemblies are used in order to
increase the fuel/coolant ratio in the BTF test section and provide a
greater quantity of stored and decay heat so that desired temperatures can
be attained with a minimum of post-blowdown fission heating.

Each assembly will contain at least one fresh element, instrumented
with a central fuel thermocouple, Zircaloy-clad sheath thermocouples, and an
internal element pressure transducer. One purpose of the fresh element is
to permit installation of a fuel centreline thermocouple in the assembly so
that fuel centreline temperature data will be available to assist in
analysis of the fission product release data. The use of a fresh element
also permits inclusion of thermocouples on the inside surface of the fuel
sheath where they are expected to survive for a longer period of time.

One or both of the remaining two elements will be pre-irradiated to a
burnup of 150 to 200 MW.h/kg U at linear powers of about 55 kw/m and
instrumented in-cell with Zircaloy-clad sheath thermocouples. The internal
atmosphere in at least one pre-irradiated element will be left undisturbed.
Another irradiated element could be punctured to determine the internal gas
volume and the internal free volume, fitted with a pressure transducer
in-cell to measure internal element pressure during the in-reactor test, and
refilled with a specified volume of fill gas. Zircaloy-clad W/Re
thermocouples will be spot-welded to the exterior of the pre-irradiated fuel
elements in the hot cells. The instrumented elements will then be assembled
into the trefoil carriage and ins '.rted into the thermal shroud assembly
in-cell. A companion irradiated element will be retained as an archive to
permit complete characterization of the pre-transient fuel conditions.

One of the test variables available is the amount and composition of
the filling gas in the one irradiated element and the fresh element. The
amount of filling gas can be used to control the time of sheath rupture
relative to the other irradiated element, which will contain only the
fission gas generated during the pre-irradiation. The time of sheath
rupture will be available from internal pressure transducer data on two of
the fuel elements.

All of the elements will have brazed appendages and CANLUB graphite
coatings on the sheath inside diameter. A summary of fuel element features
is shown in Table 3.
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The fuel assembly for subsequent higher temperature tests may consist
of a single pre-irradlated fuel element. Although this will require a
greater component of fission energy to achieve the desired temperatures, the
source of downstream fission products from a single pre-irradiated fuel
element will be more homogeneous and better defined for subsequent analysis
of fission product release and transport.

All of the tests will begia with a three week pre-conditioning
irradiation under pressurized water conditions at fuel element powers of
about 50 to 60 kW/m to build up a representative distribution of short-lived
fission produces within the U02 fuel. Since fission product releases have
been shown to be dependent on fuel morphology, it is important to establish
near equilibrium levels of short lived fission products in the grain
boundary bubbles and tunnel networks which are then available for immediate
release during the high temperature transient.

The tests will be conducted by blowing down the test section from
steam or pressurized water cooling conditions with the reactor operating at
a power determined to be appropriate to produce the desired temperature.
After depressurization to near atmospheric pressure, a controlled low volume
steam flow will be introduced to provide sufficient steam for continued
oxidation of the Zircaloy sheathing and to sweep released fission products
from the test section past the spectrometers on the blowdown line. The fuel
assembly temperature will increase as the test section is voided, and the
reactor power will be adjusted to maintain the desired high sheath temper-
ature for extended periods. During this time at temperature the sheaths
will oxidize and rupture, and the element will release fission products and
possibly fuel debris to the test section and the blowdown line, where
transport and deposition will be monitored by grab samples and by on-line
gamma spectrometry. Hydrogen concentration will also be measured on-line by
mass spectrometry of a sample drawn continuously from the vapour space of
the blowdown tank. In the higher temperature tests, Zircaloy melting,
U02~Zr interaction, relocation of molten U-Zr-0 alloy, and oxidation of
this alloy and the remaining UO2 are expected to result in greater fuel
element deterioration and greater release of fission product activity.
However, test conditions will be selected to minimize the degree of sheath
melting and prevent non-typical melt relocation associated with the vertical
test geometry.

Some of the tests will be terminated by water quench while continuing
to monitor activity in the blowdown line. After the transient, liquid and
gas in the blowdown tank will be sampled for analysis. Decontamination of
the test section and blowdown system will be performed between tests.

The following descriptions of individual severe fuel damage tests
BTF-103 to BTF-106 are subject to modifications resulting from further
pre-test analysis, discussions and mutual agreement between program
partners, and considerations arising from sarety requirements. Practicality
dictates that the tests be performed in the order proposed at progressively
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more severe conditions, with the Nuclear Safety Advisory Committee (NSAC)
and the reactor operators assessing the potential hazard of future tests
from the results of an already completed test, so that the reactor Is not
endangered. These tests will follow AECL. funded commissioning tests BTF-100
to 102,

A.2.1 BTF-103 Test

The results from the BTF-103 test will be used to assess fission
product release from fuel in the temperature regime about 1500°C where
release is dominated by diffusion. The test conditions will result in
significant sheath strain during heatup, and element thermal shock during
cooldown, as predicted for a large break LOCA.

The objectives of the BTF-103 test are to

1) provide activity release data from severely oxidized fuel elements at
about 1500°C in the temperature regime where release is primarily by
diffusion,

2) determine the degree and type of fission product deposition on
deposition coupons and in the blowdown line.

3) begin developing the data bases on fission product transport and
deposition, and on decontamination,

4) measure the amount and timing of hydrogen production for comparison with
sheath oxidation models, and

5) demonstrate that by control of atmosphere and element power, sheath
temperatures of about 1500°C can be obtained and maintained without loss
of temperature control due to the Zircaloy/steam reaction, that the fuel
assembly components retain their geometry sufficiently to permit
post-test removal from the BTF test section, and that the thermal shroud
performs as predicted.

The transient portion of the test will begin with a blowdown from
steam under conditions selected to reach a sheath temperature of about 1100
to 1200°C. It is expected that the coolant pressure will decrease to about
1 MPa in about 50 s. When the test section pressure reaches about 0.2 MPa,
the low velocity steam purge flow will be initiated. Following the initial
rise in sheath temperature, the reactor power will be adjusted to maintain
sheath temperatures in the 1200 to 1300°C range for a time calculated to
permit oxidation of most of the sheath thickness. This will permit
subsequent ramp in sheath temperature to 1500°C, by ramping the reactor
power, without much additional release of energy and temperature escalation
from the Zircaloy/steam reaction. An alternative method of retaining
control of temperature during the ramp to 1500°C would be to operate in
steam-starved conditions. This could be accomplished by reducing the steam
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flow or by replacing a portion of the post-blowdown steam flow with inert
gas. The fuel assembly would then be held at a temperature of about 1500°C
for about forty-five minutes to establish fission product release rates.
Reactor shutdown would be followed with a slow cooldown in steam to preserve
fission product deposition information.

Zr-Ta clad W-Re thermocouples will be required to measure sheath
temperatures during this test. However, all of the thermocouples on the
outside of the sheath might not survive the entire high temperature portion
of Che test in a steam atmosphere, and installation on the inside of the
unirradiated sheath will be an advantage. In addition, alternate data other
than sheath temperature itself, have been identified for use in controlling
the test.

NSAC approval has been obtained so far for tests with a maximum
temperature of only 1250°C. Additional safety analyses and submissions to
NSAC will therefore be required for this and following tests.

4.2.2 BTF-104 Teat

The goal of the BTF-104 test is to provide in-reactor fission product
release data in the temperature regime of 1800 to 2100°C where release by
grain growth dominates, and where interaction between molten Zircaloy and
U02 also begins to influence fission product release. The degree of
Zircaloy melting will be limited by heatup conditions to prevent non-typical
melt relocation in the vertical test assembly. A slow cooldown will be
provided to preserve the final high temperature melt/lK^ geometry and
fission product deposition evidence for post-irradiation examination.

Objectives of the BTF-104 test are to

1) determine the amount, timing, and isotopic distribution of fission
product release in the temperature range 1800 to 2100°C in a steam
environment,

2) determine the degree of fuel damage due to Zircaloy oxidation and
U02/Zircaloy interaction in this temperature range, by examination
after a slow cooldown from temperature,

3) measure the amount of hydrogen production for comparison with sheath
oxidation models,

4) determine the amount and isotopic distribution of fission product
transport and deposition,

5) determine the partition of fission product isotopes between liquid and
vapour phases in the blowdown tank, and the chemical form of the fission
products in each,
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6) demonstrate the capability of the thermal shroud to maintain pressure
tube temperatures less than 350°C with high fuel assembly temperatures,
provide confidence that tests can be controlled with fuel assembly
temperatures in excess of 1800°C, and demonstrate the capability of the
thermal shroud and ceramic fuel debris retainer to safely contain molten
material.

The BTF-104 transient will start with a blowdown to produce sheath
temperatures of about 1100 to 1200°C. In order to achieve the target
temperatures of 1800-2100°C without loss of control, and with a limited
amount of metallic Zircaloy remaining at the melting temperature, most of
the Zircaloy must be oxidized In the temperature range 1100 to 1300DC.
Following a period of time calculated to achieve the required degree of
partial oxidation, the temperature would be ramped to about 1900°C by
adjusting reactor power. After about five minutes in the temperature range
1800-2100°C, the reactor power would be decreased to zero, and the fuel
assembly cooled slowly.

Although the melting temperature of oxygen-free Zircaloy is 176O°C,
the melting temperature increases with the amount of oxygen in solution.
The amount of molten Zircaloy at 1900°C will therefore depend not only on
the amount of pre-oxidation at lower temperatures, but also on the amount of
time taken to reach that temperature. Once the remaining Zircaloy does
melt, it is expected to remain in the UO2/ZrO2 annulus, interacting with
the U02« Some escape of molten Zr-U-0 alloy through the fuel sheaths
would be expected as a result of either sheath cracking or dissolution of
the ZrO2 shell by the melt. This would then run down the outside of the
sheath until it solidified in a cooler zone. Material which does not
solidify on the exterior of the fuel elements will be retained and solidify
in the fuel debris container at the lower portion of the insulated thermal
shroud.

If it were felt to be necessary in order to maintain temperature
control, a portion of the steam purge flow could be replaced by inert gas
during the high temperature phase of the test. However, since one of the
objectives is to determine fission product release in a steam environment,
this is not considered to be a desirable option.

This i-est will require Zr-Ta clad W-Re thermocouples applied to the
inside of the fresh fuel element sheath in order to have a high probability
of surviving for the length of time required to reach 1900°C. However,
because of the sheath degradation expected in this test, sheath thermo-
couples may not provide a reliable measure of maximum sheath temperature and
the test may have to be controlled by performing a prescribed ramp and hold
from a temperature of about 1300°C, followed by a reactor trip. Thermo-
couples in the fuel, coolant, and thermal shroud will monitor the
temperatures in and around the test assembly.



4.2.3 BTF-105 Teat

The goals and procedures for the BTF-105 test are similar to BTF-104
except that the fuel assembly will be cooled by quenching rather than slow
cooling In order to asaess the Influence of severe thermal shock from this
temperature range (19QQ-210Q°C) on fission product release and fuel
degradation.

Severe fuel fragmentation and debris formation would be expected on
quenching during this test. The fuel fragment retainer in the lower portion
of the fuel assembly is expected to retain most of the debris, but fine
particles will be carried down the blowdown line in the rewet steam/water
mixture.

Objectives of the BTF-105 test are to

1) Determine the amount, timing, and isotopic distribution of fission
product release in the temperature range 1800 to 2100°C in a steam
environment, with a limited amount of molten material present.

2) Determine the degree of fuel damage and additional fission product
release associated with a rewet quench of severely oxidized fuel
elements from about 1900°C.

3) Measure the amount of hydrogen projection for comparison with sheath
oxidation models.

4) Measure the transport and deposition of fission product isotopes
released from the fuel in this temperature regime.

5) Determine the partition of fission product isotopes between liquid and
vapour phases in the blowdown tank, and the chemical form of the fission
products in each.

6) Demonstrate the capability and effectiveness of the thermal shroud and
ceramic fuel fragment retainer in safely containing molten material and
fuel debris, and the ability to control and contain in-reactor tests
with fuel assembly temperatures up to about 2100°C.

4.2.4 BTF-106 Test

The focus of this test will be to determine fission product release at
significantly higher temperatures (2100 to 250O°C) than for the BTF-104 and
BTF-105 tests to assess whether additional release mechanisms such as vapour
transport may become important. As before, the tests will be performed
without significant quantities of molten Zircaloy present. However, at
temperatures above 2400°C, U02 and ZrC>2 may interact to form liquid
Zr-U-0 alloy. A slow cooldown of the assembly will therefore be specified
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to preserve the high temperature melt/1102 g e o m e t ry for post-test
examination and assessment of the fuel/sheath interactions, and to preserve
fission product deposition information for detailed post-test analysis.

Objectives of the BTF-106 test are to

1) Measure the amount and isotopic distribution of fission product release
from full size CANDU fuel elements in the temperature range 2100 to
25OO°C, in an oxidizing environment with a limited amount of molten
Zircaloy present.

2) Correlate on-line activity release measurements with fuel damage
events.

3) Measure the transport and deposition of fission product isotopes
released from the fuel at these high temperatures and assess the
differences with respect to lower temperature tests.

4) Measure the distribution of fission products within the system and
compare with the quantity of fission products released.

5) Measure the amount and timing of hydrogen production for comparison with
kinetics of Zircaloy oxidation models.

6) Assess the difference in l^/Zr interaction and fuel element
degradation resulting from the higher fuel assembly temperatures
compared with test BTF-104.

The high temperature transient will again begin wJth a blowdown to
about 1100°C and sufficient time at 1100 to 1300°C to oxidize most of the
Zircaloy sheaths before ramping the temperature to about 23OO°C. Experience
at other laboratories indicates that currently available thermocouples will
not survive this type of test and maximum temperatures would therefore be
uncertain. Additional emphasis will therefore be placed in this test on
correlations between fuel assembly and thermal shroud temperatures developed
in previous tests. In addition, a new type of thermocouple is being
developed under a joint international development program which is intended
to operate reliably in steam atmospheres to temperatures above 2200°C.

4.3 Instrument Procurement and Development

High temperature, in-reactor, fuel tests represent an extremely
hostile environment in which to make measurements. However, for purposes of
code verification and assessment, post-test estimates of fuel and sheath
temperature and fuel internal pressure are insufficient or impossible, and
on-line measurements are required. Unfortunately, most commercially
available instruments are not capable of performing in this environment, and
a continuous program of instrument procurement, evaluation, and testing is
required to support the BTF in-reactor test program.
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This aspect of the in-reactor LOCA program at CRNL has enjoyed
consistent GANDEV funding and instruments are therefore available for the
initial BTF test. Future tests at higher temperatures will require
additional or different instrumentation. The proposed program therefore
includes identification and acquisition of the following instrumentation.

4.3.X Fuel Thermocouples

Pre-transient central fuel temperatures in CANDU fuel operating at 60
kW/ra are in the region of 1800°C and maximum temperatures during in-reactor
test transients have reached 2300°C. The Mo-Re clad, BeO insulated W/Re
thermocouples used in the program to date have exhibited very short
lifetimes above 1800°C, often failing during or shortly after the initial
startup. Yet, from a fuel modelling point of view, fuel central temperature
is one of the most useful experimental measurements with which to compare
calculations. Continued effort is therefore warranted in attempting to
obtain thermocouples which will survive the test conditions.

We have obtained for evaluation, several Re clad, HfC>2 insulated,
W/Re thermocouples of a type fabricated by Westinghouse Hanford which have
been successfully tested to 22OO°C for 1000 h. This, plus an increase in
clearances within the fuel pellets, is expected to overcome the current
problem up to temperatures of at least 220O°C. If these solutions are
successful additional units will be acquired. If not, continued effort may
be required to identify and acquire alternatives.

4.3.2 Sheath Thermocouples

At CRNL, we are using externally applied, 1 ran diameter, metal
sheathed, mineral insulated thermocouples to measure the sheath temperature
during transient conditions. To achieve good thermal contact with suffi-
cient strength, and not affect the properties of the Zircaloy sheath, the
thermocouples are laser welded to the outside of the sheaths. This requires
that the thermocouple cladding be metallurgically compatible with the fuel
sheath: i.e. that it be fabricated from a zirconium or titanium alloy.

Zr-clad Cr/Al thermocouples are useful only for tests up to maximum
sheath temperatures of 1200°C. Above this temperature thermocouples with
W/Re thermoelements will be required. Also, at higher temperatures the
Zircaloy thermocouple cladding will react with the BeO. Therefore, BeO
insulated, W/Re thermocouples with composite Zr/Ta cladding, such as those
used successfully in the USNRC Severe Fuel Damage tests in PBF and NRU, will
be procured as part of this program. Experience has shown that these should
be reliable up to temperatures of about 1800°C in steam.

For higher temperature tests, we are participating in an international
development program at Battelle Northwest and Westinghouse/Hanford to
develop Hf/Ta clad, HfO2 insulated, W/Re thermocouples capable of oper-
ating in steam at temperatures up to about 2200°C. Current development
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should result in a prototype sensor for evaluation. If successful,
additional units would be purchased as part of the shared cost program for
use in the higher temperature tests.

4,3,3 Pressure Transducers

In addition to temperature, the most important parameter controlling
sheath deformation during accident conditions is the differential pressure
across the fuel sheath. The magnitude and rate of change of this parameter
depends on changes in internal element gas pressure and decreases in coolant
pressure. Each of these must be measured as closely as possible to the fuel
assembly to provide meaningful data for assessment of fuel behaviour codes
which attempt to calculate sheath strain. Element pressure measurements are
also important in defining the time of element failure and the initiation of
activity release, and coolant pressure measurements are also necessary to
describe thermalhydraulic conditions in the test section at the source of
activity release.

Balanced bridge eddy current devices have been found to be the most
reliable method of measuring pressure under the conditions of high
temperature, high pressure water or steam in a neutron and gamma flux. A
development program in collaboration with the Electronics Branch at CRNL was
successful in modifying commercially available sensors for measuring loop
coolant pressure and internal element pressure. However, recent changes by
the manufacturer to the sensor's design have resulted in an increased
sensitivity to flux and additional development to overcome thie problem is
in progress. Meanwhile, the sensors will be relocated to out of flux
positions and connected to the volumes of interest (fuel elements and the
external test section) by capillary tubing. This will be sufficient to
identify failure times and measure test section pressures in BTF tests.
Acquisition of these pressure transducers for each test is therefore
part of the shared cost program.

4.3.4 BTF Thermalhydraulic Instrumentation

A thermalhydraulic model is being developed by the Applied Mathematics
Branch at CRNL which will permit calculation of transient coolant conditions
from the test section along the blowdown line to the blowdown tank. This is
particularly important in order to correlate activity measurements at
spectrometer locations with transport and deposition of fission product
activity along the pipe. In order to benchmark, and provide confidence in the
model, on-line measurements of coolant conditions during blowdown and rewet
transients at several locations along the blowdown line are required.
Instrumented spoolpieces have been specified which will permit transient
measurements of fluid temperature, pressure, flow velocity or momentum, and
coolant density at two locations; just before the activity monitoring pit,
and just after the blowdown filter. Because of the importance of these data
in establishing the reliability of the thermalhydraulic model, which will
then be a key element in analyzing fission product transport and deposition
data, acquisition of spoolpiece instruments has been included in the shared
cost program.
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5. TEST SCHEDULE

Nuclear commissioning of the BTF will be completed in the third quarter
of 1987/88 with a series of stainless-steel sheathed fuel element tests to
UOQ°C.

Following successful completion of these commissioning tests, the
COG-funded program of four severe fuel damage tests will be performed. A
target schedule of four tests in five years has been agreed upon, as outlined
in Table 4, with the first test in the 1987/88 fiscal year. The test series
will proceed in a stepwise manner with prior NSAC and CRNL Operations
Division approval, each subsequent test being conducted under more severe
conditions from 1500 to 2200°C. Although the final test is expected to be
the most severe, all of the tests will provide valuable data on fission
product release and transport from typical CANDU fuel under representative
severe accident conditions.
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TABLE 1

NRU Blowdown Test Facility (BTF) Design Parameters

Reactor and Test Section

Reactor power 130 MW
Cosine flux length 3.6 m
Mid-core (maximum) flux - thermal 1.7 x K)18 n.nT^.s-l

at cell boundary - fast 0.3 x iol^ n.m"2.s-l
Maximum fission heat in BTF 2 MW with pressurized water cooling

200 kW with superheated steam
cooling

Coolant Conditions
(Normal Operation)

Coolant type Recirculating pressurized water
or superheated steam

Pressure (maximum) 10.5 MPa
Temperature (maximum) water 300°C, steam 350°C
Flow (maximum) water 10 kg/s, steam 1.0 kg/s

(Post-Blowdown Stagnation)

Coolant type Saturated steam or helium
Flow (steam) 2-20 g/s

(Inert gas) variable
(Rewet)

Coolant 25°C water

Rewet flow 0.04 - 4.8 kg/s

(Post-Rewet)

Coolant once-through deionized water
Pressure atmospheric
Temperature (Inlet) 25°C
Flow 0.01 to 0.05 kg/s

Blowdown Conditions

Delay from loop isolation to 0.1 - 60 s
reactor trip

Blowdown time to 1 MPa 10 - 300 s
0.3 MPa 30 - 500 s



TABLE 2

NRD Blofrdom Test Facility

Spectrometer Location and Function

Analysis Function

Detector Location Long Term Deposition Gases Liquids Solids Aerosols Decontamination
Behaviour

1.

2.

Test section

Blowdown line near test
section

xxx

xxx

XX

X

XX

X

XX

X

XX

X

X

X

3. Blowdown line xxx

4. Grab samples. xxx
Blowdown line near grab
samples

5. Before filter

6. After filter

7. Blowdown tank xxx

8. Ion exchange column and
disposal filter

xxx
xxx

X

X

X
X

xxx

xxx

xxx

X
X

XX

X

xxx

xxx
X

xxx

xxx

X

xxx

xxx

X

X

X

x - Quantity indicates relative importance.
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TABLE 3

Fuel Element Features

Element Identity

Element burnup (MW.h/kg U)
Central fuel T/C
Sheath T/C
Pressure transducer
Capillary line valve
Controlled fill gas volume
Brazed appendages
CANLUB Graphite

0
1-2
A-6
Yes
Yes
Yes
Yes
Yes

(1)
(1)

150
No
A-6
Yes
Yes
Yes
Yes
Yes

(1)
(1)

(1)
(1)
(1)

150
No
A-6
No
No
No
Yes
Yes

(1) Optional.

Year

1986/87

1987/88

1988/89

1989/90

1990/91

1991/92

Pre-Test
Work

BTF-103

BTF-10A

BTF-105

BTF-106

-

TABLE A

BTF Revised Test Schedule

Test and
Decontamination

-

BTF-103

BTF-10A

BTF-105

BTF-106

—

PIE

-

-

BTF-103
BTF-10A

BTF-105

BTF-106

_

Analysis and
Documentation

-

-

BTF-103

BTF-10A

BTF-105

BTF-106
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3707 E

LOOP CLOSURE

NRU REACTOR

BLOWOOWN TEST FACILITY (BTF)

TEST SECTION

GAMMA
SPECTROMETERS 11,2)

i REWET ACCUMULATORS

ISOLATION VALVES

SLOWDOWN VALVE

" \ ' , "j GAM MA
'§• .(...• SPECTROMETER 13)

FISSION PRODUCT
SAMPLING PIT

ION EXCHANGE
COLUMN

DISPOSAL
FILTER i GAMMA

\ J SPECTROMETER

jQAMMA SPECTROMETER
(4)

FULL-FLOW FILTER

GAMMA SPECTROMETERS
15.6.7)

BLOWDOWN TANK

FIGURE I Schematic Diagram of the Blowdown Test Faci l i ty
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CALANORIA TUBE
(Zr-Nb, 115.6 mm I.D.)

CO, ANNULUS (3fl mm)

PRESSURE TUBE
(347 S.S, 92 mm I.D. x 8 mm wall)

INLET FLOW ANNULUS (8.2 mm)

RE-ENTRY TUBE
(Zr-Nb, 70 mm I.D.)

INSULATED (ZrO2)
THERMAL SHROUD

TREFOIL
FUEL ASSEMBLY

FIGURE 2 Cross Section through the BTF Test Section at
Location of the Fuel and Thermal Shroud Assembly
Showing the Trefoil Fuel Geometry.
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EMERGENCY COOLING

STEAM

HEATED BLOW/DOWN LINE

BTF MONITORING SYSTEMS

REWET PRESSURIZED WATER OR STEAM
TO/FROM U-1 LOOP

THERMALKYDRAULIC SPOOLPIECE
PITOT TUBES • GAMMA DENSITOMETER
DRAG SCREEN • TEMPERATURE

CARBON STEEL
SECTION AEROSOL FILTERS

MASS SPECTROMETER
H 2 . 0 2 MONITORS

BLOWDOWN
TANK

FILTER

COUPONS

I FILTER

THERMALHYDRAULIC SPOOLPIECE
• TURBINE FLOWMETER • PRESSURE
• GAMMA DENSITOMETER • TEMPERATURE

LIQUID SAMPLE

FIGURE 3 Schematic Diagram of BTF Monitoring Systems.
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