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FOREWORD

During 1982 the High-Temperature Gas—Cooled Reactor (HTGR) Techmology
Program at Osk Ridge National T.aboratory (ORNL) continued to develop
experimental data required for the design and Jicensing of cogenerztiom
HIGRs. Our progras involves fuels and materials development (including
metals, graphite, ceramic, and concrete materials), HIGR cheamistry studies,
structural component development and testing, reactor physics and shielding
studies, performance testing of the reactor core support structure, and
HTIGR application and evaluation studies.

Our work in fuels has proiided geitciled statistical information on
the fission product-retention performance of irradisted coated particle
fuels, and this work will continue to be an important part of our program.
The materials studies provide basic data on the mechanical, physical, and
chemical behavior of HIGR materials, including concrete. We also perform
experimental studies on the behavior of actinides im graphite. O-r work
in component development and testing has continued to emphasize construc-
tion of the core support performance test, fabrication of an assembly to
mock up the lower portions of an HIGR core for use in a shielding experi-
ment, testing the performance of weld cladding as deposited on material to

be used in steam generators, and tesiing of core support ceramics. Our

studies and evaluations have concentrated on relatively small modular
reactor studies, for which we are serving as peer reviewer of modular HIGR
deeigns being developed by GA Technoiogies, Inc. (GA), and General
Electric Company (GE). Work was also performed on preliminary evaluation
of the national need for developing HIGRs, with emphasis on the longer
term HTGR applications to fossil conversion processes.

It 18 anticipated that the near-ters national program will continue
to emphasize the cogeneration HIGR as a means of decreasing future imports
of oil, that there will be grester recognition of the national importance
of HTGR commerciaslization, and that ORNL will continue to have an impor-
tant participation in HIGR development.

Psui R. Kasten
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SUMMARY

1. HTGR CHEMISTRY

The objective of this task is to develop data needed for the predic-
tion of actinide and fission product tramnsport in HTGR systems under both
operating and off-norsal conditions. Two studies were pursued in 1982.

In the first, diffusion coefficients were determined for uranium (as V07
and UC2) in B451 graphite from 9CO to 1400°C. Diffusion coefficients were
higher for UC; but significartly so at only the highest temperature. The
second study involved the vapor pressure of plutonium adsorbed on H451
graphite. At 1400°C the vapor -—~ssure was about 0.4 mPa for an adsorbed
plutonium concentration of 0.6 ig,-z. The data were collected in a regime
of flow rates over which the plutonium vapor density remained comnstant.

2. FUELED GRAPHITE DEVELOPMENT

The Fueled Graphite Development Program at Oak Ridge Rational
Laboratory (ORNL) continues as part of the na’.ional High-Temperature
Gas—Cooled Reactor (HIGR) fuel development effort being conducted in
cooperation with GA Technologies, Inc. (GA). The ORNL portion of the
program includes irradiation testing of fuel fabrication by GA in irra-
d{ation capsules assembled by ORNL and operated in ORNL reactors. ORNL
also conducts postirradiation examinations on the irradiated fuel in
special equipment developed for this purpose.

In addition to the cooperation with GA, the ORNL program imncludes
specific cooperative tasks with the German Nuclear Research Cenmter at
Jiilich [Kernforschungsanlage (KFA) Jilich]. The cooperation with KFA is
part of a formal agreement between the U.S. and Germam governments for
gas-cooled reactor development, under which several cooperative projects
have been completed during the past several years. Two areas of coopera-
tion were active during this reporting period.

The Fuelel Graphite Development Program ls organized around four
subtagks: (1) Irradiation Testing, (2) Postirradiation Examination (PIE),
(3) U.S./Federal Republic of Germany (FRG) Cooperative Work, and (4) PIE
Equipment Development and Maintenance. In the irradiation testing area,
capsule design was completed for a fuel hydrolysis experiment. This
experiment is designat:d HKB-17 and -18 (two capsules). The experiment
will feature injection of controlled quantities of moisture into an
operating capsule that contains failed fuel. The major goal of the
experiment is to measure the behavior of the failed fuel in the presence
of moisture. In addition, postirradiation thermal analysis for capsule
HRB-16 was completed. Eighteen fuel rods were irradiated in this capsule,
for which the time-averaged irradiation temperatures ranged from 1044°C
(for rod 1) to 1212°C (for rod 10 at the center of the capsule).

xi
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~ In the P17 area, evaluation of coated fuel specimens irradiated in
capsule HT-35 was partially completed during the reporting period.
Transmission electron microscopy (TEM) examinations of SiC coatings irra-
diated on inert (carbon) kernels revealed that stacking faults appear to
be a strong sink for point defects. Void formation was not observed in
the coatings examined. Irradiation appears to have caused no significant
restructuring of the coating. Irradiated microsphere gamma analyzer
(IMGA) examinations showed good retention of fission products. Fistograms
of several fission product activity ratios were obtained, but no detailed
analysis of the data have been completed as yet.

Cesium and fission gas retention data obtained from capsule HRB-15b
vere susmarized. TUxamination of coated fuel specimens irradiated 1im cap-
sule BKRB-15a was completed. The thermal performance of the four candidate
kernel types (U0,, UC,, uc,oy, and buffered UO,) was generally about as
expected. However, the performance of the ZrC-buffered U0, kernels was
surprisingly good. The examination of HRB-15a irradiated specimens con
firmed our conclusion that palladium attack of SiC and silver diffusion
through SiC were independent of kermel type but were dependent on the
quality of SiC coatings.

Under the U.S./FRG cooperative program, final reporting of work under
PWS FD-12 (pyrocarbon coating permeability to fission gas) and PWS FD-13
[IMGA/postirradfiation annealing and beta autoradiography (PIAA) comparison]
was completed. Examination of the first set of German particles under
PWS FD-20 [IMGA, postirradiation gas analyzer (PGA), and electron
microprobe examination of German irradiated fuels] was completed and
reported.

In the area of equipment development and maintenance, several main-
tenance problems were encountered with the IMGA system. A new system was
specified and bids placed; the new system is expected to be purchased and
installed during 1983. The PCA system was upgraded by the addition of a
quadrupole mass spectrometer for use with the hot-particle breaking
station.

3. STRUCTURAL COMPONENT DEVELOPMENT AND TESTING

The Structural Component Development and Testing research and devel-
opment task consists of generic studies designed to provide technical
support for ongoing prestiessed concrete reactor vessel (PCRV)-related
sctivities, to contribute to the technological data base, and to provide
independent reviev and evaluation of the relevant technology. During this
reporting period, work was organized into three subtask areas: (1) analy-
sis methods development, {2) concrete properties for resctor applications,
and (3) structursl component testing. Highlights of work under each of
these subtask sress sre

Anslysis Methods Development

® Completed implementstion of the set of computer subroutines for
finite-element computstion of creep effects in concrete structures.

xii




A gseries of simple test problems and one large reactor problem were
considered to illustrate program capabilities. Routines provide for
the consideration of concrete aging and temperature effects on creep
rate and rate of aging.

® Completed implementation of embedded-rebar modeling concept into ORNL
two— and three—dimensional ver. {ions of the ADINA finite-element code.
Analyses were conducted of end anchor test specimens simulating the
anchorage zones of posttensioned tendons in secondary containment
vessels of muclear power plants. The technique that was developed
facilitates modeling of complex arrays of rebars in concrete
structures.

Concrete Properties for Reactor Applications

® Completed a review of aggregate sources ard impact of aggregate
availability on production of high—strength concrete. The results
indicated that suitable supplies of aggregate materials are avallable
but that in some areas a cost penalty may result from transportation
charges to obtain suitable aggregates for high—strength concrete
production.

® Completed revision of performance specification for concrete
elevated-temperature multiaxial material testing system. The revi-
sion was based on the impact from potential vendors. When
fabricated, the system will provide data representative of PCRV
concrete behavior under normal and postulated accident conditions.

Structural Component Testing

® Completed fabrication of PCRV models and all ancillary equipment
required for demonstration of model testing techniques developed.
Successful testing of models will show validity of techniques
developed to prestress PCRV models circumferentially and will provide
model liner gystems that do not leak prematurely.

® Completed first phase of structural response testing of thermal
barrier hard ceramic materials. Rotations, axial and circusferential
strains, and acoustic emission data were obtained from pads subjected
to mechanical loading conditions representative of those imposed on
the pads by thermal gradients. Results obtained provide an indica-
tion of the ability of typical ceramic pads to with'tand thermal gra-
dient and mechanical loading conditioms.

4. HIGR STRUCTURAL MATERIALS

The ORNL work on HIGR structural alloys and ceramics is an integrsted
part of the U.S. effort to generate the data required for design of major
components of the steam cycle-cogenerstion HTGR plant. Activities in 1982
are noted by major task aress of the ORNL materials progrsa.

xiii
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Mechanical “roperties

A oomber of creep tests of Hastelloy X snd 2 1/4 Cr-1 Mo steel are
approaching 50,000 h. Other alloys esphasized during the year were
Inconel 617 and 618. The former has exhibited very low creep fracture
strain at sbout 650°C, and the latter is a possible gubstitute in this
temperature range. Creep testing of Inconel 718 was initiated late in the
year.

Samples of Inconel 617 and Hastelloy ¥ were tested following 20,000-h

exposures to inert gas and to HIGP He. Fracture stiain at smbient tem—
perature was reduced significantly by these exposures, the reduction be.ag
greater in those samples aged in the latter enviromment. Some samples
have now reached 40,000 h of aging. .

Low-cycle fatigue, creep-fatigue, and high-cycle fatigue testing was
conducted on Hastelloy X at 760°C. The introduction of temsion or
compression hold perfods resulted in lower fatigue lives compared with
contiruous cycle vLosfe; increasing the hold period from 0.5 to 1.0 h-had
no apparent effect. High-cycle fatigue tests of up to 60,000,000 cycles
were completed.

A systea was developed for the stress relaxation testing of ceramics
in a controlled atmosp! ere, and exploratory tests were run. Creep tests
were conducted on two grades of alumina and on fused silica.

Corrosion and Compatibility of Alloys

Relationships were developed between the supply rates of impurity
species and the carburization of Hastelloy X and alloy 800H in simulated
HTGR-He enviromments. A parameter describing test gas conditions at the
specimen surface was used to estimate the extent of impurity depletion at
each specimen position in a test rig.

A study to determine the kinetics of the decarbucization of 2 1/4 Cr-
1 Mo steel in an enviromment characteristic of a steam cycle-cogenevation
HIGR was initiated, and the first 1000-h run was completed. Experiments
to assess the compatibility of boronated graphite with type 316 stainless
steel and alloy 800H were also begun.

Joining Technology

Weld cladding of a large alloy 800R forging with ERNiICr-3 weld metal
vas sccomplished. A total of seven layers was deposited to achieve tle
desired cladding thickness of 19 aa. On the basfs of visual examinations
and observations during the weld cladding, no weldability problems were
apparent. Side-bend test specimens stowed that the clad fusion line had
good ductility. Metallographic exsmination gave no evidence of fusion
line defects or hot cracking, even though a wide range of microstructures
existed in the forging. However, an sres of as-cast structure om the
bottom of the forging was later clad, and a few fissures were found at or
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neatr che fusion line in the heat-affectedi zone. Tensile specimens taken

fror. var.ous areas in the cladding and across the fusicn zone showed
acceptable properties but tended to fail at or near the fusion line.

Structural Ceramics

Yo structural changes were observed in fine-grained fused silica that
had been creep tested to 0.6Z strain in about 1500 h at 538°C. Two grades
of alumina were examined by optical and transmission electron microscopy;
existing glass, phases and porosity were characterized. The room—-
temperature fractur=: toughness of these aluminas was also determined by a
sl.ort-rod geometry methed.

Figsion Product-Materisls Interactions

Samples of Hastelloy X, Inconel 617, and other nickel-base :lloys
were exposed to tellurium for up to 5000 h at 704°C. Crein boundary
embrittlement to a depth of 0.1 mm resulted. An alloy with an addition of
17 Nb was resistan: to embrittlement by tellurium.

Liner and Penetration Studies

Tests to define a reference iracture toughness Xrp curve for PCRV
penctration steels continued. Compa-t tension specimeas [50 mm thick
(2 in.)] of A 508, class 1, stesl were tested =t —75 and —25°C and at
room temperature. Tests valid by ASTM criteria were achieved only at the
lowest temperature.

5. GRAPHITE DEVELOPMENT

Graphite creep irradiation experiment £-5 was irradiated in the
Oak Ridge Research Reactor for 64.6 full-power days to a peak fast fluence
of 1.12 x 1025 neutrons/m2 (E > 29.3 fJ). The capsule contained graphite
specimens previously irradiated in caprules OC-1 and 0C-3. All were irra-
diated at a nominal 900°C specimen temperature, while a compressive stress
of 13.8 MPa (20.7 MPa for selected specimens) was applied to two columns.
Two similar columns of specimens served as unstressed control specimens.
Regults indicated that internal portions of the capsule shifted to one
side during operation. Postirradiation examination of the specimens 1is
proceeding.

Two High Flux Isotope Reactor target capsules, HTK-5 and -6, were
irradiated in experiments conducted in cooperation with the FRG. The
HTK-5 capsule contained five FRG experimental graphites, Great Lakes
Carbon Corporation H451 graphite, and POCO AXF graphite. Capsule HTK-6
containea ,rz4e: £ H451 and improved H451, Union Carbide Corporation
TS-1621 graphite, and selected FRG grades. A parametric study of fracture
mechanics behavior was completed on selected specimens of the irradiated
graphitec. The finely grained highly isotropic materials had the best
fracture toughness characteristics, H451 graphite had an intermediate
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value, and Stackpole 2020 graphite had the lowest value of the specimens
studied. The results demonstrate that irradiation lifetime depends not
only on the graphite's ability to withstand the internal shears mechani-
cally but also on the action of internal flaws and porosity to reduce the
internal strains.

Virtually all the irradiation data appear to imply that the decrease
in reactur life expectancy of graphite with increasing temperature is only
mildly related to growth-rate changes. The major cause of the lifetime
reductioa is the loss of void volume by thermal expansion to accommodate
the differertial amnisotropic irradiation growth.

Graphite corrosion was studied in a mmber of graphite-steam oxida-
tion runs made in two loops operating under steady-state conditions and at
0.1 MPa (1 atm) pressure. These experiments are directed to obtaining
better behavior data on Stackpole 2020 graphite at 900°C, including infor-
mation on the effects >f interrupting the oxidation, and on the sen-
sitivity of the oridation rate to variability in the graphite billet, as
determined by testing specimens obtaiuned from various locations in the
billet. Fracture toughness of the graphites decreised with increasing
porosity, with porosity Increasing as a result of stcam oxidation.
Fracture toughness of 2020 graphite seemed to decrease somewhat more
rapidly with increasing porosity than did that of H4S1.

A development program to obtain an improved E451 graphite with more
desirable mechanical properties has been initiated with GA and Great Lakes
Regearch Corporation. Obtaining improved mechamical properties without a
loss in the fracture toughness or irradiation resistance of the base
material appears to be realistic. Improviug the mean strength is helpful,
but the key improvement is to decrease the occurrence of disparate flaws.

6. ﬁIGﬂ-TEHPERAIURE REACTOR PHYSICS STUDIES

. The reactor physics studies performed this past year under the HTGR
analys.s effort were mainly on the performance of the prismatic HIGR. The
thermal-hydraulic effort extended previous work so that the use of one-
dimensional fluid flow calculations in a three-dimensional neutronics
problem became available for routine use in our analysis. Fuel tem-
perature distributions and averages were included in the outputs to allow
meaningful comparisons between cases. Options on coolant flow orificing
were studied and made available to the code user.

The depletion-perturbation theory was tested further for use in sen-
sitivity and optimization studies. Results from one-dimensional models of
the smail-core wodular reactor are encouraging. Benchmarking of low-
enriched uranium cross sections was initiated under an agreement between
ORNL and GA. The thermal-hydraulics modeling of a continuously fueled
pebble-bed reactor was upgraded to calculate fuel temperature distribu-
tions under various fueling conditions.
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7. HIGH-TEMPERATURE REACTOR SHIELDING STUDIES

Configurations for the HTGR bottom reflector and support block
neutron streaming experiment were designed conceptually, preanalyzed and
modified, fabricated, and delivered to the Tower Shielding Facility. The
experiment has two major objectives: (1) to determine the shielding
effectiveness of the boroa pins and (2) to determine the exteat of neutrom
streaming through the large coolant holes in the bottoam reflectors and
support blocks. To fit the experiment within the project funding, the
experiment was divided into two parts along the line of the two
objectives. The firast part is the boron pin effects experiment (to be
performed in fiscal year 1983), and the second is the neutron streaming
experiment (to be performed in fiscal year 1984). Portions of the experi-
mental configurations were set by design parameters and are nearly exact
replicas of the HTGR lower support structure. Other portions, in par-
ticular the spectrum modifier, the side reflecting materials, and the
peripheral reflector poisoning at the boron pin sections, were adjusted to
~ obtain neutron spectra and detector response distributions very similar to
those obtained for the HTGR design. The indications from the preanalysis
are that we were successful in designing the experimental configurations
so that the spectra and detector responses wiil be representative of those
for the HTGR design.

8. HIGH-TEMPERATURE REACTOR COMPONENT FLOW TEST LOOP STUDIES

The Componen: Flow Test Loop (CFTL) is a large high-pressure high-
temperature test facility capable of circulating helium with controlled
levels of impurity through primary-system HIGR components. During 1982
modifications were made in the loop to perform a series of Core Support
Performance Tests (CSPTgs). These modifications included the fabrication
and installation of a test vessel to contain the test structure, the manu-
facture and the installation of a 500-kW helium heater, and the installa-
tion of the necessary instrumentation and controls to measure and control
the concentrations of specified impurities in the circula.ing helium.
Modifications were made in the existing contrcl system to permit the cir-
culation of gas at a controlled temperature and pressure past a graphite
test structure for an extended period of time.

The CSPT series was proposed to examine the chemical and physical
response of an appropriately sized segment of the core support structure
at typical operating conditions of temperature, pressure, and flow. This
structure in the HIGR is designed to remain in place for the lifetime of
the reactor core. This lifetime is assumed to be 40 actual years or an
equivalent operating time of 37 full-power years. To accelerate the
response of the structure to its environment, the concentration of the
impurities will be increased so that both the amount of corrosion and its
characteristics of penetration from the surface will be reproduced in a
six-month test. This goal requires that the equilibrium constants and the
reaction kinetics for the graphite and each of the inpurities be known at
the operating temperature and pressure. A series of accompanying studies
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has been initiated to determine these relacionships for a special "nuclear
grade™ Stackpole 2020 graphite, which has been specified as the material
for both the core suppor: post and its mating post seat.

Preliminary small-loop tests indicated the occurrence of a reverse
water—gas shift reaction either on the surfaces of the loop or in tne gas
phase. Thus, a prelisinary test, designated as TEST P-1, was included in
the CSPT series to measure the effect of this reaction in the absence of
the graphite test structure. It was then necessary to conduct a test of
limited duration with a referencable graphite to establish the anticipated
corrosion rate. This reference tect, designated as TEST ZERO, will use a
test structure fabricated from off-the-shelf Stackpole 2020 graphite. The
test structure for TEST ZERO will be a stack of right circular cylinders
with only sufficient structural loading to hold them in place. The first
test of the actual structure, designated as TEST ONE, will then be per-
foruwed with a representation of the actual geometry at the post-geat
interface together with an imposed structural load equivalent to that of
the core on the post in actual applization. The initial parts of TEST P-1
were begun in December 1982.

9, APPLICATION AND PROJECT ASSESSMENTS

Work on High-Temperaturc Gas-Cooled Reactor (BTR)* application
assessments continues to show that the most promising application of very
high—~temperature proc~ss heat reactors (VHTR8) 15 in the steam reforming
of methane for cheamicals production. A review of the experience in
industry with the occurrence of steammethane-reformer fires and explo-
sions indicates that these occurreances are rather rare and that they would
be less likely if an HTR were used as the enetgy source. An assessment of
the national need for HTRs indicates that they provide a unique way to
generate nuclear process heat for displacing oil and natural gas in
industrial use; this is projected to be very important after the year 2000.
Work performed on economic ground rules and cost factors helped to
establish sound and consistent econowic bases for use in the nationel HTR
program for esti‘mating the economic performance of KIRs.

Our asgessment work on modular HIRs provides a peer review of the
technical and economic performance of designs specified by GA and General
Electric Company (GE). Both prismatic and pebble-bed fuel designs are
being considered. With regard to fuel cycle costs, the peb*le-bed reactor
has a significant advantage, with fuel cycle coets being 25 tc 302 less
than corresponding costs in orismatic-fueled modular HTRs. We have esti-
mated the maximum fuel temperature at which fuel retains nearly all
fission products du--ing extreme accident conditions in modular RTRs;
1600°C was detevamined as a prudent design value. In our evaluation of
pressure vessels, we find that the cost of fabricating and installing a

*The term BTR is used here rather than HTGR to i{ndicate that either
prismatic-fueled HTGRs or pebble-bed-fueled Pebble-Bed Reactors (PBRs) are
considered.
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prestressed concrete reactor vessel is less than that of a steel wessel on
the basis of the direct cosis of the pressure vessel and comparable asso—
ciated systems. However, othe. factors, such as the impact of wvegsel
choice on plant comstruction schedule, are also important aud were not

considered here. With regard to the construction schedule of a modular 1
HTR, that developed by Bechtel Group, Inc. (BGI), appears to be optimistic
but might be attsimable on the basis of currently available information.
Overall, the estimated economic performance of a modular HIR plant is suf-
ficiently favorable i:0 warrant continued study of the concept. .
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1. HYGR CHEMISTRY (WBS OR1106)

R. P. Wichner

The purpose of this study is to obtain data to calculate or estimate ' . i
the rate of transport of important actinides sad fission products )
throughout a High-Temperature Gas—Cooled Reaccor (HTGR) under both normal -
and accident conditions. The diffusion rates of actinides aunl fission
products présent as oxides or carbides in H451 gruphite and the vapor
pressures of the substances when adsorbed on graphite are being
investigated. 4 o

1.1 'DIFFUSION OF URANIUM IN GRAPHITE — O. K. Tallent and R. L. Towns

The diffusion of uranium (is a stand-in for piutonium) was investi-
gated under conditions approximating those of the primary coolant loop in
the reactor. Profiles were obtained for uranium penetration in HA51

4 e A e B T et

graphite from 900 to 1400°C. Diffusion coefficients were calculated from
the observed concentration profiles using the expression

fere-2 (2 - clco)]? = =2/6pe , (00

vhere C is the concentration of uranium at time ¢ for a distance x into
the pellet, Cy is a constant representing the uranium concentration at
z= 0 for all ¢, and D 1s the diffusion coefficient.

Diffusion coefficients for uranium dicarbide at 1000 snd 1400°C were
found to be defined by

Ducz = 3,5 X 103 exp(-4.8 X 10~4/RT)cu2/s , (2)

where R is the gas constant and T is the tempersturz in kelvins. Yor
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uranium dioxide at 900, 1000, and 1400°C, diffusinn coefficients are
defined by '

Duoz~-= 2-34 X 105 exp(—3.2 % 10%/ET)cm?/s . ¢))
Arrhenius plots of the diffusion coefficicr*s are shown in Fig. 1.1. The
diffusion cﬁefficienta calculated from Eq. (2) are greester ghan prelimi~

nary values reported oreviossly.! The greater values reflact slight
changes and improvesents wade In the experimental method during the year.
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Fig. 1.1. Arrhenius plots of uranium diffusion coefficients in HAS51
graphite.

1.2 VAPOR PRESSURE OF PLUTONIUM ADSORBED ON GRAPHITE — O. K. Tallent and
R. L. Towns

The vapor pressure of pluton{um adsorbed on R451 graphite st 1400°C
was measured as 0.39 ¢ 0.03 mPa (3.9 t 0.3 x 10”2 atm) by a transpiration
method with helium carrier gas. Data were collected at gas flow rates
ranging from about 40 to about 75 mL/min where the plutonium vapor
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density m-édned approximately constant with flow rate (Fig- 1.2). At
lower flow vatés the vapor density varied with flow rate a2 a result of
thermal diffusion.2~" Variation of the vapor pressure with surface-
adsorbed plutonium councentration will be investigated in the future. The
graphite specimen for the above maute-enfs contained 0.63 % 0.08 wg of
adsorbed plutonius per square weter of graphite surface 3. =2a.
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Fig. 1.2. Variation of plutonium vapor density with helium gas flow
rate (gas passed over plutonium-bearing graphite pellet at 1400°C).
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2. FUELED GRAPHITE DEVELOPMENT (WBS OR1101, OR1102, -nd OR1501)
F. J. Io-nahdl. J. Kania

2.1 INTRODUCTION

The Fusled Graphite Development Program at Osk Ridge Hatiomsl

' Laboratory (ORML) contimues as part of the national Eigh-'i'eqenture GCas-

Cooled Reactor (HTGR) fuel development effort being conducted in coopera-

" tion with GA Technologies, Inc. (GA). The ORNL portion of the progras

includes irrediation testing of fuel fabricated by GA in irradiation cap-
sules assembled by ORKL and operated in ORNL resctors. We also conduct
postirradiation examinations on the irradiated fuel in special equipment
developed for this purpose. The GA responsibilities include interface
with core designers and with licensing activities and development of fuel
performance models with data developed from the irradiation tests conducted
at ORNL. GA Technologies also has responsibility for fuel msmufacturing,
including design, process development, and quality comtrol.

In addition to the cooperation with GA, the ORNL progrss includes
specific cooperative tasks with the German Nuclear Research Center at
Jidlich [Kernforschungsanlage (KFA) Jilich]. The cooperation with KFA is
part of the formal agreesent between the U.S. and Cerman goverunments for
gas-cooled resctor development. Several cooperative projects have been
completed during the past several years. The two active areas of coopers-
tion during this reporting period are described in this chapter. |

At the end of 1982 the Fusled Graphite Development Progras wss orgs-
nized around four subtasks: (1) Irradistion Testing, (2) Postirradistion
Exsuination (PIE), (3) U.8./Federal Republic of Cermany (FRC) Cooperative
Work, and (4) PIE Equipment Development and Maintenance. Over the years
the program has slso included a product and process development subtask,
but this work was cospleted during VY 1982, gnd no further efforts sre
planned in this ares.




2.1.1 Irradiation Testing

e A capsule design wvas completed for a fuel hydrolysis eipeti-gnt.
This experiment is designated HRB-17 and -18 (two capsules). The
experiment will feature injection of controlled quantities of
moisture into an 6petating capsule in vhich failed fuel is operating.
The major goal of the experiment is to measure the behavior of the
failed fuel in the presence of moisture. We anticipate an increase
in the fission gas release to birth rate (R:B) as a result of a den—
sity decrease in the carbide-containing fuel kerncls. The magnitude’
of this increase in R:B is an important design parameter for the
reactor core. , ’

e The postirradiation thermal analysis for capsule HRB-16 was
completed. There were 18 fuel rods irradiated in this capsule, and
the time-averaged irradiation temperatures ranged from 1044°C (for
rod 1) to 1212fc (for rod 10 at the center of the capsule).

2.1.2 Postirradiation Examination

e Capsule HT-35 completed irradiation in November 1980. Postirradia-
tion examination of this capsule was delayed in order to complete the
examination of the HRB-15a capsule, which was of higher priority.
Examination of specimens irradiated in capsule HT-35 was partially
completed during the reporting period.

1. Transmission electron microscopy (TEM) of silicon carbide (SiC)
coatings irradiasted on inert (carbon) kernels revealed that
stacking faults appear to be a strong sink for point defects.
Void formation was not observed in the‘coacinga examined to date,
and irradiation appears to have caused no significant restruc-
turing of the coating.

2. [Irradiated microsphere gamma anslyzer (IMGA) examinations
completed to date show good retention of fission products.
Histograas of several fission product activity ratios are pre-
sented in Sect. 2.3.1, bhut no detailed analysis of the data L.7ve
oeen completed as yet.




e Capsule ERB-15b examinations were mostly completed before 1982 asnd
were reported in previous ammual reports. The final report omn
this capsule has been delayed for reanaslysis of the silver reten-
tion data. Cesiumm and fission gas retention data are summarized in
Sect. 2.3.2.

e Examination of specimens irradiated in capsule HRB-15a was completed
in 1982. 'ﬂnhuavety important capmlebemoeitmuiud
specimeng of the four candidate fissile particles for the low-
enriched uranium (LEU) fuel cycle. Detailed IMGA, metallographic,
and microprobe results are included ii; Sect. 2.3.3. The thermal per-
formance of the tour candidate kernel types (U0;, UC,, UC0y, and

- buffered U0;) wus sbout as expected. The performance of the

. Zrc-buffered U0, kerneis was surprisingly good. This was an experi-

" mental kermel at the time the HES-15s experiment was plamned, and
very little was known about its behavior under irradiation. The good
performance of this kernel was a pleasant surprise. The examination
of HRB~-15a-irradisted specimens confirmed ocur conclusion that the
palladium attack of the SiC «nd the silver diffusion through SiC were
not dependent on kernel type but were dependent om SiC costing
quality. '

® Disasseably of capsule HRB-16 is reported in Sect. 2.3.4. Detailed
PIE of fuel specimens irradiated in this capsule will begin after
examination of the HT-35 specimens is complete.

2.1.3 US-FRGC Cooperative Program

e Final reporting of work done under PWS FD-12 (pyrocarbon costing per-
mesbility to fission gas) and PWS FD-13 [(IMCA/postirradiation
amnealing and bets autoradiography (PIAA) compsriscn)] was completed

~ in 1982. Abstracts of the final reports are included in Sect. 2.5.

o Exsmination of the first set of Cerman particles under WS FD-20
[IMCA, postirradiation gas anslyzer (PCA), electron microprobe exasmi-
nation of German irradisted fuels) was completed and reported in
1982. This work is slso reported in Sect. 2.5.




2.1.4 Egquipment Development snd Maintensnce

o Several problems were encountered with the IMGA system in 1982. The
system was available 1.;- than 30T of the time because of both hard-
va. * and software problems. Details are given in Sect. 2.6.1.
Essentially, the pulse height smalyzer (the heart of the spectrum
analysis portiom of IMGA) is “worn out-'; The anslyzer was purchased _
In the mid-1970s frow a company that is no longer in business; there-
fore, repair or refurbishing of the systes is pot possible. A new
system was specitied and bids placed in 1982, and we expect the pew
system to be purchased and instslled in 1983. ‘

o The FCA system was upgraded by the addition of a guadrupole mass
spectrometer for use with the hot-particle-treak! g station. The
quadrupole spectrometer is located in the PGA glove bnx. We
found that operation of the hot station with the time-of-flight mass
spectrometer (located outside the glove box) resulted in con-
tamination of the flight tube with c2sium, which would cause unac-
ceptable operator exposure {f continued. The portions of the

quadrupole spectrometer contaminated by operation with the hot sta-
tion are disposabhle and can be discarded when contaminated to unde-
sirable levels.

2.2 JRRADIATION CAPSULE ASSEMBLY AND OPERATION — J. A. Conlin

2.2.1 Hydrolysis Experiments HRB-17 and HRB-18 -- R. L. Senn

The pext irradiation experiment in the series to qualify fuel for the
LEU fuel cycle has been designated HRB-17/-18. This will be a hydroly~
sis experiment to determine the behavior of Triso-coated dense UCO (mixture
of U0, and UC,) fissile particles that fail in a moist environment. Wovk
during 1982 on the design and construction of this experisent has been
documented int:erually;x an abstract of this documentation follows:

Design data are needed on the behavior of failed Triso-
coated dense UCO kernels in & moist environment. An irradistion

experiment is planned in FY 1984 to provide these data. This

experiment, designated HRB-17/-18, will require modifications to
the standard ARB (HFIR removable beryllium) capsule and to the

|
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inadistion facility located in the HFIR (BRIgh F ux Isotope

Reactor). These modifications are aeeded to peruit injection
and wonitoring of coantrolled smounts of moisture into the
operating capsules. The primary purpose of this report is to
document progress on design and implementatior of the
modifications.

Because of the complexity of this experiment and the need
for unambiguous fission gas release to birth (R:B) rate dsta, it
was decided oot to include fuel in the upper and lower portioas
of the capsules, vhere neutron fluxes swing widely during the
23-d HTIR < perating cycle. Stainless steel cylinders will be
located in thege regions imstead of fuel. The GA technical spe-
cification for this experiment calls for the fuel ceaterline
temperature to be about 800°C to svoid huving the injected
moisture react with the graphite sleeve prior to emcounteriang
the fuel particles. Details of the fuel specimen configuration,
design thersmsl analysis, end fuel load:lng evalusation are pre-
sented in this report.

2.2.2 #RB-16 Thermal Anslysis — I. I. Siman-Tov

The thermal analysis for capsule HRB-16 was completed in .his

reporting period and documented internslly.2 An abstract of this document
follows.

2.3

A postirradiation thermal anslysis was completed on fuel
~ods irradiated in capsule HRB~16. This analysis toock into
account the dimensional change date provided by GA Technologies,
Inc. (GA). Detailed temperature calculations for the fuel rod
specimens and graphite sleeve are presented in this report along
vith the postirradiation dimensional data. Fission and gamma
heating calculations are also included. The time-averaged fuel
rod temperstures calculsted in this analysis ranged from a low
of 1044°C in rod 1 to a high of 1246°C in rc- 16. A msximum
fuel rod temperature of about 1300°C was calculated for rod 10
at the beginning of cycle 1 and again at the end of the
irradiation.

POSTIRRADIATION EXAMINATION OF IRRADIATION EXPERIMENTS — M. J. Kania

During this reporting period, irradiation caspsule HRB-16, which

completed irrasdiation late in 1981, was disassembled in the High-Radiation-
Level Examination Laboratory (HRLEL). This capsule conteined only GA fuel,
vhich wvas stored for future examination. Postirradiation examinations
vere completed on ORNL fuel from capsule RRB-15b and on GA fuel fros

1=
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capsule HRB-15a. The PIE of ORNL fuel in capsule HT-35 was delayed until
October 1982 to complete the HRB-15a examinations. A final report was
written on the performsuse of ORNL fuel from capsule HRB-15b, but this
report is being =xtended to inc’ude updated !10MAg release calculations
for the GA fissile fuel in this capsule.

2.3-1 c_._p'“.le m-35 — M. J. Kania M R. J. Iauf

Irradiation capsule HT-35 (ref. 3) was a cooperative experiment between
GA aad ORNL, with ORNL fuel occupying about 75 of the available test space
and GA.specinens occupying the remaining test space. Test specimens for
ORNL consisted of Biso-coated fertile fuel and Triso—coated low-enriched
fissile particles. Specific ORNL objectives" were to

1. assess the irradiation performarce of low-temperature isotiopic ¢(LTI)
pyrocarbcn coatings derived by use of standard coating gases diluted

~ with CO, and prepared in a 0.13-m coating furnace;

2. 1investigate the influence of fabrication process variables, coating
properties, and postcoating annealing on overall performance of Biso-
coated ThO, particles;

3. 1investigate 110m\g retention and metallic fission—product interaction
with SiC and correlate results with deposition conditions;

4. perform a detailed study of fast-neutron-induced damage in SiC
employing TEM and amall-angle x-ray scattering (SAXS) measurements; and

5. assess the irrrdiation performance of [riso-coated dense UCz0y kernels

and compare results from Triso-coated weak acid resin (WAR)-derived
kernels.

The capsule was irradiated in the RHigh Flux Isotope Reactor (HFIR)
target facility for 2140.5 h of full reactor power (100 MW) and was
discharged from the reactor on November 19, 1980. A detailed description’
of the fuel burnup and fluence accumulation of the test specimens was
reported.3 Cipsule disassembly began in December 1980, and the results of
the metrology performed on the capsule graphite and fuel compconents were
reported.>
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2.3.1.1 Examination of SiC Coatings from Carbon Particles

Silicon cartide coatings from inert (carbon) kernels were examined
by TEM before and after irradiation in capsule HT-35. The first SiC
batch examined (OR-2882H, SC-531) was deposited at 0.28 ym/min at 1550°C.
Samples were irradiated in the bottom—end plug of magazine 1 at 900°C to a
total fast neutron fluence of about 6.8 x 1025 meutrons/m2 (E > 29 £J). A
comparison of the as-fabricated SiC microstructure [Pig. 2.1(a)] with the
irradiated microstructure [Fig. 2.1(b)] shows that stacking faults appear
to be a strong sink for point defects. Void formatrion does not appesr to
have taken place.

The second SiC batch examined (SC-530) was deposited at 0.55 ym/min at
1550°C. This batch was irradiated in the bottom—end plug of magazine 4 at
sbout 900°C to a fast fluence of 3.95 x 1025 neutrons/m?. Batch SC-530 is
somevhat less dense in the as-fabricated condition [Fig. 2.2(a)]) than
batch SC-531. This 18 a result of the higher (sating rate in SC-530.
Transmission electron microscopy revesled numerous cavities in the as-
fabricated coating; the cavities are 500 to 1000 & in diameter and are
arranged circumferentially in the coating layer. These cavities were not
repaired or otherwise altered by irradiation [Fig. 2.2(b)]. No significant
restructuring of the coating (grain size or morphology) or of irradiastion-
induced void\ formation 18 apparent. As observed im SC-531, the stacking
faults appear to be efficient sinks for vacancies and interstitials,
resulting in the partial elimination of stacking faults and the formation
of dislocation loops in their place. The degree to which this process has
taken place in SC-530 is less than that in SC-531 because of the lower
fluence experienced by SC-530 as well as its initially higher stacking
fault density.

Future work will include the TEM examination of {rradiated S{iC
coatings from fuel particles. This will allow us to study fission product
behavior and radiation damage together.

2.35.1.2 Postirradiation Examination of Jrradisted Fuels

The postirradistion examination of capsule HT-35 fuel vas 'dehye&
until November 1982 because of requiremenis to complete the examination of
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Fig. 2.1. (a) Silicor. carbide coating SC-531 as fabricated.
(b) Silicon carbide coating SC-531 irradiated at 900°C to 6.8 x 1025
neutrons/m2 (£ > 29 £J). Arrow indicates coating direction.
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Fig. 2.2. (a) Silicon carbide coating SC-530 as fabricated.
(b) Silicon carbide coating SC-530 {irradisted at 900°C to 3.95 x 1025
neutrons/m2 (E > 29 £fJ). Arrow indicates coating direction.
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HRB-15a2 gpecimens (Sect. 2.3.3) and equipment problems involving the
IMGA sysiems. The first priority is to examine the Triso—coated WAR and
UCO particles to complete objectives 3 and 5. The coatings from these
fuels will also be used in part to achieve objective 4. The particles of
interest were irradiated in driver fuel rods, which were deconsolidated
after irradiation to odtain unbonded particles necessary for IMGA and PGA
examination. The results of analysis for uranium and thorium in the
electrolyte used in the deconsolidation are presented in Table 2.1. None
of the analyses indicated excessive amounts of uranium or thorium; however,
the results from rods 14 and 39 were somevhat above the detection limit.
The Triso—coated WAR-UCC fuel from rods 1 through 25 are now being
analyzed for fission product retention with the IMGA system. Mnly ocae rod
(No. 3) hds been completed because an equipment problei with the IMGA has

Table 2.1. Results of analysis for deconsolidated driver fuel rods
from irradiation capsule HT-35

Particle batch Concentration (mg/cm3)

Fuel rod fFi:s:le
Fissile Fertile uel type Uranium Thorium
1 OR-2884 H A-700 HT WAR-UCO4 <0.001 <0.0001
3 OR-2888 H WAR-UCO <0.001
6 OR-2885 H WAR-UCO <0.001
9 OR-2887 H WAR-UCO <0.001
12 OR-2886 H A-898 HT WAR-UCO <0.001 <0.0001
14 OR-2884 H A-901 HT WAR-UCO 0.006 0.0020
16 OR-2888 H WAR-UCO <0.001
19 OR-2885 H WAR-UCO <0.001
22 OR-2887 H WAR-UCO <0.001
25 OR-2886 H WAR-UCO <0.001
28 A-976 ' Dense UCO <?.001
31 A-976 v . Dense UCO <0.001
34 A-976 Dense UCO <0.001
37 OR-2887 H WAR-UCO <0.001
39 OR-2886 H A-" 2 HT -WAR-UCO 0.002 <0.0001
41 " A-976 A-914 HT Dense UCO <0.001 <0.0001
44 A-976 Dense UCO <0.001
47 A-976 ‘ Dense UCO <0.001
50 OR-2887 H WAR-UCO <0.001

52 OR-2886 H A-735 WAR-UCO <0.001 <0.0001

QWAR, weak acid.resin; UCO, mii:ture of UO, and UC,.
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limited its operation. The activity ratios, 110Mpg:106p,, 137cg:lUbgy,
and 1%%Ce:106gy are presented in Fig. 2.3 for fuel rod 3. Corresponding
fission product inventory calculations have not been made, so only a quali-

tative interpretation can be made. Comparisons of the 137Cs:106py and
libge: 106Ry ratios show very tight distributions and no particles indica-
tive of having low cesium or cerium inventories compared with the ruthenius
inventory. The 110maAg:106gy ratio exhibits a broader distribution, but this
is a direct result of counting statistics rather than defective particleé.
This preliminary data indicates that all the particles from batch OR-2888 H
irradiated in rod 3 have performed similary, with no obviously defective

particles.

? The objectives, fabrication, operation, disasseably, and initial
PIEs on ORNL fuel have been published.®~9 Postirradiation examination
was completed in this reporting period, and Pigs. 2.4 and 2.5 summarize

i . ORNL-DYG 839138
S0 S0 - S0
Cs-137/Rs-106 fg-110m/Ru-106 Ce-144/Ru-106
Meon: 7.56:.5 E-2 Meon: S5.115€-3 , Meon: 1.483
40 4 s: 1.56% 40 s: 9.08%7 40 s 1.647%

8

30 4

20 -

NUMBER OF PARTICLES
8

o
'

)
A

0.962 1.041 0,769 1.285 0,940 © 1.034

FRACTION OF MEAMN ACTIV'TY RATIO

Fig. 2.3. Capsule HT-35, irradiation position 3, fissile particle
batch OR-2888 R.
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toe IMGA and PGA results. Only one fertile particle batch showed cesium
lo:is. batch A-825. The mean retention for the batch was 106X (over
iWX retention because of uncertainties ia the calculated cesium
inventory). Omnly one particle in this batch was failed, and it released
more than 90X of its cesium. For burnups of more than 5Z fissions per
initial metal atom (FIMA), the agreement between predi~ied and measured
-gaa release for both the Triso~ and Biso-coated particles was excellent
with one exception: batch J-491 (position 115), which was fabricated for
the OF-2 irradiation experiment.l? The agreement at the ends of the
~apsule was very poor. These positions represent fuel burmups of less than
5% FIMA. Ve believe that the fuel in these posiiions did not lose its
figssion gas during irradiation but, rather, that the gas release model
used!! was inadequate for low-burnup fuel. A final report documenting
these results has been written.!l
We are nowv holding publication of the HRB-15b final report to
include updated information on the release of the activation product
110mAg measured on GA fuels. GA has published the results of examinations
on their fuel, including ORNL IMGA measurements.l2 The initial data indi-
cated a range in release of 20 to 30Z for the Triso— and Si-Biso-coated
uc,, UO,, UO,* and UCO fuel types. These release values were based on
calculations by use of the best available neutronics data for 110mAg -in
the AFIR Removable Beryllium (RB) Facility at that tise. A recent exami-
nation of the fission product cross section data gets reveals that the
removal cross section for 110MAg may be in error because resonance adsorp-
tion was not considered. Preliminary calculations show that use of a
newly derived removal cross section including resonance parameters results
in retention calculations of 100Z for this same GA fuel. The new data are
being evaluated, and the results of *his evaluation for the GA HRB-15b
fuel will be included in the ORNL final report.

213-3 c. .ule m-lsa - M. Jo bni" P- J- mun, c- A- *ore, and
L. A. Shrader

Postirradiation examination of selected fuel specimens irradisted
in capsule HRB-15a was completed in this reporting period. The fuel for

*v0,, Buffered UO, kernel.
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this cspsule was fabricated by GA. After irradiatiou fa HFIR, the capsule
vas disassembled in the ORNL hot cells and returned to A for PIE. After
some examinations were performed at GA (dimensional iaspection, fission
gas R:B in TRIGA), six of the fuel rods and unbonded particles from three
of the wafer-tray assemblies were returned to OBNL for additional examin-
ations. This work is documented in an internal report,l3 the abstract of
which follows.

The HRB-15a experiment contained 18 fuel rod specimens and
17 wafer-tray assemblies. All the fuel specimens were fabri-
cated by GA Technologies, Inc. (GA). The capsule was assembled
at OBNL and irradiated in the High Flux Isotope Reactor (HFIR).
After irradiation the specimens were returned to GA for postirra-
diation examination. Six of the fuel rods were returned to ORNL
after dimensional inspection in the GA hot cells and measurement
of the fission gas release to birth (R:B) rates in the GA TRIGA
facility. The fertile particles from three of the wafer-tray
assemblies were also returmed to ORNL for examination.

At OBNL a number of additional examinations were performed
to supplement the data collected by GA. Included in the ORNL
examinations were electrolytic deconsolidation of the fuel
rods, gamma gpectroscopic examinations [with the irradiated
microsphere gamma analyzer — (IMGA)], metallographic examinations,
and microprobe examinations. This report docusents the exami-
nations performed at ORNL.

Some problems were encountered with the electrolytic decon-
solidation, and significant amounts of debris were left attached
to the particles. A second cleaning was required after some
repairs were made to the equipment. More than the expected
amount of uranium and thorium was found in the electrolyte
solution. An IMGA examination showed good retention of cesium
but some loss of silver from the fissile particles. Work is
still being done to refine the cross section values for silver,
and the initial estimates of silver loss are being revised
cdownward. Metallographic and microprobe examinations revealed
trends that have been observed in previous irradiation
experiments. More mobility was noted for the rare earth fission
products froa the kernel toward the coatings in carbide fuels
than for oxide fuels. The rare earths remain tied up as oxides
in U0, kernels. Palladium attack of the SiC layer was noted
frequently and appeared to be most severe in the Triso—coated
UCO fissile particles. We concluded thac this attack was not
associated with the kernel type (UO,, UCO, UC,, or buffered UO,)
but, rather, was associated with coating quality. The fissile
particles containing UCO kernels were prepared in large-scale
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equipment , vhereas the other fissile batches were fabricated in

laboratory-scale equipment, with better control over coating
conditions.

Overall conclusions ccaocerning the performs~~~ of fuel in
capsule HRB-15a will be documented in a2 final report prepared by
GA (wich coantributions from ORNL). The ORNL postirradiation
exanination results will be combined with the GA results. This
final report will be issued when the ongoing evaluations of
silver cross sections aund silver retention are complete.

2.3.4 Capsule HRB-16 — M. J. Kania

Irradiation capsulel" HRB-16, which contained only GA-fabricated fuel,
was discharged from the HFIR on December 23, 1981, atter operating for
nearly 4082 h of full reactor power (100 MN). The capsule wag allowed to
cool in the HFIR pool and was then shipped to the HRLEL for disassembly.
The capsule was received at the HRLEL in February 1982, and disassembly
tegan on March 1, 1982; a GA representative was present to assist and
direct the work. .

The dissembly sequence prepared by GA was followed closely, with no
problems or unanticipated events. The fueled graphite sleeve was removed
from the stainless steel containmenis, and the therwocouples were pulled
from the sleeve without incident. The fueled graphite sleeve was gamma
scanned to ensure proper fuel positioning and to indicate any unusual fuel
behavior. After scanning, diameter measurements were made on the fueled
sleeve at each specified location along the axial length of sleeve at both
0 and 90° orientations. Irradiated bonded rods and loose particle trays
were removed by cutting the graphite sleeve. Three axial cuts were made
120° apart along the entire length in a specially designed fixture. The
sleeve was then cracked along the length of each slit, and two sections were
removed to expose the rods and graphite trays. This method of fuel removal
was used to reduce the possibility of fuel rod breskage or debonding
encountered in earlier experiments when the rods were pushed ocut of the
8leeve.

The entire length ~f fuel was visually examined and phorographed
in place before fuel handling occurred. Each fuel rod and tray was
then removed and placed in appropristely identified containers for future
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examination. The loose particle trays were not opened at that time. As
the fuel was removed from the sleeve, it became evident that several trays
had opened and that a portion of their contents had spilled into the
graphite sleeve. Later examination of the tray contents revealed those
particle types that had been logst. Piggyback samples were recovered from
the ends of the graphite sleeve without difficulty. The three pieceé of
graphite sleeve were scored for gamma spectrometry measurements.

Each fuel rod was visually examined with the stereomicroscope, and
photographs were taken of the rod surfaces and of unusual areas. Each
graphite tray was opened, and its contents were poured into a glass con-
tainer and visually examnined under the stereoiicroscope. Photographs were
taken of the coatents of each of the 27 graphite trays. Dimensional
measurements were made on each fuel rod, with diameter measurements at the
top, middle, and bottom of each rod at both C and 90° orientations. Length
measurements were also wmade on each rod. The graphite trays were measured
diametrally at one axial position and at both O and 90° orientations.

Gamma spectrometry of the empty graphite sleeve from capsule HiB- 16
was completed; however, we were not able to provide a quant{tative radio~
isotopic analysis as originally requested by GA because of the lack of a
detector calibration in the configuration used for gamma scanning. A
longitudional gamma scan of the sleeve was obtained, and those areas along
the sleeve indicating high activity were noted and investigated further.
Compared with background levels near the gamma-scanning facility, only two
areas along the sleeve had high levels of activity. A subsequent gamma
energy spectrum was acquired at these two areas and analyzed. The results
indicated that the high activity was due to activation products in the
stai~.iess steel centering pins in the graphite sleeve at these two locations.
No 110mpg was detected in the sleeve, and the levels of !3“Cs and !37Cs
were only slightly above thc background. Compared with other HRB experi-
ments, the graphite sleeve of capsule HRB-15a had orders of magnitude lowcr
activity levels.

Documentation of capsule HRB-16 disassembly, graphite component and
fuel rod dimensional measurements, fuel rod and unbonded particle photo-

graphy, and graphite sleeve gamma spectrometry were provided to GA.
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Postirradiation examination of the fuel rode and unbonded particles is
scheduled to begin in April 1983. Until then, all HRB-16 fuel not shipped
to GA is being stored at the HRLEL.

2.4 PRCOHUCT ARD PROCESS DEVELOPMENT

2.4.1 Dense UCO Kernel Fabrication — V. P. Stintom

We recently developed a two-step sintering process that produces dense
kernels with well-controlled chemistry and requires sintering temperatures
no higher than 1550°C (refs. 15 and 16). Since developing this process and
using it in producing laboratory-scale quantities of material for irradia-
tion testing, our work has focused on equipment scaleup for production—
scale operation. The scaleup work has proceeded in two areas: evalusting
and processing material provided by GA and direct development of large-
scale equipment for processing kernels.

A statistically designed experiment involving eight batches of
material was undertaken as a cooperative effort between ORNL and GA. GA
Technologies, Inc., produced the material and sent unsintered kernels to
ORNL for evaluation. We performed differential thermal analysis (DTA),
thermogravimetric analysis (TGA), mass spectrometry, differential scanning

calorimetry (DSC), and sintering studies on these batches. To avoid

biasing the results of the experiment, we were not informed of the produc- ,

tion parameters until the experiment was completed. The results of this
vork have been published.l’

The main emphasis in the equipment development port of the program has
been directed at design of a kilogram quantity rotary furnace for sintering
dense UCO kernels. The laboratory-scale work was in a 50~g static bed
furnace. RNumerous runs vere made during the reporting period with the
rotary furnace, but the work was largely unsuccewsful. The system had air
leaks that could not be located and repaired, and the prelencevof oxygen
during sintering caused a very poor—yuality prcduct. Efforts at GA to
scale up the sintering process resulted in a suc~essfully operated furnace.
Therefore, the ORNL effort at equipment scaleup for kernel sintering was
abandoned. No further effort in this area is anticipated.

——



2.4.2 SiC Coating Characterization

2.4.2.1 Fission Product—Silicon Carbide Interaction Studies in’
Out—of -Reactor Tests — R. J. Lauf

A paper was written for the open literature summarizing all out—of-
reactor fission product interaction studies.l!® This paper includes results
published in ORNL/TM-8059, ORNL/TM-7209, ORKL/TM-6991, ORNL/TM-6741, and
ORNL/TM-7343. An abstract of the paper follows.

The interactions of SiC with geveral high-yield fission
products wvere studied out of reactor by doping "cold™ U0, or
UC, fues kermeis with selected fission product elements before
Triso-coating. The doped particles were annealed in a thermal
gradient, and SiC—fission product interactions were observed and
quantified by metallography, radiography, scanning and transais-
sion electron microscopy, and electron microprobe analysis. The
results of these studies are discussed in terms of predicting
S1C performance and fuel behavior during firradiatiom.

2.4.2.2 Raman Spectroscopy of SiC Coatings — P. Krautwasser, G. M. Begun,
and P. Angelini

Raman studies of SiC coatings of nuclear fuel particles started in
1981 were extended into the first part of 1982. Raman spectra characterize
the chemical composition and the degree of crystallinity of a material.
For the Raman studies of SiC coatings, the 514.4-nm excitation line of an
argon ion laser was used. In Raman spectra the initial laser wavelength is
shifted to a series of longer wavelengths (Stokes lines) as a result of the
interaction of the material studied with the laser beam. These energy
losges result from the stimularion of the vibrational energy levels of the
molecules under investigation. We measured single fuel particles that were
held by suction on the tip of a hypoderaic needle. Data were obtained with
a Ramanor HG-2S spectrophotometer consisting of a double monochromator with
curved holographic gratings, photon counting electronics, and a cooled S-20-
type photomultiplier. The spectrometer was controlled and the data stored
with a Nicolet 1170 signal averager. To eliminate the plasma lines from
the laser, a spike filter was used. ifonochromator slit widths were used.
The Raman spectra of SiC coatings reveal whether a coating 18 stoichiometric
or contains excess silicon or excess carbon and also provide information

about the degree of crystallinity of the coating.
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Changes in Raman spectrs during heat treatment of irradiated SiC coatings

Reutron-induced structural defects led t¢c a strong decrease in SiC
line intensity [Fig. 2.6(D)] compared with the initial SiC Raman spectrum
[Fig. 2.6(a)]. At high irradiation temperatures, fast neutron defect pro-
duction was partially compensated for by the ammealing of structural
defects. A similar recovery occurred during the cut—of-pile heat treatment
of irradiated SiC coatings. Figure 2.6 (¢) and (d) shows an increasing
recovery of SiC line inteusity after heat treatments of 5 h at 1500°C and
1 h at 2000°C, respectively. The carbon-rich surface layer, developed by
thermal decomposition of SiC during heat treatment, was removed by
polishing before takiang spectra in both cases. However, the SiC line
intensity at about 790 ca~! was still lower and the peak broader tham in
the initial spectrum. This indicates that the long-range order ia the
irradiated and annealed coa*ing was still disturbed compared with the as-
deposited coating. This decrease in long-range order may be related to the
increase of grain boundaries in irradiated SiC, which can be seen in
scanning electron micrographs.

All coatings with an S{C line at 97C zm~! in the Raman spectrum of the
as~produced coatings showed a distinct recovery of this line after
postirradation annealing. 1In contrast, irradiated or unirradiated SiC
without the SiC line at 970 ca~! in the spectrum of the as-produced
material did not develop this line even after annealing for 15 h at
2000°C.

Comparison of Raman spectra and metallic fission product release of SiC-
coated fuel particles

The release of silver or cesium (measured by out-of-pile annealing
experiments at KPA Jilich or GA on particles from BOBEG, KFA Jdlich, end
GA) vas - i{ther clearly related to the type of Raman spectrua nor to the
intensity ratios of the lines. Coatings with excess silicon tended to
have a somevhat better retention capability. 1In this study, irradiated
particles for which diffusion data were available were not investigsted by
Raman gpectroscopy. WU. are therefore not certain that the lack of correla-
tion between the Raman spectrs of as—deposited coatings and the fission




ORNL-DWG 82-7675R

IRRADIATED AND SiC
MHEAT TREATED
1 h 2000°C

SURFACE MATERIAL
REMOVED

L . -
SiC
uw
SC
c
> ‘UN\“
.- -
@ ¢
.
f 4 & IRRADIATED AND
HEAT TREATED,
% n, 1800°C
{c) \3
AS IRRADIATED
T\an. = 900°C
l T =7.2x 10% n/n?
i
0y
\MJ
, v “*ﬂ“Nﬁﬂﬂnthqu“
(b) g
w
z sic
AS PROOUCED
T 1660°C
C,-i,lum/min ' SiC $i
H '
: e
L
|
i L—‘_’\/\—\‘
N —— e
@) IS SN U SN W S R SO G DU GH SN SN W G

800 1000 1800
4 WAVE NUMBER (cm™')

Fig. 2.6. After removal of the graphite surface, the bulk properties
of batch ORN-2879 H show a recovery of S41C line inten3ity with heat

treatment.



MR o Fn P v TR o s s 1

ST

I A W

e ———

25

product release of irradiated and long-term heat-treated particles was due
to structural changes during heat treatment (described in the last
section). This question may be answered by measurement of fission product
inventory with the IMGA system after irradiation and again after a sub—

sequent lorg-term heat treatment.

2.5 US-FRG COOPERATIVE PROGRAM — M. J. Kania

This work is being performed under the Fuel, Graphite, and Fission
Product Subprogram, which is one of several programs ircluded under the
Umbrella Agreement between the United States and the FRG. The fuel develop-
ment werk covered in this subprogras is being performed by ORNL, GA, and

KPA-Jiilich. During this reporting period, final reports on the activities
of PWS FD-12 and PWS FD-13 have been published.l1,19 Sections 2.5.1 and

2.5.2 contain the abstracts of these publications. Only PWS FD~20 remains

" open in the fuel development area; the activities during this reporting

period were centered around this PWS and are reported in Sect. 2.5.3.
2.5.1 PWS FD-12 — M. J. Kania, B. A. Thiele, and F. J. Homan

The purpose of PWS FD-12 was the quantification of irradiation-
induced permeability in pyrocarbon coatings. During this reporting
period a final report was publighed, an abstract of which is presented
below.l11

Two U.S. irradiation experiments were planned to provide
information to supplement data from the German program on
irradiation-induced permeability in pyrocarbon coatings.
Hopefully, the data from both programs could be combined to
define the onset of neutron—~induced permeability in a variety of
Biso coatings produced with different process variables (coating
temperature, coating gases, and coating rates). The effort was
not successful. None of the preirradiation characterization
procedures were able to adequately predict irradiation perfor-
mance. A large amount of within-batch scatter was observed in
the fission gas and cesium release data along with significant
within-batch variation in coating properties. Additional
preirradiation characterizstion might result in a prucedure chat
could successfully predict irradiation performance, but lit:le
can be done about the within-batch variation in coating prcoer-
ties. This variation is probably the result of random movenent
of particles within the coating furnace during pyrocarbon
deposition.
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The objective of PWS FD-13 was to compare U.S. and FRG PIE tech-
niques to measure statistically significant failure fractions of irradiated
coated-particle fuels. During this reporting period a final report was
publighed,1? the abstract of which is presented below.

Two methods for measuring failure fraction on irradiated
costed—-particle fuels have been developed, one in the United
States (the IMGA system — irradiated microsphere gamma analyzer)
and one in the Federal Republic of Germany (FRG) (the PIAA
procedure — postirradiation annealing and beta autoradiography).
A comparison of the two methods on two standardized sets of
irradiated particles was undertaken to evaluate the accuracy,

operational procaedures, and expense ¢f each method in obtaining
statistically significant results.

From the comparison, the postirradiation examination method
employing the IMGA system was found to be superior to the PIAA
procedure for measuring statistically significant failure
fractions. Both methods require that the irradiated fuel be in
the form of loose particles, each requires extensive remote hot-
cell facilities, and each is capable of physically separating
failed particles from unfailed pstticles. Important differences
noted in the comparison were

e failure fraction results with IMGA were more accurate;

e the IMGA system is fully developed, automated, and in routine
use;

e the TMGA method allows fission product identification and
quantification of fission product release;

e failure fraction determinations are independent of particle
coating type and failure mechanism with IMGA; and

e thr high initial cost of an IMGA system is offset by increased
thrcugh-put.

We recommend that the failure fraction determinations on
irradiated coated-particle fuels be made with the IMGA system
for the candidate high-temperature reactor fuels from both the
U.S. and FRG development programs.

2.5.3 PWS FD-20 — M. J. Kania and H. Nabielek

Through PWS FD-20, irradiated High-Temperature Rea:tor (HTR) fuel
specimens from the FRG development program are shipped to ORNL for
detailed postirradfation examinations. Examinations of interest to the

G:tman program are IMGA, PGA, x-radiography, and eiectron microprobe.
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Irradiated fuels from three experiments in the FRG program were
selected as the first set of fuel to be examined under this PWS. The fuel
selected was of one type, a (Th,U)0, with a high-temperature 1sotrop1c (HT1)
Biso;coating derived from methane. A final report2? describing the IMGA

examination of these fuels along with an assessment of their performance

. has been prepared, the abstract of which follows.

Irradiated fuel from three experiments in the German HTR
fuel development program was examined at ORRL with the irradiated
microsphere gamma analyzer (IMCA) under PWS FD-20. The fuel con-
sisted of two HTI Biso—coated (Th,U)0, part'cle batches: batch
EO 1232-1234 irradiated in experiments HFR-Kl and FRI2-P22 and
batch EO 1084 irradiated in experiment B2-K10. The results of
the IMGA examinstions revealed that batch E0 1232-1234 irradiated
"+ sphere B2 of HFR-X1 had a failure fraction of 3.2 x 10~2. The
same fuel irradiated in compact 1-3 of FRJ2-P22 had a failure
fraction of less than 1.8 x 1073, The difference in failure
fraction results can be attributed to the five-times-higher
accumulated fluence in experiment HFR-K1, S5 x 1025 peutrons/m?

(E > 16 £J). Vigual inspection of the failed fuel from batch

EO0 1232-1234 {ndicated the failure mechanism to be neutron-
induced pyrocarbon cracking. The IMGA data from batch ED 1084
irradiated in sphere 3 of experiment R2-K10 was not of sufficient
value to determine an accurate failure fraction. This was due
to the nearly seven—year delay between reactor fuel discharge
and IMGA examination. -

A second set of irradiated fuels to be examined under this PWS was
received at OKNL in August 1982. This set consisted of unbonded coated
particles from experiments FRJ2-P23, FRJ2-P25, and DR-56; in total about
10,000 unbonded particles were received. Postirradiaticn examinations of

thes. f.els are scheduled to begin in August 1983.

2.6 EQUIPMENT DEVELOPMENT AND MAINTENANCE — M. J. Kania

The IMGA, the PGA, and the x-radiography facility are three important
pieces of equipment in use in the PIE of HIGR fuels. Although they are
used in routine PIE, we continue to maintain and upgrade their capabilities
for more and better quality information.

2.6.1 1Irradiated Microsphere Gamma Analyzer — M. J. Kania and G. A. Moore

During the past reporting neriod, the IMGA system has been available
less than 30% of the time. Irradlated fuels ‘rom capsule ARB-15a were
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exanined for GA, and the initial examinations of fuel from capsule HT-35
were begun. These results are reported in detail in Sects. 2.3.4 and
2.3.1, respectively.

Major equipment failures were responsible for the snavailability of
IMGA. Two components of IMGA (the pulse helgt ar2lj.er system and the
gamma-ray detector) were most seriously affected. Problems with the detec~-
tor resulted in replacement of the lithium—drifted germanium crystal. This
vas essentially a new detector and required complete system recalibration.
Unfortunately, the new crystal replacement was not explicitly pointed out
and vas not realized until weeks after the detector was put back into
operation. No data loss occurred, however, as new detector efficiencies
can easily be incorporated into all data an&lyses.

Failures with the pulse height analyzer and the data storage deviceé
were not so easily rectified. Problems with the pulse height analyzer con-
cerned the central processing core memory. Such problems required complete
system shutdown until failed components could be isolated and replaced.
Most failures occurred during IMGA examination runs and required a new rum
after system repair. The most serious problems were with the data storage
devices used with the analyzer. Fallure of these devices and subsequent
operator error have resulted in the destruction of master disks containing
operating system software and numerous IMGA examination runs. We were able
to obtain the operating system from another storage device and transfer it
to our disk system, but the data from the examination runs were not
recovered. 1In several cases these examination runs covered over 10C h of
continuous IMGA operation and represented the combined effort of several
weeks of work. Such losses required a reexamination of fuel, provided it
wvas still avallable.

Repairs to the pulse height analyzer and data storage devices vere
made to complete the examination of the HRB-15a fuel. However, before
attempting to examine fuel from another experiment, the IMCA system will
require a thorough maintenance period. We have obtained a second RK-05
disk drive, and this has helped reduce the work load on the original disk
drive. The second drive was easily configured to the present operating

system.
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We also encountered a problem with the automated particle handler. A
small number (3 to 10%) of the particles on which a gamma energy spectrum
was acquired were not being deposited into the collector bins. Particleg
vere being lost during their removal from the sample changer and loading
iato the proper collector bin. Although the particles were not retained,
the gamma spectrometry data on each particle were preservéd. The problem
vas identified as a missing roll-pin that served as a stop for the particle-
unloading mechanism. Without the roll-pin, the unloading mechanism was not
properly positioned, which resulted in misalignment of the particle drop-
chute and the holes in the collector bin cover. Apparently this pin either
wvas not replaced in the last particle handler servicing in 1979 or was
broken during operations since that time (no evidence for the latter has
been geen). The problen was eliminated by fabricatiug‘an aligmnment clamp,
which attaches to the base of the particle handler and serves as a stop for
the unloading mechanisa.

Because IMGA plays an important part in our PIE effort, we decided %o
replace the present pulse height analyzer system. The IHGA is uear the
point at which a major operating systea error or a major component hardware
error would put the whole system out of operation until a suitable pulse
height analyzer systeam could be obtained. This would virtually halt our
postirradiation effort on HIGR fuels. Therefore, detailed specifications

vere pfepared and submitted for acquisition of a new analyzer systea.

2.6.2 Postirradiation Gas Analyzer — M. J. Kania and J. C. McLaughlin

During this reporting period a major upgrading of the PGA included
significant changes in the system as follows:

® {installation of a turbomolecular vacuum pumping system,
automated operating valves to make all capable of being computer
interfaced,

e 1installation of a capacitance manometer system to the cold breaking
chamber for measuring increases in chamber pregsuve greater than
0.1 mPa (1 x 1076 torr),

o 1installation of a new cold breaking chamber for {ncreased radiation
shielding, and
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e 1ingtallation of a quadrupole mass spectrometer and associated gtainless
steel high-vacuum systea.

Each of the new additions will improve or extend the capabilities of
the PGA system. The new turbomolecular pumping system replaces an originsl
ion pump that was undersized for the system and quite inefficient. The new
pumping system will speed up turnaround time for loading new samples into
chambers. ihe installation of the automated calibration system and the
new cold breaking chamber will reduce radiation exposure to operating
personnel. After interfacing to the computer, the operator will be able
to control calibrations without manual opération of components in the PGA
glove box. The pressure-measuring system, a capacitance manometer,
vas installed to correlate gas content as measured by the spectrometer with
breaking chamber pressure. Mass spectrometer systeas are known to be
extremely pressure sensitive, and, as our system pressure is dynamic during
the actual gas content measurement, it may affect data cnrllected. In the
past we have also found that a system pressure measurement is a secondary
check on whether all operations are functioning properly.

Acquisition of the quadrupole mass spectrometer will allow routine use
of the high-temperature chamber. Previously, a time-of-flight spectrometer
was connected to the high-temperature chamber, and the drift tube for this
instrument was located outside the glove box. At high te-peritures
' (>1000°C), volatile fission products like cesium are pumped through the
system and plate out in the drift tube,'causing a radiation hazard to
operating personnel. By substituting a smaller quadrupole system for the
time-of-flight instrument, we could iacorporate the spectrometer head into
the glove box, thus eliminating the hazard to personnel.

The installation of these components was completed and their operation
checked in June 1982. The remaining tasks to be completed are the inter-
facing to the PDP 8/a minicomputer and the updating of software to automate
the new equipment. The full interfacing will be accomplished in two steps,
with the first step mainly transferring the digital data generated by the
spectrometer directly into ;he computer memory. This first step will
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require manual setup of the spectrometer; only the data acquisition will be
computer controlled. The second step will include the actual’spectrometer
setup and control by the computer.

A method has also been developed to stretch the time interval of the gas
pulse generated when a particle is broken. Two impoctant consequences can
result from stretching this pulse: (1) eliminate the rapid rise in pressure
and uncertainty in data accusulation by the imstrusent in a rapidly changing
pressure environment and (2) the longer time period provides for a more
accurate measuresent of the partial pressures of the gas species present.
The cethod requires the use of an orifice of such size that the duration of
the gas pulse can be extended from 1 to 2 8 to 100 to 120 s. Cslculations
fndicate this can be accomplished with an orifice having a diameter of
0.762 wmm (0.030 in.) coupled with a butterfly valve.

Butterfly valﬁes incorporating such an orifice have been fabricated
and installed in the PGA facility. When the valve is open, the pumping
speed for the systea is not affected. When the valve is closed, the ori-
fice 18 in place and the pumping speed is drastically reduced. This
creates a pressure differential on the bresking chamber side of the ori-
fice versus the spectrometer side of the orifice. With a mean gas content
of about 70 nmol of gas released from a single particle, the time
required for the pressure to equalize on each side of the orifice is about
115 g. By incorporating such a device, we hope to extend the performance
and resolution capabilities of the PGA systea.

2.6.3 X-Radiography Facility — M. J. Kania

During this reporting period the present system was upgraded by the
acquisition of a new high-vol:age power supply and console. This allows
higher tube voltages and beam currents in addition to those now available
with the system. The system can operate with either s high-voltage
(16-160 kV)-low-current x-ray tube or a low—voltage (550 kV)-high current
x-ray tube. The nev power supply and console are necessary to pfovide
shorter exposure times to allow greater resolution. With shorter exposure
times the amount of "fogging™ of the x-ray film caused by the sample
inherent radiation is drastically reduced; therefore, increased resolution
is possible. The new system vas delivered in October 1982.
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In addition to the new power supply, three vnev x-ray tubes were
purchased for the facility: two low—voltage tubes (550 kV) and one high-
voltage tube (16-160 kV). Oune of the low—voltage tubes is iIn use and the
other serves as a spare. The high-voltage tube will not be used until the
new system is installed.
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3. STRUCTURAL COMPONENT DEVELOPMENT AND TESTING
(WBS OR1309 and OR1411)

D. J. Naus

3.1 INTRODUCTION

The Structural Component Development and Testing research and develop-
ment task consists of generic studies designed to provide techmical support
for ongoing prestressed concrete reactor vessel (PCRV)-related activities,
to contribute to the technological data base, and to provide independent
reviev and evaluation of the relevant technology. These studies are idemti-
fied through direct communication with PCRV designers, participation in ‘
American Concrete Institute-American Society of Mechanical Engineers com—
mittee activities, literature reviews, and communications with researchers
in other countries. The program involves four basic interrelated activi-
ties: (1) technology assessments, (2) analysis sethods development,

(3) materials studies, and (4) structural component testing. During this
reporting period activities were conducted in three subtask areas:
(1) analysis methods dJdevelopment, (2) concrete properties for reactor

applications, and (3) structural component testing.

3.2 ANALYSIS METHODS DEVELOPMENT

The objective of the analytical effort is to develop techniques that
can be incorporated into existing modern finite-element computer programs
to improve their accuracy and efficiency. We are currently investigating
finite-element computation of creep effects in concrete structures and an

embedded-rebar modeling technique.

3.2.1 Finite-Element Computation of Creep Effects

The set of computer subroutines developed for finite-element computa-

tion of creep effects in reinforced concrete structures has been installed
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on the IBM 3033 computer at Osk Ridge National Laboratory (ORNL). 1In
developing the program, designated as CREEP80 (ref. 1), the creep law was
considered to be linear, that is, to follow the principle of superposition.
The program uses a rate-type creep law based on expanding the relaxation
function of concrete into a series of real exponentials, called Dirichlet
series. This creep formulation may be visualized by the Maxwell chain
model, with the elastic modulus dependent on the concrete age. Material
properties can be input either as empirical creep data or as the double-
power law for creep. A step-by-step stable integration procedure is used
in combination with iterations in each time step. The effects of tempera-
ture variations (limited to §§0°c) on creep behavior are modeled by use of
the activation energy concept, with different activation energies used for
creep rate and the aging process. We defined shrinkage either by using '
formulas2 or by specifying a set of experimentally observed values. The
concrete is assumed to be homogeneous and isotropic with time—dependent
properties and not to be susceptible to cracking.

" A series of simple test problems and one large reactor problem were
considered to illustrate program capabilities: an axially loaded thin
cylinder, a radially loaded thin cylinder, an axially loaded standard
concrete (152 mm in diameter by 305 mm) test cylinder, and a 40-m—-diam by
36-m~high longitudinally and circumferentially prestressed concrete
pressure vessel that undergoes a 55°C temperature increase 550 d after
prestressing (concrete age of 730 d). Figure 3.1 presents exaggerated

deformations obtained for the reactor vessel at various times.

3.2.2 Anchorage Zone Analysis by Use of an Embedded-Bar Concept

When conducting finite-element analyses of reinforced concrete

‘structures, a correct representation of individual reinforcing bars with

truss elements in most of the available codes is virtually impossible.
The rebars are required to lie only along the edges of the continmum
elements. To alleviate this difficulty, we developed a procedure that
allows arbitrarily oriented rebars to be embedded in the isoparametric
continuum elements.3 This was accomplished through an algorithm that
i{ntroduces both positional nodes to define the location of the rebar and

an additional basis coordinate.
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Fig. 3.1. Exaggerated deformations of large reactor vessel problem at
various times.

After implementation of the concept into our two— and three-dimensional
versions of the ADINA finite-element code, it was validated for simple test
cases, that is, grouted tendon flexure elements. To verify the concept
further, we performed analyses of end anchor test specimens simulating the
anchorage zones of posttensioned tendons in secondary containment ves:els
of nuclear power plants. We obtained only general agreement between the
experimentally determined strain values and those determined analytically
(Fig. 3.2). We believe that this resulted from the lack of an unloading
cycle in the analysis and the fact that the ADINA concrete model did not
represent the material behavior accurately; that i{s, the concrete model was
stiffer than the actual concrete being modeled. Further evaluation of the

model requires the development of a more representative concrete model.

3.3 COVCRETE PROPERTIFS FOR REACTOR APPLICATIONS

Ob jectives of the concrete properties for the reactor applications

task are to develop a bank of highly reliable data and to provide the basic
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Fig. 3.2. Comparison of analytical and experimental strains for end

anchorage block.

information required to support development of improved analyseis methods.
Current activities are related to evaluating aggregate sources for produc-

tion of high-strength concrete and developing a performance specification
for a concrete elevated-temperature multiaxial material testing system.

3.3.1 Review of Aggregate Sources and Impact on Production of High-Strength

Concrete
Current PCRV designs incorporate the use of a high-strength concrete

(55.2-MPa compressive strength) to effect lower costs through reduced

A key ingredient in the production of concretes

vessel size requirements.
For

having suitable compressive strengths is related to aggregate quality.
an aggregate to be suitable for production of high-strength concrete, it

should have s high compressive strength, good bonding potential with cement

psste, and moderate absorption. However, aggregates meeting these require-

ments say not be availsble in all parts of the United States.
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To identify the availability of suitable aggregate materials for pro-
duction of 55.2-MPa concrete, a cursory survey was conducted." Results of
the survey indicate that (1) the ava‘lability of aggregate for concrete
production is limited only by the cost of the end product because aggregate
n2y be transported to any given site, (2) aggregates suitable for produc-
tion of 44.8-4Pa concrete should &lso be suitable for production of 55.2-MPa
concrete,'and (3) eccnomic benefits derived from the use of higher stremgth -
concretes for PCRV construction would more than offset the incremental
costs of qualifying a particular concrete mix.

3.3.2 Testing-Machine Development in Support of Concrete Property
Det rminations

Development of concrete models to provide isproved analysis capabili-
ties for concrete structures requires material property data. These data
shoﬁld be generated under multiaxial loadings that are representative of
the mechanical and thermal loadings likely to be encountered in a PCRV.
Although some data meeting these requirements are available, their use is
comewhat limited because (1) a representative interface was not provided
between the testing-machine platens and the specimen; (2) accuracy and reso-
lution of the devices for determining specimen deformation were questionable;
(3) the compl-te specimen stress—s:rain curve could not be obtained;

(4) loadings in the x-, y-, and z—directions vwere not independent; and
(5) data could be obtained only at room temperature.

Using information from a survey of the concrete multiaxial property
data and the gystems employed in obtaining the data, we developed a draft
performance svecification for an elevated-temperature multiaxial concrete
testing system during the last reporting period.® Basic components of the
specification included .1) general requirements (specimen configuration,
fatigue, and static loading capabilities), (2) load frame assembly
(stiffnees and dimensional tolerances), (3) environmental system (heating
requirements), (4) specimen development and instrumentation (102-mm
specimen, actuator stroke, accuracy, and resolution), (5) interactive com-~
puter control and data acquisition (load and temperature controir. data
acquisition, data processing, and data <lisplay), and (6) computer piyngram

functional requirements (software specifications).
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During this reporting period the draft performance specification and a
preliminary request for comments were sent to potential vendors. After
teceipt of these comments, discussions were held with each of the potentiai
vendors, following which the purchase specification was revised to incor-

porate vendor input.

3.4 STRUCTURAL COMPONENT TESTING

3.4.1 Model Testing Technique Development

As noted in the previous reporting period, should a PCRV model test be
required for licensing, two areas that require adait!{onal development have
been identified: wire-winding of the models and nonleak liner systems.
Activi.ies during this reporting period focused on fabrication of the
approximately 1/30-scale PCRV models and ancillary equipment to demonstrate
the techniques developed, that is, use of a prestressed concrete pipe manu-
facturer to prestress the models circumferentially and a 12-gage AISI 1008
drawing quality steel liner consisting of a flanged head to which a skirt
section is joined.

Two PCRV models about 1 m high by 1 m in diameter (Fig. 3.3) were
fabricated. The first model was fabricated from a plain concrete mix and
wil. be used to demonstrate the techniques developed. The second model was
fgbricated from a fibrous concrete mix and will be used to provide an ind{-
cation of the effectiveness of fibrous concrete for application to PCRV
construction. Table 3.1 presents mix proportions for the plain anrd fibrous
concrete mizes. Control specimens tested at a 56-d concrete age indicate
that both the plain and fibrous concrete mixes meet current PCRV concrete
property requirements for strength (>55 MPa) and modulus of elasticity
(2}8 GPa). About four months after casting, the models were shipped to the
prestressed concrete pipe vendor's plant, where 123 turns of 6.35-mm-diam
prestressing wire were applied to each model at a force of 31.1 kN. The
models were then returned to ORNL.

All ancillary equipment for testing the models has been developed.
This includes the pressurization system (hydraulic power supply, accumula-

tors, servovalve, controller, intensifier and piping), which can provide
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ORNL-PHOTO 801782

Fig. 3.3. Plain and fiber-reinforced prestressed concrete reactor
vessel models after casting.

Table 3.1. Plain and fibrous concrete mix proportions

Type concrete (kg/m3)

Material
Plain ¥ibrous

Cement (type IT) 529 530
Flyash 67 67
Sand 621 622
Coarge aggregated 931 932
Fibers (50 mm by 0 88

0.5-mm diam, hooked)
Water 238 239
Water-reducing agent 794D 796b

OMaximum size for plain mix, 191 mm; maximum size for
fibrous mix, 95 mm.

bmL/m3.
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closed-loop pressurization to the models at pressures up to 34.5 MPa;
instrumentation systems; and a multichannel co-putet-controlled data
acquisition system. Testing of the models will be completed during the
next reporting period.

3.4.2 Structural Response Testing of Thermal Barrier Ceramic
Pads

We are evaluating the candidate cecamic pad configurations that sup—
port the graphite posts in the bottom head region of the core outlet plenum
of the PCRV for s higli-temperature gas—cooled reactor (HTGR). The objec—
tive of the first phase of the program was completed during this reporting
period, which included a determination of the ability of the pads to
vithstand mechanical loading conditions representative of those imposed on
the pads by thermal gradients.

Hard ceramic materials investigated include 85 and 99.5Z pure alumina.
Test articles fabricated from these materials were right circular disks
216 s in diameter and either 38 or 76 ma thick. Extending vertically
through each disk was a 76-mm—diam hole as shown in Fig. 3.4. Two inter-

face materials that are used with the hard ceramic materials to provide a

ORNL-PHOTO 8056-82
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Fig. 3.4. Alumina thermal bsrrier hard ceramic pad test specimens.
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more uniform loading environment and to permit wmore pad rotational freedom
(reduce stresses) were also investigated: a woven silica fabric and a
graphite cloth.

The pads and interface materlals were investigated by a test developed
at ORNL.® Loadings representative of those induced into the pads by thermal
gradients were applied to the pads with the test fixture shown in Fig. 3.5,
wvhich incorporates conical platems so that the contact angle between the
platens and pads can be changed. Data obtained as a funcZion of applied
load during a test included rotations, axial and circumferential strainms,
and acoustic emission. A total of 62 hard ceramic pad material structural

tests was conducted in this evaluation.’

ORNL-PHOTO 8289-82

Fig. 3.5. Test fixture for applying representative loadings to hard
ceramic pad specimens.
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4. HTGR STRUCTURAL MATERIALS (WBS OR1201, OR1201Ad,
OR1202, and OR1501)

P. L. Rittenhouse

4.1 INTRODUCTION — P. L. Rittenhouse

Our work on structural materials i; focused on design data needs that
have been identified for the High-Temperature Gas—Cooled Reactor (HTGR)
Steam Cycle—Cogeneration (SC-C) lead project. The programs in progress
emphasize alloys and ceramics that have been selected as reference
materials for critical combonents of the SC—-C system, such as thermal
barriers, heat exchangers, prestressed concrete reactor vessel (PCRV)
liners and penetrations, reactor interrals, and core support structure.
Although we expect these reference materials to perform satisfactorily,
additional information and data are needed for the detailed design of the
SC-C and to ensure that the materials are suitable from all viewpoints,
including ASME Code approval and long-term service.

The other principal participant in the U.S. effort on HTGR structural
materials for the SC-C system is GA Technologies, Inc. (GA); a small
effort related to SC-C alloys ig performed by the General Electric Company
(GE), but its major responsibility is alloys for advanced HTGRs. All the
materials work is coordinated on a national basis through the activities
of the HTGR Materials Hofking Group.

The activities of the Oak Ridge National Laboratory (ORNL) program on
HTGR structural materials fell into the following six major areas ducing
1982:

e mechanical properties,

o corrosion and compatibility of alloys,

e joining technology,

e structural ceramics,

e fission product-materials interactions, and

e 1liner and penetration studies.
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The varjous tasks within each of these areas are discussed in separate

sections of this chapter.
4.2 MECHANICAL PROPERTIES OF HTGR ALLOYS, WELDMENTS, AND CERAMICS —
C. R. Brinkman, K. C. Liu, J. F. King, H. E. McCoy, and J. P. Strizak

4.2.1 Creep and Tensile Properties of Alloys and Weldments — H. E. McCoy
and J. F. King

Testing during 1982 involved a large mumber of materials, including
Hastelloy X base metal (two heats), Hastelloy X weldments (two welding
processes), Inconel 617 base metal (two heats), Inconel 617 gas tungsten
arc (GTA) weldment, Inconel 618 base metal, Inconel 618 GTA weldment,
HD556 base metal, HD556 GYA weldment, Hastelloy X-alloy 8008 weldment (two
welding processes), several heats of modified Inconel 617 with variations
in chromium and titanium concentrations, Incoloy 802, Inconel 718, and
2 1/4 Cr-1 Mo steel (three heats). Creep test temperatures ranged from
482 to 871°C; test environments were air and HTGR-He.

Techniques were developed previously for making sound welds in
Hastelloy X by both the GTA and shielded metal arc (SMA) welding proc-—
esses. Short—teram tensile strength of the weld metal was generally
superior to that of the base metal, but the failure of creep specimens
containing a transverce weldment occurred in the weld metal. Although
the creep strength of Hastelloy X weld metal was inferior to that of
Hastelloy X base metal, the difference was very small. Possible difficul-
ties with Hastelloy X are (1) the fracture strain at ambient temperature
decreases very significantly with elevated-temperature exposure and (2) the
carburizatibn that occurs during exposure to HTGR-He makes the reduction
in fracture ductility even greater. Several creep tests on Hastelloy X
are now approaching 50,000 h, and testing will continue into 1983.

Inconel 617 is readily weldable by the GTA process with Inconel 617
filler metal. The weld deposit is stronger than the base metal, and
failure occurs in the base metal during tensile and creep rupture tests.
Although the material carburizes during high-tenéerature exposures, ve
have detected no effect of carburization on creep properties. This alloy
is considerably stronger than Hastelloy X, and its ductility at ambient
temperature is greatly reduced by long~term exposure ct elevated

temjeratures. However, the rate of ductility decrease for Inconel 6i7 at
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a given temperature is less rapid than that for Hastelloy X. Ductility
values after 20,000 h of exposure at 871°C are about the same for both.
Inconel 617 also exhibits very low creep fracture strain (1-22) in a tem-
p>rature range around 650°C. Inconel 617 is no longer considered a
reference alloy for the steam cycle HTGR, and our testing of this material
is therefore being phased out in 1983.

Inconel 618 was welded with Inconel 618 filler metal by the GTIA
procese. The weld deposit was stronger than the base metal under all
conditicns tested, so failure in a sample with a transverse weld occurred
in the tase wetal. The creep strength of this alloy is similar to that
of Hastelloy X. Impact samples of base wmelal and transverse welds are
being aged in inert gas at 871°C; samples tested after aging in excess of
10,000 h showed remarkable retention of impact strength. Testing of this
alloy is also in a phaseout period.

Several chemical modifications of Inconel 617 have also been evalu-
ated. The modifications ceanter around the reasoning (1) that chromium
increases the tendency for carburization to occur and that the 20 to 232
Cr present in most commercial alloys is not needed for adequate oxidation
resistance in HTGR-He and (2) that titanium or aluminum may proviue some
strengthening through carbide or gamma prime dispersions and be effective
in forming oxides that resist carburization. Test effort has been minimal
for most of these alloys, but some results are available. The wodified
alloys are easily weldable and exhibit improved resistance to carburiza-
tion. The alloys have creep strength in the range of that for gtandard
Inconel 617. Those that are stronger contain sufficient aluuinum and
titanium to form ganma prime. Emphasis on these alloys will decrease even
further during 1983 because of their lack of application to the steam
cycle HTIGR.

Incoloy 802 was welded satisfactorily with Inconel 617 filler by the
GTA process. The short-term low-temperature creep strength of Inconel 617
is slightly less than that of Incoloy 802, so failure occurred in the
Inconel 617 weld metal. Incoloy 802 contains 0.3% C, and the fracture
strain 18 quite low. No further work o« this alloy is anticipated.

The alloy HD556 1s stronger thar Inconel 617 and can be suitably
joined with HD556 filler metal. The cast weld metal is relatively weak

in this alloy, and failure therefore usually occurs in the weld metal.
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Although fracture strains are quite high under creep couditions, the duc-
tilicy at aibient tecperature degrades rapidly with exposure at elevated
temperature. Work on this alloy was terminated this year.

Hastelloy X and alloy 800H were joined with both Inco weld A [shielded
mets1 arc welding (SMAW) process] and ERNiCr-3 (GTA process) filler
materials. Alloy 800H has lower creep strength than the other materials
involved, so failure consistently occurred in it. No additional work on
these weldments is planned.

The creep strength of 2 1/4 Cr-1 Mo steel is lower than that of the
other materials being studied. It is, however, a very important material
for use in the cooler parts of the steam system. Three heats of material
are being tested, and it appears that the material is carburized at 482°C
but decarburized at all higher test temperatures. These changes in carbon
content appear to have some small effects on the creep behavior. Some
creep tests have reached 50,000 h and are continuing.

Tests have recently been initiated on Incounel 718, a candidate for
use in the core lateral restraint structure and in the circulator bellows.
This material can be heat treated to produce excellent creep strengths,
but at about 650°C overaging occurs and the strength decreases.

As evidenced from the foregoing, a very large number of alloys and
veldments were involved in our 1982 program. Most of these were
carryovers from previously initiated studies; efforts next year will be
devoted almost totally to Inconel 718, 2 1/4 Cr-1 Mo steel, and
Hastelloy X.

4.2.2 Effect of Thermal Aging on Properties — H. E. McCoy

Most of the alloys being evaluated change properties as a result of
exposure at elevated temperatures. A number of test samples are being
exposed to determine the magnitude of these effects. Some of the changes
are thermally induced, and some are the results of interactions with the
HTGR-He environment. Thus, aging tests are being run in both inert gas
and HTGR-He.

Samples of Inconel 617 and Hastelloy X base metal and weldments have
been tested following 20,000-h exposure to inert gas and HTGR-He. Some

strength changes occurred, but the observation of primary interest was
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that the fracture strain at ambient temperature was reduced. The magni-
tude of the reduction was greater when aged in HTGR-He than when aged in
inert gas. Some of these samples have now been aged 40,000 h. Samples of
Inconel 618 base metal and weldments and wodified Inconel 617 being aged
in HTGR-He have accumulated 19,000 h of exposure. Samwples of Inconel 718
have been aged for 3000 h.

4.2.3 Low—Cycle Fatigue and Creep-Fatigue Interactions — J. P. Strizak

Fatigue testing of Hastelloy X is under way at 760°C in air and
HTGR-He envirounments. Results of continuous—cycling strain—controlled
fatigue tests are given in Table 4.1. Figure 4.1 compares the resultant
fatigue lives obtained in the two environments. A small beneficial effect
of the helium environment is seen on fatigue life compsrid wiiu daia
obtained in air. This behavior is similar to that observed previouslyl at
538 and 871°C.
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Table 4.1. Low-cycle fatigue data for Hastelloy X at 760°C

3:::in Stress Stress amplituded (MPa) Strain ranged X) Cycles

Specimen@sd range® range to

Aet Ao Tensile Compressive Elastic Plastic failure

x) (MPa) o Og Aeg Ae Ny

Teasts oconducted in ain
HXL96 2.0 0.58 1.42 331
HXLS50 1.5 800 396 404 0.50 1.00 598
HXL2 1.0 684 339 345 V.47 0.53 1,582
HXL17 0.7 655 323 332 0.45% 0.25 3,351
HXO07 0.5 558 277 281 0,38 0.12 16,077
X4701 0.5 584 288 296 0.40 0.10 11,185
X4710 0.35 569 297 272 0.31 0.04 178,288
X4704 0.3 517 247 270 0.28 0.02 457,234
Tests conducted in HTGR-He

HX15 2.0 438 463 0.A2 1.38 567
HX20 1.5 402 412 0.56 0.94 750
HX18 1.0 k1) 423 0.60 0.40 1,558
HX19 0.6 292 321 0.42 0.18 15,647
RX17 0.5 283 330 0.42 0.08 26,525
X4201 0.5 272 310 0.40 0.10 13,543

Qourglass-shaped specimen, 5.35-mm minimum diameter, R:d ratio (radius:diameter) = 6.

bSpecinen numbers with H prefix are heat 4936; X prefix, heat 4284. Material was
gsolution annealed.

CPully reversed gtrain control fatigue tests emplcying a triangular waveform with a strain
rate of 4 x 10 3/s.

dvalues at N}VZ.

0s
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Results of creep-fatigue tests obtained to date are given in Table 4.2.
The introduction of tension or compression strain hold periods resulted in
lower fatigue lives compared with the continuous—cycle fatigue lives
obtained in air and HTGR-He. In air, resultant fatigue lives of tests
conducted at a strain range of 2% showed that compressive hold periods
were somewhat more damaging than were the tensile hold periods. This was
observed in both solution-anmnealed material and material (initially solu-
tion annealed) that was aged for 20,000 h at 704°C in argon before fatigue
testing. Further, fatigue lives for creep-fatigue tests conducted at
strain ranges of 0.5 and 2% on the preaged material were lower compared
with results obtained for solution-annealed material. Similar behavior
was previously reported! for continuous cycle data obtained at 538 and
871°C on preaged material. Results of 760°C creep—fatigue tests on spec’-
mens X2302 and 3310 indicated that preaging at 871°C was somewhat more
damaging than was preaging at 704°C.

As shown in Table 4.2 the fatigue life of Hastelloy X at a strain
range of 0.5%7 was reduced from about 16,000 to 1600 cycles when hold
periods were introduced. Fatigue lives of tests with compressive hold
periods were essentially the same as cyclic lives obtained in tests with
tengion hold periods.' Increasing the hold period from 0.5 to 1.0 h had
no apparent effect on cyclic life. 1t should be noted that tests with
tension hold periods developed mean compressive stresses and that compres-
sive hold period tests developed mean tengsile stresses. The most damaging
effect on fatigue life was obtained when tension and compressive hold
periods were introduced during each cycle of the test. Creep-fatigue

testing in both air and HTGR-He environments is continuing.

4.,2.4 High-Cycle Fatigue — J. P. Strizak

In March 1982 a low-cycle fatigue test system was outfitted for
high-cycle fatigue testing in air. Testing of Hastelloy X in air at
760°C 1is continuing; the objective is to obtain data for lifetimes of up
to 108 cycles. Limited data obtained to date are given in Table 4.3.
Specifications are currently being developed for procurement of an
environmental chamber and associated hardware. We expect a high-cycle
fatigue system for testing in HTGR-He to be operational about the end of
Figcal Year 1983.




Table 4.2. Creep-fatigue data for Hastelloy X at 760°C

::::in old Stress Streas amplitude (MPa) Strain range (X) Relaxsd stress (MPa) Cyclss Time to
Spectmen®:  range® pertoad TS TR Elastt 1 fail vl
ac (h) ] ensile ompressive astic Plastic Tensils Cowpressivs ailure s
(2? (MPa) og Oa Aeg aep Otp Ogp Ny (h)
Teats conducted in air
RXL96 2.0 (4] 852 Al6 436 0.58 1.42 k k3] 0.92
X2307 2.0 1] 965 475 490 0.67 1.3 153 0.4)3
RXLOS 2.0 1.0T 936 450 486 0.34 1.66 77 214 214.9%9
HXL9? 2.6 1.0¢ 912 456 456 0.37 1.3 100 147 147,41
RX06 2.0 1.0T + C 921 456 456 0.11 1.87 81 86 195 390,54
X2304 2.0 1.0T 954 455 499 0.41 1.59 104 121 121,34
X2302 2.0 1.0C 977 508 469 0,42 1.58 105 101 >101.28
X3310 2.0 1.0C 923 456 467 0.38 1.62 104 1] 88.24
HXO07 0.5 (] $58 2mn 281 0.38 0.12 16,077 11,16
RX13 0.5 0.5T 4%7 189 268 0.23 0.27 62 1,643 822.64
HX09 0.5 0.5C 586 359 232 0.31 0.19 94 1,622 812,13
wX10 0.53 0.57 562 218 344 0.28 0.23 7 1,530 766.06
X1l 0.5 0.5T + C 549 269 280 0.12 0.38 84 93 1,286 1,286.89
X2306 0.5 0.5C 565 21 244 0.28 0,22 89 1,573 787.59
TCl 0.5 1.0C 569 328 224 0.29 0.21 94 1,606 1,607.12
TC2 0.5 1.0T »ig1e 2381.%
Teats oonducted in HIGR-He
X117 0.5 0 613 283 330 0.42 0.08 26,529 18.42
X420} 0.3 0 582 272 310 0.40 0.10 13,543 9.40
HX16 2.5 0.5C 659 366 293 0.32 0,18 97 )1,563f 782.59
X420} 0.9 0.57 52,4994 >1,251.24

%ourglase-ahaped specimen; 5.35-mm miniwum diameter, R:d ratio (rad{us:diametsr) = &,

bSpeclnon nusbers with R prefix are solution-annealed heat 4936; X4 prefix, solution-annealed heat 4284; X2, heat 4936 aged
20,000 h at 704°C in argon; X3, heat 4936 aged 20,000 h at 871°C in argon.

OFully reversed strain control fatigue tests employing a triangular waveform with a strain rate of & x 10~3/g,
dr, teneion hold period introduced each cycles at peak strain amplitude; T, compression hold period.

®Test in progress.

frest terainated because of power interruption in laboratory.

A




Table 4.3. High-cycle fotigue data at 760°C in air for Hastelloy X
Total
atrain Stain Stress amplitude (MPa) Strain range (X) Cycles
Specimena ranueb rate Frequency® Stress to
* Aci € (Hz) Tensile Compressive range, Elastic Plastic failure
%3} (/s) o R Ae Ae, Aep Ny
X4701 0.50 0.4 286 293 579 0.40 0.10 11,155
X471 0.35 0.4 297 272 569 0.31 0.04 178,288
4703 0.30 0.4 247 270 517 0.28 0.02 457,234
X4709 0.28 0.4 15 267 253 520 0.26 0.02 15,500,000
X4703 0.27 0.4 10 248 248 462 0.27 60,342,990
xa712d 0.285 0.4

1,891,000

Ieat 2600-7-4747, solution-annealed material.

Uniform-gage specimen with 6.35~mm 4iam by 19-mm-long gage area.

bFully reversed uniaxial push-pull tests with a triangular waveform.

SChanged from strain control to load control after reaching stable stress amplitudes.

drest in progress.
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4.2.5 Stress Relaxation of Ceramics — K. C. Liu

Time-dependent mechanical properties of structural ceramics in creep
and stress relaxation are important data for the design and safety analy-
ses of the HTGR core support pads that are likely to be constrained during
thermal transients. A stress relaxation system capable of testing struc-
tural ceramics at high temperature by four-point bending in controlled
HTGR-fle atmosphere, developed at ORN. and reported previously,? has been
checked out and is now in commission.

An exploratory test was performed on a silicon nitride specimen at
nominally 750°C in an HTGR-He environment by four-point bending. The
specimen was loaded to a bending strain of 0.25% and held constant to
investigate the stress relaxation behavior as depicted in Fig. 4.2. The

ORNL-0YG 83-9974
700 _ FOUR-POINT BENDING TEST
600 GILICON NITRIDE AT 758°C
seg |
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Fig. 4.2. Four-point bending test of silicon nitr.de at 750°C.



55

maximum stress at the onset of stress relaxation was 640 MPa (92,800 psi),
decreased 23% to 492 MPa (71,400 psi) in the first 0.5 h, and 37X to
403 MPa (58,460 psi) and 43X to 365 MPa (52,900 psi), respectively, in
the subsequent two 0.5-h periods. The stress was 324 MPa (47,000 psi)
at the end of the 65-h test. Almost all (96Z) the stress relaxation was
accomplished in the first 5-h period. In theory, the stress response
thereafter should decrease wmonotonically and remain flat as illustrated in
Fig. 4.2 by the dashed line. However, the recorded stress response was
somewhat Iincoherent. Examinatiors indicate that two stress risers occurred
consistently between about 9:00 AM and 6:00 PM daily during weekdays. This
observation suggests that the chaages of the ambient temperature exerted a
strong influence on the test results because the load application pull rod,
although mostly enclosed in the environmental chamber, was a heat sink.
Efforts are now being made to eliminate the anomalies by reinstalling the
testing system in a more cor._ined atmosphere, where the ambient temperature
can be controlled reasonably.

The modulus of elasticity calculated on the basis of the beam
equation was 260 GPs (37.76 x 106 psi) at 750°C compared with 320 GPa
(46.47 x 106 psi) at room temperature, a decrease of about 20X.

In summary, the testing system is now apparently operational, provided
that tests are cunducted in a controlled atmosphere with a reasonably

stable ambient temperature.

4.2.6 Creep Behavior of Ceramics — H. E. McCoy

Compressive creep tests were run previously on Corning grade 7941
$10, from 816 to 927°C. However, Corring has not been able to manufacture
the 7941 grade consistently, and we are now using a Thermo Materials $10,.
Our more recent testing of S10, was performed at 650°C, which is closer to
the expected service temperature. Tests are also in progress on two grades
of Coors Al,0;7 (AD-85 and AD-995) at 750°C; these tests are now in excess
of 5000 h. In addition to compressive creep, two four-point bending creep

tests are in progress on the Thermo Materials $10,.
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4.3 CORROSION AND COMPATIBILITY OF HTGR ALLOYS — J. H. DeVan, H. Inouye,
and P. F. Tortorelll

4.3.1 Carburization of Alloys by UTGR-He — H. Inouye

The relationships of 3(820) (the supply rate of H,0) and EKCH“) (the
supply rate of CH,) to the carburization of Hastelloy X and alloy 800H are
shown In Figs. 4.3 and 4.4, respectively. In Fig. 4.3 the carburization
levels vary inversely with log 3(320). An oxide layer formed on the sur-
faces of Hastelloy X specimens when E(HZO) exceeded about 1 x 10~5 gl(cmz'h)
and on alloy 800H at values in excess of about 5 x 1077 g/(cm2-h). Below
these respective water supply rates, the surface reaction products con-
sisted of carbides rather than oxides. Therefore, the intersections of
the line segments appear to be the critical water supply rates that define
the carbide-oxide formation boundaries. The displacement of the carbon
increase AC versus the 3(320) plot for alloy 800H to the left of that for
Hastelloy X 18 attributed to the effects of alloy composition on car-
burization and in particular to the influence of about 0.4 wt Z each of
titanium and aluminum on the oxidation of alloy 800H.

In contrast to the effect of H,0, AC increased with log SKCH“) in the
manner shown in Fig. 4.4. At the lower CH, supply rates, surface carbide
particles were observed on ﬁoth ailoys, but at the higher suoply rates
continuous carbide layers were formed. The inflections in the plots of
Fig. 4.4 therefore appear to correspond to changes in the morphology of
the surface carbides.

The parameter that describes the test gas conditions at the specimen

surface 1is

S = (@ue)(PY(M)/ AV , (1)

where

impurity supply rate [g/(cmz'h)],

c’,-
|

Qie = helium flow rate at system pressure (cm3/h),
= {mpurity partial pressure,
impurity molecular weight (g/mol),

= gpecimen surface area (cm?),

< » xxv
]

= molecular volume at 298 K (em3/mol).
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Fig. 4.3. Dependence of carburization on the water supply rate.
Nominal test gas: 50 Hy/5 CH,/5 C0/0.00-0.014 H,0 (Pa) [500 H,/S0
CH,/50 C0/0.0-1.4 H,0 (patm)); HTGR-He flow: 1-10 L/min.
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Fig. 4.4. Dependence of carburization on the methane supply rate.
Nominal test gas: 50 H,/5 CH,/5 C0/0.00-0.014 H,0 (Pa) (500 H,/50
CH, /50 C0/0.0-1.4 H,0 (patm)]; HTGR-He flow: 1-10 L/min.
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Thus, a stringer of corrosion specimens in a retort is exposed to helium
impurities, whose supply rates vary inversely with the surface area of the
exposed specimens. Becsuse the impurities react with the specimens, their
concentration decreases at each succeeding downstream specimen position,
and this depletion causes the carburization of alloys to depend highly on
position in the gas stream, as shown in Fig. 4.5. The appearance of car-
burization maxima for specimens at the intermediate positions in the
retort was caused by the depletion of H,0 and CH, from the test gas.

ORNL-DWG 82-16607R
SPECIMEN AREA EXPOSED TO TEST GAS (cm?)
13 2 39 52 65 78
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Fig. 4.5. Dependence of the carburization of Hastelloy X on HTGR-He
flow rate and specimen position in the retort. Nominal test gas: 50 H,
/5 CH,/5 €0/0.091-0.096 H,0 (Pa) [500 H,/50 CH,/50 €0/0.90-0.95 H,0
(uatm)]; outlet-inlet gas composition, run 6r 3.9 H,/2.1 CH,/0.5 C0/0.096
H,0 (Pa) (39 H,/-21 CH,/5 CO/-0.95 H,O.(patm)]; run 7: 1.4 Hy/0.6 CH,/0.23
€0/0.091 H,0 (Pa) (14 H,/~6 CH,/2.3 CO/~0.90 H,0 (patm)].
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The extent of the depletion of these impurities at each specimen
position can be estimated from the carburization levels as follows: the
B(HZO) corresponding to the measured carbon increase is determined from
Fig. 4.3, and this value is used to calculate Ehzo from Eq. (1). The
calculated tho (shown in Fig. 4.5 by the mmber* enclosed in parentheses)
irdicates complete R0 depletion when exposed to 52 cm? or more of speci-
mens. Hygrometer probes indicate inlet H,0 levels of 0.095 Pa (0.95 patm)
for run 6 and 0.090 Pa (0.90 patm) for run 7 but no H,0 at the outlets.

The Pch, at various positions in the retort wae calculated as above
but using Fig. 4.4 and Eq. (1) and are shown by the values enclosed within
brackets in Fig. 4.5. Depletion of CH, in this case was not complete but
wvas significant, especially for the run conducted at the lower flow rate
of 1 L/min, and was confirmed by analyses of the test gases at the retort
inlet and outlet. At the carburization maxima in Fig. 4.5, the CH, levels
vere calculated to be equal to the measured inlet levels, from which it
can be concluded that the CH, levels upstream of the carburization maxima
vere also equal to the measured inlet level. The lower levels of carburi-
zation of the specimens upstream of the maxima can therefore be attributed
to the inhibiting influence of H,0 on carburization in the presence of

CH, via oxide film formation.

4.3.2 Decarburization of 2 1/4 Cr-1 Mo Steel in HTGR-He - 'i. Inouye

A test plan was made to determine the kinetics and the influence of
the initial carbide morphology in 2 1/4 Cr-1 Mo steel on its decarburiza-
tion by HTGR-He containing 10.1 H,/1.0 CH,/5.0 CO/1.5 H,0/1.5 CO, (Pa)

[100 H,/10 CH,/50 CO/15 H30/15 CO; (uatm)]. The test matrix consists of
four exposure temperatures (427, 510, 580, and 650°C) and times (1000,
2000, 3000, and 7000 h) for alloy specimens in the annealed (ferrite plus
pearlite) and normalized (baianite) conditions. The initial 1000-h exposure
at the designated temperatures has been completed, and posttest evaluations

are in progress.

*partial pressures expressed as patm.
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4.3.3 Reaction of Boronated Graphite Compacte with HTGR Alloys —
J. H. DeVan and P. ¥. Tortorelli

The reactor control rods of an HIGR consist of clad boronated
graphite. It is therefore important to assess the compatibility of this
graphite with the cladding material under typical HTGR environsental
conditions. During 1982 experiments were initiated to aésess the kinetics
of the solid-state reactions between boronated graphite compacts and both
type 316 stainless steel and alloy 800H. As shown in Fig. 4.6, stacks of
alternating layers of polished B, C—graphite, alloy 800H, and type 316
stainless steel were put under a compressive load of 4.14 MPa (600 psi)
(by use of an air-driver ram) and held at 700 and 810°C in flowing HTGR-He.
The experiments were designed so that specimens in the stacks could be
removed at predetermined intervals (1000, 3000, 6000 and 15,000 h) and gas
samples could be periodically taken from the helium stream and analyzed
by gas chromatography. After removal, the gpecimens are to be analyzed

by metallographic observation of polished and etched cross sections and
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Fig. 4.6. Schematic of specimen stack held in compression in HTGR-He
for compatibility testing.
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by electron microprobe examination. Using such techmniques, we will deter-
mine the extent of the reacticns as functions of time and exposure tempera-

ture.

4.3.4 Research in Support of Core nggptt Performance Test — H. Inouye

This study was directed to determining the feasibility of wmeasuring
the oxidation of graphite in core support performance test (CSPT) helium
containing 100 H,/100 C0/50 C0,/20 H,0 (ppm in 71 atm He) whean the test
gas 1s heated to 700°C with molybdenum heaters. The principal objectives
vere to explore (1) whether the oxidation of the molybdenum by the helium
impurities would cause failure of the heater wires and (2) whether molyb—
denumn would vapor transport as volatile oxides onto the downstream
graphite test piece aund alter or obscure oxidation of graphite by the test
gas. The main resulte and conclusions based on a pair of small loop tests
of 1000-h duration with and without molybdenua in the upstream positions

and graphite in the downstream positions were

1. Molybdenum was superficially oxidized to form an adherent oxide c¢f
MoO,(s). The oxidation level was too low to affect the use of molyb-
denum as a heater.

2. Scattered molybdenum particles were present on the downstream graphite
test pleces but had no measurable effect on the oxidation of the
graphite.

3. A reverse water-gas reaction generated excessive levels of H,0 in the

test gas.

4.4 JOINING TECHNOLOGY — J. F. King and G. M. Goodwin

The HTGR Welding Development Program has evaluated the weldability of
an alloy 800H forging that simulates a steam generator tubesheet. This
prototypic HTGR tubesheet forging is the largest known alloy 800H forging
ever produced. The much larger forging, 1.6 mm {n diameter by 0.53 m
thick, needed for current designs requires the longest lead time and is
considered to be one of the most highly critical components of the steam
generators. About one-half of the 760-mm-diam 460-mm-thick prototype
forging was obtained for use in the weld cladding evaluation. Welding

concerns were raised because of the wide range of microstructures present
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in this forging. The cladding surface and the interface bet 1 the
cladding and base metal must be defect free for joining the st m genera-

tor tubes to the tubesheet by internal bore welding. This evaluation
included cladding of the fur-ging surface, metallographic examination of
various regions, and tenmsile tests of the cladding metal, the base metal,
and the interface between the two. The results of this work have been

reported; 3 they are summarized in this progress report.

4.4.1 Weld Cladding of a Simulated Superheater Tubesheet — J. F. King

. Current designs for using large alloy 800H forgings as superheater
; tubesheets require that the surfecce be clad with ERNiCr-3 weld metal.
This clad layer must be relatively defect free, because the alloy 800H
superheater tubing is joined to the tubesheet by internal-bore welding
in this material as shown in Fig. 4.7. The presence of oxide inclusions

in the clad layer or zones of hot cracking at the interface could lead to
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Fig. 4.7. Weld cladding of the superheater tubesheet forging required
to provide material for joining tubes to the tubesheet by internal-bore
welding.
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failures in the relatively thim tube walls. To investigate the weldability
of this forging surface and to evaluate the cladding mechanical properties,
we clad the top surface.

Weld cladding was accowplished with the hot-wire GTA process. The
clad deposit was American Welding Society Specification ERNiCr-3, cosmonly
known as Inconel 82. This filler metal has a nominal composition of
67Z N1—20T Cr—3Z Mn—3Z Fe-2.5%7 Cb. A surface view of the completed first
layer 1s shown in Fig. 4.8. Seven layers were deposited to complete the
cladding to a depth of 19 mm. Welding parameters for this cladding are
listed in Table 4.4. After welding, the top of the forging with the weld
cladding was removed by sawing. An additional area was weld clad later

with the same technique and welding parameters. This was the region near

CYN-4810

Fig. 4.8. Surface view of the first layer of weld cladding on
alloy 800H forging. Seven layers were required to complete the cladding.
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the center of the forging bottom identified as having large grains and as-
cast stiucture. The top layer and this localized bottom section were used

for the subsequent evaluatiouns.

Table 4.4. Welding parameters for
cladding alloy 800H forging

Gas tungsten arc welding torch
Current: 250 to 375 A
Voltage: 13 to 14
Travel speed: 0.6 to 0.85 mm/s
Shielding gas: 75%7 He—25Z Ar

Hot-wire filler addition
Current: 80 A, ac
Wire feed rate: 85 mm/s
Wire diameter: 1.14 mm

Oscillation
Width: 51 mm
Dwell time: 2 s
Frequency: 7 cycles/min

4.4.2 Evasluation of Weld Cladding Tubesheet — J. F. King

Examination of the clad forging was conducted to determine if weld-
ability problems existed and to evaluate the tensile properties of the
weld cladding. A few creep tests are also in progress on this material,
but these data are not yet available. From visual examination and obser-
vations during the weld cladding, no weldability problems were apparent.
Side-bend test specimens containing one-half forging base material and
one-half veld cladding were prepared and tested. After bending and exami-
aation we found that the specimens contained no gross defects and that the
cladding fusion line had good dvctility.

Twelve metallographic specimens were prepared from the forging top

cladding surface. The specimens vere selected to cover the wide range of
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microstructures present in the forging. Neither fusion line defects nor
evidence of hot cracking was found in any of the zones of different micro-
structures. Figure 4.9 is a typical photomicrograph of a fine-grained
region of the forging with the ERNiCr-3 weld cladding, and Fig. 4.10 is
from a typical coarse-grained region. The variable microstructures pre-
sent at the forging top surface apparently had no detrimental effect on
the weldability.

Metallographic examination of the clad bottom section of the forging
having large grains and as-cast structure revealed different results. Six
metallographic specimens were examined from the center of this region.

The majority of the fusion line examined was sound and similar to that of
the top section. The photomicrograph in Fig. 4.11 shows this fusion line

with a zone of the as-cast structure in the large-grained base material.
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Fig. 4.9. Typical weld cladding fusion line photomicrograph from a
fine-grained region of the alloy 800H forging.
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Fig. 4.10. Typical weld cladding photomicrograph from a coarse~
grained region of the alloy 800H forging.

Fig. 4.11. Large-grained region containing as-cast structure from
weld cladding bottom section of forging.
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Microprobe examination of this as-cast zone revealed a high concentration
of titanium. Heat-affected zone (HAZ) hot cracking in alloy 870 weldments :
has been associated with localized titanium enrichment.“ A few fissures

were found at or near the fusion line in the HAZ of the weld-clad bottom

section, but these were not conclusively determined to be caused by the
as-cast structure. Figure 4.12 shows one of the areas containing hot
cracks, which could be a problem in a clad tubesheet.

Y-185806 ;

Fig. 4.12. Heat-affected zone hot crack found in the large-grained
region near center of forging bottom.

4.4.3 Mechanical Properties of the Clad Tubesheet — J. F. Kirg and
H. E. McCoy

Test samples were taken in the manner shown in Fig. 4.13. The speci-
mens designated WI and WL were entirely of weld metal; the test sections

were 6 mm (0.25 in.) in diameter and 25 mm (1.0 in.) long. These two




68

ORNL-DWG 82-20673

. ‘.\ \‘. . ‘:\
Ex\\\\;{\\ N\

SECTION A-A

Fig. 4.13. Orientations of tes. samples from alloy 800H forging with
approximately 1.9-cm weld overlay of ERNiCr-3. The abbreviations used are
more fully described as WT = transverse sample of weld metal, WL = I =
sample across weld overlay—base metal interface, and B = sample totally of
alloy 800H base metal.

orientations are orthogonal to each other and are in the plane of the weld
overlay. Samples were taken with their axes perpendicular to the plane of
the overlay and machined so that their gage sections consisted of weld
metal (W), Incoloy 800H base metal (B), und of the weld interface, includ-
ing the fusion line and small portions of weld metal and Incoloy 800H (I).
These samples had gage sections 6 mm (0.25 in.) 1in diameter and 12.5 mm
(0.5 in.) long.

The results of tensile tests on these samples are summarized in
Table 4.5. The strength parameters (yield and ultimate tensile strengths)
are compared in Fig. 4.14 with those reported in Huntington Alloy's
literature for alloy 800H base metal and deposited ERNiCr-3 weld metal.
Although the Huntington Alloy data indicate that the ERNiCr-3 weld metal
18 considerably stronger than alloy 800H, our test results did not show

much variation between the properties of the two materials. Our alloy



Table 4.5. Tensile properties of alloy 800H-ERN!{Cr-3 samplus

Ultimate keduction of Reduction of
Sample Sample tel::::ture Yield stress tenaile atress egzzf::Ton elZ:;::lon Fracture area at area at
orientation? (* (MPa) (ks1) —— (g) (1) locationd fracture {nterface?
(MPa) (ksl) (%) ()
1 wT 25 k%Y 48.1 608 88.2 65.0 67.4 59.8
L-1 WL 25 354 51.3 612 813.8 55.0 59.4 61.3
s-2 W 25 300 43,5 S79 84.0 62.0 80.0 68.0
S-4 B 25 314 45.5 558 81.0 47.3 59.4 60.8
s-1 I 25 332 48.2 565 82.0 51.13 66.0 1 67.3
S-9 1 25 348 50.5 567 82.2 51.7 63.4 63.4 23.8
S-15 1 25 337 48.9 566 82.1 54.8 63.8 $8.4 22.8
s-21 1 25 337 48.9 574 83.2 56.7 67.7 $9.7 25.7
s-28 1 25 318 46.1 569 82.6 55.1 70.1 67.3 32.1
$-33 1 25 339 49.1 576 83.5 52.4 66.6 63.8 28.8
T2 WT 427 270 39,1 50S 73.3 66.0 72.6 55.6
L-2 WL 427 254 36.8 519 75.3 60.2 63.7 30.7
T-3 WT 538 257 37,3 474 68.8 65.5 70.8 61.8
L-3 WL 538 85 38.5 487 70.6 55.0 61.7 6.8
S-S w 538 225 32.6 456 66.2 82.4 79.1
$-12 B 538 238 34.5 448 65.0 63.4 31.3
S-3 1 538 241 35.0 425 61.6 44,2 1 47.0
$-29 1 538 241 34.9 454 65.8 62,8 1 38,0
$-35 1 538 266 3R.6 474 68.7 66.4 - 1 84.4
L -4 WT 649 205 29.8 390 56.6 56.1 56.1 9.5
L-4 WL 649 208 30.2 383 $S.5 64.8 73.8 $6.3
$-27 wW 649 214 31.0 412 59.7 60.0 90.4 70.1
S-14 B 643 245 35.6 368 53.4 38.0 45.2 42.7
S~6 1 649 273 39.6 415 60.2 40.4 48.4 1 46.7
s~-10 1 649 244 35.4 412 $9.7 48.6 60.6 45.2 29.9
s~17 1 649 2315 34.1 406 8.9 45.4 53.4 40.9% 23.8
$~22 1 649 243 35.2 412 59.7 48.0 $8.0 1 $0.8
$-30 I 649 23 33.5 414 60.0 43.2 49,2 I 35.2
$-36 )¢ 649 245 35.6 414 60.1 41.0 48,1 1 43.3

9T, transverse sample of weld wetal; WL, longitudinal sample of weld metal interface; WV, weld metal sample perpendicular to weld
interface; I, weld metal and Incoloy 800H; B, sample totally of alloy 800 base metal. Samples designated WT and WL had a gage length of
2.5 cm (1 in.) and were deformed at a strain rate of 0.2 m/a. Samples designated WV, B, and T had a gage length of 1.3 cm (0.5 in.) and
were deformed at a strain rate of 0.2 m/s.

b1 denotes that failure occurred at weld and base metal intecface.

C1f the sample orientation was such that it contained a weld and base metal interface (orientation 1) and failure did not occur at
the interface, the values in this column denoted the reduction in area at the interface.

69
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Fig. 4.14. Comparison of tensile properties of alloy 800H—ERNiCr-3
weldment samples with those for alloy 800H base metal and ERNICr-3 weld
metal from Huntington Alloy literature.

800H appears to be stronger than the vendor's data, and our deposited
ERNiCr-3 appears to be weaker. The vendor's data for alloy 800H 1s for
annealed 20.7-mm~thick (0.313-in.) plate, and our material was a rather
large forging with very large grain size. The larger grain size of our
material may account for the higher strength. The vendor's data for
ERNiCr-3 is for weld deposits made in welding alloy 800H. Standard wold
configurations would have involved considerably more intermixing between
veld and base metals than would a 1.9-cm-thick (0.75-in.) weld overlay, so
it is not surprising that the strengths do not agree exactly.

The elongation and reduction of area values in Table 4.5 show that
the base and weld metals were ductile over the entire raige of test

temperatures. One interesting observation was that several of the samples
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failed at the fusion line or alloy BOOH-ERNiCr-3 interface (noted I). At
a test temperature of 25°C, six samples had a fusion line in the zage
length, and failure occurred at the fusicn line in one sample. At 538°C,
three samples had fusion lines in the gajze length, ana all three samples
failed at the fusion line. At 649°C, s‘x samples had fusion lines in

the gage length, and failure occurred at this location in four samples.
Thus, there may be a weakness at the fusion line. When failure did not
occur at the fusion line, the diameter at the fusion line was measured and
the reductior in area calculated (right column, Table 4.5). Considerable
deformation occurred at the fusion line even when failure occurred

elsevhere.

The various samples tested came from numerous locations in the fabri-

cated part and represent obvious differences in grain size of the alloy
800H and other more subtle differences in working and other variables.
The spread in experimental results is quite small, indicating that these
variables had little effect on the properties.

4.4.4 Conclusions

1. The variable microstructure of the alloy 800H forging had no
significant effect on its weldability related to weld cladding.

2. Sections from che forging bottom contained large grains, and
some as-cast structureg contained some microfissures after cladding.

3. A more uniform microstructure is desirablé but not essential
for weld cladding.

4. The test results indicate that tensile properties of all areas
of the fabricated part are reasonable. The strength perameters are
above minimum requirements for alloy 800H, the weaker component of the
fabricated unit.

5. Fracture strains are high in all areas, indicating the lack of
embrittlement due to the weld overlay process.

6. The tensile properties appear to be quite acceptable, but there
18 a strong tendency at elevated temperatures for failure to occur at the
fusion line. '

7. TZabrication variables that affected grain size and possibly
other properties had uo detectable influence on the tensile properties

at various locations in the forging.
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4.5 STRUCTURAL CERAMICS — A. J. Moorhead and R. J. Lauf

4.5.1 Structural Characterization of Core Support Ceramics — R. J. Lauf

4.5.1.1 Fused Silica

Thermo Materials fine—grained fused gilica was examined before and
after creep testing. The microstructure consisted of large grains of
glass surrounded by finer material containing some porosity. A trace of
crystalline material was detected but not conclusively identified. After
about 0.6 creep strain (35 MPa compressive stress for 1488 h at 538°C),
some darkening of the Si0, indicated that the oxide was partially reduced
by the simulated HTGR environment. No structural changes were observed

microscopically, and no crystalline phases developed during creep testing.

4.5.1.2 Alumina

Two grades of alumina were examined before creep testing: Coors AD-85
and AD-995. A full-size pad of AD-85 was sectioned for metallographic
examination. The microstructure [Fig. 4.15(a)] consisted of tabular
Al,03 grains surrounded by a glassy phase. Transmission electron
microscopy (TEM) [Fig. 4.15(b)] confirmed the presence of significant
glassy material. The quantity of glass and its distribution suggest that
the glass phase will control the creep behavior of AD-85 alumina. A small
amount of porosity was observed metallographically. The pores typically
did not exceed 25 pm and were randomly distributed. The overall micro-
structure was fairly uniform throughout the cross section of the pad.

Several pieces of a pad of 4D-995 alumina were cobtained and examined
by optical microscopy and TEM [Fig. 4.16(a) and (b)]. Some porosity
(about 11) was observed; the pores were angular and about 25 um across.

The Al,03; grains were equiaxed, and only a very small amount of glass was
present, mostly at grain boundary triple points. A small smount of porosity
within the A1,0; grairs was observed by TEM.

4.5.2 Practure Toughness Teusting of Ceramics — R. J. Lauf

The room-temperature fracture toughness K1, of Coors AD-995 alumina
was measured by a short-rod geometry method. The Ky values ranged from

4.2 to 4.5 MPa°al/2. The Coors AD-85 samples were also measured, giving
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E41138

Pig. 4.15. Coors AD-85 alumina as received. (a) Optical micrograph
showing Al,0; grains surrounded by darker glagsy phase. (D) Transmission
electron micrograph.
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¥ig. 4.16.. Coors AD-995 sglumina as received. (a) Optical micrograph
showing angular Al,0; grains, some porosity, and a small amount of glass.
(b) Tranemission electron micrograph. Arrows indicate glass at grain
boundary triple points.
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values of 2.4 to 3.0 MPa.ml/2; however, we believe that moisture might
have caused these values to be erromeously low. More AD-85 specimens will

be machined, and the test will be repeated with oven-dried samples.

4.6 FISSION PRODUCT-MATERIALS INTERACTIONS — C. R. Brinkman and

H. E. McCoy

The purpose of this study is to determine the susceptibility of
nickel-base alloys to intergranular embrittlement by fission products such
as cesium and telluriuvam. The initial experiments involved generating a
test enviroument by passing helium through Cr-Cr,03 to adjust the oxygen
concentration, through molten cesium to pick up a small partial pressure
of cesium, and over heated tellurium to pick up a small partial pressure
of tellurium. This test gas was passed over alloy samples held at ele-
vated temperétures. We were not successful in causing cracking by this
method, likely the result of impurities in the system, which cause the
cesium and tellurium to be present in the oxide forw.

Granules of CujTe, and CrgTeg in the bottom of a vessel of
LiF-BeF ,-ThF, salt were used successfully to expose samples to tellurium.
Samples of Hastelloy X, Inconel 617, Hastelloy N, and N—7 Cr—-12 Mo-1 Nb
were suspended in the salt up to 5000 h at 704°C. These samples were
strained to failure at ambient temperature aftex exposure so as to frac-
ture any embrittled grain boundaries. The deformed samples were then pre-
pared metallographically to determine the extent of cracking. The first
three alloys listed above were cracked intergranularly to a depth of about
0.1 mm. The 3amples of Ni—7 Cr—12 Mo—1 Nb had only occasional intergranu-
lar cracks. This agrees well with our previous observation that the addi-
tion of 1Z Nb improved the resistance to intergranualar embrittlement by
tellurium.

All work in this area was terminated la*e in the year because fission
product deposition 18 not expected tu be a significant problem for the
steam cycle HIGR.

4.7 LINER AND PENETRATION STUDIES — D. 0. Hobson and R. K. Nanstad

The several thick-section steel members that constitute the penetra-

tions and closures of the PCRV are governed by rules for fracture toughness
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defined by Div. 1, Sect. III, of the ASME Boiler and Pressure Vessel Code.>
Those toughness requiremerts were developed, however, for materials used
in light-water reactor (LWR) pressure vessels. Because PCRV steels differ
from LWR steels, a need exists for developing realistic requirements for
the PCRV ferritic materials and spplications. Therefore, the objectives

of the program are

1. to define a reference fracture toughness curve for ferritic com-
ponents of the HTGR pressure boundary similar to the Kyp curve in
Appendix G of ref. 5,

2. to define a temperature—indexing procedure for this curve, based on
standard materials qualification tests [e.g., Charpy V-notch (CY) and
drop—vwelight] similar to the RTNpT procedures of ref. 5, and

3. to obtain a quantity of fracture toughness data large enough that a
statistically meaningful evaluation of the dats can be conducted to

serve as a tool to help assess the probability of component failure.

Over the past sever.l years, mechanical properties data have been
obtained on different heats of PCRV plate and forging material and on
weldments made from those materials. The testing program utilized Cy and
drop-weight impact tests, subsize and standsard tensile and 1T compact
specimens, as well as instrumented precracked Charpy specimens for static
and dynamic fracture toughness testing. These tests were completed on the
plate and forgirg materials (A 537, clase 1; A'537, class 2; and A 508,
class 1) and on various weldments fabricated with the submerged arc,
shielded metal arc, and flux cored welding processes. These will be evalu-
ated in a report to satisfy the third above objective.

This past year we have concentrated on the first two above objectives.
Figure 4.17 illustrates fracture toughness data obtained for PCRV penetra-
tion steels with the tests mentioned above and provides a comparison of
those data with the Krp curve.

The majority of these tests did not produce "valid” Ky, values
according to ASTM fracture toughness criteria because of specimen size or

temperature limitations. All the data lie above the Krp curve but in some
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Fig. 4.17. Comparison of K values for HTGR weldment materials with
the Krp curve for pressurized water reactor materials.

cases are very close. One curve — labeled A 508, class 1 (2TCS) — was
genarated bv high-strain-rate testing of 2T [5-cm-thick (2-in.)] compact
specimens. Of the three tests on this curve, only the lowest (WSDF) was
valid according to ASTM criteria.

The 2T compact specimens of A 508, class 1, forging material from the
W3 and W5 weldments were tested at —75 and —25°C and at room temperature.
These temperatures were, respectively, 18°C below and 32 aad 77°C above
the nil-ductility temperature (NDT) determined by drop-~weight testing
(-57°C).

Before specimen testing, the mechanical and electronic responses of
the 100-metric-ton servohydraulic testing machine and the displacement of
clip gages were examined to determine whether or not they could respond
adequately to the dynamic test mode requirements. All the load- and
displacement-measuring devices responded adequately during the load-

deflection portion of the test. Some "ringing” was observed after fracture
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took place. This occurred in the load cell and in the clip gage when the
specimen broke, freeing the gage and causing it to vibrate like a tuning
fork. A plot of strain versus time was analyzed in the ringing region and
showed the free vibrational frequency of the clip gage to be approximately
522 Hz.

All data were recorded at intervals of 200 us per data point on a
digital storage oscilloscope. The testing machine was programmed to test
vith a square wave function, which means gimply that the ram moved to the
end of its preset stroke distance at the fastest rate it was capable of
moving. The stress intensity rate for the —75°C test (straight-line slope)
vas 0.26 x 10 MPa y®/s. This is about a factor of 10 slower than similar
2TCS specimens used to develop the original Kyp curve. The test results
are shown in Table 4.6.

The single "valid” test (W5DF) produced a Ky, toughness value
20 MPa vm higher than the value of Krp at that temperature. Examination of
the data from which the Kyp curve was derived shows scatter well atove the
present data point. For this reason, the present Krp curve still appears
to be an appropriate lower bound for HIGR materials toughness. Higher
temperature testing would require thicker specimens to obtain valid tests.

0f special importance will be high-rate testing of W5 weld metal at
T-RTypr values of 10 to 40°C. The W5 weld metal curve in Fig. 4.6 was
fitted to precracked Cy specimen test data, and it lies just tangent to
the Krp curve over the above temperature range. During the next reporting
period, two 3T [8-cm-thick (3-in.)] compact weld metal specimens of W5
weld metal will be tested at high strain rates near the tangency position.
One specimen may be tested at T-RINDT = 50 or 60°C. Current plans include

testing of crack arrest specimens to measure crack arrest toughness, Kr,.

Table 4.6. Results of high-rate two-thickness
compact specimen fracture toughness testing
of A 508, class 1, forgings

Test K Q)
Specimen temperature V;}id
(°c) (MPa v@) (ksi /Imv) Ic
W3BF Ronm 274 250 No
wGF -25 134 122 No

WSDF =75 58 53 Yes
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5. GRAPHITE DEVELOPMENT (WBS OR1203 and OR1501)

W. P. Eatherly

5.1 GRAPHITE IRRADIATIONS — J. A. Conlin

5.1.1 Graphite Creep Irradiation Experiment OC-5 — R. L. Semn

Capsule 0C-5, the fifth in a series of graphite creep irradiation
experiments, began irradiation in core position E-5 of the Oak Ridge
Research Reactor (ORR) on December 17, 1981, and was removed on March 8,
1982, after 64.6 full-power days (fpds) of a scheduled 110-fpd irradiationm.
The capsule was designed to irradiate graphite specimens previously irra-
diated in capsules OC-1 and OC-3. The specimens were irradiated at
90qf§8°c while under a compressive stress of 13.8 MPa (20.7 MPa for
selected specimens) for 46,521 MW(h) of irradiationm, éorresponding to a
peak fast fluence of about 1.25 x 1025 peutrons/m2 (E > 29.3 £J).

Detailed descriptions of the design and operation of the graphite creep

irradiation experiment series have been publighed.l~6

5.1.1.1 1Irradiation History

Several problems were encountered during the construction and irra-
diation of capsule 0C-5. As previously reported,® the experiment was
damaged during fit-up into the ORR mockup facility before installation in
the reactor. The bent outer containment was replaced, but the cracked
graphite specimen holder and sleeve were almost irreplaceable and were
therefore reused. This decision was reached only after calculations were
performed to show that the effect on heat transfer rates and resulting
temperature changes would be negligible and that the cracked graphite would
therefore not interfere with the test results.
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Another problem encountered early in the irradiation period was the
fallure [as evidenced by gas leaking from the pneumatic electromechanical
(PEX) cells to the control gas system] of both of the PEM cell bellows
used to check the compressive forces being applied by the upper bellows
to-the specimen columns. Maintenanc: of the design pressure in these
systems vas lmpossible; therefore, the low-pressure alarms and related
instrumentation were disabled, and the PEM systems were left to revert to
the ambient gas pressure of the capsule. Although this failure was not
expected to affect experimental operation, it éid prevent ongoing measure-
ments from showing that the ccumpressive forces were being applied to the
entire specimen columns during the irradiation. Except for one colman in
the first of these experiments (0C-1), no misalignment of the specimen
coluans was experienced. Dimensional changes were made to correct the
interference problem in the first exper. .ent; hence, the probability of
compromising the data from OC-5 was small.

Early in the irradiation, an abnormally large number ¢f the thermo-
couples in the graphite sleeve ad Jacent to the various specimens began to
fail. The pattern seemed to show that failure occurred between reactor
snutdown and startup periods, as 1f the rapid decrease in temperature from
about 8CO to about 70°C or the subsequent increase was contributing to the
fajlure. Ultimately, 10 of the 23 graphite sleeve thermocouples failed.

A Cetailed investigation continues tc determine the reason for this abnor-
mally high number of thermocouple failures so early in ihe irradiation.
Some results of this ongoing investigation ar.: reported below.

Satisfactory experimental operation was not compromised by the thermo—

couple failures, because there were two thermsocouples in each heated zone
and the central movable thermocouples continued to operate satisfactorily.
When both thermocouples in a heated zone failed, the heater was operated
marudlly on a day-to-day basis, with the central thermocouple used to
verify proper specimen temperatvres.

The experiment operated satisfactorily in other respects; the speci-
mens were maintained at an operating temperature of 90Qt:g'c, snd the
design compressive stress was maintained. As noted esrlier, however, the
experiment wi s terminated after only 65 d of a scheduled 110-d irradiation.
The decision to remove the experiment was prompted by s significant change
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in the temperature difference between the two central movable thermo—-
couples. This temperature difference was typically in the 30 to 50°C
range during most of the testing period. A change was noted during the
last week of February, which seemed to peak at an 85 to 90°C range during
the first week of March. Such a large temperature difference between the
two unstressed specimen columns was htoletablé and would eventually result
in the loss of meaningful data, because it could no longer be assumed that
the same conditions were being maintained for both the stressed and un-
stressed columns.

We felt that the cracked specimen holder and sleeve® might have some-
how shifted to ove side and coantributed to the tesperature difference
across the experiment. We also postulated that the difficulty with the
thermocouples may have been due to excessive grain size in the thermo-
elements. A series of tests was conducted with the experiment in the
reactor pool. :

5.1.1.2 1In-Pool Examination

A test was conducted to determine if the graphite specimen holder and
sleeve were moving towsrd one wall of the capsule during operation at tem—
perature with compressive forces on the speciwen colusm, thus causiug the
temperature asymmetries along the specimen coluxns and prompting the early
teraination of the experiment. ’
’ A special thermocouple holder was devised to permit application of
. two thermocouples 180° apart at various elevations along the exterior wall
of the capsule. A temperature of about 500°C was established along the
length of the graphite specimen holder with the experimentsl electrical
heaters. Measurements were made vith the external thermocouples in the
areas “nown to crack in the graphite pieces. Temperatures without pressure
in the bellows systea were 68.6°C (north side) and 61.6°C (south side).
Pressure was then applied to the bellows systes to duplicate the con-
ditions of the capsule under irradiation. The external temperatures then
measured 72.4°C (north side) and 60.4°C (south side). The temperature
incrsased 3.8°C on one side snd decreased 1.2°C on the opposite side,
lending credence to our postulation that the internal portions of .he cap-
sule were actuslly shifting to one side during experimental operation.
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5.1.1.3 Thermocouple Failure Investigation — R. M. Carroll

While capsule OC-5 was still in the ORR pool, special tests were con-
ducted to determine the locations and possible causes of the excessive
thermocouple fai’ares during operation. Locating the positions of wire
rupture for the thermocouples includes anmalysis of loop resistance,
capacitance, and insulation resistance measurements. Time dosain reflec-
tometry could not be used because >f the multiple connectors alomng the
length of the thermocouples.

Fourteen of the original 30 thermocouples failed, including 10 of
the 23 graphite sleeve thermocouples. Three failures involved the Chromel
leg touching the sheath. One thermocouple failed in service (open
circuit) about 200 mm above the junction but then reestablished coamtact.
The other open circuits arose fron failures at or near the junction.

These conclusions are supported by the resistance measurements and, with
less confidence, by capacitance measurements. Quite clearly, the specifi-
cations or the quality assurance orogram for nuclear quality thermocouples

1e faulty. This situation 18 currently under analysis by the Instrumenta-

.tion and Controls Division in its thermocouple program.

5.1.1.4 Postirradiation Ezamination

Capsule 0C-5 was moved tov a hot cell and disassembled in September
1982. During disassemb.y, sooty devosits were found inside both the upper
and lower portions of the expe iment, including the graphite sleeves and
the inside surface of the stainless steel contalnment vessel. All pre-
vious capsules in this series were bright and clean during Jdisassembly.
The presence of the soot was evidence that oxygen found its way into the
capsule control gas region during operation. Although gases used for the
control gas system pass through cleanup traps, gases used /or pressurizing
the bellows systems do not; early in the operation of this experiment,
leaks were found in both of the lower bellows (PEM cell) systems. The
bellows supply gas 1is batch snalyzed and is expected to have less than
2 ppm 0. However, it is possible that oxygen got into the system tecause

of a higher than normal oxygen or water vapor content from the rveliatively

uncontrollied helium supply syccem used for bellows pressurizing and control.

e
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All the graphite test specimens were removed from the experisent
withcut difficulty. They were identified, bottled, and transferred to
Metals and Ceramics Division persomnel for analysis, as reported elsewhere
in this section.

The graphite sleeve and specimen holder were pushed out of the stain-
less steel containment vessel without undue difficulty. The cracked areas
looked much the same as they had vhen ths pieces were installed. WMo
chipping or spalling was seén. althouzh the crack was slightly more open
on one side than on the other. We had no way of determining when this
occurred, however. .

Because of the unexpectedly large mmber of thermocouple failures
during operation of this experiment, great care was taken during the
postirradiation examination (PIE) to determine the locations and possible
causes of the feilures. All thermocouple sheaths, leads, and connections
in the experimental lead tube were carefully examined. No defects or
failures were noted, and the circuits were continuous down to the in-core
porcion of the capsule where the lead tube was cut off.

In the hot cell, the thermocouples were lifted out of their respzc-
tive slots very carefully. The tips (sensing ends) of eight of the thermo-
couples (vhich were bent about 90° and inserted into a hole in the
graphite sleeve adjacent to the various specimens) were already broken or
broke off as we tried to remove them. The identities of the thermocouples
vere retained vhere possible. Some hzil fallen out of their slots during
disaasenbly and could not be positively identified. Some of the broken
tips were recovered for anszlysis, and all the identifiable thermocouple
pleces were tagged and saved for analysis. The cause of the apparent
embrittlement of the sheaths and wires has not yet been determined, but
results from the ongoing investigation will be reported as they become
available.

Nineteen of the 20 flux wmonitor capsules installed in the experiment
were recovered and identified. They are now baing analyzed and will be
reported by others.

5.1.1.5 Summary

Graphite creep 1rud1¢tion experiment OC-5 was irradiated in ORR core
position E-5 for 64.6 fpds to a peak fast fluence of 1.12 x 1025 neutrons/m?
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(E > 29.3 £J). The capsule contained grapuite specimens previously irra-
diated in capsules OC-1 and OC-3. All were irradiated at a nominal 900°C
specimen temperature vhile a compressive stress of 13.8 MPa (20.7 MPa for
selected specimens) wvas applied to two columns. Two similar columms of
specimens scrved as unatressed control specimens. Detailed analysis of
the specimens, flux monitors, and cther aspects of the PIE are reported
elsevhere in this section.

5.1.2 High Flux Isotope Reactor (HFIR) Graphite Irradiation Experiments —
R. L. Semn

5.1.2.1 HFIR HTK Target Capsule Series

Tvo additional HFIR target capsules, HIE~5 and -6, were irradiated in
this series of experiments conducted in cooperation with the Federal
Republic of Germany (FRG). The general design for these experiments was
reported previously.’

Irradiation of HFIR target capsule HTK-5, containing 64 graphite
specimens, was completed as scheduled. The HTK-5 was an FRG priority
experiment containing five FRG experimental graphites in comparison with
BﬁSl and POCO AXF graphites. The capsule was installed in HFIR outer
target position B-1 on December 24, 1981, and removed on December 12,
1982, after an expected lifetime exposure of 3.8 x 1026 peutrons/m?

(15 HFIR fuel cycles) at 600°C.

The HFIR target capsule HTK-6, also containing 64 graphite specinens,
wvas a High-Temperature Gas-Cooled Reactor (HTGR) priority experiment con-
taining grades of H451 from two lots, an improved H451, and TS-1621, in
comparison with selected FRG grades. The HTK-6 was installed in HFIR
outer target position FP-7 on July 18, 1982, and vas resoved on January 5,
1982, after an exposure to a fluence of 1.8 x 1026 neutrons/m? (seven HFIR
fuel cycles) at 900°C.

Results from the HTK series of irradiation experiments are reported
elsevhere in this section.

5.1.2.2 High Flux Isotope Reactor Target Fracture Capsule Serie:

A parasetric study was completed for the irradiation of standard
12.7-sm~diam (1/2-in.) premilled {racture mechanics (FM) specimens of
variouc graphites in HPIk target capsules similar to previous target cap-
sule designs described above. The experiments have been designated HYF-1,
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-2, -3, and so forth for a series of HFIR target fracture (HIF) mechanics
irradiation capsules. The study included heat transfer calculations for
irradiation at specimen surface teamperatures of 400, 700, and 900°C.
Because of the nature of the FM specimens and their fixed 12.7-mm
(0.500-1n.) ovtside dismeter, the wall thickness of the sluminum contain-
ment tube was varied to achieve the necessa™y gas gap changes required to
adjust specimen temperatures rather than change the specimen diameters,
wvhich is normal with these experisents.

A conceptual design for tie experiment is shown in Pig. 5.1. Each
graphite specimen is designed so that two 12.7-mam-OD (0.500-in.) by
19.05-am-1ong (0.750-in.) FM specimens with premilled slotted ends cen
be cut from the irradiated piece. About 4.76 mm (3/16 in.) of additional
length is provided to permit cutting—off and squaring the ends of each
FM specimen. A silicon carbide temperature monitor may also be inserted
in the center of each double specimen. Graphite centering devices similar
to those used in our present target capsules will be keyed on the pre-
milled slots in each end of the double specimens. _lote that the overall
length of such a double specimen and a centering spacer is 47.625 ma
(1.875 in.); thus, ten double specimens can be accommodated in a standard
target capsule having about 495 mm (19 1/2 in.) of active core length
available for specimens. .

The thermal analysis was performed with the standard GENGTC one-
dimensional heat transfer program used for all the recent HTK grsphite
target capsules. The same gamma heat profile was used as that proved for
recent HTK experiments. The cslculations used an average gamma heat for
each of the four quadrants in one-half of the experiment, which is assumed
to be symmetrical. The results are shown in Table 5.1 and Fig. 5.2. The
data in I'ig. 5.3, taken from the initisl (HT-1) target capsule question-
rnaire, show permissible conditions of the capsule wall thickness.

As shown in the table and figures, all the proposed operating con—
ditions fell within permissible ranges except the upper quadrant of the
9C0°C neon case, in which the required wall thickness was too thia.

The maximum heat conduction to the coolant watsr is 3.66 x 107 W/m?
{<116,000 Btu/(h-£t2:°F)] for these unfusled experiments, so there is no
problem from thst standpoint. '
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Table 5.1. Thermal snalysis for High Flux Isotope Reactor target
fracture series test capsules

Assumed
Specimen average

positiond gamma

Required Bes:;;ing Spacimen surface

gas gap thicknessC temperature (°C)

(quadrant) heatd
Mg ™ Us) g,y Tntttal Finald

For 900°C argon fill gas

1lst (upper) 24 0.521 0.0205 1.435 0.0565 901 915
2d 35.5 0.254 0.0100 1.702 0.0670 901 956
d 41.6 0.203 0.0080 1.753 0.0690 904 982
4th 45.5 0.178 0.0070 1.77¢ 0.0700 904 995

For 900°C neon fill gas

1st 24 1.384 0.0545 0.572 0.0225 900 903
2d 35.5 0.635 0.0250 1.321 0.0520 902 924
3d 41.6 0.483 0.0190 1.473 0.0580 898 929
4th 45.5 0.432° 0.0170 1.524 0.06% 906 9541

For 700°C neon fill gas

1st 24 0.572 0.0225 1.384 0.0545 715 740
2d 35.5 0.330 0.0130 1.626 0.0640 708 761
3d 41.6 0.2€7 0.0105 1.689 0.0665 704 770
4th 45.5 0.241 0.0095 1.714 0.0675 706 783

For 400°C helium fill gas

ist 24 0.572 0.0225 1.384 0.0545 398 420
2d 35.5 0.356 0.0140 1.600 0.0630 397 432
34 41.6 0.305 0.0120 1.651 0.0650 404 447
4th 45.5 0.267 0.0105 1.689 0.0665 400 446

AGraphite specimens were assumed to be H451 graphite with 12.7-mm
(0.500-1n.) OD, a density of 1.72 g/cm3, and a thermal conductivity of
31.15 W/(m°K) [18 Btu/(h-£t2-°F)].

brhe average gamma heat for an experiment in a High Flux Isotope
Reactor outer target position, divided into four quadrants. The fourth
quadrant is just above the midplane. The gamms heating profile is assumed
to be symmetrical sbout the midplane.

CThe standard 6061T6 aluminum tube used as the containment for target
capsules has a 16.6-mm (0.656-in.) OD with a nominal (for previous
experiment) inside diameter of 13.5 mm (0.532 in.), giving a nominal wall
thickness of 1.55 mm (0.061 in.).

dThe final surface te-periture cslculation assumed an irradiation
resulting in not more than a 11 linear shrinkage of the graphite specimens
and the resultant increased gas gap between the specimen and the contain-
ment wall.

R



suog3ysod TeIX® uswyoeds snsa’a 1wey vemed J14n pue
SSOUNOTYI TT®A 9GN3 JUSMUTVIUCD IFTneded aan3dovay 1982wl (YIJH) 203N 9dojosy xnTd YSTH °2°S °'BW4

920

{INVIJOIN WOH 4 ww) NOILISOd TVIXY N3WID3dS

ovz 961  9vl 96 oy v—  ¥6—  BOl-  BSL— b0z veZ-
L ] | | 1 | | | ] 1 |
(3INVT1dQIN WOH 4 "u1) NOILISOd TVIXY NIWIDAdS
1] 8 9 1/ 4 0 - | 4n 9- 8- o\-
g T T T T T T T T T o e B
"wr «— LYIH YWAVD A s Y
L -1 oto0
B 3H = 0,000 TV —» o
0z 8N - 0,00¢ 4 os0 m
2z N - 0,006 O —» 0o o <o
A 19 = 2,006 d oo
2dn H wo gy 2
> e - oz e
m ot |- — s0'0 o "
-zl 3
M ve [~ — 900 -] OS'C
S < soL =2
9€ i . X
et 00 08l ”
e -1 S6'1 2
OV - 800 . m
{2 e < oz
144 = - 600 st
o I~ -{ ove
8 010
ru) (ww)

013 8S¥P—CB OMA—-INHO



ORANL-DWG 834480A ETD

o.ues T I T I 2.18
2 / 4
2

075 b= — g

§ 0.075 . ]
= F
-t -)
-t -)
b TEMPERATURE VS WALL THICKNESS FOR 5
= 0065 |— INSTANTANEOUS COLLAPSE AT — 168
3 _o— ORIGINAL DESIGN 34 MPa (8000 pai) MAXIMUM i
- WALL “HICKNESS PRESSURE TEMPERATURE AT
s 0,63 MW/m? <
1~ 1.54 mm {0.081 in.) ‘
o {200,000 Btu/h-ft3)
S 00ss TO WATER —1'*
3 3
z E °
3 i o
3 <
w 0045 [— TEMPERATURE VS WALL THICKNESS FOR ./ 'y
i‘é‘ 10,000 h COLLAPSE AT 14.5 MPa (2100 psi)
< EXTERNAL PRESSURE
5 S/ g
gooas p— —{ 0.89 g
= 7/ | <
. 7 ' g
: | 1 | 1 ;

(°F) 200 250 300 350 400

| 1 | | 1 |
{°c) 93 2 149 177 204
WALL SURFACE TEMPERATURE
Fig. 5.3. Righ Flux Isotope Reactor target capsule wall thickness required versus wall surface

temperature.

B



92

Several design aspects will be considered in making the finai param—
eter decisions. Note the very small 0.178-mm (7-mil) gas gap at the
fourth (midplane) quadrant for the 900°C argon case and the resultant
approximstely 90°C temperature incresse toward the end of the irradiation
period. Extreme precisiou in building the parts is required for such

small gas gaps (although we believe it is feasible); of course, the speci-
men surface temperatures become very semsitive to sﬁrinkage and the
resultant gas gap increase.

These effects are considerably mitigated for the 900°C neon case, in
vhich the midplane gpecimen has a comfortable 0.43-mm (17-mil) gas gap and
shrinkage will cause an estimated 35°C specimen surface temperature
increase during irradiation. However, the upper quadrant specimens (at
both ends of the capsule) in this design would have to be abandoned,
operated at a different temperature, or designed with a smaller specimen
diameter, because the external wall temperature of about 100°C limits the
wall thickness to 1.19 mm (0.047 in.), which 18 considerably more tham the
0.57 mm (0.0225 in.) calculated for these conditions.

At the end of this reporting period, a design order was implemented,
and engineering design was under way to provide drawings for the HTF §
series of target capsules described above. Three such capsules have been g
planned, encompassing two FM target capsules, HTF-1 and HTF-2, to be irra-
diated for 7 HFIR fuel cycles at 600 and 900°C, respectively, and HTF-3,
to be irradiated at 600°C for 15 cycles. The various capsules will con—
tain specimens from H451, graphNOL N3M, and ASR-1R graphites.

5.1.3 Irradiation Creep Results — C. R. Kennedy

Preliminary studies of creep experiment OC-5 at 900°C now extend the
results to a fluence of 50 x 102% neutrons/m?, with creep strains to
almost 4. In general, the new data are an extension of previous results,
with an indication of a slowly decreasing creep rate. The results for
H451 are shown in Fig. 5.4.

The initial experiment in this series, 0C~1, forced an overload on
half of the specimens. The overloaded specimens have also been recycled
into 0C-3 and 0C-5, with design stresses of 13.8 and 20.7 MFa. The pre-

viously overloaded 13.8-MPa specimens yielded the same creep coefficient
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Fig. 5.4. Irradiation creep of H451 at 900°C in compression.

as did the specimens with a normal history, even though they have been
overstrained by abcut 0.52. Conversely, the 26.7-MPa specimens with 1 to
1.52 overstrain have shown a reduced creep rate coefficient of

0.92 x 10735 Mpa~l<(neutrons/cm2)"!. This implies a relaxation of the
overload strain, as might be experted.

5.1.4 German Irradiacion Progras — C. R. Kennedy

Experiments HTK-5 (620°C) and RTK-6 (900°C) were removed from HFIR,
and the specimens were extracted and seasured. Although the results are
still preliminary, several relevant conclusions have become evident. We
now have a reasonable number of various grades that have been irradiated
past their maximum densification fluence at temperatures from 600 to
900°C. It was observed previously that the drmage rates resulting in
dimensional changes do not vary appreciably over this temperature range,
but, ss the irradiation temperature increases, the life expectancy from
losz of density occurs much sooner at the elevated temperatures. The
maximun densification that occurs with temperature is shown in Pig. 5.5.
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Fig. 5.5. Maximum densificati.n of various graphite grades as a
function c¢f temperature for recer.. High Flux "sotope Reactor irradiations.

All the graphites clearly have essentially the game reduction in the
maximum densification with increasing temperature. This suggests that the
structural accommodation of the anisotropic growth in the ¢—axis and g-axis
shrinkage by irradiation is reduced by increasing the temperature of irra-
diation; that is, the internal volume to accommodate the irradiation
growth 13 reduced, thus causing the growth to increase the internal shesr
stresses actively at the interparticle boundaries and to initiate frac-
turing and structural degradation at lower fluences. The loss of the
internal accommcdating void volume can be a result of simply heating the
graphite to the irradiation temperature g3 anisotropic crystallographic
thermal expansion coefficients fill in the accommodating void tolume.

The accommodating void volume 18 largely a result of cooling the
graphite in the final stages of graphitization. The anisotropic c-axis
shrinkage and the relatively stable a-axis generate the necessary cracking
between the layer nlanes to generate the void volume to accommodate the
irradiation growth. The extent of this accommodation can be measured by
comparing the volumetric coefficient of thermal expansion to theoretical.
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The difference between the two is a mesaure of the void volume created by
the final stages of fabrication. Therefore, a graphite with a large volu-—
metric coefficient of thermal expansion (CIE) will not densify greatly
under irradiation, but one with a small volumerric CIE will densify
greatly. However, we also know that, if the graphite has higher initial

‘density, it will also not densify as much under irradiation. Therefore,

the total densification under irradiation cen be considered to be a func-
tion of the volume created by the anisotropic CTEs and the overall
porosity:

(& /7o) 1 = f1(&V/Vo)cTR, (AV/VQ)D]

where

(W/ve) r = maximum densification under ’cradiationm,

(AV/Vedere, = 2000 (27 x 1076 — CTEy), the void volume created by
cooling down from 2000°C,

(¥/vg)p = (2.05 — initial bulk density)/2.05 = the void volume
within the structure accessible to helium, and 2.05 {is
the apparent heliur density.

Now that we have irradiated a reasonable mumber of grades with a
range of (A//Vg)y, it would be relevant to examine the data to determine
the relative significance of (&//Vp)crg to (A//Vg)p- This should also

" allw the prediction of the saximum densification of future materials. As

a first approximation and for simplicity, we assume a linearized function
for a sensitivity calculation in the form

(W/vo)r = A+ B(AV/Vo)ere + C(AYV/Vg) D -

A multiple linear vegression analysis yields the coefficient values
A =-0.0825, B= 2,85, and C = 0.85 at 620°C irradiation temperature.
Considered as a type Fl functional fit, the standard deviation on
(av/vg) 1 18 0.0076. However, it is interes.‘ng to note thar, as a type Sl
statistical fit, the correlation coefficient .s rZ2 = 0.90. In other
words, the linearized fit to the data is quite s good representation.
Measured and computed values are compsred in Table 5.2.
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Table 5.2. Comparison of actual and
calculated maximum densification
’ /vy

(Irradiation temperature = 620°C)

Actual Calculated N /V »
Crade (zl)W”o ) °
V356 9.6 9.2 - _ :
V483 9.1 8.1
| ATR-2R 7.0 7.1 - |
| . ATR-2E 7.1 7.1
| ATR-2EL 6.5 8.0
ASR-1R 5.3 5.9
ASR-1RP 6.7 7.4
ASR-1RS 7.1 ) 7.8
ASR-2R 8.5 8.4 l
UKAEA-11 5.3 5.2
AXF 1.6 1.4
H-451 . 9.9 9.3

We conclude that at 620°C the thermal expansion voids are three times
(B = 2.85) more effective than their intrinsic volume in controlling the
| irradiation-induced densification, whereas the helium—accessible voids are
eZfective on a one-to-one ratio (C = 0.85). We also note that each of the
three terms in the equation are of comparable magritude 0(1071); hence,
the densification is equally sensitive to both types of voids.

We also note that the quantity (AV/V()y changes by 3 to 4 vol X as
the irradiation temperature changes from €20 to 9C0°C. This suggests that
the coefficient B should be about 10 rather than the 2.85 we calculate at
620°C. Quite clearly, the linearized sensitivity equation we have fitted
successfully at 620°C must at the very least have temperature—dependent
coefficients. Unforturately, we do not yet have sufficient property data

' to perform a sensitivity calcul.ition at 900°C. '
’ In summary, virtually all the data appear toc be seif-consistent in
implying that the decrease in life expectancy of graphite with increasing

temperature is only mildly related to growth-rate changes. The major

!
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caugse of the lifetime reduction is the loss of void volume by thermal
expansion to accommodate the differential anisotropic growth of irradia-
tion. The thermal expansion is between three and ten times as effective
in reducing the potential demsification by irradiation.

The resistance of graphite to irradiation damage must also depend on
the ability of the graphite to withstand internal strains due to aniso-
tropic irradiation growth. Thus, graphites with high strain energy
release rates might be expected to be more resistant to the intermal
shearing and to exhibit greater resi:tance to neutron—-induced damage. To
evaluate this possible interrelation, a number of graphites used in our
irradiation program have been fracture-toughness tested. The results of
testing 19.05-mm—diam specimens are given in Table 5.3.

Table 5.3. Results of fracture toughness
testing of various graphites

Lifetime
Crade . Crack Kre _ Gre "f ad (1072 uu:l;o”/c-z)
orientatio. % (MPa /m) (l’n'-)b (MPa) (ym)
620°C 715°C  9v0°C

ASRL -RL 1.21  0.04 137 41.2 275 3.6 1.4
v3isé RL 1.38 0.06 169 37.4 43 3.1
V483 RL 1.42 0.06 191 33.% 562 3.1
ASR-1R n 1.58 0.05 231  26.6 1126 2.8 2.3
ASR-2R | 18 1.40 0.06 207 20.2 1528 2.7
ATR-2E RL 1.57 0.08 266 20.0 1962 4.1 3.0 1.8
ATR-2% RL 1.73  90.10 289 25.1 1512 2.¢
ASR-1RP - RL : l'.Sb 0.07 219 27.3 1112 3.3 2.8
ASR-1RS RL 1.50 0.04 212 28.4 888 3.9
ASR-1RV "L 1.53 0.02 214 31.3 760 3.6 1.6
R&S51 RL 1.39 0.04 212 28.0 786 4.15 3.0 2.1
RAS51 CR 1.44 0.07 241 28.0 820 4.15 3.0 2.1
H4S51 LR 1.54 0.06 247 30.7 800 4.15 3.0 2.1
R&S11 L 1.54 0.03 250 29.5 868 4.15 2.1
| K RL 1.70 0.05 2558 61.4 266 4.7 3.6
AXY RL 1.78 0.02 236 87.8 131 4.1 3.1 2.4

A0rientation symbols: R, radial; L, longitudinal; C, circumferentisl. The

firet letter is the direction normsl to crack, the second letter is the dirsction the
crack 1is propsgating.

2
bie use the relstionship: Gy« Ky /E.
OFlexure strength. .
die use the relationship: the effective half-length q = ;(ch/a)z.
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The results of this comparison do not demoastrate a simple relation-
ship. It should be realized, however, that the first-generation graphites
such as AGOT had Kj- values of only 0.6 to 1.0 MPa /m, with lifetimes of
about 25X less than those more advanced grades in Table 5.2. It does
demonstrate that lifetime depends not only on the graphite's ability to
withstand the internal shears mechanically ﬁnt also on its ability to
accommodrte the shearing, with internal flaws and porosity reducing tbe_
internai: strains.

These results furnish good agreement between the calculated flaw
(defect) size and the bore structure evident from the microstructure. It
is also quite apparent that lifetime and particle size are not interrelated.

5.2 GRAPHITE CORROSION

5.2.1 Corrosion Experiments — C. D. Bopp

A number of steam-oxidation runs Lave been made with our two 0.1-MPa
(1-atm) steady-state loops. These experiments have generally used the
brittle-ring specimens to permit comparison between various graphite grades
and have been conducted at 900°C, which necessitated runs of seversl
veeks' duration. Only the inner surfaces of the rings were oxidized.
Monitoring at intervals showed that steady-state conditions were generally
realized within the first day of loop operation as determined by the reac-
tion products and the demand rate for new water-vapor—containing helium
gag.

These experiments were directed to a number of objectives: estab-
iishing better data on Stackpole 2020 graphite at 900°C, determining the
effects of interrupted oxidation, and establighing the sensitivity of
oxidation rate to billet locations and heat treatment temperatures. Théie
last quegtions are, of course, involved with chemical catalysis.

5.2.2 Microstructural Measurements — D. A. Lee and J. M. Keller

Surface area BET measurements are continuing on various grades of
graphite of interest to the HTCR program. The most extensive data taken
recently (Table 5.4) pertain to HAS1 graphite. These data include a
number of points beyond those previously reported.



99

Table 5.4. Measuresents on Hé51 graphite rod segments

Be H,0 Standard
Rod and saturacion t:::::::::e “:‘1::1“ "::f:‘ s:‘:::“ deviation
segrment temperature . (goodness
2-1 20 1600 3 5.048 0.0115
2-7 20 1000 k7 X} 6.026 0.9052
2-13 20 1000 ’ 343 5.158 - 0.0025
2-16 20 : 1000 - 343 4.861 0.0011
3-1 ' 20 1000 168 4.77 4.769 0.9048
3-7 20 1000 168 4.77 4.934 0.0021
3-13 20 - 1000 168 4.77 5.346 0.0037
3-16 20 1000 168 4.77 5.169 0.0038
5-1 20 900 5n4 6.7 3.735 0.0020
54 20 900 304 6.7 4.136 0.2015
5-7 20 900 504 6.” 4.205 0.0021
5-10 20 900 504 6.7 4.107 0.0023
5-13 20 900 504 6.7 4.756 0.0024
5-16 20 900 504 6.7 3.633 0.0036
9-1 10 900 504 3.61 4.378 0.0058
9-4 10 900 504 3.61 4.210 0.0112
9-7 10 900 504 3.61 4.410 0.0076
9-10 10 900 504 3.61 4.139 0.0048
9-13 10 900 504 3.61 3.712 ¢.0019
9-16 10 900 504 3.6% 4.012 0.0027
11-2 10 900 672 2.13 2.539 0.0049
11-3 10 900 672 2.13 3.451 0.0100
11-7 10 900 672 2.13 2.592 0.0145
11-12 10 900 672 2.13 3.428 0.0146
11-15 10 900 672 2.13 3.414 0.0191
11-18 10 900 672 2.13 2.574 0.0160
11-19 10 900 672 2.13 2.864 0.0015
14-7 10 . 1000 336 2.3 3.043 0.0270
14-13 10 1000 336 2.3 3.918 0.0230
15-7 5 900 504 2.9 3.917 0.0141
15-13 5 900 504 2.9 3.92% 0.0248
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The apparatus has been modified to permit gas porosimetry measure-
ments in the 1- to 100-am range. Measurements are now in progress om both
& . Lakes HA51 and Stackpole 2020 graphites.

5.3 GRAPHITE PHYSICAL PRCPERTIES

5.3.1 Fracture Toughness Testing — C. R. Kennedy

Fracture of graphife components in the HTGR will not occur if the
material and lcading conditious are according to specifications. The
concern is the off-specification material or an unanticipated loading
situation that may initiate fracture of the graphite components. There—
fore, the effect of the largest anticipated flawv or the largest possible
stress conceutration m:st be considered. This requires a study of the
fracture toughness characteristics of the material to relate permissible
stress to flaw gsize. This study must obviously include the effects of
frradiation and oxidation on the base material characteristics.

The short-rod specimen with a chevron notch is used. This specimen,
with diameters of 12.7, 19.05, and 25.4 mm, 18 compatible with present
oxidation and {rradiation specimen sizes and is economic in specimen pre-
paration time and material. However, fracture toughness testing or any
crack propagation study must coneider the effect of the specimen geometry
and the material characteristics in altering the notch stress concentration
factor. Most methods cf fracture toughness testing do not consider the
effect of plastic deformation in craci propagation. The short-rod specimen
testing procedure does include this particularly important characteristic
of graphite, which is so well known from the tensile stress-strain curve.
With the same notch geometry but with varying diameters, the method allows
determination of the effective width of the notch as modified by plastic
deformation. Thus, the effective stress concentration can be calculated
for more exact estimations of the critical stress intensity factor. To
confirm these procedures for graphite, grades of GraphNOL N3M, POCO AXF,
H451, and 2020 (a8 received and heat treated to 2800°C) were tested with
specimen diameters of 12.7, 19.05, and 25.4 mm. The results of this
testing with approximately five specimens for each point are given in

Fig. 5.6. There seems to be some variation with size; however, in most
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Fig. 5.6. Fracture toughness results of testing short-rod specimens
with diameters of 12.7, 19.05, and 25.4 mm.

cases, it 18 not statistically relevant. The POCO AXF asppears to be size
dependent, which is in agreement with past results for experiments ul:lng
notched bars in bending. The other graphite grades do not show a signifi-
cant difference between 25.4- and 19.05-ms—diam specimens and only slight
variations in the 12.7-mm results. It thus appears that the most con-
sistent data were obtained from testing the larger specimens.

A major question in the study of the mechanical properties of oxi-
dized graphite is whether the oxidation causes a reduction in strength
greater than that expected by the porosity increase. To resolve this
question, a group of experimental graphites with controlled porosity dif-
ferences created by fabrication were fracture-toughness tested. These
graphites were fabricated at ORNL by use of advanced green—cake technology
and are well characterized from other studies. The results of this series
are given in Fig. 5.7, which demonstrates an exponential relationship
between fracture toughnest and porosity.
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Fig. 5.7. The fracture toughness of experimental GraphNOL N3H
graphites with different densities.

Specisens of H451 and 2020 oxidized in steam at 900 and 1000°C were
also fracture-toughness tested, with the results given in Fig. 5.8. Again,
although with more scatter, the results tend to follow an exponential
relationship vith porosity. It is also interesting that not only does
grade 2020 have a siznificantly lower Xy, value but that the value is also
reduced more by oxidation. These results are significant in that they
emphasize the importance of assuring the quality of 2020 and demonstrating
that it is free of disparate flaws.

The strain energy release rate Gy, can also be calculated from the
fracture toughness values by

Gre = (Kc/B)?

vhere E 1s Young's modulus. The calculated Gy, values are given in
Fig. 5.9. The value of Gy, can be compsred with the energy required to
create two nev surfsces. Those graphites with higher G, values have
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structures that are more resistant to fracture; however, they may have
lower strength values because of larger intermal flaws. Such a contrast
was exhibited between grades 2020 and B451. Also, graphites with higher
Grc values are probably a resclt of more effective usé of the binder.
Note that the values of Gyr for BA51l and 2020 both extrapolate to a2 common
value for “zero” porosity. From this we infer that graphites with no
porosity and with a contiguous structure may have a common Gyo- The loss
in Gyp with porosity is greater than expected by a simple loes in cross-
sectional area. This implies that binding in some graphites 1s considerably
more effective than in others, as indicated again by the difference between
2020 and HA51. The implication is that a graphite more resistant to the
effects of oxidation would r2sult from increased effectiveness of the
binder, yielding not only higher G;, values but a Gy, that is less sen-
sitive to oxidation.

The size of sn equivalent critical defect with a length of 2a can be

calculated from
2a = 2X1plop) ¥ x

vhere of is the fracture strength. The result of these calculatioms for
the oxidized graphites are shown in FPig. 5.10. The large Jefect size for
unoxidized H45]1 1is in very good agreement with the flaws evident in the
microstructure. However, the microstructure of 2020 does not indicute
flaws greater than about 100 to 150 ym, or five times smaller than the
calculsted value for the unoxidized materiai. Also, although the defect
size incresses with oxidation for HA51, it does not increase for either
as-received or heat-treated 2020 graphite. The only observable defect in
the 500- to 600—um 2020 is the agglomerates of high-Z material evident in
the microradiographs of as-received material. These are not directly

visible in the optical microstructure of the graphite or in the
radiography for 2800°C heat-treated material. It appears that the criti- ;
cal defect in 2020 is associated with these agglomerates even though the
2800°C heat treatment has volatized or diffused these agglomerates. The

relic structure created by the agglomerations remains. During oxidation
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Fig. 5.10. The effect of steam oxidation on the calculated critical
defect size of HA51 and 2020 graphite.

of the as-received 2020, the carbon within the sgglomerate appears to be
oxidized preferentially by catalytic oxidstion, with little increase in
the jverall size of the agglomerate. In the case of the heat-treated
2020, the oxidation is not concentrsted but uniformly attacks the whole
structure. The oxidation is almost certainly increasing the size of the
smaller flaws, but the relic flaw size is so large it still controls
fracture. The same thing say also be occurring in the as-received
material as well, but to s smaller extent.

5.3.2 Statistical Analysis of Tensile Strengths for H&51 Grsphite —
W. P. Eatherly

The design engineer faced with the structural spplicatica of graphite
sust ensure that the materiasl will withstend the forces placed upom 1it.
In the normal course of events this leads to & definition of s minimum
acceptable strcength and the subsequent imposition of s suitable safety
factor to mske it extresmely unlikely that that sinimum strength is
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actually reached. It then becomes the materials engineer's job to produce
such a material. " Actually, a series of compromises is msde between the
design engineer and the materisls engineer.

Ideally, the safety factor is replsaced by complete knowledge of the
statistical properties of the graphite coupled with a complete descr.ption
of how graphite fails under given stress conditions. We are concerned
with both of these aspects, but here we wish to consider the statistical
problem only. This has been the subject of intensive study during the
past year. The mathematics involved is straightforward but both concep—
tually complex axd structurally abstruse. 1t seems worthwhile to sumsarize
the procedures used and their results to date on a purely conceptual besis,
with the objective of providing a coherent .- count unencumbered with
mathematical obscurities.

The story starts with very high—quality aerospace graphites having
such good structures that they are relatively transpareant to sound. These
materials may therefore be sear:hed sonically and their flaw character-
istics determined nondestructively. This has led to a somewhat idealized
dichotomization of flaws into two types, background and disparate. Ome
visuaslizes background flaws to be quasi-continuously present and character-
istic of the rav materials and their particulsce form. Disparate flaws
are generally introduced during fabrication, are much larger in size, and
occur 8 isolated defects. From the general nature of graphite manufacture,
one would expect this picture, pro able for the sonically transparent
materials, to be a general situation. On this basis, we began our sta-
tistical search in the H451 tensile data for the occurrence of disparate

flawvs and the extreme penalty they impose on strength.

5.3.2.1 Tolerance Limits and Varisnce Analvsis

From the viewpoint of the design engineer, the probability of a
structural failure is couched in terms of a statistical property called a
“tolerance limit.” This leads to s statement of the form, "I am 952 con-
fident that 992 of the material {s sbove my minimum acceptable strength.”
We might translate this expression into the form, "If 1 build 100 reactors,
I will expect 1T or less of the graphite fuel blocks to fail in 95 of the
reactors, but 1% or more in the other five reactors.” This statement may
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seem weak, but it is precise and litersily re«juires thousands of dats
points, for one must have a very well-defined knowledge — not of all the
data but, rather, of the lowest 1X of the data. And on the bagis of that
knowledge, we reject all graphite having strength properties that lead to
the occurrence of the lower 1X of the datas.

This rejection (truncation) must obviously be made on a billet-by-
billet basis. One can hardly obtain enocugh data on 2 single billet to
determine whether or not to reject it. Not only would the cost be pro—
hibitive put we would destroy the billet in the process. Thus, we must
reach a decision to keep or reject a given billet by pooling our knowledge
of many billets and assuming that they have certain similar statistical
properties and then rejecting a given billet on the basis of very few data
points on that billet. The key words are “certain similar statistical
properties,” and this reduces to the hope that variability within a billet
is a common property of all billets regardless of their average stremgth.

These considerations lead us to a variance snalysis procedure: we
assume that the billets have a common variasbility characterized by a stan-
dard deviation o, (v = within billet) but with billet mean strengths that
are also variable and characterized by a standard deviation o} (b = between
billets). To apply this procedure requires that we show that a common ¢,
does exist over all billets (variance homogeneity), and for the case of
H45]1 we find this is true, specifically

oy = 1.38 MPa (27 psi),
op(axial) = 2.28 MPa (331 psi),
op(radial) =~ 1.03 MPa (149 psi),

vith mean strengths of about 12.8 MPa (1860 psi) axial and 16.1 MPa
(2340 psi) radisl.

But these results would apply only to the materisl if it were free of
disparate flaws, and these present quite a different problea.
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5.3.2.2 Suewmess; Disparate Flaws

We have argued above that we must accept and feject,billets on the
basis of an individual billet characteristic only and have concluded that,
if varian~e homogeneity exists within billets, such a goal is attainable.
If we look at each data subset representing an individual billet, we find
that homogeneity Joes not exist and quickly rocognize that homogeneity
fails because frequently one or more "too low™ values of strength occur.
This is exactly the data characteristic we would expect to be introduced by
the disparate flaw, an occasional very weak specimen. Such a distribution
is termed "negatively skewed” (i.e., it has too meny values occurring in
the negative tail of the distribution).

We must now dichotomize the strength measurewents into two categories,
those characteristic of the pacrkground flaw field and those characteristic
of the disparate flaw, but we must also recognize that such a dichotomiza-
tion is artificial. We accomplish all this by use of the Nair criterior
at the 52 level. That 18, if a very low (or very high) strength value
exists in the data subset that is very unlikely for the number of measure-
ments that exist, we classify it as a disparate and defiaxe this by accept-
ing a 5X rick that the point we so classify {s incorrectly classified; one
time in twenty it does indeed represent a true low point from the back-
ground flaw field.

This method of classification is statistically sound and leads to two
very important results. First, it homogenizes the variances (i.e., after
truucating the data within billets, all bil}ets are found to behave as
though they possess a common standard deviation o,). Second, it ties the
disparates directly tn the billet mean strength; in other words, we may
eliminste the dangerous disparates on the basis of the relatively few
measuresents necessary to define the billet a7erage strength.

In summary, wve find that the disparate flaws occur about 3.8% of the
time for the specimen size employed, lie on the & serage about 5.03 MPa
(730 psi) below the billet mean, and are thrmselves chacacterized by a
standard deviation of about 1.07 MPa (155 psi).
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5.3.2.3 Characterizing the Tolerance Limit

We now see that the tolerance limit is completely dominated by the
digparate flaws. At the mean value for the strength within the disparate
distribution, the background flaw field contributes only about 0.1% of
the total distribution below that mean, whereas the disparate flaw field
contributes 1.92 of the distribution. If we desire 99X of the population
to lie above our minimum acceptable strength, then we must require that
only about 75X of the disparate strengths lie aﬁove this ainimum. This
is, in a sense, s most happy result in that we do not need to know well
the tails of the'dispnrate distribution because we must reject s large

fraction of it. Omnly relatively crude estimates of its mean and standard
deviations are required. We can indeed make the statement that we are 99X
confident that 99 of the population will lié above 6.62 MPa (960 psi)
tensile strength radial and 9.93 MPa (1440 psi) axial.

The above analysis also indicates where material improvement must be
sought. Improving the mean strength will tend to move the disparate
distribution upward and decrease its contribution to the effective tail.

But obviously the key improvement is to decrease the occurrence of dispar-
ate flaws. The problem in the end 18 an economic one: a higher price for
a berter quality graphite versus the economic penalty of severe truncation
in a lover quality graphite. '

5.3.2.4 Problems and the Future

The above results are still open to revision, although the general
conclusions will stand. The key ertof is the severity of the truncation;
it has removed too much of both tails leading to a so-called plstykurtic
distr’>tion. The result is an underescimste of the within-billet vari-
ance ¢, and this error threads through all aspects of the calculation.
The error will probably be largely eliminated if the upper tail is not
truncated.

A more basic problem exists in that we postulate the occurrence of
disparate flaws as characteristic of graphite in general. We find that
a statistical anslysis of an a:rospace graphite confirms the results
of sonic testing and that compressive strengths in a fibrous composite
graphite also indicste a mild negative skewness, as might be expected for
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compression rather than for temsion. It will be most interesting to see
if the above statistical analysis applies equally well to Stackpole 2020
graphite, and here we may fprecee the development of an adequate data base
over the next year.

5.3.3 Improved Moderator Graphite — C. R. Kennedy

A development program to obtain a moderator graphite with improved
mechanical properties has been initiated by GA Technologies, Inc. (GA), ‘
and Great Lakes Regearch Corporatio. (GLRC). The primary activity st ;
Oak Ridge National Laboratory (ORNL) on this project was to assist in
evaluating the experimental materials. This was done primarily with non-
destructive techniques, with th: objective of eventual use of these tech-
niques to evaluate full-scale billeis for reactor use. We also included
as control§ in these evaluations representative materials from our frac-

ture wmechanics and HFIR irradiation programs.

The nondestructive characterization (NDC) procedures were in two
steps: (1) inspection of the subsize experimental billet as a whole, as

received from GLRC, and (2) inspection of smaller cut-up sections. The
initial NDC of the whole block was to gain experience for valid evaluations
of future full-scale blocks. The NDC of the sections was to determine the
variability within the billet and to have a more direct comparison of the
NDC to deatructivé tensile test results performed at GA. Inspection of
the blocks included

l. bulk density,

2. wmeasurement of longitudinal and shear wave velocities in both the
axial and radial directions,

3. s@measurement of the ultrasonic attenuation of the longitudinal wave in
the block,

4. wmeasurement of the eddy current response, and

5. low-voltage radiograph of a 19.05-mm~thick center slab cut from each
block.

All the measurements were ref.renced to a8 25.4-mm grid scribed on the
ends of each block at 25.4-mm intervals as 0, 90, 180, and 220° down the
sides from top to bottom. After the full billet was examined, it was sec-
tioned and reexamined.
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A central 19.05-um slab was removed from each block and radiographed.
The resulting radiographs, contact printed for ease of overall examinotion,
gave clesr indications of concentrations of high-Z contamination within
the blocks. They also gave clear indications of structural irregularities
due to preferred orientation of pores from working as well as evidence of
density gradients both from impregnation and, on a finer scale, froa mix-
ball retention. The radiographs yield a quick oversll relative estimate
of block quality.

Sonic measurements of velocity to obtain the Young's modulus E and
the sonic attenuation o for estimating defect size can be used to predict
the tensile strengths, as outlined in previocus studies on oxidatiom and
irradiation.? The parameter (E/a)1/2 fg shown to be a relatively good
estinate of the tensila gtrength in Fig. 5.11. Not only do the means
compare well, but the coefficients of variation also compare well, as
shown in Fig. 5.12. These plots demonstrate the potentisl of these sonic
measurcments to estimate both the mean value of strength and the varia-

- bility. We recognize that these billets are subsize and that continued
development will be required *o &v*-ad these principles to full-scale
blocks. The ability to estaplish dependable NDC techniques significantly
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Fig. 5.12. Comparison of the coefficients of variation in axial ten-
sile strength with (EYa)‘/z from each segment.

increases the confidence in the performance of the material. It is impor-
tant to realize that these techniquees evaluate essentially all the block
volume, whereas sampling the end of a block really evaluates only that end
of the block.

The sonic evaluations were a}oo used to evaluate structural uniforsity.

The (E’/a)ll2 results were initially compared for hOlogéneity of variances
by the Bartlett test. Given in Table 5.5 are the calculated values of

the Bartlett test parsaeter 12, uh;ch are to be compared with percentage
points of the y2 distribution. For values of X2 greater than 7, the
hypothesis of homogeneity must be questioned. For X2 greater than 10, the
variances lack homogeneity, and any further comsparisons are also in doubt.
The within- and between-group standard deviations are given; the P-ratio
for groups with the same means would have a very low value of less than 5.
Billets having FP-ratios greater than 10 definitely imply differences in
the means. It should be recognized, however, that this test must be
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preceded by a test of homogeneity for validity. Therefore, the datas
obtained from sevcral of the blocks that failed the Bartlett test csnmot
be compared on the basis of the Fbstatistic.

The billets in group III all passed the Bartlett test and were insen-
sitive to the dry cores in billets MBl-1, MB1-3, and MB2-1. Billets MB2-3
and MB3-1 indicated a difference due to the .dry core in MB2-3 and a weak
center in MB3-1 (confirmed by tensile testing). The billets in group IV
indicate weak centers in MBA and MB5. ‘There is no other test to corro-
borate these differences; however, the sensitivity levels in these data
are very high, and these small differences may not be relevant. Billets
MB9 and MB10 indicated a high level of uniformity, confirmed by other
evrluations as well as by tensile testing. Croup V, represented by billet
MB14-1, was in good agreement with other evaluations, including temnsile
testing. Group VI was not evaluated. Group VII billets all indicated
good homogeneity but low values of (E/a)!/2 at the ends or centers. These
billets were tensile tested and did not confirm the differences in the
means. In each case in which the top of the billet was indicated to be
very strong, this result was actually confirmed by tensile testing, but
the differences were not as large as projected. The parameter (g/¢)1/2
in these blocks appears to be more sensitive to the structure thea the
tensile strength. The remainder of the billets in groups VIII, IX, and X,
except for MAB27-3 (which did not indicate homogeneity), had slightly
higher values of (E/a)}/2 at one or both ends.

In all, these billets are very uniform, connidéring that they were
made from small experimental batches. Larger production batches should be
expected to possess improved uniformity ever with a scaleup in billet
size.

Although strength is very important in evaluating graphite, it is
exceedingly important that the fracture toughness is not reduced in the
process. Therefore, selected billets were fracture-toughness tested by
use of short-rod specimens in comparison with grade H451. The results
given in Table 5.6 with available tensile test results are very
encouraging. All except MIB-25 had a fracture toughness value greater
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Table 5.6. Fracture toughnesa testing results

Block Krc C1c af?iﬁ“iu “‘:21 e
ora /@) (Pam) NS Qera)
MB2-1 1.54 250 8.68 13.3
uB-10 1.41 115 7.81 12.84
MB-14-1 1.54 236 7.15 14.66
MB-20-3 1.60 244 5.34 17.62
MIB-25 1.19 153 3.06 17.29
B-451 1.39 218 8.69 12.0

®efect size, 2/x(l — ui)kpyop?-

thaa B451. 1In that flaws and defects are bound to exist in the core )
structure graphite, it is more important to have a h:lgh fracture toughness
than a high strength. These results are very promising indications that
both improved strength and fracture toughness can be obtained.

It is also important that the radiation damage data base not be lost
by these relatively minor changes in fabrication proc.dures to confirm
that the continued irradiation resistance specimens from a selected
billet, MB2-1, were directly compared with HBA51 in capsules HETK-5 and -6.
The results (Fig. 5.13) give the volume changes with fluence. It is

ORNL DWG 539132
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Pig. 5.13. Comparison of irradistion rasistance of FAS1I with that
of H451.
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obviocus that the expected lifetimes are identical. The only difference is
that B451 shows a wild extrusion texture while H4511 (MB2-1) exhibits a
mild molded texture. In all, it seems quite realistic and probable that a
new moderator graphite with significantly improved mechanical properties
can be produced without a loss in the high texture toughness or irra-
diation resistance inhereat im BH451.
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6. HIGH-TEMPERATURE REACTOR PHYSICS STUDIES
(WBS OR1304 and OR1501)

D. E. Bartine

6.1 INTRODUCTION

The reactor physics studies performed this past year under the High-
Temperature Gas—Cooled Reactor (HIGR) Analysis effort were concermed
mainly with performance of the prismatic HIGR. The thermal-hydraulic
effort extended previous work so thai the use of one-dimensional (1-D)
flow in a three—dimensional (3-D) neutronizs problem became availsble fnr
routine use in our analysis. Fuel temperature distributions and avers;~e
vere included in the ocutputs to allov meaningful comparison betwv.er cases.
Options on ccolant flow orificing were studied and made available o the
code user.

The depletion—perturbation theory was tested further for use in sen~
sitivity and optimlzation studies. Results from 1-D models of the small-~
core modular sector are encouraging. Benchmarking of low—-enriched uranium
cross sectiouns was initiated under an agreement between Osk Ridge National
Laboratory (ORNL) and GA Technologies, Inc. (GA). The thermsl-hydraulic
modeling of a continucusly fueled pebble—bed reactor (PBR) was upgraded to
calculate fuel temsperature distributions under various fueling conditions.

6.2 HIGH-TEMPERATURE REACTOR METHODS DEVELOPMENT

6.2.1 Thermohydraulic Model — D. R. Vondy

The development of thermal-hydraulic methods for the prismatic I'TGR
continued this past year, with emphasis on enhancing compatability with
our 3~D neutronics code system, the accounting and calculsation of meaning~
ful temperature averages and distributions, and the treatment of coolant
orificing. We now make routine use of the code in our analysis, and for-

mal documentation for application is in progress.
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The local high-temperature reactor (HIR) thermsl-hydraulic capability
was extended to permit results by use of pover density data for 1-D, 2-D,
and 3-D neutronics problems. The 1-D coolant flow treatment in a 3~D core
may be used to model an X,z problem given z neutronics data or a tri,z
problem given fri neutronics data for a plane traversing the hexagonal
asseablies. The third axial coordinate is sdded by specifying the number
of mesh points and an axisl power density distribution function. Also, r,z
geometry is treated directly with certain limitations, and of course the
coding was primarily to treat 3-D problems directly.

An option in our modeling is that the coolant flow can be controlled
with orifices to satisfy some objective function. Defining the coolant
outlet temperature as the average of the tesperatures of the coolant
exiting channels associated with each orifice, the ocutlet temperatures
aight be made equal, recognizing that this should be a practical mode of
operation. In preparing the documentation, care was taken to explain
that this solution is highly idealized. Considering that measurements are
necessary and are certainly subject to intetpretation as well as failure,
this ideal state cannot be schieved in practice because of imperfect asso-
clation of orifice, coolant flow, and temperature. However, this condirion
is desired as a solution for a basic analysis. The procedures were added
to produce a second solution routinely as a perturbation from the reference
so that additional information is always generated. This second solution
is obtained with a lower limit placed on the orifice resistances, generat-
ing information of a practical nature. This condition 1is also desired
as a solution for a besic analysis.

6.2.2. RKeutronics Models — D. R. Vondy

We contimue to upgrade our basic analysis system, including the
neutronics code VENTURE (ref. 1). Special procedures are sometimes
necessary to treat large thermsl i1eactors, and within our HTCR analysis
effort we have made improvesents it our basic capability.

The VENTURE neutronics code all »s treatment of the equilibrium !35%e.
In the neutron balance equations, this code sllows a nonlinear loss term
that depends on the local fission rate and the 135Xe decay, chain yield

e
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fraction, and microscopic cross sections. Treating equilibrium 135Xe 1
useful to prevent a false spatial oscillation of the flux when the history
of a large core is treated in discrete exposure time steps.

A difficulty wvas identified in estimating the optimum overrelazation
coefficients. The spectral radius of the space pioblem at each energy 1is
estimated with {teration without acceleration on the nonsource problea by
use of an %) norm. A simple cxtrapolation scheme has been in use to
attempt to extract an error contribution from this estimate. Examinmation
of the results for a mmber of HIR problems showed that this extrapolation
procedurc ircjucntly failed. With the overrelaxation coefficient seriously
underestimated, the solution process is often very slow. A nev procedure
vas tegsted and adopted, which extracts two eigenvalue contributions from
the estimate of the dominant one.? An example of the results for s many-
meshpoint problem is shown in Table 6.1. Here the eigenvalue is the
square of the spectral radius. Extracting a value becomes more difficult
as the eigenvalue approaches unity. Note that the extracted data shown
tend to an asymptotic value, as does the related overrelaxation coeffi-
cient. The final value (1.787) was judged to be acceptable for use in
this case, sufficiently close to the optimum. The extracted value after
20 iterations is more accurate than the reference estimate after 60

iterations.

Table 6.1. Example of the results for a many-meshpoint problem

Norm estimate Extracted estimate
Iteration E{genvalue Over- Largest of Over-
g relaxation a pair of relaxation
coefficient eigenvalues coefficient
20 0.9567 1.656 0.9811 1.758
40 0.9702 1.706 0.9846 1.779

60 0.9788 1.746 0.9859 1.787
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In modeling the HTGR, good results were obtained with a 3-D wodel
consisting of an sxial traverse and pieces of four fuel blocks repre-
senting four ages associated with 1/4 core refueling. This model reduced
calcunlations to problems that were solved at an acceptable cost compared
with the prohibitively expensive full-core representations, yet vse of the
sodel gave useful information sbout fissile loading, burnable poison,
control rod positioning, power density, and fuel temperatnres.

6.3 HIGH-TEM?ERATURE GAS-COOLED REACTOR ANALYSIS

6.3.1 Depletion Perturbatinn Analysis — B. A. Worley and J. 0. Johnson

This work follows last year's succeesful demonstration of the appli-
cability of depletion-perturbation theory (DPT) to HTGR analysis. The
emphasis this past year was on exteunding the applicability to understand
the potential of DPT better. A modest effort was undertaken to calculate
respons- - in time to changes in beginning-of-cycle (BOC) nuclide densities
for tn 11 250-MW(t) modular reactor design under study in the United
States.?

Calculations have been completed for the BOC and end-of-cycle (EOC)
kefs (effective reactivity) response to changes in BOC nuclide densities.
Furthermore, BOC and EOC zone power fraction sensitivites to changes in
BOC number densities were calculated for the 4-2-2 zoning scheae of a 1-D
benchmark problem. An investigation has been initiated to determine the
proper equilibrium xenon treatment for depletion—perturbation analysis.

The results presented in Table 6.2 depict the change fi. koef (AR) for
s positive 1% change in the BOC number densities. Thus, an increase in
the bottom fuel zone 232Th BOC mmber density of i% will result in a 0.0026
decrease in the BOC k,¢¢ and a 0.0013 decresse in the EOC ko e¢. Note that
the system appears to be undersoderated at BOC because of the positive ky¢¢
response obtained by incressing the carbon number density in the fuel
regions. Also, changes in the carbon number density in the reflectors
have a small effect on kege. The 232Th and 238U responses shift from
n.gative to positive in proceeding from BOC tn EOC in the top and middle
fuel regions because of the shift in the power distribution for the 4-2-2
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Table 6.2. Energy-integrated change in K.¢¢ for a
positive 1I change in the begiming-of-cycle
number densities

Change in Keff

Beginning of
cycle Ead of cycle
Top reflector
12¢ 2.07337 E-06 5.79986 Z-06
Top fuel some
12¢ 7.44008 E-05 ~3.33367 E-05
238y -1.10975 E-06 1.95148 ©-07
log =5.71190 E-05 6.82528 E-05
Middle fuel zone
12¢ 3.82517 E-04 -2.11274 E-04
2321 -6.15682 E-04 3.72184 E-04
238y -7.32630 E-06 2.88723 E-06
10p -2.39625 E-04 2.17332 E-04
Bottom fuel zome
12¢ 1.81472 E~-03 1.25406 E-03
2321, -2.59708 E-03 -1.27624 E-03
238y -5.10583 E-05 -3.67246 E-05
10g -1.03214 E-03 -2.19863 E~-04
Bottom reflector
12¢ 3.23881 E-05 6.63457 E-05

loading scheme. Note that in the bottom zone where 238y 1¢ heavily
loaded, the 238U and 232Th responses decrease and remain negative. The
small positive 10B response for EOC keff in the top and middle fuel zones
18 a result of the small power shifis caused by the 10B-graded losdings.
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6.3.2 Continuously Fueled Reactor Acalysis — B. A. Worley, D. R. Vondy,
and M. A. Savnge‘

The thermal-hydraulic modeling of the continuouslf fueled PBR was
upgraded in the treatment of coolant flow under normal operating condi-
tions. The local code PEBBLE (ref. 4) was enhanced to calculate conditions
for which peak fuel temperatures occur. Pebble surface temperatures are
now recalculated to adjust for local power peaking and for pebble recycles
through the core. Local coolant mass flow is also adjusted to model local
power peaking in 1-D axial models.

Additional information on fuel temperatures within the rore was added
through an accounting of the cumulative fraction of the core above refer-
ence temperatures at 25°C intervals between the meximum and minimua fuel
temperatures. We feel that this addition is a valuable aid for the ana-
lyst in understauding complicated mmerical modeling. An example is the
distribution of fuel versus temperature for two simple situations, coolant
upflow and coolant downflow. Figure 6.1 is a plot of the cumulative frac-
tion of the fuel above several reference temperatures. For example, about
28T of the fuel is above 700°C with coolant downflow. Only 2 or 3% of the
fuel is hotter with upflow. We conclude that a much more complete picture
of core performance is now available.

This work on the continuously fueled core, for which we had already
deve :ped a local thermal-hydraulic code, was a valuable testing and
modeling aid for 6ur HTGR prismatic—core thermal-hydraulic de¢velopment.

Heat removal by radial conduction and crnvection is alsc a concern in
the analysis of accident conditions involving little or no ccolant flow.
Under separate funding, a 1-D finite difference heat transfer code is
being written to calculate fuel temperature distributions ir pebble-bed or
prismatic-fueled HTGRs under conditions of loss of coolaant and loss of
pressure. Of particular interest is the incorporation of the dependence
of the thermal conductivity of graphite on temperature and neutron fluence.
A 1-D steady-state code has been written, which has tne capabilities of
using temperature-dependent thermsl conductivities snd heat generation

*Pcnnoylvnnia Stste University, University Park.
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Fig. 6.1. Cumulative fraction of fuel above reference temperatures
versur temperature.

rates and of treating a multiregion problem in either rectangular or
cylindrical geometries with convective and/or radioactive boundary
conditions. The code has been tested fairly extensively against the
HEATING6 computer code with very favorable results (<0.4% difference).
Features to be incorporated into the code includ- .ne consideration of
radiation as well as conduction effects within the core for the pebble
bed, the temperature and fluence dependence of the graphite thermal
conductivity, and the capability of solving transient as well as steady-

state problenms.
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7. HIGH-TEMPERATURE REACTOR SHIELDING STUDJES (WBS OR1417)

C. 0. Slater and D. T. Ingersoll

7.1 INTRODUCTION

The High-Tewperature Gas—Cooled Reactor (HTGR) shielding work con-
tinued the 1981 efforts to design a two-phase experiment to examine
neutron streaming in the HIGR lower regions. As with previous experiments
performed under other programs, the need for this experiment was cocfirmed
on the basis of detailed design analysis, and the experimental design was
evolved by use of the design results. The following sections review the
design results and show how they were incorporated into the experimental

design.

7.2 THE HTGR BOTTOM REFLECTOR AND SUPPORT BLOCK NEUTRON STREAMING

EXPERIMENT

From the inception of the program, the two major objectives of the
HTGR bottom refiector and support block neutron streaming experiment were
to determine (1) both the shielding effectiveness of the boron pins and a
near optimum number per block and (2) the exteant of neutron streaaming in
the large coolant holes in the bottom reflectors and support blocks.
Because of the size and complexity of the configurations and funding
limitations, the experiment was split into two segments. These naturally
fell along the lines of the experimental objectives. Thus, we have the
boron pin effects experiment to be performed in fiscal year 1983 und the
neutron streaming experiment to be performed in fiscal year 1984. The pre-

analysis and design of these experiments are discussed in later sections.

7.2.1. Final Experimental Design

The final experimental design for the full configuration is shown in
Fig. 7.1. Following a mockup of the Tower Shielding Facility Reactor and
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Fig. 7.1. Plan view of the full configuration for the High-
Temperature Gas-Cooled Reactor bottom reflector and support neutron
streaming experiment.

its concrete collimators is a spectrum modifier made up of 5.08 cm of
carbon steel followed by 30.5 cm of graphite. The spectrum modifier will
be discussed further in Sect. 7.2.4.3. Following the spectrum modifier
are seven test sections (sections A-G), which represent various portions
of HIGR lower support structure. Section A is the upper boron pin layer.
Each of the simulated seven reflector blocks may contain up to 216 boron
pins, which are inserted among an array of small coolant holes. Section B
continues the small coolant holes of section A up to the point at which
the large coolant holes begin in the outer reflector blocks in section C.

Section C also contains small coolant holes in the center column. These

snall holes funnel into the 16.8-cm~diam zenter hole, which in turn funnels
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into the six 19.2-cm—diam outer coolant holes through six 7.62-cm—diam
coolant holes. Section D contains only the six 19.2-cm-diam outer coolant
holes. The lower boron pin layer is section E. As with section A,
section E is followed by a 0.67-cm-thick boral slab to prevent thermal
neutrons from circumventing the boron pin layer by transversing a region
outgide the seven-reflector-block pattern. Sections F and G are mwockups
of the support blocks, with section F beiuy the transition portion where
the large coolant holes in the outer six reflectors merge into the single
large coolant hole in the support block. Section H was iacluded to provide
neutron reflection to section G in the approximate proportion that the
support posts, bcttom liner, and prestressed concrete reactor vessel (PCRV)
provide neutron reflection in the HIGR design. A prototypic mockup of the
support post region was impractical because the large voids among the
support pbsts meant significant coupling among the seven-column regions
vithin the reactor. This would have required a much larger mockup than
the reactor source, funds, or avallable materials would allow. Even a
proposed experiment to measure the neutron streaming effects among the
support posts alone was found to be impractical because it taxed available
resources and because a system to suspend the posts in front of the Tower
Shielding Reactor was not readily apparent. The other sections of the
experimental configuration (sections A-G), however, appear to represent

the corresponding HTGR lower support structure adequately.

7.2.2. Fabrication

After the conceptual design for the experiment was formulated, the
next task was to congfider fabrication and its costs. The more nearly
ideal arrangement of a seven-column pattern fabricated within large
graphite blocks (2.4- X 2.4-m cross section) was rejected as being too
costly because of the large amount of graphite required and the machining
necessary to square the graphite blocke. Instead, efforts were centered
on the fabrication of the experimental configuration test sections within
112- by 112-cm graphite blocks (made up of four 55.9~- x 55.9-cm blocks) and
the use of material on hand for the spectrum modifier, the core support

post-PCRV mockup, and the reflector surrounding the test sections.
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A contract ius negotiated with GA Technologies, Inc., to provide the
fabrication dravings and to fabricate the components because it had experi-
ence in such fabrication. It was also the only one that would fabricate
the boron pins needed in the experiment. Others were hesitant because of
the possible contamination of their graphite works by small amounts of
boron. With a tight fabrication schedule, we were able to get all com
ponents fabricated and delivered by the end of the first quarter of fiscal
year 1983.

7.2.3. Measurements

The experimental configuration of Fig. 7.1 was separated into sec-
tiong, not only for ease of fabrication but for provision that measurements
could be taken behind each section. In some cases, measuremsents will be
made viﬁhin the large coolant holes. With such measurements, we expect to
determine where the calculations and measurements begin to disagree.
Primarily, meagsurements will be made with the bare cadmium—covered and
5-in. Bonner balls at specified distances behind and/or within a configura-
tion. At selected locations, differential flux measurements will be made
vith the NE213 and the hydrogen counter spectrometers and with the 3-, 6-,
and 10-in. Bonner balls. Count rates at these locations serve as checks
on the spectrometer results. Details of the measurement program have been

given in Appendix B of an internal document.l

7.2.4 Preanalysis

The preanalysis of the experiment actually began with the analysis of
the HTIGR design, because the results from that analysis were used in the
design of the experiment. Thus, results of the design analysis are
reviewed in this report before presentation of results from the preanaly-
sis of the experimental configurations. Detailed results from the design
analysis have been publighed.2,3

7.2.4.1. Neutron Strea-ingrPactorl for the HTGR Reference Design

Calculations for the HTGR reference design showed very large

streaming-correction factors for the lower support structure for all
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energy ranges. The streaming of fast and intermediate energy neutrons had
a great influence on the thermal neutron flux at the bottom of the support
block, because the boron pin layers were very effective in lowering the
emergent thermal neutron flux level with respect to the incident thermal
neutron flux. Fast- and intermediate—energy neutrons provided a secondary
source of thermal neutroas through thermalfization in the graphite between
the two boron pin layers and in the support block below the bottom boron
pin layer.

The streaming calculations were performed with the two~dimensional
discrete ordinates transport code DOT (ref. &) and the Monte Carlo code
MORSE (ref. 5). The approximate streaming factors for the bottom reflec-
tors and support block are summarized in Table 7.1, and the streaming
factors for the support post region for radiation levels at the sidewall
are shown in Table 7.2. The streaming-correction factors were obtained
by ratioing MORSE results to results from a DOT calculation in which the

source was corrected for bottom reflector and support block neutron

Table 7.1. High-Tewperature Gas Cooled Reactor bottom reflector
and support block neutron streaming factors

Energy range Avera%;oggctor Aver2:8n;;;tor
Fast (£ > 0.1 MeV) 150 2000
Intermediate (3.05 eV < £ < 0.1 MeV) 480 7000
Thermal (£ < 3.05 eV) 125 1610

Table 7.2. High-Temperature Gas Cooled Reactor
support post streaming-correction
factors for neutron fluxes
at the sidewall

Energy range Factor

Epithernal (£ > 3.05 ev) 5.0

Thermal (£ < 3.05 eV) 2.5
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streaming, but the geometry included a homogeneous mockup of the support
posts. Epithermal neutron streaming factors at the bottom of the support
post region were from 20 to 100X higher than were those at the side of the
support post region. The thermal neutron factors were about the same at
the side and bottom, being slightly higher at the side.

7.2.4.2 Neutron Fluence at the Lower Sidewall Class B Thermal
Barrier Cover Plate

An initial design survey calculation was made on a homogeneous mockup
of the HIGR lower and side regiors. From this calculation we obtained a
maximum value of 1016/cm? for the thermal neutron fluence to the sidewall
thermal barrier cover plate, this value being found at the core level.
The thermal neutron fluence to the sidewall cover plate beneath the core
support block level was about ¢ x 101%/cm2. Subsequent calculations in
vhich the streaming factors of Sect. 7.2.4.1 were applied led to a maximum
thermal neutron fluence of 1.05 x 1018/cm2? at the sidewall thermal barrier
cover plate (beneath the core support block level), this value exceeding
the design constraint by a factor of 10.5. Thus, the overall streaming—
correcting factor at the sidewall for thermal neutrons was about 1750.
Certainly, there 18 a margin for error in this value. Even if it were
smaller by a factor of 10, the shield design would still have problems.
The value of the experiment was made evident on the basis of the need to

get a firm handle on the thermal neutron streaming factors.

7.2.4.3. Spectrum Modifier for the Tower Shielding Facility

For the results of the experiment to be relevant to the design, cer-
tain similarities should exist between the design and the experimental
mockup. Along with the physical similarity, the similarity of spectra
is a most important consideration. Consequently, significant effort
was devoted to finding a suitable spectrum modifier that would alter the
incident Tower Shielding Reactor neutron source spectrum and give an
emergent neutron spectrum very similar to that leaving the bottom of the
HTGR core. Rather than the spectrum modifier of 5.1 cm of carbon steel
followed by 20.3 cm of graphite, whick was reported in the 1981 annual
progress report,® the final design is one consisting of 5.1 ca of carbon

steel followed by 30.5 cm of graphite. The improvement in the agreement
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between e design and experimental spectra can be seen by comparing the
nev results in Fig. 7.2 with the o!d results in Fig. 7.3. Although the
old results showed better structural agreement in the epithermal neutron
range, the spectrum wvas very deficient in thermal neutrons. The new
results improve the thermal neutron fraction of the spectrum and give a

nearly flat flux distribution in the epithermal energy range below 900 keV.

7.2.4.4 Poisoning Requirements for Reflector Surrounding Boron Pin
Layers
One of the problems with the limited mockup of the HIGR lower regions

vas the possibility of a significant mmber of thermal neutrons being abla
to go around the boron pin layers, scatter back into the test sections be-
yond tne pin layers, and make substantial contributions to radiation levels
below the support block. This contrasts with the HIGR design, in which
neutrons must pass through the boron pin layers of the seven-column region
in which it originates or through those of one of the surrounding seven-
column regions before reaching the bottom of the support block. The chan-
ces that the thermal neutron originating above the top boron pin layer will
reach the bottom of the boron pin layer are much less if it has to traverse
the two boron pin layers than if it could circumvent one or both of the
layers. Hence, ways were sought in which to poison the graphite reflector
regions surrounding the boron pin layers to prevent these problems.

The obvious solution to these problems was to extend the borom pin
pattern considerably beyond the seven-column nbckup of the design.
However, this solution was rejected because of much greater coste and the
time involved in fabricating and installing the large number of boron
pins. The second choice was to cover a large region surrounding the seven-
column pattern with a siab of poisonous material like boral to prevent
thermal neutrons from circumventing the boron pin layers. Several thick-
nesses and arrangements of boral slabs were tried and examined for their
effects on radfal and axial Bonner ball count rate traverses and indirectly
on the radial and axial neutron flux profiles. The final arrangement is
that shown in Fig. 7.1, where 152- by 152-cm, 0.67-cm-thick boral slabs

with the seven-column pattern cut from the center are placed at the end of
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each boron pin layer. This arrangement greatly improved the results over
those from earlier arrangements, vhich contained thicker boral slabs at
each end of each boron pin layer but which covered only the 112- by 112-cm
test section and not the graphite side reflector. Calculated radial tra-
verse curves all show outward gradients and consequently no uet gain of

neutrons from the side reflector region.

7.2.4.5. Peripheral Reflector Kequirements

Inherent in the limited mockup of the HIGR lower core support struc-—
ture was the loss of the nearly flat radial traverses across a given
region. The reactor design contains a semi-infinite array of regions so
that there is little loss or gain of neutrons between regions. With the
experimental mockup, there are no identical regions surrounding the
mockup, and the source drops off considerably beyond the seven—column
region. Therefore, one can expect significant leakage from the region.
To congerve neutrons, it was proposed tha* thz tegt gections be surrounded
with additional layers of graphite for neutron reflecti{on and of concrete
for additional reflection and shielding. The peripheral reflectors were
to be constructed from the 10.2- by 10.2-ca by 172-cm-long graphite posts
available at the Tower Shielding Facility. Therefore, reflector thick-
nesgses studied were multiples of 10.2 cm. Ome, two, and three layers of
posts were gtudied. Figure 7.4 shows a two-dimensional model of a mockup
containing the first boron pin sectior and the small coolant hole section.
Shown also are paramefers a, b, and ¢, which are varied to g've the five
cases indicated. Three boral thicknesses a and graphite reflector thick-
nesses b were congsidered. The concrete thickness ¢ was fixed after the
initial choice of graphite and concrete thicknesses (cases A, B, and C) by
increasing its thickness by the amount that the graphite thickness b was
decreased (cases C and D). The boral slabs are shown at both ends of the
boron pin section and extend only to the outer boundaries of the test
sections.

For the calculational model shown in Fig. 7.4, Fig. 7.5 shows a com—
parison of radial traverses for the bare Bonner ball detector at the end
of the small coolant hole section for the degign and the five exprimental

cases. The bare Bonner ball measures mostly thermal neutrons. Of interest
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Fig. 7.4. Parametric two-dimensional R-Z model for the High-
Temperature Gas-Cooled Reactor shielding experiment configuration
containing the boron pin and small coolant hole sections. The
parameters are a, the boral thickness; b, the graphite side reflector
thicknesg; and ¢, the concrete side reflector thickness.
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for the peripheral reflector requirements are cases C, D, and E. As
indlcated, the equivalent cylizdrical radius for the seven—column region
is ubout 50 cm. The figure shous that the count raste of 50 cm compared
with that on the centerline increases with increasing graphite thickness.
Mucl: thicker graphite reflectors could possibly have made the radial tra-
verse nearly flat from 0 to 50 cma. However, the number of graphite pos.:
available at the Tower Shielding Facility was limited. Thus, the 20.3—cm
thick peripheral reflector was chogsen because the results obtained with
it at the 50-cm radius were not much different from those obtained with
the 30.5-ca reflector at 50 cm and because fewer graphite poéts would be
required.

From Fig. 7.5, one can also see the difficulties (Sect. 7.2.4.4) with
the boral slab arrangement shown in Fig. 7.4. With no boral (case A),
many thermal neutroans circumvent the boron pin section and weuld have a
great influence on the thermal neutron flux levels in the test sections
that follow the small coolant “wole section. For the other cases (B, C,
and D) with thick graphite reflectors, the boral masintains the outward
thermal neutron leakage out to a point near the edge of the test section,
but the leakage is inward beyond that point because the "hermal neutrons
circumvant the boron pin section by traversing the graphite side reflec-
tor. Extending the boral to cover the side reflector eliminates that
problem, as stated above.

7.2.4.6. Comparigon of Calculated Neutroﬁ Responses for the
Experiment and the HTGR Reference Design

The degrec t. which the experimer.t successfully models the design
depends on the su~cess achieved in matching neutron responses for the
experiment to those of the design. An integral part of the experiment
preanalysis was the identification of changes in certain param:ters, which
would lead to neutron spectra similar to those of the design. The three
parameters that could be controlled were (1) the spectrum modifier
(Sect. 7.2.4.3), (2) the peripheral reflector poisoning (Sect. 7.2.4.4),
and (3) the peripher-al reflector thickness (Sect. 7.2.4.5). Certain of
these parameters were fixed before detsiled comparisons were made with the

measured spectra.
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Calculations were made on two-dimensional R-Z models of the experiment
and design lower core support structure mockup by use of a 150-direction
biased quadrature set. The quadrature set has 115 directions (many nearly
straight ahead) saway from the core or the Tower Shielding Reactor source.
Calculations were made for three experimental designs. The geometry for the
first calculation performed included 2.54-cm-thick boral slabs'surrounding
each of the boron pin sections as shown in Fig. 7.4 for the first boron
pin section. The peripheral reflector thickness was 30.5 cm. This calcu~
lation s labeled HET3 in subsequent diicuaaions. The second calculation
was performed on the same model except tha® a single 0.64-cm-thick slab of
boral was placed at the end of each boron pin section and that the boral
slsbs were extended outward to cover the peripheral reflectors. This
calculation is labeled HETl. In the HET2 calculation, the HET1 geometry
is modified to include the large coolant hole in the center reflector
column in the model.

Calculated relative bare and 5-in. Bonner bsll count retes along the
axis of the geometry models are shown in Figs. 7.6 and 7.7, respectively.
The design results have been normalized in Fig. 7.6 to the HET2 results at
a common point below the upper boron pin section. The design results
appear to undergo a much steeper depression in the thermal neutron flux
(bare Bomner ball count rate mostly due to thermals) in the upper boron
pin section than do the experimental results. Beyond that first boron pin
section, the agreement between the experimental and design results appears
to be good. The agreement is also good for the 5-in. Bonner ball count
rate as shown in Fig. 7.7. The departure of the design and HET2 results
from the HET1 and HET3 results at 75 cm results from the inclusion of the
large conlant hole in the central colu-h in the former two calculations
and the abgsence of the hole in the latter two calculations. It is Inter-
esting that the HET2 results return to agreement with the HET1 and HET3
results following the second boron pin secti-n. This is attributed to
differences in the tempersture used in processing the thermal neutron
scattering cross sections used in the design calculation versus that used
for processing cross sections used in the experimental calculations. The

boron and graphite thermal neutvon scattering cross sections for the design
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were processed at 550 and 1200 K, respectively, whereas those for the core
were processed at 293 K. The thermal neutron flux should recover at a
higher level in the support block with the higher temperature grap.ite
cross sections than with the room-temperature graphite. Because the ther-
mal neutron flux becomes dosminant in the support block region, 1t.has a
great influence on the 5—in. Bonner ball count rate. So, if the thermal
neutron flux recovers to a higher level in the support block when the high-
temperature—processed cross sections are used, the 5-in. Bouner ball count
rate should also recover to a higher level wvhen the same cross sections

are used.

Relative bare Bonne. ball count rates for radial traverses at the end
or bottom of the support block are compared in Fig. 7.8. The design and
experimental results all show a relatively flat response across the large
48.26—cm-diam (24.13-cmradius) coolant hole and a drop-off behind the

graphite block. The experimental results continue to drop because of the
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finiteness of the configuration, but the design curve levels off at the
cell boundary (50 cm) to about 452 of the value at the centerline. The
design curve levels off because of the reflective boundary coandition used
in the calculation to simulate an infinite array of such cells. The radial
distributions in Fig. 7.8 were averaged over the 50—cm radius of the cell,
and we found that the average for the design calculation was about 5X
higher than were the averages for the experimental calculations. For the
5- and 10-in. Bonner balls, the design results werce about 10Z higher.
These small differences between the design and experimental results ar:
not expected to contribute to significant differences in the calculated
streaming—correction factors for the two because the homogeneous calcula-
tions should partially compensate for those differences.

With regard to streaming—correction factors for the experiueﬁt,
Table 7.3 shows some results obtained for the HET3 experimental mockup
compared with a homogeneous model of that mockup. Absolute Bonner ball
count rates are compared, as are streaming correction factors, at the center
of the cell and at the edge of the cell. Streaming-correction factors on
the centerline vary from 125 to 204, but at the periphery of the cell they
are constant at about 40 for all the Bonner ball count rates. The bare

Bonner ball count rate is a strong indicator of the thermal flux behavior.

Table 7.3. Comparison of Bonner ball count rates at the end of the

support block for homogenous and heterogeneous calculations of
the High-Temperature Gas-Cooled Reactor bottom reflector

and support block neutron streaming experiuent

{HET3 heterogenous model used)

Count rate (counts/(min-W)

Centerline Periphery
B::::r Hetero- Hetero-
Homo- Hetero-  Beneous: Romo- Hetero- geneous:
Homo- Homo~
geneous geneous geneous geneous
geneous geneous
ratio ratio
Bare 1.1850 E+1  1.4853 E+3 125.3 7.3152 2.8984 E+2 39.62
2-in. Cd-covered 3.7181 E-1  4.8682 E+l 130.9 2.2919 -1 9.0865 39.65
5-in. 1.3265 2.330 E+2 175.9 8.0536 E-1 3.2025 E+1 39.76

10-in. 1.4174 B-1  2.8885 E+1 203.8 8.4080 E-2 3.3397 39.72
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Thus, one would expect a thermal neutron flux streaming—correction factor
of 125 along the cell centerline. This is almost the same result as the
average stresming—correction factor, which was calculated for thermal
zeutrons for the degign by use of the two—dimensional geometry model. The
influence of the epithermal neutrons is felt in the other Bonner ball
coﬁn: rates, where part of the thersal neutron influence is eliminated by
the cadmium cover over the Bonner balls.

The comparisons of calculated responses for the experiment with those
for the design showed that reasonable agreement between the distributions
of the responses can be achieved and that similar streaming-correction
factors can be expected. Close agreement between the two will certainly
make the task of applying the experimental results to the design much

eagier.

7.3. SUMMARY

The HTGR bottom reflecter and support block neutron streaming experi-
ment configurations were designed, preanalyzed and modified, and fabricated
and delivered. Because of funding limitations, the experiment was divided
into (1) the boron pin effects experiment and (2) the neutron streaming
experiment. The experiment was preanalyzed so that certain components
could be modified to make calculated neutron spectra within the experimen-
tal mockup similar to calculated spectra for the design. This helps to
ensure the relevance of the experimental results to the design shielding
analysis. The preanalysis results indicated that we can expect to obtain
neutron spectra and Bonner ball count rates from the experiment very simi-
lar to those calculated for the design. And since it is impractical to
mock up the support post region at the Tower Shielding Facility, we must
continue to rely on calculations for the streaming factors for the support

post reglon.
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8. HIGHE-TEMPERATURE REACTOR COMPONENT FLOW TEST LOOP STUDIES
(VBS OR1417 and OR1428)

J. P. Sanders, A. G. Grindell, and W. P. Eatherly

8.1 IRTRODUCTION — J. P. Sanders

The Component Flow Test Loop (CFTL) is a large high—pressure high-
temperature test facility capable of circulating helium with controlled
levels of impurity through primary system High-Temperature Gas-Cooled
Reactor (HTGR) components. The loop can be used to obtain engineering
studies and to verify performance of these components under steady-state
or transient operating conditions that represent normal, upset, or
emergency operation.

Outstanding features of the loop include three ghc-bearing circu-
lators with individual variable-frequency power supplies, vortex shedding
flowmeters, a 5-MW power supply for heating the helium, and a data acqui-
sition system (DAS) with an analogue-to-digital converter (ADC). The
gas-bearing circulators permit operation without contamination from a
lubricant, such as oil or water, on the shaft. The three 250-kVA power
supplies for the circulators provide an output of 440 V at controlled
frequencies from 0 to 400 Hz. Commercial vortex-shedding flowmeters were
modified and calibrated to provide flow measuresments in both 4- and 6-1in.
pipe with an accuracy of $1% of full-scale reading over & flow range of
1 to 150.

Transformers at the site provide a total power of 6.75 M at a secon-
dary voltage of 440 V. The primary voltage of 13,800 V is supplied by a
40-MW substation at the perimeter of the building. Of this total capacity,
one 1-MW transformer provides power for the three variable-frequency power
supplies, a 0.75-MW unit provides all utility power for the loop, aud two

2.5-MW units provide power to heat the circulsting gas to the desired
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tempersture. At present, one 0.5-MW motor-drivean induction regulator
controls power to an installed helium heater. Two additiomsl 0.5-MW regu-
lators are in place but have not been connected with appropriate cable.

The DAS is a PDP-11/34 system with two disks, two tape drives, and an
on-line printer-plotter. The RSX~11M operating system is capable of
multitasking so that data can be stored and reduced concurrently. The 640
channels of the ADC can be interrogated in any order and at any frequency
up to 10,000 data points per second under control of the computer.

8.1.1 Background

Construction of the CFTL was initiated in Angust 1977 under the
Gas—Cooled Fast Reactor (GCFR) program. Financial support from that
progras wvas continued through September 1981. The total contribution from
this funding for the actual comstruction was about $9.6 million. 1In
June 1981 the facility was transferred to the national HIGR program, and
about $825 thousand was made available through September 1982 to perform
appropriate modifications to the facility.

Because of this shift in the planned application of the facility,
significant modifications had to be made in the major characteristics of
the loop. For example, the proposed test structure for the GCFR was a
syametrical segment of a core fuel or blanket assembly. These assemblies
were to be electrically heated to simulate their thermal performance. The
heat, added to the helium by the test structure, wvas to be removed in an
air—cooled heat exchanger. For the HTIGR application, the heat needed to
bring the helium to the required temperature at the test structure must be
added in a heater separate from the test unit.

The normal operating pressure for the HICR of 7.2 MPa (1050 psia) can
easily be accommodated by the design for a nominal GCFR operating pressure
of 10.6 MPa (1540 psia). The rcquired saximua temperature for HIGR testing
of 1000°C (1830°F) can be included in the loop operstion in the same
manner as the msximum test temperatures of 600°C (1100°F) for the GCFR.
These temperatures are confined to the interior volume of a test vessel,
and the temperature of the pressure boundary is liajted by an internal
attemperation flow of helium at the circulator discharge temperature.

This attemperation flow mixes with the hot gas before it exits the vessel.
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The planned tests for the core assemblies for the GCFR required rapid
and precisely controlled transients in both power and flow. Testing for
the primary system components for the HIGR requires either steady-state
testing or testing with relatively slow transients that can be controlled
manually. As a comsequence, some power control festures have been tem—
porarily bypassed, and another small PDP-11/03 computer that was to be

used as a direct digital controller has neither been prograsmed nor
installed in the loop.

8.1.2 Status

Funding provided by the GCFR program provided completion of the loop
to a designated "Stage Alpha.” This configuration closed the circulating
loop by replacing the test vessel with a section of 4-in. pipe. It pro-
vided no connections to the DAS and no electrical heaters.

The construction for Stage Alpha was completed in September 1981,
and all three circulators were operated at 17,000 rpma. Problems with the
position indicators for the gas-bearing surfaces were alleviated, and oper-
ation of the three units at the design speed of 21,000 rpm was attained in
December 1981.

At that time, all operation was suspended so that modifications could
be made for the Core Support Performance Test (CSPT) series for the HIGR.
These tests required fabrication and installation of a test vessel to con-
tain the test structure and the helium heater and the procurement and
installation of an impurity measurement system (IMS) and an impurity
control system (ICS). The loop configuration with _he test vessel in-
stalled is shown in Fig. 8.1.

By December 1982 the vessel had been fabricated and installed. This
vessel used many components that had been ordered and received but not
installed during the previous construction effort for the GCFR testing.
The ICS had been designed and installed, and the IMS had been ordered but
not received. To permit an orderly schedule for testing, an interim IMS
with manually operated equipment was in place at this time.

In December 1982 gfter the loop had been closed, a TEST P-1 geries
vas initiated to determine the loop characteristics without the installa-
tion of the test structure. This series initially determined the lesk
rates at varying pressure levels and the overall systes volume.
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Fig. 8.1. 1Isometric of the Component Flow Test Loop modified for the
Core Support Perforwance Test.

This TEST P-1 was inserted in the CSPT series after it was determined
in small loop experiments that the material from which the loop was con-
structed could promote a reaction among the chemically active components
in the helium at the initial composition, temperature, and pressure pro-
posed for the experiment. TEST P-1 will subsequently determine the ability
to maintain the required composition in loop, and this series of tests will
determine whether or not the effect of the loop surface will be passivated
with time. The series will also explore the kinetics and dynamics of the
gas—phase reactions in the circulating stream.

After TEST P-1 is completed, a column of graphite pieces fabricated
from of f-the-ghelf Stackpole 2020 graphite will be placed in the test
vessel. This right circular test column will then be exposed to helium
with controlled levels of impurities to establish the accelerated corrosion

rate. This series of te:r conditions has been designated as TEST ZERO.
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Following these initial tests, the actual test of a simulated segment
of the core support structure will begin. This subsequent test sequence
has been designated as TEST ONE.

8.1.3 Core Support Performance Test Application

The initial application proposed for the CFTL was a test to determine
the performance of the core support structure for an HIGR. The core sup—
port structure (Fig. 8.2) consists of a graphite slab supported by three
graphite posts. At the contact point between the post and the slab is a
graphite insert called the “post seat”™ (Fig. 8.3) and at the bottom of the
post, a similar post and seat configuration.
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Fig. 8.2. High Temperature Gas-Cooled Reactor core and support
structure. Drawing provided by the GA Technologies, Inc., and used with
its permission.
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Fig. 8.3. Details of High-Temperature Gas—Cooled Reactor core sup-
port structure.

To permit relative movement at the junction of the post and the seat
during a seismic event, both the end of the post and the dish of the seat
have a spherical curvature. The radius of curvature of the post end is
less than the radfus of the seat so that, in effect, there is a point con-
tact at this interface. In application, the graphite at this point will
elastically and inelastically deform and generate an area of contact suf-
ficient to sustain the load under a finite stress state believed to be
below the fracture strength of the graphite. The concentration of stress

in this area 1is usually denoted as Hertzian stress.
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The geometry of the core support structure thus presents an area of
stress concentration at the apex of a narrow slit between the spherical
surfaces. The degradation in the strength of the graphite due to long-
term corrosion could result in loss in the required structural performance
characteristics. A seisamic event could result in a shift in the area of
stress concentration to either a degraded or deformed area and produce a
failure of a post or its seat.

The importance of the reliability of the structure is emphasized by
the fact that it is installed for the operating life of the core, which is
assumed to be 40 actual years or 32 full-power years. Although the curreat
design of the core support structure permits replacement of the components
during the operating life of the core, this replacesent can only be accom
plished during an extended period of nonavailability of the reactor. Im
addition, failure of the core support structure during operation has impli-

cations concerning the safe operation of the reactor.

8.1.4 Other Applications of the Loop

In general, the CFTL can be used to evaluate the engineering perfor-
mance of any of the major primary loop components of the HYGR plant. The
test for some of these components falls more easily within the loop charac-
teristics than it does for others. During the past year, the major effort
vas an evaluation of the loop as & test bed for the performance charac-
teristics of the core auxiliary heat exchanger (CAHE). This unit is a
component of the core auxiliary cooling system (CACS) and is therefore
part of the safety system of the reactor. The performance of this unit
must be determined under a variety of operating conditions.

The CFTL provides the flow of gas at the controlled composition,
temperature, and pressure needed for the test. It has the power supply
necessary to provide the required input of heat, and it has s DAS appro—
priate to the needs of the test. A circulating water system vwith an
appropriate heat dump to remove the heat from the secondary side of the
CAHE would have to be added.

The CFTL circulators, which are connected in series, will not now
provide the required volumetric flow for the test of a 19-rod full-length
CAHE bundle. It would be possible to provide approximately the required
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flow if the piping at the circulators were modified to provide parallel
flow from the three units. Preliminary cost estimates indicated that this
piping revision would be expensive, however, and alternative methods of
meeting the test requirements are being investigated.

Other primary system components that have been considered for evalu-
ation in the CFIL include a section of the primary steam generator, a
section of an interlediaté ueat exchanger for intermediate loop in an HIGR,
a reformer, the thermal berrier, and the flow control devices at the inlet
to each region.

8.2 CORE SUPPORT PERFORMANCE TEST REQUIREMENTS

The general attributes and the importance of testing the core support
structure have already been outlined. The important attributes of this
test are that the actual size and geometry of the post-seaf interface will
be represented and that a structural load will be applied to simulate the
structural loading. Since the structure cannot be tested for 1ts actual
iifetime of 32 full-power years, we =must simulate the amount and the nature
of the -orrosion in a shorter period of time. The ability to simulate this
corrosion in the shorter test interval is vital to the validity of the
t-sting.

8.2.1 Status of the Study — W. P. Eatherly

Dv-ing 198" the preliminary calculations of oxfdation behavior and
material compatibility in the loop, particularly in relationship to the
actual rractor, were critically examined, and a number of preliminary
experiments were performed. To summarize, the ability to perforam meaning-
ful experiments on the graphite support structure remains unquestioned,
although the knov.ledge of the graphite oxidetion behavior in any detail
reacins uncertain.

The :initial tests in the CSPT series will establish the loop behavior
and the anticipated graphite behavior in the loop. These tests, however,
do not provide information on the pressure-dependent behavior of the oxi-
drtion of Stackpole 2020 graphite. This dependence must be obtained by

laboracory-scale tests. A major objective of the continuing work is to




153

egtablish this data base, at least in outline form. To this end, experi-
ments have been defined to be performed in the high-pressure loop BOVA at

KPA, Julich, or in the loop at GA Technologies, Inc. (GA). These experi-
ments are specified to determine the pressure dependence of the oxidation

of graphite. 1In addition, experiments at 100 kPa (1 atm) will be conducted

at GA in its microbalance systems to determine the coefficients of the

rate equations as they reflect the inhibiting effects of water vapor and

hydrogen. The comparative oxidatZon rates of Stackpole 2020 graphite ver-

sus other grades will be determined at Oak Ridge National Laboratory (ORNL).
Although the results obtained in the past year leave open many

details of the CSPT series, results of a definitive nature will be

available before the first test simulating the post-seat geometry is

initlated.

8.2.2 Basis for Selection of Accelerated Test Conditions — R. A. Strehlow

Accelerated graphite corrosion tests are based on the assumption that

rhe rate of corrosion follows the kinetic expression
Rate = kP(H,0)/(1 + Kk P(H;) + kP(HZ0)] .

This relation indicates that at high-water or hydrogen partial pressures,
the rate is not proportional to the partial pressure of water P(H,0);
that is, there is an impedence by either hydrogen or water. Since the
périeation or penetration of water into the pores of the graphite is pro-
portiona’ to the pressure of water vapor, it should be possible to select
concentrations of both water vapor and hydrogen to duplicate at a markedly
enhanced rate the degree of penetratiug corrosic- in a reactor environment.
Earlie: calculations predicted the conditions to simulate a six-month
test of the corrosion expected in a reactor environment in 32 full-power
years.l Because of the need in the CSPT geries to provide corrosion pro-
tection for the molybdenum heaters used in the CFTL, it was necessary to
increase the ratio of hydrogen to water vapor to 10 from the value of 5
chosen earlier. This does not appear to affect eithcr the expected degree

of penetrating corrosion or the extent of corrosion sig.ificantly.
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The assumptions still include the premise that there will not be a
significant catalytic effect at the extrapolated temperature, which woc.ld
nitigate the applicability of the rate expression. Other assumptions,
including the question of applicability of the rate expression and the
precision obtained with extrapolation, might affect the exact conditions
chosen for the accelerated tests but 1ot the conclusion that conditions
for conducting an accelerated test can be chosen. The preliminary TEST
ZERO will assist in determiming more exactly the optimum conditiéns for
subsequent tests.

8.2.3 Material Compatibility Studies — J. H. DeVan

Chemical interactions smong materials selected for use in the CSPT
are being examined for their possible effects on loop performance and on
graphite reactivity. Those reactions stesming from impurities in the
helium coolant are reviewed in Sect. 4.3.1, and reactions occurring at the
interface of mating structural materials are reviewed below.

Aluminum oxide (Al,03) is incorporated into the internal structure of
the CSPT to support the high-temperature (HT)-molybdenum heating elements;
it 1is also one of the possible barrier materials between the graphite test
structure and the loading post. As described previously,? we have conducted
compatibility tests to determine the extent of contact interactions between
Al ;03 and relevant mating materials. Test specimens consisted of 6.4-mn~0D
(1/4-in.) HT-molybdenum rods placed in tight-fitting 6.4-mm semicircular
grooves in Coors (>99.92) Al,0; and in Stackpole 2020 graphite blocks. The
block and rod assemblies were supported on a Coors Al,03; plate. Duplicate
assemblies of each material combination were placed in a vacuum furnace
(pressure <1.3 x 10™% Pa) and heated to 1370°C.

After 3000 h, both the Al,03 and graphite had bonded to the molybdenum
rods. The assemblies were cut normal to the axis of the rod, and the cut
sections were examined metallographically. The reaction between the Al,0;
and RAT-molybdenum was extremely superficial; there was no evidence of
significant material transport into the Al,03; or of oxide or aluminide
phose formation in the molybdenum. 1In contragt, at the contact surface

between the molybdenum and graphite, a continuous carbide phase had grown
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into the molybdenum to a maximum depth of 2.4 mm (0.093 in.). An unex-
pected finding in this test was the decomposition of Al,03 produced by
contact with graphite. Depressions about 1.5 mm deep formed in the Al,03
support plate directly under the graphite blocks. No bonding occurred
between the graphite and Al,03;, and the weight loss of graphite was insig-
nificant compared with the loss of Al,0; associated with the depressions.
The results of this test were assessed as follows:

1. No degradation of the RT-molybdenum heater elements should result from
contact with Al,0; insulators even at a maximum element temperature of
1370°C.

2. The rapid carburization of HI-molybdenum in contact with graphite at
1370°C indicates that data on the reaction of molybdenum with carbon-
containing ispurities in CSPT helium will be needed before an
operating temperature of 1370°C for the heater element can be con-
sidered practicable.

3. The reaction between graphite and Al ,0; was sufficiently rapid at
1370°C to requife further testiny at the lower contact temperature
(<1000°C) proposed for these materials in the CSPT.

The above test results led us to conduct a second series of com—
patibility tests involving Al,0;, graphite, and HT-molybdeaum. The speci-
men assemblies, exposure times, and furnace atmosphere were identical with
those of the first series, but the temperature was reduced to 1000°C.
After 3000 h, the HT-molybdenum rods had again bonded to the underlying
Al ,0; and graphite grooves. However, lowering the test temperature
totally eliminated the reaction between the Al,0; support plate and
graphite blocks. The results of this latter test indicated that the use
of Al,0; to separate the graphite test specimen from the loading post will
neither pose engineering difficulties nor otherwise affect the graphite
oxidation measurements at a gas temperature up to 1000°C. The carburiza-
tion of HT-molybdenum at 1000°C in contact with graphite is still being

evaluated.

8.2.4 Specification of Graphite — W. P, Eatherly

The graphite selected for the core support posts and seats 1is
Stackpole 2020, a choice dictated by its commercial evailability in the
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required size, fine texture, and high tensile strengfh. As produced
commercially, this material is a special graphite targeted for -atallurgi¥
cal applications. PFor this use, purity is neither required nor controlled.
Tests at ORNL also suggest that the graphitization temperature ranged from
2400 to 2500°C. _

For nuclear applications, the relatively high impurity levels, low
graphitization temperature, and resultant unnecessary variability in pro-
perties are undesirable characteristics. Meetings were held jointly by GA
and ORNL with the vendor, and a special run of controlled manufacture was
defined. This run involves the traceability of raw materials and pro-
cessing steps, controlling rav material, and increasing the graphitization
temperature to 2600°C, all aimed at higher purity and reduced variability.

Some difficulties were encountered by the vendor in fabricating this
special lot of 2020 graphite, particularly in reaching or exceeding the
desired minimum graphitization temperature. The difficulties now appear
to have been surmounted, and delivery of the material is expected in
February 1983.

Whatever the final properties of this material, we are assured of two
results for the CSPT experiments: The test graphite pieces will have been
manufactured under traceable conditions and will definitely represent a
material improved chemically over the routinely produced grade 2020.
Although normal ash levels run from 1200 to 2500 ppm by weight, every
indication is that this special "nuclear-quality” material will run below
1000 ppm.

8.2.5 Basis for Selecting the CSPT Conditions — R. A. Strehlow

One significant reaction in the planned CSPT is the reversible
"water-gas shift reaction”:

320 +C0:H2 +002 .

This reaction has a temperature-dependent equilibrium constant, given by

the expression:

_ [1)(€0,])

K
() [H,0][CO)
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where the brackets represent the partial pressure of the indicated
compounds. The issue for the CSPT series in this reaction and its
equilibrium constant is that the position of the equilibrium (i.e., the
relative amounts of the gaseous species) is significantly temperature
dependent. Consequently, as a volume of gas i8 circulated around the
loop, first heated to the test temperature of 700°C and then cocled to
perhaps 400°C, the value of the equilibrium constant will change
signifticaatly.

8.2.5.1 Basis for TEST P-1

The rate at which the partial pressures of the various species
approach these equilibria depends on both the kinetics of the reaction and
the mass transfer rates of the various gaseous species involved in the
reaction. We expect that, because of the high flow of gas through the
systea, equilibriua will not be reached at all points. Consequently,
although small differences in composition may occur at the various
temperatures, we expect a single composition that might reflect the
equilibrium constant at some effective temperature, which is less than
the test temperature.

The value of the equilibrium constant increases as the temperature is
lowered; the corrosion product carbon oxides might therefore contain a
high proportion of carbide dioxide, which would increase the corrosion
rate of both the graphite specimens and the molybdenus heaters. Because
the position of the equilibrium cannot be calculated from literature data,
experimental determination of the position of the equilibrium is required.
Thus, this is a principal chemical purpose of the prelisinary TEST P-1.

The results of the TEST P-]1 series will be the demonstrated ability
to control the concentrations of the intended impurities H,0 and H, and
the corrosion products CO and CO,. In addition, the proper operation of
the IMS will be determined.

8.2.5.2 Basis for TEST ZERO

All the testing to be performed in TEST P-1 will be without graphite
in the loop. The carbon will be introduced into the gas phase by injec-

tion of carbon monoxide or carbon dioxide {n the presence of the corrodent
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vater-hydrogen sixture in the helium carrier. The TEST ZERO series will
include graphite specimens exposed to the gas phase coutaiuning the corro-

dent mixture. The purpose of TEST ZERO is to demonstrate the ability to
oxidize graphite and to calculate the oxidastion rates as determined by the
gas analysis data in combination with the flow of feed and vent stream in
the ICS and to weasure the agreement between these calculated rates and
those determined in postexperiment examination of the graphite specimens.
TEST ZERO will provide data to compare with the pretest estimates
based on the character and extent of oxidation calculated from other
experimental results. The use of laboratory data in making estimates for
the rate and character of the resulting oxidation ({.e., the extent of
oxidation in the internal pores of the graphite) presents serious

uncertainties as a result of the following: :

1. Rate data are obtained generally at significantly higher temperatures !
and require extrapolation to the test conditions for the CSPT. |
2. Extrapolation of rate data from the customary 100-kPa (l-atm) pressure
to the CSPT conditions of about 7.2 MPa (71 atm) involves making
assumptions about the pore structure of the graphite and the way in
vhich the pore structure changes with oxidation.
3. Catalysis of oxidation is not now well understovd and can affect the

rate expression as well as the nature of *“liz regultant pore structure.

As a consequence of the uncertainties introduced by these factors,
one of the principal purposes of TEST ZERO is to assess the quality of the
estimates made for the present series of tests. The basis for estimating
accelerated corrosion tests is described in Sect. 8.2.2. The specifica-
tion of conditions for TEST ZERO is designed to permit analysis of the

posgible role of some of these factors.

8.3 DESIGN MODIFICATIONS FOR THE CSPT — C. J. Claffey and A. G. Grindell

At the beginning of 1982, projected expenditures indicated that the
budget would not support completion of the test vessel internals as shown
in Fig. 8.4 or the instnllation of a 1.5-MW helium heater and its power
supply and controls. As a result of the budgetary restrictions and the
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peed to perform TEST P-1 and TEST ZERO before the initial TEST ONE, the
design of the CSPT as shown in ref. 3 was modified to reduce costs and to
accommodate these test needs. The ongoing designs of the recuperative
hea> exchanger, the 1.5-MW helium heater and associated power supply and
controls, and the loading device for the graphite test structure were
hrought to an orderly halt, from which they may be completed as required.

The principal modifications needed to the CSPT vessel to accommodate
the additional tests include installation of a 0.5-¥W helium heater and
connection of an existing 0.5-MW power supply and control system, an entry
for the test helium flow through the bottom vessel closure, installation
of a simplified vessel liner, and elimination of the recuperative heat
exchanger and the device for loading the graphite test structure.

The priacipal modifications needed to the CFTL piping to accommodate
the additional tests include installing two flow control valves equipped
with actuators in the helium heater and the attemwperation flow lines,
installing a2 third flowmeter to measure the attemperation flow, and
changing the piping to supply tke helium heater flow to the bottom vessel
closure.

The principal ﬁodiflcations needed to CFTL instrumentation and
control systems to accommodate the tests include installation of an ICS
and an IMS to control and measure the concentrations of hydrogen, moisture,
oxygen, carbon monoxide, and carbon dioxide in the CSPT helium. In addi-
rion, appropriate temperature, pressure, flow, and power measurement sen-—
sors need to be added to both the test vessel and the loop and its
components and connected to both the DAS and the requisite recording and
protective logic ingtrumentation and controls.

The progress made in completing the modifications is summarized below
and elucidated more fully in Sects. 8.3 through 8.7. The planning for and
the initial operation of TEST P-1 is treated in Sects. 8.8 and 8.9.

By the end of 1982, all the design, procurement, fabrication, and
installation activities for the mechanical and electrical tasks that are
part of the modifications had been completed, and a large part of the
instrumentation and control task had also been completed.

The CSPT piping modifications were fabricated as subassemblies and,
along with the two flow control valves, were installed in the CFTL. The
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construction of the CSPT test vessel was completed, and + vessel was
installed and weld-connected to the modified piping. The 1brication and
assembly of the ceramic and molybdenum components for the helium heater
vere completed, and thh. heater has been installed in the test vessel.
Grayloc flange assemblies were installed as closures at the top and bottom
ends of the vessel and at two observation ports. The completed piping
systea has satisfactorily sustained the pressure test required by the
ASME Boiler and Pressure Vessel Code.

The existing 0.5-MW power supply, consisting of an induction voltage
regulator and a special transformer having a 15-tap secondary, was con-
nected to the heliuc heater. Appropriate equipment to protect the power
supply from damage by overcurremt, ground short, and ground leakage was
installed. The installed power supply was subjected to preoperational
checkout and satisfactorily sustained a load test of about 40X of design.

A large portion of the instrumentation and control activities was
completed at the end of the year. A third vortex shedding flowmeter was
installed in the attemperation line. Thermocouples were installed in the
test vessel and on the loop compoments and were connected to the DAS.
Actuators for the two helium flow control valves were installed and con—-
nected to the instrument air supply and to a main board in the control
room. The specification for the IMS was completed, and the work was
avarded to Beckman Instruments, Inc. The installation of the ICS and an
interim IMS was nearly completed. The interim IMS will serve during
TEST P-1; we anticipate delivery of the IMS from Beckman and its installa-
tion in time for use with TEST ZERO. Work on the instrumentation and
control systems remaining to be completed at the end of the year included
the oesign and installation of interlock and protective circuits in the
program logic controller and the checkout of several instruments,
controls, and associated readouts.

The test specification for the TEST P-1 was prepared and a series of
static proof tests was performed in December. This was practical because
sufficient equipment for these static tests was already installed and
because the tests could be performed without hindrance to the ongoing
instrumentation and control work.
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At the end of the year we were also considering the feasibility of
operating CSPT TEST ONE, the first test with nuclear-grade graphite, in
this modification of the CFTL; inftial indications were favorable.

8.3.1 Test Vessel

The test vessel shell is a 5.44-m-long (214-in.) section of 16-im.
pipe designed to contain 8.3 WPa (1200 psi) internal pressure plus antici-
pated piping and mechaaical loads at 570°C (1050°F). The top and bottom
closures for the vessel are Grayloc flange assemblies, both of which are
removable for access to the vessel internals. The attemperation flow
inlet and the mixed flow outlet nozzles are made with Sweepolet forged
fittings. The helium heater flow inlet also utilizes a Grayloc flange
assembly. Two observation ports are provided to permit imspection of tte
graphite test structure inside the vessel. The ports are closed with
4-in. (nominal) Grayloc flange assemblies. The vessel is made entirely of
type 304H stainless steel except the Grayloc assemblies, which are of
type 316 stainless steel. All the material is certified as acceptable by
the requirements of the ASME Boiler and Pressure Vessel Code, Sect. III,
Class 1. The vessel derign and most of the fabrication conformed to tucse
rules.

Modifications to the 16-in. Grayloc blind flanges used as test vessel
closures were completed. The lower blind flange supports the helium
heater and accommodates both the heater power electrodes and ingtrumen—
tation feed-throughs and the test helium flow inlet nozzle. The flange
for the upper end contains instrumentation feed-throughs only.

Three stainless steel rings were welded to the exterior of the test
vessel for fabrication and assembly purposes. The finish machining of
several surfaces in the vessel interior required supporting one end of the
vessel in a steady rest with the other end supported in and driven by the
spindle of a large engine lathe. A ring was required near each end of the
vessel to provide the steady rest. An additional ring was required near

the bottom end to mount an alignment fixture for installing the helium
heater in the vessel.

8.3.2 Helium Heater

Since TEST P-1 and TEST ZERO do not require the 1.5-MW helium heating
capacity originally planned for the CSPT, we decided to install only 0.5 MW

T
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of capacity. This vas accomplished by installing two 250-kW subassemblies
in the heater mount, which can accomodate six subassemblies. Each sub-
asseably consists of a heating element with a shroud and appropriate alumina
plates and metal fasteners for mounting the subassembly onto the top of

the bottom Grayloc closure and for simultaneously isolating the element
electrically from the metallic closure.

The heating element is a helically wound coil of HT-molybdenum wire
mounted on a grooved alumina mandrel and surrounded with an alumina
shroud. The annular clearance between the heating element and the shroud
is sized to provide adequate heat transfer between the element and the
helium flowing in the annulus. Each end of the element is connected to
solid rods of TZM—molybdenum that serve as power electrodes and penetrate

the bottom closure flange. The electrode penetrations are sealed to the
closure with Conax bulkhead fittings.

8.3.3 Test Vessel Internals

The test vessel and internals for TEST ZERO are shown in Fig. 8.4.
The internals for TEST P-1 are identical except that the graphite test
structure 18 not installed. The TEST ZERO vessel liner has been
simplified, the helium heater capacity has Leen reduced to 0.5 MW from the
previbualy envisioned 1.5 MW, and the recuperative heat exchanger and the
loading device for the graphite structure have been eliminated.

The simplified liner separates the upward flow of high-temperature
helium that traverses the surface of the graphite test structure from the
upward flow of the cooler attemperation helium in the annulus between the
liner and the outer vessel wall, the pressure boundary. The attemperation
flow maintains the pressure boundary below the vessel design temperature.
The two flows join in the upper end of the vessel and are mixed in the
uixing section located in the vessel outlet nozzle. The lower two sections
of the three-section liner have corrugated metallic insulation to reduce
the radial outward flow of heat from the high-~temperature helium to the
cooler attemperation helium.

The design of the graphite test structure for TEST ZERO was completed,
and drawings for its fabrication were issued in late December 1982. The
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design of a stainless steel load post, which rests on the top of the test
structure, was also completed and issued for fabrication. The load post
is equipped with tubes used to guide the thermocouples into the graphite
structure during their inmsertion. The preliminary design of tools and
fixtures for handling the graphite during fabrication and transportation
and during installation in and removal from the test vessel was essentially

complete by the end of the year.

8.3.4 Loop Piping

The plping system of the Stage 1 CFTL was modified to accomodate the
CSPT as shown in Fig. 8.1. The modification equips the piping system with
a third vortex shedding flowmeter to measure attemperation helium flow and
with two flow control valves and actuators to regulate the test helium and
the attemperation helium flows. A pipe to deliver helium flow to the bot-
tom closure of the test vessel was added to the piping system. The design
of adequate support and thermal insulation for the piping and components
was completed. A work platform with access ladders was designed to provide
a safe working area during the installation and removal of the graphite
test structure and test vessel internals as required at the top of the
test vesgsel.

The elimination of the recuperative heat exchanger required the use
of an upward flow of rhe test helium in the test vessel. The attemperation
helium flow in the test vessel was already in the upward direction.

Sufficient CFTL piping was reclaimed to provide all the material
needed for the piping modifications. The design also permitted substan—
tial prefabrication of the piping subassemblies at the ORNL Plant and
Equipment shops.

The design and fabrication of the piping was according to both the
ORNL Controlled Manufacturing Manual and the ASME Boiler and Pressure
Vessel Code, Sect. III, Class 2.

8.4 ELECTRICAL MODIFICATIONS — T. L. Hudson and E. M. Lees

Wireways and cabling were installed to connect the existing 0.5-MW

power supply and control equipment to the CSPT helium heater; heater power
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measurement and protective devices were also installed. The heater power
supply was then operated satisfactorily at partial load. The control
equipment for two additional 0.5-MW power supplies was set in place. The
three variable-frequency power supplies (VFPS) for the helium circulators
wvere restarted after having been unused for a year; they were load-tested
satisfactorily to supply the circulators.

The exigting 0.5-MW power supply installed for the Stage Alpha CFTL
was modified from ten circuits of 50 kW each to two 250-kW circuits to
match the power requirements for the two CSPT helium heaters of the larger
size.

Figure 8.5 is a schematic of the installed 0.5-MW power supply,
including the control equipment and its protective and power measurement
devices. Circuitry to protect each of the two helium heaters from over-
current and ground leakage was installed and checked functionally. A
45-kW water-cooled dummy load was used to check the operation of the power
supply and control system before connecting it to the heaters. The power
supply was operated satisfactorily at about 40% of design load.

Two of the three VFPSs failed to function properly when initially
restarted after a one-year shutdown; the third VFPS functioned properly.
The two VFPSs supplied less than I:alf of full-power capacity and thus could
not bring the circulators to minimum starting speed. A failed diode in omne
supply was repiaced with a higher rated unit, and a silicon controlled
rectifier gate control circuit was repleced in the other supply. Normal

operation of the supplies and the c’‘rculators was subsequently obtained.

8.5 IMPURITY CONTROL AND MEASUREMENT SYSTEMS — P. G. Herndon and
R. E. Harper

In the planned CSPT, the graphite test structures will be exposed for
six months to a controlled environment that will result in an amount of
corrosion equivalent to 40 years of HTGR operation. This environment is
created by the elution of constituents from the circulating gas stream and
by the addition of appropriate replacement gas of controlled composition.
To maintain the impurity concentrations at the required levels, the amount
of each componznt must be measured and controlled over the ranges of con-

centrations shown in Table 8.1.
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Fig. 8.5. Schematic of 0.5-MW power supply for the Core Support
Performance Test.

The reliability of the measurement and control systems is vital to
the success of the test becadse long-term performance results are to be
extrapolated from short-term tests. Gaps in the recorded data of {mpurity
concentration could result in questionable conclusions. Therefore, after
an extensive survey of available analytical measurement techniques, an

autymated process gas chromatograph was chosen as the prime component of




167

Table 8.1. Core Support Performance Test
impurities measurement system
performance specifications

Reage Accura.y
Component (vol ppm) (X of full scale)
CSPT measurement requirements
H, 12-30,000
co 12-30,000
co, 10-10,000
CH, 3-30
0, 0.4-200
H,0 1-1,000
Re Balance
Gas chromatograph specifications {analysis cycle time: 10 min)
H, 0-300, 0-30,000 4, +1
co 0-300, 0-30,000 4
Co, 0-100, 0-10,000 +10
0, 0-200 +10
illectrochemical trace oxygen analyser {response time: 1 min)
0, 0-2, 0-20, 0-200 12
Electrolytic trace moisture analuzcr (respomse time: 1.5 min)
H,0 0-10, 0-30, 0-100, a

0-300, 0-1,020
Capacitance trace moisture analyseér (response time: § e)

H,0 0.001-20%,000 £50 at 0.010
$36 at 1.0D
$25 at 70b
+10 at 5,000P

a+5% of reading .r tl vol ppm, whichever is greater.
Dpercent of reading.

the IMS. The system provides the best solution to the conflicting require-
ments of accuracy, speed of response, reliability, wide measurement range,
and acceptable cost. The complete systeam utilizes a combination of
chromatographic, electrolytic, electrochemical, and capacitance techniques

to make the required measurements.
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8.5.1 Impurity Measurement System

Specifications were written for an assembled and packaged gaseous
impurity analysis and measurement system that automatically detects and
measures the impurity components in the circulating gas. After a lengthy
bid and award procedure, an order was placed with the Beckman Instrument
Company in the latter part of June 1982, with a promise of delivery in
seven months. This measurement gystem is shown diagrammatically in Fig.

8.6; it consists of the following subsystems:

1. a sample conditioning and stream selecting system,

2. an automated process gas chromatographic system,

3. an electrolytic trace moisture analyzer,

4. a six-channel capacitance trace moisture analyzer, and

5. an electrochemical trace oxygen analyzer.

The sampling system draws samples from three points in the helium
system operating at pressures to 7.69 MPa (1100 psig) and temperatures to
1040°C (1900°F). The sample streams are the test structure environment,
the impurity injection line, and the calibration gas line. Each stream 1is
filtered and reduced in pressure and temperature to 450 kPa (50 psig) and
27°C (80°F) or less before being delivered to the analysis measurement
instruments. The gas chromatograph, which is automated for continuous
unattended operation, seque:-ially samples the three streams on a cycle
time of about 10 min. The performance capabilities of the instruments of
the IMS are also shown in Table 8.1.

The analytical section of the chromatograph consists of a 2-m
Chromosorb 102 column and a 2-m molecular sieve 5A column, with another
2-m Chromosorb 102 column serving as a moisture stripper. This latter
column is periodically back-flushed to remove the accumulated moisture.
The detection device is a filament-type thermal conductivity detector
having a dynamic range of about 10%. The repeatability specifications of
the chromatograph (Table 8.1) represent the maximum error observed in 952
of the readings taken on a sample gas of constant compogsition over a 24-h

period as determined by a thorough quality control testing procedure.
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The results of the analysis and system status information are pre-
sented on a printer and simultaneously transmitted to an on-site PDP-11/34
ainicomputer for recording. Data can also be recorded on a magnetic tape
cassette. Chromatographs are presented on a strip chart recorder, snd a
six-pen recorder displays the results of the chromatographic analysis as
concentration trend data.

Rot all impurities of interest to the CSPT lend themselves to chro-
patographic analysis. Of particular experimental interest are trace quan-
tities of H,0 and 0. Sudden influx of either of these components from an
equipment malfunction or leak could seriously jeopardize the experimental
results by iIncreasing the oxidation rate of the graphite above the required
value. Therefore, continuous measurement and rapid transient detection of
the concentration of these components is necessary. 1In addition, problems
exist in chromatographic analysis of H,0 and 0,. Moisture is fairly
intractable with a sorption method; good quantitative chromatographic
pesks are the exception rather than the normal event. Coincident elution
of 0, with amounts of argon, which tends to be present in the makeup
helium, interferes with the accurate detection of trace amounts of 0,.

For these and other considerations, separate analyzers were specified
for both H,0 and 0,. For accurate trace measurements of H;0, flow-through
electrolyt!.c analyzers are used, which typically have accuracies of *5% of
reading. To provide a relatively rapid indication of H,0 transients,
capacitance sensors are used. These capacitance devices suffer from
reduced accuracy at trace concentration levels, but their installation in
the process stream yields quick response for this important measurement,
and they are highly reliable.

Trace 0, measurements are performec with flow-through open-cathode
electrochemical fuel cells. These instruments have a lower range of 2 ppm
full-scale with a sensitivity of $0.01 ppm.

To avoid delay in the startup of TEST P~1 as a result of the delivery
time quoted for the IMS, an interim IMS was designed, fabricated in the
ORNL shops, and installed in the CFTL control room. This system includes
a gas chromatograph and an electrochemical trace oxygen analyzer (both

borrowed temporarily from another project) and an electrochemical trace
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moisture analyzer previously purchased for use in the GCFR CFTL. This
systea provides a limited impurity measurement capability.

8.5.2 Impurity Control Systea

The design, procurement, and installation of the impurity control
systea (Fig. 8.7) were completed. The system consists of flow regulation
lines for an oxygen—free helium supply and controlled loop venting, a
gaseous impurity supply with injection control, and a moisture generation
with injection control. The system functions automatically to maintain a
specified impurity concentration by adding the gaseous impurities and
removing the circulating gas at controlled rates.

The impurity cylinder manifold stations, the moisture generator
pressure vessels, and the injection control vaives are located in the loop
area close to the point of injection. These are remotely controlled from
two instrument panels located in the auxiliary control room, as shown in
Fig. 8.8.

The method used to control the impurity concentrations is determined
primarily by the need to vent the loop inventory continuously to limit the
concentration of hydrogen produced by the reaction of water vapor with the
graphite. Purified helium is also added continuously to maintain the
system pressure constant at 7.24 MPa (1050 psia). For operation at a loop
temperature of 700°C, the maximum vent fiow, and consequently the helium
makeup rate, is about 0.57 m3/h. This action depletes all other
impurities, and, to maintain the required composition, these constituents
must be added continuously.

The helium supply system (Fig. 8.7) consists of the helium supply
trailer and its backup cylinder bank, an oxygen adsorber, pressure
regulators, and flowmeters. Helium from the trailer or bottles is automa-
tically reduced from 12.5 MPa (1800 psig) to the loop operating pressure.
The oxygen adsorbers are sampling cylinders with a capacity of about
0.0038 m3 (1 gal) filled with OXISORB (chromous hydroxide on silica gel).
The capacity of the adsorbent was determined by tests to be 56 std cm3 of
oxygen per gram of adsorbent. This means that 100 g (~4 oz) of OXISORB can
purify (at room temperature) 1870 std w3 He containing an initial oxygen
concentration of 3 vol ppm or less. The adsorbent capacity is increased
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significantly if the adsorbent temperature is increased to 40°C. Low—-watt
wrap—on—type heating elements are installed on the vessels for this purpose.
The OXISORB adsorbent can be regenerated for repeated use by flowing
hydrogen through the material. The tests also determined that the amount
of hydrogen required to regenerate the OXISORB material is less than the
volume fn one standard gas cylinder [5.66 std m3 (200 std ft3)]. The oxy-
gen concentration of the purified helium will be 0.1 vol ppm or less.

All impurities except moisture are supplied from three separate high-
pressure cylinder manifolds containing the impurities CO, CO,, and H,
diluted in helium. Each of chese impurities is injected into the loop as
a 12 mixture in helium. The moisture impurity is generated by the reaction
of hydrogen with a matrix of copper oxide and is injected as a mixture of
helium saturated with moisture at 100°C.

Control of the impurity injection rates presented some special prob-
lems because of the extremely low flows [0.03-0.23 std n’/. (1-8 std ft3)
at 7.24 MPa (1050 psia)] required. Conventional globe-type throttling
valves with bellows stem seals and micrometering trim were rejec ed for
all the applications except moisture and the loop letdown valve because of
the minute port sizes required and the high cost. The method selected
features time—proportioned pulse injection through two solenoid valves piped
in seriese. This method utilizes a flow controller having an ad justable
time-proportioned ON/OFF output signal that alternately opens and closes
the two solenuvid valves. It provides a wider range of control, can be
operated in either the manual or automatic mode, and is less expensive.

The technique of reacting hydrogen with copper oxide to produce
moisture relies on the reduction of a hot (650°C) copper oxide bed by a
hydrogen-bearing stream of helium. This technique 1s one of the few that
is not strongly dependent on temperature for control. Moisture injection
is controlled by varying the inlet hydrogen concentration and the ratio of
bypass helfum flow to that of the water-bearing effluent from the copper
oxide matrix. The reduced oxide can be regenerated in place by passing
air over the hot bed to reoxidf{ze the copper.

Among the disadvantages of the Cu0 reduction method is the obvious
expense of building vessels to operate at the high loop pressure and 650°C

temperature. All impurities are delivered to the loop through the same
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line that transports the clean makeup helium so that the impurity mixture
is injected rapidly fnto the loop at a point immediately upstream from the
circulators. This same mixture is also piped to the IMS for analysis.

8.6 LOOP INSTRUMENTATION AND CONTROL — P. G. Herndon and S. C. Rogers

A number of additions and modifications to the existing loop instru-
mentation and control systems were required to accommodate the 500-kW helium
heater and the revised configuration of the lobp piping. The additions

and revisions completed are described in the following sections.

8.6.1 Flow Measurement and Countrol

The installation of two 4-in. bellows-sealed helium flow contro’
valves and one additional vortex shedding flowmeter was required in the
main loop of the CFTL. Ome of the valves is installed in the line
supplying the flow to the helium heater, and one, in the line supplying
the attemperation flow. The valves purchased earlier for the GCFR program
were on hand. Although a hydraulic actuator system was purchasel with
these valves, it is too complex for the CSPT requirements, and the system
would have been much more costly to install and operate than would conven~
tional pneumatic type actuators.

Two pneumatically powered cylinder actuators were procured and
installed on these valves. Because the actuators and valves were not
supplied by the same manufacturer, adapter hardware was required to con-
nect the actuator mounting yoke to the bonnet of the flow control valves.
This adapter was designed and fabricated in the GRNL ghops.

The actuators, capable of stroking from fully open ‘o fully closed in
1.5 s, provide the capability for operating the loop in both steady-etate
and fast-transient flow modes at a reasonable cost. The actuators can be
configured to fail closed, open, or in position. The valve actuators are
also equipped with manually ad justable mechanical stops that limit stem
travel. Computer simulations of loop dynamics identified the valve stem
positions to provide the required range of helium flows for both the

helium heater and the attemperation path to ensure that the circulators
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would never operate in a surge condition. The mechanical stops were set
accordingly. Each valve was connected to an existing remote manual
operating station on the main control board.

One 4-in. vortex shedding flowmeter was installed in the attemperation
flow line. The pulse output signal from the meter was connected to a
recorder on the main control board through an existing frequency-to-voltage
converter. A low-flow-limit switch was added to the output signal from

the helium heater flowmeter (FE-4) for use in the protective interlock

circuits.

8.6.2 Temperature Measurement and Control

The design and installation of a system that provides automatic tem-
perature control for the helium heater outlet gas and that also measures
the voltage and power input to the heater were completed. Both temperature
and power are recorded by existing instruments located on the main control
ocard. Adjustable 1limit switches are included in both systems to initiate
alarms and shutdown actions for out-of-1limits conditions.

Revision of the heat exchanger (HX-1) control system was not required
except for the addition of a speed measurement for the air blower supplying
cooling air to the heat exchanger. A low-speed-limit switch is included

in this system to initiate protective actions when an out-of-limit con-

dition exists.

8.6.3 Loop Protection

The design of a protective interlock system for the helium heaters
and the loop piping system was completed, and the necessary modifications
were made in the system. High-temperature switches that initiate both
alarms and shutdown actions were installed to monitor the helium gas tem-
peratures at the inlet and outlet of the HX~l1. The protective interlock
logic for the helium heater is shown in Fig. 8.9. The logic was imple-
mented by using the spare ?nput-output (I-0) components for the existing
programmable logic controller (PLC).

Additional PLC utility software that provides the capability for

logic program development and documentation was purchased and installed on
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Fig. 8.9. Core Support Performance Test structure heater protective
interlock logic.

both the CFTL PDP-11/34 DAS and the MACES NET PDP-11/34 computer. This
software allows existing PLC programs to be modified and documented easily
and quickly. It also provides other useful features such as I-0 table
mapping and automatic contact labeling.

8.6.4 Instrumentation of the Test Structure

The fabrication and installation of thermocouples to measure tem—
peratures in the test vessel and the associated signal cables connecting

them to th: data acquisition system as required for initial tests was
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completed. Thirty-two thermocouples were installed on the liner and on
the heater assembly. Ten thermocouples were installed on the outside of
the test vessel. Surplus material, tested and certified to the Reactor

Development and Technology Standards by ORNL Instrumentation and Controls

Division's thermometry group, was used for fabrication of these assemblies.

Fabrication of six additional assemblies ccntaining 12 thermocouples,
custom designed to be inserted into the graphite test structure fof TEST
ZERO, was also completed.

The cable and connector assemblies that trarsmit measurement gsignals
from the graphite test structure and from the loop to _he DAS contain a
total of 112 shielded cable pairs. The cables were laid in existing cable

trays and connected to the DAS input terminals.

8.6.5 Reduction of emi Noise

Modifications and improvements were made to cables, chassis covers,
filters, and electrical ground connections to eliminate or to reduce
satisfactorily the electromagnetic interference (emi) noise that has
appeared previously on the instruments that measure bearing film
thickness, speed, and power for the helium circulators. The noise is
generated by the solid-state variable-frequency power supplies.

The circulator displacement monitors were relocated to reduce the
length of cable run from about 30 to about 9 m. The present twisted
shielded pair catles were replaced with coaxial cables and connectors.
Appropriate filters were installed on the output from the circulator power
transducers. A separate ingulated electrical grounding bus was installed
for the signal cable shields. Thus, the ground for the signal cables will

b2 completely separated from the ground for the powe: systems.

8.7 CONSTRUCTION PROGRESS FOR PRELIMINARY TESTS — H. C. Young and
A. G. Grindell
The major construction efforts involved modification of the CFTL

piping from the Stage Alpha configuration and the installation of the CSPT
vessel.

e ———— - o Vi AR S B B
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8.7.1 Piping Modifications

The shakedown operation of the three helium circulators in the CFTL
Stage Alpha piping configuration was completed in December 1981 (ref. 4).
A fixed orifice in the loop piping was used to simulate the pressure loss
of test vessel and flow control valves not installed in Stage Alpha.

The CFTL configuration for the CSPT is shown schematically in Fig. 8.1.
The design of piping wmodifications to accommodate the CSPT vessel, two
4—in.-pipe-size helium flow control valves at the test vessel inlet and
the attemperation flow inlet, and a third vortex shedding flowmeter to
measure the attemperation flow was completed in March 1982.

Thirteen sections of 4- and 6~in. pipe and fittings were removed from
the Stage Alpha piping and reclaimed for use in fabricating six new piping
subassemblies for the CSPT. All piping required for these modifications
was on hand except two 4-in. Grayloc flanges, which were purchased and
delivered by May 1982.

A manufacturing plan was prepared, and fabrication of the piping
subassemblies was completed by the ORNL Plant and Equipment shops and
delivered to the CFTL site in June 1982. An installation plan was
prepared, and field installation of the subassemblies was initiated in
June 1982. Although fabrication problems delayed completion of the CSPT
vessel, an overhead work platform and ladders were installed to provide
access at the top of the test vessel for installing the vessel liner and
graphite test structure as required. On completion of fabrication of the
test vessel, it was installed and weld-joined to the lcop piping in
September 1982. The Grayloc blind flanges that form the vess:1 closures
were installed at the top and bottom of the vessel liner, and the entire
loop primary piping system was pneumatically pressure-tested satisfactorily
on October 4, 1982.

The Flexitallic gaskets, which seal valve bonnet to valve body,
leaked for both flow control valves during the pressure test. The gaskets
were replaced. However, because of severe space restrictions, it was
impractical to apply the specified 1000 MN-a (800-1bf'ft) torque to the
valve bYonnet bolting to seat the gasket with existing tools. A special
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device with an available hydraulic cylinder was designed, fabricated, and
calibrated against a standard torque meter. It was used to tighten thke
bolts to the specified torque satisfactorily.

To change the loop pressure rating from 10.34 to 7.24 MPa (1500-1050
psia) and to satisfy thz2 ASME Code requirements, the setting of the
existing relief valve for the priaary piping system was changed from 11.72
to 8.27 MPa (1700 to 1200 psia). A new rupture disk was installed to change
the disk rating from 11.03 to 7.99 WPa (1600 to 1160 psia).

The Y-12 Plant Health and Safety Readiness Reviev Committee approved
the piping modifications.

8.7.2 Vessel Manufacture and Installation

8.7.2.1 Test Vessel

Design of the CSPT vessel was com leted in the fall of 1981. The
manufacturing plan was approved, and fabrication in the ORNL Plant and
Equipuent shops was infitifated in early January 1982. Fabrication delays
ensued when the welding of Sweepolet nozzles and Grayloc butt-weld hubs to
each end of the test vessel resulted in distorted section circularity and
excessive loss of concentricity among the parts. After making adjustments
in the plan, the fabrication was completed, and the vessel was delivered to
the test site on September 8, 1982. The vessel attemperation inlet and
the vessel outiet nozzles were welded into the loop piping, and the helium
heater inlet pipe was connected to the vessel with a Grayloc flange union.
During completion of the fabrication of the vessel liner and an installa-
tion fixture for the helium heater, the two 16—-in. Grayloc -blind flanges
that form the vessel closures were installed with appropriate flange
clamps, rnd the entire vessel and piping system wzs subjected satisfac-
torily to the requisite ASME pneumatic pressure test. Figures 8.10 and
8.11 show side and top views of the test vessel and some of the loop
piping that had been subjected .o the pressure test.

Except for the purchase of a 3.66-m (12-ft) length of pipe for the
central sectfon of the vessel, all the material for fabricating the vessel
was available from the original GCFR construction program. The type 3041
stainless steel pipe was 0.4 m (16 1in.) in outside diameter with a wall
thickness of 22 om (7/8 1ir.).
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Fig. 8.10. The installed Core Support
Performance Test vessel.
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Fig. 8.11. Top head of the Core Support
Perforuance Tast vessel.
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The vessel design diswings specified very close concentricity and
squareness tolerances between the finish machined surfaces in the wessgel
interior and the finish msckined register and seal surfaces in the Grayloc
hute at each end of the ves-~1. The tolerances were necessary to ensure
proper mating between the liner gesl ring and the vessel interior and
between another liner seal ring and the helium heater near the bottom of
the vegsel. The proper fit of 1nternai 1lsbyrinth gseals would eliminate or
mninimire the bypass of helium l2ater flow into the attemperation flow and
the bypass of helium around the helium heater, respectively. The toleran-
ces would also ensure proper slignment of the force acting betweeu the
graphite test structure within the liner and the loading device to be ;
installed later at tﬁe top >f the vessel for CSPT TEST ONE. The vessel
dravings also permitted fabrication of the top and bottom ends of the
vessel as separate pieces whil: awaiting the delivery of the center course
of the vessel. The top end consisted of a short piece of pipe of the same
diameter as the vessel, butt-welded to a Grayloc hub and weld foined to a
10-1n. Sweepolét nozzle. The bottom end was identical except for a 6-in.
Sweepolet nozzle.

During joining, weld distortion of the Sweepolet nozzles caused the
faces of the previously welded Grayloc hubs to move about 5 wmm (0.200 in.)
out of square with the vessel centerline. The out-of-squareness at the
top of the vessel could be accommodated later by making ad justments in the
structure that joins the loading device to the top Grayloc flange closure.
However, the squarcness and concentricity requirements for the lower end
of the liner at the helium heater, which is mounted on the lower Grayloc
flange closure, would not permit acceptance of this large distortion.
Although the out-of-squareness was reduced to about 1.2 mm (0.050 {n.)
after separation and rewelding of the flange, we decided to refinish the
face and seal surfaces of the Grayloc hub to make it square and concentric
to the machined gurfaces in the vessel interior. Both vessel ends were
furnace strels-relieved at S10°C (950°F). Although this stress relief
would sensitize the type 304H stainless steel materials, thie sensitivity
was considered to be acceptable for the heljum environment of the CSPT
tests.
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Also during the manufacture of the test vessel, we noted that exter-
nal gteady-rest surfaces would be required to permit ficish machining the
interior surfaces in the wvessel to the required toleranzes. Additional
exterpal surfaces would be needed to mount and cenfer an aligmment fixture
for installation of the helium heater in the bottom of the vessel. Three
rings were designed and weld joined to the exterior of the vessel.

In summary, the rewelding of the Grayloc hub to the bottom vessel
end, the stress relief heat treatnent of the two vessel ends, the weld
joining of the two ends to the vessel center segment, and the addition of
the three exterior rings resulted in the satlcfactbty completion of vessel
fabrication, leaving only finish mechining to be performwed.

The vessel was transported to the Oak Ridge Gaseous Diffusion Plant

and mounted in the large lathe shown in Fig. 8.12. All the surfaces in

the vessel interior and on the three external rings were finish machincd
satisfactorily. However, it was not practical to obtain a satisfactory
finish on the face and sealing surfaces of the Grayloc hubs in this lathe.
The activity was supervised by a representative of the Gray Tooi Company,
Houston, the manufacturer of the Grayloc hubs and blind flange clcsures.

The seal surface was subsequently built up with weld metal at the
ORNL Plant and Equipment shops, “here the seal surfaces for both Grayloc
hubs were refinished by a representative of craj Tool Company, who may be
seen in Fig. 8.13 using the portable machine constructed for *“is purpose.

The final vegsel fabrication uctivity of weld joining two 3-in.
Sweepolet nozzles and Grayloc biind flange closures to make observatiion
ports at the vessel midsection was completed. Strongbacks fitted inside
the vessel prevented distortion of the vessel during weld joining the two
nozzles. The ports will permit making in situ observations and measure-
ments of a portion of che CSPT gruphite structure inside the veusel and
liner.

The finished vessel was transported to the CFTL site in the Y-12 Plant
for completing the installation and pressu:e test activities.

To reduce the construction period by an estimsted 12 to 15 working
days, we decided to forego the pneumatic pressure test of the test vessel
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K/PHB82-2813

Tig. 8.12. Core Support Performance Test vessel mounted in large lathe.

ORNL-PHOTO 374882

Fig. 8.13. Refinishing seal surfaces of Grayloc hubs.
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at the OBNL Plant and Equipment shops and to subject it to the same pressure
test required fcr the completed vessel and piping system at the Y-12 Plant
site of the loop. Although the vessel was constructed to &ll the teﬁuire-
ments of the ASME Nuclear Code, the price of improving *:s schedule by
foregoing the pressure test in the Plant and Equipment shops, which have
an authorized N-Stamp, was the withholding of the stamp by the authorized
inspector. The weld installation of the vessel, the piping subassemblies,
and the flow control valves, which form the CFTL, was accomplished at Y-12
with qualified welding procedure; and qualified weldors having a score or
wmore years oi experience in assembling high-temperature systems. However,
the Y-12 Plant does not have and h.s not had an ASME N-Stamp authorization.

.Thus, the ASME N-Stamp was withheld for both the vessel and the piping

system.

8.7.2.2 Test Vessel Liner

The stainless steel vessel liner shown in Fig. 8.14 is composed of
three sections. The section withk largest diameter separates the helium
heater and its discharge flow of high-tewperature helium ffo- the attem—
peration helium flow. The other two sections guide the helium flow along
the outside of the graphite test structure and separate it from the attem-
peration flow. The flow of attemperation helium in the space between the

ORNL-PHOTO §844-82

Fig. 8.14. Three sections of the Core Support Performance Test
vessel liner joined together. The lower section currounds the helium
heater, and the middle and upper sections contain the graphite test sec-
ticn and a loading device. The closures for the two inspection ports are

in the middle section.
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outside diameter of the liner and the inside diameter of the vessel pro-
tects the versel pressure boundary from the high-temperature helimm. The
test and attemperation helivm flows are mixed in a wixing section installed
in the test vessel discharge, a length of 10-in. pipe. The discharge
nozzle is conrccted to a 6~in. pipe to transport the mixed helium flow to
the inlet of the helium—to—air HX-1.

The two lower sections of the liner contaia corrugated metal insula-~
tion to reduce the heat transfer between the high-temperature and the
attemperation helium flows. Twelve thermocouples are inserted at various '
elevations in the insulation to permit calculation of the radial heat
transfer.

The liner, fabricated in the ORNL Plant and Equipment shops, was
installed in the test vessel at the CFTL. The head room between the face

of the top Grayloc hub of the vessel and the maximum lifting height of the
overhead hoist in the CFTL would Jjust accommodate the longest liner section.

3.7.3 Helium Heater Construction and Installation

The two helium heater subassemblies, each rated for 250 kW at 300 V,
were fabricated, assemblcd, and installed in the test vedsel with a spe-
cial installation fixture. Figure 8.15 shows the two suhassemblies
mounted on the Grayloc blind flange that forms the bottom vessel closure.
The helium flows through a 3.0-mm (1/8-in.) rsdial anmnulus between the
outer surface of the heating element and the inner surface of a 0.063-a-ID
(2 1/2-4in.) by 0.91-m~long (3-ft) alumina shroud. Omne shroud has been
removed to reveal the heating element.

Figure 8.16 shows the major components of a heater subacsembly and
support plates. The heating element consists of 140 turns of 5.4-wm—Ziam
{(0.214-in.) HT-molybdenum wire mounted onto a threaded alumina mandrel.
The AT-molybdenum was selected for the heating_&}enent because its
recrystallization temperature is above the calculated maximum operating
temperature of the element. The two subassembly electrodes are made of
arc cast TZM-molybdenum 22 wmm (7/8 in.) in diameter. The diameter of the
lower portion of the electrodes was reduced to 19 mm (3/4 in.) to pass
through similarly sized Conax bulkhead fittings in the vesiel closure.




ORNL-PHOTO 8890-82

Fig. 8.13. Core Support Performance Test
helium heater with two subassemblies installed on
Grayloc blind flange closure.

ORNL-PHOTO 8874-82

Fig. 8.16. Major components of the heater
subassembly and supnort plate.

L8T
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The resulting shoulder is supported on a ceramic insulator to transfer the
axial pressure load to the Conax fitting. The heating element is sup—
ported from a large kuppott plate, and the shroud tube is supported from a
small plate in a position that is as concentric about the element as
practlcal;

Because brazing or welding the HT-molybdenum would cause recrystalli-
zation and room-temperature embrittlement, the electrical cemduction path
between the heating element and the electrodes is provided by mechanical
connections. The shcrt electrode is connected to the lower end of the
heating element with a compression ferrule and threaded fastenmer. A TZM
disk located at the ~o of the subassembly joins the element to a threaded
central electrode. Afhe digsk greatly reduces electrical heat generation
compared with a pigtail comnection originally propoagdraud also serves as
the anchor point for the heating element.

The support plates for the heating elements and the shroud and
mandrels for mounting the heating elements, all made of alumina, were
fabricated by Coors Porcelain Company, Golden, Colorado. The shroud was
produced by McDanel Refractory Company, Beaver Fallg, Pennsylvania. All
the molybdenum material was purchased by Thermal Electron Corporation
(TECO) of Wilmington, Massachusetts, which also wound the heating elements
and mounted them on the alumina mandrels.

Coors experienced difficulty producing the long slender alumina
mandrels. The first ten, made by a wet-casting process, cracked during
firing. The material was changed from 99.8 to 99.5% alumina to permit use
of a dry isostatic pressing technique. Problems were then encountered in
machining the long unfired mandrels and attempting to remove them from a
metal mandrel. The matter was successfully resolved by making two equal
lengths of starting material that are fastened together subsequent to
firing with the aid of appropriate precision-ground threads to form the
mandrel. Later, it was necessary for TECO to regrind the helical grooves
on the outer diameter of the mandrel to obtain the accuracy necessary to
thread the heating element on the mandrel.

With receipt of the support plates from Coors in mid-October 1982,
all the parts were available at ORNL for assembly of the helium heater.
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The two 250—kVW subassemblies were assembled and mounted on the top side of
the Grayloc blind flange that forms the bottom closure of the wvessel.

Fabrication of a fixture for installing the heater in the test vessel
was completed about the time of the heater assembly. The fixture consists
of two assemblies: a fixed upper guide assembly and 2 movable lower table
assembly on which the heater-blind flange assembly is mounted. Controlled
vertical motion of the table is provided by three hardened ground rods
attached mechanically to the table and slide—in bushings located in the
guide assembly. The locations of eix bushings in the guide (the two
bushings for each rod are located at two elevations about 0.6 m (2 ft)
apart to provide guidance) and of the three attaclment holes in the table
form three congruent equilateral triangles. This configuration requires
the table to move vertically with respect to the guide along a fixed path.
The guide, in turn, is mounted on machined surfaces on the vessel exterior
in a machine design that ensures concentricity between the sealing sur-
faces on the heater flange assembly and matching sealing surfaces in the
vessel. The entire table-flange—heater assembly is lifted with two
hydranlic jacks supplied from a single hand-operated pump.

Figure 8.17 shows the heater—flange being installed in the test

vessel during a trial demonstration of satisfactory fixture performance.

8.8 PLANNING FOR TEST P-1 — R. A. Strehlow and A. G. Grindell

TEST P-1 was designed to achieve satisfactory operation of the CFTL
and to obtain needed chemical data for later tests. The mechanical objec-
tives include the demonstration of satisfactory loop operation and control
over an extended period of four to six weeks. Proper helium flows,
pressures, temperatures, and {mpurity concentrations must be maintained in
subsequent tests. These factors are therefore the focus of attention in
TEST pP-1.

Since later tests of the oxidation of graphite will require knowledge
of flows into and from the system, 1t was necessary to show that the systes
is leak-tight under several operating conditions. 71t was also necessary to

determine several physical consrants of the system, including volume and
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ORN.-PHOTO 8894-82

Fig. 8.17. 1Installation of the heater-flange assembly.

time of response to changes in operating variables such as temperature and
the addition of impurities to the system. Temperature control of the gas
in the system and satisfactory operation of the heaters constitute the
final mechanical objectlive.

Because of the need to protect the molybdenum heaters from corrosion
while permitting corrosion of the graphite to occur at a selected rate,
careful attention must be given to the oxidation potential as set by the
hydrogen—to-water vapor ratio. This requirement was the principal
constraint imposed by chemical considerations. Consideration of the phase
relations for molybdenum oxides led to the requirement that the hydrogen-
to~water vapor ratio not be less than 10 when the molybdenum heaters are

at elevated temperatures.
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The principal chemical objective for TEST P-1 i: to determine the
steady—state values of the components involved in the water-gas shift
equilibrium. These values must be determined under conditions distinct
enough that the characteristics of the system in this reaction vill be

known well enough to permit specifying the conditions for subsequent CSPT
tests.

8.8.2 Procedures for TEST P-' — A. G. Grindell

The test specifications for TEST P-1 were prepared by the loop opera-
tion persomnel according to these objectives. The specifications were
reviewed by CA personnel and issued as an internal document.

The initial portion of the specifications was used in Deceaber 1982
to perform several static tests. The tests, performed at ambient tem—
perature without operation of the helimm circulators, provided informsation
on. the evacuation characteristics of the CFTL helium system, the leak
rates from the systea for both evacuated ard pressurized conditions, and
the volume of the 'FTL helium system (Sect. 8.9.3).

8.9 INITIAL OPERATION OF TEST P-1 — H. C. Young and A. G. Grindell

The initial test requirements in the test specifications for TEST P-1
wvere performed during e¢arly December 1982 with the components, equipment,
and systeams installed in the CFTL without disrupting the ongoing
Instrumentation and Controls installetion work. The test performed pro-
vided data on the tine reﬁuired to evacuate the system, the rate of
pressure rise from the evacuated l(tate,'the rate of pressure loss from the
pressurized condition, and the volume of the loop. The remaining tests in
the TEST P-1 series involving thermasl-flow and thermochemical charac-
teristi~s will be performed after completion of the Instrumentation and
Controls work.

8.9.1 Conditions

A pnemmatic test of the CFTL primsry piping system was completed
during s prior testing at 10.34 MPa (1500 psis) with nitrogen as the
pressurizing gas. The systea contains a number of compression-type static
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seals. Each of the three :irculators has a 38l-mm—-diam (15-in.) fluoro-
carbon Omniseal. The test vessel contains two 406-mm (16-in.) Grayloc
flange seal rings, three 102-am (4-in.) Grayloc flange seal rings, and
Conax fiittings for the heater electrodes and thermocouple leads. The
full-flow helium filter has a 254-wa (10-in.) Grayloc flange, and there
are Flexatallic gaskets, which had to be replaced, in the two Copes-Vulcan
tlow coutrol valves. The Conax seal glands were leak checked with the
loop under positiée helium pressure with a helfum mass spectrometer and a

sniffer probe and were retightened satiéfactorily.

8.9.2 Operations

The system was evacuated with tte installed mechanical vacuum pump
(Hyvae 150) having a pumping speed of about 1275 L/min at 1-mm Hg v
pressure. The vacuum pump is clusely connected to the CFTL primary system
by about 1.83 m (6 “t) of &4- a. pipe. Two &-in ball valves in series nor-
mally isolate the vacuu~ pump from the primery piping. A quick-closing
slide valve would isolate the vacuum pump from the loop if the electrical
supply to the vacuum pump were interrupted. A Hastings thermocouple-type
vacuum gage with a range of 0 to 1000 ym Hg and a Wallace and Tiernan pre-
cision compound gage with a range of 0 to 800 mm Hg were used tu measure
the pressure during this operation.

The initial rate-of-pressure-ioss tests were conducted by pressurizing
the primary piping system with helium from a heli{um trailer, valving off
the supply system, and measuring the ratc of pressure losf on tws cali-
brated digital pressure in(icators with a range of 0 to 10 MPa. The
graduations on these indicators were given to 0.001 MPa (0.145 psi).

The volume of the CFTL primary piping system wita all components,
circulators, test vessel, heat exchanger, filter, and piping was measured
by initially pressurizing the CFTL to a pressure just above ambient. A
pressurized, standard helium cylinder of known volume was then corinected
to the loop. The pressure and temperature of the loop and cylinder were
pernmitted to come to equilibrium, and the initial and final pressure were
mecasured with calibrated gages. The volume of the standard cylinder was

determined by filling it with water and measuring the change in weight.
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8.9.3 Results

The static tests were completed arnd reported internally in December
1982. Dynamic segments of the TEST P-1 series will be initiated im
January 1983- '

During the evacuation test, the rate of evacuation was initially
reduced by valving with one 4-in. ball valve to protect the vacuum pump.
When the system pressure was reduced to 145 mm Hg, the ball valves were
fully opened.  The pressure then dropped from 145 mm Hg to 1000 ym Pg in
14 min, to 30 ym Hg in 25 min, and to 21 ym Hg 2 h later. After valving
off the vacuum pump, the rate of pressure rise was 10 ym Hg in 3 min.

The static leak rate with the CFTL filled with helium was determined
by pressurizing with helium to 2.89 MPa (420 psig), valving off the
supply, and noting the decrease in pressure during a 63-h period. The
pressure decay rate was 42.7 kPa (6.2 psi) for a 24-h period. Prorated to
the 7.24 MPa (1050 psia) operating pressure for the CSPT series and
assuming molecular flow in the leaks, the pressure decay would be 103 kPa
(15 psi) per 24 h. A pressure decay rate of 6.9 kPa/h (1 psi) was spe-
cified as acceptable.

The system volume was measured witn th2 system initially pressurized
to 104 kPa (15.1 psia). A standard helium cylinder having a volume of
0.0-3 m3 (1.532 ft3) and initially pressurized to 11.98 MPa (1738 psia)
vas connected to the loop and the pressure equalized at 274 kPa (39.8
psia). The barometer was 750 mm Hg, and the ambient temperature was 24°C.
"he CFTL system volume was determined to be 3.009 m3 (106.3 ft3).
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9. APPLICATION AND PROJECT ASSESSMENTS (WBS OR03.1, OR31, and OR41)
P. R. Kasten

Three areas are covered in this chapter: (1} determining the poten—
tial market for High-Temperature (-:as-Cooled Reactors (HTRs)* by evaluating
HTR applicatione, (2) reviewing econoaic ground rules and cost factors to
be used in assessing the economic performance of HIRs, and (3) evaluating
modular-type HTRs. The work performed on HIR application assesements
covers fossil coanversion processes that could utilize HTRs as an energy
source, a review of the experience obtained by industry on the occﬁrrence
of steammethane-reformer fires and explosions (pertinent to HIR reformer
applications), and an assessment of the national need for HTRs. The work
on economic ground irules and cost factors helps to establish the economic
bases ugsed in the national HIR program for estimating the economic perfor-
mance of HTRs.

The work on modular HTRs evaluates the technical and economic perifor-
mance of such systems. Modular HTRs are proposed as a means of obtaining
an inherently very safe reactor systea. The basic approach is to design a
system that, even under such extreme conditions as loss of reactor pressure
and loss of forced convection cobling of the core, the fuel temperature
will always renéin below temperatures at which fuel retains nearly all the
fission products and actinides. Because of the high heat capacity and
heat conduction of the core materials, we can use a low power density aand a
small reactor core diamseter to design an ATR with fuel temperatures that are
inherently limited ¢0 relatively low values. Such a design leads to rela-
tively low reactor .power levels of about 250 MW(t), which tends to give

*The term HTR is used here rather than HIGR to indicate that either
prismatic-fueled HTGRs or pebble-bed-fueled Pebble-Bed Reactors (PBRs) are
considered. '
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bigh unit costs for power production. An important item is to determine
how such a2 high degree of safety might impact both equipment and plant
requirements and plant construction time. It might be possible that such
small reactors when used in modular systems are relativel—~ ecoaomic in
comparison with a large single power unit; achieving such a degree of
safety in an economic plant would be very desirable. Further, HIRs are
well guited for gemerating high-temmecrature process heat, and small units
might mesh into proress heat applications and provide a broader applica-
tion of nuclear enmergy than that achieved to date. Therefore, modular .ITR
studies are being conducted under the U.S. national HTR program, with GA
Technologies, Inc. (GA), and General Electric Company (GE) developing a
design for a High-Temperature Gas—Cooled Reactor (HTG™)(with prismatic
fuel elements) and with GE developing a design for a pebble-bed reactor
(PBR) (with pebble-bed fuel elements). Oak Ridge National Laboratory
(ORKRL) 18 serving as the peer reviewer of the relative technical and eco-~

nomic merits of these design studies and evaluations.

9.' MARKET DEFINITION AND ASSESSMENT — W. R. Gambill

9.1.1 HTR Application to Fossil Conversion Processes

Based on 11 economic assumptions, the firancial present values (PV)
of avoided fossil fuel feedstock costs were calculated for 11 cuses of
HIGR application [both steam cycle-cogeneration (SC-C) and very high tem-
rerature reactor (VHTR)] to fossil conversion processes. The processes
considered were ECCG (Exxon Catalytir Co..l Gasification), H-Coal (standard
and modified), and SRC (Solvent Refined Coal)-1I for coal conversion;
TOSCO-1I1 and Paraho-Indirect for shale oil production; and steam reforming
of natural gas to produce H, or synthesis gas (CO + Hy) for chemicals pro-
duction (e.g., methanol). Using the ratio of PV to HTGk thermal power in
units of $106/MW(t) as an index of merit, we found that the most promising
application is the reforming of natural gas for chemicals production,
followed by surface retorting of oil shale to jroduce pipelineable oil
and by coal conversion (catal; tic and noncatalytic direct coal liquefaction

and catalytic coal gasification).
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For the variocua feedstocks, the average ratio of PY to thermal power
was 2.00 for natural gas, 1.68 for oil shale, and 0.66 for coal. This
work was reported in a paper! presented at the British Buclear Energy
Society conference on Gas—-Cooled Reactors Today at Bristol, England, in
September 1982.

9.1.2 Steam Methane Reformer Fires and Explosions

A survey was made of the frequencies of explosions and fires in
orerating steam—methane reformers (SMRs). The salient conclusions were as

follows:

e There appears to have been only one SMX explosion in recent times,
that at the SASOL-I plant in South Africa on April 14, 1975, which
killed seven employees and injured seven others.

e Over the past 30 years, Exxon (worldwide, not just USA) has
experienced two SMR fires but no explosions. It appears that with
proper design such incidents will be very rare.

e HTGR reformers differ qualitatively from current fired SMRs because
there 18 no hot-side flame combined with excess oxygen and because
the heat source (helium) {s inert. These differences appear to lead
to a lower probability for occurrence of an internal reformer explo-
gion or fire and to a higher probability for a combustible vapor
cloud to be released by leskage or pressure-boundary failure,
followed by an unconfined vapor cloud explosion (UVCE).

e Electric Power Research Institute (EPRI) work concerning light water
reactor (LWR) safety? has shown that the presence of steam provides a
mitigating effect on maximum H, combustion overpressures and that
water sprays or vater fog has a dramatic limiting effect on com
bustion pressures in dynamic hydrogen injection experiments.

e In two broad surveys of UVCE 1nc1dentn,3'“ none appear to have been
caused by SMRs.

9.1.3 HTGRs and National Needs

A study vas performed to relate HIGR applications of various types to
national reeds and to project the relationship to approximately the year
2025. The following is a brief summary of work petfornc@ to dgte.
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Conventional energy projections nearly always indicate that growth
rates'decrease monotonically with time; cousequently, historically obserr—
able © ctuations in epersy growth are ignored. An altermative projection
ar ' Jology ha; been described by Stewart in his book about trsmsitional
eL:cgy policiesS and fu two papers.®~7 His approach ie based on the
observation that both total energy &nd e ectrical energy consumption rates
in the United States (since 1850 for the former and 1905 for the latter)
have exhibited a cyclic variation about a median logistic growth curwve.

Stewvart has applied the cyclic pattern of energy growth to projections
of future energy consumption according to what he calls the cycle-adjusted-
logistic (CAL) growth. The result® indicates a relatively flat total emergy
consumption until ebout the year 2000, with electrical emergy growing at
about 2% pcr annuam during the same period. This CAL projection, however,
forecasts a very rapid energy growth rate between the years 2000 and 2025,
vhich will more than make up for the relative stagnation between 1980 and
2000.

9.1.3.1 Electrical Energy and the HTGR

The CAL projections indicate increasing electrification, the portion
of energy used for electricity generation increasing from the present level
of about 341 to almost 50% oy 2000 and to akout 63% by 2025. Stewart pro-
duced growth projections for U.S. nuclear emergy’ by combining the total
energy growth projected by the CAL methodology with the results of
Marchetti's energy substitution data for fractional market penetration.®~?
A revised and updated version is presented in Table 9.1, in which:

base year data are for 1982,

e average nuclear plant load factors are taken as 551 through 1990 and
as 651 for later years,

e all additional LWRs are 3800-MW(t) reactors [currently ~1260 MW(e)],
and

e the number of HTGRs represents 5% of nuclear additions (because of

application to arid areas and siting features) after the year 2000.

Table 9.1 projects the use of 48 power—producing HTGRs over the next 47

years even with a minimal nuclear market penetration of 5%. An additional
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Table 9.1. "Electrical energy growth projections
' for the United States

(A partial revisicn of Stewart's 1981 projection?)

Fractionsl emergy® (I) Geperating cspacity

b

Tour Total enmergy {Gi(e)) Busber Nember

(T¥ years) (quds) Electricity Buclesr ! vised HETCRed

iaput input Torald auclear®

1990 2.24 67 &2 7 700 % 9 1
2000 2.41 n 49 10 930 132 - 129 2h
2010 3.28 98 57 2 1490 &34 mn %
2020 461 132 61 34 2270 876 725 32
2030 488 146 64 43 2770 1288 1055 48

GSource: H. B. Stewart, “Economic Growth as Affec .ed by Technologies,” presented at
Cas-Cooled Reactor Associates Utility/User Conference on the HIGR, Ssn Diego, Calif.,
Sept. 10-11, 1981. -

b1981 projection.
CPercent of total emergy.

digsumes totrl systes load factor of 457 s=d an average thermal efficiency increase from
33T in 1990 to 40X in 2030.

®ith average nuclesr load factors stated previously and thermal cfﬂciencf as ia foot-
note d.

J1f all nuclear resctors were light water reactors (LWRs) {3800 MN(t) each for
additions]; 60 Gi(e) and 72 LWRs in 1982.

g¥or 51 of nuclear additions being Righ-Temperature Gas-Cooled Reectors (HTIGRs)
beginning in 21701; 3300 WW(t) each.

Mort St. Vrain Resctor (VSVR) + one nev unit.

factor that could lead to s much higher HTGR market share is related below
to an extensive study of precursors to pctentisl severe core damage in
LWRs, as reported by Cottrelll® and by Minarick and Kukielka.ll-12 1
these studies, the probability of severe core damage (SCD) of the Three
Mile Island (TMI)-2 type vas estimated to be 1.7 x 1073 to 4.6 x 10”3 per
reactor year. Table 9.0 results when an SCD p = 0.0017 per reactor yesr
is coabined with coluan eight of Table 9.1.

On the basis of the results in Table 9.2, a post—TMI-2 reduction by
at least an order of magnitude would appesar to Le necessary, that is, to




. Q,“
o

200

Table 9.2. Estimate of mmber of
cevere core damage events

Severe core damage events?

Year

Cuaxulati

Nusber/year) aumber
1990 0.2 1.3
2000 0.2 3.2
2010 0.6 7.4
2020 1.2 16.7
2030 1.8 31.9

GFor case of oniy light water

nuclear reactors. Rounded to
nearest tenth.

byor p = 0.0017 per reactor
year.

p = 0.00017 per reactor year or lower. This appar.atly can be accomplished
in IWRs either by changes already incorporated into or by future changes
in design and operation. However, another way of attaining this or a
greater reduction would be to use HTGRs, which are characterized by
several inherent gafety features not shared by LWRs. Use of HTGRs for
this purpose would increase the market share of HTGRs.

9.1.3.2 Nonelectrical Energy and the HTGR

Because of its high core—exit coolant temperature, the HTGR permits
the application of nuclear energy to processes now using fossil fuels.
These processes encompass resvurce recovery (tar sands and heavy crude
oil), synthetic fuels production (from coal and oil shale), chemicals pro-
duction (e.g., By, ammcria, and methanol by initially steam reforming
natural gas), and delivery of process heat, primarily as high-temperature—
high-pressurz process steaz (either directly by pipeline or indirectly by
on-site generation with pumped molten salt). In each of the above four
categories, the useful produc”ion rate per unit of foesil fuel consumption
is enhanced by HIGR use compared with the alternative of fossil fuel use

as the energy source.




201

Low and high estimates were made of the mmber of HIGRs that might
suitably be applied by 2020 to 2025 in each of the four categories. An
HYGR load factor of 701 was assumed for these nomelectrical spplications.
The tunltiné enetgj tot-ali were then compared with projected nonelectrical
energy needs derjved by the CAL methodology. ’

9.1.3.3 Projected Totals

Sumaction of the sectoral projections gave the following totals for
approximately the year 2020:

Total
Total pumber Electrical
HTGR 1170-Mu(t) power Nonelectrical
Case [Gu(t)] HTGRs (%) [eu(t)]
Low 195.4 167 S4 90.1
Bigh 885.7 757 59 359.2

9.1.3.4 Comparison with Cycle-Adjusted-Logistic—Growth Projection for
Bonelectrical Energy

The CAL methodology projects the nonelectrical energy component to
remain fairly constaat to the year 2025, at about 1.84 TW years/year
(~55 quads/year). The nonelectricity uses !nclude transportation, comfort
heat, and industrial process heat. About 902 of these demands sre currently
met by oil and natural gas. We assumed, as did Stewart$ in 1980, that the
available supply of economically recoverable (conventional) gas and oil
will be reduced by 502 by the year 2025. Although somewhat arbitrary,
this projection 1s similar to that of the U.S. Depsrtument of Eaergy (DOE)
for the United States and to that of the International Institute for
Appiied Systems Analysis for the world.l!3 The latter organization, for
example, has forecast that in 2025 about 50X of the total globsl oil con-
sumption will be conventional petroleum. Given this projection, about
0.84 TW year/year (25 qusds/year) of energy for nonelectrical uses now
~supplied by oil and gas must, by 2025, be supplied by alternative energy
sources such as nuclear, coal, and solar energy.

The total HTGR nonelectrical capscity of 90.1 G¥(t) (low case) corre-
sponds to a 7.6 share of the substituted 0.84 TW year/yesr (25 quads/year)



202

and to only 3.4% of the 1.84 TW years/year (55 quads/year) of totsl non-

electrical energy. The high-case HIGR nonelectrical capacity of 359.2 Gi(t)

represents a 30.12 share of the substituted 0.84 TW yearlye_ar (25 quads/
year) and 13.7% of the 1.84 W years/year (55 quads/yesr) total.

9.2 REVIEW OF ECONOMIC GROUND RULES TO BE USED IN FUEL COST AND

ALTERNATIVE ENERGY COST ESTIMATES — H. I. Bowers

The economic ground rules and assumptions developed by Gas Cooled
Reactor Associates (GCRA) for the HIGR program have been reviewed ‘
throughout .the year. An active part was taken in the workshop held at
CCRA on December 15-16, 1982, to develop the fiscil yesr 1983 ground
rules. Sabsequently, w reviewed the December 22, 1982, Revisgion 1, eco-
nomic ground rules distributed by GCRA and made the following comments.

In general, the values of the economic parameters recommended by GCRA
fall within the range of values recommended in DOE/NE-0044, Version 1,
Nuclear Energy Cost Data Base,l" which was developed at ORNL for the DOE
Kuclear Energy Division of Plans and Evaluations. As an overall '
observation, GCRA recommends higher coal costs and lower oil, natural gas,
and U30g costs. Fossil fuel cost projections are those reported by Data
Resources, Inc. (DRI), in the autumn 1982 Energy Review.l5 The DRI
forecasts are based on asstmptions of no new nuclear plant orders before
the year 2000, no disruptior. of world oil supplies, and moderate economic
recovery. These assumptions result in high coal brices, low oil and gas
prices, and low uranium ore prices, coupared with the forecasts reported
in the DOE-EIA 1981 Annual Report to Congress, which have been used and
suamarized in DOE/NE-0044, Version 1 The DRI forecasts were about a year
later, and the Energy Information Agency’s (EIA’s) 1982 forecasts will not
be available until April 1983. However, the fuel cost projections are all
vithin an acceptable range, and there is considerable uncertainty in all
the values.

Thus, it is rccommended that all economic comparisons include sen-
sitivity analyses of the principal cost drivers. As a min.sum, cost-
sensitivity analyses should be performed for capital investament costs and
fuel costs for both nuclear and fossil plants.

tremrem e e ————— Wag——
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9.3 MOTULAR REACTOR STUDIES — P. R. Kasten

The review work reported here covers efforts on reactor physics, fuel
cycle costs, and fuel temperatures; fuel performance and permissible maxi-
mum temperatures; evaluation of pressure vessels; and review of maintenance
and in-service inspection requirements, comstruction schedule, and balance
of plant design and costs.

9.3.1 Reactor Physics, Fuel Cycle Costs, and Fuel Temperatures —
B. A. Worley

The continuously fueled PBR was investigated under the U.S. Modular
Reactor Study as an alternative to the prismatic, fixed-fueled HIGR core
design. Ve recognize that the incorporatiom of a PBR might induce plant
and/or reactor design changes, but, under the limited scope of this study,
the reactor core size was kept ideatical to the reference 250 MH(t) HIGR
core.

The core cavity of the modular reactor design being investigated in
the United States!S can accommodate a PBR core with a diameter of 3.49 m
and a height of 6.34 m. For the reference core power of 250 MN(t), the
resulting power density is 4.12 Wi(t)/m3. The fuel is uranium and thorium
vith a uranium mass enrichment of 0.20. The core inlet and outlet tem-
peratures for the PBR were picked to be 250 and 950°C compared with 525
and 950°C for the HIGR core. The lower inlet temperature for the PBR is
consistent with plant temperatures for process heat applications of the
PBR from German design studies. The objective of the work reported here
is to summarize the neutronic and thermal hydraulic characteristics of
the reference 250 Mi(t) PBR modular reactor.

An interesting option in using a PBR is the number of times a pebble
can be passed through the core for a given fuel residence time. For
example, for a residence time of 1168 full-power days, the pebbles can
pass once through the core in 1168 days, twice through the core in 584
days per pass, and so on. The mumber of passes affects the core neutronic
and thermohydraulic characteristics. With pebbles flowing from the top of
the core to the bottom and with coolant downflow, passing the pebbles once
through the core results in optimum reactor performance.l!’ However, the
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reference modular core design has coolant upflow to enhance decay-heat
removal following accidental loss of main coolant circulation.

Coolant upflow affects fuel temperatures to the extent that immediate
recycle of the fueled pebbles from the core discharge path to the pebble
feed stream is desirable. Ve found that five pebble passes throuch the
core considerably reduce the peak power density and lower the axial
position of the peak so that fuel temperature peaking is reduced. More
than five pisses improve the performance, but only slightly. Subsequent
analysis was performed for five pebble passes.

The core design of the 250 Mi(t) PBR are summarized in Table 9.3, and
the neutronic and thermal hydraulic characteristics for bott the four— and
five-year cases, in Table 9.4. For the ¢ ntinuousiy fueled modular PBR,

a longer pebble residence time in the core reduces the 235U feed rate up
to a five-year core residence time (four full-power years at 3 0.8 load
factor). Coolant and fuel temperatures calculated for normal flow con-
ditions gave a peak temperature of less than 1200°C. The pebble graphite
thermal Fonductivity decrease as a function of neutron exposure was
modeled s& separate accounting of pebble fluence as the pebbles were

recycled-khrough the core. Also, the pebble surface teamperatures were

Table 9.3. Design parameters of 250-MW(t)
modular pebble-bed reactor

Reactor design pacameter Value
Reactor power, MW(t) 250.00
Core diameter, = 3.49
Core height, = 6.34
Average core power density, MW(t)/m3 4.12
Top reflector th _ckness, = 1.0
Bottom reflector thickness, » 1.0
Side reflector thickness, m 1.0
Top gas gap thickness, n 1.0
Number of pebbles in core 327,129
Average inlet coolant temperature, °C 250.0
Average outlet coolant temperature, °C 950.0
Inlet pressure, MPa (atm) 4,0
Pebble diameter, mm 60.0
Pebble fueled region diameter, mm 50.0
Heavy metal (U + Th) per pebble, g 8.26
Nuaber of pebble passes through core 5
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Table 9.4. Results of perform:nce calculations fros
twvo-dimensional representation of 250Mi(t)
modular pebble-bed reactor

Case Five-Tear Four-Yesr
Ursaice earichment, T 20.0 20.0
Pebble (C/U + Th), atcs ratio 450.1 450.1
Pebble C/Th, atos ratie 1033.6 841.0
Fuel restdence tiee st full power, d 1460.0 1168.0
Average feel burswp, TI/kg [M¥(t)-d/kg] 11.68 (135.2) 9.37 (108.4)
Core meutromis characteristics

Coaversion ratio 0.52 0.54
Fission product loss, I 9.03 8.47
Loss frce core

Leskage los«, I 6.37 6.66

Absorption loss ia top reflector, % 1.16 1.13

Adsorption loss in bottom teflector, I 0.19 0.22

Absorption loss im side reflector, % 2.71 2.88

Totsl loss fros core, I 10.43 160.91
Fissile inventory im core, kg 145.94 131.31
Pesk pebble—aversged power, kil per pebble 3.29 3.17
Cotre-aversge pesk power dessity, V(t)/ca? 7.48 7.35
Feed rates (grams per full-pouer iay)
23%y 211.0 17,1
2.8y 843.9 868.4
23y, 5.2 1221.6
Discharje rates - .ms per full-pc.ar day)

Dy 20.2 8.4
23wy 3.7 5.0
235 17.4 2.5
23ey 3.0 0.8
238y 752.2 789.5
g, 3.3 2.8
22y, 736.4 1143.6
233p, 0.8 1.6
239, 7.8 1.6
2%0p, 5.3 4.9
25lpy 3.7 3.4
Inlpy 3.3 1.9

Thermal-hydraulic and temperatu=e charucteristice

Pressute drop, MPs (ats)

Coolaat msse flov rate, kg/s

Pask outlet coolsnt tempersture, °C

Core-asverage, volume-sversged fuel
tempersture, °C

Core-sversge, pove -weighted fuel
tesperature, °C

Peak pebble surface tempersture, °C

Pesk fuel tewgerasture svereged over
pebble fuel, °C

Pesk fuel "espersture ia pebble fwel, °C

0.274 (0.270)
68.8
1088.8

609.6

678.8
1110.7

1145.8
1174.6

Cwmulative fractiowm of the fuel b ve
reference tempsraturss

Temperaters (°C)
1200
1178
1150
1128
1100
1000

900
800
700
600
300
400
300
200

0.71708
0.91232
1.0

0.278 (0.274)
or.8
1100.3

618.4

676.7
1120.3

1150.7
1176.9

0.0

0.00003
0.00119
0.00447
0.00%7
0.06169
0.16845
0.29510
0.29360
0.49184
0.60089
0.73382
0.92163
1.0
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adjusted .o reflect local power peaking within zones. However, local
peaking that asay occur as a result of local flow blockage (i.e., random
pebble packing) was not taken into account. .

Fuel cycle costs fo: the reference U.S. modular HTGR and the modular
four- and five-year PBR cases were calculated on the >=sis of the reference
economic assumptions given in Table 9.5. Table 9.6 summarizes the costs
and shows the lower fuel cycle cost of the PBR, the five-year fuel exposure
being most economical of all. The HIGR is batch-refueled every four years.
Curreat work under the U.S. Modular Reactor Study is an investigation of a
batch two-year HTGR, which will lower the HIGR fuel cycle cost but probably
at the expense of a lower availability.

Table 9.5. Ref-rence cost and economic assunrtions

Startup date 1995

Capacity factor 0.8

Inflation rate, % 8.0

Ore escalation above inflation, 2 2.5

Tails array, % 0.2

Discount rate, no inflation, % 5.5

Discount rate, with inflation, % 14.0

Interest rate, no inflation, 7 8.5

Interest rate, with inflation, % 21.2

Fuel costs (1995 $)

U30g, $/kg ($/1b) 88.12 (40.0)
Enrichment, $/kg 140.0

Convargion, $/kg 6.0

Handling charges, HTGR (1982 §)¢

Fabrication, low-enriched uranium 8880/fuel element
Fabrication, high—-enriched uranium 7900/fuel element
Shipping 3650/fuel element
Waste storage 9350/fuel element

GPor the Pebble~Bed Reactor (PBR), -he unit handling
charges were taken to equal High-Temperature Gas-Cooled
Reactor (UTGR) handling charges in terms of mills/kWh(e) for
a given volume of fuel rlements. This is valid for shipping
and waste storage costs; it tends to penalize the PBR with
regard to fuel fabrication costs but not significantly.
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Table 9.6. Fuel cycle costs for 250-MW(t) High-Temperature
Gas—Cooled Reactor (HTGR) and Pebble-Bed Reactor (PBR)

Levelized 30-year costs [mills/kWh(e)]

Constant dollar Inflated dollar

HTCR-44 PBR-44 PBR-5D HTGR-4 PBR-4 PBR-5

Fuel 13.21 7.57 7.30 78.41 45.06 45.78
Shipping  0.69  0.69  0.52 2.63 2.63 2.63
Waste 1.85 1.85 1.40 7.79 7.79 7.79

Total 18.34 13.31 11.96 104.32 74.63 72.95

TFour-year fuel residence time; HTGR reload cycle is every four
years. )

b?ive-year fuel residence time.

9.3.2 Permissible Fuel Temperatures Under Accident Conditions for
Modular HTR — F. J. Homan and P. R. Kasten

This section summarizes pertinent information available on permissible
maximum fuel temperatures under extreme accident conditions, which still
leads to the long-term retention of fission products, the maximuam tewpera-
turebthat we judge should be specified, and the bases for that value. The
pertinent data utilized follow.

Out-of-reactor heating of previously irradiated particles to study
kinetics of flssion product attack of the SiC coatings and fission product
release as given in refs. 18 and 19; core héatup experipents in which pre-
viously irradiated particles were heated from temperatures of about 1100
to abo:t 280C°C at controlled rates (for the data presented in ref. 20 the
heatup times ranged from 8 to 80 h); thermal cycling of cell 1 in capsule
P138. Fuel in this cell was cycled 24 times to tenperatdrel of 200 to
400°C higher than the nominal irradiation temperature of 1200°C for these
tvo capsules. Fission gas release measurements were compared with measure-
ments taken on fuel irradiated in cell 1 of capsule P13R, which contained
identical fuel but was not thermal cycled.?!
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As evaluated here, the selection of a maximum permissible fuel tem—
perature for the modular téactot system (MRS) is aimed at having a2 system-
that can sustain:a core heatup accident, recover from the accident, and
coﬁtinue operating in the normal mode. The temperatures reached in the
core during the accident would not be high enough to damage the fuel to
the extent that activity after restart would be above acceptable levels.

9.3.2.1 Evaluation of Existing Data

Information in ref. 20 indicates .at Triso—coated fuel particles
begin to fail at teamperatures of about 1300°C but that the fraction of
failed fuel is less than 1Z at temperatures below about 1600°C; above
'1700°C, the failure fraction incrrases significantly with temperature.
Thus, maximum temperatures during accident conditions in the 1500 to

1600°C range are emphasized below,

9.3.2.2 Fission Product—S1iC Interactions

The attack rate of SiC coatings by the rare earth fission producte,
presented in ref. 18, is a strong function of temperature. The attack
rate of 1600°C is about 3.3 times higher tham the attack rate at '500°C,
and this is signific&nt 1f the transients are expected to be of long dura-
tion (several days). 1In 24 h, less than 1 um of attack is predictea at
1600°C. Palladium att. =k -of SiC occurs in both oxide and carbide fuels.
Moreover, palladium attack is somewhat more rapid than is rare earth
attack at temperatur2s above 1400°C (ref. 22). Available data suggest
that about 1.2 um of palladium attack can be expected in 24 h at 1600°C.

9.3.2.3 Thermal Cycling Data

The pertinent data are given in ref. 21. Cell 1 of capsule P12S was
thermal cycled 24 times at cemperatﬁres ranging from 1300 to 1600°C from
the base operating temperature of between 1100°C and 1200°C. Coﬁpared
with release-to-birth (R:B) values of 8Xr obtained from specimens not
thermally cycled, the thermally cycled specimens had 85™r R:B values
about a factor of 10 higher than those not cycled. These performance dif-

ferences were the result of repeated .hermal cycling, with each thermal
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_cycle lasting an hour; about half en hour was taken to increase the tem—

perature to 1600°C, and . h was taken to reduce the temperature to the
base value. If the fission product SiC attack rates discussed in refs. 18
and 22 are applied, as much as 20 ym of attack could have occurfed in some
particles as a result of the thermal cycling. However, no significant
fission product attack of the S1C was noted during metallographic examina-
tion of the fuel.2l )

In other tests,2l increasing fuel temperatures from 1100 to 1600°C
(in steps) and back to 1100°C during TRIGA reactor exposure testing gave
857r R:B values three orders of magnitude higher than that expected if

~ no additional fuel failures occurred during the cycling.

9.3.2.4 Conclusions

More damage clearly occurs to the fuel during temperature excursions
to 1600°C than during excursions to 1500°C, so the decision as to the
maximum temperature to use for safety design is based on the trade-off
between the cconservatism associated with improved fission product reten-
tion and the economic penalties due to i“at conservatism. The penalty for
selecting too high a maximum tempc: is that either tco many fission
products are released, which impacts licensing requirements on the plant,
or that the fuel is so damaged by an accident that it subsequently cannot
operate within the technical specifications and must be replaced.

It is probable that temperatures higher than 1600°C can be tolerated
for short periods. The temperature level decision should be reviewed
after the transient durations are better known and more information on the
trade-offs mentioned earlier is available. To indicate the kind of change
that might take place, we estimate that the 1600°C value might increase to
about 1700°C. However, at this time, we recommend a maximum design tem—
perature of 1600°C, considering that exposed fuel will be utilized after
an accident. The permissible temperature would be higher if exposed fuel
vere replaced with fresh fuel following severe accidents and probably
could ‘ncrease to perhaps 2000°C, although a specific analysis has not yet

Leen performed.
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9.3.3 Evaluation of Pressure Vessels for Modular HTRs — D. J. Naus and
H. I. Bowers

Small MRSs offer potential advantages over larger HTGER—SC-C systems
currently under investigation. Some of these potential advantages include
complete replacement of individual units, sssured shutdoun cooling, high
availability, reduced technical risks, and competitive capital investwment
costs and economics. As a part of'the overall assessment of MBSs being
performed at ORNL, an evaluatior of pressure vessel concepts for applica-
tion to these systems has been conducted.

In comparing the various pressure wvessel coacepts, several study
paraseters were utilized. They included modular reactor systems, with
each module having a core thermal pcwer of about 250 MW(:), a core inlet
temperature of 425°C, a core outlet temperature of 950°C, a core geometry
6.34 m high by 3.5 m in diameter, and a design pressure of 4.8 MPa. The
primary system of each module was based on the in-line reactor-reformer
design, which included a core, a steam reformer, a steam generator, and a
helium circulator. The entire primary coolant system was enclosed in a
pressure vessel.

Three candidate pressure vessel concepts were considered in the
study: prestressed concrete, prestressed cast iron, and steel. Each of
these concepts was reviewed with regpect to (1) general description;

(2) materials and fabrication; (3) design and analysis; (4) experience;

(5) advantages and limitations; (6) requirements for quality assurance,
structural integrity testing, and in-service inspection; and (7) failure
modes and repair considerations. Designs for each of the concepts for a
250-MW(t) reactor system were either obtained from background material
[prestressed concrete reactor vessel (PCRV) and steel vessel] or were
developed [prestressed cast-iron vessel (PCIV)]. A qualitative comparison
between each of the concepts relative to technical, safety, and ecoromic
issues was also made- Study results indicate that both steel and pre-
stressed concrete are viable as pressure vessel concepts for MRSs (ref. 23).

Cost estimates were developed for a PCRV and for a steel reactor
vegsel for application to an MRS. The study indicates that, for com-

parable systems, the installed direct costs will be about $17 million for




211

the PCRV system and about $29 million for the steel vessel system. These
costs should be considered only as indicative of relative costs, with
lesser confidence in their absolute values.

There are considerations that should be evaluated in additiom to
direct costs. For example, the different pressure vessel configuratiomns
being used suggest important differences in the plant structures. The
PCRV is about 12 m in diameter and 27 m high, and the steel vessel is 6 m
in diameter and 35 m high. Also, clearances must be provided for the PCRV
wire-winding and tensioning machines, and seisaic restraints may be
required for the steel vessel. Further, use of a PCRV may affect the
overall plant construction schedule adversely, because the PCRV may have
to be built in series with the building structure, whereas the steel
vessel can be fabricated offsite on a parallel schedule.

Another consideration is the integrity of the cooling lines used with
the ultimate heat sink. For the steel vessel, any leakage of water from
the cooling lines is waintained outside the reactor vessel; for the PCRV,
any such coolant leskage would introduce water within the pressure vessel,
and this would be a disadvantage. However, the integrity of the coolant
lines can be made very high, patticularly gince they could normally
operate at a pressure low enough that water leskage into the reactor would
be highly improbable. A quantitative evaluation of the reliability of
cooling pipes has not been made.

No firw conclusions can be drawn at this time from the above cost
information. However, the use of a PCRV should not be excluded. The
impact of PCRV use on the plant comstruction schedule needs to be
evaluated, because it could be significant.

9.3.4 Reviev of Maintenance and In-Service Inspection Requirements,

Construction Schedule, and Balance of Plant Design and Costs —
H. 1. Bovers

A review of the GE report, A4 Preliminary Aseessment of the Maintenance
and In-Service Inspection Requirements for Modular Reactor Systems, by
C. R. Davig2" indicates that it is reasonably complete and covers most
areas in about the right depth. The author points out that the estimated
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times are probably optimistic for the first plant. An important short-
coming of the report concerns the steam generator. A comparison GE report,
A Preliminary Assessment of the Availability and Capacity Factors for a
Modular Reactor System with Reformer (MRS-R) by C. R. Bermann and 0. Gokuk25
estimates about 50 years' meantime to failure (MTF) for steam generator
lesks for a single module. On this basis, no allowance is made between
refuelings for unscheduled outages due to> steam generator leaks.
Furthermore, the design of the reactor vessel requires removal of the
upper half of the vessel for steam generator replacement. Although
helium-to-water-steam heat exchangers should be highly reliable, 50 years'
MTF appears to be extremely optimistic. It is therefore reco-endedvthat
an additional assessment of MTF for steam generators be made and that an
assessment of the practicability of steam generator replacement be made.

A review was made of the construction schedule for an eight-module
MRS-reformer plant to be constructed in sets of four modules, presented by
Bechtel (BGI) at the MRS Evaluation Coordination Meeting between BGI and
GE on July 2, 1982. The schedule is based on two sources of supply for
the reactor vessels and a 48-month manufacturing lead time for delivery of
the first vessel. Reactor vessels must be ordered about 14 months before
start of construction. If the construction schedule is to be shurtened,
either the vessels must be ordered earlier or the vessel manufacturing
schedule must be improved. This schedule appears to be the minimum
construction schedule for a piant designed and constructed in sets of four
units. However, 1f the plant i8 designed, constructed, and operated in a
1002 modular approach (single-unit gets), it might be possible to start
commercial operation of the first module 48 months after start of
construction, with subseéquent modules following at intervals of 3 to 6
months, but the total construction schedule for eight units would be
longer, that is, 69 to 90 months. In summary, the BGI schedule is as
optimistic as should be developed with currently available information.
The schedule should be refined as the design progresses.

The BGI reports, Modular HTGR Balance of Plant Design and Cost Status
Report?6 and Momolithic Versus Modular HTGR Cost Comparison Report,?’
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published in September 1982, were reviewed. They are reasonably complete
and have followed the designated study ground rules and economic assump-
tions closely. The economic comparisons are sufficiently favorable to the
MRS to warrant continued study of this concept. Reduction in fuel cycle
costs could make both reactor concepts more éttractive. Puture work
should include economic comparisons with co-uventional sources of process
steam, including coal-fired boilers. It is not possible to examine th:
capital investment cost estimates in detail because they are presented at
only the major account level. The cost estimates were developed by a com—
bination of materials and equipment takeoff, scaling, and factoring. The
capital investment cost estimiies mauy be too optimistic, being based on an
nth plant, tight construction schedule, and favorable regulatory actionms.
However, modest increases in costs should not significantly alter the

overall results of the analyses.
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