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FINAL SAFEGUARDS ANALYSIS

HIGH TEMPERATURE IATTICE TEST REACTOR

I. INTRODUCTION

The High Temperature Lattice Test Reactor (HTLTR), located at the
Pacific Northwest Laboratory, in the 300 Area of the Hanford Works, is a
versatile, loﬁ-power research :eactor designed to obtain nuclear dsta for
application to large, high thermal efficiency central power stations; the
data derived have indirect application to small special purpose reactors
operating at very high temperatures. The HTLTR provides a unique combination
of advantages for the experimental determination of a) the nuclear charac-
teristics of high temperature thermal reactor cores and b) basic reactor

physics parameters at high temperatures:

Precision and Accuracy

The HTLIR operates on the established principle of the Physical
Constants Testing Reactor (PCTR), in which a void is substituted for
a small central cell (test cell) of an experimental lattice (test core)
driven by the reactor (driver section). Suitable buffer zones surround the
test core so that the test céll is in the same flux'environment as it would
be in & critical assembly of its own Rind. This method has been shown
to give values of the neutron multiplication factor of an accuracy and

precision equal to those obtained from a complete critical assembly.

1 See References, page 12.1
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Economy
Typically, a lattice test of a low-reactivity system in the HTLIR

can be made with 40 to 80 cubic feet of test volume. In comparison,
an exponential assembly would require 400 to 600 cubic feet, and a criti-
cal assembly 8000 cubic feet. The ratios are not so large in high-
Feactivity systems, but a considerable advantage is still maintained.
When the effects of changes in the multiplication factor caused by small
changes in geometry, composition, or operating parameters are to be
explored, the economy of working with the small test volume is apparent.
Because of the small quantities of special materials to be pro-
cured and fabricated, experimental data may be obtained more quickly and
with much less lead.time in HTLTR than in other ways. Experiment tim&s

of two to six months will suffice for nearly ali experimental lattice

programs.
iscfety
Many nuclear safety features are inherent in the HTLIR conceptol
Loadiné and startup hazafds,'u§ually cogsidered as leading to the mosﬁ
severe consequences in low power test reactor accident analyses, are
minimized,lsince the overall nuclcar characteristics of the reactor are
almost entirely establiched by the enriched uranium driver region. Only
a small, subcritical assembly is of unfamiliar arrangement and charac-
teristics for each tcst.
Fission product inventory will be low because power levels no
'greater than two kilowatts for short time intervals will be required.

The control of fission products is therefore only of minor concern.
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Total excess reactivity will be minimum, as excess reactivity for
xenon transients or fuel lifetime is not necessary.

A negative prompt temperature coefficient of :eactivity is inherent
in the driver fuel. On the other hénd, reactivity changes upon heatiﬁg
or cooling the reactor are‘very slow becaﬁse of the lérge heat capacity

-of the graphite moderator stack.
-~ These inherent safety factors fmake the HTLTR easy to control by

simple means.
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IT. SUMMARY

The High Temperature Lattice Teét Reactor (HTLTR), located in the 300 Area
qf the Hanford Works, is a low power, high temperature research reactor. t is to
be operated by Battelle-Northwest to obtain basic reactor physics data and design
data applicable to large, high power nuclear reactors. The experimental programs
will parallel those of the.Physical Constants Test Reactor (PCTR), except that
measurements in HTLTR can be made at high temperatures.

" The building site is shown to be suitable for the reactor as designed.

The reactor building congists of two major sections, the reactor enclosure
and the services structure. The reactor enclosure is of ordinary reinforced con-
crete. The reactor is on the ground floor, and the various process syﬁems are in
the basement. The walls and roof of the reactor enclosure serve as the radiaticn
shield. Shield doors provide access to the reactor room and basement. The
reactor enclosure is neither sealed nor designed to withstand internal pfessures;
it does, however, have a separate ventilation system exhausting through high-
effici;ncy filters which maintains the enclosure at a slight negative pressure
for contamination control. The services structure is an abutting ﬁwo-story steel
building, which contains the control room, experimental assembly room, offices,
and necessary utilities and services.

The reactor consists of a ten-foot cube of graphite moderator, pierced
by holes which are either loaded with slightly enriched uranium driver fuel, ex-
perimentai test fuel, poison shim rods, control rods, and graphite heater bars, or
are plugged with graphite. The cenfral‘s X 5 x 10 foot section can be completely
removed and altered to any composition or configuration desired for an experiment.

The driver fuel is 5% enriched UO2 ceramic pellets clad in graphite. This

fuel surrounds the test core, on the ends as well as radially. The critical mass
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will vary, typicall&, from 30 to 60 kg of U-235. Shim rods containing gadolinium
oxide will be loaded as needed to compensate the slow negative temperature ccef-
ficient of the reactor. The test core will contain from zero to six kg of fission-
able isotopes such as Pu-239, U-233, and U-235, and varying quantities of other
materials such as uranium, thorium, copper, nickel, iridium, rhodium, samarium,
etc. ;These materials will be in forms suitable for the experiment temperature.

The reactor is electrically heated to the design temperature, 1000 ¢, with
graphite heater bars powered with 475 kW of low voltage ac. The moderator block
1s thermally insulated and is contained in é steel shell which serves as the enve-
lope for the nitrogen blanket; and the primary barrier to the escape of contami-
nation. A Boral liner in the steel shell reduces neutron leakage to the room and
cepture gamma-ray production in the:steel shell.

The reactor flux level is controlled by 8 shutter-type horizontal control
rods and 4 vertical blade-type safety rods. The control rods also act as a
safety system since they may te closed quickly, driven by springs external to the
reactor shell.

The startup neutron source is .a positive ion accelerator which focucses a
beam of deuterons onto -a beryllium target.

The reactor neutron kineti;s are largely established by the driver fuel.
The U-238 in the driver provides a prompt negative power coefficient of reactivity.
The neutron lifetime of about 1 millisec and the delayed neutron fraction of about
0.6% are also determined largely by the uwranium driver fuel.

The instrumentation for the entire facility is centeréd in the programmed

measurement and control system (PMACS). This system includes a high-speed
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digital computer, and performs the following functions:
+ controls the gas system and the electrical heaters to pro-
grammed set points
» controls the operation of the various pileces of experimental
equipment
» collects and analyzes experimental and process data inputs
» generates odtput signals for the control of process systems
and for the display and recording of the values of process
variables in real time
. generates output signals to the safety circuit.
Peripheral equipment of the PMACS includes two low-speed magnetic tape memory
units, input and output typewriters, and a large three-color cathode ray tube for
displ;; of data. |
Initially the»PMACS will not have a feedback loop for automatic control
of the power level and period of the reactor. The reactor operator will controcl
all motion of the control rods, except for autcmatic scram.
Besides the output signals from the PMACS, there are two indepéndent
conventional neutron flux channéls prdviding inputs to the safety circuit. These

channels and the safety circuit are not a paft of PMACS. The safety circuit is

a separate direct current lcop, consisting of a power supply, a transformer-

rectifier combination driven by a transistorized amplifier, and the holding mag-
net coils of the cqnﬁrol and safety rods. Input signals to the safety circuitvare
« reactor flux level and period signals from each of the two

conventional channels
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¢+ a "reactor-normal” signal from PMACS

+ three manual trip buttons.
The PMACS 'reactor-normal" signal signifies that important process variables do
not exceed their set points, that various interlocks are properly set, that
- diagnostic tests of the computer operation are satisfactory, and that the reactor
flux }evel and period derived from two additional, independent, and dissimilar
channels are within set limits. This safety circuit combines the features of re-
dundancy, dissimilar components, and frequent testing which are required for best
reliability.

The experimental equipment auxiliary to the reactor includes two oscil-
lator mechanisms, one to move the test cell or the adjoining cell into and out cof
poai?ion, the other to move small specimens in the test cell or adjoining cells.
They have cooling chambers for the removal of specimens from the test cell with-
out the necessity of coo1ing the reactor. A neutron chopper and time-of-flight
spectrometér are provided; the neutron detectors, at the end of a 25-meter flight
tube, are‘ip an adjoining small buildingf Test éores may be assembled on a core
dolly having a load capacity of 14,000 1b. Two wire traverse mechanisms are pro-
vided for measurements of flux distribution.

Proaedurés for maintenance, oﬁeration, and safeguards control of experi-
ments are-<described, and the pre-startup and preliminary nuclear testing program
is outlined. |

The experimental program for HTLTR.does not require operation of the reéc-
tor:at significant puclear power levels. The maximum energy releasg now planned
is 2 kW for 8 hr., 16 kW-hr. Routiné operation generates from 0.0l kwW-hr. in periocd
measurements or low-level irradiations to 1.0 kW-hr in néutroh-beam experiments.

e
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The experimental program for HTLTR includes, but is not limited to, measurement of
¢« k, of a lattice or medium, and its variation with temperature

o the temperature coefficient of kw when only a fuel element

is heated.

¢ the worth of a lattice heterogeneity in a supercell.

¢ various lattice parameters by foil activation,

¢ neutron energy spectra in multiplying or non-multiplying

media, using the chopper system.

o effective cross-sections of materials as a function of temperature
Procedural restrictions on the amount and the‘rate of addition of reactivity
provide safe operation of the reactor. These controls are backed up by a safety
circuit and mechanical safety system which have a low probability for failure. The
inventory of fission products in the fuel is always so small that it does ﬁot con-
stitute a potential‘hazard either on- or off-site.

Accidents considered in the analysis are nuclear excursions, mechanical and
utility fa;lures, instrument failures, escape of fuel materials from their con-
tainers, critical assembly outside.the reacter, spread of fuel material in dispesal
of wastes, and non-nuclear incidents. Most of these are shown to ﬁe improbable
because of design features-of the reaétOr.

The maximum credible accident is postulatgd 0 occur because of an error
in loading. Two sequences of events leading to an inadvertent criticality are
described. These are shown to be of very low probability, and their consequences

are shown t0 be negligible. It 1c highly improbable that the HTLTR will ever

G-.) cause radiological hazards to the general public.
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UNCLASSIFIED

J1X. SITE

A. Location and Environment

The High Temperature Lattice Test Reactor 1s located south of the
300 Area of the Hanford'plant, about seven miles north of the center of Rich-
land, Washington. The location of the Hanford Works in the State of Washington
is illﬁstrated in Figure I1I-1, and the location of the 300 Area in the Hanford
plant complex is shown in Figure III-2. The reactor building is 7OQ-feet
south of the 300 Area exclusion fence, and about 2000 feet west of the-west
bank of the Columbia River.

- 8ince the reactor has no potential for large releases of fission pro-
ducts, only the immediate surroundings are discussed herein. The nearest
buildings to HTLTR are those of other Pacific Northwest Laboratory facilities:
the Low Level Laboratory about 500 feet west, the Technical Library about
1000 feet northwest, three research buildings a£ about 800 feet north, and the
fRTR about 650 feet northeast. The neareét dwellings are farmhouses along the
east.bank of the Columbia River and one mile east; the newly extended north
bounda;y of the City of Rich;and is about one mile south. The area between
the new city boundary and the presently closest dwellings within Richléhd,

about 2-1/2 miles south, is zoned industrial. (Figure III-3)

B. Geology

The terrain along the west bank of the Columbia for several miles
above and below the 300 Area is fairiy'level. The nearest significant topo-
grabhic features are the bluffs across the river to the northeast, which rise
LOO to 600 feet. The nearest other obstructions to air flow are the Horse

Heaven Hills and Red Mountains at a distance of about ten miles to the south

and southwest.
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Unconsolidated sands and greavels of the fliuviatile series of sediments
underlie the site to a depth of about 20 tc 25 feet. Beneath these fluviatile
sediments, to a depth of TO to 100 feet, are semi-ccnsolidatezd gravels. These
are in turrn underleain by clays, siits, end fine sands which extend to basalt
bedrock at a depth of about 250 feet.

C. Hydrelogy

The site is sbout LOO feet gbove sea level, The water table 1s normaily
about 55 feet telow the ground surface but mey rise to within 35 feet of the
surface during high water stage cf the Coclumbia River. The ground water com-
manicates directly with the river; the velocity of flow towérd the river is
gbout 15 feet/day through the scil with an infiltration rate of 10-15 gal/sq ft/day.

During the pest 15 years,-the variation in flow of the Columbia River
has ranged from a minimum cf 34,000 cfs to a maximum c¢f 659,000 cfs. The
estimated 100-year maximum flood stage of ThO,000 cfs would give a river level
of 365 feet, aﬁd the.estimated average flood stage of 402,000 cfs would give
a level of 351 feet. The site, therefore, affords ample safety from natural
Columbia River flcods.

Richland, Kennewick, and Pascc all teke their municipal water supplies
from the Columbia River. The intake of the new Richland filtration plant is
about It miles south of the 3C0 Area; effluents dischargei from HTLTR are pumpei;
the sump contents may be analiyzed and disposed cf'in a manner which ensures.that

any flow to the river is within the required effiuent discharge limits.
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D. Meteorology

Meteorological and climatological data for the whole Hanford site and
environs are obtained routinely by Pacific Northwest Laboratory. The nearest
measurement station is locéted approximately 2000 yards north of the reactor
site. The mean wind speed at this station is 10.3 mph. The southwest wind
has the highest mean speed (lh-mph) and the highest frequency of occurrence.
Easterly winds have both the lowest speed and lowest frequency of occurrence.
Wind speed and direction are functions of the stability of the atmosphere.

In general, the winds at nighttime are representative of stable atmospheric
conditions and those in daytime are representative of unstable conditions.

Thunderstorms occur on an average of 13 days per yeaf with 85 per

cent of the total occurring during the months of May through August.
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About 20 per cent of the storms have high winds (gusts to 40 mph cr more),
and a lesser percentage are accompanied by blowihg dust, rain, or hail.
HBurricanes are unknown in this locality. Tornado funnels have been observed
twice in 18 years, but no resulting damage has been reported.

‘The heaviest rain in 18 years amounted to 1.68 inches in six hours
in October, 1957, and the heaviest snow-totaled eight inches in six and one-
half hours in December, 19550‘ Review of the records shows that storms of
this intensity can be expected aﬁout five times in 100 years.

Pertinent meteorological data are summarized in Appendix D.

E. Seismology

Hanford facilities are exposed to the possibility of earthquake
and 2)-§loser shocks originating in the seismic zone that includes Walla
Walla. The underlying sands énd gravels in the Hanford reservation provide
;n almost ideal protection against damage. As far as can be determined,
earthquake intensities greater than three on the Modified Mercalli Scale
(MM-III) have not occurred in the immediate Hanfcrd area, although intensities
as high as MM-V or MM~VI have been obsérved at sﬁrrounding towns.

The strongest shéck to occur in western Washington in historic record
was the 1949 edrthquake originating in the Puget Sound channel just off
Steilacoom, a distance of 150 miles from Hanford. A% distances of 150 miles,

2 .
Neumann reports that intensities from MM-IV to MM-VII were experienced.

Four shocks between 1932 and 1G46 had maximum intensities of MM-VII in western

Washington.



UNCLASSIFIED - 7 3.8 BNWL-CC-225

The eastern Washington earthquakes occurring in historic times have
not been as intense as those in western Washington, nor have they been as
frequent. In 1936, the Walla Walla area experienéed an MM-VI shock. 1In
1934 at Ellensburg and in 1957 near Othello, "seismlic swarms" of small shocks
occurred. A magnitude of MM-VI was reéched in some of these, but the shocks
were,highly localized. The closest recorded shock has occurred at Corfu, 31
miles Porthwest of the 300 Area. In 1918, it was recorded that the most
severe shock at Corfu lasted several seconds and shook goods from shelves
and caused landslides.

The effects of the great Alaska earthquake of l96h.and the most recent
shock 'in western Washington (1965) were not felt as strongly at Hanférd as
in surrounding,localities° In addition, Hanford is not located in a historically
active seismic zone. These considerations make the area one of-the safest inb
the state.

A map summarizing the seismic history of Washington State is given in
Appendix D.. The approximate relationships among earthquake intensities,
ground accelerations, and building code zones are also givéh.

For ﬁ;ilding purposes, the Hanford area has been included in Zone 2
in the seismic probabil;ty map adopted as part of the Uniform Buildinngode by

the International Conference of Building Officials, and the reactor and

building have been designed in accordance with the Code.
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The eastern Washington earthquakes occurring in historic times have
not been as intense as those in western Washington, nor have they been as
frequent. In 1936, the Walla Walla area experienced an MM-VI shock. In
1934 at Ellensburg and in 1957 near Othello, "seismic swarms" of small shocks
occurred. A magnitude of MM-VI was reéched in some of these, but the shocks
were highly localized. The closest recorded shock has occurred at Corfu, 31
miles northwest of the 300 Area. In 1918, it was recorded that the most
severe shock at Corfu lasted several secohds and shoock goods from shelves
and caused landslides. i |

The effects of the great Alaska earthquake of l96h.énd the most recent
shock 'in western Washington (1965) were not felt as strongly at Hanférd as
in surrounding localities. In addition, Hanford is not located in a historically
acti;é.seismic zone. These consid;rations make the area one of the safest inb
the state.

A map summarizing the seismic history of Washington State is given in
4Appendix D.. The approximate relationships among earthquake intensities,
ground accelerations, and building code zones are also givén,

For 5;ilding purposes, the Hanford area has been included in Zone 2
in the seismic probability map adopted as part of the Uniform Building Code by

the International Conference of Building Officials, and the reactor and

building have been designed in accordance with the Code.
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IV. BUILDING

The facility comprises a concrete structure housing the reactor, a steel
panel service building abuttiing on the west, a neutron time of flight detector
building of pre-fabricated type construction lccated to the south, and electrical
and other utility sﬁations,nearby, Refer to Figure IV-1.

A. Reactor Enclosure

v

The concrete structure incluées two levels, the reactor room which is
33 x 54 feet in plan with a ciear height of 29-1/2 feet and the reactor basement
immediately below with a height of 1&-1/2 feet.

The building walls are of ordinary reinforced concrete, I feet 8 inches
thick on the west (the office side) and L4 feet 3 inches thick on the other three
sides. The roof is 3 feet thick and the floor 2 feet thick. The floor is re-
cesééa 2 feet over the region occupied by the reactor and gas containment shell.
This sets the bottom face of the reactor at the same level as the work area floor
outside the shell. |

A shield door to the reactor room éovers an opening 11 feet wide by 10
feet high on the axial center line of the reactor on the west. A second shield
door, 7-x T feet, covers the opening into the reactor basement from the west.
Stepped concrete plugs are provided in the north and east walls of the. concrete
structure at the axial and lateral center lines of the reactor. A circular port
in the south wall at the lateral center line of the reactor provides the exit
for the flight tube for the neutron energy énalyzer. Also in the south wall is
a 4' x k' nonreinforced secticn, which is provided for easy modification to allow
the ad&ition of a fuel storage area. Thé walls are enamelled and the floor is
finished with a coating which is resistant +o chemicals and radiation. A 10-ton

bridge crane serves the reactor room. These features are shown in Figure IV-2,
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In addition to the above mentioned opeﬁings, the reactor rdom and base-
ment have the following penetrations:
° six shielded ventilation supply openings in the roof to the reactor
room

- a large ventilation exhaust opening in the basement to the underground

vault

o wiring and piping penetrations, all below the level of the reactor

The doors and penetratibns in the enclosure (reactor room and reactor
basement) are not sealed, nor designed to withstand internal pressures. However,
the reactor enclosure is required to be sufficiently air-tight that the ventilation
equipment can maintain the design negative pressure of 0.12 inches of water rela-
tive to atmosphere. The reactor enclosure provides the secondary confinement bar-

rier, backing up the reactor shellfand piping.

B. Service Area

Abutting the concrete structure on the west is a two story steel panel
building with a full basement. . The basement space is divided equally between
a heating and ventilating machinery room and an experimental equipment mockup room.
A jiv crane is available for equipment transfer from an access drive at ground
level down to & service area at the end of the mockup room. A concrete-walled
counting room is also located at this level, adjacent to the mockup area.

On the first floor of the service building are located the experiment
assembly room where unfueled test cores are_assembled before they are charged into
the reactor, a clothing change room with lavétory, an instrument shop, and the
reactor‘control room.

The control room, 21-1/2 feet x 17-1/2 feet, contains the programmed mea-
surement and control system, (PMACS) which include; a small control console with

video tube display of process variables, input and output typewriters, and several
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instrument cabinets and logic systems. A bullding and ventilating control cabinet
is also located in this room. Signal cables to the computer-controller are brought
in through floor penetrations.

The second floor of the service building contains offices, a lunch room,
women's rest room and corridors. Two stairways to this level are prcvided, cne of
which is cutside the building. The latter leads to the roofs of the service and
reactor ﬁuildings and much of the ventilation equipment.

C. Ventilation

Three separate ventilation systems are provided. The first provides about
3700 cfm to those areas in which radiocactive and fissile material will not be ﬁer-
mitted, such as the lunch room, offices, énd upstairs corridors. The ventila-
tion system maintains these areas at a slightly positive pressure relative to the
"tmosfhere and to Lhe pressure in:%he adjoining work ares.

The second ventilation system prcvides 7600 efm to the work and mockup
areas, instrument shop, control room, counting room, and change room and maintaing
these areas essentially at atmospheric pressure. Systems one and ﬁwo have a com~
mon intake d% the southwest corner of the facility; both exhaust via separate
blowers atcve the roof of the service area. |

The ﬁhifd ventilation system has an entirely separate intake system on the
top of the reactor builiing and exhausts via a forty-fcot stack. This system has
a capacité of 11,200 ¢im, and serves the reactor .enclosure only, maintaining it
slightly below atmospheric_pressure. Tﬁe supply equipment comprises an intake &ir
filter, twc dampers, preheat steam coils, cooling coils, a humidifier, a reheat
coil, and an intake blower. One damper is for normal service and the cther for
emergency use during power outages.. The equipment is well-drained and is enclosed

in a heated casing to avoid the possibility of the drains freezing. Accidental
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flooding of the reactor room by water from the ventilation supply equipment is

thus made improbable. The conditioned air is supplied at six shielded jet dif-
fusers at the reactor room ceiling and flows from the reactor room via 20 flocr
gratings into the basement area.

Frcm the south side of the reactor room basement, the ventilation air
passes via a tunnel through a remotely controlled valve, a bank of dust filters,
dual éanks of high-efficiencj filters (99.97% retention of standard 3-micron
dioctyl phthalate aercsol), a manually oﬁerated valve, an exhaust fan, and finally
discharges through the LO-foot stack. T£e filter pit is a conbtinuous reinforced
concrete structure up to the intake of the exhaust fan, is entirely underground,
and has sealed manholes at necessary service points.

A gasoline engine is directly coupled to the exhaust fan at the base of
the st;ck. This provides the neceégary back-up capability for continucus venti-
lation of the reactor structure in the event of motor failure or electrical out-
ages.

The LO-foot exhaust stack is tall encugh, is located sufficiently distant
frcm the intake louvres of the ventilation system, and has adequate release
velocity (L4000 feet per minute in & 2L inch diameter pipe) to ensure that shorte-

circuiting of the exhaust air from the stack to the intakes is improbable.

D. Services and Utilities

Power 1s supplied to the building from ah existing 2400 V substation
near the building, yia undefground cable, to pad-mcunted transformers, also out=
side the building. Since the safety of the reactor does not depend upon an unin-
terrupted electric power supply, only a single source is provided. Battery-
powsred emergency lights are>provided to allow safe evacuaticn of personnel.‘

from the building in the event of power failure.
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The following 300 Area service systems are piped into the building:

Compressed air (90 psig)

Sanitary water (also used for process water) 115 psig

Fire protection water (separate connection to sanitary water) 115 psig
Steam (175 psig)

Condensate return (125 psig)

Sanitary sewer (gravity)

Process sewer (to waste disposal ponds; sump pump discharge)

Within the building, process cooling water is provided by two pumps
(115 psig discharge head) whose supply is a 500C-gallon break tank fed by a line

from the 300 Area sanitary water system.

E. Detector Building

A drift tube, up to 18 inches in diameter and about 25 meters long, extends
from the reactor into the detector building, terminating'at the target area. The
detector building is a long, narrow (50-1/2 ft x 16 ft) pre-fabricated galvanized
steel panel unit, housing part of the drift tube and the neutron detector assembly.
It is located about 34 feet to the south of the feactor building. Separate elec-
trical heating and an evaporative cooler véntilation system which exhausts to the
atmosphere are provided for this building.

F. Nitrogen Supply (Figure IV-3)

Nitrogen gas is supplied at 100 psig from an 8000~gallon ligquid nitrogen
tank designed to the ASME Unfired Pressure Vessel Code, located on & 14 ft x 18 ft
concrete pad about 60: £t to the southwest of the service building. ~The storage
tank is provided with dual rupture disks, dual safety relief valves, a pressure
indicator, and liquid level indication. An electrical contact for low liquid level

in the storage tank is provided for alarm annunciation in the control room.
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Four veporizers (heat exchangers from liquid nitrogen to smbient
air temperatures) are provided, each with a normal load capacity of 1500 ft3/hr,
one of which would satisfy the normal demand and two of which would meet any con-
ceivable emergency.

The gas discharge line from the station is equipped with a safety
relief valve., A two-inch line sbout 132 feet long at 18 in. below grade prcvides
sbout’ 70 square feet of additional heat exchanger surface before the first control
valve within the facility.

The design of the nitrogeﬁ piping and heat exchange system makes the
entry of liquid nitrogen into the reactor gas system a physical impossibility. The
designers deliberately rejected the idea of installing an automatic, thermostatical-
ly controlled valve in the nitrogen supply line (which would close on contsct with
cold liquid nitrogen) since they regarded it as entirely unnecessary and wished
to avoid spurious operation of the valve and starvation of the reactor gas system.

Within the facility, the high and low pressure nitrogen service is
divided. A pressure regulating valve and flow control valve supply low pressure
gas flow to the reactor. The high pressure service is provided to the reactor
auxiliaries such as the oscillators, flux wire manipulators, safety rod brake

cylinders, and neutron spectrometer collimator.
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A. General

| The HTLTR moderator block is a graphite cube 10 feet on a side, made up

of cored, nuclear grade graphite bars, 4-3/16 in. square, 4 ft and 2 ft in length.
The bars are stacked, keyed, and doweled together to form a solid unit. The 5 £t x
5 ft x 10 ft long central section is entirely removable.

This central section may thus be readily adapted to any size of test core
up to a 5 ft cube. For smaller test cores it will be lined with graphite blocks
vhich can be loaded with driver fuel. The central unit of thevtest core, the test
cell, can be removed or oscillated during experiments. Maximum nuclear thermal
power is 2 kilowatts; this, however, will be infrequently scheduled. About 475
kilowatts of electrical power are available for heating the moderator to the de-
sign temperature of 1000 C.

:ﬁﬂNitrogen gas provides an inert gas atmosphere at elevated temperaturcs.
The gas is contained in an insulated carbon steel shell.

The reactor is controlled by a system of 8 shutter-type control rods and
4 gravity-drop blade-type vertical safety rods (VSR). The neutron flux in the
reactor is sensed by four channels of nuclear detection instrumentation. Two
channels provide input to the Programmed Measurement and Control System (PMACS),
and two channels provide period, flux-level, and on-scale input to the safety cir-
cuit. |

| Radiaticn shielding is provided by a Boral liner within the steel shell
and by the outer concrete walls of the building.

B. Reactor Loading . ' .

Driver fuel will be loaded into.the moderator on a 4-3/16 to 8-3/8 inch
spacing. The driver fuel elemernts will be 1.06 in. diameter enriched (5% U-235)

UOé ceramic pellets in graphite cladding. The cladding diameter will be gbout
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1.6 inches c.d. Various fuel element lengths will be used. Flux leveling sliugs b
inches and 8 inches long are specified, and main drivers may be 2.5 feet or 5 feet
leng. The ionger lengths of driver fuel will be loaded in a ring arcund the test
core, which may be moderator only or a test fuel ard moderatcr assembly. The '
shorter lerigths will be loaded cn the ends of the test core. Frocedural control
and the safety circuit are relied crn to prevent startup accidents with this reactor.
Such éon;rcls have teen in use for ten years in the operatior of PCIR. This is
discussed in detail in Section IX. The reacters are comzared in Apperdix E,

Pciscn shim rods will be lozied in certain channels of the core. Their
funetion is to reduce the negative moderator temperature coefficient of the
reactor {such that it remains negstive but less than 0.1g/°C) to avoid the neces-
sity for controlling large awmcunts cf excess reactivity at room temperature aud
to reduce the spuricus reactivity s&gnals caused by fluctuations in temzerature
during experimental measurements. Gadolirium oxide has been chosen as the major
material for this teﬁperature-dependent roiscn shim but it may be modified
slightly with iridium cr with hafzium cxide fo ensure that the coefficient will
remain negative above the coperating tempefature.

The test core wili have many different arrangenments ¢f moderatcr and fuel.
Bowever, by procedure it Wiil always bé lcaded s> as to be suberitical by itselifs
alsc, the ends will usually be loaded with flux leveling slugs, which are coaposed
cf driver fuel as in the rest of the driver regioﬁ. Since, in experiments of this
kind, most of the power is developed in the driver fuel, the effect of the test ccre
on the overall core kinetics will not be controlling. Up to about six kilcograms cf
fissiénable material may be contalned in the tesh core. Since this compares with

about 40 kg of U235 in the driver regilorn, the effect of the test core fuel cn the
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reactor kineties will be small, even when the test fuel contdins U-233 or Pu-239.
Those channels not in use as fuel or poison channels, or for gas circula-
tion, control, or heating, will be plugged with graphite.

C. Gas Envelope and Thermsl Tnsulation

The reactor, and its thermal insulation, are enclosed in a gas-tighi steel

¢ WwES T

container. This has a removable door on the front (eé§57>face, for complete access

e

EpH

to the reactor core for alterations, and a smaller dcor on the rear {ﬁéggs)face
for access to the test ccre. Both doors are designed to be gas-tight. Oﬁher
penetrations, for control and safety rods, gas system piping, experimental open-
ings, electrical leads, and instrﬁﬁentation are sealed or capped as necessary.
The envelope can be evacuated to.aid in purging air from the system before heating.
The gés envelope is designed to meet a requirement of leakage no greater than one-
half percent of the gross volume per hour, at a pressure differential of one psi.
The gas flow is direéted from a three-foot plenum at the front face through the
channels in the mcderator block to a three-foot plenum at the rear face by suit-
ably disposéd gas diversion blocks at the top and sides of the reactor.

The reactor is designed for continubus operation at 1000 C. Specially
insulated test cores may be heated and operated at temperatures above 1000 C
as long as the rest of the reactor remains belcw 1000 C. The thermal insulation
exterior to the reactor is about two feet thick,'consisting of successive layers
of insulating firebrick, stagnant nitrogen, and fibrous mineral blanket.
D. Shielding

Since the reactor wili be operated at énly ncminal power levels, there

is no massive shielding immediately adjacent to the core of gas envelope. The
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reactor is operated remotely, and the walls of the reactor room provide shielding
fgr personnel as discussed above in the description of the building. A Boral
shield 1/8 inch thick is attached to the inside of the gas envelops, with open-
ings as required for admisgion of neutrons from the source and efflux to the |
flux detectors. This shield is provided to minimize the generation of capture
gamma rays in the steel shell.

E. Heating, Cooling, and Gas Circulation

The reactor is heated electrically, by low voltage, high current gra-
phite heating bars, traversing the reactor. The heater surface design tempera-
ture is 1600 C. Heating current is controlled by saturable reactors and is
supplied through copper bus bars to large graphite buses into which the heater
bars‘éfe fastened with screw plugs and tapered sleeves. The é;éphite«to—COpper
bus bar connections are made in a relatively low-temperature zone, but water-
cooling of the joints is necessary.

The reactor is blanketed in a recirculating nitrogen atmosphere at .
low pressure. The purity Qf the reactor atmosrhere is maintained by a water
removal system and by continuous purge and makeup of thé recirculating system.
Both the gas purged from the system and the rgcirculating gas are analyzed for
02, CQ, 002 and. H2 by gas chromatographs. A complete anaiysis requires 8
minutes ana the two streams are sampled alternately; thus each stream is analyzed

about 4 times/hr. The analyses are used to determine the gas purity and as

an indication of small leaks and gas-graphite reactions. In addition, both
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streasms are contimiously monitored for alpha-radiating particulate matter as an
indication of fuel element rupture. The purge stream is filtered through dual
high-efficiency filters and then discharged to the stack. The recirculating stream
is filtered by a single high efficiency filter. During normal operation most of the
flcw is returned to the inlet of the heat exchanger. A side stream is further
cooled and supplied to the control and safety rod actuetor housings. Moisture
moritors are included in the recirculating gas lines immediately foilowing the heat
exchangers. These provide rapid indication of any water seepage into the system.
For cooling the reactor, the main stream of the recirculating nitrogen is
permitted to flow through the reactor,. A flow-sheet of the circulating gas
system is shown in Figure V-1.

F. Control Rods

- Bach of the eight horizontal shutter-type control rods ¢éan insert its full
change of reactivity with a movement of only six inches. Rod movement may be
ganged, or single rods may be moved és criticality is approached. The design of
the rod is shown in Figure V-2; details of its operation follow:

The active section of the contrcl element is made up of six-inch lcng
cylinders of two kinds; namely, graphite and UOe-graphite. The outer rcw of
cylinders, alternately grephite and UO,-grephite, seven of each for a total
length of seven feet, is housed in a graphite sleeve which is anchored to the
resctor shell at one end. The inner row of cylinders, alternately UO,-graphite
and graphite, eight and seven in number, respectively, for a total length
of seven and one-half feet, is assembled on a 1/2-inch dismeter thoria-

dispersed nickel (TD-nickel) rod. Graphite cylinders about the same size
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as the grephite and fueled cylinders are assembled on the remaining portion of the

rod which is in the high temperature zone. When installed in the assembly, all
the inner cylinders are held in compressiqn (about 300 pounds, cold) on the TD-

* nickel rod by a hea?y compression spring in fhe actuating mechanism. At 1000QcC,
this compression is reduced to about 150 pounds because of linear expansion in the
TD-nickel rod. The entire inner row of cylinders is moved in both directions by
the actuating hechanism, which is directly coupled to the TD-nickel rod. The
outer sleeves are held in compression by a graphite spring. By constructing all
parts of the control rod assembiy except the TD-nickel center shaft of graphite
or graphite base materials, differential thermal expansion, which could affect
the worth of the rod, has been minimized.

”*”The actuating mechanism-of each rod consists of a stepping motor counected
through suitable gearing to a ball nut which rotates on a nonrotating lead screw-
The stepping motor is driven by pulses originating in the reactor computer-controller
(PMAcs) The motion of the control rod is limited by limit switches. The control
rod position is determined in two ways. The coarse position indication is ortained
with a direct current differential transformer (DCDT), which ccnverts linear motion'
intc a proporticnal dc signal. The DCDT core is connected to the operating rcd

* so that it always reads control rod pcsition, even during a scram. The output
of the DCDT goes t0 the PMACS computer. The fine position indicator is a motion
transducer, incorpora?ed in the stepping motor, which puts out twc pulses for each
step the motcr makes. The sequence ¢f the output pulses indicates‘the directicon
of rotation of the motor. One step of the motor (two pulses from the transducer )

Q.i; equals 0.00025 inch linear travel of the actuating mechanism and cperating rod when
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they are connected by the latch. The pulses are counted and converted to exact
rod position by the computer.

The latch is & ;otating-riﬁg ball-detent tyre, operated by a sclenoid,
When the solencid is energized, the ring rotates against spring tension, causing'
four balls to be cammed into a groove in the operating rod. This locks the actuat-
ing mechanism ard the cperating rcd together. Actuation of the stepping motor
cause; the control rod to mcve against the tension of the two seram springs. De-
erergizing the solenoid allows the ring tc rotate in the cpposite direction,
releases the balls, end thus disconnects the control rod from the orerating
mechanism. The scram springs then pull the operating rod rapidly to the outer
i1imit of travel. Befcre the lateh can be‘remengaged, the operating mechanism
must be returned to its outer limit of travel.

During a scram ebout hﬁ%ybf the full rcd travel occurs in the first ©.15
seconds. A deceleraticn cylinder, incorporated into the assembly, cushicns the
impact of the rod a£>the end of its travel. Rerlacement cf the discharge crifice
bin the deceleration cylinder with a éifferent size permits scme ed justmert in the
time requiréd for total rod travel. Full rod travel, as méasured on the rrcte-
type centrel rod, requires less than C.72 secords. Failure of a single spring
hes teen simulsted in tests of the aséembly; full rod closure in-less than 1.15
sec resulted.

A fine control rcd of the same design and. ccnstruction as the other eight
is also provided. This rod has only a small fraction of the reactivity strength
cf one of ths Primery ccntrol rods and is not a part of the shutdown system or

saféty circuit, Its only purpose is to cbtain precise measurements of small

changes of reactivity.
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G. Vertical Safety Rods (VSR)

A system of four vertical rcds (flat rlates) is provided. These rcds
drop into the core on a reactor scram, The rcds are usually meved in pairs,
though single reds 1y be dropped on tests, The design of the rod is shown in
Figure V-3; detallis of its cperation follow:

The contrcl element is a blade, T inches wide, about 138 inches long and

PaTo e — Sorepiim Sisperied wicke s
1/2-inch thick. A mixture cf gadoiinia and europia in a suitable matrix in
pieces 6 inches square and 3/8 irch thick, makes up the active rocd length of 120
inches., The nuclear ﬁoison squares are ‘mounted iﬁ a ladder frame made up of
1/2-inch TB-nickel rod, covered with 0.030 inch TD-nickel sheet and assembled into
one unit with TD-nickel rivets. A stainless steecl suppcrt assembly, clamped to
the top of the frame, prcvides the coupling to the lifting cable. The four
sofety. rods move In rectangular slets in the molerater block.  The flat, rigid
blade assemtlies are capable ¢f intermittent or continuocus service at 1000 C.

Each safety rod is supported by a l/8minch stainless steel aircraftvcable,
which winds on a grooved drum to pravent overlisp. The drum is mcunted on the main
drive shaft, to which the armature half of a magnetic clutch is keyed. The rotor
of the clutch is driven by a stepping.ﬁotcr through reduction gears. A disk brake
in the drum provides the necessary deceleraticn to prevent damaege to the rod cr cable
at the bottom of their fall. The-brake is held off by méchanical interference of a
cam until, 186 inches above the full-in-position, the brake is applied by spring action.
The breke remains gpplied until it is pneumatically released'by nitrcgen under pres-
sure when the rods are to be raised. The brake functions effectively regardless of

the pceition of the rod when the screm signal is received, It remains applied
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at the full-in position of the rod until the safety circuit is made up, preventing
drum movement; (and rod movement) until reactor startup is planned. The time
required for full insertion of the rods including the brake action, instrument

delays, and magnet release time is less than 1.25 sec.

cns

e [

All of the parts described, and limit switches which provide indicati

P S e

when the rods are fully in, fully out,&and at the 40 inch levei>‘§}e enclosed as an
assembly in a housing which is sealed to the reactor shell and contains the reactor
gas afmosphére. The only péﬁetrations into the hoﬁsing are the electrical leads

{ bulkhead fittings), the brake release cylinder shaft, and thke coolihg gas 1n-
let. Nitrogen is used as the motive power to the cylinder to avoid air contam-
ination of the reactor atmosphere.

The maximum rate at which the safety rcds can be withdrawn is set by the
pulsing rate from PMACS. Rod movement is 0.003 inch/pulse and PMACS is limited
to 125 pulses/sec, thus the maximum withdrawal rate is 22.5 inches/min. If PMACS
should attempt tc deliver a higher pulse rate, a further limitation is set by the
usable rate of the stepping motcr, i.e. the maximum rate at which the motor can
accept pulses and still develop enough torque to Qperate the drive. In this
design this maximum rate is approximately 140 pulses/sec.

Manual scram buttons are provided so that the electric-power to the de
power supply for the hoiding magnets may be cut, independently of the safety cir-
cuit. Thus a scram may be initiated even in the event of a failure of the safety
circuit. .

H. Safety Circuit (See Figure XI-l, page 11.2L)

The safety circuit is a separate dc locp, consisting of a power supply, .
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a coupling transformer, solid state dicdes, and the holding magnet coils for the 8

centrol roés and the 4 safety rods.

The reliebility of the ¢ircuit logic end of the components used, which
are either passive or solid sﬁate devices, is discussed in Appendix F. Instan-
taneous, automatic shutdown screm will be initiated by any of the following:

1. - Neutron flux channel down scale (low level trip)

+~ 2. Neutron flux charnel up scele {high level trip)

3. Short reactor pericd

L,  FMACS self-audit signal féilure (10 sudits per second)

In edditicon some cff standard prcéess~variables or equipment interlocks
mey be programmed in PMACS to éause an automatic shutdown,such as the(guclear
incident.monitor>or movement of an access door to the reasctor room or reactor
besemext,

Each of the first three shutdown functions is provided by two duplicate
charnels set up in one cut of two failure icgic. EFEachn channel consists of a
fission detector ion chamber, an amplifisr, a period circuit, and a power sucpply.
If either chanrel rroduces an off-normal signal for any of the three functions,
the reactor 1s scrammed automatically. The system is designed so that componewn
failures also result in a reactcr scram.

In edditicn to the stove, a serarate set of neutrcn flux chambers,
which also provide the signals for nucliear experimentetion, are arranged in dual
channel configuration to provide two signal channels to PMACS. 1In response to

off-normal signal levels, PMACS will trip the safety circuit on a one out of

17
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two logic basis at the levels cf downscale (low level), upscale (high level),
and short period corresponiing toc those of the fissicn chambers, Thus two
entirely separate cne opt of two systems of different design have been provided
for monitcring and-shut dowvn ccntrol of the neutron flux level.

The PMACS self-audit signal results from an internal perfcrmence check
every tenth of a second. The self—auditingfincludes a randcm memory check (pro-
: \
gramméd;}and two independent reutron flux digitizing checks (hardware). This
auait also pr&vides a check cn the internal clock and fiming signal.,

The nuclear incident monitor is the standérd Hanford nuclear criticality
alarm. _Thé chamter is located on the reactor building rocf and will be set at an
eppropriete trirzing point tetween 5 and 20 mrem/hr.

| In addition to automatic shutdowns, manusl scram buttons are provided
at the operating console, inside the reactor room, and in the reactor basement.

Overall sugervisory control of the safety circuit and resctcr operation
is provided with two key lock switches on the-control conscle which céntfol\power
to the safety circuit and to the computef, respectively.

J. Annunciators

An alarm will sound and visuel annunciastion via PMACS will occur for any

of the following cff-standard conditions which do not require immediate automatic

reactcr shutdown:

AT
s
e

. Buillding radiaticn meonitor high level
. Unscheduled high temperatures in the reactor¥

. lLoss of cooling water flow to the cooling coils in floor under reactor*

* These signals also shut down the electrical heaters autcmatically.
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of cooling water flow to the reactor heater terminals*

of cooling water flow to the low voltage transformers supplying

the heater busbars¥

e Basement sump high level

¢ Unscheduled high heater power¥*

such

¢ Off-standard c0nditions'in the reactor gas circulating systen,

as:
High moisture content**

Low gas pressure to gas blower seals

Carbon monoxide, carbon dioxide, oxygen or hydrogen significantly
above tolerance |

Fission product activity in purge gas filter

Off-normal temperatures in gas blower bearings

High temperature, main heat exchanger outlst

High temperature, rod heat exchanger outlet

High.differential pressure, main filter

Low purge gas flbw

Alpha acﬁivity in purge gas flecw

Off-normal liquid nitrogen supply

« Safety circult ground

s High

or low water level in the Prccess water break tank

*  These signals alsc shut down the electrical heaters automatically.

C.l> *¥%¥ This signal also automatically shuts down the gas blower and the electrical

heaters.
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Alarm annunciation is also separately provided on the heating and ventilating
control panel located in the control room for seven variables of the high capacity
ventilation system which serves only the reactor building:

¢ Input temperatures--four monitored-

¢ High exhaust temperature

e Off-normal exhaust flow

e Failure of exhaust fan
Off-normal alarms (16 provided) for the ;ther two heating and ventilation systeums
are located on the control panel in the heating and ventilating equipment room.

Any transducer for temperature, flow, pressure, pressure differentiél,
etc., in the process flow stream or in a service or utility system can be pro-

grammed by PMACS for off-standard alarm, using cne of the analog input channels up

to a total of 128, or one of the digital channels, also up to 128.

K. Core Nuclear Characteristics

The HILTR test core will usually be loaded either with graphite alone or
with éraphite plus fuel and other materials in a regular lattice array. The
driver region will be loaded wiﬁh one or more rings of fuel rods, and the ends of
 the test core will be loaded with layers of the short flux leveling slugs.

The nuclear characteristics of the HTLTR are not greatly affected by the
loading of the test core. Since the calculation of these characteristics must be
based on some assuqed loadiﬁg of the test core, the values given in this section
are for the driver lattice required for a test core containing graphite and

natural uranium, and with a typical array of flux leveling slugs in the ends.

B
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Four-energy-group neutron calculations have been made for a typical driver
rod configuration to determine the critical mass of fuel for HTLTR and its dis-
tribution between radial driver rods and end flux leveling slugs. A number of
calculation methods were tested against a‘known graphite-moderated natural uranium
lattice to determine which model best approximates HTLTR.

, Valﬁes of the Doppler coefficient were calculated using Dopplervbroadening
of a Breit-Wigner single-level resonance shape. This calculation gives a value
of %.%% = 9.93 x 10'6/°C at room temperature. This gives a 8k(T) from room tempera-
ture to a fuel temperature T(K) of L4.95 x lO'h(Tl/2—293l/2); from room temperature
to 1000 ¢ Ak is -0.92% and from 100C C t0°2000 it is -0.59%. - Thus there is
available a prompt negative temperature coefficient to limit a reactor execursion
at all. temperatures. -

The temperature coefficients calculated are the best estimates available.
Admittedly, however, the methods are not very precise. The actual temperature
coefficients will be measured as a part of the initial startup program. This is,
in fact, one of the mainfields of usefulness of HTLTR: +o obtain experimental
temperature coefficient data for high temperature reactors, for which calculated
coefficients are too impfecise.

All of these calculated parameters are presented in Table V-I.

The results of calculations to determine the effect of adjusting the slow
temperature coefficient of the reactor with gadolinium oxide shims are shcwn in
Figure V-4. For these calculations it was assumed that a ring of 76 graphite shim
rcds, each l—l/h inches in diameter and 8 feet long, containing the weight per-
cent of Gd,0, indicated, was placed in the reactor immediately outside the driver

23
ring. The amount of this poison required to reduce the temperature coefficient



-

UNCLASSIFIED ‘ 5.18

TABLE V-1

HTLTR DRIVER LOADING

Calculated fuel requirements and nuclear
characteristics for a Slh-inch unfueled
test core; no gadolinium oxide shim rods.

Number of 5 ft drivers
Number of 15 in. end drivers
Critical mass, U233

Total fuel mass {5% ¥2330,)
Worth of one 5 1t driver
U235 4o carbon atomic ratio
U238 to carbon atomic ratio

Temperature coefficients (¢/C):

Temperature range, C 20-425
Nitrogen coefficient + 0,039
Doppler coefficient - 0,155
Moderator coefficient - 0.631
Total temp., coefficient = 0.T4T

Reactor kinetics parameters:

Temperature. C ' 20
Prompt neutron

lifetime, msec 1,18
Migration area, cm T.09x10

Nitrogen pressure

coefficient (¢/mbar) ~0,062

68
240
47 kg
1067 kg
25¢ _y
1.92 x 10
3,64 x 1075

425-700 700-1000
+ 0,01k + 0.009
- 0,117 - 0.093
- 0,605 - 0,451
- 0.708. = 0,535

425 700 1000

0.92 5 0.85 5 0.80

T.66x10°  7.95x10°  8.22x10°

2

-'0-0245 -0.0113 _000)40
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sufficiently for proper operation will be determined during-initial startup tests.
If the slow temperature coefficient shows a trend toward becoming positive above
1000 C, iridium or hafnium shims may be used in addition to gadolinium. |

E#en with the shims in place, it is possible that a test core might be
loaded having a greater negative temrerature coefficient than expected, because
of the uncertainties in these calculations. This would cause the margin of excess
reactivity at the desired cperating temperature to be foo small for efficient
operation. If no compensation were provided, serious loss of experimeﬁtal time
would ensue, since the time to cool and-reheat the reactor is so long. Therefore,
for certain test cores of unfamiliar materials, it is planned to load excess
reactivity equal to the worth of_two control rods in excess of the normal limit
of $1.90. The two control rods will be locked at the.reactor face in their least
reactive position end will be uﬁiocked only if the extra margin of reactivity is
needed for experiments at the operating temperature. The two rods will be returned
to their legast reéctive pesitions and relocked before the reactor is cooled.

Figures V-5 and V-6 show the flux and adjoint flux distributions calculated
for HTLTR with a natural uranium lattice in the test core, 68 fuel rods in fhé
driver region, and with no gadolinium shims, The celculations were made with the
HFN neutron diffusicn code (one-dimensional, multi-region, multi:grcup code) for

the folliowing neutron energy groups:

Group 1 150 keV and up
Group 2 3 eV fo 150 keV
Group 3 0.6 eV to 3 eV
Growp 4 0 to 0.6 eV

Gii; Only the group 4 flux shows much variation with temperature, increasing with
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temperature for equal fission rate as expected, considering the fairly large
negative moderator tempersture ccefficient of the reactor. The group 1 and 2
fiuxes show a slight increase with temperature in the driver fuel region. The
group 3 flux and the adjoint flux show negligible variations with temperature.
The figures show normalizéd flux level versus distance from the reactor cente%
in cm. The boundaries of the test core, a graphite buffer region, the fueled
driver region, and the graphite reflector are shown, as are the positione of the
inner and outer fuel rings and the vertical safety rods.

The calculated flux distributions were used in estimating the worth of
the control end safety rods. Considering only thermal neutron sbsorptions, these
ceilculations predict worths of about 50¢ fer each control rod and 1.50$ for each
safety rod. Epithermsl absorptions will probably increase these worths somewhat,
Thé*flux distribution will be censiderably changed by variations in the loading
of the test lattice and by the adjustments which will be required in the buffer
region. It is anticipated that the control rods will never be worth less than 35¢
ecch and the safety rods 1.00$ each.

Depending entirely upon the loading, for example, a shutdown mergin for
the reactor could be (with two comtrcl rods locked) 6 control rods at 35¢ = 2.10%
plus 4 safety rods at 1.00$ = 4.00$ for a total of 6.10% against 1.90$ excess
reactivity loaded, a margin of 4,20%. Or, when the reactor is heated to operating
temperatﬁre, the minimum shutdown margin could be 6 control rods at 35¢ = 2.10$
egainst asbout 50¢ excess reactivity at.operating temperature, leaving 1.60$

mergin in the control rods, and k.00$ also availsble from the VSR. Thus, when
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the reactor is ccld, only two VSR would have to drop, or all control rods and no
VSR's, for & shutdcwn. When the reacter is st temperature, any two control rods
or any cone VSR wculd shut the reactor down. The sbove discussion is for the
partielly shimmed reactor. With the full complement of the Gd203 shims in place,
the cold reactor would be .shut down by only any three ccntrol rods or any one- VSR,
It is not intended to start up the reactor {nuclearly) unless all control and
safety rods are cperable and of at leest the minimum worths listed.

L. Core Thermal Characteristies

The weight of the graphite in the ccre is approximateliy 100,006 1b.
The specific heat over thé range from 260 C to 1000 C averages 0.4 Btu/{1b)(F).
The heat input to heat up the reactor thrcugh this temperature range is therefore
(1000 - 260){1.83{0.4){100,000) = 53 x 105 Btu or about 15,000 kW-hr assuming no
iossas from the grarhite. The time required to heat the reactor will therefcre
be ms;e than 30 hours. | |

The initial cooldown rate with a flow of SC0O Ib/hr ¢f nitrogen having
‘an average specific heat of 0.26 Btu/{1t}{F) wiil be

gG00){ 0.26){1000 - 26C3{2.8) = 3.1 x 106 Btu/hr. The final cooldswn rate with

a flow of 10700 1b/hr of nitrogen having a specific heat of 0.25 Btu/{ib){F) will
be {(10700){0.25){260 -~ 95)(1.8) = 0.8 x 105 Btu/hr. The average cooldown rate
will be abcut 2 x 106 Btu/hr, assuminé no cther heat losses. .Thejcooling time
from 2000 C to 260 C will fherefofe be about 26 hours. The normal maximum éold
excess reactivity to be charged-to the core 1is i.90$, with the pessible addition
of 1.00$ in locked control rods. Of this, 504 will remain as opersting margin st
operating temperature. The maximum possible rate of reactivity addition by normal
cocling is therefore (3.1/2){240)/{26){3600) = 0.0CLO¢/sec. For abnormal conditions

the cocling rates are still slower, as shown in Section XIT.
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VI. EXPERIMENTAL AND TEST FACILITIES

A. Test lattice Oscillators

T™wo oscillators are provided. One of these, on the rear face of the
reactor, is capable of remotely moving either the test cell or the adjacent cell
into and out of the test core. These cells may be up to 15 x 15 x 84 inches and
weigh up to 1200 1b. The stroke is adjustable up to 36 inches with any time cycle
greater than 5 sec. This permits making the substitution experiment from the
control room. This oscillator may also be used to move a fuel element train to
permit comparison of test fuels with a standard reference.

The other oscillator is on the front face of the reactor and will manipu-
late small specimens anywhere in the central 15- by 15-inch region of the test
core. ¥ 1is used tc insert neutron-detection foils for irradiations of short dura-
tion and to insert standard neutron absorbers as a calibration of the reactivity
of the test cell. It has a capacity of five pounds and a maximum stroke of nine
feet in a minimum of 2.5 seconds. The period of osciilation ié ad justable. Cool-
ing chambers and isolation valves are included on both oscillators so that speci-
mens may be removed from the reactor and feplaced with othefs without the neces-

.siﬁy of cooling the entire reactor. The specimens can be cooled from 1000 C to
10C ¢ in one hour and removed through ports in the chambers.

‘B. Neutron Timé—of—Flight Spectrometer

A neutron velocity spectrum analyzer is mounted on a side face of the
reactor at the lateral center line. A removable graphite plug permits the instal-
lation of a collimator allowing a beam of neutrons to emerge from the test lattice.

Ci.; A rctating chopper is mounted in the beam just outside the reactor gas envelope.
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An evacuated flight tube permits the neutron pulses from the chopper to reach the
target 25 meters from the center line of the chopper rotor. A shutter stops the
beam when not in use.

The target consists of a bank of neutron detectors (enriched BF3 propor-
tional counters) arranged to present a 12-inch square target .of about four to five
inchesidepth,lall feeding a multi-channel time-of-flight analyzer system.

This equipment providés s measuwrement of the veloclty spectrum of the
thermal and near-epithermal components of“the reactor flux.

C. Core Dolly

- A wheeled vehicle is provided on which test cores can be stacked in ad-
vance of experimental work and then transferred into the reactor as a single unit
when.the experiments are to start.ﬁﬂThe machine has a load capacity of 28,000 1b.
After the vehicle is anchored to the floor of the reactor hall, the transfer of
the core into position in the reactor is accomplished by a ram mechanism having a
thrust of 10,000 1b. Cnly unfueled moderator will be transferred in this manner.
Fuel is added to the reactor by the loading procedures described in Section IX.

D. Wire Traverse Mechanism

Two mechanisms are provided fof flux determinations from front to rear
and from side to.side cioae to the reactor center lineé. Test wires are loaded
in the storage units and the reactor core whlle the reactor is at room temperature.
-Immediate removal of the flux wires following a traverse is possible following
closure of compressioh valveé near the shell penetrations. The valves also pro?
vide gas-tight closure for the four penetrations when the equipment is not in
service. The housing shells of the storage and receiver units for the wire be-

come part of the gas shell enclosure during routine use of the tool.
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VII. INSTRUMENTATION AND CONTROL

A. Neutron Flux

Uncompensated iocnization chambers provide the neutron flux signal for the
high precision experimentai measurements. The chambers are located at the top.
center’ of the reactor, outside the gas envelope, beyond the high temperature zone
and over openings in the Boral shield. An inch of lead on the bottom side of fhe
chambers shields these units from the reactor gamma flux, and two inches of poly-
ethylene above provides a reflector. The chambers are paralleled electrically

into two groups with the more sensitive group (one or two more chambers) providing
11

a signal of 5 x 10 amps at a flux of 30 n/cm2 sec. The analog signal from each
group is digitized in PMACS and covers the entire range, from source level to
maximum permissible power, in 7 dedades. A signal to trip the safety circuit is
generated in PMACS from these channels for off-normal flux levels and periods.

Two independent channels using fission counters provide level and period
'Signals to trip the safety circuit directly from the appropriate reéponse in either
or both. The channels are designed for high reliablity and speed of response.
Accuracies in neutron flux measurement of 20 per cent of a decade and variations
in period measurement up to i 10 percent over the range from 10 to 100 seconds
are acceptable with this systeﬁ.

A £F3 proportional counter located near the ion chambers at the top of the
reactor gives a signal which, when amplified and supplied to loudspeakers in the -
reactor room, reactor room basement, and control room, gives a continuous and

audible indication of flux level. A step switch is provided to adjust the scale

factor of the amplifier to the existing flux level.
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A nuclear incident monitor which is sensitive to neutrons only is located
on the roof of the concrete reaector building to provide a critiéality alarm from
an incident that might oceur anywhere in the facility. A signal via telephone‘
lines is provided to 300 Area Security Patrol headquarters to initiate the '
appropriate emergency ﬁrocedures for the area.

B. Radioactivity

Zone radiation monitors sensitive to gamma radiation with nonsaturable
count rate meters having'a fanéé”from 1 mR to 1000 R per hour are located in the
assembly room, the reactor room, and the reactér basement. An alarm and identi-
fication is provided in the control room via PMACS.

A beta-gamms detector is located at the purge nitrogen filters. In addition,
downstream of the main filter and at the input to the purge filters two continuous sam-
plers are provided for alpha monitoring of the nitrogen gas. The alpha monitors pro-
vide an alarm within'five minutes at a contamination lével of lO'1+ uCi/ft3. These
detectorSvare coupled to PMACS for continuous surveillance and off-normal indica-
tion. |

An alpha-beta~-gamma hand and foot counter is provided for routine.personnel
monitoring.

C. Reactor Temperature

Reactor temperature measurement for experimental information is obtainred

+ 16 sheathed thermocouples entering the driver section from eight penetra-

tions on each side
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e 16 sheathed thermocouples entering four penetrations in the test core

section from the rear face

¢ two movable resistance temperature detectors (RTD's) entering the test

core from two penetrations on the rear face.
The RTD temperature scanning will be restricted to precision measurements below
core t;mperatures of 400 C. The above inputs to PMACS will provide both test data
and information for control of reactor témperature.

The outputs of the same 32 thermécouples are processed by PMACS into four
zone femperatures. Power to each of the four groups of heater rods is controlled
by the appropriate zone temperature signal which controls the output of one of
four #4ransformers with saturable cores. In addition, each heater rod is individu-
ally protected from over-temperature as the surface temperature of every rod is
monitored by a thermocouple whose output PMACS records and compares to a pro-
grammed set-point. For as long as the measured surface temperature of any single
‘rod etceeds its set point, electrical power to it is automatically removed. Each
of the 24 heater rods is also equipped with a second thermocouple for a spare.

D. Gms System

Gas pressures ahd temperatures at various points, rates of gas flow, and
the composition of the gas stream are sensed by transducers of standard design
whose outputs are scanned at a high rate by PMACS. The signals are processed by
PMACS to display a temperatﬁre or control a flow rate or indicate an off-normal
condition depending upon the program within PMACS.

‘ The make-up nitrogen admission-valve, the exlt purge flow control valve

»<.l> and the cooling water supply valves to the heat exchangers are typical of the
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process valves operated by PMACS to maintain set point control of temperatures
and flow rates for the gas system. No direct pneumatic lines to the control room
are used either for measurements or control.

E. Programmed Measurement and Control System (PMACS)

PMACS is a multipoint date handling device, with on-line computing
capability to provide closed loop control on both nuclear and non-nuclear systems.
Alsc, it can be used as an off-line computer, following an experiment, to process
the accumulated data. The unit consistsrof_solid state logic circuits designed
for this application, coupled to a commercially available digital computer.

All date handling and control functions are performed by the PMACS accord-
ing to stored programmed instructions and in response to instructions from the
operator. The operator, using the input typewriter or a pre-programﬁed tape, in-
structs the computer to perform its functions. The computer displays nuclear and
process information on a 19-inch cathode ray tube. The display is a combination
of letiers and numbers, arranged to identify the point being monitored, followed
by & number indicating the quantitative measurement. This is referred to as an
alpha-numeric display. To assist operator comprehension, normal operational data
are displayed in blue or green and off-standard process conditions are indicated
in red. The output typewriter also records off-standard conditions, and logs
process information for later reference and a historical file. A second five-
inch cathode ray tube provides a display of curves of process trends on command,
as a further assisﬁance to' the operator.

The computer itself has a high speed megnetic core memory of 8,192
18-bit words. If power is lost to the computer, the information stored in the

memory 1s not degraded nor lost, and is intact for recording and control wvhen
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power 1is restored. There are two low-speed, three-million-bit magnetic tape
memory units. One of these magnetic tape units is used by the computer to store
historical process information for display or logging. The other magnetic tape
unit stores the programmed instructions loaded into the computer by means of
punched paper tape; this tape unit has a write lock-out feature to prevent inad-
vertent alterations to the programmed instructions.

Since the operator uses the computer to direct process control and to
display system information, it must be capable of completing its functions at
speeds responsive to the process and to the'operator needs. Instructions or data
words are retrieved from the memory for use in calculations or logical decisions

in 1.75 microseconds. Addition 1s performed in 3.5 microseconds. Becausg,of this

- e,
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speed, the computer can spend a large fraction of its time verforming Qiggnoatic
tests to check its own responses to process situations. For example, fgé'com-
puter checks the néutron flux level digitizing system 10 times per second and it
will trip the safety circuit if the check indicates an off-normal result. Only ,?
the signal to automatically shut down the reactor has a priority associated with

i

it that is higher than the priority of the requirement to check the flux digitizersi
every tenth of a second. The system is further protected in that if an out-of- N
limit signal occurs simultaneously with a command from the operator to display
some data, the computer first responds to the out-of-limit signal and then handles
the operator data display request.

This integrated reactor control gystem, in which the computer handles func-
tions of the highest priority first, may be considered to be five subgystems, each
sharing the time of the computer for the control of its part of the reactor and

process variables, for the display of its raw or processed data, and as a warning
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to the operator of off-standard conditions. The five subsystems are flux monitor-
ing, control rod positioning, gas circulation, reactor heater control, and experi-
ment recording and analysis. The reactor safety system also receives signals for
monitoring by PMACS, but since the safety system is separate from PMACS, it is
discussed elsewhere.

. The f}ux mogitcr subsystem provides a signal proportional to neutron flux
level. Two ﬂ;;L; 05 igh chambers each feed preamplifiers giving variable cur-
rent signals proportional to the instantaneous neutron flux. The flux level signals
are digitized, stored in the high speed memory, and continuously updated. Changes
in flux level over brief intervals are used to calculate the reactor period. The
calculations are perfomed ten times a second, and the results are compared with.
prestb;éd trip points. If the results are out of limit, the reactor is shut down
automatically. Precise flux level data is experimental information. When compared
with rod position data from the control rod position subsystem, reactivity is com- |} _
Vputed by FMACS by the inverse mltiplication method for information for the operator.j '

The control rod positioning subsystem monitors rod movement using limit

switcﬁ signals, linear position transducer signals and feedback pulse sigrals from
the rod positioning stepping motors. The computer processes the rod position infor-
mation, stores it and directs its display in alpha-numeric notation on the large
cathode ray tube. Pulses to drive the rod positioning stepping motors are produced
by the computer, but additional operator QCtion will be required to move the rods.
The operator will select the rods to be moved and the speed of rod movement using

the typewriter, and then must activate a control panel switch to enable the com-

puter to produce the drive pulses.
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The gas circulation subsystem provides the computer with temperature,
pressure, flow, purity, and valve position information. The computer processes
the information, stores it, and uses it to generate control signals for the gas
circulation loop. The loop control signals drive stepping motors to position
throttling valves or operate solenoid-actuated valves. If any of the gas circu-
latioﬂ subsyétem parameters deviates from its normal or pre-set value, the digital
control computer adjusts process equipment to restore the system to equilibrium
operation. The action to be taken is programmable and depends upon which pa-
ramater deviates and how large a deviation occurs.

Use of the gas system is optional when the reactor temperature is below
260 C._ When the gas system is in use, the gas ip the reactor envelope is main-
taineémét & pressure slightly above atmospheric pressure, and is measured pre-
clsely to permit correction for changes in the neutron poisoning effect of the
nitrcgen. The measurement includes a span from 465 to 840 mm mercury absolute,
to ami accuracy of about 2 mm and with a répeatability of about 0.5 mm.

Reactor temperature and heater current signals from the reactor heater
subsygtem are used byAthe computer for display, to generate signals to drive the
saturable reactors which control power to the heater elements to maintain the pro-
grammed operating temperature, and to produce a histcrical record.

The experiment subsystem will be used primarily by the experimenter to
analyze changes in reactivity, neutron flﬁx distribution and the velocity distri-
bution of a chopped neutron beam, and possibly neutron flux decay under a nsutron
pulsé excitation mode. However, reaétivity determination by the computer using
experimental subsystem data can also be used by the feactor operator for routine

operation. The operation and control of the expérimental equipment such as the
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neutron scurce, reutron chopper, light duty cscillator, and heavy duty csciliatcr
will be computer-controlled at the direction of the cperster; and the experimentsal
data received by the ccmputer will be prccessed for display cr for logging and
subsequent analysis.

The reactor cperator thus has at his ccmmand an integfatei reactor con-
trol system capable cf generating and logging extensive experimental data thle
continually monitoring the entire rrecess, pinpointing by alarm ary yroecess varisble
whose behavior is questionsble, logging rrocess varisbles for histcrical record,
displaying their instantaneous value or treﬁds, generating signals to control
the process, and requiring the reactcr safety system to shut doﬁn the reactor if
that becomes necessary. The computer alsc monitors its own cperaticn ten times
per second. If a single faiivre cf the self-audit test pulse cceurs, the reactor
is -shut down automatically and the electric heater power is set back.

F.  Neutrcn Scurce , .
k 7 5’//’( el é(AW X e, O /,/,( P

The neutron source is a positive ion acceleratcer which is located on the
level below the reactecr. The maximum cutput is about 8 x 101° reutrons per seccnd
from a water~ccoled berylliium target bcmbarded by high energy deuterons. he
target is positicred sbout twe feet belcw the center of the bottom of the graphite

of the reactcr. An alternate positicn for the accelerator at the side of the

/A T U
. reactcr has been provided., — ontr Jacs

. The accelerator is orerated from the control rcom. Electrical inter-

locks on access dcors prevent operation ¢f the accelerator until persennel have

left the vicinity and the area has been secured.

G. Console Controls
C ) Controls at the resctor conscle are as follows:

. Safety circuit power surply key lock switch. This ensureé
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that reactor startups can be made only by authorized personnel
with the knowledge of the reactor supervisor.

Computer output power supply key lock switch. This disables the
compufer's control outputs, permitting operation of the computer
with the reactor shut down and the safety circuit inoperable.
Nuclear safety chaqnél bypass switch. This permits bypassing one
independent safety circuit at a time for testing or maintenance.

Reactor room door and control room door. permissive switches.

‘These prevent unauthorized entry into the reactor room or control room.

Control rod drive enable switch. Operation of the control rods is
prégrammed in the PMACS. However, movement of the coﬁtrol rod requires
that the operator hold this switch closed.

Manual scram button.

Two safety circuit function monitor lamps.



VIII. MAINTENANCE AND MODIFICATION

St
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VIII. MAINTENANCE AND MODIFICATICN

Maintenance procedures will be prevared to ensure that maintenance work
on equirment and components essential to reactor safety is satisfactory. Msain-
tenance work that deactivates a system, renders it inoperative; or which can alter
its performance as a resuit cf the maintenance effort wiil be covered by written
authcrizaticn axzrcved by the reactor supervisor cr systems engineer. The written
authorizatica wiil describe the wcrk to be performed, list ahy syecial conditicnus
to be geté such as deactivation of the systerm;, and prescribe any tests or checﬁé
to be made when the work is complete. Uﬁdn wvork ccmpletion the authorization will
be clecsed out. All outstanding asuthorizations wiil be revieved prior to the initial
reactcr startup of & test or experiment.

Modifications tc the HTLTR may be made, provided the mcdification does
not involve either =2 conflict with the Operating Safety Limits or an unreviewed
safety question. Modifications which do not affect the nuclear characteristics,
controi systems, or instrumentation systems cf the reactor require the approval <f
»the Superviscr of thevHTLTR. Modification ¢f critical components requires review
and pricr aprroval by Laberatery persomnel nct having direet resgonsibility for
reactcr performance, in additicn to the Supervisor, HTLIR.

All modifications cf‘criticél compenents will be processed as design
changes, A design chaﬁge will describe the changes tc¢ be made in detaill, list . any
hazards asociated with the wcrkg ncte the precauticrs to be tsken, provide for
updating the appropriate drawings, and prescribe tests or checks to be made pricr
to activation of the'involvéd system or equipment.

The status of maintenarice werk on the reactcr and its auxilisries is
subject to audit by an inderendent crganizaticnal component nct having respcnsibility

for reacter operation or exrerimental planning.
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IX. INITIAL TESTS AND OPERATING PROCEDURES

A, Tests with No Fuel Present

Three types of testing are being completed before the reactor is resdy:

for experimental work.

1.

Mockup and materiaels testing provide the necessary information
about prototype reactor components to ensure the design &nd con-
struction of an operable and safe reactor system. Mockup and
materials testing are being performed by plant forces and have
included: a furnace conyaining a hesvy-walled capsule Into which
samples of materials have been placed for expeosure to a nitrogen
atmosphere for long periods of time and at tempefatﬁres up to
1200 C; a small ﬁockup of the reactor and thermal insulation con-
taiﬁing a short section of & healing élement, which have been
operated at temperatures u@ to 1500 C; and a large mcckup of the
HTLTR grephite and insuiating material, into which full-leungth
protofype heating elements; control and safety rods, and other com-
ponents have been placed and exposed to an environment very simi-
lar to that expected in the reactor. Natural uranium was used in
place of enriched urgnium in the prototype ccntrol rod. In the
large mockup, temperatures over 1000 C have been attained in the
graphite, and over 1200 C on the heater surface. Equirment whcse
performance_cannot be predictea with confidence will be tested
priof to instaliation. The following tests have been or are being
conducted:
. Properties of metals, alloys, and ceramics after exposure to
nitrogen, graphite, and each other at temperatures up to 1200 C
over periods of hundreds of hours. All materials considered for

use in the HTLTR will be studied.
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¢ Full-size prototype heater, control, and safety rods have been
tested for mechanical Iintegrity and operability up to 1000 ¢
in the reactor environment. In these tests the control rods have
contained non-fissile material.
¢ Behavior in the atmosphere of the mockup at high temperature, of
samples of nickel, Inconel, thoria-dispersed nickel, and Hastelloy-B
in cohtact with graphite, and in contact with insulating brick.
° The behavior of insulating materials, analyses of the gases they
give off, and the temperature distributions in them.
* Procedures for evacuating and purging the system to ensure adequate
gas purity at high temperature.
e ¢ Thermocouple properties at high temperature in the reactor environment.
* Prototype fuel element jackets. |
* Conditions to be met by the reactor oscillators during the move-
ment of large pleces of graphite and small samples of poison
materials.
* The Programmed Measurement and Control System (PMACS) pretested
and programmed. |
* The response, linearity, and saturation characteristics of the
ionization chambers as a function of ambient temperature.
2. Acceptance test procedures (ATP's) demonstrate that the equipment
and systems of a new installatidn function correctly, as described
by the drawings and specifications. Acceptance tests are prepared
Q.iJ ' by the Architect-Engineer and are performed by the construction
contractor. HTLTR.Operations personngl will operate PMACS when

needed in any of the ATP's. These tests are observed and approved
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by BNW prior to acceptance of the facility. The following ATP's are presently

listed:

¢ Utilities and services including heating and ventilation, elec-
trical, fire alarm and sprinklers, nuclear and civil defense alarms,
aﬁd the process water systems.

* Nitrogen gas‘system including the gas loop, supply, gas analyzers,
ahd the evacuation and purge systems.

* Reactor case, insdlation, moderator, control and saféty rods, in-
cluding performancé at temperature and following cool-down.

+ Tests df reactor-assoclated equipment including oscillaters, neu-
tron spectrometer, neutron generator, and the flui wire manipulator.

+ Contrcl and instrumcntation (PMACS).

Design tests provide much more detailed information on the operation

of reactor components and equipment than is gilven in the ATP's.

Calibrations, measurement of sensitivities, timing of actuating sys-

tems, and other quantitative data w;ll be obtalned with the precision

and thoroughness required for operational use. All of this work will

be done before the initial fueling and nuclear startup of the reactor

with the possible exception of_performing the design tests at ele-

vafed temperatures. However the reactor will not be fueled or taken

critical at an elevated temperature without first performing the

following tests at that temperature dr above. Omitting fuel in these

tests includes the omission of the fueled parts of the control rods.

. Dummy fuel cylinders may or may not be used in the control rod tests.
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Tests planned under this heading are:
¢ Functions of PMACS not dependent upon fuel being in the reactor.

* The reactor control and safety system.

. « The neutron startup source dnd detectors, with safety rods in and
out.
R o The circulating gas system in evacuation, purging, heating and
cooling.

s+ The functioning of all of the above systems at various temperatures.

- Functioning of the temperature control.

e Utilities and ser&ices, including effects of thelr loss or abnormal
operation.

e Operation of the chobper, oscillators, flux wire manipulator, temp-
erature sensors, pressure transducers, gas analyzers, etc.

e Alarm systemé functional tests.

+ Emergency cooling provisions.

E- Exhaust filter integrity.

B. Initiesl Criticality Tests; Zero and Low Power Physics Tests

The initial approach to criticality will be made at room temperature wifh
graphite in the test cavity.- Enriched fuel including that contained in the control
rods will be inserted in the driver region in accordance with standard procedures.
The control rods will be the first fuel bearing components to be inserted. At
this time measurement of control réd scram times, and any other quantities not cov-
ered in the unfueled tests, will be done. The control and safety rod worths will

Q-IJ be ﬁeasured by the inverse multiplication method as the initial approach-to-criti-

cal is made. These will be compared wiﬁh the design estimates. After achieving
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eriticality the following zero-power physics measurements will be made:

* Rods will be calibrated and the total safety system worths and
response times will be measured. Flux monitors will be calibrated
(approximately) in power level units. The neutron lifetime and vari-
ous reactivity coefficients will be measured.

¢ After a second approach to critical with a natural uranium lattice
in the core, measurements of kK, will be performed with the osecil-~
lator. The nitrogen correction will be measured. The pressure
coefficient will be measured. _

. Measﬁrements of ko a8t slightly elevated temperatures--100 to 200 C--
will be made. Rod calibration and excess reactivity will be re-
checked. The reactor will then be cooled.

* From the measured change in core reactivity with temperature, the
amount of gadolinium and other shim material needed to compensate the
slow reactor temperature coefficient to about 500 ¢ will be estimated.
The materials will be loaded and the reactor heated in steps to about
450 C. Measurements of k, will be made at each step.

C. Experimental Program

The experimental program in the HILTR will include the following types of
measurements:
+ The value of k  of a lattice or medium, and its variation with
temperaturei |
s The temperature coefficient of k, when only a fuel element is heated.
s The worth of a lattice heterogeneity in a supercell as a function of

temperature.
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e Activated foil measurements of various lattice parameters, integral
spectra, or effective lattice cross sections.

e Differential neutron spectra in multiplying or non-multiplying media,
using the neutron time-of-flight spectrometer (chopper system).

o Neutron spectra in moderators near property discontinuilties, as a

' function ofltemperéture-

s Effective cross sections of materials as a function of temperature.

o Other types of measurements may be devised in response to the needs
of sponsored research programs;

The program, to a 1arge_extent, will consist of the same types of measure-
ments now made in the Physical Constants Testing Reactor (PCTR), with the additional
capability for controlled temperatures to 1000 C and abovc as the only differcnce.

The test cavity, during the initial experimental programs, will be filled
with graphite, various lattices fueled with U-233 and thorium or their compounds,
various combingtions and compounds of uranium at different enrichment levels, and
plutonium of various isotopic compositions. The fuel may be metallic, ceramic,
or cermetic in form depending upon the;tempefature t0 be reached. The cladding
will be of nickel, thoria~dispersed nickel, Inconel or graphite, as required and
appropriate from a review of the haéards involved.

| The driver section of the reactor will be fueled with enriched uranium
oxide, packed to about 95% of the theoretical density, and suitably clad. The
total critical‘mass'may vary by a factﬁr of two depending ubon the size of the
experimental core. Some natural or slightly‘enriched uranium may dbe added to ad-

Just the spectrum of neutrons entering the test core.
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D. Operating Procedures

1. Startup

~

(?il_ehanges in the test core loadings will be preceded by approach-to-
critical“ﬁeasurements- Driver fuel from eny previous run will have been removed
to leave no more than half the number of fuel.pieces predicted for criticality be-
fore fuel is added to the.test region.

Pre-~startup safety circuit and equipment checks will precede nuclear Opera-
tion or fuel manipulation in the reactor. They will be repeated at suitable inter-
vals, and following maintenance or design changes of major reactor components.

Tbe checks will include testing the actual movement of the control and safety rods.
The neutron source will be in operation to generate the on-scale signal required
tGAenéégize the'saecty circuit and to activate the audible moaitor. Before any
reactivity adjustments are made to the reactor core, the safety circuit must be in
operation, two vertical safety rods mﬁst be pulled and left cocked, and a neutron
source will be in operation to generate the on-scale signal.

The test core will first be loaded. Following this, the flux-leveling slugs
in the'regione of the center section of the reactor will be adjusted to the best
predicted settings. Driver fuel will then be added. All fuel will be added in incre-
meets, with multiplication data taken after each increment. The first fuel addi-
tions wi;l be limited to increments not exceeding one-fourth of the predicted re-
mainder to critical,:as determined by plotted muwltiplication data.

Reactivity will»be monitored by the position of the control rods at criti-
cal. -When a critical configuration has been reached, the axial neutron distribution
will be measured and fuel positions adjusted as needed. These adjustments, as for

any fuel positioning, must be done manually and will be permitted only with the
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eight control rods and two verticel safety rods fully inserted. The remaining two
vertical safety rods will be raised and cocked and responsive to any unwanted shcrt
feriod or high neutron flux level.

The control rods will be calibrated when the required axial flattening
has been achieved. Once cglibrated relative to position, the calibraticn and |
relative werths cf the individual contrel rods do not change markedly, as lcong as
symmetrical driver fuel loadings are used. Thus, after initial calitration, it
will be necessary only to establish the sbsolute value of cne section of corne ccrntrsl
rod to evaluate the worth of the system,

2, Heatup

Initial critical and experimental operation from ambient temperature
up to 260 C may be done with the reactor dcors removed and with air in the core.
Tor operation sbove 260 C, the core envelope will be sealed and the nitrogen
atmosphere established, with a purge flcw past the gas activity monitors. Evacuation
end purging, as well as temperature changes, will normally be carrigd cat with the
system subcritical. Control rods will be recalibrated and éxcess reactivity chacked
at appropriate times during the rise té tempergtﬁre. However, the system may he
made critical while under partial vasuum to measure the hitrogen correcticn inA
some experiments.

3. Experimental Operaticns

After the reactor has been made critical st any test temperature, a variety
of experiments may be done. All tests wﬁll beccome more cr less routine, independent
of the loading of the teét region and of the reactor. Many experiments will wtilize
the two oscillators, as described briefly'belowf

“ a. The central cell oscillator will be operated to obtain period measure-

merts as a function of central cell cr buffer cell position, or tc measure the
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reactivity coefficlents of these cells by oscillating them from the.fully-in
position to a partially-out position. |

| Typical values for this test might be with a cell having an excess multi-
pilcation of ten percent, and a temperature coefficient of -4 x lO_S k/OC. At
1000 C the k°° of the cell may be reduced ﬁo 1.08. A threé-foot or greatgr stroke
of the central cell would be expected to decrease the reactivity of the entire
reactor, by 16.5¢ in 5 sec at 20 C, or by 13.2¢ in 5 sec at 1000 C.

b. The sample oscillator will be operated to obtain period measurements as a
function of the position of the sample in the central cell or a buffer cell,or to
measure the reactivity coefficients of the samples by oscillating them from the
fully-in position to a partially-out or fully-out position. These samples would
normally be worth from 2 to 10¢, i.e., large enough to measure to an accuracy of a
fraétigghof 19. o

In a test involving addition of poison to calidbrate the change in reactivity
of the central cell, a plece of LO-mil sheet material, an inch wide and 25 inches
long, weighing 150 g would be typical. Such a piece has a worth of about 3.3¢, or
45 g per one cent reactivity change. Inadvertent removal of the pcison sheet en-
tirely from the reactor would contribute only an additional 2.5 tov3.5 cents.

c. The wire traverse mechanism will be operated with wires of various ma-
terials; or the oscillator will be used to position foils or samples for irradistion.
Irradiation will be typically between 0.1 kW-min and 6.0 kW-min.

d. The neutron beam chopper and neutron spectrometer will be operated to
measure the thermal and near-epithermal neufron spectrum of the test region at the
operating temperature. A typical experiment would require operation of the reactor
at a constant power level of 500 W for 4 hr, or 120 ky-min.

e. The fine control rod will be used, either alone or in conjunction with

one or more of the eight main control rods, to maintain operation at critical as



UNCLASSIFIED 9.10 _ BNWL~CC-225

« the: whole reactor, the central cell, a fuel element, or a sample
is heated;

- the'xmessﬁre of all or a part of the reactor enclosure is varied;

 the composition of the circulating gas stream is varied;

< a sample is withdrawn or oscillgted.

, T+ The flux instrumentation will be used to obtain reactivity coefficients
of :changes in the composition or position of core or cell components. The changes
will be made repetitively with the oscillators. Examples are:

e small changes in pressure

« small changes in gas composition

e small changes in poéition of one control rod

8 The pulsed neutron sourcgfwill be operated while the reactor is

slightly suberitical or Just critical to provide repetitive bursts of nonfission
{extraneous) neutroﬁs into the reactor. The change in thé neutron density follow-
ing each burst will be measured by the flux monitors and the data will be analyzed
by PMACS.

h. Some of these experiments;mgy:be.performed simultaneously. TFor
example, the cell and sample oscillators may be ‘operated in phase or out of phase
o0 give an overall null response of differential flux (or power) as a function of

time.

4. ghutdown and Deactivation
Nuclear shutdown of the reactor is simple and flexible. The safety and |
control rods can be run in individually at controlled speeds, 6r the entire rod
system can be inserted at high speeds. Both of the above modes can be done auto-

matically or manually.



UNCLASSTFIED 9.11 ' BNWL-CC-225

Recirculating cooled nitrogen gas will cool the reactor at a controlled
rate. Gas purity will be maintained until the desired terminal temperature has
been reached. The reactor shell door can be removed, exposing the system to
ambient aif, vhenever the maximum graphite temperature is below 260 C.

A shutdown precipitated by a power or cooling system failure will create
no problems to any part of the reactor or fuel but.would lengthen the time required
+t0 cool down the reactor. The cooled reactor will be deactivated by defueling and/
or by inserting the rods and locking out the power to the safety circuit, the rod
drives, the neutron source, and the reactor heaters.

While deactivated but still fueled, the reactor would be under constant
surveillance through an alarm circuit to a neighboring constantly-manned facility.

5. éﬁhrge—Discharge of the Test Region

The removable core will be assembled outside the reactor,. checked for
alignment, and the test cells functionally checked with an oscillator. The experi-
mental core will not be fueled outside the reactor.

Typically, with the driver reglon defueled to less than one-half of that
required for predicted critical, the removable core will be placed in the test
cavity, as a single large stack if the equipment (core dolly) is availsble, or
manually, block.by'block, if necessary. The reactor will then be fueled as pre-
viously described, and the heaters, traverse wires, thermocouples, and oscillator
actuators will be connected.

Upon shutdown, the procedure is exactly the reverse. After sufficient

cooldown, the required fraction of the driver fuel will be removed, the experi-

mental and test cells will be decoupled from the oscillators, and the heaters

will be removed. The experimental core will be defueled and then removed.
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The capability of performing experiments with water in the test lattice is
not excluded. The above procedure will be extended to include leak testing of the
in-reactor section, reliability and back-up status of the out-of-reactor equip-
ment, a check for reactivity worth for loss of H20,and special procedures to cool,
depressurize and vent the in-reactor loop during cooldown. The limiting tempera-
ture for water experiments wiil, of course, depend upon the strength of the con-

tainer at the desired temperature.
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X, ADMINISTRATZON AND PROCEDURAL SAFEGUARDS

A. | Organization

The BTLTR will be operated by the High Temperature Reactor Physics
Section of the Reactor Physics Department of the Battelle-Northwest Laboratories.

The manager of the High Temperature Reactor Physics Sectién wili be4
directly responsible for the wltimate safety of the reactor. The staff will
include a senior engineer, responsible for all start-up activities, reactor
operation, and maintenance; a systems engineer, one or more senior werking
leaders, and two or more réactor operators. Qualified reactor coperaters from
the PCTR, TTR, and PRCF will be available for tréining at HTLIR for initial
and subsequent relief operaticns. An operator will be qualified upon success-
Jul completion of the reguirements described below,

Although the reactor wiil usually be operated cniy cum day shift, it
will sometimes be operated continucusly. Two qualified operators will‘be in
the control room during the periods of 2&2&22? opgréticn. The regctor will
either be attended or ccnnected throughk an alearm circuit fo a constantly marned
station when its temperature is sbove 260 C. |

Operation and maintenarce of the reactor and storage of its fuel inven-
tory are subject to audit by the Nucliear Safeguards and Engineering Section of
the Enviy?nmental Health and Engineering Department of Battelle-Northwest.

B. Training of Perscnnel

1. Reactor Operators
Canidates for training must have a minimum of high scheol
education or equivalent aﬁd a demonstrated interest and ability in
technical werk. They must be alert and reliable; and they must dis-

play a mature attitule in matters of safety and teamwork.
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The training program to qualify reactor operators

is described in Appendix C. Classroom instruction will

be given to the first group of trainees. Some will spend

time in the facility du£ing construction. Some will observe

the acceptance tests and &1l will take part in the pre-
operational design tests ﬁerformed'after acceptance of the
facility.

2, Reactor‘Supervisor and Systems Engineer

The Reactor Supervisor must have completed a four-

Yyear college program in physics, engineering or chemistry
with courses in reactor physics or equivalent experience.
Prior experience in reactor operation is required. The
Supervisor will become familiar with the background of the
project, the experimental physics program, and the design
criteria;'will be trained on-the-job; and will pass written
and oral tests on all phases of reactor opersation.

The object is to become familiar with all equipment end
to understand it completely but not necessarily to attain
dexterity. A thorough knowledge of the safeguards analysis,
operating limits, énd operating procedures is necessary. The
approval procedure is simila;.to, and the authorization review
period is ideﬁfical with, that given for the reactor operator

candidates.
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The Systems Engineer must have completed a four-year
college program in one of the fields of engineering or scienée,
or attained the equivalent in experience. ﬁis maein reéponsibility
will be to maintain all:systéms in proper operating condition.
On-the-job training in reactor operation will be provided until
the incumbént is déemed capable of replacing the Reactor
Supervisor in an emergency or for short periods of time under
defined restrictions. The approved procédﬁre is similar to,
and the suthorization revieﬁ period identical with, that given

for the Reactor Supervisor.
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C. Initiation and Contrcl of Experiments

Experimentel progrems may criginate within the Hanford complex or
mey be uniertaxen at the request of the Atomic Enefgy Commissicn. After consider-
ing = preposal, the Manager, Figh Temperature Reactor Physics Section, selects an
experimenter-in-charge and tentatively schedules the experiments. In ;racticé9
most of the exreriments are designed by memters of the Reacter Fhysics Department
cf Battelie-Northwest and m:st of thé experimenters will be members cf the High
Temperatire Reactir Physies Secticn.

A1l exzeriments must satisfy the requirements of the Cperating Safety
Iimits. A written procedure is prepared describing the experimerital steps
to be followed and the hardware items to be used. In addition, the procedure
.describes pcssible hazardous cenditions that could oceur during reacter icading,
operaticn, or unicading, and any speciél fuel-~ cr maferial-handling rrecautions
that may be required. The rrocedure is arrroved by the Reacter Supervisor ard the
.Mangger of the High Temperature Reactor Fhysics Secticn, A permanent file is
retained. If an experiment is a mincr variaticn of previously comgleted work,
a less comprehensive procedure may be rrepared, but the secticn describing
potential hazards is mandatory.

The experimenter is res;onsible for proeurement of any special equip-
- ment or fuel; for providing gulfance 4o cperations rerscrnel while the experimert
is in procgress, when necessary; for recognition cf any unsafé condition and
initiation of & shutdown cf the reactcr, when necessary; and the Jata and

reporting of the resulis obtained.
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XI. ACCIDENT ANALYSIS

A. General Safety Features
| ‘A critical facillity such as the HTLTR, purposely built to permit wide
variation in core configuration, must depend for safety in large part upon careful
attention to procedure by the operators. Some of these procedures, described in
detail -above, are
t-3 control of incremental fuel loading
. contiol of excess reactivity
- maintenance of worth of shutdown mechenisms
s control of reactivity addition rate
s routine functional testing of safety system components
< safety analysis of experiments
A.Eonsiderable degree of inherent safety is also provided. - The relatively
long neutron lifetime in the driver region makes all reactor transients comparatively
long in duration. Also the prompt neéative tem@eraturg coefficient of the fuel, i.e.,
the Doppler coefficient, would terminate any nuclear excursion in the event that a
scram were delayed longer than normal. The effects of the concurrent chemical reac-
tions are discussed in .Appendix A. '
There are three barriers to the :escape of plutonium or fission products.
The first is the fuel element matrix and jacket, the second the gas envelope, and
the third is the reactor room with its directed ventilation and exhaust filters.
The effectivénessfof barriers in preventing the escape of hazardous amounts of radio-
active matérials is dilscussed in later .portions of this section.

The reactor control and safety rods are mechanically and electrically

-
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simple, and are of pro?en types. The shutter-tyre control rods add their full
worth of negative reactivity in less then one second with a movement of only six
inches. The four vertical safety rods drop by gravity and are completely effec-
tive in less than 1.25 seconis,

Both the ecntroi and safety rods are desigrnied for fail-safe operatioﬁ.

The worst mishap that could befall either system would be loss of cccling gas

to the rods and rcd housings. The tempersture rise would not be repid encugh
following the loss of ccolant to affect the mechanical integriﬁy of the driver
systemé befcre the rods could be inserted into the reactor. However, if the
temperatures did tecome excessive because of failure to teke proper action, it
would not prevent normal movement of the vertical safety rods and they would drcp
into the reactcr. The fesponse of the horizontal contrbl rods at this time would
be determined by the remairivg strength of the drive springs after the latching
solenoids failed., Howsver, the spring size is such that the rods would rapidly

- travel over ﬁost of the six inch distance if they were in the mcst reactive
Pposition at this time. (

Thé safety circuit is éomposed of five basiz functionrnal blocks; the process
sensors, comparatcrs, legic circuits, a yower suppliy and the electromagnetic clutchéso
JA desirable level of reliability is achieved by either maxing the functional section
Afail safe; that is, the resactor wiil autcmatical}y'go subcrifical in case of any
“ccmponent failure in that function; cr by inecluding at least one redundant, iden-
ticel channel to perform the same cperestion. In some cases more than cne redundant
.channel is provided; for example, four neutrcn flux mcnitcring channels are used.
Diversity as well as redundancy is aisc achieéed in this‘gxamgie by eguirpying twu.

cf the four channels with fission chamber detectcrs arnd the other twd channels with

‘
Tl Ty
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jon chambers.

Interlocks are provided to prevent the withdrawal of centrol or safety.
rods unless the safety circuit is in operation. The doﬁnscale trips in the neutron
flux monitoring and measurement systems prevent making up the safety circuit unless
sufficient neutron flux is present at the sensors to cause an on-scele reading of
the instruments. This arrangement positively prevents startup of the reactor with-
out the startup neutron source in orerstion.

In eddition tc the special design that has been provided, all hardware
end systems were obtained from specificatioﬁs written to satisfy the reliability

regquired in these particular circuilts.

B. Accidents Considered

. The écéidents considercd in these analyses are tabulated below:
. nuclegr excursioﬁs
. ramp addition of reactivity at varicus rates
. effects of core temperature change
. startup accident
« loading accident
. mechanical and utility failures
. leékage of water into the gas system
« leakage of water directly into the core
. breach of the reactor gas envelcpe
. bresches of gas circulation system
. failure of gas blower

+« loss of nitrogen supply



Q ~ DNCLASSTFIED 1.k  BIWWI-CC-225

« electric power interruption

» service water supply interruption

e failures of reactor components by interaction of materials
* Instrument failures

» safety circult reliability analysis

 other instrument failures

. gffect'of temperature on instruments’
. escape‘of.contamination }rom the fuel

. particulate-glpha contamination

< 1odine-131 and other 1odine isotopes

e other radiocactive isotopes
@ critical assembly outside the reactor
:wspread of contamination in Elsposal of wastes
» interaction with other facilities

e nuclear

e contamination
+ non-nuclear incidents

* sabotage

-~bomﬁing

* earthquake

wind and storm

flood
The probability of some possible variations of these accldents is thought

; ; to be negligible, for the reasons noted in the discussion which follows. The maxi-
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mum credible accidents are postulated to arise from startup errors and loading
errors. Two typical errors are considered in detail. The safeguards against these
accidents are sufficient to make them highly improbabdle, and_their consequences
are not worse than a tolerable exposure of one or two employees in the building -
tobneutrons.

C._ Nuclear Excursions

Calculations of power excursions resulting from a continuous ramp addition

af reactivity are shown ir Figure XI-1 for the followlng cases:

«Initiél reactivity - 0.90%
Available excess reactivity 1.90%
Temperature 20 C
Rate of reactivity in?ut variable ramp

These transients were computed using the TRIP3 code, with assumed faillure
aof the loéiperiod trips so that the reactor is shut down by the log high level
_'trips. It should be noted that these calculations, with the exception of the h¢/sec
and 8¢/sec ramp rates, are for entirély hypothétical cases and serve only to illus-
trate the favorably slow kinetics of HTLTR. There is no mechanism vhereby reactiv-
ity can be added at a rate greater than about 8¢/sec. In addition, only rarely will
as mch as 1.90$ be available from:the operating console. Since rods containing |
a neutron polson will be used to partially compensate the slow temperature coef-
ficlent, the necessity for large amounts of available excess reactivity at room
temperature is removed.

Only with ramp addition rates greater than about 25¢/sec, which is six
times the normal reactivity insertion rate, could the entire 1.90$ of excess

reactivity postulated be added before the safety rods began to terminate the

‘excursions. In these cases the shortest period was 163 milli-sec, independent of
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the ramp rate up to lOO$/sec, vwhich rateiwas used to simulate a step input. For
ramp rates slower than 25¢/sec, when the entire 1.90$ could not be added, the
shortest period was greater than 163 milli-sec.

The variation with rate of reactivity insertion of several parameters of
interest 15 shown in Figures XI-? and XI-3. The assumed high flux level trip
point was 3 kW. The variation of these parameters with trip point with a h¢/sec
ramp ;eactivity input is shoﬁn in Table XI-I.

Tﬁe results of calculations similar to those shown in Figures XI-2 and
XI-3 but for the case in which delayed neutron fractions for plutonium were used
are shown in Table XI-II. The data show that even in this case, the neutron
kinetics of HTLTR are favorably slow.

Although the low-enrichment fuel has & prompt negative temperature coef-
ficlent which is capable of terminatiﬁé“a reactor transient, this is not relied
on for the safety of the reactor. It is expected that thé safety clircuit and con-
trol and -safety rods will never fail to shut the reactor down in the event of an
inadvertent supercritical condition. The effect of this negative Doppler coef-
filcient on the termination of excursions is shown in Table XI-III and in Appendix
-A, assuming the sbsence of the‘controi and safety rods.

The response of the reactor to a change in temperature can be predicted
from the nuclear parameters quoted in Section V-K. With gadolinium shim rods
worth 1.5% Ak/k at 1000 C, the excess reactivity needed from the console at room
temperature 1s abogt'90¢, while still léaving excess reactivity of about 50¢ at
operating temperature. This is sufficient to give a period in the 20 to 90 sec
- range after removal of the central cell by the oscillator. The precision of the

experimental data is expected to be best for periods in this range.
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RESPONSE QF HTLTR TO A L4¢/SEC REACTIVITY INPUT
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TABLE XI~I

VARIATION WITH HIGH FLUX LEVEL TRIP POINT

. Trip Point, kW

Maximum Neutron
Density, n/cm3

Fuel Temperature
Rise, C

Time Above Delayed
Critical, sec

. Time Above Prompt
" Criticzi, sec

Shortest Period, sec

3 30 300 0,100

1. 09xle5 1.17x106 1,26x107  3.24x10°
0.012 0,115 1.1 0.00
28.30 29.56 30.67 26.05
3.6 b.43 5.55 0.86
0.58 0.51 0.46 0.7k
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TABLE XI~II

RESPONSE OF HTLTR ‘'TO VARIOUS RATES OF REACTIVITY INPUT
PLUTONIUM FUEL KINETICS CONTROLLING

Ramp Rate of
Reactivity Addition, ¢/sec k4 1k 25 Lo 100
Meximum Neutron Density, 5 5 5 5 5
n/cemd 1.01x10°  1,35x10” 1,35x10° 1,35x10° 1,35x10
 _Fuel Temperatur= Rise, C -0.036 C.035 0.035 - 0,035 C.335
Time Above Delayed
Critical, sec 37.78 15.95 11.88 10,11 T.17
Time Above Prompt :
Critical, sec 12.68  B.T2 T.T9 T.52 T.07
SBhortest Period, sec 0.792 0.487 0.485 0.480 0.190
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. TABLE XL-III

INEERENT SHUTDOWN CAPABILITY
OF THE HIGH TEMPERATURE LATTICE TEST REACTOR
BY PROMPT NEGATIVE FUEL TEMPERTURE COEFFICIENT

Computer Case Number® 20 11 12 13 1k 21 15-16 1
Fuel Enrichment, :
percent uranium-235 5 > 5 > b/ 5 5 5
Number of Drivers 32 80 80 80 - 8o 32 80-32 80
Initial Reactor
Conditions: - A
Temperature; °C . 20 20 20 20 20 1000 1000 1000
Reactivity, $ « 0.90 - 0.90 - 0.90 - 0,90 - 0.90 - 0.90 -~ 0.90 0.00%
- Available Excess |
Reactivity, $. 1.00 1,90 1,50 1.00 0.50 0.50 0.25 0.50
Maximum Reactivity - + + .
Added, $ 1.00 1.25 1.25 1.00 0.50 0.50 0.25 0.50
Shortest Period, sec - 0.99 0.46 0.46 0.85 6.6 7.2 20.6 6.7
Elapsed Time Super-
critical, sec L5 39 38 L7 105 99 > 500 106
Elapsed Time Prompt ' .
Critical, sec 8 9 7.5 8 0 0 0 0

§These cases are illustrated graphically in Appendix A.
*¥Initial power level 2 kW
TPower'rise terminated by prompt negative fuel

temperature coefficient.before-all. available reactivity
could be-added at the L¢/sec rate. -
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TABLE XI~III (Continued)

INHERENT SHUTDOWN CAPABILITY
OF THE- HIGH TEMPERATURE LATTICE TEST REACTOR
BY PROMPT NEGATIVE FUEL TEMPERATURE COEFFICIENT

Computer Case Number® 20 - 11 12 13 1k 21 15-16 1
Maximum Power Level, 36 1831 183 u7 4.3 6.0 - 8.2
MW
Final Fuel o
Temperature, °C Loso 3820 3120 1870 880 3650 1000 2400

Total delayed neutron fraction

Prompt neutron lifetime
Ramp rate of reactivity

Fuel temperature coefficient

of reactivity

Specific heat of oxide fuel.

Input data to TRIP3 code for the above calculations!

= 0,006k (ufé.ﬁium—235)
= 0,001 sec (graphite)
input = L¢/sec

2
-0.05945%/K (80 drivers)

n

-o.o3hu8$/xké(32 drivers)
0.072 cal/(g)(C)

§
These cases are illustrated graphically in Appendix A,

¥Power rise not complete at 350 sec,
actual power reached ~ 2 kW.
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Cooling of the core by the circulating nitrogen gas system is so slow as to
add reactivity at a negligible rate, as was shown in Section V-L. Direct exposure
of the core to the atmosphere by some accident could not cause more rapid cooling.
Although the most rapid cooling of the cére would be caused by the introduction of
large emounts of water into the circulating gas stream, the pipe size and hardware
available are too small to add reactivity at a rate of h¢/second even with the
worst assumptions on the size of the temperature coefficient. (See Appendix B).

Calculations show that the replacepent of the nitrdgen by water in the
driver region of the cold reactor ceuses a decrease in reactivity., Thus the shut-
down reactor would not become critical from flooding with water.

| The examples of muclear excursions given sbove are hypothetical. For a
nuclsarréﬁcursion to ctcur in the ETIIR, standard cperational procedures would
have to be violated, multiplé control circuits would have to fail simuitaneously,
and the reactor operators would have to be assumed to have their attention elsewhere.

Operational procedures call for loading the reactor by increments with
neutron multiplication measurements after each increment of fuel is loaded, so
that the.critical.ioading and the .emount of fuel for the necessary excess reactivity
‘can be predicted. The strength of the control rods is determined for each rew
Joading before the reactor is taken critical to ensure that the strength of the
.system is sufficient for complete control of the final loading. Final approaches

-to critical are made at conservative rates and eventually by withdrawing one rod

at a time, so that criticaelity is epproached slowly.
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During reactor operation, manipulations with the oscillator are designed to

give positive periods in the range 20 to 90 sec. The power rise on periods as
long as these is easily terminated by manually closing the control rods after the
measurement of the period is complete.

If foils are to be irradiated or a neutron spectrum determined with the
chopper, the reactor power level is brought from critical to the desired level
(from ; few tens of watts to §OSsib1y 2 XW) on a safe and acceptable period. It
is held ievel for the desired time; then‘the reactor is shut down by closing the
control rods.

In short, inadvertent nuclear excursions are not expected to occur in HTLTR.
But if excursions do occur, the . control of reactivity sdditions would make them in-
consequential; and they are inconsequential even under the assumptions of gross and
multiplefﬁzilures of the control cirésjis and the operators. B

D. Mechanical and Utility Fallures

1. Leakage of Water into the Gas System

The leakage of water into the gas system at rates so high that
liquid water is carried into the heated reactor core has Pbeen precluded by design,
i.e., the size and the type of ﬁeat exéhangers, the type of blower and the barrier
presented by the filter; This sectlon considers.leskage rates such that all liquid
: water is vaporized before it reaches the reactor ccre.

In the event of slow leakage at either heat exchanger, fhe'moisture
would be vaporized by the gés and piping and be detected by the monitors downstream
.0of the heat exchangers. If these detectors should fail, the carbon monoxide and

n) 24D n,TR

hydrogen from the water-gas reacticn, would be detected by the chromatographs. An
AN AAA et A ’
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alarm wouid be sounded in either case. The reactor would be shut down and tﬁe gas
circulating blower would be turned off. The electrical heaters would be de-energiz-
ed and the reactor would be allcwed to ccol gradually.
A gross failure could occur in either the main heat exchanger or

the rod cooling exchanger. In the fcrmer, water would flow into the gas stream at
g maximumm differential pressure of 2 psig. The water entering the hct gas would
be qnickly vaporized; any liéuid water carried by the gas would be stopped at the
filter. The heat exchangers are so deé;gned (watér-cooled inlet gas channels) that
there is little possibility for heat storage in the metal of the hct end of the
exchangers. Therefore, a simple thermal analysis by the method of mixtures is
possible, from which it is shown (Aprendix B) that a reduction in system pressure
and not a. pressure surge would cccur,.i

: In the event of & gross‘failure of the rod-cooling exchanger, liquid
ﬁater would enter the exit gas stream at 40 C. The velocity in the exit gas 1in¢
is 7.0 ft/sec. The liquid water carried at this”velocity wpuld be remcved by the
‘water varor removal system,(or if it were bypassed by a water separator in the line,)
which has a retention cepacity of 25 gallcns of liquid. Because of the low availskle
. head tending to drive water into the_éas.stream, water from any likely leak, such.
gs complete severance of an exchanger tube, would be simply accumuwlated duriné the
resyonse time of the moisture monitor and the shut-down of the gas blower.

2. leaksage of Water Directly intc the Core

Liquid water leaking directly into the core would cool the ccre at
the pecint of introduction of the water. TFor -each mole of water entering the cocre

there would be formed a mole each of hydrcgern and carbon monoxide by the water-gas
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reaction! The pound molal vclume at meximum temperature conditions is

(259) (i§g3) (ié) = 1477 £t3, The rate cf gas formation is therefors
(2){1477)/18 = ¢6h £t3/1b water entering the ccre. The ﬁaximum purge flow rate

(and nitrogen mekeup rate) is oniy 60 ft3/min. Pressure increases in the gas sys-
tem would therefore result from any influx of liquid water into the reactor ccre

at a rate greater than 0.4 1b/min. Fressure surges in the reactor sheli could
occur'only if the rate of waéer influx were sufficient to increase the pressure

drop in the large, direct pire 1line betﬁeeﬁ the resctor and.the maiﬁ heat exéhangers
the filter, and the blower intake line.' Since during cocldswn this line carries

up tc nearly LOO moles/hr with a pressure rise of only 0.7 psi, it follows that
water influx rates greater than 150 mol es/rr or 45 b/min would be reguired to
causeiggnoticeable’pressure surge in the reactor shell., Flow of gases in such a
path iéhapprcximately proporticnel to the square roct ¢f the pressure drop. A

water influx rate of sbout 140 lb/min would be required to cause a pressure surge

of 5 psi in the reactor shelil, its design pressure. The only points at which water
cculd enter the reactor core are via the rod-cocling gas circuit into the VSR
chanrels {fiiling the water sepsrator) and via leskage from the copper-to-graphite
‘heater ccnnections, which are wéter-coéled. Neither of these channels cof water infliux
.13 capable of admittiné as much as 140 1b/min of liquid water to the core even under

wide open failure.

3. Breach of the Reactor Gas Enveliocpe

The reactor gas envelope woculd nct-be expected to fail from inter-
- nal cr external pressures resulting from eny foreseen asbnormal conditions. The
envelope is designed to withstand & vacuwm and 5 rsig internel pressure. The ad-

mission of liguid nitrogen into the recircuiating gas stiresm has been made impos-
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sible by the design cf the system, as described in Section IVF. The anticipated
maximum internal pressures will nct exceed 2 to 3 psig. There is no mechanism .
whereby failures ¢f process instrumentation or control valves could cause large
and rapld pressure increases, since the nitrogen makeup and purge lines are small
and are connected to a system having a large free volume.

' A sudden lcwering cf the niitrogen pressurz in the reactor from its
normel maximm of skout 2 psig o étmospheric pressure, from whatever cause, would
add 1C cents or less of reazSivity in a step cr fast ramp. If the reactor were
supercritical on a 20 sec period bafore the step, the new period would not he lzss
than 10 seconds, and easily controlled by the safety systems.

A large rupture of the reactor envelore could result conly from an

: ey ,
unusual a;cident ir <hich viclent daiége might be dune to one ol the shell yene-
trations by en operator mishandling a crane or fork-1ift. 1In such an
event, since the pressure in the reactor envelope is normally kept slightly posi-
tive relative to the reactor enclosure pressure, there would be an initial surge
of nitrcgen ¢at of the breach. IT" the breach were sc large that the nitrogen
supply at full zzpacity couwld rnot maintain the gas system pressure, alr could enter

the breach by convecstisn csused by turbulence. This would cause oxidation of the

' graphite in the local area of ihe reflector adjacent to the break. The oxygen and

carbon monoxide monitors would socn respond and the gas clreulating blower and the

~heaters would be turned off. (It is presumed “hat the reacter would be at tempera-

ture but not operaﬁing, since if 1% were cperating there would be rc personnel in
the reactor room %0 cause the postaisted sceident.) The rate of heat production

from the burning graphite under this condition would be very low compared tc the
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ncrmal production of heat by the electrical heaters. Personnel would have access
éo the reactor shzll and cculd make temporary repairs whiéh would halt the reaction.
No demage to fuel, instrumentation, shutdown devices or heaters wculd be artici-
pated. All damage wsuld bé confined to the reflector graphite, and would probébly
not require repair.

« 4. BRreaches of trs 3as Circulaticn Systenm

A breach of the gas circﬁlation system under normal operating
cenditions would permit a leak of nitrogen into the reactor room basement, since
the system pressure is normally slightly positive relative to the reactor enclc-
sure pressure at all points. The pressure contrsl would compensate for this by the
admission of meore ritrogen from storages, up to the maximum rate available from the
system, akout 60 cfm. In the event of a large breach near the intake of the cir-
culating Tlower, air would eventually be drawn in and would flow to all of the
control rod and VSR diive enclosﬁres and thence to the reactor. The oxygen and
carbon monoxide monitors would act to shut down the circulating bldwer within 15
ndnutesbat the longssit, and the rgacticn Would.soon stoep. The reactor would be
allowed to cool down slowly without gas cireulation until temporary repairs <o the
msjstem could be made, the system purged, and the reactor cooled by normal circulasion.

After such an incident it wculd be only prudent to unload fuel
Trom the féactor, remove all contrel and safety rods, and to inspect all components
to determine whether repairs were requifed.

7 Breach of the gas system would not be hazardous to employeess in the
reactor enclosure, because the nitrogen escaping would be removed quickly by the

ventilation exhaust.
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5. Feilure of the Gas Blower

On failure of the gas blower, the reactor would be shut down man-
ually, and the power to the heaters would be turned off. Reliable monitoring of
the gas system purity would be lost, but no damage would occur. The temperature
of the reactor would drop slowly by leakage of heat through the insulation, re-
guiring several days to cocl from maximum temperature to 260 C.

6. Failure of the Ventilation System

If the ventilation system were to fall, the air in'thé reactor room
. would slcwly rise in tempersture because of the leakage of heét from the reactor
shell. The efficiency of the insulating material is such that at reactor tempera-
tures of 1000 C, the temperature of the reactor room air undér stagnant conditions
would not exceed the dgsign limit foy$the reactor flux instrumentg}}on for about
4o minufes. To avoid the necessity for constant attendance of the reactor when
the core is heated, an auxiliary gasoline engine drive'for the ventilation exhaust
fan has been provided. The engine is connected to the drive by an over-running
clutch. The engine will be started and left running at all times when the core
temperature is above 750 C and the reactor unattended. . In the event of failure of
fhe electric motor, the gasoline engine will then drive the exhaust fan to provide

uninterruped ventilating air flow.

T Lcss of Nitrogen Supply

On failure of the nitrogen supply, the gas system pressure would
drop to atmospheric at a rate depending on the leakage of the gas system. If the
loss were prolonged, and if the system temperature were being lovered, intake of

air by diffusion would lead to very slow oxidation of the graphite. Assuming that
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the reactor case and gas system remain intact, reaction would be negligible com-
pared to the incidents previously described. |

If the nitrogen supply were to be lost concurrently with a blower
failure or input lezk, teﬁporary repairs would be made as described under Breéches
of the Gas Circulation Systen.

8. Electric Power Interruption

On interruption of the eleztric power supply, the reactor would be
shut down by failure of the power supply for the rod holding magnets. The heaters,
the gas circulation blowers, and the ventilation supply and exhaust fans would not
operate. The reactcr would cool, as described above. Emergency cooling of the
reactor room would be provided by the suxiliary gasoline engine. driving the exhaust
fans ﬁeactor instrumentation would QSt be damaged, nor would dehydration or thermal
stress dasmage to the structural concrete occur.

The reactor instrumentation would cease to respond, but this would
present no hazard in the shut-dcwn reactor. No permanent damage té the instru-
ments or to the PMACS would occur.

A long power outage could result in loss of the instrument air
-supply. All valves and dampers would already have moved by spring action to their
-safe positicns, so no adverse effect on the reactor or building would result.

. Power outages at 300 Area are very infrequent, and only one long
unscheduled pcwer outage has occurred.iﬁ 15 years.

9. Service VWater Supply Interruption

On failure of the water supply to the heat exchangers, the reactor

would be shut down manually, and the power to the electric heaters and the gas
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blower would be turned off. The heat exchangers would be undamaeged 1if the blower
was ‘turned off before the water could boil out of the gas inlet channel Jackets,
The heat exchangers will be protected by operating procedures,

The coprer-to-graphite heater power connections would heat up
fairly quickly and the wafer would boil out of the cooling tubes. The jcints.
would then fail..  The copper bus bars would have to be replaced after the inci-
gent.’ Jee ‘./)(_5/7’/7’) /(‘?‘;/c;d
If the interrupticn to the water supply were to last mcre than
about an hour, structural damsge to the water-cooled flcor under the reactor would
be expected. Ioss of structural strength and collapse of the base under the
reactor would likely not occur for several hours. However, no unscheduled interrup-
tions have occurred to the normal service water surply at the 300 Area in 20 years.
In addition, the 300 Area has extensive capsbilities to supply service water during
emergencies that oceur within the system. An emergency water supply from a pumger
truck could Le obtained in the unlikely absence cf all other supply.

Demege to the contrcl and safety rod drives by heat.canducted
from the reactor core would zccur after about an hour, and these mechanisms would
have to be repaired or replaced tefore the reactor could be returned tc service.
This would not affect the shut dcwn reactor, hewever.

No demage to the reactor or building instrumentation would cccur.

.

10. Failures of Reactor Components by High Temperature Chemical Reactions

Materials suitable for reactor use at the operating temperature are
+ few. Graphite, of course, rrcrerly used, 1s quite satisfactory. Impurities in the
graphite which could be released at temperatures up to 1000 C and which wouid be

harmful to other materials must be aveided, however.
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Metallic materials for the reactor have been tested in smell
éssemblies and in a large mock-up of the reactor containing graphite, insulation
material, metal structural parts, a protctype control rod and & vertical safety
rod (VSR), thermocouples designed for high temperature service, and other parfs
prototypical of the reactor design. The mock-up is heated with graphite heater
xods of identical construction to those in the reactor. All of the materials
discussed have been shown to be capable of withstending the reactor conditions for
several hundred hours. A 1000 hr test at 1000 C has been completed and the results
.'are being reviewed. This is comparsble to the time that the reactor is expected
to be above 800 C over a period of one or two years. Materials which must iast
fer the 10 year lifetime of the reactor will have been given a sufficiently
large fraction of a lifetime test to allow predintion of lifetime .integrity
with some assurance. The steel shell of the reactor and its external appurtenances
~are, of course, not heated to thé operating temperature. The design temperature
of the steel shell is 175 F for safety of the operating personnel and for the
proctection of the instruments. The graphite core is entirely free-standing
- and self supporting. The firebrick insulation is suspended from the steel shell
. by Hastelloy-B bars. The design is to be such that the bers will not experience
temperatures in excess of 860 C. The tests will have shown that these important
structuréi members will perform without failure before installation of the in-
sulating material starts. Only minor surface effects have been noted in specimens
examined by metallographyu after several hundred hours exposure *to dry nitrogen
and in contact with insulating materials and graphite in & small assembly. These

tests were run at 1000 C end 1200 C. In the large mockup, where water is preseni
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es a contaminant in the nitrogen atmosphere, corrosion has been noted in samples
of Inconel end Hastelloy-B placed at locations in the brick insulation only where
the temperature was asbove 800 C.

If several hangers were to fall and release a section of the insu-
lating brick sbove the gas plenum at the rear face of the reactor, some, but not
all of the control rod sheaths would probably be broken. Some of these could nct
return to their shutdown position. If several hangers were to fail adjacent to a
VSR position, it voﬁld rossibly nct drop. waever, the shutdown margin ¢f the two
control systems is so lerge that multiple failures could occur without loss of
shutdown capability. (See page 5.23.)

E. Instrament Failures

1. Safety Circuit
. Safety system failures.have been di=cuésed by J. E. Bimns! as
falling into two cetegories, which he simply calls failures of the first kind and
failures of the second kind. Failures of the first kind render the system incspable
of teking appropriate action should action be necessary. Failures of the second
kind produce the same action, as a result of thejfailures, that would be taken
.following an actual unsafe process condition. The HTLTR safety system, which is
diagrammed in Figure XI-k, is designed to avoid failures of the firsf kind.

To start up and operate the reactor, the vertical safety rods
- (described abcve) are withdrawn from the reactor by drives incorporating electro-
-magnetic clutches. Power is delivered to the clutches only if the power amplifier
. is energized through a key lock switch at the operating console and thereafter by

two 1000 pulses per second system-normal signals, internally supplied through
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=~ the two safety logic circuilts. These system-normal signals energize and de-
énergize the power amplifier 1000 times per second to produce a-c power at 28
volts and 1000 cycles per second. This power is inductively coupled to & rectifier
to produce the direct current povwer supplied to the electromagnetic clutches..'If
elther system-normal signal disappears, the power amplifier output at 28 volts is
lost and the cluiches release the rods.

Fach lcgic circult stops the system-normal signal from passing
through it whenever an out-of-1imit condition occurs. Although the logic circuit
functions are identical, their designs are different. One logic circuit recognizes
an out-of-1imit condition as the presence of a signal, the other as the absence of
a signal. Thus not only are the logic circuits active rather than passive, furnish-
ing the oseillation drive at 1000 ﬁéwfor the power =mplifier, they are redundant
functionally and diverse in design, which provides maximum reliability as shown by
‘Binns.. The logic cirecuitry is éutomatically locked out for any single system-
normal signal lcss and both logic circuits must be reset simultanedusly before
power may be applied to the electromagnetic clutches.

Each logic circuit receives its appropriate signal from (&) two
log count rate and periocd channels (b) from PMACS-ahd () from manual shutdown
switches. Each log count rate and period channel includes a fission counter, high
voltage p6wer supply and signal conditioning circuits, which present in-1limit or
out-of-limit information for flux level, period and on-scale indication to each
~logic circuit. One of these channels may be bypassed at any time for maintenance
o or testing. Each on-scale trip, flux-level trip and period trip indicates either

. an internal system or ccmponent failure or a vaelid flux level trip.
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To provide an entirely aifferent method of monitoring neutron flux
level, which would protect against the simultaneous failure of the two log count
rate channels, sigrals from two banks of BF3 ion chambers are monitored by PMACS;
Each tenth of a second FMACS is programmed to read and compare the signals from the
two banks of ion chambers with set points for low and high flux levels and a period
established within the computer. If a limit is exceeded in either channel, PMACS
fails to seni a pulse to the safety circuit. If the pulse indicating that tﬁe
nuclear data from the ion chambers have been monitored and are within limits does
not réach the safety circuit every tenth of a second, the logic circuit stops the
system-normal signal, shutting down the reactor. Both logic channels receive two
signals from the PMACS which.originate at the ion chambers,

Note that the fission chembers and.log count rate meters described
abovéié?é‘directly coupled to the safgty.logic circuits, and thus are independent
of FMACS.

The HTLTR is protected against a complete failure of neutron flux
monitcring capability by having two separate, independent systems of entirely
different design each of whizh contains two channels. These are followed by two
‘éctive, separate logic circuits cof similar design, eéch capable of initiating a
reactor shutdown. Fower is inductively coupled to the electromagnetic cluﬁches.
No relay contact nor solid state switchesnare;uSed, eliminating the consequences
.of shcrted contacts and shorted or grounded-wires.

The dual monitcering of switchﬁconfacts by the logic circuits is:
;eitended to each of the three manual scram buttons located in the control room,

-reactor hall and reactor basement.

A detailed analysis of relisbility incorporated in the systems

appears in Appendix F,
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2. Other Instrument Failures
Reactor Temperatures

As described in Section VII-D, there are two thermocquple systems
in the reactor, one to limit the heater rod temperatures to below the desired
linit and the other to control the core temperature to the desired set point.

Both 'systems provide measurements from several places. The temperature readings

are correlatéd with the energy input to the electric heaters by the PMACS. The
thermocouples proposed are chromel/alumel and platinum/platinum-rhodium, sheathed

in Inconel. They have been shown to be relatively free from failure over the periocd
of an extended run in the 1afge test assembly.

The temperature of each heater rod normally is monitored with two
thermdééﬁples, one of which is a spare. A fallure of the active thermocouple
would be signaled by IMACS to the operator for replacement. Essentially continuous
;temperature monitoring of all heater rods is ?rovided.

Similarly, a failure of one or more of the core temperature thermo-
-couples would not significantly affect the resultant measurement. Initially, the
:reactor will be sectioned into four zones with several thermocouples providing thé
:average for each zone. DPMACS will automatically ignore any failed element, signal
:the failure, and compute the average from among those remaining.

A check on the validity of the rod temperature measurements is
- possible by comparing the electrical power input as determined by the watt-meter
and pover as computed by PMACS using the active thermocouple on each rod. When
- wanted, a comparative check between the two thermocouple systems is also available.

Thermocouple failures would not cause a hazardous cendition., Tre
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reactor operators could decide that the data being obtained was sufficiently pre-
.¢lse and to continue the run, or that the experiment was of no value and to shut
down for repairs.

Gas Analysis System

The nitrogen system wlll be sampled and analyzed at two points--the
“reciréulating gas stream and the purge stream-- for contaminants. The analysis is
.made by gas chromatographs, which analyze for the various contaminants serially.

'The chromatographic analysis for hydrogen is & back-up to the moisture monitors,

since detectable amounts of hydrogen in the system could arise only from the water-

(AR e §

gas reaction with graphite. The chromatographic analyses for oxygen and carbon

e a

monoxide are redundant also, since oxygen is quickly converted to carbon monoxide
by reaction with graphite. The chromatographic analysis for carbon monoxidé
backs up the moisture monitors.

Fallure of a moisture monitor would lead to delayed knowledge of
moisture in the system, because the response of the chromatographs.is relatively
ﬁ]th This would not be likely to result in hazard to the reactor, however, as
;some reaction of steam and graphite can be tolerafed. The likelihood of hydrogen
-and oxygen ever being simultaneously present in the explosive range is nil, since
the explosive range for these gases is greatly narrowed by the presence of

:nitrogen, and oxygen would be continuously removed by reaction with graphite.

Gas System Controls

Failure of the gas system controls could result in over-~ or under-
pressurization of the system, reduced circulation rates {excessive circulation rates

are not possible because of the limited capacity of the blower), or reduced or
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excessive purge flow rates. Ncne of these failures could cause any serious hazards.

‘The gas system is protected against over-pressure by a rupture disc. Under-pres-

sure could lead to abnormal infiltration of air, but after shut-down of the reactor
and the blower no damage would be done. Reduced circulation rate would simply
cause slow cool-down of the reactor. Reduced purge rates would cause build-up

of cortamipants in the gas stream, bui this is not hazardous of itself nor would

. 31t cause other hazards. The reactor and blower would be shut down until the condi-

tion could be corrected. Excessive purge rates would cause no difficulty.

Failures of any of these controls would be quickly detected by the
response of other instrumentation, and repairs could be made in most cases without
the necessity of cooling down the reactor.

+3+ Effects or High Temperature on Instruments

The ion and fission chambers, which measure the neutron flux,
require maintenance of a high voltage_between an electrode and the chamber shell
for their operation. At temperatures above 200 F, the electrical insulation whiph
mgintains the high voltage could deteriorate. It is necessary, therefore, to
keep these sensors reasonably cool. This is done in HETLTR during loss of normal
cooling from nitrogen by thé recirculating wventilation air.. It is partially because
of this that the auxiliary gasoline engine drive has been provided for the venti-

lation exhaust fan.

A F. Escape of Contamination from the Fuel

1.  Particﬁ1ate Alpha Contamination

It is estimated that the 1200 kilograms of driver fuel may contain
as much as 20 milligrams of plutonium after 10 years use in the HTLTR. The

evaporation of plutonium from the uranium oxide fuel is expected to be so small.
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as to be undetectable, even at 1000 C with vented fuel jackets.

The most serious votentisl for contamination in the HTLTR cccurs
when experimental pilutonium fuel is In the test core. The test core may contain
up to 6 kg of plutonium in any of various compounds of mixtures suiteble for use
at high temperatures. Such fuel would not be volatile at 1000 C, sc movement of
plutonium into the gas étream cculd oniy be in the form of the original (or scme
subdivided) partizles. Contemination of all inside surfaces of the reactor core
and the reci?culating gas stream can be assumed 1f a fuel element failed, in spite
of the presence of the filter upstream of the blower. The ccntamination would be
detected by the alpha particulate monitor cn the gas system purge stream, the
only path by which the contamiration might be iﬁadvertently released,

The purge stream passes through dual high efficiency filters. Those
have a rating of 99.7% retenticn of“é micron DOP seroscl particles, The number
fraction of 3 micron ard smaller particles would be extremely low for any fuel in
HTLIR cores. In addition, the weight fracticn would be even smaller, The weight
~retention of any rlutornium reaching the purge filters will therefore closely
- approach 100%., The contamination in the ventilation exhaust flow would be
" negligible.

Ieskage of gas from thé reactor shell and gas system wouid carry such
. centamination to the reactcr rcom and basement. With the reactor room held at a

. 8light regative pressure by the ventilation sysfem, the contamination would be zon-

- £ined to this space. The eihaust from this area is routed through high efficieﬁcy
filtefs also. Thus, escape of plutonium from the fecility is not expected. 1In order
to assure the operator and pubtZic, a continuous alpha monitor is installed in the

nitrogen exhaust stream upstream of twc absolute filters. In the unlikely event of an
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out-of-limits release signal ,further emergency action, such as stopping the gas
purge flow, shutdown of the ventilation equipment, and temporary sealing of the
reactor room penetrations, could be taken. In any event, emission of plutonium

in hazardous quantities would be prevented. Plutonium escape from a fuel element.
while the reactor is open or while the fuel element is being handled will be
minim;zed according to prudert practice already long established. The smergency
measures which could be taken for confinement of contamination and for decontamina-
tion are similar to those described above.

The plutenium contained in the typical fuel element, if scattered
through the reactor and gas,would constitute a diffuse source of about b curies of
low energy gamma radiation. The reactor rocm walls are campletely adequate for
protection against such radiaticn lsvels. Emplojees would, of course, encounier
some special problems in the decontamination campaign which would follow, but the

direct consequences tc the public, and alsc to employees, would be negligibls.

2. Todine-131 znd Cther Ecdine Isotopes

At the maximum cperating temperature of the reactor, iodine is
quite volatile, sc that any icdine released from the fuel would be carried out of
the reactor in the hot gas stream. At least some of the iodine would plate out in
the heat exchangers and cocl piping, but this fraction cannot be closely estimated.
Many of the radicicdine isctcpes have short half-lives and dd not give serious
problems when emitted from a facility. ter 10 days, only I-131 and I-132 are
present in significant amounts.

Iodine released in an enviromment of hot .graphite may or may not

retain its elemental character. JTodine released from fuel has been reported in at



UNCLASSIFIED : 11.32 BNWL-CC-225

least three forms: elemental iodine, organic compounds typified by mefhyl iodide,
énd unknown other species, perhaps iodine adsorbed on particulate matter, and
usually constituting not more than 1-2% of the total.

The driver fuel for HTLTR will be jacketed in graphite. Some 6f
the noble gases and iodine formed by fissions will therefore escape from the fuel
element and enter the clrculating gas stream. The effects of such release are
considered in the following paragraphs.

The fuel, if in the form of particles, will be no smaller than 1
‘mm diameter spheres. The diffusion of iodine from U0, is glven by
£ = 3.4 x 107 x 1075000/  {1/2/,

f = fraction of iodine formed which is released
T = U0 temperature,ﬁoK

t = time, sec

e = radius of spheres, cm
The amount of iodine formed is calculated for two cases: cperation

~of the reactor at maximum power for experimentai runs of maximum duration, and an
abnormal excursion in power which is self-terminated. These are absolute maxima
in both instances. The highest fission product inventory is accumulated during a
.chopper run with reactor operation at 2 kW extending over 8 hr. This run of 16
JW-hr genérates'l;B.Ci of I-131. Since these highest level runs are infrequent,
‘it i1s expected that an upper limit of 2 Ci of I-131 in the fuel at any time will
‘be reasonable to handle. The escape of I-131 is negligible except at the maximum
temperature, 1000 C, at which, over a period of one half-life, only 0.07% of the

inventory (or 1.4 mCi over an 8 day period) is released. The release rate per-
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missible under radiation protection standards for the 300 Area is 10 mCi per week.
The maximum total amount of icdine isctopes formed in a self-termi-
nated excursicn reaching a peak power of 200 MW with a half-width of b see is
about 5.5 x 103 Ci. Of this only about 16.5 Ci is I-131; the remaining iscﬁoﬁes
are short-lived. The 800 MW-sec energy input would raise the fuel temperaturs an
average 2200 C to a fuel temperature of 3200 ¢ under maximum operating conditions.
The rate of escape of radioicdine immediately after the excursion would be 0.11
Ci/min, but this would be nearly all short-lived. By 2 hr after the excursion, the
fuel temperature would be reduced to about 1700 C, and ﬁhe rate of release would be
0.00U8 Ci/min. The release of about 0.5 Ci of short-lived iodine isotopes would
cawse mincr contamination problems in the facility and no off-site damage. It
should be noted that this is a maximum conceivable accident for radioiodine re-
lease to the enviromment. It is postulated
s« that the excursion would not be terminated by an autcmatic scram
« that the operator failed to respord to the power peak with a
manual scram, and
- that all o the radioiodine escaping from ths fuel pariticles
also escapes from the circulating gas system;
These considerations have led to the design decision not to provide charccal traps
for halogens in either the purge line or the main recirculation line.

3. Other Radiocactive Isoctopes

Noble Gases
Ten minutes after the excursion postulated in the previous section,
there would be about 15,000 curies of krypton and L0,000 curies of xencn present

in the driver fuel. These decay to the following activities (Ci) at the times
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stated:
Xr Xe
1 hr 3,260 2,590
2 hr 2,320 630
5 hr 950 510
. 10 hr . 280 510
1 day 15.2 320
5 days 0. 00k .5
10 aays ' 22.0
20 days 5.9

The daughters c¢f xenon decay are cesium isotcpes which are considered
~in the fedlowing section. - The daughters of krypton decay are isotopes of rubidium,
strontium, yttrium, and zirconium. The activities (Ci) of these radiocelements

deposited from the noble gas cloud at the times stated are:

Y sr Y-95 zr-95  Mb-95
10 min 1. h7x1ot 1.44 2. 66xlol* 0.10 o
1hr 9.87x10° . 14.86 9.80x10° 5.20 0. 00k
2 hr 53.3 5.23 18.7 5.30 0.009
5 hr 0.03 5.23 0 5.30 0. 02k
10 hr 5.23 : 5.28 0.049
1 day | . 4.92 ' 5.25 0.118
5 days 4. 66 : 5.03 0.542
20 days 3.79 4,29 | 1.63
Q 100 days 1.26 1.83 2.h1

250 days 0.35 0.37 0.73



UNCLASSIFIED ' 11.35 BNWL~-CC-225

The strontium contains 0.03 curies of Sr-90; the remainder is Sr—89.
The other long-lived isotopes present are Zr-Nb-95. The inhalation dose at one
mile from the noble gas cloud would be less than 0.17 rem to the bone from Sr-89
and about 0.10 rem from Sr-90. The dose rate to an exposed individual would be
4.1x1073 rem/yr. The ingestion dose rate to the bone via consumption of milk
from éattle fed on land at a one mile radius would te less than 0.16 rem/yr from
Sr-89 and aboﬁt l.leO"2 rem/yr from Sr-90. The other long-lived isotopes do not
make important contributions to the dose. Thus contaminatibn of‘the envircns of
HTLTR with the daughters of krypton decay would present no biological hazards,
since these doses are a factor of 10 or more below the level at which remedial
action is necessary.

”%olatile Fission Producits OtHér than Iodine and Noble Gases

Cesium, tellurium, and selenium formed in the fuel will also be
volatile at reactor temperatures. The following tabulation shows the activity of

each present {Ci) after the postulated excursion at the times stated:

~ 10 min 3. 03x10h 2.583:101+ 1.15x103
1 hr 6.20x10° 1. okx10" 1.72x10°
2 hr 2.00%10° 4. 07x10° 30.7
5 hr 45.8 3.41x10° 0.83
10 br 0.16 1.10x10° 0.02
1 day 0.08 80.6
5 days 0.07 30.7
10 days 0.06 11.6
20 days 0.05 ‘2.9
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The cesium listings include both that volatilizing as such from
ghe fuel ani that formed by xenon decay. The daughters of cesium isotopes which
contribute to the activity at 10 hr are Ba-139, Ba-140, and Ia-140. The daughters
of tellurium are iodine isétopes, which were considered in a preceding sectioﬁ;
The daughters of selenium are bromine isotopes, of which only Br-83 makes any con-

tribution after 10 hr. The activities of these radio-isotopes (Ci) at the times

- stated are:
Ba-130 end 140 La-140 Br-83

1 hr 3.82x103 0.85 18Y

2 hr 2.37x103 1.28 150

5 br 5. 49102 2.54 64.8
10 hr 68.6 4.8 15.3
1 day 25.i%‘ 8.98 'v 0.27
5 aays 20.2 19.4 0
10 days 15. 4 17.2
20 days 9.0 10.3

It is seen that only the Ba-Ila chain will contribute significant contemination after
one day; these are daughters of cesium.

The rate of cesiun escﬁpe from the fuel and its subsequent fate
first in the hot grathite environment of the reactor core and then in the gas
-system piping at various temperatures cannot be ﬁrecisely'estimated. Miller,
*Browning et al’ have shown that half the cesium transported'in dry helium and drj
air passes through high—efficiency filters. prever, Cottrell, Browning et al6
have shown that only about 1% of the cesium is released from UO2 at 1400 C. There-

fore in the postulated excursicn about.O.B% of the activities listed above will be



'UNCLASSIFIED 15.37 BNWL-(C-225

dispersed in the environs of HTLTR. Essentlaelly ell sctivity would decay within
one year. The resulting minor contemination incident wouid present nro binlogical

hazard, crn cr cffsite,

G. Critical Mass /Out-of-Reactor) Ccrisideraticns

The total fuel inventory for the HTLfR, including drivers, flux-leveling
elements, and fuels for the test core, will be more than a minimun {cptimalily
moderated and refiected) cri%ical mass, The stcrage of this material will be
divided Into safe masses and rpiaced in §afe gecmetric arrangements vy administrative
controls and the provision of specigl storage racks. The limits establiéhed in
the edministrative procedures are based on ortimum water moderation, optimum
reflection, and spherical geometry.

In setting these limits,..a safety factor is applied such that at least
two simultaneous, inaependent accidenfs rust have occufred to assemble a’mass of
matexrial which could be made critical. Hywever, the assembly of such a mass would
stild not result in a criticaliity, because the necessary conditicns of cpfimum
moderation and reflection would still not te rresent. Recause ~f the design of
‘the facility, the accumulation_of eﬁbugh water to immerse the stocrage arrays is
Ampessible. |

A1l transfers of fissile meterials into snd cut of the facility are mads
;under strict inventory control, so that the mumber ard fissile content of each type
:0f fuel piece cn hand are kngwn ét all times, Transportaticn, handling and storage
cof fuel are done under the terms of Critical Mass Safety Specifications, drawn.up
- by the cperatcrs of the reactor and reviewed by Battelle-Northwest spercialists cn
critical arrays. Speciel racks, which will accommcdate only one fuel piece of
a given type at a particular rack positiah, are tec be provided for the storage cof

all but special test fuel shapes. The latter are stored in their carrying cases
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under rigid limits on closeness of spacing. Fuel elements are required to be in
their racks when not in the reactor.

H. ©Spread of Contamination in Disposal Wastes

The HTLTR has few waste disposél problems. Water from the heat exchangers,
though normally not contaminated, is run to é potentially contaeminated sewer
ﬁhich‘discharges to the 300 Area process sewer pond, from which it is lcst by
evaﬁoration end lesching into the scil. The pond is regulerly monitored. Iiquid
wastes from decontemination procedures after an incidehtvwould ha?e to receive
special handling, depending on their composition and amount.

Az previously described, the purge gés from the reactor and the vertilaticn
exhaust are both passed through high efficiency filters before release from the
stack., b

As has been pointed out iz the description ¢f the ventiletion system,
+the lccations and height differentials befween the ventilation exhaust from the
"reactor enclosure and the various ventilation airiintakes, coupled with thé high
exhaust velosity, make recycle of the exhaust into the intske very improbable.

The exhesust would also contain significant quantities of fission produvcts only
in the event of & large pbwer excursion, also highly imprcbable.

J. Interasction with Other Facilities

Thé HTLTR is- located at such distances from other facilities containing
fissile materials that interactions among them leading to chain reactizns are not
yossible. - Spread of radicactivity from one facility into another through the

intekes of the ventilation system is possible, but this would not increase the
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hazard to the publie. Because of the distanceé involved, the probesbility of this
occurrence is small and tolerable. Emergency procedures for the erea and for the

ITR facility will provide an orderly and safe response to any incidents criginat-
ing in other nearby facilities.

d. Non-Nuclear Incidents

During duty hours, access to the reactor, process and control srea is

.

controlled by the operating peréonnel. At least two qualified perscns must be

present in the control room for reactor startup and operation. At least one
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qualified person will be on duty when the reactor is shut down but not deactivated,
as previously described (p. 9.10). The building will be kept locked during night
shifts and on weekends, and during these times will be connected by an alarm
circuit to a neighboring fécility which is manned around the clock. The building
will also have regular surveillance by patrol.

» These precautions will protect the reactor from ordinary sabotage. Even
‘a knowledgeable saboteur would have difficulty in causing a self-destructive nuclear
excursion in the reactor, because of the various fail-safe and independent channels.

The reactor and building are not designed to be proof against bombing.

The reactor and building are designed to withstand earthquakés of an
intensity up to VII on the Modified Mercalli scale. The graphite bars of the test
portions of the core are not keyed to the permanert portion of the core. The
reactor eavelope and its doors are designed to withstand the shock load of the cen-
tral part. of the core undér a fofce of 2500 1b. Any movement of the central part
of the core with reépect to the stationary part increases neutron ieakage and
reduces reactivity. The control and safety rods penetrate only the fixed part of
the core, so it is expected that shutdown control will be achieved by the function-
dng of elther of the two systems even in the event of an earthquake, The reactor
Ais not provided with a seismoscope trip; it will be manually scrammed on any
evidence of earthquake.

The reactor building is designed to withstand 100 mph winds, which are in
_excess of any which have been dbserved in the locality. The area is not subjeét
to winds of tornado violence. The building is located well above the maximum flood

level of record, and flood damsge is not expected.
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_K. Maximom Credible Accidert (MCA) and Consequences Thereof

The HTLTR fuel will never contain a significant inventory of fission
products. The radiological consequences of a self-terminated excursion are
negligible. It is thereforz certain that this reactor will never cause radio-
logicél hazards to the general public.

As discussed above, the procedures, instrumentation, interlocks, audible
~ signsds and operator proficiency requiréd to prevent a nuclear excursion in

HTLTR have been perfected and demonstrated 1n eight years operation of a similar
reacor, the PCTR. New features of HTLIR have been tested at operating tempera-
tures in the mock~up facility. No nuclear or radiological hazards are anticipated
,speckfféélly arising from the highk%éﬁperature operation of HTLTR.

The BTLTR safety circult is expected to be free from failures of a nature

-whick: could result in the occurrence of a nuclear excursion without a response

from ‘the safety circuit. The control and safety rod actuators are simple, of
famiiiar design, and regularly tested. lTheréfore, at least half the control elements
-are expected to act in any circumstances. For these reasong, all nuclear excursions
- in HTLTR are expected to be terminated by reactor scram.

Other accidents, mechanical and utility failures and the like, have been
_discussed above, and none leads to consequences.of any siguificance offsite.

The only accidents, having serious consequences, to employees and property
only, which could éccur in HTLTR would bevcaused by multiple violations of procedures
and serious errors in judgment. These would have to be concurred in 5y at least

two individuals of the HTITR staff. While proper training, procedures, and admini-
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stration are expected to prevent this type of accident, a sequence of events in-
Qolving a number of improbable actlons may be combined to yield an accident which
may be thought possible. Sequences for two such accidents are given below. In
each case, a serious loadiﬁg error combined with various equipment failures aﬁd
violations of procedure are postulated.

+ Startup Accident

1. The reactor cavity is loaded with a cermet plutonium-fueled test and
buffer zone containing no U238.

2. The reactor is shut down for adjustment of the position of some of the
polson pieces.

3. The neutron flux high level trips are erroneously left at the 3 kW
setting instead of being reset to ~ 10D W. The samc error is made in programmiiy
the PMACS. This is concurred in by both the operator and the supervisor.

L. Driver fuél pieces are removed, and the poison pieces are removed and
relocated. About 2.00$ worth of poison is not rep;aced as rquired by the experi-
ment plan. -This error is not recognized by the operator or thé supervigor and the
experimenter-in-charge is not in attendance.

5. The fuel pieces are replaced to the orliginal core configuration with-
out employing an incremental loading procedure. This breach of instructions is
acquiesced in by both the operator and the supervisocr.

6. The reactor room is closed,-the reactér purged with nitrogen, and the
safety rods are withdrawn. This leaves the reactor barely subcritical. The larger

than normal readings of the power level instruments are ignored. This inattention

t0 the reactor instrumentation 1s committed by both the operator and the supervisor.
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7. The ganged control rods are withdrawn at the full preset rate, adding
£eactivity to the system at 11.6 cents/sec, due to the presence of the plutonium,
instead of the normal L cenis/sec or the maximum 8 cents/sec. (See footnote).
Routine startup checks c?f écre reactivity during control rods withdrawal are not
made. |

* B. The control rcom instrumentation and the audible monitor show the
increase in neutron flux, but contimue to be igrored by both the operator and
supervisor. The reactor goes critical early in the control rod stroke.

9. The pericd trips fail. The reactor quickly becomes prompt critical
on a perisd of about 0.27 sec (Figure XI-2). Personnel do not react quickly enough
to initiste a manual scram.

10+ As the reactor rower levéX reaches 3 kW, the safety cirduit is opened
by the nemtron flux high level trips. After 0.1 sec instrument delay and magnet
release time, the safety and control rods begin to move.

11l. The reactor powesr level reaches sbout 10 kW before the.falling rcds

turn the transient completely around (Figure XI-1).

FOOTNCIE: With the core configuration postulated, about 50% of the fissions
weuld take place in plutonium, instead of sbout 20% as the core loading was
intended to perform. The value of the dollar would be about L.5 mk instead of
6.5 mk. TPherefcre, there wculd be available about (2.80$)(6.5)/(k.5) =

4.05% excess reactivity, instead of 0.80$ as expected. Also, when control
and safety rods are withdrawn, the rate of reactivity addition would be

(6.5)(8)/(4.5) = 11.6¢/sec. :
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12. The fuel temperature rises an average 0.01 C (Figure‘XI-3).. The hct
srot risg in the central test cell would be no more than about 0.5 C with the
most pessimistic assumpticns as to flux bowing, and low heat capacity of the fuel.
Since accidents have occurred in the pasﬁ due to the compounding of a series of
improbable errcrs and violations, this sequence may approach credibility. Even so,
the accidzent would have no conseguences in terms of radiation exposure, either at
the reector building or offsite.

Ioading Accident

1. The reactor is loaded with a typical test configuration. It is shut
down for adjustmznt of the positlon of some c¢f the poison pieces.

2. The neutron flux high level trips are left at 3 kW. The same error
is made #p programming the PMACS. These variations from normal pchedure are
overlocked by both the operator and supervisor.

3. Driver fuel piéces equivalent to twice the expected change in reactivity
are remowed, and the poison pieces are removed and relocated. About h.OO$ werth
of pcisom: is not returned to the core, as requlred by the experiment plan. This
error remwains unnoticed by the operator or the superviéor, and the experimenter-
in-charge is not in attendance.

L. The operator proceeds to replace the fuel pieces to the original core
configuration without employing an incremental lcading procedure. This violation
of instructions 1s concurred in by both the operator and the supervisor.

5. The audible neutron flux monitor is ignored or has failed in such &
manner that it is giving a normal audible signal but is not responding to the

increasing flux level. This fallure would be extremely complex and improbable.
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6. The operator loads a driver rod worth 25 cents into the reactor, which
was suberitical by a few cents. The reactor goes critical on a period of about
26 sec.

T. In about 210 séc the power level reaches 3 kW and the safety circuit
is tripped, releasing the two cocked safety rods and shutting down the reactor.
The power level reaches a maximum of about 3.2 kW before turnaround is complete.
If the operator remains at the loading face for the full 3-1/2 minutes without

adding fuel, he would receive an integrated dose of about 60 rem. Others in the
f reactor room would receive an equal or smaller dose of radiation. Outside the
reactor room the dose 1s inconsequential. If the operator adds another driver
worth 25¢ one minute later or leaves the reactor roonm within 2-1/2 minutes his
dosc would be reduced to ebout 12 rem.” A manual reactor scram from ‘the control
room at any time would also reduce the exposure.

The above doses were obtained fram a computer code, which includes factors

~ for relative biological effect. The dose rate is above 1 rem/hr for about 3

minutes before scramming. The calculated gamma and neutron doses are:

Dose Component Integrated Dose, rem
Fast Neutrons (E > 0.3 Mev) ‘ 1.96
Intermediate Neutrons (0.3 Mev > E> 0.k ev) 0.78
‘Thermal Neutrons (E < 0.4 ev) _ ' 53.33
" Gamma (A11) | | 3.2

 TOTAL 59.79
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APPENDIX A

Self-Terminated Excursions

These calcglations are intended only to illustrate the inherent self-
shutdown capability of HTLTR prcvided by the Doppler effect in the low enrich-~
ment drivers. As stated in the main discussion, it is not expected that any
excursion_will cccur which is not terminated by the safety rods.

In these calculations it was assumed that all of the heat generated was
retained in the fgel. This assumption is valid for excursions having a cshortest
period of under one second, but probably not exactly so for excuréions having a
pericd over 10 seconds. The latter excursions would be prolonged because escape
of heat from the uranium fuellwould reducé the negative reactivity available from
thé ﬁoppler effect. Only the Dopplé;.coefficient of the d;iver fuel was consid-
ered; no contribvution from theitest core was assumed. The gadolinium shims would
mezxe no contribution in any of these excursions since the neutron temperature is
changed negligibly. The results of the calculations are shown in Figs. A-1 ‘o A-8.
In an excursion of this type two mechaqisms could preventbproper operation
_of the control rods:

‘l) The TD-nickel operating rod melts or fails due to loss of strength

2) sufficient CO pressure is generated in the UOp-graphite cylinders

through the reaction U0, + 4 ¢ = UCp + 2 CO to rupture them.
In the following analysis, the nickel rod is assumed to have sufficient strength
to operate the control rods for short periods of time at rod teﬁperatures of
1400 c.

The composition and volume of the control rod sections which contain
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fissile material have been adjusted such that if a driver fuel element and a éon—
trol rod aere in the same flux:

. they produce epproximately the seme total number of fissions per

unit length and

. the fissions per unit volume in the control rod is less than in

. the driver fuel.

If the heating should occur so rapidly that fhe heat was not shared with
the nickel, the critical temperature would be détermined by the CO produced in
the cylinders by the reaction U0, + L ¢ - UC2 + 2 C0. Assuming no diffusion of
CO out of the grephite matrix, the cylinders would rupture when the equilibrium
pressure-of the CO exceeded thé ambient external pressure which is one atmosphere.
The fueded cylinders would heat more slowly than the driver fuel because of their
graphite content. Figure A-10 indicates that the driver fuel, starting at either
20 C or 1000 C, w5uld heve attained & temperature of 2000 C when the control rod
cylinders reached 1800 C. Since the control rod would of necessity be in or near
. its most resctive position, this occurrence would tend to reduce the reactivity
- of the rod either by disassembly of the fuel or by forcing the fueled cylinders
to more shielded positions.

If it is assumed that the heet genersted in the control rod inner cylinders
is shared with the nickel rod, the heat cgpacity of the combination is even higher
than in the previous case. Hence the control rod temperature lags the driver
fuel temperature even more. Figure A-10 shows that if the nickel rod reaches a
temperature of 1400 C, the driver fuel will have attained & temperature of about

2000 C if the excursion started at 20 C, or 1700 C if it started at 1000 C. Should
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this ccecur it weuld be impeossible to move the control rods tc a less reactive
position; nuclear shutdown could still be provided by the vertical safety rods,
however.,

It heatiﬁg continued after the nickel rcd had melted; the CCU pressure
could eventually become greatsr than one atmcsphere. In this event the UCo-
graphite cylinders could be forced cut of the center of. the control rods. The
loss of fuel wcull cause a decrease in the reactivity contributicn of the contreci
rods. |

The values of the injput‘parameters used in the calculations are given

in Fable IX-TIT.



Equilibrium CO Pressure, atm

A-20

10

1.0

T

I

I

1071

L] l_lTll

1072

T 1 IIIH—I

10-3

llllll,

] ] -1 1 |

10-4
1000 1200 1400 1600 1800 2000

Temperature, °C
FIGURE A-9

Equilibrie in the U02-C Reaction

2200



Control Element Temperature, °C

2000

1800

1600

1400

1200

1000

800

600

400

200

‘ Inner Fuel Cylinder Alone
[ ==~ — UOj + C Reaction Rate Significant

TD Nickel Rod Added

[ —— Nickel Melts 1000 € Initial Temp.

== ==~ = Limit of Strength of Nickel Rod

TD Nickel Rod Added
27 C Initial Temp.

1 ! { | | 1 ] 1

Te-v

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Fuel Element Temperature, °C

FIGURE A-10

Control Element Temperature in Excursicns

2200 2400



-

UNCIASSIFIED : B.1 ) BNWL~-CC-225

APPENDIX B

Main Heat Exchanger lLeak

Taking as a basis one gram-mole of nitrogen at 1000 C and adding to it
* n gram-moles of liquid water at O C, theAfollowing is obtained, where T is the
equilibrium absclute temperature of the mixture:
. 1273

Heat input = (6.50 + 0.00100T) 3T + (100.04)(18.016)n
0

T

T
Heat output = 9,729 n +f (6.50 + 0.00100T) 4T + n I (8.22 +
0 0

1.5 x 100% 7 + 1.3% x 10°61) ar

Equating these and performing the intéérations )

L

G084, 76 + 1802.32 n = 9,729 n + 5 x-10 ™ +n (B.22 T +

7.5 % 1070 T° + 0.4467 x 1008 73) + 6.5 1

Introducing values of T and solving for .n:

P, fraction of

T, % ‘n, moles water initial pressure
1273 0. 000 1.00
1173 0.0k2 _ 0.96
1073 0.088 0.92
973 0.139 0.87
873 0.196 . 0.82
173 0.259 - 0.76
673 . 0.329 : 0.70
573 0.408 0.63
473 0. 497 0.56

Q Letting the initial pressure = 1.00, the pressure of the mixture would be
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P=T (1 + n)/1273. Values of P are tabulated above. This computation shows that
the introduction of liquid water into the circulating gas stream gives a quenching

effect and a reduction in pressure instead of a pressure surge.
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'APPENDIX C

T}aining Program Outline

1. TFundamentals and Background

The candidate is supplied with material concerning the
the safety analysis of the reactor, design and operational details, and an
indication of the minimum information he must know to become a qualified
operator. Included are the Reactor Safeguards Report, Operating Safety
Linits and Operating Specifications, reference material on reactor physics
aﬁd computers, emergency procedures for unusual incidents, blueprints and
diagrams of electrical and mechanical components, and the examination
questions and answers.

2. On-the-Job Training

Classroom instruction will bé given the first group of
trainees. They will conduct the pre-operational design tests performed
after the facility is turned over to Battelle-Northwest.

Subsequent trainees will be given lesslformal instruction;
since they are added singly, the tréining,is,tutorial in nature. The
candidaté performs all operations ﬁnder{supervision until he is formally
qualified. =

i/,//

A written éxamination will be given to all candidates. The

3." Written Examination

-examination covers all aspects of #*e work. There is no fixed time schedule
for taking the test because it¥:re can be considerable variation in previous
Dbackground and knowledce” It is expected that most candidates will be in

training for about~“our to six months before formal testing.
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4. Oral and Performance Examination

An oral examination and reactor operation demonstration
follows successful completion of the written examination. The oral examina-
tion allows more detailed %esting of any particular aspects that may appear
indicated and ensures that the answers to the written questions are truly
understood. .The candidate must independently perform all phases of standard
reactor operation requested and demonstrate familiarity with non-routine
:experimental and data-taking duties, programming, and emergency procedures.

5. Demonstration Period

Following a satisfactory performance on the oral and

performance examination the candidate is formally designated to be provision-

-ally qualified. In this capacity the operator is authorized to perform all

normal duties of a gualified operator.
During a probationary period of several months the candidate
must demonstrate continued development of his detailed job knowledge plus

strong evidénce of the usual traits reguired of responsible reactor personnel.

- When line management is satisfied that .all requirements are met, the probation-

. ary period is complete, and the provisional status is lifted.

6. Training Review

-

Reviews of the operator’'s knowledge are made continuously

~ as his performance is observed and checked by supervision. More formal

- reviews are made orally whenever work assignments have resulted in lack of

<practice in reactor-operation. This situation can exist when an operator is

engaged in lengthy preparation of experimental equipment. - The list of quali-

~«fled operators 1s revieved, and updated on a frequent basis. The authoriza-

‘tion lists are retained in a permanent file.
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APPENDIX D

HTLTR SITE INFORMATION

Additional meteorological and seismological data are presented in

Tables D - I and D - II and in Figures D - 1 and D - 2.

-



WIND SPEED AND DIRECTION FREQUENCY - 300 AREA

TABLE D-I

Wind Speed in Units of mph. Wind Direction Frequency in
Per Cent of Time.

Day: 0700-1900 PST. Night: 1900-0700 PST.

L aa o . , Beason v

E _ Winter |  Spring - Summer Fall Annual
Day Night Total [Day Night Total [Day Night Total [ Day Night Total | Day Night Total
NE} 3.5 1.1 .3 16,1 3.8 4.919.8 4.3 07152 1.3 321 6.1 2.6 4.4
Speed| 6.2 .9 5.0{8.1 83 8.21{10.3 82 9.216.9 7.9- 7.4{ 7.9 7.1 7.3
El 3.0 2,2 2.6 7.7 33 5.5|9.5 2.7 6.112,0 0.8 1.4} 5.6 2.2 3.9
Speed|{ 7.2 8.3 7.8 9.010.5 9.8|9.5 7.4 8.4|6.0 6.7 6.3} 7.9 8.2 8.0
SE|15.5 17.2 16.4116.9 16.6 16.8 [19.8 16.6 18.2[11.8 17.7 14.8 {16.017.0 16.5
Speed| 8.4 8.8 8.6 (9.2 80 86106 7.4 9.0 7.9 7.8 7.8 9.0 8.0 8.5
S|12.5 13.9 13:2|10.1 9.5 9.8 10.4 6.2 8.3({11.5 9.4 10.4 |11.1 9.8 10.4
Speed|14.5 14.0 14.2 |17.5 13.4 15.4 |14.9 12.9 13.9(12.2 10.2 11.2 {14.812.6 13.7
sw(22.3 21.0 21.6 [25.2 17.1 21.2 [30.0 17.5 23.8]15.9 12,1 13.6 [23.116.9 20.0
Speed|(16.5 14.1 15.3 (13.6 12.2 12.9 {17.5 11.5 14,5{15.9 11.3 13.6 |15.912.3 14.1
wl] 5.6 6.7 6.2]8.1 7.1 7.6/5.2 9.4 7.315.2 5.4 5.3 6.0 7.2 6.6
Speed| 9.6 6.1 7.8 |19.4 10.4 14,9 15.5 9.3 12.4(13.7 6.4 10.0 {14.6 8.0 13.3
Nw{15.0 19.3 17.2 | 9.7 22,7 16,2 |6.8 21.2 14.01]15.2 20.0 17.6 [11.7 20.8 16.2
Speed(10.1 8.3 9.2 |16.1 12.2 14,1 4.8 11.5 13.2]11.7 8.7 10.2 |13.2 10.2 11.7
Ni15.5 11.8 13.6 |12.6 12.4 12,5 7.7 16.9 12.3(20.8 13.6 17.2 j14.1 13.7 13.9
Speed|{10.2 9.5 9.8 j14.1 11.1 12.6 ]4.2 10.7 12.4110.8 9.7 10.2 J12.3 10.3 11.3
Variable| 6.4 6.5 6.4 (2.8 6.0 4.4 0.5 2.0 1.219.713.1 11.4} 4.9 6.9 5.9
Speed| 2.2 2.2 2.2 (1.9 2.0 2.0 2.0 2.0 2.012.2 2.5 2.4} 2.1 2.2 2.2
Calm| 2.7 0.3 1.5]0.8 1.3 1.0 0 0 0(0.4 0.5 0.4(1.0 0.5 0.8

2'a
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TABLE D-II

APPROXIMATE RELATIONSHIPS AMONG EARTHQUAKE INTENSITY,

GROUND ACCELERATION, AND ZONES

a - Ground Acceleration { Building
Modified Mercalli Intensity Scale (1931} cm a Code
Wood & Neumann sec g Zone

1 Detected only by sensitive instruments.

11 Felt by a few persons at rest, especially on |, —T
upper floors,; delicate suspended objects may -
swing.

. 3 T

el Felt noticeably indoors; but not always —
recognized as a quake; standing autos rock - 4 0.005g ] 0
slightly, vibration like passing truck... — 35 _

_ _

1v Felt indoors by many, outdoors by a few; at }- 8 i
night some awaken; dishes, windows, doors |~ o 0.01g—}
disturbed; motor cars rock noticeably. ' — 1

\Y% Felt by most people, some breakage of
dishes, windows and plaster, distyrbance . 20 -
of tall objects. : i

10 - 1

VI Felt by all, many frightened and run 0 -
outdoors; falling plaster and chimneys, - 4 0.05g ]

~ damage small. CTee -— 50 _
- 60 .

VII Everybody runs outdoors, damage to buildings {. g0 ]
varies, depending on quality of construction; | 0.1g ]
noticed by drivers of autos. 100

2

VIII Panel walls thrown out of frames; fall of
walls, monuments, chimneys; sand and mud - 200 I
ejected; drivers of autos disturbed.

~ 300 -

X Buildings shifted off foundations, cracked, I 400
thrown out of plumb; ground cracked, — 500 0. 5¢ .
underground pipes broken. + 600 N

X Most masonry and frame structures destroyed;[” 800 -
ground cracked, rails bent, landslides. 1000 lg —

3

X1 New structures remain standing; bridges 00 —
‘destroyed; fissures in ground, pipes broken;, [ 20
landslides, rails bent. ]

- 3000

X1l Damage total;.waves seen on ground surface, L 4000 —{
lines of sight and level distorted; ‘objects " 5g —
thrown up into air. — 5000

- 6000 j
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APPENDIX E

COMPARISON WITH PCTR

ﬂgﬁ%ear'dg;récteristics of the BTLTR and their changes with driver
i;adings are expected to be very similar to those for the Physical
ilRéactor (PCTR), which is quite similar to HTLTR in its general
The ETLIR differs from the PCTR in the ways listed below:

Larger overall size

» Graphite fuel cladding

Gadolinium oxide shim rods to adjust the slow temperature

féoefficient. These may be modified with small amounts of iridium
1br hafnivm.

*Nitrogen atmosphere

graphite cores which have been used extensively in experimental programs.
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Core Size

No. of driver rods
Worth of driver rod (¢)
Worth of control rod (¢)

Worth ‘of 1 Safety
aisk ($)

Worth of 2 Safety
disks ($)

U-235 in end driver
el (kg )

Total U-235 (kg)

Total temperature
coefficient (20 ¢)

Pressure cocefficient

*Estimated from other .data

E.2
- fTABLE E-I
. PCTR LOADINGS
26-1/4" 33-3/4"
22 f! 32
108 _ gL
L) 56
2.5 3.0%
5.5 5.6

8.9 " 10. 4

L1-1/4"
L6
54
51

3.4
5T

5.6

2.4

-0.45¢/%¢

-0.05¢ /mb

BNWL-CC-225

18-3/4"

73
34
L5

3.4

5.6
16. 14
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APPENDIX F

DETAILED DESCRIPTION AND RELIABILITY ANALYSIS
OF HTLIR SAFETY SYSTEM

~INTRODUCTION

Because the HTLITR safety system is composed of solid state devices

- Instead of the customary arrangements of relays, a detailed description and

- exhaustive rellability analysis has been prepared to ensure that all modes of

 fai1ure of the system which could lead to sn uncontrolled reactor power excursion
:=have“b§fy considered and precluded by the design. In the detailed description
which follows, the basic funcfional parts of the system are first outlined. The
eleboration of each‘functioﬁal block to ensure fail-safe operation is ﬁhen discuss-
ed’ in a stepwise fashion. Block or schematic diagrams illustrate each step in
the discussion.

In the relisbility analysis, rinterconnection failures (open and
- short circuit and multiple grounds) 'at each point of the system are considered,
a8 well as 'all possible modes of'féilure.of the s0lid state devices, The
probebility of an unsafe failure of the system is then computed to give @

quantitetive measure of ‘performance,
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.. FUNCTIONAL BLOCK DIAGRAMS

The safety system is composed of five basic functional tlocks (Figure
1): process sensor, comparator, logic, power supply, and electromagnetic clutch.
The process sensor block monitors such variables as neutron flux level, coolant
flow, or reactor tempersture and, using emplification and signal conditioning,
provides an ihput to the comparator. The comparator determines whether the veariable
is within or out of 1limits snd transmits all neutron flux comparisons and any
necessary comparisons from other process varisbles to the logic block. Recognizing
in-limit information from the comparator, the logic block passes the system-
normal signal to the power supply block. If any out-of-limit information appears
at thé”§:tput of the comparstor, tﬁéﬂlogic block does not pass the-system_normai
signal. The power supply is energized to produce power for the electromagnetic
clutches only when the system-normal signal ié present. Some of the sensor-
‘comparator combinations have direct lines to the logic block. COthers share &
common logic block>input line. In. these cases, another comparator is aedded
;to determine whether any of the process verisbles is out of limit. (Figure 2).
To ensure that thé logic de-energizes the power supply 1if eny out-of-
limit informetion appears at its input, two logic blocks are provided, both of
. which must pass system-normel signels fo keep the power supply energized. Although
- - functionally the logie inputs are 1dentiéal, each sensor-compérator combinaticn

provides physically separate inputs to the two logic blocks (Figure 3).



; Power Electromagnetic
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FIGURE F-1
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A ————————————
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FIGURE F--3
—————————————

Safety System Block Diagrams
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SENSOR AND COMPARATOR BIOCKS

‘Neutron Flux Monitor Channels (Figure L),

Neutron flux is monitored froﬁ startup through operating levels by

two logarithmic count rate and period meters (LCR-PM) receiving pulse signals.

from fission counter chambers. The meters produce output signals proportional

1o the logarithm of the flux level and to .the period. These meters are conven-
‘tional in design and have proved highly reliable in service. In accordance
with the principle of redundancy, two channels are provided; reactor shutdown

occurs if either channel provides an out-of-limit signal for flux level (on-

scale and highltrips) or for period (short period trip). Since the two éhannels
_are completely separate and independént, & failure in one channel would not
induce a failure in the other. They are, however, identical, and thus subject
“to poséible identical but independent failures. Such a failure is prevented
- from permitting a power excursion by the flux measurement channels discussed
below.
The comparator receives the level and period signals from the meter

. .end compares them with preset vaiues. As long as they remain within limits,

; the coil of the typical output relay:of Figure L4 remains energized holding the
; contacts in the position shown. .An open circuit, short circuit; or ground of
the signal at fhis point, as well as ‘the trip gssociated*with the particular
relay; would reduce or interrupt the current to the coil, allowing the relay
contacts to move to the other position. 'Wheg,all relays are in the system-
normal position as shoVn, the system-normal input signalfto Iogic I is zero
volts and to Logic II is negative. When any relay is de-energized, the voltage

at both logic block inputs is reversed.
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Flux Measurement System (Figure 5)

Neutron flux is measured from startup thrpugh operating levels by

‘the PMACS, using entirely different”equipment from that in the flux monitor

channels. Two interlaced banks of BF3 ionization chembers act as the sensors.
.The two banks are of different sensitivity, one having more chamberé than the
;other. The output signal from each bank is a current proportional to neutron
iflux level. >The signael is emplified and converted to a pulse signal whose
frequency is proportional to input current. A counter receives and registers
feach pulse, and each 0.1 sec‘provides an input to the computer of the total
'count registered during the counting period. -The-computer-compares—the--count
—received with-the expected -count,-based-—upon—the--last-previous—count-and—the--
" mode of;ﬁperation of the reactor.;:f?;theﬂdiscrepéncy;between—ihéfEWO_counterm-
~readings—exceeds-a-programmed—Limit;—the—flux-noermal—signel—-from-the--computer

-is immediately-switched -to the trip level at_both.logic“blocks, Following- the

Ltieoe mprmlicss aanldl

: direct«comparison"check»of«themrawncountérmreadingT—it-is used by PMACS to

compute flux level and period, and these are compared with programmed limits.
Compérisons are also made between the values indicated by the two channels.

Discrepancies in any of these comparisons result in switching of the flux- ‘%/

normal signal. Range changes and calibration checks are madeifutomaticallyoj
This program of rapid and continuous 'sempling, testing and comparison of dag;
and computer results provides the following monitoring features in addition to
furnishing the precise experimental desta:

immediate recognition of and action upon an cff-stendard

—process_condition-{ high-priority-comperison-of-ravw-counter-readings).

| piogiara
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short interval testing of channels for freedom from component

failure (comparison between non-identical channels).

freedom from drift or surge of high voltage supplies (comparison
between channels and with expected values),

freedom from smplifier drift (comparison between channels;
‘acceptable zero offset check).

- A s e

. correctigutomatié]ranging of emplifiers (comparison with expected
values).

correct amplifier calibration (zero offset and calibration checks
acceptable).
proper functioning of current-to-puise converter, counters and
computer (comparison between channels and with expected values).

That this testing and monitoring program is éctually being accomplished is ensured
by the last step of‘the programmed sequence, the emission of & nuclear check normal
pulse. This pulse must be received by a detector each 0.1 sec or a separate
nuclear check normel signal to the two logic blocks is switched.

As remarked above, the prevision cf the two similar but non-identical

meassurement channels, entirely dissimilar from the two monitoring channels, pre-

cludes the possibility that identical :failures of the latter could permit a

reactor power excursion.,
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Process Environment System (Figure 6)

Process variables such as témperatures; pressures. flows, and gas
quality are measured as frequently as required by PMACS, which functions also
as a controller for the gas flow system, electrical heater system, and other
systems. Depending upon the nature of the experiment, some variables that
- exceed pre-determined limité may be programmed to shut down fhe reactor by
- interrupting the enviromment-normal inﬁut to the logic blocks., Frequent sampling
and computer evaluation of procéss tregds give close prccess control. Exterded
- discussion of this system is unnecessary here.

Icgic Blocks

As has been shown, each logie bliock has inputs of several system-
nonmailéignals from the reactor préégés. Each also has a manuai.scram input
and a lock-out chanrel which requires manual résetting of the safety circult
after even a momentary trip. Finally, each has an input of a puléed signal,
1000 pulses per second. This signal must pass through both logic blocks and
ceecur in their outputs to maintain power on the electromagnetic clutches of
the safety end control rods.

The functionihg of the logic blocks is more cliearly understood if they
are serarated into two portions, Stage A and Stage B, as shown in Figure T. The
high level, period, and on-scale outputs of both flux monitor channels, and
the 1000 pps signgl are the inputs to;Stage‘A of the logic block. As long as
no trips are received on any of the six flux monitor inputs, the 1000 rps signal
paéses through to the output of Stage A. This signal then passes thrcugh a

sigral-conditioning inverter and appears as an input to Stage B ¢f the logic btlicck.
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The remaining inputs to Stage B are the flux normal, nuclear check normal, and
environment normal channéls from PMACS, additional spare channels for signals
presently unspecified but which might be needed for specific experiments, the
manual scram inpuf, and the lockout inputs. As long as no trips are received

on any of these channels, the 1000 pps signal passes through to the output of
lStage B of the logic block. It then passes through a second signal-conditioning
“inverter end amplifier to the logic block output. The lQOO pps signal is sensed
by & pulse detector at the amplifier input, and if one pulse is missing from the
pulse train, the output of the pulse detector ceases to furnish the normal signal
~to the lockout input of stage B of the logic block. This ensures that even a
-momentary trip will result in a reactor shutdown.

Ji'Though the two logic biocké.are functionally identical,bit should be
_emphasized that they are not identical in design and construction_because the
;normal signal to one is zero wvolts whereas to the other it is negative. They

ere constructed on separate chassis, recéive separate signals from the comparator
block, and provide signals to different parts of the power supply block. Thus
~only independent,‘shmultaneous, multiple failures in both logic blocks could cause
an unsafe failure of the system.

Iogic Stege IA, IIB

The logic blocks are composed of semiconductor diodes and resistors.
In logic Stege IA, shown in Figure 8,~the norma1 inputs are zero volts and the
trip inputs are negstive, as shown in-Figure 4. 1In Figure 8, the voltage at
point 1 changes from zero to negative and back agein as the 1000 pps signal is

epplied. As long as no trips eppear on the other inputs, the anode of the 1000 pps
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~input diode is always more positive than the cathode; the diode serves as &
}closed‘switch; and the 1000 pps signal passes, the values of the circuit
components being so chosen that point 2 is always negative when point 1 is
negative.
A trip of one of phe relays of Figure 4 results in a negative voltage
., being applied to its respective diode in Figure 8, point 3 for exXample. The
‘voltege &t point 3 is the same as that.at point 2 when point 1 is receiving a
- negative pulse. When point 1 is at zero vblts, point 2 remains negative because
- the diode at point 3 serves as a closed switch. Therefore the anode of the
- 1000 pps diode is negative whiie the cathode is at zero volts, end the diode serves
as ar open switch. Therefore point” 2 remains negative at all times, and the
pulse signal does not appear at the output of Stage IA. Any single or multiple
trip signél at thé Stage TA inputs will thus interrupt the 1000 pps signal.
The functioning of Iogic StageAIIB is the same a&s that of Stage IA,
with the Stage B inputs, of course, in place of the Stage A inputs.

Iogic Stage IIA, IB

In Iogic Stage IIA, shown in Figure 9, the normal inputs are negaﬁive
end the trip inputs are zero volts, as shown in Figure 4, With no trips at the
other inputs, the 1000 pps signal applie; a voltage at point 1 varying from
negative to zero. 'Hhen point 1 is negative "it is at the same voltage level as
point 2; when point 1 is at zero volts, the diode serves as a closed switch (enode
positive with respect to cathode) and ‘point 2 then switches to zero volts. The

1000 pps signal therefore passes the logic block.
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A trip of one of the relays of Figure 4 results in the normal

negative voltage being removed from its respective diode in Figure 9, point 3
for example. The anode of the signal-conditioning diode at point 3 thereupon
becomes more positive than the cathode énd the diode serves as a closed switch.
Point 3 therefore goes to zero volts (ground), The anode of the input diode
is then positive with respect to its cathode; it serves as a closed switch, and
point 2 drops to zero volts. Thus when the 1000 pps signal is at zero volts,
points 1, 2 and 3 are all at the same voltage, namely zero. When the 1000 pps
signal is negetive, 1its diode serves as an open switch because the anode is
more negative than the cathode, and point 2 remsins at zero volts. The 1000 pps
signael therefore does not pass the logic block.

;~ime functioning of Iogic Stage IB is the same as that of ITA, with the
Stage B inputs in place of the Stage A inputs.

Signal-Conditioning Inverter (Figure 10)

The signal-conditioning inverter is a transistor which operates as
shovn im Figure 10. The normal output of the logic block is a 1000 pps signal
- varying from zero to sbout 6 volts negative. When the input to the transistor
is at one of these levels, the output»is-at the opposite level. The phase of
. the signal is thus shifted 180°. Since power can be applied in the transistor,
the signal is strengthened and the pulses are shaped for coupling to a later
stage of the system. The inverter aléo-prevents coupling of signals or events
in later stages back into the stage which furnishes the input to the inverter.

.The inverter cannot function by itself to give a 1000 pps output.
Therefore if the 1000 pps input from the logic stege is interrupted, the output
signal also will be interrupted. The;e is no unsafe mode of failure of the inverter,

therefore.



F-17

Output

. 1 T 7.

1000 PPS

Input
{N=gative Pulses
Out of Phase
With Input)

R 1 | vz ¥zA4

1000 Pulses per sec.
{Negative Pulses)

FIGURE F-10

Signel Condit'ioning Inverter



UNCLASSIFIED _ F.18 : : BNWL-CC-225

Amplifier; Pulse Detector

The eamplifier shown in Figure 7 conditions the 1000 pps signal for

:1nput to the power supply block. The emplifier is incapsable by itself of
generating a 1000 pps signal, so any failures of the amplifier would be fail-
safe.

The pulse detector also cannot generate a 1000 pps signal. It must
~be continuously supplied with & 1000 pps signal to maintesin its steady output
~which is the Jockout signal input to both logic Stages IB and IIB. Anyvfailures
. of the pulse detector would therefore be fail-safe.

Power Supply Block

Both 1000 pps outputs from the logic block are required to energize
the_pogé; supply block, a'schematic;diagram of which is shown in Figure 11. The
1000 pps signals cause the power from the 28 volt de source to appear at the
- primary of the outﬁut transformer as an glternating current; the corresponding
ac from the secondary of the output transformer is rectified to form the dc power
supply to the electromagnetic clutches. “I'his design avoids the necessity of
having to bresk the inductive electromegnetic clutch circuit by switching of
any kind.

The normal operation of the;péwer supply is as follows: The 1000 pps
signal from logic-I is 'gpplied to the primary of transformer Tl, causing points
A, B and C to alternate between a negativg voltage and zero. The 1000 pps
signal from Logic-II is 180° out of phase with that from Iogic-I, it is applied
to transformer T2 with the results that pointsD, E end F alternate between zero
and & negative voltage, being always opposite to A, B and C. Noting the typical

transistor shown in the insert, when negetive voltege is spplied et point 1,
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current flows through the transistor from point 2 to point 3. A negative voltage
- at point C causes current flow in this manner through both Q3 and Q. At the
same time, point E is at zero volts and point G is negative. Current therefore
flows through both Q5 end Q. The circuit is thus complete from the 28 V dc
~supply through Q3 and Q), through the primary of T3, through Q5 and Qg to ground.
:On the opposite phase of thé 1000 pps input signal, a zero voltage at B implies
‘negetive voltage at H, permitting Q,l aqd Q to conduct, and when B is zero F is
;negative, and Q7 and QB conduct. This closes the circuit from 28 V de through
 the primery of T3 to ground in the opposite direction. Thus 28 V dc power is

- mlternated in direction 1000 cycles per sec through the primary of transformer T3.
- This power is inductively coupled to the secondary of T3, and is rectified to

; form the dec holding current for the electromagnetic clutches.

The coupling of the two logic blocks through the lockout circuits en-
sures that both will shut down on any trip to either. Failure of this interlock
is of as low probebillty as that of an unsafe failure of any input diode. However,
should this interlock feil, & pulseting, .rather than aiternating, current would
‘sppear 1in the primary of T3 from-the}single'logic block still pessing the 1000 pps
signal; the power at the secondary of the trénsformer in this case is insufficient
to hold in the electromagnetic clutches.

Failure Modes and Consequences

. x .
Saefety system feilures have been discussed by J. E. Binns . He plsced

system failures in two categoriles: feilures of the flrst kind, which render the

system incapable of teking necessery action, and failures of the second kind, which

cause the system to teke action elthough none is necessary. A third cetegory may

*Ref. T, page lz.1
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also be added: component failures which do not cause the system to take action,
. yet do not render the system incapable of action on & trip signal. The goal of
~the design, construction, operation, and maeintenance of a safety system is,‘of
course, avoidance of faiiures-of the first kind. The following enalysis is in-
tended to show how this goal has been attained for the HTLTR safety system.
In the detailed analyéis it is helpful to claésify failures as inter-
. connection failures or component failures. The former are open circuits, short
- circuits, snd single or multiple grounds that may result from loose or improper
. connections, demeged insulation, extraneous matter in the equipment, or poor
- maintenance techniques. Component failures may result from excessive operational
--and envirommentel stresses orf from aglng Oor wesar.
Detailed analyses are presented only for the logic block. General
analyses are sufficient for the other blocks of the safety system. This statement
is Justified in the discussion of each block.

-Sensor-Comparator Block

‘The principles of redundancy, diversity, and frequent testing are relied
upon for the proper .functioning of this block. Considering the neutron flux
Anstrumentation as the most éssential»fdr'reactor safety, there are two channels
of log count rate and period meters with relay trip outputs which are quite
conventional end have proved relieble ‘in meny resctor-years of operatioh; there
are also two channels of precise flux measuring instrumentation providing digital
inputs to a stored .progrem digital computer, which checks, compares, and calibrates
the two channels continuously and provides a-trip output to the logic block. One
trip in any one of three modes from any one of the four ¢hannels provides an off-

limit signal to the logic block. The two conventional channels are completely
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independent, but are identical in design and construction, so identical simulta-
neous failures in the two channels are not impossible, as experience has shown.v
~The two digital channels are not completely independent, since both utilize the
computer; they are, however, completely independent of the conventional cheannels
end are completely unlike them in every respect, from the process sensor onward.
. Failures of the first kind in the digital channels sre regarded as exceedingly
. unlikely, as failures of the computer occur either es sbsence of a signal or an
> egregiously erroneous signal, either of which\would result in a trip. Further-
’ more, failure to process the flux info;mation would be noted et once by failure
- to emit the nuclesr check complete pulse. Multiple failures in all four channels
. resulting in & failure of the first kind of the entire system have thus been
precluded by design.
logic Block

This block has as input aIIOOO pulses per sec signal. When this same
signal appeers at the output of the block as two smplified out-of-phase 1000 pps
signals, the power supply to the electromegnetic clutches 1s energized. There
is nothing in the idnternal circuitry of the logic block which could possibly
generafe the 1000 pps output éignal{ It s therefore sufficient to analyze the
logic block in detaii to determine whether multiple failures cen give a path
whereby the input signal cen continue to pass ‘through the block even though s
trip signal hes eppeared et one of the inputs.

‘The coptéctS’ofAthe output'relays.ofithe comparator block of the
neutron flux monitor channels are the inputs to Iogic Stege A. Interconnection

failures of these contacts will be analyzed in the discussion which follows.
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Grounding upper contact of a typical reley (Figure k).

(Includes grounds of any point of the Logic-I input circuits). |
Point 3 of Figure 8 would be at zero volts. The input diode

wouid serve as a closed switch. Point 2 also would be at zero

volts. Point 2 would be unsble to follow the 1000 pps signal

because of being grounded through the input diode. Therefore

the 1000 pps signal would not pass.

Open circuit from upper contact of a typical relay. (Includes

open circuits at any point of the lLogic-I input circuits).

This would result in an unsafe failure of ILogic~I, since the»
negative trip signal would not go through'and the short to grouﬁd
as described in (l) would not occur. However, the negative normal
signal would be removed from logic~II and it would respond.

Fused contacts of a typical relay.

‘This would result in.an unsafe failure of the logic block, since

the contacts would ‘be 'unable to move from the normal position
on de-energizing the relay coil. Reliance would be placéd in
this case on the proper functioning of flux monitor channel 2 or
the proper functioning of ‘the trip signals from the FMACS. The

possibility of fused contacts of this relay is remote, since

the current carried is small (about 6mA), the circuit contains

no elements which could create surges on meking or breaking the
circuits, and there are no discoverable modes of failure of

components which could load the relay heavily.
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(%) Grounds and open circuilts at the lower contact of & typicel relay.

Similar analyses to those of (1) and (2) are obvious.

(5) Short circuit across the contacts of 8 typical relay.

In this case negative voltage would be applied to Logic-I in
the same manner ‘as a normal trip, resulting in a safe failure
(reactor shutdown).
Interconnection failures elsewhere in the logic block are next considered.
(6) CGrounds on the psth of normal flow of the 1000 pps signal»(points

1 and 2, Figure 8).

This would result in flow of the signal to ground and it would
fail to pass, a safe failure.

(7) Open circuits on the path of normel flow of the 1000 pps signal.

This would obviously be a safe failure.

(8) Short circuits across‘two or more logic inputs (points 3 and hj

Figure 8).

A trip on either input would be recognized by both input diodes
end the 1000 pps signal would not pass.
(9) Short circuit of the 1000 pps signal to one or more of the trip

inputs (points 1 and 3, Figure 8).

§ > This would result in a failure of the first kind of logic-~I.
The 1000 pps signal at its input diode would alternate between

a voltage more negative than usuel and zero volts, and the diode
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would pass this signal. The signal conditioning inverter would

restore the signal to normal and the Logic~I block would continue
to provide an output. Iogic~II, however, would cause a shutdown
in the normal manner, and through the lockout coupling would shut

down Iogic~I as well.

Such a failure has been rendered improbable by design. The cable

‘carrying the input 1000 pps signal does not lie side by side with

any of the trip input cables. A short circuit could occur only at
the logic block itself. At this point, component and input terminal
separation minimizes the possibility of a short circuit. Multiple

grounds would not function as a short circuit in this case since as

was shown in (6) a ground on the path of the 1000 pps signal results

in a8 safe failure.

Interconnection failures at other points in the logic block may be

analyzed and

Component failures .are next considered.

circuits are

shown to be equivalent in every case to one of the 9 discussed sbove.

The diodes of which the logic

composed can fail in only two ways — permanently open-circuited and

permanently short-circuited. This results in. 6 modes of failure of the logic

block:

‘open or short of the 1000 pps input diode

open-or short of an.input diode on which a trip is received

open or short of an input diode and receipt of a trip on another

input.
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These modes of failure and their consequences for Ilogic IA are

shown in Table I:

TABLE I

MODES OF FAILURE OF IOGIC IA AND THEIR CONSEQUENCES

Mode of Tripped Normal ‘ 1000 pps Failure of Failure of
~ Failure Dioge Diode Diode 2nd Kind 1st Kind (1)

1 o* : No | Yes

2 S~ No No

3 0 No No

4 S No No

b 0 Yes -

6 s No Yes

*¥) - Open circuit failure
S - Short circuit failure
(1) Failure of first kind of Iogic-I only. Iogic~II would function to shut

down the reactor.
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Each mode of failure is discus;ed below, the entries in the last two

- columns of the table are justified, and when failure of the first kind is in-

- dicated, the alternative on which reliance is placed for reactor shutdown is

stated. Where neither failure of the first or second kinds is indicated, the

mode: of failure is of the additional class mentioned in the opening discussion.

Mode 1: Consider as an example flux levél chapnel 1 diode (point 3,
Figure 8). With this diode open-circuited, a trip cannot
get through oh the cﬁannel end & failure of the first kind
results. The system does not detect the fsult end no failure
of the second kind results. Reliance is placed on the proper
functioning of logic-II.

Mode 2: 1In the same location, with the diode short-circuited, the
system does not detect the fault and no failure of the second
kind results. The hégative trip signal is directly connectéd
to point 2. The 1000 pps diode functions as an open switch
when the signal is at zerorvo.lts at point 1, and as é closed
switch when it is negative. Point 2 theréfore remeins negative
throughout the cycle and the 1000 pps signal does not pass,
No fzilure of the first kind results.

Mode 3: .Consider as an example an open circuit on period channel 1
‘diode &nd & trip.om flux level channel 1. The open circuit
~eannot affect'thejfuhétioning.of the tripped channel, so no
failure of either kind occurs.

Mode L4: A short on period channel 1 and & trip on flux level channel 1
would produce the same result, since the shorted channel ends

in an open contact at the relay.
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An open circuit of the 1000 pps diode would give the same
resultvas any other open circuit in the 1000 pps signal--a
failure of the second kind. |

A short circuit of the 1000 pps diode would not be detected
by the system, as the normal signal would appear at point 2.

A trip input at point 3 causes the diode to function as a closed
switch and applies a‘négative voltage at point 2. However,
the 1000 pps diode béing shorted, it coul& no longef act as

an open switch on the ze?o voits vart of the cycle. The
circuit providing'the 1000 pps signal has a low impedance
compared to the negative trip input signal circuit. Therefore

the voltage at point 2 would not remain negative during the

zero voltage portion of the pulse, and the normal signal would

pass to the inverter, resulting in a failure of the first kind.

Reliance is placed on the proper functioning of Ilogic-II.

‘The failure mode analysis of Togic TA:applies ‘also to Iogic IIB, with

v the exception that in Logic IA ail trip-signais:result from contact closures,

.. whereas in Iogic IIB only the manual scram trip . results from a contact closure.

. All other trip signals result from voltage level changes produced by the computer.
- These voltage level changes are low impedance connections to a negative bus or

- & ground bus, respectively, and thus shorting:of sn input diode cannot have the

effect of a connection to an open relay contact. Failure modes and their conse-

quences for Iogic IIB are &s shown in Table IT.



TABLE II

MODES OF FAILURE OF IOGIC IIB AND THEIR CONSEQUENCES

Mode of Manual Scram Diode Other Inpdt Diodes 1000 pps Fallure of Failure of
Failure Tripped Not Tripped Tripped Not Tripped = Diode 2nd Kind 1st Kind(1)

1 0 | | No Yes

2 S | No No

3 0 No No

I S No No

5 o No Yes

6 s Yes -

T 0 No No

8 . S Yes -

9 0 Yes -

10 S No Yes

(1) Failure of first kind of Iogic~II only. ILogic-I would function to shut down

the reactor.

62°d

G2e~o0-IMNA
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In failure modes 1 and 2, the manual screm diode is considered to have
failed in the manner indicated, and then & scram signal from the manual scram
‘eircuit is received. In failure modes 3 end 4, the manuel scram diode is considered
-to have failed, and then a trip of one of the other input diodes is received. In
- failure modes 5 and 6, an input diode is considered to have failed, followed by
- @ trip on that channel. In failure modes 7 and 8, an input diode is.considered
: to have failed, followed by & trip on anbther channel.
~ In failure mode 1, reliance is placed on both the proper functioning
- of Iogic-I and the additional contact in ‘the manual scram button which breaks

‘the 120 V ac supply to the 28 V dc power supply circuitf In failure modes 5 and
. 10, ‘reliance is placcd on the proper~functioning cf Iogic-I.

The failure mode analysis of Logic IA applies aléo to logic ITA, with
the exception that in Iogic IIA faiiure of the signal-conditioning diodes could
also océur. A short circuilt of one of these diodes would result in a low impedance
ground of the input signal. This would result in a scram, a failure of the second
kindf An open circuit.of a signal-conditioning diode results in the positive biaé
voltege being transmitied through the input -diode in the event of a trip, where
because of circuit characteristics it produces a low positive voltage at point 2.
This results in the cathode of the 1000 pps input diode always being more positive
then the anode, the diode thus functioning as an open switch and stopping passage
of the 1000 pps signal. Thus the system functions normally. The analysis of
the remaining modes of Tailure is similar to those above. The modes of failure
of Iogic IB are also similar to those of logic IIA, agein with the exception
noted for IIB. The modes and consequences of failure for logic IIA are shown in

Table III. The extension to Logic IB is obvious.



TABLE III

MODES OF FAILURE OF IOGIC IIA AND THEIR CONSEQUENCES

Conditioning Tripped Normal 1000 pps Fallure of

Mode of . ,
Failure . Diode . Diode Diode - _Diode 2nd Kind
1 0 . No
2 s Yes
3 0 No
L 5 No
p 0 No
6 5 No
T 0 Yes
| 8 S No

Failure of
1st Kind (1)

No

Yes

No
 No

No

No

(l) Failure of first kind of logic II only. Iogic I would function to shut down the

reactor.

€4

Ge2~00~IMNE
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Power Supply Block

Since the power supply block depends for its output on the active
;fvnctioning‘of the switching transistors (Q, Figure 11), which are driven by the
_inductively-coupled out-of-phase signals from both logic blocks, and since‘the
~signals by themselves could not provide sufficient power to the electromagnetic
fclutéhes, it is epparent that open or short circuits or grounds in the trans-
:formers to which the signals are coupled or in the switching transistors could
.not cause a failure of the first kind. The only condition which could cause a
- failure of the first kind in this block would be a multiple interconnection failure
*which would directly connect the 28 V dc power supply to the electromagnetic
clutches. This is precluded by the design of the system. The 28 V input terminals
and the output terminels are well separated, and the systeﬁ is protected against

interconnections from multiple grounds by a ground detector in the electromagnetic
elutch circuit.

" RELIABILITY COMPUTATION

Failures in a single logic block do not cause a system failure, Since
certain multiple failures could cause a system failure, the propability of such
an occurrence has been calculated. We consider here the s§mu1taneogs failures of
components in. both flux monitor channels which prevent or preclude a safety system
trip wheﬂ the high flux level trip point is exceeded .
When:electronic.componentSfafe’first‘installed,,failures occur at a
relatively high rate from production,.teét, or assembly faults. The failure rate
quickly decreases and remains fairly constant for the useful life of the system.
At the end of this period, the failure rate begins to increase as wear-out failures

occur. The random and fairly constant cccurrence of failures during the useful
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life period makes possible the use of statistical models to represent reliability.
Relisbility, the probability that a system will perform satisfactorily for at
least a given period of time when used under stated conditions, is related to the

component failure rate A and time tuby9
R(t) = e " (1)

If an event occurs in s out of s total of n trials and does nct occur in the
remaining (n-s) trials, the probability of occurrence is the ratio s/n as the
number of trials becomes large. let the probsbility of the occurrence of an event

E be P(E) and of the non-occurrence of the event P(E). The sum of these probabil-

ities is

P(E) + P(E) = 1. (2)
Two events A and B are independent, if the occurrence or non-occur-
rence of A has ‘no dependence upon the occurrence or non-occurrence of B, and

vice versa. The probebility P{(AB) that both .events occur is

P(aB) = P(4) * .P(B). | (3)
Generally, then, for Ay, A,, Aa, 4..QAi.independent events the probebility that

all i events occur is given by

P(AyAahgerAy) =B(Ay) = P(A)  P(Ag)-+-P(Ag) (1)
The probability that either event A or event B-or both events occurs, for events

which are not mutually exclusive,may be found ‘from any of the following:

P(A or B) = P(A)'P(B) + P(B)-P(A) + P(A)*P(B)

P(a) + P(B) - P(A) P(B) (5)

I

1 - P(2 B)
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Sirce the probebility of satisfactcry performence is R(t),'the rrobability
F{t) of failiure is

Bt -At (6)

~
]
=
]
(¢]

for At << I, the errroximation

P(t) T at (7)
is valid,

As an exampie consider a simple series circuilt comprising a battery, a
switch, and a lamp9. For the iight tc turn4on, all three components must be in
‘operating‘conditicn. If a failure is represented by O end the operating condition
by 1, & functional truth table may be prepared showing the eight possible combi-

nations of. failure end cperszting cordition:

TABIE IV

FUNCTICNAL TRUTHE TABLE FCR SIMEFLE CIRCUIT

gsgpination Battery 'Switdh Lamp Circuit Failiure

1 0o 0 0 Yes
2 ¢ 0 1 Yes
3 0 L ¢ Yes
L 0 a 1 Yes
5 1 C 0 Yes
6 1 ¢] 1 Yes
T 1 1 0 Yes
8 i -1 1 No

Assune that large semples cf the batteries, switches and lamps have been
. tested and their useful-life failure rates determined. The pfobability that a
( : “circuit element will perform satisfactorily for at least a time t, its relisbility.

may be comruted using Equation 1.
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The relisbilities of the several components may then be combined to give the
reliability of the entire circult as in Equetion h, remembering that combinastion
8 is the only one giving successful operation of the entire circuit. The component

relisbilities are given in Table V.

TABLE V

COMPONENT FAILURE RATES AND RELIABILITIES

Functionel Measured
Block Failure Rate Relisbility

-t

A (battery) A e A
D T 4

B (switch) A\p e B
—Xct

C (lemp) e e

The relisbility of the circuit is then given by

(e-xAt> (e-thD (e-kct>

- o-(da A+ 2c)t

]

Re(t)

;The reliasbility of more .complex éystems may be similarly calculated when the
;failure rates of the components and the modes of failure of the system are known.
These methods will now be used to compute the relisbility of the logic
block in responding to high flux‘levelvsignals;from'both fluﬁ monitor channels.,
. These input signals are applied to Iogic IA'and.Loéic ITA as described above.
The truth table for logic IA fajlure modes developed from Table I is shown in

Table VI.
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TABLE VI

FUNCTIONAL TRUTH TABLE FOR IOGIC IA

. Channel 1 Channel 2 1000 pps Diode Failure of
Combination Diode¥* Diode* Open . Short 2nd Kind 1st Kind
1 0 0 0 Yes
2 0 0 1 Yes
3 0 1 0 Yes
¥ 0 1 1
5 1 0 0 Yes
6 1 0 1
T 1 1 0 Yes
8 1 1 1
s 9 0 0] o] Yes
i0 0 0] 1 Yes
n 0 1 0. Yes
12 0 1 1
13 1 0 0 Yes
14 1 0 1
15 - 1 1 0 Yes
16 1 1 1

¥ 0 represents an open circuit failure, 1 represents all other situations
. {normal -operation or short-circuit failure) since these do not cause
failure of the first kind.
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The probability expressions that describe the combinations yielding
failures of the first kind are tabulated below in a8 notation similar to that used

for the simple example:

TABLE VII

PROBABILITY EXPRESSIONS FOR IOGIC IA FAILURES
OF THE FIRST KIND

Combinetion Probability Expression
2 P(t,0,C, )*P(t,0,Cy ) [1-P(t,0,5N) ]
9 P{t,0,Cy ) P(t,0,C5) P(t,S,SN)
10 P(t,0,Cy ) P(t,0,C5 ) [1-P(t,S,8N)]
1 P(t,0,¢, ) [1-P(t,0,C5) ) P(¢,S,5N)
13 [1-2(t,0,C, ) -P{%,0,C,)-P(%, S, SN)
15 [1-P(t,0,0,) 1 [1-P(t,0,C,) ]-P(t,S, SN)

As an exsmple of interpretation of the notation consider combination 9; this is
the probability of coexistence of an open circuit of both channel 1 and channel
2 input diodes and a short circuit of the ‘system-normal (1000 pps) input diode.

Combining the expressions in Table VII, the probability of a failure
of the first kind of Iogic IA is

P(t,1st,IA) = P(t,0,C, ) P(t,0,C ) [1-P(t,0,8N) ] [1-P(t,s,sN)] + P(t,S,SN) (

-

[&'s]

Using the informetion from Table III, we.find the probability of a

failure of the first kind of Iogic ITA is

P(%,1st,IIA) = P(t,0,C, ) P(t,0,G ) [1-P(t,s,s¢C, ) 1 [1-P(¢,5,8C,) )

I
{1-P(t,s,sci)-[1-P(t,o,Ni)]}.[1-P(¢,O,SN)] ()

In this expression, SC,end SCsrefer to the signal—-conditioning diodes associated
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with the input diodes for chennel 1 and channel 2, respectively. SC; and Ny
:refer to the remaining signal conditioning and input diode combinations.

The probability of a fallure of the first kind of the entire logic
block with both high flux level scram signals present is the combined probability

for coexistent failure of both Iogic I and logic II:

P(t,1st,logic) = P(t,1st,IA) P(t,1st,IIA) ( 10)

Failure Rate Data

To compute the numericsl value of P(t,lst, Iogic),data for the
failure rate, A, and for the time under consideration must be supplied. Failure
rate experience for semiconductor dlodes used in circuits similar to the logic

circuits is given in Table VIII.
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TABLE VIII
SEMICONDUCTOR  DIODE FAILURE EXPERIENCE
Source Diode Operating Diode Failure Rate,
Of Data Population Time, Hr Failures $/1000 Hr
1.1 13,080 , l,hOb 0 0.016k*
1.2 13,393 2,000 0 0.0112%
1.3 12, 700 1,373 0 0.0172%
1.4 12,700 1,121 0 0.0210%
2 3,000 13,140 3 (+) o.0197§e
3 8,000 7,500 1 (+) 0.00Tg%
L 167,958 1,020 2 0.0142
5 0.003
6 B 0.01
* 95 confidence level <,
(+) Includes failures of other components as well as diodes.
Assumed all diode failures in computing the failure rate,
Source 1: Four systems manufactured by the vendor of PMACS and of the
safety system 1ogic‘and power supply. Reference 2,
) Sourée 2: A digitsl computer in the NRU computer control experiment
‘being conducted by AECL. Reference 3.
Source 3: A chemical process control digital computer installation.
Reference L,
Source k: A'data-processing systen.. Reference 5.
Source 5: A military handbook value. Reference 8,

Source 6

se

An industrial handbook value. Reference 6.
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The distribution6 of diode failures is about 10% open circuit failure,
30% short circuit failure, and 6% drift failure. Since drift failure does not
affect the performance of a diode as a switching element, the drift fallures .

could be neglected. For computation convenience, they were lumped with the

‘open and short failures and these were set equal at 50% each.

The failure rate chosen was that of source 1.2, the system of the PMACS

‘vendor having the most test experience. Distributing this rate equally to opens

and shorts and rounding up glves the failure rate A = 0.006% per 1000 hr to be
used in Eguation (10).

The time t under considerstion is the time interval between system

ﬁtestST. Since the system is tested before experimentation is begun each day,
“or onée during each 8 hour shift if experimentation is proceeding continuously,
. the longest time between system tests is 16 hours.

- Probaebility Computafion

The exponent in the exponential terms, At, is

0.006% e 0.6 -7 6
(1000 hr (16 hr) = 9.6 x 10”" or epproximstely 10

 and the epproximation of Equation (7) is valid. Substituting in Equation (8)

we find

(3t)2 (1-2t)2 + 2t

P(t,1st,IA)

At

-~

= 10-6
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From Equation ( 9), we f£ind

P(t,1st, ITA) = (At)2(1-at)301-at + (at)2H
10712

. From Equation (10) the probability of failure of both logic I and Iogic II is

P(t,1st, Iogic) = (2076)(10-12)
~ ‘10-18
The complete failure of the safety system is, of course, of even lower

-probability because of the backup provided by the flux measurement system.
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