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Preface

[his document is submitted in support of the renewal of License R-83
with the intention that it supersede all previous submittals in Docket
50-128 that pertain to reactor safety. This Safety Analysis Report (SAR)
is a consolidated and updated safety analysis for the continued operatiun
of the NSCR using standard TRIGA and/or FLIP TRIGA fuel and contains
previously reviewed material from the August 1967 SAR and its supplements
dated lovember 1972 and January 1975.

[he purpose of this SAR is to provide a description and safety analysis
of structures, systems and components in terms of their ability to provide
proper operational performance and functions for the 20 year term >f the
license renewal. The continual upgrading programs implemented s ce initial
operation of the NSCR have improved reactor safety and prevented the need

for restrictions on reactor operations due to age of structures or equipment.
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I. INTRODUCTION

The initial planning for the Texas A&M University Nuclear Science Center
Reactor (NSCR) began in 1957. At this time, the University was embarking on
a program of expanding graduate education and research programs. It was

recognized that a research reactor which would be able to serve many departments

and support a large variety of research activities would significantly contri-
bute to this development.

The application for a construction permit and operating license was
submitted in March, 1958, along with the Hazards Summary Report. Supplement
I to the Hazard Summary Report was submitted in 1959. The construction
permit, No. CPRR-38 was issued in August, 1959. This permit was converted
to operating license, R-83, which authorized operation of a MIR swimming
pool type reactor at 100 Kw.

The reactor was first taken critical on December 18, 1961. Since that
time, the use of the [{acility has increased steadily to where it presently
supports an active nuclear program. The facility serves many campus depart-
ments, other uviiversities and colleges, several city and state agencies,
and other industrial and research organizations. By January, 1965, the use
of the facility had increased to where it was necessary to operate on a two
shift basis three days a week and one shift operation for two days. Since
July, 1966, the reactor has routinely operated two shifts for five days a
week. In 1968 the reactor was converted to TRIGA fuel and the power level
increased to 1,000 Kw. Only three years had elasped from initial reactor
operations before a comprehensive upgrading program was implemented. In
December of 1965 proposals were submitted to the National Science Foundation
and the Atomic Energy Commission for funds to support a long range expansion
program.

The expansion of the facility included four separate phases, all of
which have now been completed. They are described briefly below:

Phase I. Pool Modification and Liner

The large reactor pool was modified by installing a multi-
purpose irradiation cell. This facility allows exposure
of large animals or other objects to the radiation from
the reactor core. A permanent stainless steel liner was
installed as part of the pool modification to eliminate
problems of pool leakage which had caused significant
operational problems.
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Phase I1. Cooling System

To allow steady state operation at power levels up to 1 Mw,
a cooling system has been provided for the reactor. The 1

Mw reactor power was needed to improve a number of existing
research programs and encourage initiation of new projects.

Phase I1I. Conversion of the Reactor Core

The reactor core was converted to employ Standard TRIGA
fuel elements, and on July 31, 1968, an amended facility
license allowed the NSCR to be operated at a maximum
steady state power level of 1000 kilowatts and pulsing up
to $3.00 reactivity insertion. The inherent safety of the
TRIGA fuel allowed increased flexibility and utilization

of the reactor. Pulsing was possible because of the prompt
negative temperature coefficient of reactivity and the
integrity of TRIGA fuel at the peak temperature attained.

Phase 1IV. Laboratory Building

The original research space within the Nuclear Science
Center was quite limited. A laboratory building was
constructed which adequately accommodates the present
research load and allows for anticipated expansion of
programs.

From initiation the plan covered a period of 3 1/2 years to completion
in mid 1969. The plan not only changed the initial facility physical plant
but also established a new reactor program.

Operating experience with the standard TRIGA fuel revealed a high fuel
burnup rate resulting in fuel additions to maintain sufficient reactivity.
Core life was extended by modification of the reactor grid plite in late
1970 to provide for the installation of fuel followed control rods. This
increased the core life by approximately 1 1/2 years. Subsequant operation,
however, eventually required the addition to the core of all the standard
TRIGA fuel on hand. This seriously reduced the fluxes that were available
for irradiation. The solution to this problem was the initiation of a program
to provide a core loading utilizing TRIGA FLIP* fuel. In June, 1973, the NSCR
was licensed to operate Standard, Mixed or FLIP TRIGA cores. The mixed cores
were licensed to operate at a maximum steady state power of 1,000 Kw with
maximum pulse reactivity insertion of $2.00. In July, 1973, the first NSCR
mixed TRIGA core containing 35 FLIP and 63 Standard elements was placed into
service. In July 1975 the maximum pulse reactivity insertion was increased
to $2.70. Present NSCR operation utilizes a mixed core loading.

*General Atomic - Fuel Life Improvement Program

524 07¢



B.

I1. SITE

The Site and Adjacent Areas

1. Description and Location

The Texas A&M University Nuclear Science Center (NSC) is situated
on a rectangular six-acre site which is located 1,500 feet from the
north-south runway of Easterwood Airport, sir miles south of the
city of Bryan, (est. pop. 46,600), three miles southwest of the main
campus of Texas A&M University, two and one-half miles west-southwest
of the city of College Station (est. pop. 42,400), and eight miles

northwest of Wellborn (est. pop. 1,200), in Brazos County, Texas
(See Figure 2-1).

2. Control

The land adjacent to all sides of the site is owned and controlled
by the University. The indemnity confines of the site are defined by
a chain-link steel fence which provides reasonable restriction of access
to the site. The only entrance into the site is through a chain-link
steel gate at the east end of the site (See Figure 2-2). The entire
area inside the perimeter fence of the NSC is designated as a "Restricted
Area." A sign at the maia gate will direct incoming personnel to report
directly to the Reception Room. It is the responsibility of the
receptionist to observe incoming vehicles and personnel. Improper
access will be brought to the attentiun of the Reactor Supervisor
immediately. Entrance through the gate will actuate an audible signal
in the Reception Room. Initial entry for the day will be through the
Reception Room for all personnel. Personnel monitoring devices will
be issued in the Reception Room. The radiation exposure of all
individuals admitted to the Nuclear Science Center will comply with the
limits set forth in 10CFR20. Located within the boundaries of the site
are the reactor confinement building, reception room, laboratory building,

mechanical equipment room, cooling system equipment, holding tanks, and
other storage and support buildings.

Meteorology

1. Survey of Yearly Weather Cycles

The Bryan-College Station area is located approximately 100 miles
inland from the Texas Gulf Coast. The local weather is determined
to a great extent by the high pressure areas which are predominant
over the Cuif of Mexico. As a result of this conlition, warm soutn-
easterly winds occur a large majority of the tiwe on -n annual basis
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(Figure 2-3). Average annual rainfall is 30-35 inches. Snow occurs
only rarely and sub-freezing temperatures are encountered infrequently
for brief periods during the winter.

2. Seasonal Wind Characteristics

The passage of frontal systems is normally accompanied by northwest
winde as shown in the winter wind rose diagram which is shown in Figure
2-3. Calms occur an average of 10%Z of the time, and wind speeds above
21 knots are seldom encountered.

Tornadoes are fairly common in Texas. Data on tornado frequency
between 1950 and 1976 indicates that 17 tornadoes were reported within
a 25 nautical mile radius of College Station.’ The mean path length

is 2.24 miles, and the mean path area is .23 square miles. The months
of April and May have had the most occurrences of tornadoes over this

period with the greatest probability of appearance being in the after-
noon hours from about 2:00 to 7:00 p.m. The season usually starts in

March and reaches a peak in May. A study of the movement of tornadoes
indicates that a tornado will have 6% probability of having a westerly
component in its direction of movement and a large percentage of these
will move to the northwest.

The reactor building is designed to withstand 30 psi overpressure
with the exception of the domed roof. It will withstand only 50 psf
or .34 psi. In case a tornado passed nearby, the roof would probably
act as a pressure relief mechanism. The basic steel structurc in the
roof would probably remain intact unless direct contact was made on
the building by the tornado. The building is designed to withstand
a straight wind of 90 mph velocity. The reinforced concrete construction

and round shape of the building provide a considerable strength to with-
stand high winds.

3. Tornado Warning System

In the event a tornado is sited or detected within a 5 mile radius
of TAMU, the NSC or the first available person on the NSC emergency
notification roster will be notified by the radio operator at the
TAMU Communications Center. The radio room receives notification of
torradoes from both the TAMU weather radar and the Brazos County,
Bryan-College Ste.ion Disaster Emergency Planning Organization.

The method of tornado detection is by TAMU radar, area spotters,
and the National Weather Service.

1. National Severe Storms Forecast Center, Kansas City, Missouri,
1976.
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hydrology and Geology

1. Surface Geology

Drainage of the site is by way of White Creek to the Brazos River
three miles to the southwest. The facility is situated on high ground,
and the entire area is well drained by a number of tributaries of
White Creek. Based on past history, the site, which is approximatcly
304 feet abcve sea level, is not in flood area. The highest recorded
crest on the Brazos River at Bryan (December, 1913) as 54 feet above
flood stage or 246 feet above sea level.

The probability of contaminating drinking water supplies is
virtually eliminated since the Brazos River is not used as a source
of water and there are no open reservoirs in the surrounding areai.
The public water supply is pumped from deep wells several miles from
the Nuclear Science Center.

2. Subsurface Geology

Ground water is not :xpected to present any preblems. The Nuclear
Science Center is const-ucted on a formation known as the Easterwond
Shale. The thickness of the formation is from 10-300 feet. The
buildings in Colliege Station and those on the campus have this shale
as a foundation. The shallowest acquifer is the Bryan Sandstcne which
underlies the Easterwood Shale. It is well below the depths required
for building excavation.

3. Geological Locacion

The reactor site is located in a geological region known as the
Guif Coastal Plain. The nearest fault zone (now dormant) is 100 miles
to the west. This fault zone, known locally as the Balcones Escarpment,
is the western boundary of the Gulf Coastal Plain.

The information on Hydrology =nd Geology was obtained from the staff
of the Department of Geology, Texus A&M University.

Seismology

1. Earthquake Frequency

Texas lies in a region of wminor seismic activity. Extreme West
Texas, over 600 miles west of Colleyge Statior 1s uearest the active
belt along the west coast of Mexico and the United State~. There
are occasional minor shocks of very small migrftude in the state.
Only one earthquake of any signitica..-~ has ever been recor 'ed in
Texas. This shock was at 30.6 N and 104.2 W on August 16, 1:1l.




This occurred pnear E1 Paso in extreme West Texas and was a Class
¢ (6.4) suock.?

2. Building Seismic Design

It is well known that a reinforced concrete structure provides
good protection against earthquakes. The Nuclear Science Center
wall structure and reactor pool walls are heavily reinforced, s-
it is anticipated that the building would withstand any minor
shock that might occur.

2. Seismicity of the Earth, B. Cutenberg and C. F. Richter.







core was no more attractive, since only small reactivity increases
could be obtained with a reasonable amount of fuel since the average
core burnup was only 10%. The solution to the p:oblsm was found in
a new fuel developed and marketed by General Atomic. It is almost |
identical to the standard TRICA fuel except that the enrichment was
increased from 20% to 70%. The hydrogen to zirconium ratio was de-
creased from approximately 1.7 to 1l.6,and 1.5 weight percent natural
erbium was added as a burnable poison. The fuel designated as FLIP
(Fuel Life Improvement Program) has a calculated lifetime of
approximately 9 Mw-years. This contrasts with ¢ perience for a
standard core, where it was possible to operate only 6 months
(approximately 1/7 of a Mw-year) without a fuel addition.

Inasmuch as funds for a complete FLIP core were not available,
it was necessary to consider operation with a core comprised of a
mixture of FLIP and standard TRIGA fuel. A precedent for this had
been established by General Atomic when they operated a standard
core loaded wéth eighteen centrally located FLIP elements in a fuel
test program. Calculations were performed at Texas A&M which led
Lo the conclusioa that satisfactory core arrangements were possible
with a mixed core.? As funds became available, the amount of FLIP
fuel could be increased until a complete FLIP loading was achieved.
This concept provides the additional satisfaction of producing

substantially greater burnup in the standard fuel which is used in
the mixed core.

Sufficient funds for a partial loading of FLIP fuel were obtained
and a 98-element core with a 35-element FLIP region was loaded.
Criticality was achieved in July, 1973.10 The burnup data indicated
that the burnup rate was initially 0.5¢ per Mw-day and after samarium
buildup the rate dropped to 0.2¢ per Mw-day. Thus the incorporation
of FLIP fuel had increased the lifetime of the core by a factor of
three.

7. F. Foushee, J.R. Shoptaugh, G.B. West, W.L. Whittemore, "TRIGA-
FLIP-A Unique Long-Lived Version of the TRIGA Reactor", Trans.
Amer. Nucl. Soc., Vol. 14, No. 2, Miami Beach, October 1971.

8. G.B. West and J.R. Shoptaugh, "Experimental Results From Tests
of 18 TRIGA-FLIP Fuel Elements in the Torrey Pines Mark F.
Reactor", GA-9350, September 1969.

9. D.E. Feltz, M. Hardt & J.D. Randall, "Feasibility Studies of a
Mixed Core Using Standard TRIGA and FLIP Fuel", TRIGA Owners
Conf. II, College Station, 1972.

10. D.E. Feltz, T.A. Godsey, M. Hardt & J.D. kandall, "Performance
Testing of a Mixed Core Utilizing TRICA-Standard and TRIGA-FLIP

Fuel", Trans. of Amer. Nucl. Soc., Vol. 17~1, Myrtle Beach,
August 1973.
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The NSCR has operated with two mixed core loadings containing 35

FLIP and 59 FLIF elements each since initial approval was graated in
June 1973.

Mechanical Design

1. Reactor Bridgg

The reactor core, the control rod drives, the ion chamber cannisters
and the diffuser system are supported by a bridge that spans the reacior
pool. Mounted on four wheels, the bridge travels on rails provided at
the sides of the pool; thus, the reactor can be moved from one operating
position to another. The bridge is hand operated and its speed of tvavel
is limited due to the large gear ratios involved. Electric power,
control-circuit wiring, and compressed air are supplied to the bridge.
Slack for the bridge movement is provided by cable that lies in a
covered trough which 1s parallel to the reactor pool.

Quick disconnect valves are mounted just below the grating on the
upper research level at each end of the pool to facilitate easy move-
ment of the reactor from the stall position to the large pool section
or irradiation cell operating position. Flexible quick disconnect
hoses have been installed for the diffuser system, air to the transient

rod, pool water sampling line, pneumatic system lines, and the fission
product monitor system.

An adjustable frame on the west side of the bridge called the bridge
yoke serves as the mounting for the reactor suspension system. The yoke
is raised or lowered mechanically using a large crank wheel and jack
mechanism. The bridge yoke was modified prior to the installation of
th* transient rod drive assembly by adding a 7" I beam to the yoke
frame. The I beam was installed to insure that the reactor frame
could support the additional weight of the transient rod mechanism.

2. Reactor Support System

The reactor grid plate, shown in Figure 3-1 is welded to an aluminum
suspension frame. The suspension frame is a welded structure of
3/8" x 2" x 2" aluminum angle. The west side of the frame is open toward
the large section of the pool. The angle construction allows unrestricted
flow of the cooling water. An aluminum stablizer frame is bolted to the
bottom of the grid plate for vertical support. Stainless steel guides
on the bottom of the stablizer fit betweun tracks on the pool floor.
This allows accurate repositioning of the reactor core which is
essential for numerous experiments. Tha stablizer also allows the core
to be lowered until it bottoms to prevent sway, which could introduce
annoying reactivity variations. This is accomplished using the jack
mechanism which links the suspension frame to the reactor bridge and
permits approximately a 6 inch vertical adjustment of the core position.

During the conversion to TRIGA fuel, 1/4" stainless steel pins were
inserted through the aluminum frame into the grid plate on all four
corners. This additional support was provided since the TRIGA fuel
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A three rod fuel assembly may accommodate a control rod or instru-
mented fuel element or an experiment. The NSCR utilizes two separate
types of three rod fuel assemblies for housing control rods. The firsc,
shown in Figure 3-6, permits one fuel rod in an assembly to be replaced
by a control rod guide tube which has an outside diameter of 1 1/2
inches. The handles on control rod elements are modified to accommodate
the guide tube. A regulating rod and a transient rod without a follower
wi'l utilize this type of assembly. The second type, shown in Figure
3-7, 1s designed for use with shim safety control rods which are fuel
followed. The transient rod which has a follower uses a specially
designed control rod guide tube and must also have a base assembly as
shown in Figure 3-7. The instrumented fuel rod fits into the bottom
adapter. Not being an integral part of the bundle, the instrumented
fuel rod is positioned into the bundle after it is in the grid plate.

Since the fuel follower must pass through the fuel element base,
it was necessary to design a new base. This base serves as a guide
for the control rod portion extending through the grid plate. The
adjacent three fuel rods of the assembly are screwed into the base.
Figure 3-8 is a plan view of the position in the grid plate of a
fueled follower assembly base. The top handle of the bundle serves
as the upper guide for the fuel followed control. Figure 3-9
illustrates a similar plan view of the positioning of the top handle
at a fueled follower assembly.

6. Control Rod Elements

Six motor-driven control rods (4 shim-safety rods, 2 regulating
rod, and a transient rod) control the reac-or during steady-state
operation. Typical control rod positions are shown in Figure 3-2.
The shim-safety control rods have scram capability and shall contain
either borated graphite, B,C powder, or boron and its compounds in
solid form as a poison in aluminum or stainless steel cladding.

The regulating rod need not have scram capability and shall be a
stainless rod or contain materials as specified for shim-safety
control rods. The transient control rod shall have scram

capability and contain borated graphite or boron and its compounds in
a solid form in an aluminum or stainless steel clad. The shim-safety
and regulating control rods may incorporate fueled followers (Figure

3-10), and the transient rod may incorporate an aluminum or air
follower.

TRIGA control rods without fuel followers will operate within a
guide tube that surrounds the rod and has holes for proper cooling
(Figure 3-6). A fueled follower control rod Cu- "0t operate in a
guide tube because of restrictive cooling and will be assembled in
a three rod fuel assembly as shown in Figure 3-7. Hnld-down devices
are used for control rods with fueled followers. In the absence of
a guide tube, a “old-down foot (Figure 3-7) is des gned to fit over
the top handle cross bar and the blade of the for . extends high enough
for clearance of the rod when it is in the full up position. The blade
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is attached to the side of a tube that houses the control rod extension.
When the rod drive unit is secured to the reactor support structure, a
1/8" clearance is provided between the foot and fuel element top handle
cross bar. This clearance permits small thermal expansion of the fuel
without vertical restriction.

Ts Control Rod Drive Systems

The shim-safety and regulating control rod systems consist of an
electromechanical rod drive, a control unit, an offset and hold-down
assembly and the control rod. The transient (pulse) rod system con-
sists of an electromechanical-pneumatic rod drive assembly, a control
unit, a hold-down assembly, an air supply system, and the transient
rod. The control rod drives are mounted to the reactor frame structure
above water level and are coupled to the control rod assembly. The
shim safety control rods are connected to the rod drive by an electro-
magnet and armature, whereas the regulating rod is mechanically
connected to the rod drive. High pressure air acting on a piston holds
the transient rod against the rod drive assembly. In pulsing applications
the transient rod is rapidly withdrawn using high pressure air. An off-
set and hold-down assembly permits installation of shim safety rods or
the regulating rod in nine optional core positions. The pulse rod can
be installed in only two core positions and is not offset.

The shim safety rod drives and regulating rod drive used in the NSCR
are manufactured by Diamond Power Speciality and are extremely compact.
See Figure 3-11. The electromechanical portion of each drive unit is
housed within a single 3" aluminum tube. An electric motor drives
a lead screw through a gear reducer for movement of the control rod.
Withdrawal speed for the shim-safety rod drive is 11.4 cm/min.

A gear driven synchronous transmit*er is also connected to the
motor on the other end of the shaft. Synchrunous receivers located
at the reactor console indicate rod position. The rod drive mechanism
is coupled to the control rod by an electromagnet. A reactor scram is
achieved when the current to the electromagnet is interrupted and the
control rods fall into the core. The regulating rod drive unit is
directly coupled to the control rod ‘xtension and has no scram
capability.

The control rod control unit (Figure 3-12) which is located in the
reactor console is electrically connected to the rod drive for operation
and indication of the system. This unit has push buttons for up or down
rod movement, and indicator lights are provided for magnet engagement,
carriage up, carriage down, rod down, and jam conditions. A digital
readout is provided for percent rod movement and can be read to 0.1%.

A gang switch is located on the reactor console for simultaneous
operation of the shim safety control rods.
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The shim-safety control rod magnet and armature and rod assembly
dampening device are located within the control rod barrel attached
to the control rod drive unit as shown in Figure 3-13. The piston
action provides dampening of the control rod towards the end of its
fall into the core. Water relief slots in the barrel allow the rod
to drop freely until the rod begins the last six inches of travel.
At this point the piston ring forces the water out the clearance in
the bottom of the control rod barrel. When the piston enters the piston
receiver the clearance is reduced and maximum dampening of the rod cccurs.
Stainless steel and aluminum components are used to provide smooth move-
ment and reduced wear of sliding parts.

The regulating rod control assembly is shown in Figure 3-14. The
barrel contains a lower guide pilece with no piston action since the
control extension is bolted to the rod drive lead screw and does not
scram. Withdrewal speed of the regulating rod is 24.4 cm/min.

The shim-safety control rods can be mounted collinearly with the
control rod drive central axis or offset to align with eight optional
surrounding control rod positions as showa in Figure 3-15. The off-
set assembly functions similarly to the bolt action of a rifle. Spacers
which separate the two piston rods are retained in slots which allow
vertical movement bxt restrict iateral movement. The offset barrel can
be positioned in 45  increments by rotation about the end of the control
rod barrel to which it is attached (Figure 3-16). The hold-down
assembly provides a means to enclose the control rod extension and
prevent accidental lifting of a fuel element. The hold-down tube
extends downward to the reactor core and fits over the upper end of
a control rod guide tube or the cross bar of the fuel bundle.

The control rods are mounted to the upper portion of the reactor
frame structure by a horizontal plate with machined slots and clamps
to hold the rod drives in position (Figure 3-17). A support ring
which holds the shim-safety control rod assembly is attached to the
control rod mounting plate by threaded aluminum rods. This assembly
permits removal of the associated control drives for maintenance without
removing the associated control rod from the core. The regulating rod
assembly ir “istened to the mounting plate by a clamp ring with a set screw
which penet.ates the wall of the drive unit. When maintenance is required
for the regulating rod, it is removed from the reactor core and dis-

assembled as required. The installation of a shim-safety control rod is
shown in Figure 3-18.

The transient rod drive unit is a pneumatic-electromechanical rod
drive, a standard system supplied by General Atomic (Figures 3-19, 3-20).
The pneumatic portion of the transient rod drive is basically a single-
acting pneumatic cylinder. A piston within the cylinder is attached
to the transient rod by means of a connecting rod. The piston rod
passes through an air seal at the lower end of the cylinder. Compressed
air is admitted at the lower end of the cylinder to drive the piston

294 0.
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upward. As the piston rises, the air being compressed above the piston
is forced out through vents at the upper end of the cylinder. During
the final inch of travel. the 1od is amoothly decelerated by a shock
absorber which minimizes rod vibration when the piston reaches its

upper limit stop. An accumulator tank mounted on the reactor bridge
stores compressed air for operating the pneumatic por_ion of the
transient rod drive. A three-way solenoid valve controls the air
supplied to the pneumatic cylinder. De-energizing the solenoid valve
interrupts the air supply and relieves the pressure in the cylinder so
that the piston drops to its lower limit by gravity. With this operating
feature, the transient rod remains in the full down position except when
air is supplied to the cylinder.

The cylinder drive portion of th¢ transient rod system consists of
an electric motor, a ball-nut drive assembly, and the externally
threaded air cylinder. Withdrawal speed of the transient rod is
63.3 cm/min. During electromechanical operatior of the traasient rod,
the threaded section of the air cylinder ac*. as a screw in the ball-
nut drive assembly. The ball-nut assembly is in turn connected through
a worm~gear drive to an electric motor. The cylinder may he raised
or lowered independently of the piston and control rod by means of the
electric drive. Adjustment of the positioa of tne cylinder controls
the upper limit of piston travel, and hence controls the amount of
reactivity inserted for a pulse.

8. Reflector Elements

Reflectors, excluding experiments and experimental facilities, shall
be water or a combination of graphite and water. At the time of
installation of the fueled followers, new graphite elements were also
added. In the past, °" x 3" graphite blocks were attached .o grid plugs
and positioned in the core for use as reflectors. The assemblies did
not always stand straiglh when in a grid plate position and on occasion,
two elements would bind and were difficult to remove. A new design was
devised where the ends of the graphite elements were machined to fit
flush against a machined spacer. This permitted some degree of eiror
in the alignment of threads in the graphite yet produced an aligne?
vertical assembly.

Nuclear Nesign

1. Standard TRIGA Cores

The design and operating characteristics of standard TRIGA cores are
well known as is the interent safety characteristics of this class of
TRIGA reactors.llThe first NSCR Staudard TRIGA core loading reached
criticality in August 1968. The llowing operating characteristics
were observed from the initial operationmal standard TRIGA core for the
NSCR:

11. GA - 3886 (Rev A) TRIGA Mark IlI Reactor Hazards Analysis, Feb. 1365.




TABLE 11

Steady Scate Power Level: 1 Mw

Critical Mass: 2,830 grams *°°y

Core Mass: 3,325 grams 2°°U

Maximum Excess Reactivity: $3.77 B -
Prompt Negative Coefficient of Reactivity: -1.2 x 10 “ Ax/k' ©
Power Coefficient (1 Mw): $3.60

Maximum Puise Energy ($2.00 insertion): 14.7 Mw-sec

Total Control Rod Worth: $11.23

Maximum Pulse Reactivity Insertion: $3.00

The pulsing of standard TRIGA cores at the present pulsing limit of
$2.35 results in vecry safe conditions because operational NSCR cores
were regularly pulsed at $3.00 insertions. The puising characteristics
for a NSCR operational standard TRIGA core are shown in Figure 3-21.

The pulsing analysis for standard TRIGA fuel is different from that of
LIP fuel. This is due to a rather constant negative temperature
coefficient (v 1.2 x 10 * AK/KOC) for standard TRIGA as compared to a
variable temperature coefficient for FLIP fuel. More than 50% of the
temperature coefficient for standard TRIGA cores comes from the "cell
effect" or dependent disadvantage factor, and Vv 20% each from doppler
broadening of the “*°U resonances and temperature dependent leakage from

the core. A discussion of the temperature coefficient for FLIP fuel is
presented on page 47.

Extensive measurements were wade of the various parameters relating
to the pulsing operation of the General Atomic Prototype reactor. The

most important of these are given below for step insertions of reactivity
up to 2.1% 8k/x ($3.00).

During pulsing operation, the reactor is placed in a super-prompt-
critical condition. The asymptotic period is inversely related to the
prompt reactivity insertion. Figure 3-22 shows the results of plotting
the reciprocal of the measured period versus the prompt reactivity in-
sertion. As can be seen, the minimum period obtained for reactivity
insertions of $3.00 ($2.00 prompt) is v 3 msec. Also shown in Figure
3-22 is a plot of the reciprocal of the measured width at half maximum
power versus prompt reactivity insertion.

Figures 3-23, 3-24, and 3-25 show the interrelationship between
maximum transient power, pulse widths, and period. When considered
together, these plots serve to describe the general features of the
TRIGA Mark III core performance in the pulsing mode. For a given
core configuration, the peak power, integral power in the prompt
burst, and width of the pulse are determined by the amount of
reactivity inserted. It can be seen from the plots that the peak power
{s controllable over a rather wide range since this parameter is very
nearly proportional to (8k/x - $1.00). Pulse width and integral powers,

-39~
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on the other hand, are approximately l:.ear functions of reactivity
insertions above prompt critical so that their range is more limited.

2. Mixed and FLIP Cores

The NSCR presently operates a mixed core reactor composed of both
TRIGA standard and FLIP elements (Figure 3-2). The decision to convert
to a mixed core was reinforced by the considerable amount of information
available from General Atomic on the TRIGA and FLIP systems. Studies
made by the NSC for a variety of cores from all standard fuel to all FLIP
fuel indicated that a core with a mixed loading would safely satisfy all
operational requirements. FLIP fuel elements are located in a contiguous
central region of the core, and future additions of FLIP fuel will be
mads such that the FLIP region grows outward as the cutside core
dimensions remain essentially the same. This procedure will be repeated
until at an appropriate time a full FLIP core is obtained.

To obtain a code suited for this investigation an extensive survey
of available computer codes was undertaken. The criteria used to
determine the code best suited for the core studies were accuracy,
programming language, machine storage requirements, and run times.

Exterminator-2 which was the code chosen is a two-dimensional,
multigroup, diffusion theory code. The only limitations on problem
size is actual machine storage space available since the code employs
the technique of variable dimensioning. To facilitate the core studies,
an optional total thermal flux print out and/or computer plot was added
to Exterminator-2. An additional program was written to calculate the
average power generation in each fuel cell for the cores under investi-
gation. Basic input data such as cross sections, number densities, and

bucklings were obtained from General Atomic since they have been proven
by actual usage.

For core calculations, each fuel element and its associated moderator
were homogenized over a cell, and likewise each control rod and its
associated moderator were homogenized. Homogenized calculations were
necessary because the spacing between fuel elements is small and
diffusion theory is not valid for the heterogeneous problem. Fuel cell
dimensions for NSCR cores are 3.854 cm. x 4.050 cm.

To test the accuracy of the input data and to insure that the results
obtained using Exterminator-2 were meaningful, comparisons were m.ude
between calculated and experimental results. Three cases in particular
can be used to show the validity of the code. The first test of the
Exterminator-2 program was to repeat some calculations on a FLIP core
that have been performed by General Atomic. s-th programs gave
essentially identical results. The second teot 'as a comparison of
the calculated and measured values of a relative t“ermal flux distribution
in an operatiocnal NSCR TRIGA core. The results are shown in Figure 3-26.
Good agreement is noted when it is recalled that the diffusion theory
calculation only gives flux values that are averaged over a cell. The
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third test was a comparison o: measured &nd calculated values of k

eff
for several TRIGA cores. These results are shown in Table III.

TA%LE 111
COMPARISON OF MEASURED AND CALCULATED VALUES OF keff
keff
Core Calculated Measured

NSCR Core IA (1) 1.032 1.026

(all standard)
Puerto Rico 1.068 1,059

(all FLIP)

The cores used for the comparisons were both 5 x 5 array (100 cell)
cores. The NSCR IA(l) cores had 95 standard TRIGA fuel elements, 3
shim-safety control rods, 1 transient rod and 1 regulating rod. The
Puerto Rico all-FLIP core considered had 94 FLIP fuel elements, 3
shim safety rods, 1 transient rod, 1 regulating rod, and 1 air void
experiment hole. In both cases, the calculated values were slightly
higher than the measured values but agreement was good,and for safety
purposes the results were conservative.

The results of the above three tests established confidence in the
Lxterminator-2 code and the G,A. cross sections. It is believed that any
safety calculations obtained from this program would yield realistic
and reliable results.

As mentioned earlier, the power generation in a given core was com-
puted by Exterminator-2 for all fuel cells. A typical flux plot and
generated cell power obtained using Exterminator-2 code is shown in
Figure 3-27. However, the peak adiabatic fuel temperature during a
pulse was computed on a selective basis following examination of
calculatea cell power generation values. For each core of interest,
this calculation was carried out for those cells which exhibited the
highest average power generation. The distribution of power density
produced in the cell was obtained by weighting the average power with
the microscopic flux distribution. This flux distribution was obtained
as the product of the average flux computed by Exterminator-2 and the
intra-cell flux computed by General Atomic. This method was shown to
be in good agrrement with two dimensional cell calculations of higher
order which account separately for cell effects. A knowledge of the
temperature as a function of the volumetric heat content allowed
calculation of the maximum fuel temperature for a pulse of given energy.

Addicional comparisons between calculated and experimental results
were made for mixed I'RIGA cores in operation by the NSCR. The first
comparison is for the experimental and calculated values of pulse
temperatures at a single thermocouple location. Pulse temperatures
were obeserved for a $2.00 pulse insertion following rotation of the in-
strumented element in 15° increments. These results are cowpared to
calcnlated valves in Figure 3-28. The relative values for the pulse
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temperatures determined by the code and the experimental values agree
very well.

The second comparison is the experimental and calculated values for
the ratio of pulsing temperatures for two different instrumented
element locations. Experimental values were obtained for observed pulse
temperatuves for $2.00 insertions for an instrumented element at two
different core locations. Calculated values of the thermocouple
temperature rise at both locations were obtained for comparison.
The experiment was repeated four times using two instrumented FLIP fuel
elements and the same thermocouple for each set of values obtained. For
a 35 FLIP element mixed core, the observed and calculated ratios agree
to within 4%. The design core for the first NSCR loading was 35 FLIP
and 63 standard TRIGA elements. Criticality of this core was achieved
on July 1, 1973 and the core was initially pulsed July 4, 1973. The
core loading designated as III-A is shown in Figure 3-29. The following
operating characteristics were observed for core III-A.

TABLE IV

Steady State Power Level: 1 Mw

Critical Mass: 5,590 grams “3°y

Core Mass: 6,226 grams %5y

Maximum Excess Reactivity: $6.09

Power Coefficient (1 Mw): $2.50

Maximum Pulse Energy ($2.00 insertion): 15.7 Mw-sec
Total Control Rod Worth: §15.57

Maximum Pulse Reactivity Insertion: $2.00

Reactor core studies using Exterminator-2 predicted a core excess
of $6.20 for Core III-A as compared to the measured value of $6.09.
Pulsing characteristics observed for I1I-A are shown in Figure 3-30.

As mentioned earlier the design considerations for pulsing FLIP fuel
as compcred to standard TRIGA fuel are different due to a temperature
dependent n°gative temperature coefficient for FLIP fuel.

For a TRIGA-riLTP fuel element, the uranium loading is about 3.5 times
that of a standard TRIGA element and this causes the neutron mean free
path in the FLIP element to be much shorter. For this reason, the
escape probability for neutrons in the fuel is not greatly enhanced as
the fuel-moderator material is heated. In the TRIGA-FLIP fuel the
temperature hardened spectrum is used to decrease reactivity through
its interaction with a low energy resonance material. Thus erbium, with
its double resonance at v 0.5 eV, is used in the TRIGA-FLIP fuel both as
a burnable poison and as a material to enhance the prompt negative
temperature coefficient. The neutron spectrum shift pushes more of the
thermal neutrons into the Er-167 resonance as the fuel temperature
increases. In a standard TRIGA core, the temperature coefficient is
prompt because the fuel is intimately mixed with a large portion of the
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moderator, and thus, fuel and solid moderator temperatures rise
simultaneously producing the temperature dependent spectrum shift.

In a TRIGA-FLIP core the results of cell structure on the temperature
coefficient are small. Almost the entire cuvefficient comes from tempera-

ture dependent changes in nf within the core and v 80% of this effect
is independent of the cell structure. The calculated temperature
coefficients are shown in Figure (3-31) for standard, mined and FLIP
cores. The temperature dependent charactei ¢ the temperature
coefficient of a TRIGA-FLIP core is advan.ageous in that a minimum
reactivity loss is incurred in reaching normal operating temperatures,
but any sizeable increases in the average core temperature result in

a sizeably increased prompt negative temperature coefficient to act as
a shutdown mechanism. The burnup calculations indicate that after

3000 MW days of operation, the U-235 concentration averaged over the
core is ™ 67% and the Er-167 concentration is v 33% of the beginning-
of-life values. The end-of-life coefficient for a FLIP core is less
temperature dependent than the beginning-of~life coefficient because of
the sizeable loss of Er-167 and the resulting increased transparency of
the v 0.5 eV resonance region to thermal neutrons.

The effects of the temperature coefficient for standard and FLIP
cores upon the pulse shape is demonstrated in Figure 3-32. Note that
the FLIP pulse peak power is considerably higher than in the standard

fuel, thus, higher fuel temperatures for the same reactivity insertions.

The time span for full width at half maximum (FWHM) for a FLIP pulse is
considerably less than that for the standard core pulse yet the total
pulse energy is approximately the same.

3. Neutron Startup Source

The reactor startup source will be either Sb-Be, Am-Be, or Po-Be.
It is located in the core so that good multiplication data can be
obtained on the startup channel. The source strength will be such
that the startup channel will change by greater than 2 cps upon the
insertion or removal of the source from the core at initial startup.

Thermal Design

The NSCR operates at 1 Mw steady state and is cooled by natural
convection and can be operated at any position along the pool center
line except near the gateway between the stall and large pool section.
The reactor core is constantly surrounded by pool water which is drawn

in freely from the bottom and sides of the core during the convection
cooling process.

Referring to Figure 3-4, it can be noted that the four rod fuel
element assembly has been designed to provide easy pascage of cooling
water through the element. Water flows by natural convection through
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the 2" diameter hole in the grid plate adapter. It passes through the
large cruciform opening and then over the entire element until it
leaves the core through the numerous openings in tlie aluminum handle.
In addition to the coolant passages through the grid plate adapters,
the NSCR grid plate has adiitional coolant holes 1/2" in diameter
located at the corner of each four rod element.

Mark III standard fuel elements and FLIP elements have been successfully
operated in TRIGA cores by General Atomic at steady state power levels of
up to 1.5 Megawatts. The arrangement of fuel in the NSCR has been designed
so that the minimum nominal spacing between the fuel rods provides adequite
convection cooling of cores up to 2.0 Mw operation. The nominal spacing
of the fuel rods in the NSCR cove is shown in Figure 3-33. Core cooling
is considerably enhanced by this increased spacing and by the extra
cooling holes at the corners of the bundle. Cooling of the NSCR is also
improved due to the increased depth of pool. The NSCR core is normally
covered by 26' of water which places it at a depth greater than that of
most TRIGA installations. The resultant higher pressure will reduce
nucleate bubble formation and improve convective heat transfer.
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A.

IV. REACTOR POOL AND WATER SYSTEMS

Reactor Pool

1. Pool Structure and Shield Design

The concrete pool structure and the pool water provide shielding
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