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USNRC HANDS-ON OPERATIONS TRAINING COURSE SCHEDULE & DESCRIPTION

The schedule for exercises planned in the USNRC Hands-on Operations Training Course over for
January 24 through January 27, 2011 is provided. A brief description of the exercises follows the
schedule. Exercises are designed to require approximately 2 day periods; adjustments may be
possible if exercises are completed outside of the anticipated schedule.

SCHEDULE
(Mon) Mar 14, 2011 (Tue) Mar 15, 2011 (Wed) Mar 16,2011 | (Thu) Mar 17, 2011
Morning INTRODUCTION: EXERCISE 3: EXERCISE 5: Fuel | EXERCISE 7:
Arrival, course Subcritical Element Worth Reactor Pulsing and
overview, safety & Multiplication and versus Position Square Wave
security briefing 1/M Approach to Pulsing
Critical
EXERCISE 1: NETL EXERCISE 8:
Reactor and Facility Experiment
Design, Walkthrough, Operations
Pulse
Break
Afternoon | EXERCISE 2: Reactor | EXERCISE 4: EXERCISE 6: EXERCISE 8:
Startup Control Rod Worth | Power Level Experiment
and Calibration Instrument Operations
Calibration
CLOSEOUT:
Summary, exit
survey
DESCRIPTION

INTRODUCTION: Arrival, course overview, safety & security briefing

The UT Austin TRIGA Security Plan establishes a system of color coded badges to assist identification of
authorized building occupants. In addition to a badge, entry into radiological areas requires personal
monitoring.

EXERCISE 1: NETL Reactor and Facility Design, Walkthrough, Pulse

Based on significant RTR operating experience, significant facility systems and equipment have been
identified; familiarization with material in this exercise will ensure walkthroughs are more effective in
communicating concepts and issue in the context of the UT TRIGA reactor facilities. During the facility
walkthrough, participants will inspect systems and equipment identified in the facility design review.
Technical Specifications requirements will be emphasized. The exercise will conclude with observation of a
reactor pulse.

EXERCISE 2: Reactor Startup

This training program provides experience to aid an intuitive grasp of reactor behavior. This exercise will
introduce the participants to reactor controls as a basis for focusing on reactor response.



EXERCISE 3: Subcritical Multiplication and 1/M Approach to Critical

Achieving a critical condition following major changes in the reactor configuration is generally performed
using a 1/M process. This exercise will introduce the participants to the use of subcritical multiplication in
guiding an approach to critical.

EXERCISE 4: Control Rod Worth and Calibration

Technical Specifications requires knowledge and control of reactor reactivity parameters. Evaluating
changes in reactivity parameters requires baseline and calibration of the control rods. This exercise will
demonstrate two commonly used methods of control rod reactivity worth determination.

EXERCISE 5: Fuel Element Worth versus Position

Spatial distribution of the neutron flux across the reactor core determines a material’s reactivity value. This
exercise will demonstrate spatial dependence of the reactivity on fuel.

EXERCISE 6: Power Level Instrument Calibration

Technical Specifications requires knowledge and control of reactor thermal power. Neutron flux is the
leading parameter in the process that results in thermal power from fissions. Power level instruments
measure neutron flux, and this exercise will demonstrate calibration of neutron detectors as reactor power
level instrumentation.

EXERCISE 7: Reactor Pulsing and Square Wave Pulsing

Temperature effects in TRIGA hydride fuel have a significant impact on reactor response. This exercise
will demonstrate changes in power and temperature as a function of prompt reactivity.

EXERCISE 8: Experiment Operations

The conduct of research reactor experiments integrates Technical Specification requirements for
administrative procedures and review and approval processes in planning and design with operating
procedures and radiological controls. This exercise will demonstrate experiment proposal, review,
insertion, and removal.
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1. PURPOSE AND DISCUSSION

The UT Austin TRIGA Security Plan establishes a system of color coded badges to assist
identification of authorized building occupants. In addition to a badge, entry into
radiological areas requires personal monitoring.

Certain facility systems and equipment have been identified as significant for training
purposes; familiarization with material in this exercise will ensure walkthroughs are more
effective in communicating concepts and issue in the context of the UT TRIGA reactor
facilities.

During the facility walkthrough, participants will inspect systems and equipment identified in
the facility design review. The exercise will conclude with observation of a reactor pulse.

2. EXERCISE OBJECTIVES

Following completion of this exercise, participants should be able to

2.1 [Locate normal entrances, egresses and common areas __— { comment [#1]: Review map locations

2.2 ﬂ{espond appropriately to an emergency \

__ -~ 7| Comment [#2]: Brief overview of EPan, map
7777777777777777777777777777777 assembly areas, EOC, alternate EOC

2.3 Employ proper radiological precautions for entering radiological areas and/or

handling radioactive materials L __ -~ -| comment [#3]: Brief overview of RPP, map
7777777777777777777777777777777777777 radiological areas, material storage areas, rad-labs

(Y __J UJ

2.4 \Comply with security requirements related to badging = { Comment [#4]: Security briefing: overview,

7777777777777777777777 building access, door controls

2.5 \Comply with radiological monitoring requirements L | -

Comment [#5]: QUESTIONS:
(1) What rooms require personal monitoring devices
(2)When is contamination monitoring required

2.6 Explain for the following systems:

Reactor pool and cooling systems
Control rod system

Confinement system

Facility radiation monitoring systems
Power level instrument systems
Process instrument systems & controls
Experiment facilities

Facility sumps & drains

>

Purpose of the systems
B. Safety functions associated with the system

C. Technical Specifications related to the systems
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D. Approximate dimensions and flow paths of key system components

E. The purpose of system control actions, setpoints and alarms

2.7 Observe and read process instruments, and correlate instrument readings with
proper operation of systems and equipment

2.8 Explain the properties of ZrH that provide inherent, passive safety

3. PREREQUISITES
3.1 Completion of safety briefing prior to entry of restricted areas
4. BACKGROUND/REFERENCES
4.1 University of Texas Safety Analysis Report
4.2 NUREG 1135, Safety Evaluation report related to the Construction Permit and
Operating License for the Research reactor at the University of Texas (Docket
No. 50-602)
43 NETL Procedures (ADMN, FUEL, HP, and OPER series)
44  NETL Security Plan
4.3  Attachment 1.1, NETL Reactor and Facility Design
4.4  Attachment 1.2, UT TRIGA Reactivity Summary
4.5 Attachment 1.3, Exercise 1 Review
5. INSTRUCTIONS
5.1 CHECKOUT security badge

52 CHECKOUT dosimetry

53  PARTICIPATE in safety briefing

54  REVIEW WE TL Reactor and Facility Design ‘(ATTACHED) ~_— { comment [#6]: Discuss & review attachment |

5.5 PARTICPATE in a tour

A. NETL laboratory area

Facility Introduction, Badge Issue, Safety Briefing El1-2
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F.
G.

5.6 OBSERVE a reactor pulse (pool side)

Equipment and machine rooms
Reactor bay

Pool cooling room

Auxiliary room

Control room

HVAC rooms

6. REINFORCEMENT & REVIEW

Attachment 1.3, Exercise review

6.1 Using the letter labels for components on the pool cooling and the pool cleanup
schematics, label equipment in the photographs or draw lines connecting the

labeled components to the equipment in the photographs

6.2 Draw lines connecting the labels to the core components in the photograph, and

6.3 Indicate which beam port supports the experiment described experiment facilities

6.4  Write the Technical Specifications value for reactivity limit described in the table

Facility Introduction, Badge Issue, Safety Briefing
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1.0  Background

Research and test reactor significant operating experience was analyzed (Fig 1.1). The
relative contribution of systems and equipment to the experiences include (ordered by
contribution to occurrences):

Reactor pool

Control elements

Shipping (of radioactive materials)
Miscellaneous

Confinement (or containment)

Radiation Instruments & Controls

Power Level Monitoring Instruments & Controls
Process Systems Instruments & Controls

Failed or Affected Systems

Other
14%

Pool

Shipping Equip
17%

Confinement
10%

Rad 1&C
7%

Power Level I&C
7%

Process |&C
Control Elements 7%
17%

Figure 1: Contribution of Equipment or System Failures to Operating Experience

Facility Introduction, Badge Issue, Safety Briefing El.1-1
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USNRC Key Topics (10/20/2010) indicate current issues relevant to the NETL facility

including:
. Contaminated water releases
o Facility security
J Reactor experiments
o Radiation protection
. Safety culture

Based on this review, the following facility characteristics will be addressed and (where
possible) observed in a facility walkthrough:
1.1.1 Reactor Pool and cooling
1.1.2  Control Rod System
1.1.3 Confinement
1.1.4 Facility Radiation Monitoring
1.1.5 Power level instruments
1.1.6  Process System Instruments and controls
1.1.7 Experiment Facilities
1.1.8 Facility Sumps & Drains
1.1 Outline

1.1.1 Reactor Pool and Cooling

Pool cooling function:

a. Reactor heat removal
b. Vertical shielding of radiation from the reactor and allow access to the reactor
core

Facility Introduction, Badge Issue, Safety Briefing El.1-2
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REACTOR COOLANT SYSTEM DESIGN

SUMMARY
Reactor Tank
Haterial Al plate (6061)
Thickness 1/4 in.. (0.635 em)
Volume (maxioum) 11000 gal, (41.64 -3)
Coolant Lines
Pipe Aluminum (6061}
Valves Iron-Plastlie liner, 316 ss.
Ball and Stem
Fittings Aluminum (Victaulie)
Coolant Pump
Type Centrifugal
Material Stainless steol
Capacity 230 gpm (15.8 liter/sec)
Heat Exchanger
Type Shell and tube
Materials: shell Carbon steal
tubag 304 stainless mtaal
Heat Duty 1000 kW
Flowrate; tubes 250 gpm (15.8 liters/sec)
shell 400 gpm (25,2 liters/sec)
Typical Paramotors:
Tube inlet 100*F 42 pala
Tube outlet 69°F 27 psia
Shell inlet 4LBF 55 psia
Shell ouclet 671°F 48 peia
Purification:
a Reactor component (particularly fuel elements) corrosion control

Facility Introduction, Badge Issue, Safety Briefing
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b. Radioactive contamination control
c. Water (optical) clarity
d. Makeup water interface
—— BG—g - —

LOCAL ADMITORS

@ cooucTiviTy

REACTOR TAMK l

INSTRUAENTATION !

FLOVAETER |

® |

FILTER | |

= O+® :
SR | A I

SAR FIG 7-1: Concrete below pool; SAR 7.2.1

CONCRETE PAD -2.191 indicates 1.22 meter pad; Drawing RS-6, 5 ft min
FLOOR 0 Pool floor ¥4” aluminum; pool wall ¥4 aluminum
SAR FIG 4-25, 4.4.4: 5" th. 16” <grid plate, 0.775 m
TOP OF SAFETY PLATE 0.197 below CL (7.75” above floor)
_ AR VAR
TOP OF LOWER GRID PLATE 0.642 giR FIG 4-25, SAR 4.4.3: 1 ¥4 thick, 0.332 m below
BOTTOM OF FUEL 0.781 SAR FIG 4-25: ' fuel length, 7.5 in./0.191 below CL
BEAM PORT CL 0.902 SAR FIGS 4-25/7-1, 8.1.4.3: 6 in. diameter (0.191 m)
below fuel CL
CORE CL 0.972 SAR FIGS 4-25/7-1
95 1 :
TOP OF FUEL 1162 ?lif{clz(} 4-25: Y5 fuel length , 7.5 in. (0.191 m) above
GRID PLATE 1.295 SAR 4.4.3: % in. thick (0.324 m) over CL

Facility Introduction, Badge Issue, Safety Briefing
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Attachment 1.1: NETL Reactor and Facility Design Review
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SIGNIFICANT SHIELDING & POOL LEVEL VLAUES

Parameter of Interest o] Notes
(meters)

MAIN LOWER SHIELDING 4.267 SAR FIG 7-1: 7.97 feet thick around pool
TRANSITIONAL CONCRETE STEP 4.877 SAR FIG 7-1: 3 feet thick around pool
o e OH DENSITY 5944 | SARFIG 7-1: 2.3 glec 10 2.9 glec
MIN POOL LEVEL (TS) 6.5 TS 3.3, A.3.3.b: 5.25 m over the core
VACUUM BREAKERS 6.7 OPER-411.A.2.b
LOW POOL LEVEL SCARM 7.8 SCRAM MAIN-1 ATT 1
LOW POOL LEVEL 8.05 Minimum, fill required OPER-4 I1.A.2.a
LOW POOL LEVEL ALARM 8.07 Alarm MAIN-1 ATT 1
NORMAL POOL LEVEL 8.1 NOMINAL OPER-4 I1.A.2.a
HIGH POOL LEVEL 8.15 Maximum OPER-4 I1.A.2.a
HIGH POOOL LEVEL ALARM 8.17 Alarm MAIN-1 ATT 1
TOP OF TOP DECK (NOT LEDGE) 8.534 SAR FIG 7-1

1.1.2 Reactor Core & Control Rods

TYPICAL TRIGA CORE NUCLEAR PARAMETERS

Fuel elements

Cold clean critical loading

§S-clad U-ZrH] g
~64 elements
~2.5 kg U-235

Operational loading

£, Prompt neutron lifetime

B, Effective delayed neutron fraction

a, Prompt negative temperature coefficient

Tf Average fuel temperature (1.1 MW)
Ty Average water temperature (1.1 MW)

Water coolant volume to cell volume ratio

~90 elements
-3.4 kg U-235
41 usec
0.0070

-1.0 x 10™% sk/k°C
265°C
65°C
-1

Facility Introduction, B

adge Issue, Safety Briefing
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SUMHARY OF FUEL ELEMENT SFECIFICATIONS
Hominal Value
Fuel -Moderator Material
H/SZr ratio 1.6
Uranium content B.5 wt %
Enrichment (U-235) 197 $0.2
Diameter 1.43 im.
Length 15 in.
Graphite End Reflectors Upper Lowar
Porosity r0x 0%
Diameter 1.43 im. 1.43 in.
Length 3.44 in. 3.87 in.
Cladding
Material Type 3104 55
Wall thickness 0.020 in.
Length 2210 in.
End Fixtures and Spacer Type 304 S5
Overall Element
Outside diameter 1.47 in. (€3.73 em)
Length 28.37 in. (72.06 cm)
Weight 7 1b. {3.18 kg)
Facility Introduction, Badge Issue, Safety Briefing El.1-6
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STAINLESS STEEL
TOP END FITTING

e bl
= ] L
— =147 . t =
el L
B e (T CEE T
R E‘J e GWHHBIM tanbing e
;;:;z:fzzs:ﬁnej =
CONTROL ROD SPECIFICATIONS
Transient Shim & Regulating
Cladding
Material Al Type 304 SS
OD 1.25 in. (3.18 cm) 1.35 in. (3.34 cm)
Length 36.75 in. (93.35 cm) 43.13 in. (109.5 cm)
Wall Thickness 0.028 in. (0.071 cm) 0.020 in. (0.051 cm)
Absorber
Material Boron Carbide (solid form) Boron Carbide (solid form)
OD 1.19 in. (3.02 cm) 1.31 in. (3.32 cm)
Length 15 in. (38.1 cm) 14.25 in. (36.20 cm)
Follower
Material Air Fuel
OD 1.25in. (3.18 cm) 1.31 in. (3.34 cm)
Length 20.88 in. (53.02 cm) 15 in. (38.1 cm)

Facility Introduction, Badge Issue, Safety Briefing
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SHOCK ABSORBER

/ RETAIMING  NUT

SHOCK amoEsrn
SUPFORT

Crumpen sorew

mALL WUt
ORIVE Gian

POTINTIOMETER
DRIVE WORM

POTEMTIOMETER
DRIVE GLAR

CYuNCER scrrw
END AR

"o"mmo sl

CONNECTING BOD

ADJUSTABLE TRANSIENT ROD

Confinement System

CABLE GU

MICROSWIT

ELECTROMAGI

RACK AND PINION GONTROL ROD DRIVE

SAR 7.2.2, The ventilation system is designed to maintain a negative Pressure within the
reactor bay with respect to the building exterior and other building areas. Confinement
and isolation is achieved by air control dampers and leakage prevention material at doors
and other room penetration points. A separate system is designed to exhaust air from
several locations within the reactor that could contain airborne radionuclides such as
argon-41. Manual operation of start/stop controls of both main and purge air systems will

be available in the reactor control room.

ETADC

DHABT

DAET
AIR

DANER

AIXTND
AIR
DVWER

RETURN £

MAIN AIR SUPPLY SYSTEM

L

RETUN

)

IMOLATION
DANTRE

HVAC ROOA

Facility Introduction, Badge Issue, Safety Briefing
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LOV VOLUAE
PURGE FAN

-

e —

A

SAMPLE
TAPS

EXHAUST
STACK

PAIN

AIR REACTOR
ARBIENT Bay
AOTOR 1SOLATION
DIFFERENTIAL

BUPFLY

DAAPER
N.C.
AOTOR

PRESSURE
CONTROL.
E.| 1TCH

ISTLATION

BHALST
DANFER
N.C.
AOTOR

P. 8
l—_N { =
Lt | molATIn 2

) —

E.P.
Lo SVITCH
| 1 —
| RI Gl
AST
ml SUPPL

B

HVAC OPERATION MODES

:| FILTER
SPACE

ISOLATION
7 DARPER

REACTOR BAY

\FN\M_ML
PURGE AIR

POOL SURFACE

AIR VALVES
{R——
SPECIAEN RACK

E BEAA PORTS

i

L LEAKAGE AIR

AUXILIARY AIR EXHAUST SYSTEM

ISOLATION- DAAPERS SHUT. FANS OFF

Q-AODE- AIR RECYOLE
*ROOA AIR PRESSURE CONTROLS
EXHALST FAN

ARGON PURGE
STACK
I\ FAN (EF-3)
PREFILTER
ISOLATION
YALYE Il 2(3(4
EiioER 1 8B-8S7PLEATED FILTER
CAISSION 2 99,977 HEPA FILTER
3 FUTURE CHARCDAL FILTER
4 FUTURE HEPA FILTER
POOL_SURFACE
—-'D:G—puuz
——a— BP- 1
—ta— BP-2
p——t>— BP-3
_DTG_—-M—E' 4
—ta— BP-5
—ta— EXP

—{><J— AIXING AIR

Facility Introduction, Badge Issue, Safety Briefing
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AAIN AIR

E.P. SVITCH E DAAPER |

L

Velocity
3900 fpm | Argon purge flow velocity
1800 fpm | HVAC flow velocity
Flow Rate
7200 cfm | HVAC flow
1100 cfm | Argon purge flow

1.1.4 Facility Radiation Monitoring

Safety Analysis Report, 9.2. RADIATION MONITORING:

Radiation monitoring shall consist of fixed, portable, or sampling type systems.
Monitoring systems will be applied to measurement of radiation areas and high radiation
areas around the reactor facility, significant contamination within and adjacent to the
reactor facility, and radioactive materials and their concentrations in effluents.

Continuous monitoring or control of radiation fields in the restricted area around the
reactor shall occur whenever levels greater than 100 mrem/hr are produced in
accessible areas.

Airborne radioactive monitoring shall consist of continuous sampling of air particulate
activity in the reactor area. Warning levels and action levels will be determined relative
to allowable maximum permissible concentrations. Measurements should be sensitive to
one maximum permissible concentration change in one hour.

Facility Introduction, Badge Issue, Safety Briefing El.1-10




USNRC TRAINING PROGRAM -03/2011

Attachment 1.1: NETL Reactor and Facility Design Review

Page 11 of 34

Effluent monitoring shall be provided for the discharge of the radioactive noble gas
argon-41. Monitoring will consist of either the use of integrating dosimeters at a location
of interest or sampling of a point in the release path. Measurements shall determine
that the dose at a location of interest is either less than ten mrem per year above natural
background or two percent of the allowable maximum permissible concentration for the
year.

Fixed area gamma monitors shall have remote readouts with audible and visual alarms at
the reactor control console. Local readouts should be provided in areas with significant
radiation levels and routine personnel access. A multiple channel area monitoring
system with GM type detector probes will be installed. The system should have at least
four channels functional. Measurement should include the dose range of 1
millirem/hour to 1 rem/hour.

A continuous air particulate monitor with audible and visual alarms shall be functional in
the reactor vicinity during reactor operations. A fixed filter beta particulate monitor with
70 1pm flow rate capacity or equivalent system will provide air particulate monitoring.
Detectors such as thin window GM detectors will monitor activity and provide alert and
alarm conditions with visual and audible annunciators. Count rate of the instrument
should include the range of 50 to 50,000 counts/minute.

A gas monitor system for the noble gas effluent, argon-41, shall also be operable during
operation, or sufficient data available to demonstrate a calculated release quantity.
Design goal for the argon-41 monitor is a sensitivity of 50% of 1 mpc (maximum
permissible concentration) for unrestricted areas. Test measurements indicate sensitivity
for a ten minute count of 2 x 10™ puCi/ce.

1.1.5 Power Level Instrumentation

Safety Analysis Report, Chapter 6: The Instrumentation and Control System for the
TRIGA reactor is a computer-based design incorporating the use of one multifunction,
NM-1000 microprocessor neutron flux monitoring channel and two companion NP-1000
current mode neutron monitoring safety channels. The combination of these two systems
provides an independent operating channel and the redundant safety function of percent
power with scram.

The NM-1000 provides wide range log power and multi-range linear power from source
level to full power. The control system logic is contained in a separate control system
computer (CSC) with graphics and text displays which are the interface between the
operator and the reactor. Another system for data acquisition and control (DAC)
functions as the interface point for interface circuitry, process signals and
communications.

Facility Introduction, Badge Issue, Safety Briefing El.1-11
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2000 M4 |— = |
0 Me L PULSE _
=00 I MODE
20 M |— NM1000 el —
B i
2| A - \\—— —l|100z
200 kW |— —|ox
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20 kM | — N iz
2 kW |— \ / _he'ly
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T kW =3
20 W — | INTERLOCK —{10 "%
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2 L —lwoty
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BOEW 1 SOURCE LEVEL —{10°°
BEO0E W [t e OV A .. Af ________________ —lwo 7y
~=__SOURCE INTERLOCK TRIP o
0.0002 W 107%

A = Wide Range Log Channel, NM1000

B = Wide Range Linear Channel, nM1000

C = Manual, Automatic, and Squarewave Modes,
NP1000

1.1.6  Process System Instruments and controls
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1.1.7 Experiment Facilities & Operations

Reactor Core
Center Line

Top & Bottom
Crid Plate

Facility Introduction, Badge Issue, Safety Briefing El1.1-14
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Tygon Tubing /

1.0”70Dx0.75"ID

Drawingsare
approximately
Connector Box toscale

\ Irradiation Can

Attachment

Aluminum Tubing

075"00x0.62" 1D

Irradiation Can Lid

L\ Irradiation Can

2.5"0Dx2.25"ID

LeadSleeve

3.874"0Dx 2.75" ID \ / Top Grid Plate

Top & Bottom

Reactor ] Grid Plate

Core \

| Bottom Grid
1 / Plate

3L Support
Structure

1.1.8 Facility Sumps & Drains

Pedestal foundation drain; automatically discharges to sanitary sewerage

Facility Introduction, Badge Issue, Safety Briefing El.1-15
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Liquid radiological waste holding tank; services radiological labs, safety shower,
decontamination shower, with batch drain from waste holding tanks

Reactor building foundation drains sump in the truck access ramp; automatically
discharges to concrete diversion structure between NETL and Burnet Rd

1.2 References
1.2.1 Reactor Pool and Cooling

Safety Analysis report The University of Texas TRIGA, Chapter 5 (Reactor Coolant
System)

Pool and Cooling

Heat dissipation is satisfied by natural convective flow of pool water through the
reactor core and forced circulation of the pool water through an external heat
exchanger. The pool coolant volume is composed of approximately 41.0 cubic
meters in a two by three meter oval pool with a vertical depth of 8.1 meters. A
vertical shield is provided by about 6.8 meters of water above the reactor core.
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Supplemental cooling of the reactor pool is required for continuous operation at the
rated power level. A heat rate of 20.7°C/hour is expected with the reactor operated at
1000 kW. Heat removal from the pool is provided by heat exchange with a chilled water
supply. The chilled water supply is operated by the University for cooling of Research
Center buildings and equipment. Chilling capacity is provided by multiple 1200 ton
(4220 kW) units. At reactor rated power the heat removal capacity required is
represented by about 25% of the chilling system capacity of one unit. A tube and shell
heat exchanger is installed for heat removal from the reactor pool to the available chilled
water system.

Maximum design temperature of the coolant system, coolant inlet temperature, is 120°F
(48.9°C). The maximum allowable peak heat flux at this temperature is 325
kBtu/hr-ft* (103 watts/cm?) corresponding to a power level of 1900 kW for an 85
element core. Since the maximum licensed power level is 1100 kW, the resulting
maximum heat flux will be 188 kBtu/hr-ft* (59.4 watts/cm?) which is well below the
value at which clad integrity may be questioned.

Suction of water from the pool is provided by an inlet which extends no more than 2
meters below the top of the reactor tank. The coolant water is drawn through the coolant
pump and forced through the heat exchanger. Return of cooled water to the reactor pool is
provided by single or multiple discharge outlets above the reactor core or an outlet near
the tank bottom. A diffused water jet is created at the outlets above the reactor core
by a nozzle. Delay and diffusion of the reactor core convective coolant column is
enhanced by the action of the coolant discharge nozzle.

Accidental siphoning of reactor pool water is prevented by the presence of suction breaks
on both suction and discharge lines of the coolant system. Siphon breaks are created by
holes located in the lines approximately half a meter below the normal water level.

Indication of the reactor pool status is determined by two sensors located in the pool. Pool
level and bulk pool temperature sensors in the pool are monitored in the control
room. An annunciator alarm indication is generated in the control room by abnormal
pool levels and by high pool temperatures.

Heat removal capacity and thus pool heat rate is specified by analysis of a tube and shell
heat exchanger. At a flow rate of 400 gal/min (25.2 liters/sec) of chilled water at 48°F
(8.89°C) a heat removal rate of 1140 kW 1is expected.

The heat exchanger and pump, the major components of the cooling system, are located
in room 1.104b at about the same vertical level as the reactor core. Valves are
provided in the coolant loop for control and isolation of the cooling system function.
Specifications of cooling system components are listed in Table 5-1. A positive
pressure difference of 1 psi (7 kilopascals) between the shell side outlet and tube side
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inlet of the heat exchanger is designed to prevent leakage of primary pool coolant into the
secondary chilled water system. The pressure difference is maintained under varying
flow conditions by a differential pressure controller which regulates the position of a
throttle valve in the heat exchanger shell side outlet pipe. Coolant water supply
temperature is regulated by a temperature controller coupled to a mixing valve in the
chilled water supply line.

The cooling system parameters normally available in the control room include coolant
temperatures, flowrates, and differential pressure status. Two temperature probes, one in
the pool suction line and one in the pool discharge line, allow monitoring of heat
exchanger cooling function. Typical temperature probes used are resistance temperature
detectors (RTD's). Two flow meters, one in the chilled water line and one in the pool
water line provide information on system flow rates. A differential pressure monitor
provides an alarm if the pressure at the high pressure point on the heat exchanger tube side
is not less than the low pressure point on the shell side. The differential pressure is
designed for a difference substantially greater than 7 kilopascals (1 1b/sq. in.).

Suction of water from the pool is provided by two inlets, neither of which extend more
than 2 meters below the top of the reactor tank. Valves at the pool surface allow
suction from either a subsurface inlet or from a surface skimmer designed to collect and
remove floating debris. Accidental siphoning of reactor pool water is prevented by
siphon breaks similar to those on the coolant piping.

Purification System

The purification skid is located in room 1.104b at about the same level as the reactor
core. The skid consists of a pump, flowmeter, filter, resin bed, and instrumentation.
Normally the purification system is operated continuously to provide removal of
suspended particles and soluble ions in the coolant water. The system flow rate is
about 10 gpm (0.6 1ps).

Purification functions of the loop are generated by two components, a filter for
removal of suspended materials and a resin bed for removal of soluble elements. Typical
filtration is provided with 25 micron filters. Typical ion exchange is provided by .085
cubic meters of mixed cation and anion resin. Water purity is measured by conductivity
cells at the inlet and outlet of the resin beds.

Return flow to the pool is thru a subsurface discharge pipe. Valves are provided for
isolation of the suction or return lines, and for isolation of system components for
maintenance or resin replacement.

Water quality is measured by two conductivity cells in the purification loop. The cells
are located on inlet and outlet lines of the demineralizer that readout locally in the
control room. Typical conductivity cells are composed of two parts, titanium electrodes
shielded by ryton for conductivity measurement, and a thermister for temperature
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1.2.2

compensation. A Wheatstone bridge circuit on the purification skid is connected to
the cells. A switch allows selection of either inlet or outlet conductivity.

A connection from the purification system to the domestic water system provides makeup
water to replenish pool evaporation losses. The makeup water connection includes
features that isolate the two water systems. Two of these features are valves for flow
control and a quick release connection. The valves include a check valve for limiting flow
direction and one or more block valves for stopping water flow. Use of the quick release
connection allows physical separation of the two systems except during periods in which
the makeup process is operating.

An indication of radioactive release as alternatives to CAM and Ar*' monitor is provided if a
water activity monitor is installed or by a GM detector area monitor.

Reactor Core & Control Rods

The TRIGA reactor system has three major areas which are used to define the reactor
design bases:

a. Fuel temperature,
b. Prompt negative temperature coefficient,
C. Reactor power.

These areas are interrelated, and fuel temperature is selected as the safety parameter most
directly applicable to fuel cladding integrity. A ratio of 1:1.6 was selected to ensure
stable structure and volume.
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EQUILIBRIUM HYDROGEN PRESSURE (PS|)

102 .
10° I_ T
= ULTIMATE TENSILE
0.2% YIELD
102
E v
g
w 107 —
o
L &
o L
€
&
' -
/ DATA FROM GA-8129 . REFERENCE: CARPENTER AND CRUCIBLE STEEL
i / / AND NAA-SR-9374
10° /l/ L ! | 1 ! 103 | L ! 1 1 I
600 700 BoO 900 1000 1100 1200 1300 400 500 600 700 800 900 1000 1100

TEMPERATURE (°C)

EQUILIBRIUM HYDROGEN PRESSURE
VERSUS TEMPERATURE FOR ZIRCONIUM-HYDROGEN

STRESS (PS1)

TEMPERATURE ( °C)

STRENGTH OF TYPE 304 STAINLESS STEEL
AS A FUNCTION OF TEMPERATURE

ULTIMATE STRENGTH 304 S5

T T : ==
&0o 900 1000 100

TEHPERATURE (*C)

7%

STRENGTH AND APPLIED STRESS AS A FUNCTION OF
TEMPERATURE, EQUILIBRIUM HYDROGEN DISSOCIATION PRESSURE

Thermal hydraulic analysis was performed using radial power peaking factors, TRIGA
fuel geometry, and cooling channel geometry defined by the core grid plate and fuel
elements.
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Fuel temperatures were found to be acceptable up to departure form nucleate boiling. The
analysis demonstrates that TRIGA fuel cooled by natural convection is capable of about
1.9 MW power without experiencing departure from nucleate boiling.
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The UT TRIGA maximum power level limit was established at 1.1 MW to provide a
wide margin to departure from nucleate boiling under all conditions. TRIGA fuel has an
extremely large negative feedback coefficient associated with the fundamental physics of

ZrH.

Relative magnitude of Contributing Components to
the Prompt Negative Temperature Coefficient of
TRIGA Reactors
(ZrHy.6 — SS cladding)

Contributing Component (%)
Zr Hydride Effect 55
Inhomogeneities (control rod locations) 5
Doppler broadening of ***U resonances 20
Leakage from Core 20

Therefore enough uranium has to be added to compensate for (1) operation at elevated

temperatures, (2) xenon generation, and (3) fuel burnup.

ESTIMATED FUEL ELEMENT REACTIVITY WORTH COMPARED WITH

WATER AS A FUNCTION OF POSITION IN CORE

Worth (% 6k/k) Number of
Core Position S5 Clad U-ZrH; g Fuel Positions
B ring 1.07 6
C ring .85 12
D ring 0.54 18
E ring 0.36 24
F ring 0., 25 30
G ring 06.19 36

Control rod design is required to assure the reactor remains subcritical with the most
reactive rod failed in the fully withdrawn position.

ESTIMATED CONTROL ROD NET WORTH

Control Rod diameter ék/k
in. (cm) A

C ring - transient 1.25 (3.18) 251

C ring - regulating 1.35 (3.43) 2.6

D ring - shim 1 1.35 (3.43) 2.0

D ring - shim 2 1.35 (3.43) 2.0
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1.2.3

1.2.4

Confinement System

Safety Analysis Report, Chapter 6: Ventilation of the reactor bay is provided by two
modes of system operation. One mode is for standard operation with recirculation of air.
The other mode is an exhaust operation with high volume flow that has no air
recirculation. Design during exhaust mode operation is a rate of air exchange in excess of
two per hour. Total volume for the room exceeds 4120 cubic meters. Normal operation of
the ventilation system uses a roof stack for the exhaust of air from the reactor bay.

Isolation of the reactor bay is provided by ventilation dampers. These dampers will shut
in response to either manual or automatic signal actuation. An automatic signal will
initiate shutdown of the ventilation system by closure of the dampers if a set point for
airborne particulate radioactivity exceeds a set point, Protective switches within the
ventilation system will cause the air fans to respond to the position change of the
dampers. Damper design is for fail-safe operation so that loss of control power will
isolate the reactor bay. The separate air purge system is designed to exhaust air that may
contain radionuclide products by a low volume system.

The exhaust stack will extend 14 feet (4.24 meters). Ground elevation in the area is 794
feet. Roof elevation at the stack is 843 feet. Therefore, the effective release point is at
least 50 feet above the maximum ground elevation at the building.

Relative to ambient atmospheric pressure, the design goals for the reactor bay, adjacent
zones and academic wing of the building is a negative pressure difference. The
differential pressures are 0.06: 0.04: 0.03 inches (0.15: 0.10: 0.80 cm.) of water. Air
balance values relate typical or standard values except in the case of the reactor bay.

Argon-41 is produced in the reactor pool as a result of the (n,y) reaction with argon-40
dissolved in the pool water. Most of the argon-41 remains in solution but some of it is
transferred to the reactor room air at the pool surface. Calculations of the argon released
from the pool surface estimate a concentration in the room of 1.6 x 10°° pCi/cc with the
reactor operating at 1000 kW.

Facility Radiation Monitoring
SAR 9.5. EVALUATION OF MONITORING SYSTEMS

The radiation monitors provide information to operating personnel of impending or
existing hazards from radiation so that there will be sufficient time to take the necessary
steps to control the exposure of personnel and the release of radioactivity or to evacuate the
facility.

Three types of radiation monitors are used: a continuous air particulate monitor for
determining radiation levels due to particulate radioisotopes suspended in the reactor
room air, a continuous air gaseous monitor for determining radiation levels due to argon-
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41 in the room air, and area radiation monitors for determining the gamma field at several
locations in the facility.

Each type of radiation monitor has a specific radiological purpose. The particulate air
monitor is used to detect radioisotopes released due to fuel element failure (a design
basis accident). The gaseous air monitor is used to determine the effluent radiation
release of argon-41. Argon, a component of air (.04% by volume) may be activated to
produce argon-41 in potentially significant quantities. Finally, the area radiation
monitors are used to minimize personnel radiation exposures. The facility radiation
monitors discussed in SAR sections 9.5.1.,9.5.2, and 9.5.3 are typical instruments at the
time of original installation. Replacements may have slightly different characteristics.

Set points for the particulate continuous air monitor warn of the presence of particulate
fission product nuclides. Since gaseous and volatile elements such as krypton, xenon,
bromine, and iodine have particulate decay products, the presence of some of their
radioisotopes should also be detected. An alarm set point at 2000 picoCuries/milliliter
detects particulate activity concentrations at the occupational values of 10 CFR 20 for 70% of
the relevant isotopes in the ranges 84-105 and 129-149. These ranges of isotopes
represent the one percent yield for fission products of uranium-235.

The air monitor in use is a Ludlum Model 333-2 beta air monitor, configured for continuous
sampling of airborne beta-emitters. It uses two standard pancake G-M tubes, each
having a 1.75 inch effective diameter. The two detectors are arranged in line so that
gamma background subtraction is performed. This increases the accuracy of the beta count.
The 333-2 will accept air flow rates ranging from 10-100 liters per minute. Particle
accumulation on a fixed filter continues at a constant rate. Activity on the filter,
however, is a function of the air flow rate, filter collection efficiency, and the decay
rates for nuclides that are present on the filter.

A high radiation area, defined in 10 CFR 20 as having a radiation level >100 mrem/hr,
may exist above the pool access area during some operations. The area radiation monitor
located above the pool access area will have an alarm set point of 100 memt/hr. Although
the radiation levels within the pool protection railings may exceed doses of 100 mrem/hr,
the dose exists only in the immediate area of the pool surface. At other locations of the
pool shield platform level, the dose rates are significantly less than 100 mrem/hr, but
may exceed the 2 to 5 mrem/hr range. While the reactor is operating, one area
radiation monitor will operate above the pool access area, as well as at least two additional
area radiation monitors located at other positions around the reactor shield and at the beam
port facilities. The radiation monitor system consists of six units with GM tubes that detect
dose rates from 0.1 mR/hr to 10 mR/hr.

1.2.5 Power Level Instrumentation

Safety Analysis Report, 5.1.1. NM-1000 Neutron Channel The NM-1000 nuclear channel
has multifunction capability to provide neutron monitoring over a wide power range from
a single detector. The selectable functions are any or all of the following:
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Percent power.
Wide-range log power
Power rate of change.
Multi - range linear power.

e o

For the TRIGA ICS, one NM-1000 system is designated to provide the wide-range log
power function and the multirange linear power function. The wide-range log power
function is a digital version of the patented GA 10-decade log power system to cover the
reactor power range from below source level to 150% power and provide a period signal.
For the log power function, the chamber signal from startup (pulse counting) range
through the Campbelling (root mean square, RMS, signal processing) range covers in
excess of 10-decades of power level. The self-contained microprocessor combines these
signals and derives the power rate of change (period) through the full range of power.
The microprocessor automatically tests the system to ensure that the upper decades are
operable while the reactor is operating in the lower decades and vice versa when the
reactor is at high power.

For the multirange function, the NM-1000 uses the same signal source as for the 1og
function. However, instead of the microprocessor converting the signal into a log
function, it converts it into 10 linear power ranges. This feature provides for a more
precise reading of linear power level over the entire range of reactor power. The same
self-checking features are included for the log function. A linear power level signal is
available for the percent power safety function.

The NM-1000 system is contained in two National Electrical Manufacturers Association
(NEMA) enclosures, one for the amplifier and one for the processor assemblies. The
amplifier assembly contains modular plug-in subassemblies for pulse preamplifier
electronics, bandpass filter and RMS electronics, signal conditioning circuits, low voltage
power supplies, detector high-voltage power supply, and digital diagnostics and
communication electronics. The processor assembly is made up of modular plug-in
subassemblies for communication electronics (between amplifier and processor), the
microprocessor, a control/display module, low-voltage power supplies, isolated 4 to 20
mA outputs, and isolated alarm output. Outputs are Class IE as specified by IEEE.
Communication between the amplifier and processor assemblies is via two twisted-pair
shielded cables.

The system is automatically calibrated and checked (including the testing of trip levels)
prior to operation. The checkout data is recorded for future use, and operation cannot
proceed without a satisfactorily completed checkout. The neutron detector uses the
standard 0.2 counts per nv fission chamber that has provided reliable service in the past.
It has, however, been improved by additional shielding to provide a greater signal-to-
noise ratio. The low noise construction of the chamber assembly allows the system to
respond to a low reactor shutdown level which is subject to being masked by noise.

The NP-1000 Power Safety Channel is a complete linear percent power monitoring
system mounted within one compact enclosure which contains current to voltage
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1.2.6

conversion signal conditioning, power supplies, trip circuits, isolation devices, and
computer interface circuitry. The power level trip circuit is normally hardwired into the
scram system and the isolated analog outputs are monitored by the CSC as well as being
hardwired to a bar graph indicator. A special version of the safety channel, the NPP-
1000, provides measurement functions for peak pulse power, total pulse energy,
automatic gain change and related trip points. The control system automatically selects
proper gain setting for steady-state or pulse mode when the operator determines the
reactor operating mode. Peak pulse power and total pulse energy are also set by the pulse
operation mode. Both safety channels, the NP-1000 and the NPP-1000, are identical
except for the peak and energy circuits. The detector for each safety channel is either an
ionization chamber or self-powered in-core detector.

Process System Instruments and controls

Several monitoring sensors are installed to allow remote readout of water system
parameters in the reactor control room. Other system parameters are indicated by local
monitoring devices.

Indication of the reactor pool status is determined by two sensors located in the pool.
Pool level and bulk pool temperature sensors in the pool are monitored in the control
room. An annunciator alarm indication is generated in the control room by abnormal pool
levels and by high pool temperatures. The cooling system parameters normally available
in the control room include coolant temperatures, flowrates, and differential pressure
status. Two temperature probes, one in the pool suction line and one in the pool discharge
line, allow monitoring of heat exchanger cooling function. Typical temperature probes
used are resistance temperature detectors (RTD's). Two flow meters, one in the chilled
water line and one in the pool water line provide information on system flow rates. A
differential pressure monitor provides an alarm if the pressure at the high pressure point
on the heat exchanger tube side is not less than the low pressure point on the shell side.
The differential pressure is designed for a difference substantially greater than 7
kilopascals (1 1b/sq. in.).

Numerous water system parameters are measured by local pressure or temperature
sensors in the system lines. Both temperature and pressure probe are located on the inlet
and outlet lines of the pool water side and chilled water side of the heat exchanger. A
local indication of flow in chilled water side of the coolant loop is provided by the
pressure drop across a venturi in the flow path. Purification loop flow is measured by an
in line flow meter. Water pressure before and after the filter in the purification loop is
measured for indication of filter condition. Water quality is measured by two
conductivity cells in the purification loop. The cells are located on inlet and outlet lines of
the demineralizer that readout locally in the control room. Typical conductivity cells are
composed of two parts, titanium electrodes shielded by ryton for conductivity
measurement, and a thermister for temperature compensation. A Wheatstone bridge
circuit on the purification skid is connected to the cells. A switch allows selection of
either inlet or outlet conductivity.
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1.2.7

A connection from the purification system to the domestic water system provides makeup
water to replenish pool evaporation losses. The makeup water connection includes
features that purify the domestic water before introduction into the pool water, and valves
that isolate the two water systems. Two of these features are valves for flow control and a
quick release connection. The valves include a check valve for limiting flow direction
and one or more block valves for stopping water flow. Use of the quick release
connection allows physical separation of the two systems except during periods in which
the makeup process is operating.

Experiment Facilities & Operations
Central thimble: aluminum tube that fits through the center hole of the top and bottom

grid plates 1.5 in. 0.d. (3.81 cm.) and 1.33 in. i.d. (3.38 cm.). Holes in the tube above the
lower grid plate assure that it is normally filled with water in the entire core region.

Rotary Specimen Rack: multiple-position (40) specimen rack located in a well in the top
of the graphite reflector provides for the large scale production of radioisotopes and for
the activation and irradiation of multiple samples. All positions in this rack are exposed
to neutron fluxes of comparable intensity. Specimen positions at 1.23 in. (3.18 cm.) in
diameter by 10.80 in. (27.4 cm.) in depth. Samples are loaded from the top of the reactor
through a water-tight tube. The facility rotates either manually or via a motor which
shares the power supply for the pool lights
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GA pneumatic specimen tube: sample capsule (rabbit) is conveyed to a receiver-sender
station via 1.25 in. o.d. (3.18 cm.) aluminum tubing. Effective space in the specimen
transfer capsules is 0.68 in. (1.7 cm.) diameter by 4.5 in. (f1.4 cm.) height. An optional
transfer box may be employed to permit the sample to be sent and received from up to
three different receiver-sender stations.

UT-design pneumatic tube system: the sample capsule is conveyed through a transit
section of polyethylene tubing %4” i.d. to the in-pool/core terminus slightly less than 5/8”
i.d. Two in-pool/core assemblies provide cadmium covered section or bare.
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Mngusacic trsnsfer system schematic

There are five beam ports divided into two categories as follows:

Tangential beam ports: Two beam ports are oriented tangential to the reactor core,
penetrate the graphite reflector, the coolant water, and the concrete shield. A hole is
drilled in the graphite tangential to the outer edge of the core. One beam port terminates
at the tangential point to the core. The other beam tubes extend both directions from the
reflector and out opposite sides of the reactor shield.

Radial beam ports: There are two radial beam ports, each which penetrate the concrete
shield structure and the coolant water. One radial port terminates at the inner edge of the
reflector. The second radial port also terminates at the outer edge of the reflector,
however a hole drilled in the graphite reflector extends the effective source of radiation to
the core fuel region.
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Three element feature: the 3-El is a 2.062 in. (5.24 cm) diameter hole. Location of the
hole center coincides with the center of a three element sub array. Total area of the hole is
3.34 in” (21.5 cm?), but also contains additional area for each of the three elements of the
original sub array. The area available under the cutout for experiments is limited by
clearance for adjacent elements to less than the area of the central and three adjacent fuel
element positions. Three single element holes have a total area of 5.34 in.? (34.4 cm?).
One three element sub array cutout in the sub array is one D ring and two E ring
locations. The other three element sub array is one E ring and two D ring locations.

Six element feature: A 6-El removable grid space is located at the center of the core grid
structure controls the position of the center hole and adjacent B ring elements. Removal
of the A and B ring element array will create a 4.005 in. (10.17 cm) diameter hole. This
hole has an area of 12.6 in.? (81.3 cm?), centered at reactor core center. Additional space
is available in the partial element holes that remain in the B ring. This additional space is
the result of the experiment hole diameter, which exceeds the diameter of the center hole,
but is less than a diameter that would include all the B ring holes. A limit shall exist on
the use of this space such that the total area available to the experiment remains less than
15.8 in.? (30 cm?).

Seven Element Feature: during reflector change out, a facility similar to the 6-El was
fabricated, but displaced into the outer rings.

Experiment evaluation requirements:
Double encapsulation is required for experiments containing materials:

e Corrosive to reactor components, compounds highly reactive which water, potentially
explosive materials, and liquid fissionable materials shall be doubly encapsulated.

e NFPA reactivity ratings greater than two or fire ratings equal to four should be doubly
encapsulated. The encapsulation is to protect against the energy release and corrosion

properties.

e Materials having a reactivity rating of 1 or a flammability rating greater than 1 should
be evaluated individually to determine if double encapsulation is warranted.

e More than 100 ppm of thorium, uranium, or plutonium.
No more than 25 mg TNT equivalent explosive material is permitted

In fueled experiments, total radioactive iodine inventory (131-135) shall be no greater
than 750 mCi, with maximum strontium inventory no greater than 2.5 mCi

Experiment materials, except fuel materials which could off -gas, sublime, volatize, or
produce aerosols under one of the following conditions shall be limited to occupational
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levels for airborne radioactivity concentration, as specified in 10CFR20, where averaging

over a year for:

e Normal operating conditions of the experiment or reactor

e C(Credible accident conditions in the reactor

e Possible accident conditions in the experiment.

1.2.8

Facility Sumps & Drains

1.3 Technical Specifications

1.3.1 Reactor Pool and Cooling
SECT | DESCRIPTION | SPECIFICATION SR FREQ Procedure/record
43.1.a Annual
33.1.a Pool cooling 48°C 43.1.a Monthly
4.3.1.a | During operation
43.1b Annual
33.1b Pool cooling 6.5 m 43.1b Monthly
4.3.1.b | During operation
43.1.c Annual
SURV-4 Reactor
33.1c Pool cooling 5.0 umho <mo> 43.1.c Monthly Water Systems
Surveillance
4.3.1.c | During operation
. . 43.1d Daily & retest
33.1d Pool cooling <1 psig HX dp 4.3.1.d | During operation
Periodic SURV-4 Reactor
33.1e Pool cooling 43.1.e Quarterly Water Systems
measurement ph .
Surveillance
Periodic SURV-4 Reactor
33.1e Pool cooling 43.1.e Quarterly Water Systems
measurement o-f3 X
Surveillance
Periodic
33.1e Pool cooling measurement y 43.1.e Annually
spec
5.2.1 Reactor coolant Natural convection
system
522 Reactor coolant Siphon breaks
system
s5a | Reactorpool g op e co60
irradiator
55b chactO.r pool >4.5 m under water
irradiator
55b Rf.:acto.r pool > 0.5 m form wall
irradiator
Reactor pool Pool water
55.c cactorp 2.5X10x test
irradiator L
gamma irradiator

Facility Introduction, Badge Issue, Safety Briefing
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1.3.2 Reactor Core & Control Rods

SECT DESCRIPTION SPECIFICATION SR FREQ Procedure/record
2.1 Safety limit Fuel | .y ~500°¢, <1150°C
Temp
2.1 Safety limit Fuel -\ 4 ~500°C, <950°C
Temp
2.2.1 Fuel temp LSSS <550°C
SURV-1 Fuel
2.2.1 Fuel temp LSSS IFE in B or C ring temperature
calibration
222 Power level 1100 kW
2.2.3 Reactivity insertion 2.2% Ak/k (pulse)
Annually or post SURV-3 Excess
3.1.1 Excess reactivity 4.9% Ak/k 4.1.1 core/control rod Reactivity and
changes Shutdown Margin
0,
030/21 ﬁgkrr(lr:\fecgleé ! Annually or post SURV-3 Excess
3.1.2 Shutdown margin . 4.1.2 core/control rod Reactivity and
experiments most .
. changes Shutdown Margin
reactive)
SURV-6 Control
Rod Calibration
3.13 Transient rod 2.8% Ak/k worth SURV-7 Pulse
413 Annual Characteristic
Comparison
Annually or post SURV-6 Control
3.13 Transient rod < 15 s withdrawal time 413 core/control rod o
Rod Calibration
changes
3.14.a Fuel elements < 2.54 mm elongation 4.14
3.14b Fuel elements < 1.5875 mm bend 4.1.4
3.14.c Fuel elements No clad defect (fission 4.1.4 Biennial
product release)
32.1.a Control rods No apparent damage 42.1.a Biennial
SURV-6 Control
32.1b Control rods <1 s scram 4.2.1.b | Annually or retest Rod Calibration
o A SURV-6 Control
32.1.c Control rods <0.2% Ak/k s 4.2.1.c | Annually or retest Rod Calibration
multiple simultaneous Semiannually or
32.2b Control rods manual rod withdrawal 422 © uatly o
retest
prevented
399 ¢ Transient Rod Int;rlock prevents 499 Semiannually or
pulsing unless down retest
3.2.2.d | Standard Control rods Withdrawal in pulse 422 Semiannually or
mode prevented retest
399 e Transient Rod Pulse prevented if > 1 499 Semiannually or
kW retest
SURV-1 Fuel
423 Annually temperature
323a Safety System 550°C (2) calibration
Daily channel
423 check
323b | Safety System <1.1 MW SS 423 | Annually or retest | SURNY-2 reactor
power calibration

Facility Introduction, Badge Issue, Safety Briefing
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SECT DESCRIPTION SPECIFICATION SR FREQ Procedure/record
423 Daily
323D Safety System <2000 MW P 4.2.3 | Annually or retest
323e | Manual SCRAM Operable 423 | Semiannually or
retest
1.3.3 Reactor Pool & Pool Cooling
SECT DESCRIPTION SPECIFICATION SR FREQ Procedure/record
43.1.a Annual
33.1a Pool cooling 48°C 43.1.a Monthly
43.1.a | During operation
43.1.b Annual
33.1b Pool cooling 6.5m 43.1b Monthly
4.3.1.b | During operation
43.1.c Annual
SURV-4 Reactor
33.1.c Pool cooling 5.0 pmho <mo> 43.1.c Monthly Water Systems
Surveillance
4.3.1.c | During operation
. . 43.1d Daily & retest
33.1d Pool cooling >1 psig HX dp 43.1.d | During operation
Periodic measurement SURV-4 Reactor
33.1.e Pool cooling h 43.1.e Quarterly Water Systems
P Surveillance
Periodic measurement SURV-4 Reactor
33.1e Pool cooling o-p 43.1.e Quarterly Water Systems
Surveillance
33.1.e Pool cooling Periodic nslre)zzurement V1 43.1e Annually
5.2.1 Reactor coolant Natural convection
system
522 Reactor coolant Siphon breaks
system
55a Reactor pool < 10KCi Co-60
irradiator
55b Rei:actoir pool > 4.5 m under water
irradiator
55b Rei:actoir pool > 0.5 m from wall
irradiator
Reactor pool Pool water 2.5X107,
5.5.c . . . .
irradiator test gamma irradiator
1.3.4 Confinement System
SECT DESCRIPTION SPECIFICATION SR FREQ Procedure/record
Confinement Supply & Exhaust (S?gri'l\:l_esmtlllrt
332a . . damper & Fan trip on 432b Monthly
isolation - System
radiation level .
Surveillance
Facility Introduction, Badge Issue, Safety Briefing E1.1-32
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SECT DESCRIPTION SPECIFICATION SR FREQ Procedure/record
SURV-5 Air
330¢ anﬁngment Air purge 2 exchanges 430 Monthly Confinement
isolation per hour System
Surveillance
1.3.5 Facility Radiation Monitoring
SECT DESCRIPTION SPECIFICATION SR FREQ Procedure/record
Rad Monitoring 433.a Semiannually
Systems — CAM
3.33.a (particulate) with Operable 433.a Weekly
readout and alarm
Rad Monitoring
333.a Systems — CAM <5 meters from pool Na
(particulate)
Rad Monitoring 2x10” uCi/em’ W 2 h
333.a Systems — CAM particulate Na
(particulate) accumulation
Rad Monitoring OOS for 1 week if filter
333.a Systems — CAM evaluated daily & Ar- Na
(particulate) 41 monitor available
Rad Monitoring 433b Monthly
Systems — CAM (Ar-
3335 | 41 with readout and Operable 433b |  Biennially
alarm
Rad Monitoring Sample purge exhaust
3.3.3.b | Systems— CAM (Ar- ph purge € Na
41) when operating
Rad Monitoring P S
333b | Systems— CAM (Ar- | ~2X107nCi/em” Daily Na
) release
41) alarm setpoint
Rad Monitoring 6 3
333b | Systems— CAM (Ar- | ~2X107nCi/em” Annual Na
release
41) releases
Rad Monitoring .
333b | Systems— CAM (Ar- | 1T ©OS,air purge <10 Na
A1) days
Area radiation 433.c Semiannually
333.c¢ monitors with Operable 433c Weekly
readout and alarm
333 | Arearadiation Setpoint < 100 mR/hr Na
monitors
333.c Area rafi 1ation Pool level Na
monitors
333.c Area ra.d 1ation 2 other areas Na
monitors
1.3.6 Power Level Instrumentation
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SECT DESCRIPTION SPECIFICATION LCO FREQ Procedure/record
222 Power level 1100 kW
2.2.3 Reactivity insertion 2.2% Ak/k (pulse)
3224 Interlock <2 cps SIU 422 | Semiannualor
retest
322e Interlock 1 kW pulse 422 Semiannual or
retest
SURV-2 reactor
323b Safety System <1.1 MW SS 4.2.3 Annual or refest power calibration
423 Daily
323 Safety System <2000 MW P 322 Annual or retest
3.2.3.f Safety System Watchdog (scan rate) 423 Annual or retest
3240 Power level 2 channels
3.24.c Pulse power 1 channel
3.24d Pulse energy 1 channel
1.3.7 Experiment Facilities & Operations
SECT DESCRIPTION SPECIFICATION LCO FREQ Procedure/record
3.4.1.a | Experiment reactivity Moveable, <$1.00 44.1
3.4.1.b | Experiment reactivity Secured <$2.5 44.1
3.4.1.c | Experiment reactivity | Total possible <$3.00 | 4.4.1
Corrosive, reactive,
3.4.2.a | Experiment Materials explosive double 4272
encapsulated
Encapsulation failure
34b Experiment Materials with potential
consequences, remove
Encapsulation failure
34D Experiment Materials with potential
consequences, inspect
Encapsulation failure
34D Experiment Materials with potential
consequences,
corrective action
Encapsulation failure
with potential
34b Experiment Materials | consequences, Director
review prior to
operation
34.c Experiment Materials <25 mg explosives
Pressure calculation (or
34.c Experiment Materials exp) within capsule
design
. . <750 mCi 1131-1135,
34.d Experiment Materials <2.5mCi Sr (fueled)
0
34.e Experiment Materials <MPC for 100./0 release
if volatile
0
34.f Experiment Materials 3.4.¢ calc assume 10%
release
Facility Introduction, Badge Issue, Safety Briefing El1.1-34
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1.3.8 Sumps

NA
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TS [ CURRENT | NOMINAL
$ Parameter LIMIT | VALUE | VALUE
-$1.16 | 3-element cadmium lined canister, water filled” (D & E) u
-$0.92 | 3-element cadmium lined canister” (D & E) u
-$0.90 | PNT (position Al) worth' n
-$0.50 | CT (position A1) void worth' -
-$0.45 | through tube void worth' n
-$0.40 | RSR poison 40 palaces worth' n
-$0.35 | piercing tube void worth' u
-$0.33 | Cd pneumatic tube’' n
-$0.16 | PNT (position G1) worth' n
$0.19 | G-Ring fuel element worth' n
$0.20 | Maximum dummy worth' u
$0.25 | F-Ring fuel element worth' u
$0.286 | Min SDM TS 3.1.2 (1 rod out, 0.2% Ak/k) u
$0.3 Max xenon worth “Ref, Core Condition” TS 1.20 u
$0.36 | E-Ring fuel element worth'~ n
$0.50 | Minimum dummy worth' u
$0.54 | D-Ring fuel element worth'~ n
$0.85 | C-Ring fuel element worth' n
“Reactor Shutdown” using “Ref. Core Cond.” TS 1.20 m
$1.00 | Max single moveable experiment TS 3.4.1.a m
Expt. movement requires SRO TS 6.1.3 m
$1.07 | B-Ring fuel element worth' n
$1.25 | Fuel in 3-El. facility {[E22/23, D17] or [F22/23, D17]} u
$2.50 | Max single fixed experiment worth TS 3.4.1.b m
$2.54 | SHIM 1 current worth [D14] n
$2.90 | REGULATING ROD current worth [C1] u
$3.00 | max sum of all experiments reactivity TS 3.4.1.c u
$3.10 | SHIM 2 current worth [D6] n
$3.14 Maximum pulsed reactivity TS 2.2.3 (2.2% Ak/k) ]
) TRANSIENT ROD current worth [C7] u
$4.00 | A-Ring fuel element worth u
$4.00 Transient rod worth TS 3.1.3 (2.8% Ak/k) u
Max reactivity insertion analysis (substantial margin) u
$5.79 | Current core excess reactivity u
$5.89 | Current critical rod worth n
$6.42 | Fuel in 6-El. facility { B1/2/3/4/5/6, CT }' u
$7.00 | Max excess reactivity TS 3.1.1 (4.9% Ak/k) u
$11.68 | Total control rod worth u

! Reactor Reference Data Notebook, Safety Analysis report Table 4-5; SAR Table 4-6 indicates CT Fuel $0.90, CT
Void -$0.15, PNT Void -$0.10, RSR void -0.20
? Significant deviation from values in 3-Element Experiment Authorization (cf. E-Ring ~$0.50 & D-Ring $0.95)
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Pneumatic Tube

RSR Loading Port
RSR Operating Shaft
7-Element Facility
Pneumatic tube
Fission Chamber
Safety Channel 1/2
N16 Diffuser
Regulating Rod
Transient Rod

Shim rod 1

Positron Facility
Neutron Radiography Facility
Texas Cold Neutron Source

Neutron Depth profiling Facility

or Pulse E1.3-3
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Parameter $ or % Ak/k
Min SDM TS 3.1.2 (1 rod out)
Max xenon worth “Ref, Core Condition” TS 1.20
“Reactor Shutdown” using “Ref. Core Cond.” TS 1.20
Max single moveable experiment TS 3.4.1.a

Expt. movement requires SRO TS 6.1.3

Max single fixed experiment worth TS 3.4.1.b

max sum of all experiments reactivity TS 3.4.1.c

Maximum pulsed reactivity TS 2.2.3
Transient rod worth TS 3.1.3
Max excess reactivity TS 3.1.1

Facility Walkthrough, Observation of Reactor Pulse El1.3-4
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L INTRODUCTION

A. Purpose
This procedure describes the facility and reactor system checks to be done prior to startup
of the reactor and subsequent to shutdown of the reactor including a check of operation
requests for valid experiments.

B. Description
Operation of the reactor requires test and verification of Instrumentation Control and
Safety (ICS) System functions and other facility systems. Checklists for the test and
verification of ICS System and checks of support systems assure that systems are
operable prior to or during operation of the reactor.

Several facility systems must function properly for the reactor systems to operate safely.
The two most important are the pool water system and air confinement system. Other
equipment such as communication equipment and radiation monitoring equipment are
also necessary for operation. A checklist documents the status of various systems. Both
pre-start checks and post shutdown checks are for the purpose of verifying the operability
or condition of important systems.

Prior to actual operation, a review of the operation requirements and check of valid
experiment requests and approvals must be made. An operation request form documents
the request and the valid experiment approval. All actions of this procedure require the
direct supervision of a reactor operator with a valid license.

C. Schedule
Apply this procedure each day the reactor is taken through an operation cycle of startup
and shutdown.

D. Contents

A, Operation Request Page 4
B. Startup Checks Page 4
C. Shutdown Checks Page 6
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E. Attachments
Operation Request Instructions 1 page
Operatlon Request © 4 pages

] v HOR e

Startup Shutdown Checkhst 2 pages
Supplemental Heat Exchanger Startup/Shutdown Checklist 1 page
Experiment System Checklist 1 page
CTR Load 1 page
RSR Load 1 page
PNT Load 1 page
3L Load 1 page
BP Load 1 page

F. Equipment, Materials
TRIGA research reactor
Operation Support Systems
Instrument Control and Safety System

G. References, Other Procedures
Docket 50-602 SAR
ANS 15-6, Reg. Guide 2.2
OPER-2 Reactor Startup and Shutdown
OPER-3 Reactor Operation Modes
OPER-4 Operation of Reactor Water Systems
OPER-5 Operation of Air Confinement System
MAIN-4 Area Radiation Monitoring Systems
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. PROCEDURE

Review the requirements of operation, (see section A). Prior to the day’s operation perform the startup
checks (refer to section B). At the conclusion of the day’s operation perform the shutdown checks (refer
to section C).

A. Operation Request
Review the operation request form for each experiment.

1. Review each operation and experiment to document a valid experiment approval
authorization has been done. The Reactor Supervisor (SRO in his absence) shall
approve the operation request.

Z Active operation request forms should be available at the reactor console during
all reactor operations for that request.

3. The-seme operation requests include an evaluation of samples or materials subject
to irradiation or exposure and a list of samples on a form such as HP6 Sample
Logs. These forms should # be kept with the operation request until the
irradiation or exposure is complete.

4. Place operation requests that are no longer active in the appropriate permanent

files.

B. Startup Checks
Perform the following actions and record data on the Startup-Shutdown Checklist.

1. Identify experiment classification and personnel requirements.
a. Perform visual inspection of reactor and experiment areas.
b. Review the operation request (see section A).

e. Designate the SRO, RO and experimenter, if any.

Date of Change: 'Aié!b-l)l- | ' y Stamp (Original-Red, Co %ebv
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2. Check support facility conditions;
Several systems must be operating or operable.
a. Room 1.104 Evacuation Alarm
b. Communication - telephone and intercom (1 way)
Telephone must be operating at the time of startup.
C. Operate the following radiation monitoring systems:
L. Alir particulate activity monitor.
1. Argon-41 gas effluent activity monitor.
11l Area radiation monitors (at least 3); The pool area monitor and two
additional area monitors must be operating,
3. Set reactor room ventilation conditions, as follows:
a. Switch room HVAC fan to “Reactor ON” mode (refer to OPER-5).
“Reactor ON” mode of the HVAC system should be the normal mode
during operation of the reactor.
b. Start argon purge fan and align source valves ON (refer to OPER-5).
This system must be operating if the “Reactor ON” mode of the HVAC is
not available and the reactor is operating.
4. Set reactor pool cooling conditions, as required.
a. Note status of water purification loop. Pool water purification system
should be operating (refer to OPER-4).
b. Operate heat exchanger coolant system pool and chilled water loops for
requested reactor power levels greater than 100 kilowatts (refer to OPER-
4). Under normal conditions the cooling system should be operating prior
to reactor startup. Use primary checklist for first system startup and last
shutdown of the day. Use supplemental cooling system checklist for
intermittent shutdown and restarts.
5. Check operability of ICS System (requires SRO approval).
a. Verify ICS operating or initiate ICS bootstrap sequence.
Refer to Chapter 1 & 2 of ICS Operation Manual.
b. Verify successful ICS bootstrap sequence.
Refer to Chapter 2 of ICS Operation Manual.
& Perform ICS Pre-start checks sequence.
Refer to Chapter 2 of ICS Operation Manual.
Date of Change: : : ! : ! A Stamp (Original-Red, Copy-Blue)
Change Approval ! : ] : : 4
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6. Check operability of support and experiment systems.

(Checklists require SRO approval)

a. Complete Startup Checklist.
b. Complete any (applicable) Experiment Systems Checklist.

G Shutdown Checks
Verify the following tasks are complete. Record on the Startup-Shutdown checklist.

1. Turn Reactor Control Console (RCC) key switch from ON to OFF.
Perform operator log OFF.

2. Remove and secure RCC key (give to SRO/place in locked storage).

3. Secure experiment areas, radiation areas, and radioactive materials.
4. Complete shutdown checklist:
a. Secure operation of heat exchanger system (refer to OPER-4).
1. Turn OFF power to pool water and chiller water pumps.
il. Close chilled water valves to heat exchanger (2) and the pool water

isolation valves (3).

b. Secure operation of room ventilation exhaust (refer to OPER-5).
1. Turn off argon purge fan and close source valves.
il Record integral Argon counts and secure Argon CAM.
il Switch room HVAC fan mode from “Reactor ON” to “Reactor
OFF”.
C. Perform inspection of reactor and experiment areas.
3. File previous operating records, checklists, and other data-sheets.
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Operation Request Instructions

1. Fill in Operation Request (all sections except italicized review & approvals)

2. Determine Experiment Approval Status from table below. Only Checked experiments are
approved. Other experiments require evaluation and Reactor Committee approval before
performance.

3. If an in-core material irradiation, such as B3.X or B4.X is requested, complete & attach
rerrphatenFarmand an applicable HP6 Sample Load Data sheet(s).

4, If an ex-core material exposure, such as A3.1, A3.2, A3.3, or A4 X complete & attach an
ExposuroEommand applicable HP6 Sample Load Data sheet(s).

5. If desired experiment is not approved contact SRO

Experiment Listing ( Only ¥ Experiments Approved)
Y| ALO | ICS Operation v | ALL | 1CS Pre-start checks s{alz . iglsibmion system | /| A13 | ICS system changes
A20 Core Reactivty A21 Criticf'xl mass | | as9 Fucl' element | /1 433 | Control rod elements
Adjustments expenment movements
Radiation shield Beam ports 1, 2, 4 Beam ports 3, 5
A30 figurati A3.1 Vertical beam ports v A32 A. Temporary (HP) v | A33 A. Temporary (HP)
contigurations ) B. Routine (no HP) B. Routine (no HP)
TCNS
a. Routine usage no ELa Neutron radiography Positron production
moderator or cooling :
Special Projects ) b. Routine usage with a, <250 kilowatt a. <8 hour(?)
ARD (Circle A, B, or C) 1 Al moderator & cooling : o : a2
c. TCNS pulsing . b. > 250 kilowatt b.> 8 hour (?)
d. Use of Deuterated (approve as A3.2a) (no approval for b)
Mesitylene moderator
Routine operations Reactivity coeflicients Reactivity Step reactivity insertion
ol R -Trai_ning : Bl -Voids and materals il Bl coefficients B3 -Positive & negative
v { B2 ?g:r:gismd?r?cmmns v | B2l Power operation v i B22 Pulse operation B23 Special projects
B321
RSR (long-lived) (large) PNT (short-lived) Special projects (3L)
Neutron Activation (A) Biological B322 (A) Biological (A) Biological
< | Bl (Circle A, B, or C) “1 Bad (B) Geological ¢ (small) (B) Geological V| B33 (B) Geological
(C) Engineering B323 (C) Engineering (C) Engineering
(sm Cd)
; . Isotope production .| Isotope  production o .
B4.0 Isotope Production v B4l RSR (long-lived) B42 PTS (short-lived) B43 Special projects (3L)
BS5.O Reactor core exposures | - B5.1 Spare B5.2 Spare B53 Spare
v | B6.0 Beam port exposures B6.1 Beam ports 1, § Bs.2 Beam ports 2, 4 B6.3 Beam port 3
Other (Comments / Description:)
Reactor Operation Request Instructions Stamp(Original-Red, Copy-Blue)
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OPERATION REQUEST
Date: / / | Request No.
Requested by: Phone: l
| Exp #
Project Description: | NETL Tracking No.
l O3 Research
| O Service
| 03 Internal
Mode of Operation: ~ {J Manual Power Level: kW O Pulse
0 Auto Time at Power: _ Reactivity $’s
O Square Number:
Date Needed: / / Expected Completion: /
(3 Class A or OClass B, Experimenter
3 In-Core (rradiation). acCT O RSR O 3L (Cd) 0 3L (No Cd)
[JePNT(Cd) CItPNT(NoCd) O PNT-GA 0 Other
(3 Ex-Core (Exposure): Beam Port #: Other:
{7 New Experiment (Safety Evaluation Required)
(3 Class C experiment, Operator: Experimenter:

Room Number
3 Pool

{J Non-Reactor:
{3 Experiment in Reactor:

0 Area

NOTES/SPECIAL INSTRUCTIONS:

Reactor Operation Request
Date of Change 18/2503)] I I
NETL Director Approval 1S.X | I l |

Stamp(Original-Red, Copy-Blue)

cCOrY

Page 10f2
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PAFormat.doc Date: 8/22/02
Attachment Number - Rev.: OPER-1 1.01
a:\operl-a2.doc Procedure Title: Startup — Shutdown Checks

Material Evaluation

0 Exposure (ex-core) l Request No.
[ Irradiation (in-Core) | Exp.No.
(J No Samples ' | NETL Tracking No.
Sample Description: | (0 Research
| 3 Service
| O Internal
# of Samples Composition: O solid AND 0 Biological
Avg. Mass: g (solid) O liquid 3 Geological
ml (liquid) O gas [0 Engineering
cc (gas) (Act. Calc. Req’d)
HAZARDS: [ Toxic O Explosive (0 Gamma Activity 3 Other (explain)
(3 Corrosive O Combustible (3 Neutron fission
O Volatile (J Beta Activity [0 Neutron Absorber
Elements: Major Isotopes):

Trace (Isotopes):

Encapsulation: (Liquids require double encapsulation. Other hazards require special consideration.)

O G § (._JD g 8 > 8 ﬁ :8 ;D § g “ b3 )

& °8d| s (S§gl<| E| E || E| S| 2|55

I R AR G DN B 5 E & © 51 & |90 &

Solid
Liquid
Gas
OPERATIONS USE ONLY: LABORATORY USE ONLY:
Time of operations (hrs): Sample Preparation (hrs):
Setup and breakdown time (hrs): Irradiation/Counting (hrs):
Total time (min. 1.0 hour): Analysis (hrs):
| Lab Manager Approval
ADMIN USE ONLY: Customer Information
Cost:
Account #: .
Billed:
Payment Received:
| —— e —

Operations Approvals and Review (Reactor Supervisor Signature)
Experiment Type: O3 Authorization (New) O Special O Routine
Approval: Date: Review: Date:
Reactor Operation Request Stampy(Criginal-Red, Copy-Blue)
Date of Change | 2| | | | ﬂn L A

NETL Director Approval 1€t | | | . | e ‘ Page 2 of 2




PAFormat.doc Date: 4/3/02
Attachment Number - Rev.: OPER-1 1.00
a:\operl-a3.doc Procedure Title: Startup — Shutdown Checks

Material Evaluation (Irradiation)

P Méterial: ‘

Form - v/ App able: Cl hqu1d

Physiéal form El Biolbgicéj DGeologxcal I 0 Engm fg(Act Calc Req)

Chemical fo L e
o i | Mass (gra y 4
Form 3 Apphcable O3 solid 3 liquid y 4 0 gas

Hwards

Elements : S Isotopes '
Major Minor \ Major /
1 4 1 \4\ 1 y 4 6
2 5 2 2 y4 7
3 6 3 6
Material psulation:
Reference No’s. to to
Enter the number of vials in each category : Standards Samples
Solid y4
Fine powder y 4 N\
Coarse powder £ AN
Liquid y4 \
Volatile y 4 \ |
(A) Total number of samples: (note: must mgfh B & C) !
Encapsulation Type: Standar Samples
Smp.le and double encapsulation y 4 1 \ 1 2
: Polvgfhvlene (low density)
Polfethylene (hi density) AN
' minum \
MATERIAL: ’ artz
i T e T Glass AN
Piastic bag 03 — N\
Other (i.e. boron or cadmium)
(B) Total: (note: mygfmatch A & C)
* Seal Type: : ‘ : 3 -+ Standards . mples
: Press fit
. Thermal
. Other
(note: ‘must match A & B) T
tion Approvals (Reactor Supervisor Signature) A e B B T LR T R
o [Mm/ddyy |
Irradiation Request Sample Evaluation Stamp(Original-Red, Copy-Blue)

Date of Change 19/5/e1| | | L
NETL Director Approval 15.5 | | | R&E@ Page 1 of 1



PAFormat.doc Date: 4/3/02
Attachment Number - Rev.: OPER-1 1.00
a:\operl-ad.doc Procedure Title: Startup — Shutdown Checks .
Material Evaluation (Exposure) d
StNdardRef. | e it B T e i g et R L
' \ i 2| Material: y 4
< /
Form - v APNlicable: | O solid (3 liquid Ogas £
Sample compoMjon | i Tl bt el A
T .-\ | Physical form | OBigiei ] [ O Engineeringgct. Calc. Req.)
| Chemical form | e /
S i oo  WMass (grams) /
Form - v Applicable: olid Opowder liquid ¢ [/ Ogas
o - OVo etRactivity
: OCorro O Gamma activity
. OExplosi ONeutron fissig
: : OCombustib Neutron ab
Elements - T s W .| Isotopes .o o / e
Major = T™inor -~ N\ | Major . 4 | Minor
1 3 1 3\ 1 ) 4 3
2 4 2 4 N §2 % 4
MateriN Encapgfiation:
Reference No’s. : N/ to to
Enter the number of items in each category K Standards Samples
' - { Solid
Fine powder V4
Coarse powder y 4 N\
Liquid y4 AN
Volatile y 4 N\
(A) Total number of samples: (note: must match AN
Encapsulation Type: Sm,xds Samples
(No requirements) 1 2 1 2
e (low density) N\
ene (hi density) N\
MATERIAL:
Other (i.e. boron or cadmium) AN
e None AN
(B) Total: (note: musigfiatch A}
Comments:
AN
Opgfation Approvals (Reactor Supervisor Signature) ..\ i A e Yy I e 60, T S R TN
proval i e | Mm/dd/yy B !
Exposure Request Sample Evaluation Stamp(Original-Red, Copy-Blue)
Date of Change ECEN | | l ,
NETL Director Approval I—(J*X.\ | | | | O R l G g
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PAFormat.doc Date: 4/3/02
Attachment Number - Rev.: OPER-1 1.00
a:\operl-a5.doc Procedure Title: Startup — Shutdown Checks
STARTUP CHECKS

By: Run #: Date / /
General Conditions: (v Conditions)
(Inspect Areas): Core Pool Room

Previous Days Experiments Removed?

Experiment areas:
Orool BP1 BP2

(¥or circle condition)

BP3 BP4

BPS

OYes [No, Required To Stay

(S - Secure, Shielding in place)

s/E S/E S/E S

/E

S/E

(E - Secure, Setup for Experiment)

Video Monitors [JON Communication System: [JOK  Rm Evacuation Alarm: (JOK
Radiation Monitors: (v  Units)
(v Unit Operable) Area: BP1  BP2&3 BP4s5 Pool 3.208 Mid
(Reguires 3 V) w m a3 34 a5 Os
Area: 3,102 Pipe RAM Resin Hood 3.102 Hood 3.206
Oa Ob Oc Od 01 02
Air activity: Alert Alarm Current Time ON:
Ar-41 CAM 2000 10000 v cpm :
PART CAM 4000 10000 v cpm
Portable Unit: Checks [OK

Room Ventilation System:

(v Set Operating State)

HVAC Mode (exhaust): Oon OOFF Stack Velocity __ fpm
Argon Purge (exhaust) on OoFF Stack Velocity fpm
Purge Alignment ON: frool Surface Purge OBeam Port Purge (x on)
Manifold valves: (IBP3 OeBp4 0OBP5 ORsrR [0BP1 OBP2 (x open)
Room Pressure Yok Ap Level: 01 2 03 Rx Ap (in. H,0)
PNT Port Glove Box Sort Hood
vFume - Sort hoods: Rm 3.102: OoN OJOFF Rm 3.206: JON OJOFF
Pool Water System: (v Set COperating State)
Purification: Pump: [JON (JOFF Conductivity: 1In: out:
Pool Isolation: valves OPEN (JIn OoOut Align N16 %
Heat Exchanger: v Ap Alarm (JOk
Hx Chill side: Valves OPEN {JIn Oout Pump {J ON
Hx Pool side: Valves OPEN (In Jout Pump 0O ON Time ON:
chill Water Pool Water
Flow: gal/min Flow: %
(psig) Temp. (F) (psig) Temp. (F)
Inlet Inlet b*
Outlet ax Qutlet
Sensor Ap psig Calc. Ap (a*-b*): psig
Startup - Shutdown Checklist Stamp(Original-Red, Copy-Blue)
Date of Change I | | | | QW § gufs 13
NETL Director Approval | | I | |© jead=d. 3 Page 1 of 2
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PAFormat.doc Date: 4/3/02
Attachment Number - Rev.: OPER-1 1.00
a:\operl-a5.doc Procedure Title: Startup — Shutdown Checks
ICS System: (v’ Operating State)
ICS program boot: OYes Successful: OYes ONo
Boot type: Ctrl-C J Remote Only (DAC)
Power ON O Local and Remote (CSC & DAC)
ONo Previous QONX Boot date: / /
ICS Auto-Calibration: Pre-start Checks Completion OK
Error condition:
Print: Pre-start Diagnostic 0 Fuel Temp (2) Channel Check OoK

Status Window a

Key ON Tests

(Initial):

Power Level (3) Channel Check OOK

vManual SCRAM Ok (Use each rod @ least once)
¥'ICS Watchdog Ok DAC €sC
vExternal SCRAM OK / NA 10 20

Additional Startup Checklists Required Attached (v Operating State)

(JHeat Exchanger OExperiments ONone
SRO Approval By:
SHUTDOWN CHECKS By:

ICS System:

Remove Key

(Verify and Initial)
All Rods Down

CSC Chart Recorder OFF d
Print Acc. Operator Time O

Scram Mode
# of SCRAMS

ICS System Operator LOG-OFF Video / Intercom  OFF O
Archive File: ONo OvYes Filename/Diskette #:
Pool Water System: (v  Set Operating State)
Heat Exchanger: Time OFF: ]
Hx Pool Side: Pump O OFF Valves OPEN: Oin Oout
Hx Chill Side: Pump O OFF Valves SECURE: OIn Oo0ut
Pool Isolation: Valves SECURE OIn Oout 0ON16
Purification:
Pump OON OOFF Pool Level: Meters

Room Ventilation System:

HVAC fINormal
Ar pPurge [JSECURE

(v Operating State)

PART CAM
Ar41CaM

Ar Time OFF
cnts

Ar Pump/Chart
OoFF

cpm

Experiment Systems:

3 shutdown Complete

Comments:

Startup - Shutdown Checklist

Date of Change
NETL Director Approval

Stamp(Qriginal-Red, Copy-Blue)

I l | l | COPY Page 2 of 2

I | ! l |
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PAFormat.doc Date: 4/3/02
Attachment Number - Rev.: OPER-1 1.00
a:\operl-a6.doc Procedure Title: Startup — Shutdown Checks

Attachment Heat Exchanger Startup/Shutdown Checklist

Date / /
STARTUP CHECKS:
Heat Exchanger Operation: (v operating state)
Pool Isolation: Open Valves In__ Out__ Align N16 %
Hx Pool Side: Open Valves In__ Out__ Pump ON__
Hx Chill Side: Open Valves In  Out___ Pump ON__ Time:
Check Pool Level By:
SHUTDOWN CHECKS:
pool Isolation: Close Valves In  Out__ Close N16
Hx Pool Side: Close Valves In__ Out__ Pump OFF__
Hx Chill Side: Close Valves In__ Out__ Pump OFF _ Time:
Check Pool Level By:

STARTUP CHECKS:

Heat Exchanger Operation: (v operating state)

Pool Isolation: Open Valves In _ Out__ Align N16 %
Hx Pool Side: Open Valves In__ Out__ Pump ON__
Hx Chill Side: Open Valves In  Out__ Pump ON_ Time:
Check Pool Level By:
SHUTDOWN CHECKS:
Pool Isolation: Close Valves In_ Out_ Close N16
Hx Pool Side: Close Valves In__ Out__ Pump OFF_ _
Hx Chill Side: Close Valves In_ Pump OFF _ Time:

out
Check Pool Level By:

STARTUP CHECKS:

Heat Exchanger Operation: (v operating state)

Pool Isolation: Open Valves In__ Out__ Align N16 %
Hx Pool Side: Open Valves In _ Out__ Pump ON___
Hx Chill Side: Open Valves In  Qut__ Pump ON__ Time:
Check Pool Level By:

SHUTDOWN CHECKS:
Pool Isolation: Close Valves In__ Out__ Close N16
Hx Pool Side: Close Valves In  Out__ Pump OFF __
Hx Chill side: Close Valves In _ Out__ Pump OFF _ Time:
Check Pool Level By:

Supplemental Heat Exchanger Startup/Shutdown
Blue)

Date of Change | | | | l
NETL Director Approval | | | |

Stamp(Original-Red, Copy-

COPY

Page 1 of 1
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PAFormat.doc Date: 4/3/02
Attachment Number - Rev.: OPER-1 1.00
a:\operl-a7.doc Procedure Title: Startup — Shutdown Checks
EXPERIMENT STARTUP/SHUTDOWN CHECKS
By Date: / /
/1 Experiment Requested Run #
W] CENTER TUBE EXPERIMENT (CT)
S/U: Center Tube in A-1l a Sample Assembly Loaded in Tube Q
§/D: Status of Sample Assembly: Decay In Core a
Remove From Core Q In Pool? Qves No
Q ROTARY SPECIMEN RACK EXPERIMENT (RSR)
§/U: RSR Ar Purge Valve UOFF
RSR Rotation Direction Qcw  dccw
RSR Drive Motor QoN
s/D: RSR Drive Motor QorF
Q PNEUMATIC TRANSFER SYSTEM EXPERIMENT (PNT)
S/U: PNT Terminal in Core: 0 ca Small Tube: Q NCd @ cd
CO, Gas Bottle Valve: 1 OPEN
CO, Pressure psig
PNT Control System Key Q oN
§/D: PNT Control System Key O OFF
CO, Gas Bottle Valve J SECURE
CO, Pressure psig
Status of PNT Terminal: In-core O Yes 0 No
Q THREE ELEMENT CUTOUT IRRADIATOR EXPERIMENT (3L)

s/u: [ vVerify or O Reconfigure Fuel & Graphite Set For 3L Operation
[ Rod Worth

U Review Calibration Data: (J Core Reactivity,
1f ORequired QON/A Reconfigure fuel & graphite fo

Full Power SCRAM’s Reset O N/A To
Load 3L Canister Into Core: NCd cd Q
Install Rotation Mechanism IN PLACE/ON [
S/D: Remove Rotation Mechanism SECURE/OFF O

r 3L Operation,

$ Qnep QNP O WM

31, Canister Removed From Core: WNo (Yes (Do not remove from pool)

1f QRequired LON/A Reconfigure fuel & graphite fo
Full Power SCRAM's Reset W N/A To Normal:

r Normal Operation,

O nNpp NP O NM

(] BEAM PORT EXPERIMENT AREAS (BP)

Check Beam Shutter, Access Gate,

and Beam Stop

BEAM Exp. PORT # Work in Area SHUTTER OK/GATE SECURE BEAM STOPS IN PLACE
Q #1 ONo, WYES At s/U O, At s/p Q At s/u Q, At s/D U
A #2 wo, QAYES At s/u Q, At s/p QA At s/U Q, At s/p Q0
Qa #3 aNo, QIYES At s/u @, at s/p QA at s/u @, At s/ O
] #4 aNo, QYES At s/U Q, at s/D Q At s/u Q, At s/D Q
a #5 anNo, QYES At s/U @, At 5/D Q At s/U @, At s/p 0
Q OTHER { )

§/U: Complete "
§/D: Complete 0

Comments:

Experiment System Checklist
Date of Change | | | | |
NETL Director Approval | \ | | |

Stamp(Original-Red, Copy-BIue

PY Page 1 of 1
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PAFormat.doc Date: 4/3/02

Attachment Number - Rev.: OPER-1 1.00
a:\operl-a8.doc Procedure Title: Startup — Shutdown Checks
Project Description/# Operation Request #

CENTRAL THIMBLE FACILITY:

Install:
Install CT experiment tube assembly: Oves OAlready In
(Record on irradiation log sheet)
Apply air source to expel tube water OYes ONo
(If Yes a radiation beam will be present at the pool surface)
Remove:
Remove CT experiment tube assembly: OYes OLeave In

(Record on irradiation log sheet)
CENTRAL THIMBLE SAMPLE HOLDER:

Prepare RWP for load and unload activities OvYes ONo
Request (require) HP assistance: Oves ONo

Sample Loading:

Loading By:

Inspect Sample Holder: 10-Ring & Thread Lube OK
Assemble sample assembly: a

Record Sample Log HP6A Oves

Install sample assembly: 0 Position

Irradiation Times:
Time At Power : at Kw
Shutdown Time

Sample Unloading:
Unload By:
Remove sample assembly: O
Assembly Dose rate (HP6A)
Sample Dose rate (HP6A)
Un-package sample assembly:
Store and Shield Sample Holder

® ®

aa

RECORDS:

This list should be used for each activity and attached to the
operation request.

CTR Load Stamp(Original-Red, Copy-Blue)
Date of Change | l | l l COP Y

NETL Director Approval I | I | I Page 1 of 1
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PAFormat.doc Date: 4/3/02

Attachment Number - Rev.: OPER-1 1.00
a:\operl-a9.doc Procedure Title: Startup — Shutdown Checks

Project Operation Request #

RSR LOADING:

Use RSR RWP to load and unload samples.
For each sample batch:
Total number of samples:
RSR Capsule type: Polyethylene
Aluminum
Other
Total number of RSR capsules (load):

Load:
Test sample loading device.
Remove loading tube cap and plug
Ventilate RSR (10 minute purge)
Load samples Total:
Record Load data on HP6A
Reinstall loading tube plug and cap
Secure RSR Purge, valve OFF

oashana |

Irradiation Times:
Time At Power s at Kw
Shutdown Time

Unload:
Switch rotation to OFF:
Ventilate RSR (10 minute purge)
Remove loading tube cap and plug
Unload samples
Record Unload data on HP6A
Secure RSR Purge, valve OFF
Reinstall loading tube plug and cap
QA check:
Total number of RSR capsules: (unload)

gaaaaaa

RECORDS:
These steps should be followed for each activity but a completed copy
of this list is not required for each run. If a copy is completed it
should be attached to the operation request.

RSR Load Stamp(Original-Red, Copy-Blue)

Date of Ch | | | | ‘
ate of Lnange i COPY Page 1 of 1

NETL Director Approval | | | |
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PAFormat.doc Date: 4/3/02
Attachment Number - Rev.: OPER-1 1.00
a:\operl-al0.doc Procedure Title: Startup — Shutdown Checks
PNT:
For each sample do the following:
Load:
Listen for sample actuation announcement
Acknowledge sample actuation announcement
Observe sample irradiation time
Observe sample entry to pool (red on)
Record PNT sample #, exposure time, and p in log
Unload:
Observe sample return from pool (red off)
Observe sample return to port (red green)
Observe PNT port dose rate
Records:
No copy ¢f this list required to be filed for each run
Sample logs and dose rates for tracking are maintained
in the PNT Logbook in 3.102
PNT Load Stamp(Original-Red, Copy-Blue) C o
Date of Change | | | I | P
NETL Director Approval | 1 | ] | Page 1 of 1
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PAFormat.doc Date: 4/3/02

Attachment Number - Rev.: OPER-1 1.00
a:\operl-all.doc Procedure Title: Startup ~ Shutdown Checks
Project Description/# Operation Request #

3L IRRADIATOR FACILITY:

Install:
Install 3L Spider Spacer in core: OvYes OAlready In
(Record on irradiation log sheet)
3L Canister Loaded into core at: : on / /
Remove:
Remove 3L Spider Spacer from core:: Oves OLeave In
(Record on irradiation log sheet)
3L Canister Removed from core at: H on / /
Dose rate at top of canister (cap ON) mR/Hr @

3L IRRADIATOR SAMPLE LOADING:

Use RWP for load and unload activities Oves
Request (require) HP assistance: OvYes ONo
3L Canister Used acd ONon-Cd

Sample Loading:

Loading By:
Inspect Sample Holder, vOK Jo-Ring OThread Lube
Record Sample Log HP6A OvYes Oother form
Install sample assembly: ] Position
Cap Tightened: ok
2 Minute CO, Purge: OoK
Purge Valve Closed: ok
Push down on relief valve top: Ook
Irradiation Times:
Time At Power s at Kw

Shutdown Time

Sample Unloading:

Unload By:

Purge Valve Open: m

Can Dose Rate (Top Cap OFF) nR/hr @
Sample Package Dose Rate mR/hr @
Sample Dose rate (HP6A) mR/hr @

3L Canister Storage:
Storage: OLoading Dock with Oshielding in Place
O1In Pool with OLid ON, Ovalves Closed

RECORDS :
This list should be used for each activity and attached to the
operation request.

3L Load Stamp(Original-Red, Copy-Blue) C

Date of Change [ ] l | | OP

NETL Director Approval l | | | | Page 1 of 1
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PAFormat.doc Date: 4/3/02
Attachment Number - Rev.: OPER-1 1.00
a:\operl-al2.doc Procedure Title: Startup — Shutdown Checks

Beam Port Exposure:

SAMPLE LOADING:
Follow Requirements of applicable Beam Port RWP
Record Sample Data on HP6A or approved RWP Sample Log Sheet

SAMPLE UNLOADING:
Follow Requirements of applicable Beam Port RWP
Record Sample Data on HP6A or approved RWP Sample Log Sheet
Follow RWP requirements for removal of sample from BP area

RECORDS:
All records shall be recorded in the RWP as required by the RWP

BP Load Stamp(Original-Red, Copy-Blue)

Date of Change | l l [ | Co PY

NETL Director Approval l | | [ | Page 1 of 1
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P2Format.doc Date: 4/3/02

a:\oper3int.doc Number - Rev.: OPER-3: 1.00
a:\oper3pro.doc Procedure Title : Reactor Operation Modes
PROCEDURE
OPER-3

Reactor Operation Modes
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NUCLEAR ENGINEERING TEACHING LABORATORY
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THE UNIVERSITY OF TEXAS AT AUSTIN

NETL Procedure Stamp (Original-Red, Copy-Blue)
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P2Format.doc
a:\oper3i
a:\oper3p

Date: 4/3/02
nt.doc Number - Rev.: OPER-3: 1.00
sqeMaioe Procedure Title : Reactor Operation Modes

l INTRODUCTION

A.

Purpose
This procedure describes the different operation modes of the reactor.

Description

The ICS system operation modes control the program logic interlock requirements and
set the operation conditions for the reactor control rod drives. There are four operation
mode conditions set by the control panel switches. Mode descriptions in the display
annunciation box may differ from the switch labels to qualify conditions within a mode.
The SCRAM mode is a non-operation mode (no mode light on).

All actions of this procedure require the direct supervision of a reactor operator with a
valid license.

Schedule
Apply this procedure each day the reactor is taken through an operation cycle of startup
and shutdown.

Contents

A. Manual Page 3
B. Auto Mode Page 4
C. Square Wave Page 4
D. Pulse Mode Page 5

Attachments
None

Equipment, Materials
Instrumentation Control and Safety System (ICS)

References, Other Procedures

Control Console Operator's Manual

OPER-1 Startup — Shutdown Checks

OPER-2 Reactor Startup and Shutdown
OPER-4 Operation of Reactor Water Systems
OPER-5 Operation of Air Confinement System

Date of Change:

Change Approval.

NETL Director

b

e =

1 Stamp (Original-Red, Copy-Blue
- TEORY .,
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Page 2 of 5
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P2Format.doc
a:\oper3int.do
a:\oper3pro.do

Date: 4/3/02
c Number - Rev.: OPER-3: 1.00
o Procedure Title : Reactor Operation Modes

Il. PROCEDURE

A. Manual Mode

1. Review Manual Mode operation.
Refer to Chapter 4 of ICS Control Console Operator's Manual.
2, Determine desired reactor power level.

Estimate control positions at steady-state power. Refer to:

a. Typical rod positions (adjusted for any experiments and burn-up), or

b. Previous operation history (similar core conditions), or

C. Rod worth curves (relative to shut down margin).

3. Move control rods to achieve power level or go to step 5 to enter another mode.

Typical startup sequences are in OPER-2.

a. A printout of the Status Window should be done:

1. After each power change,
il At ~ 30 minutes intervals while at a steady-state power level.
(Recommendation: Do a status printout on each %2 hour.)

b. No Status Window print is necessary for some special cases. For example
an operation such as control rod calibrations that require "continual”
power changes do not require a printout for each power change.

. Initiate a linear chart recording (normally done but not required):

1 Record Start of Run (use “SOR”) and time on chart;
Record the Date and Run # on the chart;
Switch recorder power ON.
Verify recorder chart speed set to slow (100 sec/cm).
ii. Record End of Run (use “EOR”) and time on chart.
Switch the recorder power OFF and cover pen tip.
4, Monitor operation of system.

Monitor power level, control rod positions, and other data.

Print data logs at recommended intervals.

5. Refer to Operation Procedure, "MODE", for exit to alternate operation mode.

a. Auto Mode: Procedure; Section B ICS Manual; Chapter 5

b. Square Wave: Procedure; Section C ICS Manual; Chapter 5

c. Pulse (Ready): Procedure; Section D ICS Manual; Chapter 6

6. Press SCRAM button for exit from Manual Mode to Scram Mode.
Date of Change: ! ! : : 1l 3 Stamp (Original-Red, Copy-Blue)
Change Approval ! i : 1 : !
NETL Director Page 3 of 5
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B. Auto Mode

1.

6.

Review Auto Mode operation and typical Auto mode in OPER-2.
Refer to Chapter 5 of ICS Control Console Operator's Manual.

Set Demand Power switches to desired power level.

Press AUTO mode switch

Verify AUTO light illuminates.

Verify console system mode is Auto.

Monitor system operation.

Monitor power level, and control rod positions at periodic intervals.
Record data logs at recommended intervals for Manual Mode.

Press MANUAL switch for exit from Auto mode to Manual Mode.

Press SCRAM button for exit from Auto mode.

C Square Wave Mode

1.

Review Square Wave Mode operation and typical square wave in OPER-2.
Refer to Chapter 5 of ICS Control Console Operator's Manual.
Determine Transient reactivity and final Transient Rod (TR) position.

Start up to the desired Steady State pre-square wave power (<1Kw).
Press SQUARE WAVE mode switch.

Verify SQUARE WAVE light illuminates.
Verify console system mode is Square Wave Ready.

Set Demand Power switches to desired power level.
Adjust TR cylinder to Square Wave position.

Press FIRE button.

Verify system mode is Square Wave Ramp-up.

Exit Ramp-up mode is to Auto mode.

If demand power is not reached in 10 seconds,
control system automatically exits to Manual mode.

Date of Change:
Change Approval
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D. Pulse Mode

L. Review Pulse Mode operation and typical Pulse operation in OPER2.
Refer to Chapter 6 of ICS Control Console Operator's Manual.

2. Determine Transient reactivity and pre-pulse TR position.
Start up to desired Steady State pre-pulse power (<1Kw)
Adjust Transient rod drive cylinder to pre-pulse position.
Verify power level is less than 1 kilowatt.

3. Drop Transient rod by actuation of AIR button.
Reposition TR cylinder to 100% withdrawn position.

4. Press PULSE mode switch.
Verify PULSE light illuminates.
Verify system mode is Pulse Ready.

5. Determine alphanumeric pulse description and enter string.
Recommendation:  Routine: MMYY-###-cents
Comparison: CMPR-cents-MM/YY

6. Press FIRE button.
Verify system mode is Pulse.
Pulse mode exit is to Scram Mode for Pulse Display.

7. Refer to Operation mode, Manual procedure.

Do the following SCRAM circuit tests to establish original circuit conditions (risk
of failure).

Verify pulse bypass functions are reset to non-pulse conditions:
Check (apply test signal) Reason for test

a. NP1000 for Hi Power scram Test reset of bypass relay.

b. NPP1000 for Hi Power scram Test reset of the gain relay.

C. NM1000 power signal output Observe decay of pulse power.

system returns from Mode 4 to Mode 0.

function.

A Mode 7 at the NM1000 will cause a Mode 4 (CMB low) for 10 seconds,
then a Mode 0 (Normal) for 10 seconds. Observe signal response to verify

Note: Reset of the NM1000 bypass relay does not apply at this time; the relay is
not currently in the scram loop. In the square wave and pulse mode the
NM1000 will momentarily bypass the Hi-power SCRAM (Mode 6 or 7)

Date of Change: Stamp (Original-Red, Copy-Blue)
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EXERCISE 2: Reactor Startup

Page 1 of 3

L.

PURPOSE AND DISCUSSION

The overall purpose of the USNRC training program is to provide experience to develop an
intuitive grasp of reactor behavior. This exercise will introduce the participants to reactor
controls as a basis for focusing on reactor response.

EXERCISE OBJECTIVES

Following completion of this exercise, participants should be able to:
2.1 Given a control rod position change,
A. Recognize the prompt jump/drop
B. Determine whether the reactor is subcritical, critical, or supercritical

2.2 Given a desired control rod position from one subcritical position at an observed power
level to the next, calculate the expected final steady state power level

2.3 Given two graphs of reactor response to arbitrary positive changes in reactivity while
subcritical, determine which reactivity change was greater

2.3 Given a control rod position increase while critical,
A. Measure the resulting positive period
B. Determine the reactivity associated with the change
2.4 Recognize the effect of temperature changes on reactivity

PREREQUISITES, LIMITS & PRECAUTIONS
3.1 Preoperational Checks complete
32 See Attachment 1, Relevant Technical Specifications

BACKGROUND/REFERENCES

4.1  Basic Nuclear Principles 6 Reactor Modes - -{ comment [#1]: Review BNP6

42  Basic Nuclear Principles 7 Four Factor Formula, - { comment [#2]: Review BNP7

43 Basic Nuclear Principles 8 Neutron Non—Leakagd - { comment [#3]: Review BNPS

44 Basic Nuclear Principles 9 Reactor Kinetics\ - -{ comment [#4]: Review BNP9

4.5 UT Procedure OPER 1, Startup and Shutdown Checks - -( comment [#5]: Review OPERI

) v «J J J
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4.6 UT Procedure OPER 2, Reactor Startup and shutdown |

47  UT Procedure OPER 3, Reactor operation Modes

48  |Attachment 2.1, Relevant Technical Speciﬁcationd 777777777777777777777777
49 Attachment 2.2, Exercise 2 Review

5. INSTRUCTIONS
51 0BSERVEand RECORD|
A. Control rod position from most recent startup
B. Reactivity addition required to establish criticality from the most recent startup
C. Current reactor power level with all rods fully inserted

5.2 CALCULATE control rod position to add ¥ of the reactivity required for criticality

5.3 ESTABLISH control rod configuration to add 2 of the reactivity required for criticality

AND

full in to the Y% critical position, including

e Amount of reactivity added

¢ Relative magnitude of response

e Time required to establish new equilibrium
5.4 POSITION control rods to establish critical 50 Watt condition
NOTE: Automatic mode may be used to establish equilibrium.

5.5 POSITION (in manual control) regulating rod 30 units greater than the critical
configuration and \OBSERVE chart recorder trace{

5.6 IDENTIFY prompt jump on the chart recorder

Reactor Startup E2-2

{ Comment [#6]: Review OPER2

{ Comment [#7]: Review OPER3

{ Comment [#8]: Review ATT2.1

Comment [#9]: Discuss how observed items
may have changed since previous operation

which is linear and which is log. Discuss how

Comment [#10]: Identify traces, emphasizing
exponential behavior is recorded on each trace.

Comment [#11]: Ask students to explain trace;
discuss relationship between doubling time and
period, period and reacitivty
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5.7 MEASURE the time difference required to move from an arbitrary power level and twice
the power level

5.8 CALCULATE the reactivity required to achieve the period

5.9 COMPARE the calculated response to the reactivity addition as originally determined
from control rod position

5.10 REPEAT Steps 5.7 and 5.8 UNTIL period begins to change

5.11 OBSERVE fuel temperature and period

__ - 7| Comment [#12]: Direct students attention to
777777777777777777777777777777777 digital temperature readings, period meter, and
power level

5.12 WHEN reactor power is stable,

RECORD fuel temperature

CALCULATE fuel temperature coefficient of reactivity
5.13 SHUTDOWN reactor

6. REINFORCEMENT & REVIEW

6.1 Attachment 2.2, Exercise 2 Review

Reactor Startup E2-3
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Relevant Technical Specifications
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SECT DESCRIPTION SPECIFICATION LCO FREQ TEST Procedure/record
2.2.1 Fuel temp LSSS <550°C
222 Power level 1100 kW
Annually or post SURV-3 Excess
3.1.1 Excess reactivity 4.9% Ak/k 4.1.1 core/control rod Reactivity and
changes Shutdown Margin
322.a Interlock <2 cps S/U 4.2.2 | Semiannual or retest Test
32.2b Interlock Multiple rods 4.2.2 | Semiannual or retest Test
322.c¢ Interlock Pulse rod up/air 4.2.2 | Semiannual or retest Test
32.2d Interlock STD rod, pulse 4.2.2 | Semiannual or retest Test
322e Interlock 1 kW pulse 4.2.2 | Semiannual or retest Test
3.23.a Safety System 550°C (2) 4.2.3 | Daily channel check & test
3230 Safety System <1.1 MW SS 423 Daily Chan&“etLZ:‘GCk
Daily channel
323b Safety System <2000 MW P 423 check & test
Daily channel
323.c Safety System HVPS 423 cheek & test
Daily channel
3.23d Safety System Magnet current 423 check & test
Daily channel
323 Safety System Manual 423 check & test
3231 Safety System Watchdog (scan rate) 423 Annual or retest calibration
. channel check
324.a Temp 2 channels 423 Daily & test
3240 Power level 2 channels
324.c Pulse power 1 channel
3.24d Pulse energy 1 channel
33.1a Pool cooling 48°C 43.1.a During operation operation
33.1b Pool cooling 6.5m 43.1b During operation operation
33.1.c Pool cooling 5.0 pmho <mo> 43.1.c During operation operation
. . 43.1d Daily & retest channel test
3314 Pool cooling <1 psig HX dp 43.1d During operation Operation
check
3.3.2.a | Confinement isolation 43.3d Daily ventilation
system
alignment
Rad Monitoring o e:ﬁﬁ of
333.a Systems — CAM readout 433.a Daily I;)a rticulzie
(particulate) CAM
Rad Monitoring o e:;éﬁi of
333.a Systems — CAM alarm 433.a Daily partic lzie
(particulate) partieu
CAM
Rad Monitoring Sample purge exhaust
333b Systems — CAM (Ar- PIe purge exhau
A1) when operating
Rad Monitoring 6 3
333b | Systems—CAM (Ar- | ~2x107pCiem Annual
A1) average
3.3.3.c | Area radiation monitors SP <100 mr/hr
3.3.3.c | Area radiation monitors Pool level
3.3.3.c | Area radiation monitors 2 other areas

E2.1-1
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SECT

DESCRIPTION

SPECIFICATION

LCO

FREQ

TEST

Procedure/record

34.1a

Experiment reactivity

Moveable, <$1.00

44.1

Ak checked
before an
experiment is
functional

34.1b

Experiment reactivity

Secured <$2.5

44.1

Ak checked
before an
experiment is
functional

34.1c

Experiment reactivity

Total possible < $3.00

4.4.1

Ak checked
before an
experiment is
functional

342.a

Experiment Materials

Corrosive, reactive,
explosive double
encapsulated

422

Any
surveillance
conditions or
special
requirements
specified in
approval

E2.1-2
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1. Identify prompt jump
2. Identify whether the graph is subcritical, critical, or supercritical.
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EXERCISE 4: Control Rod Worth and Calibration

Page 1 of 2

1. PURPOSE AND DISCUSSION

This exercise will demonstrate two commonly used methods of control rod reactivity worth
determination.

2. EXERCISE OBJECTIVES

Following completion of this exercise, participants should be able to:

2.1 Perform control rod manipulations to support control rod worth determinations

2.2 Analyze reactor transients to support control rod worth determinations

2.3 Compensate for the contribution of delayed neutrons in stabilizing reactor power
3. PREREQUISITES

3.1 Preoperational Checks complete

4. BACKGROUND/REFERENCES

4.1  Basic Nuclear Principles 9 Reactor Kinetics _— { comment [#1]: Review BNP9 )

4.2 UT Procedure OPER 1, Startup and Shutdown Checks
4.2 UT Procedure OPER 2, Reactor Startup and shutdown

4.2 UT Procedure OPER 3, Reactor operation Modes

43 TUT Procedure SURV 6 Version 100, Control Rod Calibrationj -
77777777777777777 procedure, discuss how positive period
measurements and rod drops are used to determine

reactivitity

Comment [#2]: Provide an overview of the

4.4  |ATTACHMENT 4.1: Relevant Technical Specifications

control rods and control rod worth; indicate which
TS requirements use control rod worth

5. INSTRUCTIONS

Comment [#3]: Review TS requirements for

5.1 PERFORM SURYV 6
5.2 CREATE a differential control rod worth curve
5.3 CALCULATE integral rod worth

5.4 PERFORM control rod drop calibration to determine the worth of a control rod from a
designated position

6. REINFORCEMENT & REVIEW

E4-1
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6.1  Compare control rod worth as determined from the two methods

Subcritical Multiplication and 1/M Approach to Critical
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ATTACHMENT 4.1: Relevant Technical Specifications
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SECT DESCRIPTION SPECIFICATION LCO FREQ Procedure/record
2.2.3 Reactivity insertion 2.2% Ak/k (pulse)
Annually or post SURV-3 Excess
3.1.1 Excess reactivity 4.9% Ak/k 4.1.1 core/control rod Reactivity and
changes Shutdown Margin
0.2% Alk (ref core, 1 rod Annually or post SURV-3 Excess
3.1.2 Shutdown margin out,.moveable 4.1.2 core/control rod Reactivity and
experiments most :
. changes Shutdown Margin
reactive)
SURV-6 Control
Rod Calibration
3.13 Transient rod 2.8% Ak/k worth SURV-7 Pulse
413 Annual Characteristic
Comparison
Annually or post SURV-6 Control
3.13 Transient rod <15 s withdrawal time 4.13 core/control rod o
Rod Calibration
changes
32.1a Control rods No apparent damage 42.1.a Biennial
SURV-6 Control
3.2.1b Control rods <I s scram 42.1b annually or retest Rod Calibration
o 1 SURV-6 Control
32.1c Control rods <0.2% Ak/k s 42.1.c Rod Calibration
322.a Interlock <2 cps S/U 4.2.2 | Semiannual or retest
3.2.2b Interlock Multiple rods 4.2.2 | Semiannual or retest
32.2.c Interlock Pulse rod up/air 4.2.2 | Semiannual or retest
322d Interlock STD rod, pulse 422 Semiannual or retest
322e Interlock 1 kW pulse 4.2.2 | Semiannual or retest
34.1a Experiment reactivity Moveable, <§1.00 4.4.1
34.1b Experiment reactivity Secured <§$2.5 4.4.1
3.4.1.c | Experiment reactivity Total possible < $3.00 44.1
53.1.a Reactor core & fuel 8.5 w% 19.7 enriched
53.1b Reactor core & fuel 1.6 ZrHx
53.1c Reactor core & fuel 304 SS cladding 0.02 in.
SS or Al clad, air, al or
532a Control Rods fuel (excepting transient)
follower
Borated graphite, B4C
53.2b Control rods powder, or boron and
compounds solid
532 Control rods Transient r(')d,.mechanical
limit
5.3.2.d Control rods 2 shim, 1 reg, transient

E4.1-1
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I INTRODUCTION

A. Purpose
The purpose is to determine the reactor core reactivity conditions. These two conditions
are safety considerations that directly effect the possible accident consequences,
B. Description
Evaluation of the TRIGA safety analysis demonstrates the limiting safety system settings
(LSSS's) and limiting conditions for operation (LCO's). Excess reactivity and shutdown
margin are directly related to reactor safety by defining the available control capability of
the reactor. Operation of the reactor core within these limits is a necessity to maintain the
proper control functions for all credible conditions.
Excess reactivity and shutdown margin are to be done annually or after significant
changes to the core configuration. Normal practice, however, should check the excess
reactivity and shutdown margin after any suspect core changes or if a high amount of
burnup has occurred since the previous check.
C. Schedule
A K-excess and K-shutdown measurement of the reactor configuration must be done each
year. Measurements should be done in but shall not exceed longer than 15 months from
preceding measurement.
D. Contents
Requirements Page 3
Banked K-excess Page 3
Measurement of Limits Page 3
Calculation of Limits Page 4
E. Attachments
K-excess K-shutdown Data 1 page
F. Equipment, Materials
Reactor Core System
Reactor Pool System
Instrument Control and Safety System
G. References, Other Procedures
Docket 50-602 Technical Specifications
TRIGA Control Rod Calibration Curves
Reactor Core load configuration
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Il. PROCEDURE

A Requirements:
1. Verify that the reactor core is in a cold clean critical condition.
a. Check logbook for previous operation history.
b. No power operation above 10 kilowatts in past 3 days.
c. If previous power operation then do not continue.
2. Perform a routine pre-start check.
3. Remove experiments from core if possible.

Determine reactivity worth of any experiments that remain in the core.

B. Measurement of excess reactivity in normal operating configuration.
(reference for experiment Ak/k):

1. Proceed with a routine startup to 50 watts.
Bank all rods to approximately equal positions.

2. Calculate the amount of excess reactivity.
Determine reactivity from calibration curves for each rod remaining in the core.

Determine excess reactivity as follows:

LI

Transient rod excess worth

shim 1 rod excess worth

shim 2 rod excess worth

reg. rod _excess worth

total core excess worth
adjustment for experiments

§ total core available excess worth
0.7 % Ak/k per $

% Ak/k core excess (rods banked)

I+ + +

+-
~
1

i

o

e Measurement of reactivity limits:
Apply the following control rod configuration for measurement of the limiting excess and
shutdown core reactivity. This measurement determines the maximum excess reactivity and
minimum shutdown margin of the core.

Stamp (Original-Red, Copy-Blue)
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1. Maintain transient rod in the fully inserted position, DN lamp illuminated.
2. Withdraw the regulating rod to the fully removed position, UP lamp illuminated.
3. Startup g the reactor to 50 watts:
i Remove the highest worth shim rod to the full up position.
il. Adjust the other shim for criticality at a power of about 50 watts.

O 00 3 O\ h W) =

A-h.h-hwuwwwwuwwwwwwwwMNNNM~»—-»—~»—-»~»—»—-—-»—-
WNHO\OOO\)O\QII-I&UJN'—‘O\OOO\]O\U!AUJI\)'—‘O\OOO\JO\M-&UJI\JF—*O

11i.
iv.

4, Shutdown.

(At 50 watts the neutron source should be less than 5 cents of reactivity.)

Verify power changes less than +1watt per 200 seconds. ~f\«
Print Status Window data.

D. Calculate limits:

1. Shutdown margin (minimum >0.2% Ak/k):
Determine minimum shutdown margin (excl. most reactive rod) as follows:

reg. rod worth withdrawn
shim 1 rod worth withdrawn
shim 2 rod worth withdrawn

I+ +

+
~
'

shutdown margin (all rods down)
adjustment for experiments

shutdown margin
most rx rod worth (reg)

$ min shutdown margin
0.7% k/k per $

X

% Ak/k min shutdown margin

2. Excess reactivity (maximum <4.9% Ak/k):
Determine excess reactivity (total core reactivity) as follows:

Transient rod total worth
shim 1 rod total worth
shim 2 rod total worth
reg. rod total worth

W+ + +

+
™

It

total core rod worth
adjustment for experiments
total core rod worth

s/d margin (all rods down)

i

$ k excess
0.7% Ak/k per $

Il [

% Ak/k max excess reactivity.

Date of Change:
Change Approval
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Core Excess and Shutdown Reactivity

Measurement of excess reactivity (Bank)
Transient rod excess worth

Shim 1 rod excess worth

Shim 2 rod excess worth

Reg. rod excess worth +

Total core excess worth

Adjustment for experiments +/~

Total core available excess

8k/k per $ (B) x 0.7 %

Ak/k core excess

o0

Calculate limits Shutdown margin:
Shim 1 rod worth withdrawn

Shim 2 rod worth withdrawn

Reg. rod worth withdrawn +

Shutdown margin(all rods down)

Adjustment for experiments +/-
Shutdown margin

Most rx rod worth (reg.) -

Min shutdown margin

Ok/k per $ (B) x 0.7

Ak/k min. shutdown margin %
(minimum >0.2% Ak/k)

oL

Calculate limits Excess reactivity:
Transient total worth

Shim 1 total worth

Shim 2 total worth

Reg. total worth +
Total core rod worth

Adjustment for experiments +/-
Total core rod worth

S/D margin (all rods down) -

Ak/k excess

Ak/k per $ (B) x 0.7%
Ak/k max excess reactivity 2.
(maximum <4.9% Ak/k)
Date / / SRO Approval:
K-excess K-shutdown Data Stamp(Original-Red, Copy-Blue)
Date of Change | | [ | | LMY

NETL Director Approval ] | | | | > " Page 1 of 1
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L. INTRODUCTION

A.

Purpose
The Control Rod Calibration Procedure benchmarks the primary system for reactor

control and safety.

Description

Knowledge of control rod worth is necessary to assure the appropriate performance of the
reactor control system and demonstrate compliance with Technical Specification limits.
Both routine operating conditions and the safety functions of the control rods depend on
accurate calibration data. Two separate methods of measurement are available to provide
calibration data. The Rod Drop Experiment determines the approximate integral control
rod worth by observation of the change in reactor power level as a function of time after
the rod drop. This experiment provides the initial estimate of arod’s worth and may be
used after major core rearrangements to predict approximate rod worth. The experiment
may also verify the total rod worth after minor core changes. The second method of rod
calibration is the Positive Period Experiment. This method provides the most accurate
measurement of the differential rod worth. This experiment determines both the total
control rod worth and the shape of the control rod position versus control rod worth
curve. The Positive Period method should be used for normal control rod calibration

Measurement of the rod drop times verify the performance of the system safety function
per Technical Specification requirement. The SCRAM switch or relay in the safety
circuit initiates the safety circuit action dropping all control rods. Individual rod switches
initiate the drop of each individual rod. Rod position switches sense when the rods reach
the full down position. Proper performance of the safety system is indicated if all rods
reach the full down position in the specified time limit.

Measurement of the control system rod removal rate coupled with the control rod peak
differential worth establishes the maximum reactivity insertion rate of each control rod.
This rate is limited as specified in the Technical Specifications to allow the safe control
of the reactor in manual or auto mode.

Schedule

Control rod calibrations are to be done at least once each year and after any significant
change to the reactor core configuration. Annual calibration measurements should be
done in January or July but shall not exceed longer than 15 months from preceding
measurement.

Measurement of control rod drop time and reactivity insertion rate should be done
annually, not to exceed 15 months from preceding measurement, and/or after control rod
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or drive maintenance, reactor core reconfi guration, or movement of fuel adjacent to the
standard rod drives.

D. Contents

A. Rod Drop Procedure page 4
B. Positive Period Procedure page 5
34 Control Rod Drop Time and Removal Rate Measurement page 7

E. Attachments

1. Reactivity vs. Power Ratio Plot 1 Page
2. Positive Period Data Sheet 1 Page
B Stable Period Wait Time 1 Page
4. Inhour curve - Reactivity vs. Period Plot 1 Page
3 Rod Drop Time / Withdrawal Rate Data Sheet 1 Page

F. Equipment, Materials
TRIGA ICS System with control rod drives
Data Analysis Software such as “MathCAD”
Digital Stopwatch
Digital Storage Oscilloscope

G. References, Other Procedures
MAIN-6, Rod & Drive Maintenance, Inspection
Attachments 1 & 3 :
A. Edward Profio, “Experimental Reactor Physics”, John Wiley and Sons
Inc., 1976, pp 712, 716
Attachment 4 :
General Atomics Data Sheet.
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Il. PROCEDURE

A. Control Rod Worth Estimate by Rod Drop Method:

Use to estimate initial control rod worth following new core start-up.
May be useful following substantial core reconfigurations.

1. The reactor core condition should be cold and clean prior to measurement of rod worth.
Perform ICS system pre-start checks. The reactor coolant system pumps should be off
during control rod calibration.

2 Commence Startup of the reactor:
a. Position the control rod being evaluated at the desired position — full up if the
entire rod worth is desired to be estimated in one step, or partially withdrawn at

selected increasing withdrawn locations if several drops are to made.

b. Position the two rods closest to the rod being evaluated at a banked elevation,

position the control rod farthest from the rod being calibrated at about 900 units to

allow fine control of its reactivity for achieving criticality.

¢ Adjust control rods for criticality at a low power level such as 50 to 500 watts.
The power should not be so high as to see a fuel temperature increase above
ambient i.e. less than 1 Kilowatt.

d. Remove the neutron source and readjust for criticality. The delayed neutrons
should be allowed to come into equilibrium as evidenced by the indicated power
remaining constant to within +/- 2% for a minimum of 3 to 5 minutes without
further rod movement.

;| Setup data recording system to record reactor linear power as a function of time or use
stopwatch and indication on linear power display to tabulate initial power and the
indicated power after the control rod is dropped.

4. Drop control rod being evaluated by actuation of magnet button (standard rod drives) or
air button (transient rod drive) and document the power vs. time data. Select times to
record data based on time data plotted on the graph in Attachment 1 - Ratio of neutron
density after a rod drop to the initial density (at critical), as a function of subcritical
reactivity.
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5. Using the data in Attachment 1, determine the reactivity associated with the rod drop
based on the measured neutron density ratio (power ratio) at the specified time after the
rod drop.

B. Control Rod Worth Measurement by Positive Period Method:

Use for the annual rod worth calibration.
Use as the primary rod calibration method.

1. The reactor core condition should be cold and clean prior to measurement of rod worth.
Perform ICS system pre-start checks. The reactor coolant system pumps should be off
during control rod calibration.

2. Commence Startup of the reactor:

a. Position the control rod being evaluated at the desired position — full down if the
entire rod worth is to be evaluated, or at predetermined locations if the shape of
the differential rod worth curve has already been established.

1. Initial control rod calibrations or calibrations after major core
reconfigurations should evaluate the entire rod worth by stepwise pulling
the rod in increments correlating to reactivity steps of 15 to 20 cents over
its entire travel. This will require taking 10 to 20 measurements per
control rod depending on its total worth.

ii. Once the initial control rod calibration curve shape has been established,
subsequent routine control rod calibrations may be made by using only 5
or 6 appropriately selected insertions of the same reactivity magnitude as
above. One or two points should be selected near the rod height
correlating to the peak differential rod worth. Four additional points
should be selected, two in the lower and two in the upper parts of the rod
travel correlating to areas spaced roughly equally on the slope portions of
the differential worth curve. The data from these measurements can then
be curve fit to the shape of the differential control rod worth curve to
determine the actual rod worth.

b. Position the two rods closest to the rod being evaluated at a banked elevation.
position the control rod farthest from the rod being calibrated at about 900 units to
allow fine control of its reactivity for achieving criticality.

& Adjust control rods for criticality at a low power level of 1 to 3 Watts.
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3.

Notes:

Remove the neutron source and readjust for criticality. The delayed neutrons should be
allowed to come into equilibrium as evidenced by the indicated power remaining
constant to within +/- 4% for a minimum of 3.5 to 5 minutes without further rod
movement. This constraint will limit measurement errors of criticality to +/- ~0.25¢ per
measurement.

Record the Control rod positions on the Control Rod Calibration Data Sheet in
Attachment 2.

Pull the control rod being calibrated in one smooth movement a distance correlating to an
estimated reactivity worth of 15 to 20 cents which correlates to a stable period between
58 and 37 seconds. Record the rod position stop point on data sheet. (To minimize rod
position hysteresis, if you inadvertently pull the rod too far, quickly move the rod back
down slightly below the target point, then raise the rod to the target point.) Refer to
previous calibration data to estimate the number of units to move the rod. Typical
movements are 90 to 100 units for the initial and final pull at the full down or full up
endpoints, decreasing rapidly to 20 to 40 units per pull in the mid range of rod travel.
The reactivity per pull is limited to allow the reactor to attain a stable period prior to
taking the power vs. time data thus reducing measurement errors. The time to reach a
stable period is called the wait time. The wait times for 5% error are 20 to 35 seconds,
for a 1% error they increase to 50 to 65 seconds respectively for 37 to 58 second stable
periods. A table showing measurement errors as a function of the wait time required to
attain a stable period is shown in Attachment 3.

Observe the power increase as indicated on the digital readout of the auto ranging linear
power channel on the Animation Window. Use a stopwatch set to measure time intervals
with respect to the start time. Start the primary stopwatch when the power passes the 60
watt point. Record the time when the power passes the 90 watt level, the 600 watt level,
and the 900 watt level (time points should be marked at the first instant the power reaches
the target value on the digital display). Time data at powers above the 1 Kilowatt level
shall not be used as temperature feedback will create errors above this level.

Drive control rods other that the rod being calibrated down to decrease the reactor power.
Leave the control rod being calibrated at the point to which it was withdrawn in step 5 if
the entire rod is being stepwise calibrated. If the curve fit method is being used,
reposition the rod being calibrated to its next starting point.

Repeat steps 2 through 7 until the remainder of the rod is completed or sufficient data
points for curve fitting are obtained.

As long as the power level is not allowed to fall below the source interlock the source
may be continuously left out of the core until all the data points desired are obtained.
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Each sequence through this process will take approximately 15 minutes if everything is
done with attention to detail so plan accordingly.

9. Analyze data either manually or via software program. Using the time data recorded.
calculate the stable period resulting from each rod pull. Then use the reactivity equation
or inhour curve in Attachment 4 to determine the reactivity associated with each rod pull.

10. A senior operator should review and approve the rod calibration data. If significant
changes in rod worth are indicated, a review of the implications on excess reactivity and
shutdown margins should also be initiated.

C. Control Rod Withdrawal, insertion, and drop time measurements.
1. Perform ICS system pre-start checks if not already completed.
. Setup drop time measurement system. The magnet power supply voltage level controlled

by the console scram switch should be used to start the timing. A signal from the control

rod down limit switch should be monitored to indicate when the rod has reached the full

down position

a. Measurement equipment should be a storage oscilloscope or an electronic timer
with signal start-stop features. Use of a stopwatch to measure rod drop time,
manually started at the time the scram button is depressed and stopped at the time
the rod visually hits bottom is also acceptable but not the preferred method of
measurement.

b. Measurement resolution for oscilloscope sweep should be set to 100 ms/div,
vertical gain should be set to 5 V/div. Vertical signal probe should be set to X 10
for the transient rod, and X 1 for all other rods, Scope should be set to Auto
trigger mode while setting up, and changed to single trigger or normal mode when
taking the data.

c. Connect start signal (scope trigger) to the Regulating rod positive magnet power
(see table below for connection location). Set the scope trigger to DC coupling on
a negative slope at a level of about 10 volts. The nominal magnet power high side
is +13 volts and the low side is —6volts.

d. Connect the signal (Channel 1) to the rod drive down limit switch (see table
below for connection location) of the drive being evaluated.

Scope Input Channel DAC Tie Bar Description
Trigger TB 5-3 Reg Magnet Pwr (+1 3V)
CH 1 TB 8-8 TR rod down limit
CH 1 TB 8-16 Shim 1 rod down limit
CH 1 TB 8-24 Shim 2 rod down limit
CH1 TB 9-32 Reg rod down limit
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3. Withdraw control rod being measured about 60 units and test drop the rod to verify the

scope setup.

4. Fully withdraw the rod being evaluated, measuring the time it takes to move from full
down to full up using a stopwatch. Record data on Attachment 5.

Drop the control rod to trigger and record a trace by initiation of the scram button. Drop
time is measured from the time the scope triggered until the rod reaches full down. as
evidenced by the transition of the signal on the rod down switch. Some rods may show a
bounce after the initial bottom transition, typical drop time recorded is the time measured
to when the rod remains full down as indicated on the trace. Record data on Attachment

-
6. Repeat steps 2d through 5 for each remaining rod.
7. Calculate measured reactivity insertion rate and record data on Attachment 5:
a.. Obtain peak differential rod worth near rod midpoint for each rod from the control
rod calibration data.
b. Calculate insertion rate (< 0.2 % Ak/k/sec) as follows:
rate (% Ak/k/sec)=rate (units/sec)* worth (¢/unit)*(0.7% Ak/k/100¢ )
8. Document any relevant notes, comments, or observations on Attachment 5 data sheet.
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EXERCISE 5: Fuel Element Worth Versus Position

Page 1 of 3

1. PURPOSE AND DISCUSSION
lThis exercise will demonstrate spatial dependence of the reactivity of core materials.t
2. EXERCISE OBJECTIVES

Following completion of this exercise, participants should be able to:
2.1 Use the control rod worth calibration to evaluate reactivity of core materials
2.2 Evaluate how position influences reactivity worth
23 Safely handle TRIGA fuel
3. PREREQUISITES

3.1 Preoperational Checks complete
4. BACKGROUND/REFERENCES
4.1 UT Procedure OPER 1, Startup and Shutdown Checks
4.2 UT Procedure OPER 2, Reactor Startup and shutdown
4.2 UT Procedure OPER 3, Reactor operation Modes
4.3 UT Procedure SURV 6 (100), Control Rod Calibration
4.4 TUT Procedure Fuel 1 (101), Fuel Movement{
5. INSTRUCTIONS
5.1 OBTAIN baseline data
5.1.1 In accordance with OPER 2, PERFORM reactor startup to 50 Watts

5.1.2 RECORD critical rod heights

Trans1e;qt Rod Shim 1 Position Shim 2 Position Regulatllrllg Rod
Position Position

5.1.3 In accordance with OPER 2, PERFORM a reactor shutdown

E5-1

7

Comment [#1]: Discuss how flux varies across
the core and how this affects reactivity; discuss
limits of point kinetics in discrete systems

Comment [#2]: Discuss TS requirements for fuel
handling, fuel handling log, communications
protocol
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Applies to Step 5.2, 5.4 and 5.7
NOTE

(1) The reactor is not secured during in-core fuel
handling

(2) TS 6.1.3 requires direct supervision a Senior
Reactor Operator for fuel element relocation
within the core

(3) Fuel relocation is documented as per FUEL 1
on a fuel handling log

5.2 Inaccordance with FUEL 1, REMOVE an installed element from the E, F, or G ring
AND PLACE the fuel element in a designated fuel storage location

5.3 OBTAIN comparison data
5.3.1 In accordance with OPER 2, PERFORM reactor startup to 50 Watts

5.3.2 RECORD critical rod heights

Transient Rod Shim 1 Position | Shim 2 Position Regulating Rod
Position Position

5.3.3 In accordance with OPER 2, PERFORM a reactor shutdown

5.4 Inaccordance with FUEL 1, REMOVE the fuel element from the designated fuel
storage location and AND PLACE the element in the position cleared in Step 5.2

5.5 Inaccordance with FUEL 1, REMOVE an installed element from the B, C, or D ring
AND PLACE the fuel element in a designated fuel storage location

5.6 OBTAIN comparison data
5.6.1 In accordance with OPER 2, PERFORM reactor startup to 50 Watts

5.6.2 RECORD critical rod heights

Trans1§qt Rod Shim 1 Position Shim 2 Position Regulat.lrllg Rod
Position Position

5.6.3 In accordance with OPER 2, PERFORM a reactor shutdown

Fuel Element Worth Versus Position E5-2
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5.7 Inaccordance with FUEL 1, REMOVE the fuel element from the designated fuel
storage location and AND PLACE the element in the position cleared in Step 5.5

6. REINFORCEMENT & REVIEW

6.1  Graphically evaluate the worth of the fuel element in both positions

Baseline Condition Core Position Core Position
Position Reactivity Position | Reactivity | Position | Reactivity
Worth Worth Worth
Transient
Rod
Shim 1
Shim 2
Reg Rod
SUM NA NA NA NA
DIFFERENCE | NA NA NA NA

6.2 Compare measured fuel element worth values to those in the SAR

Core Position | Worth (% Ak/k) Worth (Cents) Fuel Position
B Ring 1.07 153 6
C Ring 0.85 121 12
D Ring 0.54 77 18
E Ring 0.36 51 24
F Ring 0.25 36 30
G Ring 0.19 27 36

Fuel Element Worth Versus Position

E5-3
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EXERCISE 6: Power Level Instrument Calibration

Page 1 of 2

1. PURPOSE AND DISCUSSION
This exercise will demonstrate calibration of the reactor power level instrumentation.
2. EXERCISE OBJECTIVES

Following completion of this exercise, participants should be able to:

2.1 State the three methods for reactor power calibration

2.2 Calculate thermal power of the reactor:
A. Given time dependent pool temperature data,
B. Given pool temperature data prior to heatup and after reactor operation,
C. Given mass flow rates and process system temperature differences

23 State the errors associated with each method

3. PREREQUISITES

3.1 Preoperational Checks complete
4. BACKGROUND/REFERENCES
4.1 UT Procedure OPER 1, Startup and Shutdown Checks
4.2 UT Procedure OPER 2, Reactor Startup and shutdown
4.2 UT Procedure OPER 3, Reactor operation Modes
4.2 TUT Procedure SURV 2 (100), Reactor Power Level Calibrationl
4.3 ATTACHMENT 6.1: Relevant Technical Specifications
4.4 GEN-39, Power Calibration for TRIGA Reactors
5. INSTRUCTIONS
5.1 PERFORM SURV-2
5.2 Inaccordance with SURV-2, CALCULATE reactor thermal power

= Ballistic method

Eé6-1

1

Comment [#1]: Discuss procedure prerequisite
items accomplished prior to the exercise; discuss
those (if applicable) exceptions to prerequisites taken
for the purposes of this exercise

Comment [#2]: Discuss rate of rise versus
ballistic methods of power level calibration
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EXERCISE 6: Power Level Instrument Calibration

Page 2 of 2

= Heat up rate method

5.3 PERFORM a reactor startup to a designated power level

Applies to Step 5.4

NOTE
It is necessary that fuel and pool temperatures be
at equilibrium in order to perform a calorimetric
calibration;

5.4  WHEN fuel and pool temperatures are stable, \READ AND RECORD:

Heat exchanger exit and inlet pool water temperature
Heat exchanger exit and inlet chill water temperature
Primary coolant mass flow rate

Chill water mass flow rate

Reactor pool bulk water temperature

Pool Inlet Pool CW CW Pool

Time Pool Flow Outlet CW Flow Inlet Outlet Bulk
Temp

Temp Temp Temp Temp

AVE

5.5 PERFORM heat balance to determine reactor thermal power

6. REINFORCEMENT & REVIEW

Compare the thermal power calculated using each method

=

Power Level Instrument Calibration

E6-2

Comment [#3]: Identify instruments and
readings
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ATTACHMENT 6.1: Relevant Technical Specifications

Page 1 of 1
SECT DESCRIPTION SPECIFICATION LCO FREQ Procedure/record
2.1 Safety limit Fuel Temp Cladd<500°C, <1150°C
2.1 Safety limit Fuel Temp Cladd>500°C, <950°C
222 Power level 1100 kW
SURV-2 reactor
3230 Safety System <1.1 MW SS 4.2.3 Annual or retest power calibration
4.2.3 Daily
3.23b Safety System <2000 MW P j‘ig Annual or retest
323.¢ Safety System HVPS jgg Annual or retest
3.24b Power level 2 channels
324.c Pulse power 1 channel
3.24d Pulse energy 1 channel
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I INTRODUCTION

A. Purpose

The Reactor Thermal Power Calibration procedure determines the heat output of the
TRIGA reactor by measurement of the change in the bulk pool water temperature.

B. Description
Accurate knowledge of the reactor power level depends on the total amount of water in
the pool and several corrections. The corrections adjust for conditions that cause the
pool-reactor system to deviate from an adiabatic condition. Power calibration depends on
the pool constant that is a function of the pool water volume. A change in volume
equivalent to a 10-centimeter water depth will cause a 1.2% change in the pool constant.
88 Schedule
A reactor thermal power calibration must be done once each year. Measurements should
be done in July but shall not exceed longer than 15 months from preceding measurement.
D. Contents
A. Thermal Power Calibration Experiment Page 3
B. Thermal Power Evaluation Page 5
68 Power Instrumentation Adjustments Page 7
E. Attachments
1. Power Calibration Data 1 Page
F. Equipment, Materials
Thermocouple array (three-3 element linear arrays)
Ice bath reference junction for thermocouple array
Galvanometer or Micro-voltmeter
Computer with data acquisition interface
Data acquisition software such as Labview
Math software such as Mathcad
G. References, Other Procedures
GA Publication: "Power Calibration for TRIGA Reactors" by W.L. Whittemore, J.
Razvi and J.R. Shoptaugh Jr. February 1988.
Date of Change: = Stamp (Original-Red, Copy-Blue)

|
Change Approval: H

NETL Director

SR

S S

Page 2 of 6




—
SOV KW -

H A BBWLWWLWWWWWLWWWWNDNNNDNDNNDNMNDNDND b b b et et el =t bt et
N =00 VO NOAUNMAWN—=OOVRERIAUMBAULWNDN—=OOVOIOAWEBEWLWN=—

P2Format.doc
d:\Proced
d:\Proced

Date: 3/2/09
ures\Surv\surv2int.doc Number - Rev.: SURV-2: 1.00
ures\Surv\surv2pro.doc Procedure Title : Reactor Power Calibration

Il. PROCEDURE

A. Thermal Power Calibration Experiment

Routine thermal power calibrations should be done at or near full power. Typically performing
the calibration at 900 KW indicated is preferred so as to maintain some margin below the scram
set points. If a major core reconfiguration was made, several calibrations at stepwise increasing

powers

1.

of about 300 KW, 600 KW, and then 900 KW should be performed.

Install or verify installed pool water temperature measurement thermocouple array and
set up ice bath for reference junction.
Pool water temperature (Type E, 9-element array):
- Sense array points are at approximate depths of 1, 2 and 3 meters.
Locate sensor array across minor pool axis near major axis radius point.

Connect thermocouple signal and ground shield from ice bath junction to digital
multimeter with input sensitivity of at least 1 pV (0.1 pV preferred) such as Keithley
System DMM with interface to data acquisition computer. Initiate thermocouple data
acquisition software such as Labview and set to acquire data at 1 minute intervals.
Configuration of software to average multiple data points taken at a high sample rate may
be used to reduce signal noise.

Record air and shield temperatures.

a. Room air temperature (approximate measurement point):
- At pool railing 1 meter above pool deck, south rail.

b. Shield concrete temperature (approximate measurement points):
- In conduit near shield surface at level 1 by BP1 ARM.
- In conduit near shield surface at level 2 under NM

Adjust pool depth to 8.10 meters with bulk pool temperature at approximately 20°C.

Install pool stirrer mechanism into the reactor pool and secure with safety line.
Initiate operation of the stirrer

Sub-cool pool using the coolant system to a temperature based on the selected target
reactor power. Target temperature should result in the average of the pool temperature
prior to start of the calibration and the final pool temperature after the conclusion of the
power part of the experiment to equal the measured shield temperature.

Date of Change:

Change Approval

NETL Director

Stamp (Original-Red, Copy-Blue)
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7. Secure the operation of pool purification and coolant pumps. Close pool water isolation
valves.
8. Close pool surface argon purge valve.

9. Turn off pool lights.

10. Initiate recording of pool temperature data at 1-minute intervals. Take at least 90-
minutes of data prior to reactor startup to the calibration power level.

11.  Complete reactor startup checks including electronic Pre-start checks.

12. Initiate logging of reactor power indications on all 3 power monitoring channels by either
use of continuous electronic data capture or manual data recording at 2 minute intervals.

13.  Operate reactor at 900 KW or target power for 30 minutes.
Power level is to be measured by NPP linear channel.

The operation mode for startup should be manual.

Startup rate should be equivalent to a 20-second period.

Record at power time (to nearest tenth of a minute).

Observe Linear Power channel #1 (NPP) to control power level.

Limit control rod adjustments following the startup (first 5 minutes) to <10 units.

opo o

14.  Continue recording pool temperature data during time at power at 1-minute intervals.

15. Shutdown Reactor by manual scram at end of 30 minutes and record scram time.
16.  Continue record pool temperatures at 1-minute intervals for 60 minutes after shutdown.
17. Return pool conditions to pre-experiment conditions.

18.  Complete shutdown checklist.

B. Thermal Power Evaluation

Use of data analysis software such as Mathcad is suggested for evaluation of power calibration
results.

18 Calculate power level by the slope method based on the time rate of temperature changes
during the at power portion of the run. Use a linear least squares fit of temperature data
to determine the slope at constant power.
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a. Pogo = [dT/dt (°C /Hr)] / [Pool A (°C /MW-Hr)]
b. Where constant Pool A = 20.74 °C /MW-Hr.
2. Verify pool calibration by ballistic calibration method.

a.

Calculate pool temperature at startup.
i, Use a least-squares fit of the temperatures before reactor startup.
ii. T, is extrapolated to the initial log time at 900 kW.

Calculate pool temperature at shutdown.
1. Use a least-squares fit of the temperatures after reactor shutdown.
il. Ty is extrapolated to the final log time at 900 kW.

Calculate the total temperature change during constant power production.
i Subtract initial temperature at startup from final temperature at shutdown.
ii. E = (T¢T;) (°C / (Pool A (°C /MWHR)

3. Evaluate ballistic method power calibration.
a. Correct the time at constant power for startup and shutdown energy.
i.  t; (initial time at power) for the startup, before At.
ii. tr (final time at power) for the shutdown energy, after At.
b. Correct for the contribution of fission product energy.
Fission products accumulate during and shortly following operation, AT.
e Correct for heat flow of pool inflow or pool outflow during power operation.
4. Compare results of slope method and ballistic method for agreement.
Comparison of the two power analysis methods should be within ~2%.
5. Compare current data with data from previous calibrations.
a. Water, air and concrete, temperatures prior to power level test,
b Initial pool temperature at startup,
c. Final pool temperature at shutdown,
d The reactor operation time and power level indication.
6. Thermal power measurement accuracy should be ~5 %.
Measurement errors should be less than 5% at one standard deviation.
Date of Change: : l : : : : Stamp (Original-Red, Copy-Blue)
Change Approval : : H H : :
NETL Director Page 5 of 6




SV EBEWN -

W NNMNNNDNDNDNNDNNND e o e omd pd pd ek bed ped
O VRO UNMBWND—=O VRN WNE W —

P2Format.doc Date: 3/2/09
d:\Procedures\Surv\surv2int.doc  Number-Rev.: SURV-2: 1.00
d:\Procedures\Surv\surv2pro.doc Procedure Title : Reactor Power Calibration

. Power Instrumentation Adjustments

1. Senior operator shall approve acceptance or adjustment of power channels.

All power channels should read within 2% of the calculated thermal power.
2 Adjust each chamber indication to the value of the thermal power test.

a. Instrumentation power channels shall be adjusted to within 2%.

b. Adjust detector chamber position with reactor in manual mode only.

3 Adjustment of the NP and NPP should be by movement of detector position.

4. Adjustment of the NM is typically by change of only the digital calibration constants. If
a large NM adjustment is required the chamber should be repositioned following the
same procedures used for initially setting up the channel, including positioning the
chamber to read the specified current followed by setting the digital constants.

. 8 If adjustment of the NM digital constants was required, the calibration signal
potentiometers in the campbell amplifier may require adjustment to allow the prestart
checks Mode 4 and 5 to pass and the shutdown crossover should be observed to verify a
smooth transition. Refer to initial channel set up procedures if adjustments are required.

6. Repeat procedure if the calibration requires more than a 10% adjustment.

Apply power calibration comparison to each power chamber (NM, NP, & NPP).
8 Reevaluate pool constant if there is any significant change of pool water volume.
A significant change may occur if the mass of other materials in the pool changes.
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Thermal Power Calibration Data
Ambient Conditions:
Room air temperature °F
Reactor shield temperature: °F
Test power level (NPP1000 value): %
Startup:
Time at test power:
Shutdown:
Time at shutdown (scram):
ICS Configuration:
Power channel values:
(30-minute average)
NM1000: %
NP1000: %
NPP1000: %
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POWER CALIBRATIONS FOR TRIGA REACTORS
by
W.l. Whittemore, J. Razvi, and J.R. Shoptaugh, Jr.
General Atomics

San Diego, California

1.0 INTRCDUCTION

Over the many yesars since the first TRIGA reactor was built, a number of
variations have ewvolved for calibration of thermal reactor power. The first
method (1) used by General Atomiecs (GA) in the startup of 2 number of facil-
ities was based on use the of 2 calibrated ealectrical heater in a calorimet-
ric procedure where the rate of rise of the bulk pilt water temperature was
measured using such heaters. The reactor was then operated to give the same
rate of rise of water temperature. Thus the reactor power was established
at the wvalue produced by the electrical heaters. For most installatiens, no
stirrer was used in these initial power calibrations; typically a heater
with a 10-15 kW capecity was used for Mark I and Mark II reactors. The fa-
cilities with larger tanks such as that at the Armed Forces Radiclogical Re-
search Institute (AFRRI) used a larger electrical heater with a 90-100 kW
capacity.

Numercus problems have developed with the electrical heater technigque
over the past 30 years. First and foremost is the inconvenience from re-
peated use of the electrical heaters. Second, and almost as important, is
the realization that adequate stirring of the water is necessary in order to
provide greater precision In the results of the calibration. In most cases,
the electrical heater power level was only a tiny fraction of the final
reactor power -~ typically, 10-15 kW for a 250-1000 kW Mark I or Mark II --
giving an output which was only 1.2-5% of full power. Even the 90 kW heater
for the 1000 kW AFRRI TRIGA reactor gives only about 9% full power. Under
these circumstances, the extrapolation from the calibration power to full
reactor power involves a factor of at least 10 to as high as 20 or more.

Such large scale extrapolations require careful attention to the linearity



of the power monitor circuitry, especially in the case of water reflected

reactors such as the Mark F.

After the first few installations of TRIGA reactors, the initial power
calibration for later reactors was performed without the electrical heaters.
With the reactor operating at a constant power, the rate of temperature rise
was determined. With a tank constant (AT per hour per unit power) calculat-
ed for the applicable heat content of the system, the reactor power was then
determined from the measured rate of temperature rise from operation of the
reactor, Unfortunately, a stirrér was not used in many of these installa-
tions resulting in imperfect mixing during these determinations. Without a
stirrer and with intermediate reactor powers (100-200 kW), the flow pattern
of hot water from the core is a columnar chimney rising up about half way to
the surface of the pool and then bending over in a mushroom fashion to re-
turn to the region below the reactor core. At somevhat higher power levels
(500-700 kW), this colummar chimney of hot water may extend nearly all the
way to the top of the reactor tank before turning over te return to the
region below the core. It is easy to imagine then that the measiired rate of
temperature rise near the top of the pool can give quite different results
depending upon where in the tank the temperature probe is located and
whether the chimmey reaches all the way to the top of the tank. A stirrer
which will disperse this flow pattern dis obviously needed te provide
reproducible temperature measurements that are relatively independent of the

location of the temperature probe. -

During the later TRIGA installations a stirrer was used in the initial
power calibration. Recognizing the problems outlined above, GA has recom-
mended the use of an adeqﬁate stirrer for subsequent power calibrations that
are based solely on the caleulated heat capacity of the water in the reactor
tank. A number of user facilities have adopted this procedure with varying
results. The purpose of this paper 1s to establish a framework for the
calorimetriec power calibration of TRIGA reactors so that reliable results
can be obtained with a precision of better than % 5%. Careful application
of the same procedures have produced power calibration results that have

been reproducible to * 1.5%. The procedures are equally-applicable to the



Mark I, Mark TII and Mark III reactors as well as to reactors having much
larger reactor tanks (e.g., the conversion facilities with 25,000-40,000
gallons) and to TRIGA reactors capable of forced cooling up to 3 MW in some
cases and 15 MW in another case. In the case of forced cooled TRIGA
reactors, the calorimetric power calibration is applicablg in the natural
convection mede for these reactors using exactly the same procedures as are

discussed below for the smaller TRIGA reacteors (£ 2 MW).
2.0 DISCUSSION
2.1 Basie Theory.

The calorimetric procedure is esgentially the same whether it involves
the calorimetric determination of heat equivalent of electrical energy, the
heat content of a piece of hot metal or the rate of heat generation by a re-
search reactor core. In each case, the calorimeter contains a relatively
large volume of fluid such as water and is constructed with insulated walls
to reduce the flow of energy through the calorimeter walls. Extraneous heat

sources {(peol lights, pumps, etc.) are either accounted for or eliminated.

The basic formulation is the following:

Power = gg = ml gg- ’
wheres: E = energy in the entire system,
gg = rate of prﬁducing energy,
m = effective mass of the system,
C = specific heat of the system, and
g% = time rate of temperature rise of mass m.

For the TRIGA system the mass m is mainly the water in the tank because of

its large heat capacity. The product of the mass of the metal components



times their individual heat capacity (i.e., L mici) is small compared te the
heat content of the large body of water. It is important to note that the
stirring produced by the motor driven impeller assures that all the water in
the tank participates in the calorimetric measurement. The small rate of
energy added by the pump motor is typically less than 1 kW and is negligible
for power calibrations performed at 200-1000 kW.

Figure 1 shows the conceptual arrangement of a typical calorimeter.
When the concept is applied to the power calibration of a TRIGA reactor
core, the following items must be considered in order to establish repeat-
able conditions and to reduce or control the flow of extraneous heat into or

out from the system.

i. Adjust tank wateér to the correct level to contrel the mass;
i1, Precool the tank water to an appropriate low temperatures;
iii. Secure the cooling system and water treatment system (if this is a
separate circult);
iv. Turn off the underwater lights;
v, Minimize net heat flow through tank walls during the measurement
by selecting the initial and final water temperatures to be about
equally above and below the average tank wall temperature; and

vi. Install an appropriate stirrer.
2.2 Selection of Stirrer

As discussed above, the use of a stirrer is necessitated by the require-
ment that essentially all portions of the tank water participate in the mea-
surement. The goal of stirring is to assure as nearly as possible a uniform
temperature within the entire tank. Of course, the water column immediately

above the core will always remain hotter than the bulk water.

In our experience, an adequate stirring for a Mark I or Mark II type
tank is provided by a 1/3 HP motor driving a stainless steel propeller at
1725 RPM., For a larger tank, such as the GA TRIGA Mark F which contains
about 24,000 gallons of water, a2 2/3 HP motor (1725 RPFM) with double impel-
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Figure 1. Conceptual Arrangement of Calorimeter and Basie Experimental
Results.



lers has been demonstrated to be adequate. Both. of these motors operate on
115 VAC. If there are associated canals or side pools connected to the main
reactor tank, a circulating pump or additional stirrers should be used to
provide good mixing of the entire water system. A 1.5 HF motor with elrcu-
lating pump has been found to provide adequate mixing of the Mark F side ca-
nal (~2500 gallons) and the main tank at the GA reactor. As seen below, the
electrical power equivalent of any of the above motors contributes a negli-

gible heat input to the tank water compared to that from the reactor core.

13

1/3 HP x 746 watts/HP 0.25 kW
2/3 HP x 746 watts/HP = 0.50 kW
1.5 HP x 746 watts/HP ¥~ 1.10 kW

R’

3. RESULIS
3,1 GCalorimetric Power Calibration of the GA TRIGA Mark F Reactor.

The standard method of calibrating the 1.5 MW Mark F reactor is to es-
tablish well documented conditions and to determine by regression analysis
the rate of temperature rise of the stirred pool water. From this and the
determination that a 9.60°C rise i1s produced by 1 MW-hr in our 23,717 gal-
lons of water, the power level is determined. To wverify the wvalidity of
this procedure a related procedure {(called the ballistiec method) has been
devised which depends upon an analysis of the heat balance for the water in
the tank. The procedure in both cases 1Is to start with the reactor pool at
an initial temperature T; and isolated to the maximm extent possible, then
operate the reactor for about one hour at power P. During this time the wa~-
ter temperature rises at a steady rate dT/dt until reaching the final tem-

perature T,. The reactor power P can be determined in one of two ways.

1. The standard method {called herein the "slope method" is to compute the

power as follows:

p = 9T/de (°C/HR)



2. An alternative method to determine P (called the *hallistic" method)} is
provided by the following considerations As a result of operating the
reactor at power P for one hour, a heat input of [Px time] is applied to
the 23,717 gallons of water thus raising its temperature from T, to Ty.
Accurate values of T; and T, can be determined by extrapolation from
long term tempersture measurements before and after reactor operation.
The slow change of the temperature of the stirred water before and after
the reactor run is governed by the heat influx and heat leakage, respec-
tively. From a direct measurement of these time rates of temperature
rise or fall, the related energy leakages can be evaluated and used to
correct the estimated power. In addition, corrections to {Px time] can
be applied to account for: {1) the power generated during the rise to
power P; and (2) the beta and gamma energy generated from the fission

products after the reactor is shut down.

Figure 2 presents the experimental results for the Mark F reactor oper-
ated at sbout 1 MW for about one hour. The actual power as determined from

the slope using a least squares fit to the steeply rising portion of the

curve gives:

0.13327 2 60 _ 5,958 MW or 958 kW.

As can be scen, the temperature of the tank water was monitored for sbout 97
minutes prior to operating the reactor and 60 minutes subsequent to the re-
actor scram. Little heat leakage into the tank is demonstrated by the small
rate of temperature rise (0.040°C/hr) which corresponds to a heat inleakage
of about 4.2 kW. At the end of the reactor rum, the temperature of the wa-
ter was_monitored for an additiomnal hour. The rate of temperature decrease
(0.245°C/hr) corresponds to an indicated heat loss zate of about 25.6 kW.
This latter estimate of heat loss after shutdown can be further adjusted to
account for the energy generated by the decay ofrfission products. Addi-
tionally, & correction can be made to account for the heat geperated by the

reactor during the rise to full power.
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3.1.1 Heat Generated During Rise to Power

It can easily be showm that the energy_generated during the rise to
power P on a reactor period 7 is given simply as P x 7. To account for this
additional heating, one needs only to increase the reactor on time by a time
T. A 17 second reactor period would increase the on time by 0.28 minutes.
For most of our power calibrating, the reactor is taken to full power on

such a relatively short period.

3.1.2 Observed Heat Input intoe Reactoxr Tank Water

The curves in Figure 2 before and after the reactor rum can be used to
evaluate the initial and final water temperatures using standard calorimet-
ric procedures. Proceeding thus we find T, = 23.45 and T, = 33,31°C, With
these temperatures, the corrected run time of 63.0 + 0.3 min {including the
correction in Section 3.1.1), and the tank constant for 23,717 gallons of

water, 9.60°C/Mw-hr, we calculate on observed heat imput of

-]
$33:30057522022-% = 1.027 Mw-hr = 61620 ki-min.

0,973 MW x 63.3 min

3.1.+3 Heat Generated by Fission Product Decay

From Glasstone(’) and Blizzard(3) one can deduce that about 6.5 percent
of reactor power is produced by the beta and gamma rays from fission product
decay. Figure 3 presents data from these references for a one~hour reactor
run. These data are in essential agreement with those summarized in Table
33 of Etheringten (4). After shutdown these products decay rapidly so that
3 or 4 minutes Ffollowlng the shutdowm, the fraction of original power is
less than 1.5 percent. Since the amount of fission product energy involved
is small compared to that pgenerated by the reactor operation, considerable
simplificarion can be introduced in handling the fission product decay en-
ergy. Reference to ¥Figure 2 shows that the temperature peaks about 5 teo 6

minutes after the reactor scram. Most of this delay represents the final



mixing time and includes the initial contribution from fission product decay
(see Table 1). It does not correspond to any significant heat input from
the reactor since the neutron power within the reactor decreases abruptly by
more than a2 factor of 20 upon insertion of all the contrel rods and contin-
ues to fall promptly to essentially zero. [The neutron flux (not power)

falls on the - 80 sec perdod.]

The energy from fission product decay can be treated as follows. During
the first hour we will separate this period into the first 3.32 minutes
(during which the largest rates of decay occur), and the remaining 56.68
minutes for which we will calculate an average rate of producing energy.

Using the data in Figure 3, we can prepare the following useful table.

Table 1. Estimated Fission Produet Energy Production after a l-Hour
Reactor Run at Estimated Power P of 970 kW.

Time Energy Generated Average Power
Interval (kW-sec) (kW)
(min)
0 - 3.32 5.376 x P = 5214.7 KJoules 26.2 kW for 3.32 min
3.32 - 10 4,368 x P = 4237 19951/3400.8 sec
10 - 30 9.0 =x P = 8730 19951 KJ = 5.87 kW
30 -~ 60 7.2 x P = 6984

3.1.4 Het Heat Loss from Tank.

Using the data in Table 1 2nd the measured time rate of change of tem-
perature before and after thg reactor run at power (Figure 2), the net heat
loss from the tank can be determined as follows. The measured rate of rise
(0.04°C/hr) gives an inleakage of 4.2 kW, whereas the measured rate of de-
crease after the run (0.245°C/hr) corresponds to an indicated rate of heat

loss of 25.6 kW. However, this rate of heat loss must be corrected for the

~-10-
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gamma heat from fission product decay after shutdown, which adds 5.87 kW of
heat to the water (Table 1) in the time interval of concern. The actual net
heat loss from the tank is then the sum of the measured heat loss {25.6 kW)
and the added heat from fission product decay {5.87 kW), or 31.35 k¥W. It
may be noted that we ignore the heat loss due to evaporation since this has

been evalnated to be only on the order of 1 kW at most.

If a linear relationship is assumed between the heat addition and heat
loss over the 63.3 minutes (exposiure time corrected as in Section 3.1.1) of
reactor operation, the average net heat less from the tank can be calculated
to be 864.0 kW-min.

3.1.5 Heat Balance for the Reactor System.

With the data generated a2bove, we can now calculate a reasonsbly accu-

rate heat balance for the power calibration run plotted in Figure 2.

intoc Tank Water

| T
| Apparent Heat Input |
I |
| {temp. rise) _|

T L 1T 1
| Heat From | | Net Heat | | Heat Input i
= | Reactor | - | Loss from Tank | + | From Fission |
| (At Power} | | Watar ] i Products |
I - t. I I I

Solving for the heat generated by the reactor operation (related directly to

the power level), we have:

E | [T T ol
| Heat from | { Apparent Heat | } Net Hesat i | Heat Input ;
!  Reactor | = | Input Into o+ | Loss from | - | From Fission |
| (At Power) | | Tank Water | | Tank Water | i Products ]
| | | {(Temp. Rise} | | [ |
I~ B I I L . I



Using the values computed in Section 3.1.4, we have therefore

61620 kW-min + 864 kW-min
- {26.2 x 3.32) kW-min

T_
| Heat from
| Reactor

i

A
0

62397 kW-min

Since the reactor ran at power P for 63.3 min the average power F is thus

62397/63.3
= 986 kW.

3.1.6 Comparison of Slope Method and Ballistie Method

The ballistie method produced an estimate of 986 kW including correc-
tions for heat leakage through the tank walls and effects due to fissions
product heat generation after reactor scram. The relative magnitude of

these corrections in thils case are!

Heat Leakage
Through Tank Water = [864.0[62397] x 100 % 1.4Z
Heat from Fission Product Decay: (87/62397) x 100 = 0.14%

The slope method gave an estimated power of 958 kW. If only the slope
data {s available without long term temperature monitoring before and after
the run, then no correction is possible for the heat loss from the tank wa-
ter (R1l.4% 4in this case). On the other hand, by balancing the initial and
final temperatures around the average tank wall temperature the heat loss
through the walls can be reduced to a small fraction of the 1,47 estimated

here.

In this case the percent difference in the estimates of power from the

"ballistic” and “slope" methed is

986 - 958 =
T T A 100 = 2.8%

~13-



About 1.4% of this is due to heat loss through the walls. If this is taken
into account, then the percent difference in the two results would be omnly
1.4%. The more accurate of the two estimates would still appear to be that

from the ballistic method of caleculation.

3.2 Calibration at Near Full Power

With adequate stirring the calorimetric method of power calibration can
be conducted essentially at full power. This has the distinct advantage of
ending the power calibrstion at or near the full power operating conditionms.
This can offer advantages for certain TRIGA reactor cores that use water as
the reflector. For these reactors the temperature of the pool water can in-
fluence the power indication by several percent due to the variations in
neutrons leaking to the power monitors caused by the varlations in the water
density as a function of pool temperatures. Although the power change may
be only about 5 percent from a 10°C change in water temperature, this varia-
tion can be greatly reduced by (1} arranging to end the calorimetric power
calibration at the desired pool operating temperature {such as 36°C for the
Mark F reactor) and {2) by carefully controlling the water temperature dur-
ing operations, for example at 36 = 1°C as for this reactor during current

operations.

Pigure 4 presents data for a calorimetric calibration done at near full
power which iz 1.5 MW for the Mark F TRIGA reactor. This run which also in-
cludes data useful for the ballistic method was conducted with an earlier,
somewhat smaller stirrer (1/3 HP motor). Using the procedures set forth in
the sections under 3.1 we obtained the following:

1450 kW.
1441 kW,

H

P (slope method)
P (ballistic method)

In this case, the slope method gives a wvalue larger by (.84 for the power
compared to that from the ballistic method with its special corrections. In
this case, the percentage heat loss from the tank water leazds to a correc-

tion of 2.7% as compared to a 1.47 correction at R 1 MW.. If applied to the

—] 4 -
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slope method value it would drive the percentage difference from 0.6% to
3,37 whereas for the case discussed in Section 3.1 the leakage correction
applied to the slope method value reduced the percentage difference from

2.8% to about 1.47%.

It can be coneluded that the value of power determined by the slope
method (uncorrected for heat leakage from the tank water) can differ from
the best estimate (ballistic method wvalue) approximstely = 2-~4%. The
results above assure that the standard slope method when applied with

reasonable care will provide reliable values of the reactor power.

The results of the above demonstrations show that with adequate stirring
of the tank water, the power calibrations can be conducted at the higher
power levels, even at just below full power. During the past year several
power calibrations of the 1.5 MW Mark F reactor have been successfully con-
ducted in the power range 1.25 - 1.4 MW. The reproducibility under these -

circumstances has been excellent, to with # 1.5%.
3.3 Effect of the Tank Water Temperature on Indicated Power

Experiments were conducted to evaluate the effect of reactor tank water
temperature on indicated power for both the graphite reflected TRIGA core
(Mark I) and the water reflected core (Mark F). Both of these reactors are

operated at the GA TRIGA Reactors Facllity.

3.3.1 Mark F Reactor. In the water reflected Mark F reactor currently in-

strumented for the thermioniec testing program (Ref. 5), three in-core
rhodium Self Power Detectors (SPD) have been installed té determine the
in-core flux level (hence, power level) to within * 1Z. This instrumenta-
tion is comparable to the sensitivity to power variations exhibited by the
thermionic devices and provides the reactor operator with the capability te

monitor in-core power levels to 1 percent.

In earlier power calibrations, the indicated power as measured by out-

of-core ilon chambers was held constant during the power calibration although

i
—t
T
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it was recognized that the actual core power level was continuously falling
during the calibration. Figure 5 is a strip chart trace of the output from
the three in-core Self Power Detectors. As indicated on the chart, the es-
timated In-core power decrease ranged from 4.5 to 5.2% during the power cal-
ibration cenducted at constant indicated power. The taﬁk water temperature
varied from 18 to 36°C giving an 18°C wariation during these measurements.
Recently, the power calibration has been conducted by operating the reactor
so as to hold the in-core SPD readings constant. Of course, the out-of-core
monitors slowly rise during such operation. The power calibration is termi-
nated without shutting down the reactor. The final water temperature T, af-
ter the calibration 1s selected by prior plamning to be the desired long
term pool temperature (36 * 1°C in the present case). With this procedure
the reproducibility of the in-core power calibration is # 1.5%Z from calibra-
tion to calibration. The even more hiphly instrumented thermionies devices

themselves confirm this precision in reproducing the power levels.

3.3.2. Mark I Reactor. The graphite reflector arcund the Mark I and Mark

II reactors reduces the magnitude of the variation in indicated power with
change in pool water temperature compared to that for a water reflected
core. &n experiment was conducted to determine the magnitude of this
wvariation. Unfortunately, the Mark I reactor was not equipped with in-core
SPD instrumentation. An alternative approach was used based on the fact
that the power coefficient of the Mark I reactor at or near full power is
about 1 kilowatt per 1 cent chaﬁge in reactivity. From the change in core

teactivity the actual change in reactor power was evaluated.

During a routine power calibration of the Mark I reactor, and with the
indicated power held constamt at about 200 kW, the contrel red positions
ware carefully monitored as a function of the rising pool water temperature.
The measurements were conducted over the temperature range from 16 to 38°C.
These measurements showed a 5 cent change in core reactivity. Figure 6
shows that the change in reactivity varies linearly with water temperature
from about 16°C. After the calibration was completed, a separate run was
conducted to determine the change in reactor power {at about 200 kW) pro-
duced by inserting 5 cents of reactivity. The 5 cent change in reactivity

-17-
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Figure 5. Output from In-Core Self Powered Detectors Showing Decrease of

Reactor Power with Constant Qut-of-Core Power Monitors.
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resulted in a 6.3 kW change in power. Thus

® (,0315 or 3.15%

It may be noted that the temperature change of 20°C is probably larger
than experienced during most operations of a Mark I or Mark II reactor.
Consequently, the variation in actual power with water temperature when the
out-of-core power monitors indications are maintained constant will be sig-

nificantly less then 3%.
3.4 Temperature Probe Location

At the GA reactors the measurements of the pool water temperatures are
made with thermistor probes read by a precision unit to one-hundredth of a
degree (DIGITEC). Up to three sepaiate probes are usually recorded at the
end of each 2-minute time interval. The advantage of using several tempera-
ture probes positioned at different locations and depths in the tank is that
it is gquicker this way to identify a position thet exhibits better mixing.
Somewhat erratic mixing may lead to cyclical variation of the rising temper-
atures. Even in these cases, the time averaged slope of temperature versus
time will usually agree to within 1 percent. The data in Figure 7 show the
results for two probes. The least sguares fit to each set of data points

gives results that differ only 1.1%Z.

The exact location of & temperature probe to provide the smoothest set
of data points is not usually predictable because of the variations of flow
patterns within the tank. Once a suitable location is found, this location
usually remains suitable for future calibration runs provided that other
conditions remain the same including the position and angle of the motorized

stirrer.
3.5 Accuracy and Precision of Results

In the above treatment wmuch attention has been devoted to those condi-

tions that improve the reproducibility and hence precision of the results.

—20-
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As shown herein, the precision of the results can approach * 1.5%2. To as-
sure this degree of reproducibility, we have prepared a brief checklist of
the items to be prepared prior te a calibration rum. Table 2 presents these
data for a typical calibration run at GA. Other facilities would require

scome alteration to accommodate differinpg circumstances.

We estimate that the asccuracy of the power as determined by the caleori-
metric technique is worse than the demonstrated precision of the data. In
earlier times, the accuracy was thought to be provided through use of elec-
trical heaters to remove dependence on the actual heat content of the sys-
tem., In that method the reactor was operated at the same 10-15 kW used for
the electrical heaters. Temperature measurements were used to verify the
same rate of temperature rise. Full power was then determined on the basis
of an extrapolation by a factor of 10 to 20 or more. Careful current source
measurements were then needed to determine accurately the linearity of the
console power measurement Instrumentatiom. However, unless careful pool
stirring was used in the initial operation at 10-15 kW, the accuracy of de-
termining the exact reactor power that matched the 10-15 kW electrical heat-
ing rate may not have been high. Without great care in all steps of the
procedure, the overall accuracy at full power may have ranged between 5 and
10%.

An estimate of the accurscy of the calorimetric procedures desceribed

herein can be made from the factors in the basic formmlation.

_@E _ . 4T
ol F

P
The measurement of temperature and time are made with considerable accuracy
and precision. The rate of temperature change with time when calculated
from the data obtalned with several calibrated probes used simmltaneously
can also be determined with an accuracy of better than 1Z. For the determi-
nation of power from the slope, the main source of error probably lies in
the proper determination of the heat content of the systen. Most of this
comes from an uncertainty in the exact volume of the water in the system.

As an example, an error of 1 inch in the tank diameter of 6.5 feet (20 foot

—2 D -



Table 2. Calorimetric Power Calibration Checklist

Date Logbook No.
Operator

1. Prestart Checklist for Power Calibration

2.1 BReactor tank water level Add water
2.2 Experiments: In-core OQut-of-core
2.3 Water treatment system off Isolated
2.4
2.5

Pit cooling system off Isolated
Diffuser pump on Canal pump on Tank Stirrer on

"2.6 Temperature probe locatioms: Tl

T2 13

2.7 Starting pit temperature (P{lkw) T1 T2 T3

3. Power Calibration Data

3.1 Reactor power kw on channel reached at hrs
3.2 Instrument readings during calibration (record temperature data on page 2)

Time ¥l Kz K3 SPD1 SED2 SPD3

4. Power Calibration Results

4.1 Calculated Power from Least Squares Fit ke (9.6°CIhrIMW)

4.2 Calculated Calibration Factors: K1 afw X2 alw
K3 alw

4.3 Calibration factors verified and posted by and

5. Visual Inspection of Tank

6. Remarks



depth) gives an uncertainty of 2.5%. Careful accounting of the metal compo-
nents in the tank either by deducting their volume from the water or includ-
ing them with their very small heat capacity can probably be done to an ac-
curacy of 0.5%. Another gquantity to estimate is the aeffect of heat leszkage
into or out of ihe tank through walls (0.5-0.6% for ballistic method;
¥ 1.3-2.6% for slope method) and from the various stirrer and pump motors.
These motors may add on the order of 1 kW of heat which is a 0.1% correction
for a 1 MW power level. As noted earlier, careful selection of the initial
and final temperatures with proper regard for the ambient tank wall tem-
perature can greatly minimize the already small heat flow through the walls.
This is particularly important for the slope method of determination because
no means normally exist to make this correction. To this end some TRIGA fa-
cilities have installed locations where probes can be used to measure the

temperature of the material surrounding this water tank.
4.0 Conelusions.

With the information on estimated accuracies and precision discussed

above and elsewhere in this paper, we make the following conclusions:

1. The major errors in the slope method of power calibration lie in the un-
certainty: in the tank water volume {2«4Z), in the tank wall heat losses
{0-2.5%}, and in the determination of the slope, °C/hr (0.5-1.0%).

2. The precision (repeatability) of the slope method has been demonstrated
to be of the order 1.5%.

3. The major errors in the ballistic method of power calibration involve
uncertainty: in tank water volume (2-4%), iIn the pre- and post- irra-
diation tank losses (0 - 1.0%); and in the total temperature change AT
during the irradiation (8 0.2°C[10°C = 2%).

This review has lent support to the belief that calorimetric power calibra-
tions can be performed on a TRIGA reactor with an accuracy in the range
5-10% and with a precision of M 1.5%.

-2
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USNRC TRAINING PROGRAM - 01/2011

EXERCISE 7: Reactor Pulsing and Square Wave Operation Page 1 of 2

1. PURPOSE AND DISCUSSION

This exercise will demonstrate changes in power and temperature as a function of prompt
reactivity.

2. EXERCISE OBJECTIVES

Following completion of this exercise, participants should be able to:
2.1 Enable “Reactor Pulse” or “Square Wave” mode
2.2 Perform a TRIGA pulse to various power levels
2.3 Explain reactor response to various pulsed reactivity additions
3. PREREQUISITES
3.1 Preoperational Checks complete
4. BACKGROUND/REFERENCES
4.1 UT Procedure OPER 1, Startup and Shutdown Checks
4.2 UT Procedure OPER 2, Reactor Startup and shutdown
42  UT Procedure OPER 3, Reactor operation Modes
43 UT Procedure SURV 7, Comparison of Pulse Characteristics
5. INSTRUCTIONS
5.1 Inaccordance with OPER 2, PERFORM reactor startup to 50 Watts
5.2 POSITION the transient rod to produce the designated reactivity insertion
5.3 PERFORM reactor pulse
54 RECORD:
. Peak Power

. Integrated Power

. Maximum Temperature

E7-1

- { Comment [#1]: Identify TS related to pulsing J




USNRC TRAINING PROGRAM - 01/2011

EXERCISE 7: Reactor Pulsing and Square Wave Pulsing

Page 2 of 2

Minimum Period

Reactivity
Insertion

Peak Power

Integrated Power

Maximum
Temperature

Minimum Period

1.20

1.50

1.80

2.00

6. REINFORCEMENT & REVIEW

Plot maximum power level against reactivity insertion

Reactor Pulsing and Square Wave Pulsing

E7-2




USNRC TRAINING PROGRAM -03/2011

ATTACHMENT 7.1: Relevant Technical Specifications

Page 1 of 1
SECT DESCRIPTION SPECIFICATION LCO FREQ Procedure/record
2.1 Safety limit Fuel Temp Cladd<500°C, <1150°C
2.1 Safety limit Fuel Temp Cladd>500°C, <950°C
222 Power level 1100 kW
3230 Safety System <2000 MW P j‘ig Annual or retest
323.c Safety System HVPS jé'g Annual or retest
3.24b Power level 2 channels
324.c Pulse power 1 channel
3.24d Pulse energy 1 channel
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USNRC TRAINING PROGRAM - 01/2011

EXERCISE 8: Experiment Operations

Page 1 of 2

1. PURPOSE AND DISCUSSION
This exercise will demonstrate experiment proposal, review, insertion, and removal.
2. EXERCISE OBJECTIVES

Following completion of this exercise, participants should be able to:
2.1 Propose an experiment

2.2 Review an experiment

23 Insert an experiment

2.4  Remove an experiment using proper radiological precautions

3. PREREQUISITES

None.
4. BACKGROUND/REFERENCES | {C‘;ﬂ“pe"‘ [#1]: Provide an overview of
activation
4.1 Basic Nuclear Principles 1 Atomic Number Density
4.2 Basic Nuclear Principles 2 Neutron Cross Sections
4.3 Basic Nuclear Principles 3 Neutron Reactions
4.4 Basic Nuclear Principles 4 Radioactive Decay
4.5  Basic Nuclear Principles 5 Transmutation
4.6  UT Procedure OPER 2, Reactor Startup and shutdown
4.7  UT Procedure OPER 3, Reactor operation Modes
4.8  UT Procedure ADMIN 6, Authorization of Experiments
4.9 UT Procedure FUEL 2, Experiment Movement
4.10 /ATTACHMENT 8.1: Relevant Technical Specifications - {5:63321:;:8[#2]: Review experiment TS }

4.11 lATTACHMENT 8.2: Experiment Request Form‘ -~ -| Comment [#3]: Review request form; identify
”””””””””””””” what information is required, how it is obtained or

calcualted

5 INSTRUCTIONS

E8-1



USNRC TRAINING PROGRAM - 01/2011

EXERCISE 8: Experiment Operations

Page 2 of 2

5.1 COMPLETE experiment request form
5.2 INSERT experiment

5.7 OPERATE reactor

5.8 REMOVE Experiment

6 REINFORCEMENT & REVIEW

None.

Experiment Operations

E8-2




USNRC TRAINING PROGRAM -03/2011

ATTACHMENT 8.1: Relevant Technical Specifications

Page 1 of 1
SECT DESCRIPTION SPECIFICATION LCO FREQ Procedure/record
34.1.a Experiment reactivity Moveable, <$1.00 4.4.1
3.4.1.b | Experiment reactivity Secured <§2.5 44.1
3.4.1.c | Experiment reactivity Total possible < $3.00 44.1
Corrosive, reactive,
34.2.a | Experiment Materials explosive double 422
encapsulated
Encapsulation failure with
34b Experiment Materials potential consequences,
remove
Encapsulation failure with
34b Experiment Materials potential consequences,
inspect
Encapsulation failure with
34b Experiment Materials potential consequences,
corrective action
Encapsulation failure with
3.4Db Experiment Materials pqtentlal consequences,
Director review prior to
operation
34.c Experiment Materials <25 mg explosives
34.c Experiment Materials PreSSl.lre. calculation (Qr
exp) within capsule design
34.d Experiment Materials <750:;CC; éﬁgg;{% <25
34e Experiment Materials <MPC for 100.% release if
volatile
34.f Experiment Materials 34.¢ cale assume 10%
release

E8.1-1
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USNRC TRAINING PROGRAM - 03/2011

ATTACHMENT 8.2: Experiment Request

Page 1 of 2

PA Format.doc Date: 8/22/02
Attachment Number - Rev: OPER-1 1.01
a:\operl-a2.doc Procedure Title: Startup — Shutdown Checks
1 OPERATION REQUEST
2 Regquest No.
3 |Date: / /
4 | Requested by: Phone: Exp#
5
6 | Project Description: NETL Tracking No.
7| Various operations for Remote Lab. ClResearch
8 OService
9 Ointernal
10
11 | Mode of Operation O Manual  Power Level: kW O Pulse
12 O Auto Time at Power: hr Reactivity $’s
13 O Square Number: 0
14 | Date Needed: / / Expected Completion: / /
15 _ _
16 | OClass A or OClass B, Experimenter Steven Biegalski
17
18 O In-Core (Irradiation): OCT ORSR O3L (Cd) O3L (No Cd)
19 OePNT(Cd) DOtPNT (No Cd) OPNT-GA  OOther
20
21 O Ex-Core (Exposure):  Beam Port #: Other:
22
23 O New Experiment (Safety Evaluation Required)
24
25 | OClass C experiment, Operator: Experimenter:
26
27 O Non-Reactor: Room Number
28 O Experiment in Reactor O Pool OArea
29 | NOTES/SPECIAL INSTRUCTIONS:
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48 | Reactor Operation Request Stamp(Original-Red, Copy-Blue)
Date of Change |8/22/02|
NETL Director Approval ST | | | | Page 10f 2

E8.2-1




USNRC TRAINING PROGRAM - 03/2011

ATTACHMENT 8.2: Experiment Request

Page 2 of 2
PA Format.doc Date: 8/22/02
Attachment Number - Rev: OPER-1 1.01
a:\operl-aZ.doc Procedure Title: Startup — Shutdown Checks
1 Material Evaluation
2 O Exposure (ex-core) Request No.
3 O Irradiation (in-core)
4 O No Samples Exp #
5
6 | Sample Description: NETL Tracking No.
7 O Research
8 O Service
9 O internal
10
11 | #of Samples: O Composition: [ solid AND  [Biological
12 | Avg. Mass: g (solid) O liquid [ Geological
13 ml (liquid) O gas OEngineering
14 cc (gas) (Act. Calc. Req’d)
15
16 | HAZARDS: [OToxic [ Explosive O Gamma Activity [ Other (explain)
17 O Corrosive [0 Combustible O Neutron fission
18 OvVolatile O Beta Activity O Neutron absorber
19
20 | Element: Major Isotopes:
21 Trace Isotopes:
22 | Encapsulation: (Liquids require double encapsulation. Other hazards require special consideration.)
23
24 2 = =
=) - g= 2 g
2 s|e|s| 2|53 2|2 2.
26 s |2 2| €| 8|28 ELEl g 2| 5| o
o, “ B @ o = = a2 s s < 2 o <)
27 = | ° 3| w»w 8 o 2} Z %) ° = = = ©
p = A — I3 I T ~ ~ = < o 0 5 Z
29 Solid
30 Liquid
31 Gas
32
33 | OPERATIONS USE ONLY | LABORATORY USE ONLY
34 | Time of operations (hrs): | Sample Preparation (hrs):
35 | Setup and breakdown time (hrs): | Trradiation/Counting (hrs):
36 | Total time (min. 1.0 hour): | Analysis (hrs):
37 | Lab Manager Approval RESET
38 | ADMIN USE ONLY: Customer Information
39 | Cost: I SAVE l
40 | Account #: i
41 | Billed: UM
42 | Payment Received:
43 | Operations Approvals and Review (Reactor Supervisor Signature)
44 | Experiment Type: [0 Authorization (New) O Special O Routine
45 | Approval: Date: Review: Date:
46
47
Reactor Operation Request Stamp(Original-Red, Copy-Blue)
Date of Change [8/22/02| | | |
NETL Director Approval ST, | | Page 2 of 2
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NUCLEAR ENGINEERING TEACHING LABORATORY
PROCEDURE, Revision 1.00

AUTHORIZATION OF EXPERIMENTS

Approvals:
Reactor Supervisor Date
Bennawd. W. tedurug 7 [22[a2
Director, NETL v Date
M Me@. Vo [a2
Cha rperson 1ﬁeactor Committee Datd /
%/M /[21]53
Chd&rperéon, Date '
Radiation Safety Committee
List of Pages: 1234
Attachments: Exp. Review Guide 1 2 3 4 5

Authorization Form

Operation Request

Sample Irradiation - Exposure
Non Reactor Experiments

BALCONES RESEARCH CENTER
THE UNIVERSITY OF TEXAS AT AUSTIN
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Number Title Rev. 1
ADMN-6 Authorization of Experiments Date 9/91

Step Action and Response Comment or Correction

I. Purpose

The purpose of this procedure is to establish specifie controls to review
and analyze experiments. The process applies prior to the use of any
experiment in the reactor and subsequent to initial operation to evaluate
the routine application of the experiment.

II. Description

Reactor safety is a function of 3 basic physical condition$ (1) the
reactivity available for changing the reactor criticality conditions, (2)
the effects of temperature and hydraulic flow conditions that change coolant
flow or neutron peak powers and (3) mechanical stress that might rearrange
structures or components of the core configuration. An evaluation of each
of the materials that will be in each experiment is done to identify both
operational hazards and possible potential hazards. Limits will be set on
experiments to assure that the proper safety conditions are met. Procedures
may be necessary for some experiments to assure safe reactor and experiment
operation.

III.Referenceg

Reg guide 2.2

ANS 15.1 Technical Specifications

Docket 50-602 Safety Analysis Report
Docket 50-602 Technical Specifications
10CFR 50.59 Changes, Tests, and Experiments

Date of Change: (o2t :
Change Approval: AR !
NETL Director
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Date: 2/19/03
it «dog Number - Rev.: ADMN-6: 1.01
¥ 00 Procedure Title : Authorization of Experiments

1. PROCEDURE

A Instructions

I Submit experiment request to the Supervisory Operator (class A; SRO). All
experiment requests involving materials placed in the pool or exposed to direct
radiations from the pool require authorization.

2, Determine experiment description; operation requirements, class (A, B, C),
facility, materials, estimate times, and the experiment type (special or
routine).

3. Review the experiment:

3.1  Special Experiment - Nuclear Reactor Committee and Reactor Supervisor
or class A operator (SRO) shall:

(a) Review experiment request for approval. Request is to be

comparable to the guidance criteria.

(b)  Refer to Experiment Review.

(c) Document review on Experiment Authorization form.

(d)  Attach the analysis and any special procedures to the authorization

form as a file record.

(e) Authorize approval as a special experiment by signature of the
Supervisory Operator and by designated member of committee.

3.2  Routine Experiments - Reactor Supervisor or Class A operator (SRO)
shall:

(a) Verify experiment conditions for approval. Conditions are to be
equivalent to the experiment authorization.

(b)  Refer to Experiment Review.

() Complete applicable Operation Request form, Sample

(d)  Note any deviations from the authorization and any special safety
hazards or instructions.

(e) Authorize experiment by signature of supervisory operator.

3.3 Minor deviations from the routine experiment may be approved although
routine deviations shall require experiment amendment and reactor
committee approval.

Date of Change: i : : i X ! Stamp (Original-Red, Copy-Blue)
Change Approval ! 1 ! | : ! i
NETL Director L’ O Pv Page 3 of 4
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P2Format.doc Date: 2/19/03
a:\admnéint.doc Number - Rev.: ADMN-6: 1.0l
a:\admnépro.doc Procedure Title : Authorization of Experiments
34 Operations for operator training, demonstrations, maintenance, or
surveillance per reactor committee approved procedures does not require
the existence of an experiment authorization. The SRO shall assign an
appropriate experiment designation from the “Schedule of Experiments”
for each activity.
4. Verify operator's and experimenter's knowledge of experiment and procedures.
3. Perform the experiment following procedures specified by the experiment
authorization.
6. Review experimental results:
6.1 Special experiments - Nuclear Reactor Committee and Reactor Supervisor
or class A operator (SRO) shall:
(a) Review experiment results by comparison to guidance criteria.
(b) Document comments on Experiment Authorization form.
() Authorize approval as a routine experiment by signature of the
Supervisory Operator and by designated member of the committee.
6.2  Routine Experiments - Reactor Committee should:
(a) Verify experimental results are equivalent to the experiment
authorization.
(b)  Review should be noted by signature of the Supervisory Operator
on applicable forms (Operation Request, etc.)
6.3  Reclassification as a routine experiment may not be appropriate for certain
types of experiments that are not intended for periodic applications.
B. Experiment Classes:
1. Class A experiments require a senior operator (Class A, SRO) to direct an activity
or experiment.
‘.. Class B experiments require only an operator and if necessary an
experimenter(Class B, RO) to perform the experiment, with an SRO available.
3. Class C experiments are all non-reactor experiments.

e Experiment Types:

1. A special experiment is an experiment which is authorized for one application.

2, A routine experiment is an experiment which is authorized for repeat applications.
Date of Change: ! : : : : / Stamp (Original-Red, Copy-Blue)
Change Approval : ' 1 } : !

NETL Director
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ADMN-6 Authorization of Experiments Date 12/90

Safety Analysis of Experiments

Descriptive Information

(1) Experiment title
(2) Description and purpose of experiment
(3) Experimental requirements:

(a) Experiment facility and location

(b) Maximum reactor power

(c) Maximum operation time
The experiment review should evaluate each of the credible physical
experiment effects and the possible material hazards. Document
appropriate analysis for each experiment. Guidance of this review is
similar to Regulatory Guide 2.2. Specific conditions of the Technical
Specifications shall control all experiments. Experiments that do not
meet the conditions of this review shall require reevaluation of the
Safety Analysis Report and the Technical Specifications.

Physical Experiment Effects

(1) Reactivity
(a) Evaluate magnitude of each experiment’s reactivity

(i) Static Reactivity (Measurable experiment reactivity
resulting from normal experiment movement to or from
reactor core).
Limits: Compare estimate with actual measurement

prior to functional acceptance of experiment.

(ii) Potential Reactivity (Maximum experiment reactivity
resulting from accident conditions such as abnormal
movement, voiding, flooding, etc).

License Limits: Single Moveable Experiment < $1.00
Single Secured Experiment < $2.50
Sum of all Experiments < $3.00

(b) Positive step reactivity insertion of each secured or
removeable experiment’s potential reactivity will not cause
transient leading to excess doses.

Dose Limits: 10 CFR Part 20

(c) Positive step reactivity insertion of each moveable or
unsecured experiment’s potential reactivity will not cause a
safety limit or minimum shutdown margin violation.

Safety Limit: Fuel Temp 1150°C at Clad Temp < 500°C
Fuel Temp 950°C at Clad Temp > 500°C

Min. Shutdown Margin: 0.2% ($0.14) with

(i) Core in reference configuration

(ii) Most reactive control rod fully withdrawn

(iii)Highest worth experiment in most reactive state

Page 1 of 5
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ADMN-6 Authorization of Experiments Date 12/90

Step Action and Response Comment or Correction

(d) Control system’s ability to compensate for reactivity
insertions resulting from intentionally moving any combination
of unsecured or moveable experiments.

License Limit: One experiment < §1.00

(e) The sum of the static reactivity experiment worths of all
unsecured experiments which coexist should not exceed the
lesser of

(i) Maximum potential reactivity authorized for a single
removeable experiment (sec (a) above)
(ii) The minimum shutdown margin excluding items (ii) and
(iii) (see (c) above)
License Limit: Sum of all experiments < $1.00

(2) Thermal Hydraulic:

(a) Actual and potential thermal effects on reactor safety
Limit; See 1 (c) above

(b) Flux peaking; flow blockage, redistribution, or phase changes
Limit See 1 (c¢) above

(c) Experiment boundary surface temperatures leading to:
(i) Reactor coolant phase change
(ii) Elevated corrosion rates
(iii)Material strength reduction
Limits: Dependent on experiment material properties

(3) Mechanical Stress:
(a) Potential storage and possible uncontrolled release of
mechanical energy

Limits: Maintain reactor core and fuel element integrity
(b) Potential for projectiles or objects with substantial momentum
Limits: Maintain reactor core and fuel element integrity

(c) Structural ability to withstand external forces generated
during installation, operation, or removal and internal forces
generated by unintended but credible changes of confined
materials
Limits: Capable of operation at twice normal stress

anticipated

(d) Requirement for prototype tests
Limits: Experiment dependent

Material Evaluation
(1) Radioactivity:
(a) Quantities and types of materials
(b) Expected isotopes, quantities, and decay modes
(¢) Radiation doses resulting from the accidental release of all
gaseous, volatile, or particulate components (calculate per
Tech. Specs. and Reg Guide 2.2) limit to:

FN T T,

Page 2 of 5
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Number Title Rev. 1
ADMN-6 Authorization of Experiments Date 12/90
Step Action and Response Comment or Correction
(i) For Singly Encapsulated Material - less than 10% of the
equivalent annual doses stated in 10CFR20 for persons
occupying (1) unrestricted areas continuously for 2 hours
starting at the time of release or (2) restricted areas
during the time required to evacuate the restricted area.
(ii) For Doubly Encapsulated or vented Materials - (1) 0.5 rem
whole body or 1.5 rem thyroid to any person occupying an
unrestricted area continucusly for a period of 2 hours
beginning at the time of release of (2) 5 rem whole body
or 30 rem thyroid to any person occupying a restricted
area during the time required to evacuated the restricted
area,

(d) Presence of fissionable materials which when irradiated will
produce isotopes in quantities greater than those specified in
the Technical Specifications
Limits: Double encapsu%?tion re%%%rement

Isotopes of I thru I < 750 mCi
Strontium < 2.5 mCi
(2) Material Hazards:

(a)

(b)
(e)
(d)

(e)
(£)
(g)

(h)
(1)

(3

Trace element impurities which may represent a significant
radiological hazard
Limits: Refer to exposure limits
High cross section elements (fuels or absorbers)
Limits: Refer to reactivity limits
Flammable, volatile, or liquid materials
Limits: Seal and test encapsulation
Explosive chemicals
Limits: Less than 25 milligram quantity
Detonation pressure does not rupture container
Corrosive chemicals
Limits: Double encapsulation requirement
Chemicals highly reactive with water
Limits: Double encapsulation requirement
Radiation sensitive materials which when exposed to radiation
exhibit degradation of mechanical properties, decomposition,
chemical changes, or gas evolution

Limits: Maintain integrity of encapsulation
Toxic compounds

Limits: Personnel safety requirements
Cryogenic liquids

Limits: Specific hazard authorization

Unknown materials

Limits: No authorization for unknown materials

Page 3 of 5
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Step Action and Response Comment or Correction

Experiment Classification:

Three classes of experiments will define the type of personnel
requirements that are necessary to perform the tasks of each experiment
class. Class A experiments will require performance or supervision of all
experiment requirements by a Senior Operator. A Reactor Operator may
perform the work of a class A experiment but a Senior Operator must review
and approve each experiment task prior to continuation of operation. Class
B experiments require a Senior Operator only for approval of startup,
shutdown, significant changes in reactivity (power level changes that exceed
200 kilowatts) and recovery from any non-intentional scram condition. A
Reactor Operator may perform the routine operation tasks of this experiment
class. Class B experiments will include two subgroups of experiments that
specify whether or not operation coordination is necessary with an
experimenter. All other experiments, that do not require the presence of a
Senior Operator or Reactor Operator, are class C experiments. A class C
experiment may require approval by a Senior Operator or Reactor Operator if
the experiment is in the reactor pool or the reactor bay.

The following schedule lists the general classification of

experiments. Experiment reviews will document the safety analysis for each
type of experiment. If necessary specific reviews or amendments will apply
to special types of experiments. Any experiment that substantially deviates

from the general classifications will become a new authorization within the
appropriate category.

ot Z‘:" 'k‘ L Page 4 of 5
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Step Action and Response Comment or Correction

Schedule of Experiments

A. Class A Experiment (Senior Operator Supervision)

Al.0 ICS Operation
1.1 ICS prestart checks
1.2 ICS system calibration
1.3 ICS system changes

A2.0 Core reactivity adjustments
2.1 Critical mass experiment
2.2 Fuel element movements
2.3 Control rod elements

A3.0 Radiation shield configurations/ Beam Por& experhnen+s
3.1 Vertical beam ports
3.2 Beam ports 1,2, &4
3.3 Beam ports 3 & 5

A4 .0 Special Projects
Ul Texas Cold Nevtron Source

B. Class B Experiments (Reactor Operator & Experimenter Tasks)

B1.0 Routing Operations - training (Reactor Operator Tasks)
1.1 Reactivity coefficients - voids and materials
1.2 Reactivity coefficients - power and temperature
1.3 Step reactivity insertion - positive and negative
B2.0 Routine operations - demonstration
(Experimenter Participation)
2.1 Power operation
2.2 Pulse operation
2.3 Special projects
B3.0 Neutron Activation
3.1 Neutron activation (long-lived)
Reactor Operator task
3.2 Neutron activation (short-lived)
Experimenter participation
3.3 Special projects
B4.0 Isotope Producti;n\3-eie,me,h+'it'ra.d'bou‘*'or
4.1 Isotope production (long-lived)
Reactor Operator task
4.2 Isotope production (short-lived)
Experimenter participation
4.3 Special projects
B5.0 Reactor core exposures
B6.0 Peomrrrr—==posare= ther

C. Class C Experiments (Non reactor experiment)

Cl.0 Gamma irradiator Date of Change: i /djos ] b - '[
C2.0 Subcritical assembly Change Approval; L@{_I 1 L i i
C3 0 Neutron generator NETL Director

C4.0 Portable xray unit

.
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Number Title ‘ -
ADMN-6 Authorization of Experiments Date 12/

Experiment Authorization

Class

Date: 7 7

Phone No.

Requested by:

Experiment Title:

Physical experiment effects:
Reactivity Extimates (in cents)

static potential

Thermal Hydraulic

Mechanical Stress

Material Evaluation:
Radioactivity Material Hazards

Isotopes (major) Limits:

Activity (max) Limits:

Dose ( ) mR/hr cm igui Limits:

Review of Safety Questions:
i) increases probability or consequence . yes no
1i) creates different type safety condition yes::: no
iii) reduces margin of safety yes __ no

Procedure Requirements:

Experiment Restrictions:

Special Experiment Results: Date Performed / 7

Experiment Approvals: Special Routine

Reactor Supervisor P .
/

Health Physicist

Laboratory Director

i
A
/f__
/ /

/
Nuclear Reactor Comm. /

i b
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Number Title Rev. O
FUEL-2 Movement of Experiments Date 6/90
NUCLEAR ENGINEERING TEACHING LABORATORY
FUEL-2, REV. O
PROCEDURE
FOR MOVEMENT OF EXPERIMENTS
Approvals:

1/20/11

Reactor Supervisor

Berned W, Wefiriuy

Director, NETL

/é2g/2/245:Z;<§?i:2;/2¢291;<$cA¢4:

/Chairperson “Reacfor Committee

Chaifﬁgrsoﬁ,

Radiation’Safety Committee

List of Pages: 123

Attachments: None

Date

f7'/30‘/‘1{

Date

2/30/2/

Date

7/30/41

Date’ /

BALCONES RESEARCH CENTER
THE UNIVERSITY OF TEXAS AT AUSTIN
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I. PURPOSE

The purpose of this procedure is to control experiment facility or
experiment movements that may cause reactivity changes to the reactor core.

II. DESCRIPTION

Setup or removal of reactor core experiment facilities and experiments
can cause substantial changes in the core configuration reactivity.
Knowledge of these reactivity changes, both magnitude and sign, and the
measurement of these changes is necessary to approve any configuration for
safe operation.

I1I. REFERENCE

Safety Analysis Report,

docket 50-602

Technical Specifications,

section 3.4 limitations on Experiments

IV. MATERIALS

Radiation Work Permits (RWP) - for work within the reactor pool access
area, or for special experiments.

Page 2 of 3
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PROCEDURE

A licensed operator shall supervise all experiment
facility or experiment movements in the reactor
pool.

A careful examination of the reactivity
consequences of any experiment or facility
movement shall be reviewed.

Reactivity effects greater than $1.00 shall
require supervision by a licensed senior operator;
reactor startup checklist shall be performed and
k-excess adjustments made as necessary.

Removal or replacement of experiment or facilities
into or from the reactor core shall be recorded in
the reactor logbook; a k-excess measurement shall

be made at time of subsequent reactor criticality.

All experiments in the reactor tank shall be
secured as required by reactivity constraints.
Experiments or objects in the reactor pool that
represent no reactivity effect shall be secured as
necessary to prevent potential interference with
reactor operation.

A beta-gamma survey shall be made of all objects
or experiments removed from the pool; radiation
tags and wipe tests should be used as necessary.

a. Check the requirements of any extended or fixed RWP
for work in the immediate area of the reactor pool
access area.

b. Special RWP's may apply to specific experiments.

Reactivity Estimates ($)

CTR void vs. water -0.50
dummy min. graphite vs. water +0.05
dummy max. graphite vs. water +0.20
thru tube void vs. graphite -0.45
piercing tube void vs. graphite -0.35
RSR poison 40 places -0.40
PNT-G1 poison -0.16
PNT-Al poison -0.90

poison is a significant neutron absorbing material




Basic Nuclear Principles, Article 1

ATOMIC NUMBER DENSITY

Number of Atoms (n) and Number Density (V)

The number of atoms or molecules (n) in a mass (m) of a pure material having atomic or molecular
weight (M) is easily computed from the following equation using Avogadro's number (N, =
6.022 x 1023 atoms or molecules per gram-mole):

_ mN 4y
n = e w

In some situations, the atomic number density (N), which is the concentration of atoms or molecules per
unit volume (V), is an easier quantity to find when the density (p) is given

v-g- e ®

Number Density for Compounds
For a chemical compound (mixture) Z, which is composed of elements X and Y, the number (atom)
density of the compound is calculated from

— _ PmixNav
Nz = Npix = Mo (3)
mix

In some cases, the desired quantity is the number density of the compound constituents. Specifically, if
Z = X,Yq, then there are p atoms of X and g atoms of Y for every molecule of Z; hence

Ny = pNy

Ny = pNy 4

Example: Calculate the number density of natural uranium in UO2 with pye, = 10.5 9 / cm3

g 23 atoms
o _PuoNa (10.5 /Cmg) (6.022 x 10 /mole)
U — vuo, — -
27 My,, [238.0289 +2(15.9999)] 9/

=234 x 103 atoms/ .




Basic Nuclear Principles, Article 1

Number Density Given Atom Fraction (Abundance)

Oftentimes, it is necessary to compute the concentration of an individual isotope j given its fractional
presence (abundance) y; in the element

Number of atoms of isotope j (4)

Vi =

" Total number of atoms of the element

Many times, the fraction y;is stated as an atom percent, which is abbreviated a/o. The atomic number
density of isotope j is then
VjPelemNa
Nj = )/jNelem = ﬁ (5)
If the element has a non-natural abundance of its isotopes (that is, the elemental material is either
enriched or depleted), then it is necessary to compute the atomic weight of the element (Me,) from

the sum of all the atomic weights of the isotopes (M;) rather than use the tabulated M, value found

in a reference

Meiem = EVij (7

Example: Find the U-235 concentration for 3 a/o in UOs.
Solution: To solve this example, Equations (4), (3) and (7) are progressively substituted into Eq. (6).

Nyzss = yyzssNyzss = yyzssNyo,

Puo,Nav _ Yu23sPuo, Nav
Myo, YyzssMyz3s + Yy23sMyz3s + 2M,

= Yy23s

(105 9/ 5)(6.022x 1023 atoms; g3 4toms U
[(238)(0.97) + (235)(0.03) + 2(16.0)] 9/~ atomsU

=7.03x 1020 atoms/ .

Number Density Given Weight Fraction (Enrichment)
Other times, when working with nuclear fuels such as uranium, the enrichment may be specified in
terms of weight percent or weight fraction, w;, of isotope i:

Mass of isotope i
w; = 8
t Total mass of the element ( )
The atomic number density of isotope i is

iN wi N
Ni — PilV Ay — iPelem!N Av (9)
M; M;

Basic Nuclear Principles 1 BNP1-2



Basic Nuclear Principles, Article 1

Clearly, if the material is enriched, then the atomic weight of the material differs from its natural
reference value, and the enriched atomic weight, if needed, should be computed from

1 wi

Meiem N iﬁi (10)

Example: Find the U-235 concentration for 4% enriched UO..

Solution: First, compute the molecular weight of the enriched uranium, which is basically 4% U-235
and 96% U-238 since the U-234 component is negligible.

1 _ Wyzss  Wy23s 0.04 0.96

= = +
My  Myzs = Myzss  235.04  238.05

My =237.9 9/ ol

Next, use Equation (9) and the fact that py = pyo, MM—U
uo,

N, o235 = wU235pUNAv _ wU235NAU MU
v My23s Myzss FV% My,,
23 atoms vo,
=0 04‘9 * U (6'022 x 10 /mole) (10'5 g* /cm3) 2379g=*U
o ogxU 235.04 9+ U/ [237.9 + 2(16.00)]g * UO,

=949 x 1020 atoms/

Basic Nuclear Principles 1 BNP1-3
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Basic Nuclear Principles, Article 2

NEUTRON CROSS SECTIONS

Cross Sections
The microscopic cross section (o) is a property of a given nuclide; ¢ is the probability per nucleus that a

neutron in the beam will interact with the nucleus; this probability is expressed in terms of an equivalent

area that the neutron "sees." The macroscopic cross section (X) takes into account the number of those

nuclides present
Y=N-0 [cm™1] (1)

The mean free path is mfp = A = 1/Z. The microscopic cross section is measured in units of barns (b):

1 barn equals 10724 cm? = 10728 m?2.

Cross Section Hierarchy

|
oo B

oy = 05+ 0, =05 + (ac + af) where o, = 0,
=S+ 2, =2+ (Z 4+ Zf) )

For mixtures of isotopes and elements, the Z's add. For example

220 = 5B 4+ 59 = Nyoll + Nyof (3)
= 2Ny,0 - 0§ + Ny,0 - 08 = N0 - (2 - 0f! + 08)

1/v Law

For very low neutron energies, many absorption cross sections are 1/v due to the fact the nuclear force



Basic Nuclear Principles, Article 2

between the target nucleus and the neutron has a longer time to interact

11
Oy X — & —=
v

= )

Sl

Energy dependence of cross sections

o 0gis fairly independent of thermal energy (and temperature)
» 0q(0rand a;) is highly energy dependent

Ja(E)_ 1 |Ey  |To
o0 V(E) E T

=
k=3
L=

Crosz Section Cho
[ B
E=1) E=]

Ll

165 L1 ||||||| 1 |||||||| 1 |||||||| L1 ||||||| L1 ||||||| L1 ||||||| L1 ||||||| 1 |||||||| 1 |||||||| L1 |||||||
15 158 1w 13° 139 13 157 13 13t 18 1
Erergy (Mebd

Absorption cross section for U238

Basic Nuclear Principles 2 BNP2-2



Basic Nuclear Principles, Article 2

"

=
k=3

e

Crosz Section Cho
B

Ewaiil ]

166 11 ||||||| 1 |||||||| 1 |||||||| 11 ||||||| 11 ||||||| 11 ||||||| 11 ||||||| 1 |||||||| 1 |||||||| 11 |||||||
15 1% 1w 1% 187 18 157 164 18t 18 1b
Energy (Mey)

Absorption cross sections for U235 (green)and U238 (red)

166 1 |||||||| L1 ||||||| 1 |||||||| 11 ||||||| 1 |||||||| L1 ||||||| 11 ||||||| 1 |||||||| 1 |||||||| L1 ||||||| | EEE
15 1% 157 1% 187 1 187 164 1t 18 1b
Energy (Mey)

Absorption (red) and fission (green) cross sections for U235

Basic Nuclear Principles 2 BNP2-3



Basic Nuclear Principles, Article 2

THIS PAGE INTENTIOANLLY BLANK

Basic Nuclear Principles 2 BNP2-4



Basic Nuclear Principles, Article 3

NEUTRON REACTIONS

Neutron Intensity (I) and Flux (¢)

When neutrons are monodirectional, we speak of neutron intensity (I) but when the neutrons are
multidirectional we change the nomenclature to flux (¢). Where n is the number of neutrons per

unit volume and v is the neutron speed,

O,
O,

Fluence (®)

Fluence is the time-integrated flux (with unit sof neutrons/cm3):

@ = [@(t)dt

The unit “nv” is an outdated measure of flux in n/cm2-s, and similarly, the unit “nvt” is an archaic
measure of fluence in n/cmz2.

Reaction (Interaction) Rate

Knowledge of the neutron flux (¢) and the material cross sections allows us to compute the rate of
interactions. The interaction or reaction rate, RR [reactions/cmsBsec], is based on total number of
neutron-nucleus interactions.

RR=Mn-v) N-og=¢ - (N-a)=¢ -2
The reaction rate for various types of interactions is found from the appropriate cross section type

Total reaction rate = X; - ¢
Fissionrate = X¢ - ¢



Basic Nuclear Principles, Article 3

Absorptionrate=2, - ¢
NOTE: 2,-p 2 2, - @

The reaction rate in units of reactions/second can be computed by multiplying RR by the material
volume. In similar fashion, the total number of reactions can be determined by using the neutron
fluence (@), rather than the flux:

Number of Reactions =2 - @

Neutron Attenuation through a Target

Because neutrons are uncharged, they have the ability to move long distances through matter.
Neutron attenuation calculations are very similar to those for photons:

do
e —Z¢ - p(x)
P(x) =@y e Ft*

Fission Rate and Reactor Power

Where an energy release per fission is defined as Er, the fission (reaction) rate is related to reactor
power level by:

PRX f
RRf=E—R=Vfuel.quel.(pzv.(N.o-f).(n.v)

Basic Nuclear Principles 3 BNP3-2



Basic Nuclear Principles, Article 4

RADIOACTIVE DECAY

Radio-Activity
The number of disintegrations or decays per unit time is the product of the probability for a single atom
decaying and the total number of radioactive atoms.

A-N(t)

Fundamental Balance Equation
The rate of change of the amount of radioactive atoms is a function of production and losses. Where no

production and some probability of loss that is constant (such as the probability of a set of radioactive

atoms decaying, ), this can be formulated as:

dAN(t)
- =4 N®

Time dependent behavior can be found by integrating:

T
N(t) =f —A-N(t) dt
0
Which resolves directly to:

N(T)
ln[— =—2-0-42-T=-2-T

N(0)
or

N(T) =N(0) - e *T =N, -e AT
Half-Life
The time is takes for /2 of the radioactive atoms can be determined by:

I[A]—ll— 0.693 = —A-T
Mzoal T T TR T %

0693

T, 7
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Removal Rate

When the qualtity of concern is the amount of radioactive mateiral in some specific location, physcial
transport (4,) may also contribute to losses:
dN(t)

T —A - N(t) — A, - N(t)

dnN(t)

dt

—(Ar = Ap) - N(t) = —A¢pp - N(O)

Which gives rise to the term “effective half life,” calculated as above (the time it takes for 2 of the
radioactive material to be removed).

Mean-Life

The average lifetime of the radionuclide is evaluated by taking a time-weighted average of the time
dependent population:

B s g =
T—m—fo—t' -N(t) t—z

Compound Decay

If a radionuclide decays to another radionuclide, the neutron balance for the 2" equation contains the 1%
radionuclide decay term as a production term. There are a number of equally valid approaches to solving
the resultant system of equations, but for one parent (radionuclide 4) and one product radionuclide
(radionuclide B) the time dependent behavior of the product is:

A4
B(t) = A, - fe~2a — 28
(t) 0 AB AA {e e }

In a similar way, activation of material followed by subsequent decay can be modeled. In the case of
activation, the production term is Ny 0@, and it may be necessary to include a term for removal by
neutron absorption of Nz'o-¢.

If Ay >> Ag, then e *8 will approach zero more rapidly than e *4, and e ™5 can be approximated as 1.
This is known as secular equilibrium, as the activity of both components converges to the same value.

If A = Ag, both exponential terms are required to provide correct time dependence

If Aa << Ap, the parent is substantially converted to the daughter before significant decay of B occurs and
in approximation only the second exponential is retained, with the leading constant being the initial
concentration of A4 at the decay probability 1z. This is known as transient equilibrium as the tie
dependence of both radionuclides converse, and the convergent values vary by a constant ratio. In a more
complex serial decay scheme, a system of linear differential equations can be used to solve for the time
dependent behavior of daughter products.

Basic Nuclear Principles 4 BNP4-2
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TRANSMUTATION

During Irradiation(t < t;)

A “target” with nuclei n, is placed in a reactor or similar facility and is exposed to a constant flux of
particles, such as neutrons. Some of the target nuclides, n;, absorb a neutron to form a radionuclide
n, that here subsequently decays to a stable end product nj:

n, (target) - n,(radioactive) — nz(stable)

Considering the fundamental rate-of-change equation based on production minus losses, there is
both
creation and decay of the activation product (n2) according to:

22 = 64111(0)¢p — Ay (1)
(1)
An assumption is made that the number of target nuclei, n1, remains constant and that there are
few
(negligible) neutrons absorbed by the n2 or n3 nuclei. Laplace transforms provide a
straightforward solution method, especially since there are zero initial conditions (i.e., there are no

n, or nz atoms to begin with):

sny(s) = np(0) = 208 3, (1)
ny(s) = Zarn? (2)
Inverse Laplace transforming gives
ny(f) = 2202 (1 — ot 3)
The activity of the activation product, n2, is
Ay (t) = Any(t) = Ua,1n1(0)¢(1 - elzt) (4)

Where
¢ = the particle (neutron) flux,
04,1= the microscopic capture (absorption) cross section of the target nuclide,
A,=the decay constant of the activation product, and
t=the time since starting the irradiation.

The buildup of a stable decay product, n3, may be described by:

% = A;n,(t) (5)
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Laplace transforming and substituting the expression for n,(s) from Equation (2) yields

snz(s) —nz(0) = A,mn,(s)

1
s(s+13)

(6)

y) 1
nsz(s) = —Znsz(s) = 0,111(0)¢ [5_2 -
The time domain solution is then
1
n3(0) = 00 am1 (00 ¢ — - (1 - &™) (7)

The buildup of the radioactive activation product, n,(t), during irradiation from t =0 to t =6, where
the time scale is normalized to the number of half-lives of n,. The number of activated nuclei

(radionuclides) present at a particular time instant asymptotically approaches a1 (0)¢/ Ay After

irradiation ceases, decay of n, continues.

Neufron Activation

Buildup and Decay Decay
A A
4 Y4 I

0. - /
0.6

Irradiation Stops

0 T T T T T
0 2 4 6 8 10 12

Time (half-lives of n2)

After Irradiation(t; < t)

Once the irradiation is stopped, there is no longer production of n2 rather only decay of the
activation
product n2 and buildup of the decay product ns:

dn
d_: = —A;n,(t)

s = dony(t) (8)

ac

Again, Laplace transforms provide a natural solution, however, the initial condition are non-zero.
The
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"new" initial conditions are determined from the total irradiation time, t;, (that is, n,(t;)and

n,(t;)are
computed from Equations (3) and (7), respectively).

sny(s) —ny(t) = —A;n,(s)

_ ny(tp)
ny(s) = 250 9)
To retain the same time base, that is keeping t = 0 at the same reference point for both the
irradiation and decay periods, it is necessary to make a slight adjustment during the inverse
Laplace transform operation
na(t') = ny(t))e2"
n,(t") = [Ua,121(0)¢ (1- e/lzt)] e~ Aa2(t=tp) (10)
2
Likewise, the buildup of n3 may be determined via
snz(s) —nz(t) = Azn(s)
ns(s) =%t’)+lzn72(s) (11)
_n3(t) | Aanp(t))
s s(s+1,)
Inverse Laplace transforming similarly gives the buildup of n;
nz(t) =n3(t) +n, (tl)[l - (1 - e_AZ(t_m)] (12)
Note how the simple relations in Equations (10) and (12) make physical sense.
Basic Nuclear Principles 5 BNP5-3
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REACTOR MODES

Reactor behavior

The term “reactor behavior” refers to the response of neutron population to changes in physical
parameters, usually a change in control rod position. A cycle of neutrons (a.k.a. generation) is considered
to start with a thermal fission that produces neutrons and end when the neutron causes more neutrons to
be produced from thermal fission. The ratio of the number of neutrons from thermal fission in one
generation to the number of neutrons form thermal fission in the subsequent is called k.¢. Fractional
deviations in k£ from an equal number per generation (k=1, or critical) are defined as reactivity (p).

kg —k  1-k

kK k
Kefr Reactivity Definition
k<1 p <0 Subcritical
k=1 p=20 Critical
k>1 p>0 Supercritical

Viewed as a process, ke is the output of a cycle of neutron propagation normalized to the input,
efficiency. Typical neutron populations in an operating reactor (weighted by the velocity of the neutron)
are on the order of 10°-10'° neutrons per cm” per second. In general this is adequate to understand reactor
behavior; however, the fission process is not the only neutron production process. If efficiency is less
than unity, there is a constant loss of neutrons. The loss fraction per cycle is calculated as {1-keg}.

Neutron Sources

There is a natural background of neutrons which are produced external to the thermal neutron life cycle,
including cosmic radiation, boron/alpha reactions, deuterium/gamma reactions, and spontaneous fission
(see table). With a detection rate at sea level typically less than 1 cpm, the neutron contribution from
cosmic radiation is not large. The boron-alpha reaction is only significant where boron is used as a
burnable poison (as in some power reactors). Light water reactors produce small amounts of heavy
hydrogen, and the fuel itself has spontaneous fission decay constant. Transuranic isotope buildup in
commercial reactors introduces other isotopes that will spontaneously fission. Fortunately, the magnitude
of the neutrons is low enough that they are not detectable when the reactor is shutdown. Unfortunately
the background signal in the neutron detectors calibrated to indicate reactor power level is low enough
that electronic noise is comparable to the neutron signal; one cannot tell if the power level detectors are
working. Therefore a separate neutron source may be installed to ensure the reactor power level detectors
are operating.

Basic Nuclear Principles 6 BNP6-1
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| Spontaneous Fission Rates' |

Nuclide Half-life | Fission prob. Neutrqns Nel_lltr_(ins

(Years) || (per decay) ||(per fission)| (g 's™)

| U |[7.04x10°%]] 7.0x10" | 1.86 | 1.0x107|
| U Jl447x10°]] 54x107 | 207 | 0.0136 |
| »Pu |241x10*| 44x10™ | 216 [ 2.2x107]
| »pu || 6569 || sox10® | 221 | 920 |
| =2cf | 2638 | 3.09x107 | 373 [2.3x107]

These sources generally provide activity on the order of 10° n s, which distributed over even a small core
like the UT TRIGA (core volume roughly 93,000 cm®) does not intrinsically produce much signal.
However, even neutrons from sources that do not originate from the thermal fission process can cause
thermal fissions. This “source multiplication” in a subcritical reactor (a.k.a. subcritical multiplication)
actually produces enough signal to prove power level detectors are working during a reactor startup.

Source Multiplication

The number of neutrons lost in a generation is the fractional loss {1-k.g} times the number of number of
neurons at the start of the generation. If neutron sources external to the fission process achieve
appreciable fractions of the neutron population produced by thermal fission, then the neutron sources can
make up for losses in the neutron life cycle. If a neutron source adds enough neutrons to make up for
losses in the neutron life cycle, then the neutron population and the resultant rate of fissions is steady
state. Using a convention of CR (count rate) for the neutron population, S” for the non-fission source
contribution per neutron generation and SDM (shutdown margin) for the fractional loss/difference from
critical condition where K is unity, the neutron population is steady state when:

S*=CR-SDM

When the product of two variables is a constant, the function is a hyperbole. A hyperbole graphically is
represented by:

! Fundamentals of Nuclear Science and Engineering. Shultis, J. Kenneth; Richard E. Faw (2002).

Basic Nuclear Principles 6 BNP6-2


http://en.wikipedia.org/w/index.php?title=Fundamentals_of_Nuclear_Science_and_Engineering&action=edit&redlink=1

Basic Nuclear Principles, Article 6

Restricting the graph to positive values for the neutron population:

CR 4
ACR2
ACR1 o 1
L] 4 4 y L
A
A&k ASk

SDM

Characteristic of a hyperbolic relationship, defined change in the shutdown margin has less effect on
count rate as the shutdown margin is larger. Conversely, the closer to critical the larger the change in
count rate resulting from a reactivity.

It would be easy to say that the larger change requires more time to come to equilibrium, but the analysis
is based on a generation of fission neutrons and a fraction of the neutrons are not related to the fission
process. If a source is inserted in a medium that will fission but is subcritical, each generation includes a
constant contribution from the source as well as contributions from thermal fissions. As the source is
multiplied, each subsequent generation will also have contributions from the multiplied source. In the
table below, arrows are provided to illustrate how multiplied source neutrons contribute to subsequent
generations

Source
Generation ( S
Generation 1 S S-k
Generation 2 S Sk Skk
Generation 3 S Sk Skk S -k k- k
Generation 3 S 'Sk [Skk[*Skkk [ Skkk-k

At some arbitrary generation (/) the number of neutrons (») is calculated:

I
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Note that:

Subtracting the two equations:

Which leads to:

This is the same equation previously noted to describe the behavior of a subcritical reactor. Source

neutrons are therefore multiplied by a factor of m = ﬁ For two separate values of £ but the same

source,
S
nl 1 - kl
And
S
i —,
Can be divided as:
S

In terms of reactivity:

m_pr (e =D
n, p1-(p—1)

Significantly, the difference between the arbitrary generation / and the next (An) is An = S - k!*1. The
system converges to but theoretically does not reach a set value. The number of iterations (generations) to
the convergence value is a criteria; if the criteria is An = 1, the number of generations is a function of &
only. Obviously, smaller k values require fewer generations.
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Critical Operations

Source neutrons are introduced at a constant rate, regardless of the total number of neutrons, which
determines reactor power level. Therefore, if the reactor is exactly critical there will be an increase of the
same number of neutrons each generation, with no loss of neutrons — reactor power will rise at a linear
rate. If the neutron flux is very low, the increase will be a large fraction of the neutron population and
therefore detectable; at higher power levels, the increase may not be detectable. The graph shows how an
increase of ten units appears on a log scale starting at different total values. When the reactor is exactly
critical with a neutron source installed power level will be increasing at a linear rate; in a practical sense,
the increase is not detectable when the ratio of source strength to neutron population exceeds about 0.1%.

Effect of a Linear Increase of 10
1.0E+06

1.0E+05

1.0E+04 —

1.0E+03 T T T T 1
0.0E+00 2.0E+03 4.0E+03 6.0E+03 8.0E+03 1.0E+04

Supercritical Operations
If the number of neutrons increases by a constant faction each generation, and a generation exists
for a specified time, the rate of change in neutrons population is:

dn k

dt ¢
Which leads to the exponential equation:
Lo
n(t) =n,-e?

The exponential formula e* is graphically displayed in two formats, one with a linear scale for
the function and one with a logarithmic scale. Since reactor power generally increases
exponentially, a line on the log-power scale illustrates

X y
0 1
1 2.7
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2 7.4
3 20.1
4 54.6
5 148.4
6 403.4
7 1096.6
8 2981.0
9 8103.1
10 22026.5
Exponential Increase
25000 Exponential Increase
20000 / 100000
/ 10000 ~
15000 -~
/ 1000
10000 / 100 -~
5000 / 10 /
0 T T T 1 1 T T T 1
0 2 4 6 10 0 4 6 8 10
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FOUR FACTOR FORMULA

Neutron Life Cycle

Modeling for reactor development or design analysis involves solutions to the Neutron Transport
Equation, understanding how physical changes affect reactor behavior does not. The life cycle of
reactor neutrons begins with high-energy neutrons released in the fission process. Fission energy
neutrons are born with an average value 2.5 MeV kinetic in a Watt spectrum distribution (N(E)
representing the number of neutrons at energy E):

2
N(E) = —exp (—=E) -sinhv2 - E

Decreasing neutron energy enhances the cross section for fission in 235U; however, there is a fission
cross section for high energy neutrons for both 235U and 238U, although the fission cross section for
238]J essentially vanishes below about 1 MeV.

105 -10°

| S

3.2, 9, o

(=S T R P
UL RELUER I s

B
=

=
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T

Crosg Section (ko

1075 -10°=

Cross Section (barns)

jo-1o L Jdio-10

wl wl 1 | . .
17 10 g 15t 18 1h 107 107= 1
Energy (Mev) Incident Energy (Mel)

Absorption and Fission Cross Section for U235 Fission Cross Sections for 235U & 238U

Fission energy neutrons lose energy by collision with atoms, transferring energy from neutrons to
the “target” atoms. A relatively constant fraction of energy is transferred in each collision, leading
to the concept of “average logarithmic energy decrement,” with the symbol . Straight forward
analysis using conservation of momentum and energy demonstrates better transfer of energy when
the mass of the target approaches the mass of the neutron. A neutron can transition from fission to
1 eV with 15 collisions with hydrogen, 92 collisions with carbon, 665 collisions with Zr, or 1700
collision with uranium. The scattering cross section for hydrogen and carbon are relatively
constant over a wide range of energies.
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Uranium exhibits elevated absorption cross section at very specific energies; if the neutron energy
is slightly different than these “resonance” cross section peaks, then the absorption probability is
orders of magnitude smaller. As neutrons lose energy, they will exist at various intermediate
energies. If one of these energies matches a resonance, the neutron can easily be absorbed in 238U
in a non-fission absorption.

L,

QL R R e e e R

Cross Section (h)
B ORR
=
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U238 and U235 Absorption Cross Sections (Energy in MeV)

Note that cross sections are experimentally measured. Neutron energy can be well-characterized,
but individual atoms of the target material have kinetic energy that follows a Maxwell Boltzmann
distribution. Individual target atoms cannot be measured or specified.

If a target atom is moving towards a neutron, the impact at interaction will be greater than the
kinetic energy of the neutron and increase the energy of the collision. Therefore, an increase in
material average kinetic energy (i.e., temperature) makes different neutron energies match the
resonant energy. The sum of the cross section at energy across the whole resonance does not
change. This effect is modeled as Doppler broadening of the resonance, with lower peak energy but
the same total integral cross section value. If there is a distribution of neutron energies around a
resonance, more neutrons at different energies can be resonantly absorbed as temperature
increases. Therefore the spectrum-averaged macroscopic cross section increases with temperature,
decreasing resonance escape probability.
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With enough collisions, neutron energy will be on par with the kinetic energy of the target atoms. If
a neutron has more energy that a target, it will lose energy in collision; if the neutron has less
energy than a target, it will gain energy in collision. Therefore, the distribution of neutron energy
will naturally parallel the energy of the target material. The Maxwell Boltzmann distribution in
terms of velocity is:

f) =

At low neutron energies, cross sections vary by 1/v. For a neutron cross section of o at a reference
2200 m/s velocity (0.0253 eV), the cross section at a different velocity will be:

Vo
0-X=0-0'_

Vx

The cross section for all thermal neutrons will be:

Using 20°C, 293°K, as the reference cross section measurement,

V2 [T,
GX=GO.?. T_
X

Therefore, the cross section for thermal neutrons is reduced as the moderator temperature
increases.

Multiplication factor, k
The multiplication factor (k) is a “gain” factor, describing whether neutron population from thermal
fissions is increasing, constant, or decreasing.

Number of neutrons from thermal fission in current generation

Number of neutrons from thermal fission in previous generation

The multiplication factor has four components that are only functions of material, and not
geometry. The fast fission factor term (g) accounts for neutrons produced from high-energy
neutron fissions. The resonance escape probability term (p) accounts for high energy neutrons
absorbed by the fuel that do not produce neutrons. The thermal utilization factor term (f) accounts
for absorptions that remove neutrons from potential neutron production. The reproduction factor
term (1) accounts for the number of neutrons expected from an absorption in fuel.
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ko =€-p-f-m

Fast Fission Factor, €

Although thermal neutrons only cause fission in U235, high energy neutrons created in the fission
process can cause both U235 and U238 to fission (“fast fission”). The fast fission factor (&) accounts
for the increase in neutrons because of fast fissions.

Number of thermal and fast fission neutrons
Number of thermal fission neutrons

& =

Where v is the number of neutrons produced per thermal fission, o is the cross section, and @ is the
neutron flux:

235 235 235 235 235 235 238 238 238
vrp N "OfTh' Prp + Vfast N " Of fast * Prast + Vrast N " Of fast * Prast

235 . N235 . ;235 .
vip N ofrh - Pra

E =

A little simplification leads to:

235 | 235 238 | 238 238
e=1+ <Vfast Of fast  Vrast " 9f fast N > (Dfast
= 235 | 235 235, 235 pN235 )
Vih " OfTh vin cOprn N Prp
v235t'0-235 . V238t'0'238
This can be simplified by assuming constant terms % = Aand fa;Tsf = B:
Th Th

A N238 B P
e=1+|—70p+ N235 5235 dfaSt
Of Th OfTh Th

Resonance Escape Probability, p
High energy neutrons lose energy by scattering, which reduces neutron energy from about 2.5 MeV
to about 0.0253 eV.

Absorption cross sections for U238 at energies less than about 104 eV and above about 1 eV have a
series of “resonances,” sharp peaks at discrete energies. The resonance escape probability (p)
reflects those neutrons that are slowing down, but do not get absorbed in cross section resonances.

Number of neutrons slowed to thermal energy
"~ Number of neutrons from thermal and fast fission

p
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Capture resonances are complex discrete cross sections; development of an analytic form for the
resonance escape probability is not trivial. One generally accepted approximation is:

1 Zguel
p =exp [_E ’ J.ZFuel + yFueland Mod
a s

where € is the weighted average energy decrement. Note that this form implicitly includes some
averaging processes in combining fuel and moderator scattering properties, and is concerned only
with resonance absorptions (greater than thermal energies).

Th
1 1
p=expi—=- f fFuel and ModJ

l g F.En. 1 + = Z_Fuel
a

With a resonance escape probability on the order of 60%, exponential expansion to the 1st order
can describe the general direction (but not magnitude very well) of changes:

- 1 1
p= 1_5' f 5 Fuel and Mod
s
fguel

Some qualitative simplification can be based on the relatively constant microscopic scattering cross
sections. Therefore, variability in macroscopic scattering cross section is via changes in number
density. Itis also common to consider the average logarithmic energy decrement either as an
average value or an average value across a few energy ranges.

Thermal Utilization, f
Of the neutrons that achieve thermal energy, only a fraction (the thermal utilization factor (f), will
be absorbed in the fuel.

_ Number of thermal neutrons absorbed in fuel

~ Number of thermal neutrons absorbed in core
Where X, is the macroscopic cross section for absorption,
Fuel Fuel
_ 2" Py

f_ Core Core
2q '(pTh
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If the thermal neutron flux has the same value across the core components (fuel, cladding, water,
control rods, and other components), then

Fuel
f _ Za Th
T wFuel Cladding Hz0 Control Rods Other
2oTh ++Z'aTh +Z'aTh+Z' + 2,

The fuel matrix actually consists of 235U, 238U and ZrH; 6 and boron (cross section for 1°B provided
below) is the major component of the control rods so that:

235 235 238 238 ZTH ZTH
{N "O0a,Th + N *OaTh +N " O0aTh

235, ;235 238, ;238 ZrH . ZrH H,0 . ;H20 CR . ~CR Other . ~Other
{N ogrn +N Ogrn TN O'a’Th} + Nz Oarn t N Ogrn +N OaTh

f=

—TeTAL INELASTIC ——(H.A)
|- —ELASTIC —-GAPTURE

tharns)

Cross Section

-

ot 0% e 0 a0® oot ae® 10® ot

Neutron Energy & eV

Reproduction Factor, n

The reproduction factor is the average of the number of neutrons released when a neutron is
absorbed in fuel.

Number of neutrons produced by thermal fission
Number of thermal neutrons absorbed in fuel

'rI:

Although most thermal neutrons absorbed in the fuel are absorbed in uranium, the fuel matrix
includes zirconium-hydride, U238 and U235. Since the absorption cross section for U235 is about 100
times greater than the absorption cross section for U238, most of the neutrons absorbed in uranium
are absorbed in U235, However, only about 85% of absorptions in U235 result in fission. An average
of 2.43 neutrons are released in U235 fissions. Where v is the number of neutrons produced per
thermal fission, o is the cross section, and @ is the neutron flux:

N235 0.235 (p235

n=
Fuel . Fuel Fuel
N a Th (D
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For homogenous fuel composed of U235, U238, and ZrH:

v N235. af235

. N235. 4235 235, 4,235 238 , 238 ZrH . 2ZTH
v-N Ofrp t N Ogzrrn T N Ogrn +N O4Th

]’]:

A more useful form is:

%
n= 235
238 . 238 ZrH . o ZrH
1 4 Jasrrn N22%-ogp + N Oa,Th
5235 N235 . 5235
f.Th f,Th
OasfTh 9aTh
Since N238 . g238 > NZTH . gZTH defining {1 + =52 } =Cand 55 =D
OfTh OfTh

=
IR

N238
C+D s

Summary and conclusions
The effect of variations in physical parameters on the 4-factor formula can be understood by
evaluating how each individual term is affected.

. . TRIGA
Term Formula Simplified Value
Number of thermal and fast fission neutrons 14 A + N238 B | Pres 1.02-
€ Number of thermal fission neutronsgen1 afdn N3 afn| P 1.08
Th
Number of neutrons slowed to thermal energy 1— l . 1
p — § fFuel and Mod 0.68
Number of neutrons from thermal and fast fission Finl+ 2 —
" . Zaue
1
f Number of thermal neutrons absorbed in fuel NH20 . o120 | NCR . GCR, 4 NOther . gOther 0.80
Number of thermal neutrons absorbed in core 14+ —5 azgg 538 e o H e
N23> gz, + N*°° - oy, + +N “04Th
v
" Number of neutrons produced by thermal fission9°™"? Jﬁii o N238. Jgsﬁl T NZrH ‘Gaz'rr% 202
i 1+ ; - . ’
Number of thermal neutrons absorbed in fuel 235 N235 . 5235
Of Th Of Th
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Enrichment
Enrichment is defined as:

Mass is related to number density by:

m-NA,,

Ag-mole

Since {my = my35 + Mmy3g}, N235, N238, and/or the ratio of N235:N238 can be developed in the factors

as number density, mass, or enrichment.

Reactivity, p

Fractional deviation in k. from reference, stable, critical condition

kg —k  1-k

k
Eref " Pref * fref “Mref —€°D f ‘M _ Eref " Pref 'fref *Mref -1
8 . p . f . 'r'] E . p . f . 'r]
ke Reactivity Definition
k<1 p<O0 Subcritical
k= p=20 Critical
k>1 p>0 Supercritical
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Neutron Non-Leakage

Neutron Path-length and Leakage

Not all neutrons interact within the core area, some escape the boundaries. As a neutron travels
from fission to absorption, the neutron energy decreases by more than 8 orders of magnitude from
an average birth energy 2.5 MeV to an average energy at absorption of 0.0253 eV. Cross sections
change across this energy range dramatically, and at a minimum have to be managed in two groups:
high-energy (fission and fast neutrons) and neutrons in thermal equilibrium with core materials
(thermal neutrons). The distance a fast neutron travels is “Fermi Age.” The distance a thermal
neutron travels is “Diffusion Length.” The total distance neutron travels (“Migration Length”) is the
Fermi Age and Diffusion Length combined in quadrature. Neutrons within a few migration lengths
from a core boundary have the potential to escape. They may escape either as fast or thermal
neutrons.

Calculation of leakage/non-leak probability is not trivial. The equations and terms provided here
are intended to provide a framework for understanding what physically occurs in neutron leakage;
more specifically to aid understanding of how physical changes in the reactor materials and
geometry affect leakage. The models and equations provided are from intermediate steps and
interpretations of the neutron transport equation (a special case of Boltzmann transport) and the
Helmholtz equation.

Diffusion Coefficient
Simplistically, with X, describing the number of absorptions per unit length, the mean free path
(mfp) of a neutron is the average distance (Ans) traveled until the neutron is absorbed:

1

Ampp = Z_a

This is exact for the case where the only possible interaction is absorption. In the case where
scattering occurs, the mean free path is modified by a “diffusion coefficient”:

1

B 3- (Ztotal — 4scatter ” .ﬁ)

D

For weakly absorbing material (X;tq; = Zscatter) and isotropic scattering (it = 0), this reduces to:

1

3- Zscatter

D

In the case of the transition of high energy neutrons to thermal neutrons, “birth” is the fission
process with “death” being a loss of energy into the thermal range. At high energies most
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interactions are scattering, with little absorption. In the case of thermal neutrons, birth is the
transition from high energy to thermal region, and death is absorption. In the thermal range both
scattering and absorption must be considered.

Fast Neutron Path

The path length from birth to the point where some energy is achieved (for a high energy neutron
with no absorptions, scattering cross section, X, a function of E, and £ as the average logarithmic
decrement per scatter) is calculated as:

(E) D dE
T = —_—
E Sr s E

Substituting the diffusion coefficient into the integral:

I
N
E3‘2§'f'5

For weakly absorbing material, this is modified by the resonance escape probability:

1 Eo Z'guel 1 Eo 1
p = exp __'_L Zguel + Zguel and Mod] =1 _Ef 5 Fuel and Mod

E
1+ . fguel

Resonance absorptions are 1-p, So that:

B 1 1 (B 1 }
(E) = —dE-—-f dE

5 3,252,§,E f £ 1+f§"uelandMod
fguel

This is not a friendly term, but the qualitative effects of changes in parameters are evident.
Decreases in scattering cross sections and decreases in resonance absorption increase fast neutron
path-length from birth to thermalization.

Thermal Neutron Path
The modification to mean free path in the thermal region is relatively straightforward (compared to
high energy neutrons). Diffusion length of thermal neutrons (L) is calculated:

1
L= —
\/3 g (Za + Zscatter {1- .u})
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Geometric Buckling

Geometric buckling describes the propensity for neutrons to escape the core; neutrons more than
3-5 mean free paths from the core surface have no significant chance of escaping from the core. In
simple terms, neutrons leak out of a surface, and interact within a volume. Symmetry and the
physics of the diffusion process require specific flux distributions and specific geometric buckling
factors for specific geometries.

Reactor Geometry and Buckling
Geometry Dimension Flux Distribution Buckling
n-x I
Infinite slab Thickness a D, - cos o P
. ON T-T T
Sphere Radius R — —_— =
p oS — R
Rectangular X n-y n-z N2 (TN2 (TN
parallelepiped aXbXc @, - cos m cos 5 cos c \/(E) + (E) + (E)
L : Radius R, 2.405-r Tz 2.405\ 2 T2
Finite cylinder height H Dy Jo R $C0s — \/ (—R ) + (ﬁ)

Buckling and Kesr

The ratio of neutrons from fission in one generation to neutrons in the previous generation is Ke, or
k. For k=1, the neutron population is stable. If neutrons are all absorbed in the reactor and none
move to locations outside the reactor, there is no leakage. The absence of leakage implies an
infinite geometry, with the ratio k (ker) labeled ke.. Buckling relates k and ke generally as:

ko =k+k-L>-B?=k-(1+L%-B?)

In general, neutrons are born at high energies and lose energy through scattering until they are in
thermal equilibrium with their surroundings. Absorption cross sections at very high energies are
much different than absorption cross sections, with scatter angle more forward directed. The ratio
of scattering to absorption is different at high energies than low energies. Therefore the materials-
based leakage of high and low energy neutrons is considered separately, with L reserved for low
energy, and t used to modify the neutron path length for high energy neutrons. Developing the
form for both high energy and low energy neutron components that are coupled (high energy
neutrons become low energy neutrons through scattering) creates a cross term that simplifies to:

ko =k-(1+1?2-B?>-(1+1% 7%

or:

Basic Nuclear Principles 8 BNP8-3
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= k

= 0

1+1%-B* 141%22

The two terms in the denominator are called “nonleakage factors” and depending on convention
may be written as Pu;, for fast neutrons and Pyjm for thermal neutrons or L and Ly, (sometimes with
a script L).

1
Pnl,Th = B2

1+ —
324 (Za + Zscatter {1- ,LL})

1
Py fast =
, 2.5 MeV 1 1
1+Bz'f0.1ey 3'23-52'E ) fguelandMod dE
1+ fFuel
a

As before, some qualitative simplification can be made based on microscopic scattering cross
sections for moderating materials like hydrogen and carbon and highly absorbing materials like
boron. As absorptions increase, nonleakage decreases, although only absorptions within the range
of a few mean free paths from the core boundary contribute to the decrease in nonleakage.

Summary and Conclusions

Geometric buckling has the same form for all neutrons, regardless of neutron energy. Changes in
the cross sections or number density affect nonleakage factors by changing the total path a neutron
travels; in the case of fast neutrons, from birth to thermalization, and in the case of thermal
neutrons from thermalization to absorption. In general, buckling is smaller for larger reactors;
smaller buckling influences nonleakage toward unity.

Basic Nuclear Principles 8 BNP8-4
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REACTOR KINETICS

Neutron Lifetime
e Since velocity is distance traveled over time, the lifetime of neutrons born directly from fission
(prompt neutron lifetime, £,) is the distance traveled over the average neutron velocity (v)

e some fraction (f) of neutrons that cause fission occur as the decay of fission fragments, which have
half lives from milliseconds to minutes; the life of these neutrons starts after the fission at the
average (or mean) life of the radioisotope, then follows essentially the same lifetime as prompt
neutrons.

&, +1,

~ Apk
Neutrons that result from the decay of radioactive fission products are called “delayed,” and
neutrons produced directly in fission process are called “prompt.” Fission is a stochastic process, so
that fission products from a single, specific fission can only be described statistically (i.e., as a
probability of distribution of products); values for £ and Apk only apply in a broad, average sense.
Experimental observations show that the half lives of delayed neutron precursors are close enough
to be considered as several “groups” with a statistical spread around the half life of representative

isotopes.
Group Isotope Half Life (s) | Decay Energy (keV) | Neutrons Fraction
Constant (s} per Fission

1 55.72 0.0124 250 0.00052 0.000215
2 22.72 0.0305 560 0.00546 0.001424
3 6.22 0.111 405 0.00310 0.001274
4 2.30 0.301 450 0.00624 0.002568
5 0.614 1.14 - 0.00182 0.000748
6 0.230 3.01 - 0.00066 0.000273

e aweighted average of the lifetimes of prompt and delayed neutrons represents the mean lifetime
for all neutrons (1):

6 1
lAvg =(1- ﬁ) : lp + Zi=1.3i : (lp +K>

In practice, the prompt neutron lifetime is orders of magnitude smaller than the mean lifetime of
delayed neutron precursors, and:
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lAvg—(l_,B) l +Zl I[ADK]

For convenience, this is frequently simplified to a single group of delayed neutrons:

- B _ B _
lAvg=(1 ﬁ) l +m_a—ﬁ T

e Similarly, a weighted average of the energies of the neutrons shows the average energy of delayed
neutrons to be about 0.45 MeV. In contrast, the average energy of prompt neutrons at birth is
about 2.5 MeV.

Typical Values
For thermal reactors, the time-to-absorption is mostly the time the neutron spends at thermal energy
levels before being absorbed (i.e., slowing down time is comparatively short). Thermal lifetimes for pure

moderators:
Moderator H,0 D,0 Be C
Thermal Lifetime (sec) 2.1x107* 1.4x 1071 3.7x1073 1.8 x 1072

The delayed neutron fraction () and decay constant are a function of the fuel material and neutron

energy.
Thermal Fission Fast Fission
Fuel Nuclide B A (sec™1) B A(sec™)
Uj33 0.00266 0.0543 0.00267 0.0559
Ujss 0.00650 0.0767 0.00642 0.0784
Puys3q 0.00212 0.0648 0.00204 0.0683

Reactor Flux/Power Increase
n(t) = nge'/T P(t) = e’/ P(t) = Pye'/t

Stable Reactor Period, Prompt T

e For very small reactivity insertions (p << )

Basic Nuclear Principles 9 BNP9-2
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T

IR

lAvgNEZE
p A p

e For large positive reactivity insertions (p >> f3); i.e., prompt critical

~
IR
'GN

Reactivity, p

o
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