SAFETY ANALYSIS REPORT
Chapter IX

For the
Penn State Breazeale Nuclear Reactor

By:

Daniel Hughes
Warren Witzig

Contributors:

Patrick Boyle
Terry Flinchbaugh
Rodger Granlund

Samuel Levine

Pamela Stauffer

Marcus Voth

License Number R-2
Docket Number 50-05

The Pennsylvama State University
University Park, PA 16802

January 14, 1997 Rev. 1 (4/24/97)

|

k;}\\mb N o\

8 970428
K



i

‘ SAFETY ANALYSIS REPORT
TABLE OF CONTENTS
I I e i oSt r bt it nrbe DA b EBA b LSRR R i St 1
Y L TN A T R A YT AR T SO LI UYWL WP L il
AT T e R U SRR LA SR WA L TP PERI JUTH P L FTRTC P vii
LA OEBERCEVE PREDE . .. ... o0 crocsssnnssosinsadinidoss pbbaibh iunpssssss aipnsamssapi §3vaes saans 1x
I CCeh e by 4 RSP SN-ES CHNIIN S P SO L N SO I-1
B R EARATEIEEIRR o o oo citianmnsvmrsavers sassbanmnaniissmshomscayrimet-iiiints I1-1
A. Geography and Demography II-1 ..., I1-1
1. Reactor Site Access Control .................cc0n TR LA Uy I1-1
B. Nearby Industrial, Transportation, and Military Faciliues ...................... 11-6
Re s DDREOIOIEY <516 i o 8000 S FAR SRR AP 8B ATDE S B B S AN RIEAAS S0 L2 (I-6
D. Geoiogy and Hydrology .......c.ocoovniiiiiimmimimiiiiiiiiiasaineaiaan 11-7
IR TRURIIBOREEY 5. ivi s vaks s dnsods B . s A6 A AR i AR BRA AN 2 1-10
. . DRBEOIOROOE o nvceoi oo vonrranesinn sonnsosesboshureinensstosen faaseohudsdosanionsishsios 11-10
BE.  BEATTOR TREIN ... oo0i0iticasenbi 155000 aatragis 4 55iniians absssissstuanvassmiane I-1
K. EDBOBBOBON ..o ooinvsvsasmannansenssnessnssrionssinnasrnnsssassdorsadiipnsiifssssins I1-1
R T T N PSR SR s S S R II-1
L. IRIRRIE TR v s cmnesisiocirst snssmmens i amanmeens spemasidnaaier o s rvs ers -1
3« Reactor SUBDEBEION TOWRE ... .i0iioosscicrisnnermisiananninssonsmansiiesanies -3
3. ROROLOP CIUE UM .. sevssoicniiionsivnionnitosniiohsntdadisssfsysshissssssnyns [1-3
B TR TR . ..o ensnimioasamasaninisbonenbnbosese sy s eatasdis [I-6
B TR 53 450 4t £ 40 & 0 7 e a0 R A Al ORD 2 AT AN S8 I1i-6
5. IR RO DI ... o s cni 5 v b b s s ARSI S DI 00 2800 b RO I11-9
7. Coaphite Reflector BIBMenES. ........cccovvirsiirsorasirenssrasasensansionbosesss II-16
. DRMEIRNE IDRBMIR .o 0o cinnbanoss brosadedd Ghinthdiassssninsmmopdssduinspeanashssnnnnes II-16
1. Standard TRIGA COE ......ovoviiisieianiinieriisiieiiiniisainssaeeinesens IT-16
2. B ROuOn SOMIOE ... o0 o0 mwin s ssannininnss subansseassmtsssmesiss I1-23
D. Thermal DesiBn.......couvoirommimaniossircrmnrisnerssionsssnsssnsnstsesasssssssnsis [11-23
IV. REACTOR POOL AND WATER SYSTEM .........ccoiviiimminiinnninimnnsiinininses V-1
Pt TR TR s s s K 0 A 0 AT S PR RS 41 Iv-1
D. PSBRWater HandUag SYMBIM .....ccoiiioomeessaisiosisassrusssinsasnsssors crsase V-2
1. General ..... L SR A 1 PP U L Oy PR SRR Cor PPy Iv-2
2 PO, REOUUUIIION L00B . coovvs oo ivaravsicsssomsnnts crasaansunssns sanssnn rade V-2
e DRREEEIIIE . .cioo i res isnimi b b tha kit w gt b n At R T s birh i b RPAAR SRS EHR N5 Iv-2

\\_ﬁ\ut\ &\ AN

‘ |
L ¢ |



VL

VIL

A.
B.
i
D.

FACILITIES AND EXPERIMENTERS
Beam Ports
D,0 Thermal Column

Central Thimble

A.
B.

A

F.
G.
H.

4. Transfer of Pool Water
5. Heat Exchanger
6. Liquid Waste Evaporator

C. Water Quality Monitoring and Maintenance

TABLE OF CONTENTS

(Continued)

..........................................................

......................................................

.......................................

.........................................................

...............................................................................

...............................................................................

......................................................................

......................................................................

. Central Thimble OsCilator ..ooviriitieie et aiss s sansseressnsteeansnnns
Verticle Tubes

........................................................................

..........................................................................

Pneumatic Transfer System

1. Pocumatic Toanslor Systom L........occoiiiinsiniiibansiovarvinsnns
2. Pneumatic Transfer System IL.............c.ccoiiiiiiiiiiiiiinnnns

BOIERIRENE TDEMARE - ; s v e sdnannednaipits boshnunmesmin sk sris Raisanae
BRI ) fo L Wkt b SRl ko et bk S A TR . RS TR0 s 1
R D RN 1+ o5 s vk sy ann aappyny airedys o

REACTOR SAFETY, PROTECTION, CONTROL

AND MONITORING SYSTEM
VIR DIIIRIBY - 7w s 4 s 4 d4a BN PIRGE %45 AOXR £ 43 e EAAIS i
SYSINS DOBIED PRUOBOBRY ... corioninessssasarinanboninens dniumipaions
Console Function SUmMmMAaTY .........coccoiievimmimisissssmssasssnsasasiss

OO =

R R TR 5. o .-t i i it avemdam s nna sy anacn b

L I I NI 5 i o500 e s 334 T pb s s e bR 6 4 AT e
2. Interlock FUNCUONS .ottt et vt aseanaaeanneenins

..............................................

VI-]
VI
Vi-4
VI-4
V1-6
VI-6
VI-8
VI-8

VI-8
VI-12

VI-14
VI-14
VI-14

VII-1
VII-1
V-6
VII-6
Vil-7

VII-7
VII-7



v

TABLE OF CONTENTS
(Continued)

i T R SR e IS EIGRY e SR SO DL IR PR S B VII-8
1. Wide Range Monitor Description ...........cocoveeisnsasnssamsisssssnunssnse VII-10
2. Power Range Monitor Description .............cooniavusnsiassnnessacssssnsens VII-11
3. Control and Alarm Subsystem Description ...........ccooviviiiniiiniinn. VII-12
a. SCRAM and Control Logic Assembly Description ..................... VII-12
b. SCRAM and Rod Control Switch Assembly Description ............. VII-12
¢. SCRAM and Alarm Panel Assembly Description ....................... VII-13
4, The Power Distribetion SYSIOM ........ciiaviarsunssoronsivkonesoasas esnnyssiin VII-13
PCMS Function SUMMATY ........ccovuiueeesiomnmnessiissmsisnsrensstmienin VII-13
L. T DN oo d v i i v s sym i S I BB VII- 14
a. Reactor Control and Regulation ............ooooiiiiiiiiiiiiiiiiiiainn VII- 14
B, DEEEE UMM .. i s vihnsswhicasns oy onwnhinsds s Rmasniasssmens Sruine VII- 16
() Reactor Spback ............crvvivieniiriniscasanssars iy snssuarsae VII-16
B TR ORI == . 1 ocia's s 4 Cans s nihomaton S isa s sea ool daiube VII-16
(E)  TRORCORE RIMBEIGOIE . ¢ o550 vssirs dntnanne rrnyinsvadsrsubsgurinerye VII-17
(d) Facilities Systems SUPPOrt ..........ooovvviieiiiiiiiniiiciiaian VII-17
(i) Emergency EVACUBHEON ........ccicimviveionspssmnassannsainne VII-17
(1) Reactor Operation Inhubit ..............oooiiin VII-18
Gi) DR ORIl ... ..c.convin ciinnissduncanssosdnnvaeinsashiis VII-18
(iv) Operating History Records ................cocoiviiie ciinnn VII-18
(v) Police Services Noufication ..............oooviiimiiinininn VII-18
BEE - - NI 5 i . o M Rk i 8 R AR T By o 3 A A B e s VII-19
()  Opordtor IBHIROE ... ooonsiniisiinisisinnrsinssrniritinsnssussiines VII-19
(E) . DO TOREMNE - i s o s tis sionymmmatnn sas wh cxessus shetabaprenestseis VII-20
. B DO L s o b i §3 05 40 TR B AT S PRI S ¢ L E I Pag 50 VII-20
. Systoms Oporsion DESCHPHON ......oviiiiciriiimisnscvimarsanssrassssnsnsansios VII-20
1. Reactor Safety System Description ............ccovviiiinmiiimiiiiiiii VII-22
L. RS REAY LORC IR .o oxioi1500h0iunsmos suniindespubsinssomnand ook ana VII-22
g DORAMERBIC. ...covs iisivninanninnnassnieivsnsanssonsrsonthonts shssssntises VII-24
b. Transient Rod Air Interlock LOBIC ......ccivvcvivimsnminnimmaninssrinenins VII-25
S TR DN DOUIMEIOREE L .. 0000 5000 460 e 13 £ b B b B AR A VII-26
. PCMS Hardware Descnipton .............. M e e A s dan v SV ST A S VII-27
L DOMMDIMIIER i sisoinioans seseaan ot sseas nhes s samis st s AT BT oRIRIEIRN RIS IR VII-27
2 TPV TRINIRDE | (v i cvvovnsnvsnsmssaniosontrnsoneinishiand st sanessssss VII-29
a. Chassis Arrangement and Watchdog/Test Cards ....................... VII-29
b. Anslop Signal WOL I ...ivvnmiiivinioshinsnsmnsiirinsnsssssds e VII-30
6. Digttl Signsl POORMS . . ..ovois00s c0iamssnsmmnssssnsonnsaronsnenssvnss VII-32
d. Watchdog and VO Self Test Circuits.............oooviiiiiiiiin. VII-32



L.

TABLE OF CONTENTS

3. Motors and Associated Controllers

a. Motor Control ........

4. Power Supplies ...........
5. VO Assignment ...........

(Continued)

...........................................
.......................................................

.......................................................

.......................................................

PROTOL Generic Software Description .............coovviviiiiiiiiiieiiininiain

Control Language ........
. The Operating System ...
. Genenc Tasks Running in

L2 b —

.......................................................

the PROTROL System ..........coviisvnnsmsnnse

System Self Checks and Defenses..........c.cccoccciiniiiiiiiiiciinivinensns

a. Defenses Against Loss of Field Sensor...........cooovvimmsniisrionaens
b. Defenses Against Loss of POWer...........cccoovinianiisiirinnninicniins
c. Defenses Aot VOFRIMME. . ......c.oovvnvirinissincnnrmsrissiirissnessans
d. Defenses Against Computational Faults..................c..oo.
e. Defenses Against Program Corruption Faults ...........................

5. DCC-X/DCC-Z Self Tests and Robustness Funcuons......................

a. Self Tests on Start Up
b. Self Tests While On L

Application Softward .........

......................................................

T L ML STV ) ey (| 95 o B

L5 IROCE EOMBURRE TR ..o vinnninnsnsnisrnnbrasmsnnsny sbborvnbnnsvaiabinvis

2. Non-Block Language Tasks

Control Room .............. ..

1. General Description ......
2. Monitor Indications in the

Minimum Safety SCRAMS and Interlocks

M. References ............cocvvvens

N.

VIII. CONDUCT OF OPERATION
A.

ol ol - 8 LR

ERRIARY . i i vk bisininslvi

COBNOE RO - ivinss il bl E TR A AR

.......................................

Organization and Responsibility . .........cccivviorianmmnisnonirsnsmensinsnsiscisns

Reactor Operaung Safety Phil

RACOIIE.......0o0mimsansnnsssisn
Review and Audit of Records

T T RPT - AT NOPPPEY

.......................................................
.......................................................

VII-33
VII-34

VII-37
VII-37

VII-39

VII-39
VII-40
VII-41
VII-42

VII-43
V1-43
VII-43
VII-44
VII-44

Vil-45

VII-45
VII-46

VII-48

VII-48
VII-48

VII-50

VII-50
VII-50

VII-53
VII-55
VII-56

VII-1
VII- 1
VIII- 1
VI3
VII-3
VIII-4
VII-4



IX.

SAFETY EVALUATION
A
B.

TOomMmooO

TABLE OF CONTENTS
(Continued)

(e s w10 N N SR T

TRIGA Fuel Temperature Analysis of the Penn State Breazeale Reactor ...
DRCEEY DRIIE AMBIVEIBE .o coonioihshents s urearerbies biassos snbans somsntoshsans
Pulsing Characteristics of the PSBR ...
TRIGA Experiment to Measure Fuel Temperatures .........................
Evaluation of the A (; for Fuel Element I-14 ...
Evaluation of the Pulse Data for Fuel ElementI-14..........................

Evaluation of the Fuel Element I-13 Temperature Data (Pulse and
I TR o - ok 560 5 4 A T AR A - e A SRR S A

7. Conclusion (Temperature Analysis) ...........oooviviiiieiiiiiiaiiiiii.
Evaluation of the Limiting Safety System Setting (LSSS) ......................
R ORI TRERINRID: < . £k it s s 5 5 i A g s b e e b o
Maximum Hypothetical Accident MHA) ...
Reactivity Accident

S s WK -

Conclusion

T L A SR O PN e S0P SOOI S F S

IX-1
IX-1
IX-3
IX-4

IX-10

IX-13

IX-15

IX-19

IX-21
IX-23
IX-25
1X-27
[X-36
IX-42
[X-43
[X-45



E

AP R e

www'.'.ufawt'»uawwtf?ar:awlgt.ut'ur‘o
] L] . .

- .._._._.cac\)o“.n&uu‘b-—-o

(%) 9 —

&

] 1

)

n-J-—-b&wg!)—‘bwto-—-—-

o e

O'JIM*JILII!'JOM&&J‘-I&!‘»J Q'd

’

N—‘\lé\m&u

SAFETY ANALYSIS REPORT

LIST OF FIGURES
L

The Locaton of Centre County in Pennsylvania

Map of Centre County, Pennsylvania

The PSBR Site Boundary

Population Within a Five Mile Radius of the PSBR

The Physiography of Centre County

The Spring Creek Drainage Basin

The Locauon of the PSBR Core, Bridge, and Control Console

The Layout of the PSBR Gnd Plates

The Arrangement of the PSBR Grid Plates and Safety Plate

A Standard TRIGA Fuel-Moderator Element

An Instrumented TRIGA Fuel Element

A Fueled Follower Control Rod with Respect to the PSBR Core

A Transient Control Rod

A Rack-and-Pinion Control Rod Drive

The Transient Rod Drive

Core Loading #1 Layout

Core Loading #4 Layout

A Graph of Peak Power Versus Prompt Reactivity for the First Nineteen Pulses
with Core Loading #4

A Graph of Peak Fuel Temperature Versus Prompt Reactivity for the First
Nineteen Pulses with Core Loading #4

A Layout of Core Loading #36

The PSBR Water Handling System

(DELETED)

The PSBR Heat Exchanger

The PSBR Liquid Waste Evaporating System

The Location of the PSBR on The Pennsylvania State University Campus
The First Floor Plan of the Original Reactor Building

The Ground Floor Plan of the Orginal Reactor Building

Locaton of the PSER Electrical Supply Transformer

The First Floor Location of Fire Extinguishers and Fire Alarm Boxes
The Ground Floor Location of Fire Extinguishers and Fire Alarm Boxes
The Location of a Number of PSBR Facilities for Experimenters

The Locaton of the Beam Hole Laboratory, Hot Cells and Co-60 Irradiation
Facility

The D;0 Thermal Column

The Central Thimble Oscillator

Pneumatc Transfer System |

Pneumatic Transfer System I Laboratory Terminus

Pneumatic Transfer System 11

PSBR Console Layout

New PSBR Safety, Protection and Control System

vii



E

1 = e D 00 O\ A & W

B

N

Vil

LIST OF FIGURES
(Continued)

Tide

Old PSBR Safety, Protection and Control System

Funcuonal Block Diagram of RSS

PCMS and Interfaces to Other Systems

CMS Equipment Layout (Console Rear View)

Watchdog and IO Self Test Circuits

Instrumentation Pedestal

Radiation Monitonng System

Organizatuon Chart

PSBR Core Configuration Loading #36 ,

Companng Highest Measured Fuel Temperatures During a Pulse

with EQ(34) for Fuel Element I-14

PSBR Core Configuration Loading #47

The Time Dependence of Air-Cooled Fuel Body for Center Element with 267 W
Input

Summary of Equilibrium Data for LOCA Simulation Showing the Fuel-Element
Cladding Temperature Versus Power Input to the Element for All Seven Dummy
Elements Heated with the Same Power Input

Fuel/Cladding Temperature as a Function of Time After LOCA Initiation
Maximum Fuel Temperature Versus Power Density After LOCA for Various
Cooling Times Between Reactor Shutdown and LOCA Initiation

Strength and Applied Stress as a Function of Temperature, U-ZrH, g5 Fuel with
Fuel and Cladding the Same Temperature



SAFETY ANALYSIS REPORT
LIST OF EFFECTIVE PAGES

SAR - Title Page
Page 1 January 14, 1997

SAR - Table of Contents

Pages 1 -wi January 14, 1997

SAR - List of Figures

Page vi-vii January 14, 1997

SAR - List of Effective Pages

Pages ix - x January 14, 1997 Rev. | (4/24/97)

SAR-I Introduction

Pages 1-2 March 1, 1985

SAR-II Site Characteristics

Pages 1-10 March 1, 1985

SAR-III Reactor Design
Pages 1-23 April 19, 1991

1X



LIST OF EFFECTIVE PAGES
(Continued)

SAR-IV Reactor Pool and Water System

Pages 1-2 April 19, 1991
Page 3 September 21 1991
Pages 4-8 April 19, 1991
Page 9 March 1, 1985

SAR-V Facility Construction

Pages 1-4 March 1, 1985
Pages 5-6 April 19, 1991
Pages 7-10 March 1, 1985

SAR-VI Facilities and Experimenters

Pages 1-3 March 1, 1985
Page 4 September 21, 1992
Page 5-8 March 1, 1985
Pages 9-12 Apnl 19, 1991
Pages 13-14 March 1, 1985

SAR-VII Reactor Safety, Protection, Control and Monitoring System

Pages 1-17 April 19, 1991
Page 18 September 21, 1992
Pages 19-49 April 19, 1991
Pages 50-54 February 28, 1992
Page 55 April 19, 1991
Page 56-57 August 23, 1991

SAR-VIII Conduct of Operation
Pages 1-2 April 19, 1991
Pages 3-4 June 7, 1993
SAR-IX Safety Evaluation
Pages 1-46 January 14, 1997 Rev. 1 (4/24/97)



IX

SAFETY EVALUATION

Introduction

['he Penn State Breazeale TRIGA React w (PSBR) was :mlmllj. loaded with 8.5 wt%

U-ZrH, . TRIGA fuel™ in December 1905 The (c_x\t\»r core was operated with good
performance with this fuel from 1965 thr sugh the early 1970’s. It was then decided to strive to
reduce fuel costs for the supplier, the Dep irtment of l ne rgy (DOE), by achueving hagher fuel
burnup through an increased uranium con centration in the fuel. Fuel management studies at the
PSBR performed in 1972"* showed, by analysis and experiment, that replacing some of the 8.5
wt% fuel with 12 wt% U-ZrH, . TRIGA fuel would achueve a better fuel utilization and a
substantially lower fuel cost. The basic “in-out” fuel management method was selected as 1t would
provide the necessary excess core reactivity to achieve a longer fuel burnup. This “in-out” method
would start with 12 wt% U fuel being placed in some fuel locatins in the center most nng, the B
ring. The remainder of the core would be 8.5 wt% fuel. As the tuel was consumed, the partially
burned 12 wt% fuel would be moved further out sequentially to *ue C and D nings while removing
the 8.5 wi% fuel in those locations. New 12 wt% fuel woul? pe fed into the B ning to replace fuel
moved to outer fuel rings. In a given fuel location unburn:d 12 wt% fuel will produce a greater
power \iL nsity than the 8.5 wt% fuel by ap ;*znnm.x!;!\ 25 /. Thus, increased power density results
in higher fuel temperatures which were studied' ™’ analyv cally and experimentally to avoid
exceeding safe operating condinons. The calculations agreed closely with the expennmental data
Since 1972 the PSBR has been 1 led with 12 wt% fuel

On July 13, 1972 six 12 wt% fuel elements were placed in the B ring re ,m.\ ing 8.5 wt% fuel which
was moved to outer rings. This increased the core k' to the level required for a larger fuel burnup

and also increased the maximum measured fuel temperature to slightly over 400 "C, well below the

[«

ifety limit of 1150 "C. The maximum radial power peaking factor was about 2.0 and the
AK

reactivity increased by 1.624% — ($2.32). This reloading schedule of new fuel going int
K
nng and after some fuel pumup 1‘(‘1“).‘ moved to the outer rnngs has been successtul over the

years requiring only 26 new 12 wt% fuel elements tor the core

In 1985 (Core Loading 38) a higher steady state maxiumum fuel temperature was observed (in an
unburned instrumented fuel assembly of 12 wt%U, I-15) compared to previous similar
instrumented (ie. I-13) fue! elements located in the same core positon. The reason for this
temperature increase is due 10 an increased fuel to fuel cladding gap. This was vernified by
comparing the peak fuel temperature of two \umLu instrumented fuel elements in the same core
position subjected to the same sized pulse. The peak fuel temperature during a pulse of the two
instrumented fuel elements were nearly the same whereas the steady state maximum fuel temperature
was higher in the newer instrumented instrumented fuel element (I-15). Since the reactor pulse can
be considered as an adiabauc process (the reactor pulse is << than the thermal time constant of the
fuel), there is no instant heat transfer and the conductance of the gap .‘w[\w;-n fuel and clad 1s
immatenal. However under steady state conditions, the maximum fuel element temperature 18 a
function of the gap conductance. Therefore with a larger gap, the fuel temperature will increase. In
the case of I-15, there existed 2 larger fuel to fuel cladding gap prior to use than with I-13 after use

' From this point on in Chapter IX, fuel refers to U-ZrH, . TRIGA fuel with 20% nominal
ennchment and zircoruum 1o hydr ;;v:z atom rauo of 1 to 1.65 nominal




It also has been found that the measured steady state maximum fuel temperature increases wher
the fuel elemeut experiences increasing sizes of reactor pulses.”” Further use of the I-15
instrumented fu:l element in larger pulses showed an increased stead y state maximum fuel
wemperature. It s believed that the | arger pulses produced a permanent strain in the fuel cladding
duv to the fuel ‘nermal expansion. At the lower average steady state fuel temperature the fuel
expansiva 18 less than that occurring Qurmr the ['u*w thus creating a fuel to fuel cladding gap
A new fuel management strategy has been developed to manage the sustained steady state fuel
lemperature

I'he principal computer programs used to perform the calculations are PSU-LEOPARD*®
EXTERIMINATOR-2™, MCRAC'9 and SCRAMUD. PSU-LEOPARD incorporates the
standard LEOPARD'<) computer program as originally received and adds addiuonal
subroutines. LEOPARD and PSU-LEOPARD calculate the group constants of the cor
function of burnup

MCRAC 1s an automatic, mulu cycle two-dimensional t.h‘;‘it‘l!\\!\ code that g1ves the power
distnbution, keff, and isotopic inventory of the core at each burnup step. It 1s based on the flux
and Kegr calc ul.x.:e»n performed by EXTERMINATOR-2, a multu-group two-dimensional
ditfusion theory code

SCRAM is a multi-cycle depletion code created specifically for H\'l( 3A reactors and adapted to
the PSBR lattuce design. It uses analytcal equations to compute the power distribution, Kegi
and 1sotopic inventory 1or each cycle. The analyucal u{u_‘., ns are based on diffusion theory
and the empirically fitted constants are derived using the PSU-LEOPARD, EXTERMINATOR
2, and MCRAC codes. In general, the calculations give good agreement with the measured
power distribuuons and neutron fluxes. (17 Any equivalent codes can be used as long as they
are properly benchmarked

e fact that one can calculate the power distribution with good accuracy is important t
¢ 11\‘.'1 wing the safety margin in PSBR operation. The calculations identify the fuel element
having the maximum elemental power density, MEPD, in the core, and thus the one which will
pxw\.Uu the highest fuel temperatures. This 1s true for both steady state and pulse operations

I'he experimental and analytical studies which have been performed to show the safety margin in
the operatuon of the PSBR are described in this section. In particular, the maximum measured
fuel temperatures during steady state operation and pulse operation are mathematically related in
a unique way to allow predictions of their values during the PSBR operauon. All predictuions
indicate that the design and construction of the PSBR is such that the safety limit of the fuel will
not be exceeded during steady state operation. Further, any pulse temperature of too large a
magnitude can be prevented by reviewing the steady state temperature measurements prior to
pulsing a large excess reactivity into the core as part of admimstrative control. This is also true
tor abnormal operating conditions. The following accidents are analyzed

I'he loss of coolant accident
l

The design basis accider
A reactvity accident

which includes cladding rupture

sults of these JI.J.A‘»‘L s demonstrate that the reacto
within bounds of this |

4, 1997 R 1 (47241




B. TRIGA Fuel Temperature Analysis of the Penn State Breazeale Reactor

There are two limiting conditions for establishing maximum allowed fuel temperatures.
First, when the reactor is operating in the pool of water, the fuel temperature safety limit is

1150 "C. Under these conditions, the fuel cladding temperature 1s less than 500 C and the

cladding will not be ruptured by the internal hydrogen pressure.“" During a loss of coolant
accident (LOCA), the fuel is not covered with water and must be air cooled. Secondly, when

the fuel is air cooled, the cladding temperature will go above 500 ‘C, where the strength of
the cladding decreases. Below a fuel temperature of 950 "C the hydrogen pressure will not
rupture the cladding when the fuel and the cladding are the same u:mperatm'c.(m Under these
conditions, the fuel temperature safety limit is 950 'C.

Flux gradients across the fuel produce uneven temperature distributions. Pulsing a TRIGA
fuel element to high power densities produces sudden expansion and contraction. During
the rapid expansion phase, a large temperature gradient in the radial direction can cause
uneven axial expansion producing a transverse bend. ‘Experience with the TRIGA fuel
elements has shown that they can receive thousands of pulses without being damaged
provided their temperature limits are not exceeded. TRIGA fuel elements are considered
damaged and no longer useable if their cladding has been ruptured or their dimensions
change to where the transverse bend exceeds 0.125 inches over the length of the cladding
or the length increases 0.125 inches.

The temperature profile in a single TRIGA fuel element is a function of its fuel and

fission product distribution and 1s different for pulse operation compared to steady state
operation. During steady state operation, the maximum fuel temperature is at the central fuel-
zairconium rod interface. Since the thermocouple is placed near this interface, the measured

fuel temperatu-e is close to the maximum fuel temperature(® (the maximum fuel temperature
has been analytically” determined to be no more than 5% more than the measured fuel
temperature). uring a pulse, the maximwa fuel temperature is near the fuel-cladding
interface and tt ¢ measured fuel temperature s no less than 60-65% of the maximum fuel

temperatare. To know what limits to place on operation, it is important to understand the
TRIGA fuel temperature distribution in a fuel element during steady state and pulse operation
and to relate the measured fuel temperature to the maximum fuel temperature.

An instrumented TRIGA fuel element is built with three thermocouples placed 0.0226 ft
radially from the center, but spaced vertically 1 inch apart. The middle thermocouple is in
the midplane of the fuel region of the TRIGA fuel element. The thermocouple measures
the fuel temperature at a specific point within the fuel element which is not the maximum
fuel temperature for pulse operation. During a pulse, the temperature distribution is the
same as that of the volumetric thermal source strength, ¢"'(r), so that the peak fuel
temperature is near the fuel cladding interface. This 1s due to self-shielding within the
fuel. As a result, the measured fuel temperature can be significantly lower than the
maximum fuel temperature. On the other hand, the peak fuel temperature during steady
state operation is at the inner boundary of the fuel; thus, the measured fuel

temperature is clightly less than the maximum fuel temperature. The measured fuel
temperature in an 8.5 wi% U fuel element is closer to the maximum temperature than it is
in a 12 wi% U fuel element because the self-shielding of the 12 wt% U fuel U is greater
than the 8.5 wt% U fuel thereby producing a q"'(r) with a steeper grad‘ent.
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The temperature distribution within the fuel can be calculated from a knowledge of fuel

geometry, heat transport parameters, and q"'(r) as shown by Haag and Levine.®) The
volumetric thermal source strength in a fuel element is a function of the core power, the core
configuration, and the element’s position within the core. For any core configuration, q"'(r)
can be determined by neutronic analysis and then used to determine the peak temperature
during a pulse or during steady state operation. The steady state fuel temperature is
determined by the boundary conditions at the cladding water interface and the value of ¢"'(p).
Studies performed by Haag and Levine have shown that subcooled boiling takes place in the
PSBR when the TRIGA core exceeds 200 kW. This helps limit the temperature rise of the
cladding surface temperature, tc, because when boiling occurs t¢ increases proportional to

approximately (q")”‘”.“" Hence, the heat flux, q", must increase by a factor of 8 to increase
the difference between t. and the water saturation temperature by a factor of 2.

It is important to recognize that the ¢"'(r) produced in a fuel element for a particular core
configuration is the heat source that establishes the fuel temperature for both steady state
operation and pulse operation. Hence, there 1s a direct rel.:uon between the measured fuel
temperature at steady state and during pulse operation for ue same core configuratuon and
fuel element. The fuel temperature measured in the fuel eleraent having the highest power
density in the core during steady state operation can be usec to determine the maximum
fuel temperature in the core during a pulse. This relationaip is described in this section.

I. Sieady State Analyses

Standard heat transport calculations are used to analyze the steady state fuel temperatures
for the PSBR.

Let
q'"'() = volumetric thermal source strength at position  within the |"
region.
P, = power generated by the | fuel element .
Then
P=[q''(r@Vv, (1)
| \J/ q ()d

where the integral is over the fuel volume, V, of the |"fuel element. The average power,
P, produced by a fuel element in the core, and the normalized power for the | fuel
element, NP,, are related to P, by the expression

P =PNP, (2)
A core of N fuel elements producing a total power of Q can be expressed as

Q=NP=N.q"V, (3a)
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N

where q''' is the volumetric thermal source strength averaged over all fuel in the core, and N
is the number of fuel elements in the core

It can be immediately observed that operating at 1 MW, implies that for a core with N¢ = 90,
then P =0.0111 MW, and for a core with N, = 100, then P = 0.010 MW

Using Goodwin's'!%) measured q,""'(r,Z) as

q'"'(r,z)=(A, +B.r’)a'"(z)

where for the |" fuel element

Z is the axial position along the | fuel element, and A, and B, are constants. A

thermocouple 1s located at the fuel midplane where Z =7.5". The length of the fuel 1s

15", Thus, at the fuel midplane

=q,' " '(r) = qh"'eA +B.re

. - B
q,'""'={tNPq" = {NP,-
' “ V

: - - . "t
where f, is the axial peaking factor. The following definitions are used for the |~ fuel

L}

clement in these equations
point volumetric thermal source strength
volumetric thermal source strength averaged
over the radial direction ,
volumetric thermal source strength averaged

over the fuel volume

t ' Y .
When the |~ subscript i1s missing, @ '"'and qQ """ refer to the fuel element producing an

average power in the core
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For the |" fuel element

P = a'...v' (8a)

q'= (8b)

<|'Ui

Equation (8a) can be written, using Equation (2), in the following form:
P, =NPg"V. ©)

The temperature rise between the fuel and the cladding at the fuel element midplane
during steady state operation is directly dependent on g,""'(r). Dropping the j subscript
for convenience but remaining in the fuel midplane

11 [ dt

-— dr] -q,""(A, +B?), 1, sr<R, (10

where

I

R

radius of Zr rod in the center of the fuel rod,
radius of the fuel rod.

Hou

Integrating Equation (10) gives

alu X . R _8_2. —B---L R
t(r)-t, = ZR[ (R? =r*)= A i in— +B( r*)- 2lnr (11)

All parameters in Equation (11) are described and given in Table 9-1. Substituting the
values for the parameters into Equation (11) gives, for the thermocouple temperature, t,.,

t, -, =6.039x10°q,"", (12a)

Substituting Equation (7) into Equation (12a) and returning to the |" fuel element gives

(t.-t,), =6.039x10"° 'VP NP, (12b)
Using Q = 1 MW in Equation (3b),
= 1 BTU
P=—3412x10° — 13
N, . hr ket
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Table 9-1

Parameters for the 12 wt% U-ZrH TRIGA Fuel Elements

(Enriched to less than 20% 235U)

Thermocouple radius, Ric
Fuel mean radius, R

Zr rod radius, rz

Cladding thickness, C
Fuel element radius, R + C
Conductivity cladding, ke
Conducuvity fuel, «¢

Core average volumetric thermal
=
source strength, q'"'

Ag (12 wt% U fuel new) (Reference 4)
B (12 wt% U fuel new) (Reference 4)

Number of elements, N¢ (Loading 36)

Number of elements, N¢ (Loading 451l

Axial peaking factor, fa

Prompt temperature coefficient, o (Ref. 19)

C, (Loading 36) Correction Factor

00226 ft t
0.0596 ft ¥

0.0079 fr
0.00165 fi

006125 ft ¥
9.5 Bwu/hr f* °F
10.5 Buwhr f °F

249x 108 B
hr ft?

0.6534
202 fi-2

94.6

88

1.25%

1.4 x 10 3k//'C
0.98**

** See the description of this factor in the text immediately after Equation (15).
T These are nominal values and may vary with the manufacturers specification. It is also

assumed that the fuel - cladding gap is zero (0) which in general 1s not true.

This value is used for analyses subsequent to the original SAR since it is a more typical
value used for TRIGA reactors.
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The volume of fuel in a TRIGA fuel element is

V=nR®-rf)H,
where H is the fuel height. Using H = 1.25 ft and the value frcm Table 9-1 for the other
parameters

V=1.37x107t°, (14)
Substituting Equations (13) and (14) into Equation (8b) gives

2 g, 2:49x10° BTU
S TR T

(15)

where C, is a correction factor for setting the power instrument to read 1 MW when the actual
power is reduced by the factor (1-C,). This reduction is to provide an extra margin of safety to
compensate for an uncertainty in calibration. What value is used for C, depends on how the
equations are being used. If they are being used to predict fuel temperature from a given NP, a
more conservative C, =1 should be used. If the equations are being used to determine NP
from measured fuel temperature, a C, <1 may be used depending on the confidence the
expenimenter has in the accuracy of the power calibration.

Equaton (12b) can now be written as:

fNP
(t,c-t,),=1.5x10‘C,—‘N——i F, (16)
C
NP
(t, -t,), = 8.33x10°C, —"N—-‘ 'C.

Cc
The measured fuel temperature, t,., depends on the temperature at the cladding surface in the

fuel midplane. t,. Because of subcooled boiling above 200 kW, this temperature rises very
slowly. The At is proportional to (q''')"*, where At is the difference between t_ and the

coolant saturation temperature.('4) As a result, it is assumed that the surface cladding 1s
superheated by a fixed At degrees and thus at 1 MW, t, = 140 "C. This should be correct
within £ 10 “C at 1 MW for all NPj's greater than 1 and less than 3. We may write

ty =t =1,); +(t, =1), +1., (17)
where the £{irst term on the right hand side of Equation (17) is evaluated using Equation
(16). The second term, the temperature change between the fuel cladding and the surface

of the fuel rod, is derived assuming a gap, g, between the cladding and the fuel.
Soluton of the standard heat equation gives for

(t, =t.), = (t, =t), +(t; - 1.), (18a)
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the following equation:

(t,~t.), = 39 lnR+g+ L InR+g+C

. , 18b
2rk, R 21k, R+g s

where

L]

temperature of the fuel at the fuel cladding interface
temperature of the cladding facing the gap
conductivity of the gap

conductivity of the cladding

thickness of the cladding

thickness of the gap

linear heat generation rate

nn

QOFXEs &

nun u

Qo
and the other parameters are as previously defined.

Thus
_Sﬂ__mﬁ_t_g.'

t=15), = 2rk, R

(19a)

q, ,R+g+C _ 4,  R+C
t,-t.) = I = | "
b=t = o " Re+g —2mk. " A

(19b)

Equation (19a) will be evaluated experimentally as described later, whereas Equation
(19b), the temperature drop across the cladding, can be evaluated from the physical
values of the parameters.

By definition
Qy' = n(R? - rf)am'“: n(R? - rtNPg, (20)

Assuming an average core temperature drop across the gap, Aty, Equation (19a) becomes

(t, - t,), = CA,NP,At,, (21a)
where
— Ri-pi= . R+g
At = “'In . (21b)
= " p

)

Also, Equation (19b) becomes, using Equation (20)

R?_r';’ perTT) H+C ¢
(tg—tc)'=—§;:—f_NP|q In o (2lc)
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Using the values of Table 9-1, Equation (21¢) reduces to

f,NP
(t, -1,), = 1.248x10°C, —N-i ¥, (21d)

C

NP

(t,~t.), = 6.936x10°C, 'N 'C.

C

Substituting Equations (21a) and (21d) into Equation (18a), and using the result in Equaton (17),
it follows that

(9.024x1 0’
ty = | =

. A_:g}:,f_NP, +140 °C. (22)
Cc
Equation (22) is used to calibrate an instrumented 12 wt% U fuel element to provide a
measured fuel temperature, t, , during steady state operation.

B . . et

The temperature distribution in a TRIGA fuel element during a pulse has the same distribution as
expressed in Equation (4) up o 89% of the fuel radius.(!S) It has been found that adiabatic
conditions hold up to 0.07 sec. during which time the maximum fuel temperature is reached.(!>)
Using the values of Table 9-1, it is found® that the maximum fuel temperature during a pulse is
1.6 umes that measured by the thermocouple. Thus, during the pulse, the shape of the
temperature distribution in a fuel element remains constant, but the magnitude quickiy nses.
What we are concerned with here is the maximum fuel temperatures reached during the pulse.
To prevent confusion, we use the term highest maximum fuel temperature to refer to the highest
temperatures reached at any point within the fuel element during the pulse. The highest
maximum fuel temperature is thus the maximum fuel temperature reached during a pulse and

must remain below 1150 "C. However, the highest measured fuel temperature is 1/1.6 or
0.625 times the highest maximum fuel temperature which corresponds to a measured fuel

temperature of 720 "C. Thus, setting the Limiting Safety System Setting (LSSS) at 650 'C,
corresponds to a maximum fuel temperature of 1040 "C. The LSS scram will have no effect on
the maximum fuel temperature reached during a pulse because the instrumentation time lag
allows the peak to be reached before a scram can occur. The maximum fuel temperature reached
during a pulse must be limited by the magnitude of the prompt excess reactivity insertion (3kp)
and/or the qQ'"'(r) produced in a fuel element for a particular core configuration.

A semi-empirical equation, Equation (29), is developed using the definition of the prompt
temperature coefficient. The large negative prompt temperature coefficient, o, provides
the TRIGA core with its pulsing capability. When excess Kqgr, SKex = Kot - 1, is inserted
into the reactor, the reactor will go on a prompt period, provided

ok, = dk,, — P, (23)

is positive, i.e., 8k, > 0. P is the effective delayed neutron fraction (0.007).
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Let:

3ty = maximum fuel temperature rise averaged over the total core fuel
volume for a pulse.

Btpoy = maximum fuel temperature rise averaged over the radius of the |"
fuel element at its midplane.

o= prompt temperature coefficient of reactivity of the TRIGA core.

The prompt temperature coefficient is defined as:

akp
O = = g, (24a)
Otpe
or
. 5k .
Bt = ——=, (24b)
o
where
& = prompt excess reactivity insertion.
Stoe - average maximum rise in core fuel temperature due to the prompt

excess reactivity insertion.

Equation (24b) does not include the average core temperature rise due to a pulse insertion

of $1 excess reactivity, dtp:. Thus, the total average fuel temperature rise during a pulse,
Btp, 18

Bty = Btop + Otr. (25a)
For the | fuel element, its corresponding temperature increase in the midplane is

Btpo = 1,NP, Bt (25b)
or

- Ok o
8(po| = f.NP’("' '-;p-) + f.NP,Stm. (25¢)

Initially the core fuel temperature is that of the pool water, T, and during the pulse an
adiabatic increase in temperature, 8t (r), is assumed. Hence,

B, () = Btpas(A, +B,r?). (26a)

January 14, 1997 Rev. 1 (424m7)



X-12
Equation (26a) expresses the maximum temperature rise above room temperature for the
™ fuel element as a function of fuel radius. For convenience

Bty (r) = Bloaf(r), (26b)
where

f(r)=A, +Br*. (26¢)

The temperature in the midplane of the fuel element at any r position, t, (r)can be
expressed as:

Loy (1) = Blpaif(r) + T (27a)
Let |
ty = maximum pulse temperature measured by the
thermocouple in the |" fuel element.
Then

L = Otpoif () + T (27b)
Using the values of Table 9-1

ooy = 0.7566 8tpo) + T, (27¢)
Substituting Equation (25¢) into Equation (27¢)

ok, =

tpo, = (0.7566 f.NP‘ -—a— +f.NP‘5tp1 +TO (28)
Equation (28) is used as the basis for developing the semi-empirical equation, Equation
(29), to fit the actual pulse data as a function of NPj, i.e.,

K -
tpo' = K“f.NP,(—iag)+ f.Nplstpo + TO‘ (29)

where K14 and 8ty are empirical constants to be determined experimentally. The
experimental data may also be represented by:

too = To =M3K, +b,, (30)

January 14, 1997 Rev. | @2497)



where
K. .fNP
M, = —>—1, (31a)
—a
and
b, = f,NP,3tse. (31b)

NP, and Btpo are determined by fitting the experimental data to Equation (30) where NP,
fa, and o are known. In Equation (30), Mj 8k, represents the temperature rise during a

pulse due to the prompt excess reactivity (8Kp) insertion and bj represents the
corresponding temperature rise due to the $1 excess reactivity insertion.

3. TRIGA Expeniment 10 Measure Fuel Temperaturés

Using the analyses of the previous sections, a calibration was made to determine fuel

temperatures for steady state and pulse modes of operation. This section describes the
calibration technigues.

A series of fuel temperature measurements were made using the 12 wt% U fuel
instrumented fuel elements in core configuration loading 36 as shown in Figure 9-1. One
instrumented fuel element, 1-13, had been in the core since September 1977 (in the B
ring, the position of MEPD) and the other, I-14, had never been used. The first series of
measurements was taken with I-13 in the G-8 core position and I-14 in the G-10 core
position. The core position of a fuel element is identified in Figure 9-1 by a letter for the
vertical axis position and a number for the horizontal axis position. The instrumented
fuel elements have been numbered sequentially with an I prefix. After rotaung both fuel
elements .. ).5 MW steady state operation to obtain maximum temperature readings, the
reactor power was increased in steps to 0.7 MW, 0.9 MW, and 1| MW. The actual values
of the power were 0.98 (for loading 36) of that read on the recorder because the readout
on the linear recorder was adjusted to read 0.4 MW when the actual power, as determincu
by a thermal power calibration, was approximately 390 kW (see the description of C,
immediately after Equation (15)).

After completing the series of steady state runs, the reactor was pulsed sequentially with
2,2.25, 2.50, and 2.75 dollar pulses. Before each pulse, the reactor was made
subcnitical to allow the temperature to reach equilibrium.

The above experiment was then repeated to determine reproducibility and measure the
effect of the gap in I-14 created by the 4 pulses. The above measurements were again
repeated with I-13 positioned in G-10 and I-14 positioned in G-8 to again study the
reproducibility of the data and obtain another measurement on the temperature drop
across the fuel cladding gap, Atg.

The steady state and pulse measurements were again repeated, first with I-14 in F-10 and
then with I-14 in H-11; I-13 was in position in G-8 for both sets of these measurements.
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Figure 9-1 PSBR Core Configuration Loading 36
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The data for all measurements (done prior to 1986) are summarized in Table 9-2. Both
the chart recorder and the meter were used to measure the fuel temperature of I-13 as
shown in Table 9-2. The chart recorder was connected to the thermocouple at the
midplane of the fuel element, whereas, the meter was connected to the thermocouple
located 1" below. The banked control rods during a pulse causes the position of the
highest power density in the fuel element to be displaced slightly downward from the

midplane of the fuel. This causes the meter readings to be approximately 24 "C higher
than those read on the chart recorder.

4. Evaluation of Atg for Fuel Element 1-14

The unused TRIGA 12 wt% U fuel instrumented fuel element, I-14, has been placed in
the core configuration of Figure 9-1, Core Loading 36, and experiments performed to
evaluate Equation (22). It is assumed that before pulsing the instrumented fuel element,

I-14, it had a Aty equal to 0 as the fuel would be in contact with the cladding. When the
fuel element is first pulsed, the cladding is stretched introducing a gap which increases

the Atg. After a number of pulses of the same size (i.e. $2.50), Atg reaches a maximum
value and does not increase with further pulsing.(

The increase in At after pulsing I-14 several times is now determined by comparing the
steady state temperatures for the same condition after each set of pulses. It has been
found that measured fuel temperatures will increase further due 1o an increase in Atg
when at some later time pulses of a larger size are performed (i.e. $3.00).%% %

At 1 MW, I-14 measured t,, = 372 C in Core Loading 36 and position G-10 before any
pulsing began. (Note that for work that was done for the original SAR C, =098 and {,
= 1.35 and for subsequent analyses 1 and 1.25 are used respectively. The former because
of the reasons stated immediately after Equation (15) and the latter because the 1.25 is a
more typical value used as a design specification for axial peaking for TRIGA fuel (31))
Using Equation (22),

3
372 = 0.98 2924X19_, 1 35 NP, + 140,
94.6

it follows that

NP, = _372-140 _ 1.84.
128.8 x 0.98
After 4 pulses
t. =418 °C,

and thus using Equation 22 again while holding NP, constant at 1.84,

418 = 0.98(95.39 + Aty )(1.35)(1.84) + 140,
or

At, =19°C.
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Table 9-2

Fuel Temperature Measurement Data for Loading 36

T°=21 .C

Fuel Core te("C)
G-8 412
I-13 G-8 411
[-13 G-8 411
[-13 G-8 411
I-14 G-8 455
I-14 G-8 466
I-13 G-10 381
[-13 G-10 382
[-14 G-10 372
I-14 G-10 418
I-14 G-10 450
I-14 G-11 433

ino("C) Recorder/Meter

353/379
343/381
350/381
389
395
323/333
311/332

392/421
387/42 1
389/419
427
434
359/371
3571373
375

391

()
3
W

436/467

431/461

435/466

Element Position SS 1 Mw | Pulse $2.00 | Pulse $2.25 | Pulse $2.50 | Pulse $2.75
I-13

478/509

478/511
478/511
517
518
430/453
439/453
456
466
449

[-13 15 a 12 wt% U fuel element burned to 2.2 Megawatt days
I-14 1s a fresh 12 wt% U fuel element
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These data and analysis show the inital (few pulses) increase in the temperature across
the gap. Further data has shown that the increase in Atg diminishes to zero with
successive pulses (see Table 9-2, lines 9 and 10). Element I-14 was then moved from
position G-10 to position G-8 in the B-ring where the NP, is different from that in G-10.
Assuming Atg =19 °C and using 1, = 445 ‘Cas measured in its new position at 1
MW, it follows that

445 = 0.98 (114.4) 1.35 NP, + 140,

Therefore,

NP, =2.02.

After 8 pulses, the t,. for element I-14 was measured again in position G-8. This ume

t, was 466 ‘C at | MW. Therefore, using Equation (22) while holding NP, constant at
2.02,

466 = (96.4 + Aty)(1.35)(2.02)0.98 + 140,
we find

th = 266 .C .

It can be observed that after 8 pulses, Aty = 26.6 ‘C . Past studies have shown that
additional puises do not alter the Atg significantly.® For I-14, it is assumed that after

many more pulses of the same size (i.e. $2.50), the Kig increase will be 1°C, hence we
use

Aty =276 C,
and Equation (22) becomes for Loading 36 at Q = 1 MW
(t,) = 163CNP, +140. (32)

Equation (32) can now be used to determine the NP, for I-14 anywhere in Core Loading
36 at | MW power as long as larger sized pulses are not performed resulting in an
increase in Atg.™ To generalize Equation (32) for any core configuration and similar

fuel element design specifications, it is only necessary to account for Ne. If thus 1s done,
Equation (32) becomes

4
(t,), = E?&EE—C,NP, +140. (33)

C

The steady state data of Table 9-2 has been evaluated using Equation (33) and the results
are tabulated in Table 9-3. The t, for the G-10 position was not measured after all pulsing
had ceased and, therefore, is not listed in Table 9-3.
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Evaluation of NPl's from I-14 Data

Table 9-3

G-8
F-10
H-11
G-10

NP,
te Steady State
467 2.01
450 1.90
433 1.80°
|.84

NF"I (Ave)
Pulse

Core Posituon SCZ Eq. (33) Eq. (34)

2.07
1.85
1.78
1.80

Pulse Parameter Charactenistics of Fuel Element I-14

Table 9-4

Core Position

NP

M,/NP,
X104

b/NP,

G-10 1.84 2.23 1.21 162 &8
G-8 2.01 2.44 1.21 197 9%
G-8 2.01 2.34 1.17 210 104
F-10 1.90 2.25 i.18 170 89
H-11 1.80 2.04 1.13 178 99
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Equation (33) 1s used to evaluate the measured fuel temperature during steady state
operation. During steady state operation, the measured fuel temperature is close to the

maximum fuel temperature (within 5%). In this case, the L.SSS of 650 "C is extremely
conservative because under steady state conditions, the maximum fuel temperature is no

greater than 682 "C (650 "C + 5%) and thus, is well below the safety limit fuel
temperature of 1150 "C. For loading 36, an upper limit for the measured maximum fuel
temperature can be determined by setting NP = 2.2. Exterisive calculations have been

performed(! 2.5.7.27) o study the maximum power distrit ution produced by different
core configurations with fresh 12 wt% U fuel in the B-ring and the other core
configurations containing a mixture of both 12 wt% U fuel and 8.5 wt% U fuel. Future

maximum steady state measured fuel temperature will be below the 850 "C LSSS.

Each series of pulse data using I-14 is fitted to a straight line to determine M, and b, of
Equation (30). Table 9-4 summanzes the results, wherein the data in the last column
show that b /NP, is constant within + 8% for the different core positions. The constants

K,, and 8ty are determined to be 1.22 and 71 respectively using Equation (31).
Substituting these values and those from Table 9-1 into Equation (29) the result 1s

o = 1.177x10°NP 3k, + 95.8NP, + T,. (34)

Equation (34) is now used to evaluate NP, for the various core positions. The results are
shown in Table 9-5 give consistent values for NP, using different pulse magnitudes.
This validates Equation (34). The value of NP, as obtained from steady state Equation
(33) is in good agreement with the corresponding value of NP, obtained using the pulse

Equation (34). The highest measured fuel temperatures in fuel element I-14 are compared
to that using Equation (34) in Figure 9-2. It can be observed that the measured
temperatures are in good agreement with Equation (34).

The Penn State in-core fuel management codes were employed to determine the power
distribution and NP/'s for Core Loading 36. In a recent Ph.D. thesis,!®) the group
constants of the individual fuel elements were evaluated as a function of their burnup
using the SCRAM code. The SCRAM code provides a simple but reasonably accurate
method of depleting the PSBR core as has occurred since December 1965. These
constants were input into the EXTERMINATOR-2 code to obtain the NP,'s for Core
Loading 36. The NP,'s for G-9 and H-10 with new 12 wt% U fuel varied between 2.03
and 2.10. This is to be compared with the measured values of 2.01 steady state and 2.07
by pulse. In general, the steady state and pulse NP's agree with + 3%.

It is now possible to eliminate the NP, from Equation (32) and Equation (34) to give for
I-14

t,, - 140
oo~ To = (72.28k,, + o.see)ﬁ‘-c-:—-—' . (35)

t
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Equation (35) is an equation developed for fuel element I-14. It can be used anywhere in
the core to predetermine the highest measured fuel temperature as a function of pulse
prompt excess reactivity insertion (8K,). It will require using the I-14 measured
temperature when operating at 1| MW with I-14 in the same core position. For Core
Loading 36 and using a maximum value of NP = 2.2 and corresponding t,, = 499 "C,

see Equation (32), the maximum value for tpoj is 684 “C for a pulse reactivity insertion of
$3.50 assuming T, =21 "'C and C, = 1.0. This corresponds to the maximum fuel
temperature of 1095 “C which is below the safety limit of 1150 "C for fuel damage.

Thus, in the future, Equation (28) can be used to evaluate and predict tpoj. This requires
placing I-14 in the hottest spot in the core and running at | MW to evaluate t,.. Then

starting with a $2 pulse, verify Equation (28) and predict tpoj for the high values of 8kp.
The tpoj related to a $2 pulse will be more than 100 "C below tpoj for a $2.75 pulse and
even much lower than that for a $3.50 pulse. Hence, these imtial pulses will produce

maximum measured fuel temperatures well below 700 “C and allow determining the
maximum fuel temperature attainable at the maximum allowable reacuvity inseruon

pulses. A 700 ‘C fuel temperature measured by the thermocouple in a 12 wt% U fuel
element corresponds to a maximum fuel temperature of 1120 “C. Thi: is below the
maximum allowed 1150 "C.

6. Evaluation of the Fuel Element |- 13 Temperature Data (Pulse and Steady State)

Table 9-2 shows the temperature data taken for I-13 and I-14. As expected, a review of
these data shows that the measured temperature of I-13 during 1| MW steady state
operation, t,., is significantly lower than the g of I-14 for the same core positions. On
the other hand, the I-13 measured pulse temperature data is not significantly lower than
that of 1-14 for the corresponding conditions. This is because the Ao and Bo constants of
Eguation (14) are not the same for I-13 and I-14. The depletion of the outer rim of fuel in
I-13 during burnup, in addition to the burnup of 233U in all of the fuel element, lowers
the self-shielding of thermal neutrons. As a result, the g'''(r) distribution for I-13 is
much flatter than that of I-14. Using Equation (4) for I-13, and setting

Ao
BQ=4O

0.9267

yields the results of the I-13 data as shown in Table 9-6. The equivalent of Equation ( 33)
and Equation (34) for I-13 are Equation (36) and Equation (37) respectively.

4
i), « L2, 'BZ’Z’O CNP, +140 (36)
to = 1.475x10°NP 8k, + BONP, + T, (37
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Table 9-5

Table of NP; Determined for I-14 Using Pulse Data in Eq. (34)

Core Positions
Skex 8kp
Dollars Dollars G-10 G-8 G-8 F-10 H-11
2.00 1.00 1.79 2.06 2.10 1.84 1.80
2.25 1.25 1.79 2.04 2.08 1.86 1.78
2.50 1.50 1.79 2.04 2.10 1.85 1.78
2.75 1.75 1.81 2.07 2.07 1.86 1.78
Ave NP |.80 2.05 2.09 1.85 1.78
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It can be observed that the agreement between the pulse data and steady state data for
determining NP, is not as good as that for I-14. This is due to the approximations made
in deriving Equauons (33) and (34), namely,

a. The Ag + Bor? siape of q"'(r) approximates the excess burnup of U-235 at the
perimeter of the U-ZrH fuel in I-13.

b. The Atg for I-13 is probably different from that of I-14.

However, temperatures measured by 1-13 are consistent for the purposes of monitoring
the core fuel temperatures.

7. Conclusion (Temperature Analysis)

A major conclusion of this section (based upon the present fuel specifications) is that an
unused instrumented 12 wt% U fuel element can be calibrated and used to monitor the
maximum fuel temperatures in the core. Once calibrated, the fuel element will only be
used to measure maximum fuel temperatures in new core configurations. For steady state
operations a measured fuel temperature of 650 "C results in a maximum fuel temperature
well below 1150 "C. Under these conditions, the measured fuel temperature is close to
the maximum fuel temperature. For pulse operation, a measured 700 "C fuel
temperature corresponds to a maximum fuel temperature of 1120 “C which is below
1150 "C. The safety limit shall not be exceeded during pulse or steady state operation.

Once a fuel element has been depleted, its maximum steady state temperature decreases as
long as the gap between the fuel and the cladding remains the same. As experience has
shown, pulsing at higher levels will increase the fuel/cladding gap and the maximum
steady state temperature may increase before it starts to decrease. The fuel temperatures
measured during steady state operation with a depleted fuel element are related to the fuel
temperature of a new fuel element by a simple ratio. Hence, this ratio can be used to
assess the maximum fuel temperature during steady state in a new fuel element. The
maximum fuel temperatures measured with a depleted fuel element during a pulse are
close to that in a new fuel elemcit. The preferential depletion of the periphery of the fuel
element causes the power distribution and hence, the temperature distributic n during a
pulse, to be flatter than that of a new fuel element. Thus, the measured fuel \»inperature in
a depleted fuel element corresponds to a lower maximum fuel temperature. It 1s also
closer to the average fuel temperature. The core average fuel temperature rise for a given

kp insertion is the same for all cores. The lower NP for a depleted fuel element
accounts for its being closer to the average core fuel temperature.
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Table 9-6

Evaluation of NPj's from [-13 Data
I-13 (1.2 MWD Depleted)

NP NPj(Ave)
tte Steady State Pulse
Core Position (‘C) Equation (36) Equation (37)

G-8 411 1.56 1.62

For comparison, see I-14 data in Table 9-3.
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C. Evaluation of the Limiting Safety System Setting (LSSS)

The limiting safety system setting is a measured fuel temperature of 650 "C as defined in
the Technical Specifications.

If the core power were at 1.15 MW (15% over power) steady state, the measured fuel
temperature in the B-ring using extrapolated experimental data for, Figure 9-3, Core
Loading 47° with 95.5 elements would be 650 "C, (using the 12 wt% U fuel element, I-
15, which had been pulsed at the $3 level 20 times). The maximum temperature will be
slightly higher, but the fuel temperature near the cladding will be approximately half this
temperature. The extrapolated 650 “C fuel temperature is close to the maximum fuel
temperature (within approximately 5%) due to the radial temperature distribution. A
sudder. insertion of reactivity with power at 1.15 MW, close to but less than $1, into the
core will initially increase the reactor power exponentially at a period faster than one
second. Using a negauve temperature coefficient of 1 x 104 0k/°C,’ the increase in
averag: core fuel temperature s less than,

0.0078k /k .
s detmevaes 3% T
X108k /k'C -

and for an NP = 2.2 and f, = 1.25, the maximum fuel temperature increase is 193 'C
(2.2x1.25x70 °C = 193 'C). Adding this increased fuel tempaiazare in the hottest
fuel element to the 650 "C steady state temperature results in 843 'C much less than the
safety :imit of 1150 "C. For this to occur at power levels above the power level scram
setpoint will require that both power level scrams fail. The temperature scram will be
initiated when the measured temperature exceeds its set point. The equilibrium
temperature of 843 "C wil be achieved at least within two to three periods (seconds)
after reactivity insertion. A control rod drop time less than one second assures an early
decrease in reactivity and fuel temperature. At this point, the control rods moving into the
core will begin to decrease the reactor power in less than a second after the scram.
Control rods are checked semiannually to assure their rod drop time is less than one
second. The kinetics of the reactor cause the reactor power to decrease as soon as the
control rods move a few inches into the core. Thus, the maximum fuel temperature will
remain well below 1150 "C since the measured fuel temperature is close to the maximum
fuel temperature for these quasi-static conditions.

The maximum allowed pulse reactivity of $3.50 is established to prevent the fuel
temperature from exceeding the safety limit of 1150 "C. A $3.50 pulse, the maximum
measured temperature starung from pool ambient temperature, using Equation (34) and

® Core Loading 47 is considered an extrema loading relative to steady state measured
peak fuel temperatures.

“ The temperature coefficient during a fast period is slightly less than the prompt
temperature coefficient.
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NP = 2.2, is 684 "C. This corresponds to a maximum fuel temperature of 1095 "C.
The temperature scram will not lower the maximum fuel temperature attained during a
pulse once the pulse 1s initiated; however, it does protect the core from high temperatures
during steady state operation. The core average fuel temperature is independent of core

size for a given 8K, insertion, therefore the maximum fuel temperature attained during a
pulse for an NP = 2.2 is also independent of core size for a given 8K, insertion.

. Loss of Coolant Accident

The PSBR pool contains 71,000 gallons of water. For a loss of coolant accident to occur,
a break in the pool wall or break in a connecting pipe must occur below the bottom of the
core. A series of alarms will occur as the water level drops more than 26 cm below
reference pool full level. Just below 26 cm, alarms will notify the reactor operator in the
control room and the University Police Services. If the reactor is operating at 1.0 MW, a
low pool level alarm will alert the operator who 1s required by administrauvely approved
procedure to shut down the reactor. There exists a moveable gate that can be used to
1solate either side of the pool after the leak is noticed.

Emergency procedures call for moving the reactor to the non-leaking side of the pool and
isolating that side of the pool with the gate to prevent the water level from dropping
below the reactor core.

If the reactor is operating when the leak occurs the reactor operator will shut down the
reactor upon receipt of the low pool level alarm. Within two minutes after the shut down

the maximum fuel temperature will drop more than 350 "C."" Three minutes after the
shut down the maximum fuel temperature is within 20 'C of the water temperature. o

The largest conceivable LOCA is a break in the 6" pipe connected to the bottom of the
pool. For this LOCA, 1t will take more than 1360 seconds (22.6 min.) before the water
falls below the bottom of the reactor core. Therefore, the minimum time before air
convection cooling occurs is about 23 minutes after a LOCA. The fuel has been within

20 °C of the water temperature for approximately 20 minutes before air convection
cooling begins.

As soon as the water falls below the reactor core, the fuel temperature will begin to rise,
because the natural air convection cooling is less effective than water. The rate of nse of
the fuel temperature will depend on the previous operating history of the reactor, and the
effectiveness of natural air convection to cool the fuel elements. The time it takes for the
water to fall below the bottom of the core once LOCA occurs 1s 8s. The ume it takes once
air cooling begins until the fuel temperature reaches its maximum temperature is 8¢,
Thus, the total time, t, starting when the LOCA occurs until the fuel reaches its maximum
\emperature, is the sum of two times 8g and Be.
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General Atomic conducted a set of LOCA experiments for TRIGA reactors."” In these
experiments dummy TRIGA fuel elements were electrically heated in a grid 1o determine the rate
of temperature increase of TRIGA fuel elements when cooled by natural air convection. The
dummy fuel elements were wound with resistance wire to simulate a cosine distribution similar 1o
that produced in the core. The standard TRIGA grid-plate assembly pitch for a circular (non-
hexagonal) core was used with a seven element assembly to mock-up the central portion of a

standard core. The LOCA experiments were more conservative for two reasons.”’ The PSBR

does not have a central fuel element in the core to block the air flow in the hottest part of the
core.”’ In addition, the hexagonal pitch of the PSBR is less likely to produce hot spots on the

cladding. When the core is uncovered, the central part of the PSBR core will allow more
efficient cooling of the fuel elements in the B-ring increasing the safety factor associated with
these calculations.

The time 8 may be computed assuming the 6" drain pipe at the bc ttom of the pool ruptures. In
this case, '
Bs = 1360 sec.(23 min.)

To calculate the time Beg, it is necessary to review GA's results as summarized in Figure 9-4
and 9-5. Figure 9-4 shows that with a constant cosine shape power input of 267 watts, it takes
approximately 6g = 300 minutes before the maximum fuel temperature reaches the equilibrium
temperature, Toqpuei, Of 600 "C. The maximum fuel temperature attainable, i.e., Toqe as a
function of the source power in watts, is given in Figure 9-5. The thermal time constant of the
fuel after a LOCA is approximately the same for all values of decay power. Thus, it will take
300 minutes once air cooling begins before the fuel temperature reaches Tege. The fitted

equation for Tequel as a function of 9 and Tmax (Which in the case of Figure 9-4 is 800 “C) is
as follows:

Teqfuel = Tomax (-8.063 x 10 3 4 2.193 x 1020, -2.263 x 106, (37a)
+ 1193 x 10 96, - 3.031 x 10984 + 2.929 x 10-128,5), 0<Be<300 minutes.

Before the maximum fuel temperature reached during a LOCA is determined, the core
operation history and maximum fuel element powers must be established. As shown in
Figure 9-5, the maximum fuel temperature reached during a LOCA is directly related to the
decay power and the decay power is a function of the pre-LOCA reactor operating history.

The following assumptions are conservative and are used to determine the decay power.
The PSBR is licensed for a maximum steady state power of | MW and normally operates
on a 40 hr/wk schedule. Even when the reactor operates on a two shift schedule for
reactor operator instruction or for laboratory experiments, the average power per 40 hr
week is much less than | MW, For the 15 years from 1967-81, the PSBR was operated
an average of 15 MW hr/wk. For the 13 years from 1981-94, the PSBR was operated an
average of less than 5.5 MW hr/wk. Assuming the PSBR operates for 40 hours at | MW
during the week establishes an upper limit for i1ts operation. However, to cover any
future increase in operational activities, it will be assumed that the reactor is operated
continuously for one week at 1 MW, With this assumption, the fission product decay
power can be determined in the following manner.
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El-Wakil(1%) gives the following equation for decay power:

gl = [0.1(9, +10)°% -0.087(8, +2x10’ )‘“]
-{0.16, +8, +10)°2 - 0.087(8, + 6, +2x10")**] (38)

where,

Pg = glec power after shutdown produced by the fission product
cay,

Po =  the steady state power before LOCA, i.e. | MW,
Bg =  the ime after LOCA initiation, i.e., 1360 sec,

8o =  the time of operation at power before LOCA, i.e.,
168 hr. x 3600 sec/hr = 6.05 x 10° sec.
Using these values, at time 85 after LOCA initiation or at the beginning of air convection
cooling:
P, d
-* =1.65x107,
P

o

or if we assume a maximum elemental power density, MEPD, of 24.7 kW, the maximum
power due to fission product decay, P, at time 6, is

~ PN, 1000 kW
SRt

0

P, (38a)

= 1.7 x 107 x 24.7 kW/fuel element

= 410 watts
Assuming the core is uncovered and reaches equilibrium fuel temperature 1360 sec (~ 23
min.) after a LOCA, the hottest fuel element in the core will have less than 410 watts of
power which will continue to decay.

Figure 9-5 shows the equilibrium fuel cladding temperature as a function of fuel element
power input. The data of Figure 9-5 have been fit with a straight line equation, i.e.,

P, +62.89
=R-—="0 (39
= 55408 ")

where P, is the decay power (watts) producing temperature in "C.

When P, = 410 watts then tga = 860 "C.
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This shows, that once air cooling begins and if the average decay power remains constant at
410 watts for approximately 4 hours the maximum fuel temperature is 860 "C. However,
the decay power does not remain constant but decreases exponentially. By combining
uations (37a), (38), (38a), and (39) an equation of Teqne as a function of ume after the
LOCA initiation is obtained. This equation indicates that the fuel reaches a maximum
temperature of 468 "C approximately 7160 seconds after LOCA initiation, with a 8¢ (drain
down time) of 1360 seconds, and then continues to decrease (see Figure 9-6). If 85 is
reduced by half to 680 seconds the fuel reaches a maximum temperature of 480 'C
approximately 6250 seconds after LOCA and then continues to decrease. For the most
severely conceived LOCA for the PSBR, the maximum fuel temperature remains well below
the 950 “C limit throughout the LOCA. It should also be stated that the experimental data of
Figure 9-4 shows that because of the long time it takes to heat up a TRIGA fuel element, 1.e.
B¢, once air cooling begins, the time 8y is less critical.

The LOCA for a TRIGA core may also be analyzed analytically instead of by the results of
experiments used above. General Atomic used one of their own two dimensional transient-
heat transport computer codes to calculate the TRIGA fuel element temperature after the loss of
pool water.!'?) It was assumed that the reactor was operating for an infinite period of ume.
Their results are plotted in Figure 9-7 for sev2ral cooling or delay times showing maximum
fuel temperatures in the TRIGA fuel element as a function of its operating power. It can be
observed that a fuel element having approximately 24.7 kW before the LOCA, will attain <
950 "C maximum temperature, 1360 seconds after the LOCA.

The 950 "C maximum fuel temperature is important when analyzing the TRIGA core for a
LOCA. During a LOCA, the fuel element is uncovered producing cladding temperatures
greater than 500 "C. Under these conditions, if 950 "C fuel temperature and 950 "C
cladding temperature is reached or exceeded, the TRIGA cladding could be ruptured.(}3.39)
Below a fuel temperature of 950 "C the cladding remains intact. The strength of the fuel
element cladding is a function of its temperature. The yield strength of the stainless steel
cladding (assuming that the cladding design specifications of the TRIGA fuel elements do not
change between procurements from the as-tested cladding) under LOCA conditions (heated in
air), 1s shown in Figure 9-8. Also shown in Figure 9-8 is the cladding stress produced by any
gas in the gap. This gas pressure consists of the hydrogen gas pressure plus the pressure of
the volatile fission products plus the pressure of the trapped air. It can be obst  >d that the
cladding stress equals the cladding yield strength at approximately 950 "C. This 1s different
from the safety limit (1150 "C) which is the case when the cladding is in water and cladding
temperatures remain below 500 "C.

The following results are applicable to the PSBR experiencing a LOCA:

1. The maximum temperature that the PSBR TRIGA fuel element can have during a LOCA

without damage to the cladding is 950 ‘C. As long as the 950 "C temperature limit is not
exceeded, there will be no stress sufficient to rupture the cladding thereby allowing the
escape of fission products.
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2. Reviewing the complete history of the TRIGA cores at Penn State, the PSBR has never
been operated for 40 hours at 1 MW during a week with the 12 wt% U fuel. In addition,
no core configuration is permitted to operate at a power level such that the MEPD is greater
than 24.7 kW. Assuming continuous operation at | MW with the 12 wt% U fuel

producing 24.7 kW, a LOCA will not cause the fuel element to heat up to 950 “C under
any condition.

In conclusion, a LOCA with the PSBR will not result in damaged fuel and, thus, fission
product containment within the fuel is assured.

. Maximum Hypothetical Accident (MHA)

The maximum hypothetical accident (MHA) is an assumption that a fuel element cladding
ruptures in an air cooled core releasing volatile fission products to the reactor bay. The MHA
is defined as a postulated accident with potential consequences greater than those from any
event that can be mechanistically postulated. The assumptions create conditions far more
severe than is actually possible. Nevertheless, the accident is bounded by the regulatory limits.

The potential hazards associated with the MHA are related to the escape of fission products
from the ruptured cladding of a fuel element into the reactor bay and then from the bay to the
environment. The fission product buildup in a fuel element is a function of the fuel element
power history and sustained measured steady state fuel temperature. It is assumed in these
calculations that the fuel element is a 12 wt% U-ZrH fuel element operated in the core position
of highest power density. The core is assumed to operate continuously at 1 MW throughout its
life. A review of the operating history of the 12 wt% U-ZrH fuel element I-15 shows that
when operating at 1 MW it reached a maximum measured fuel temperature of = 600 "C with
Core Loading 47, however 650 "C is used as the bounding sustained measured steady state
fuel temperature used to calculate the release fraction. Since all of the volatile fission products
reach their maximum after a few weeks of operation, a value of MEPD = 24.7 kW is used to
compute the fission product activity, Afp, in a fuel element. It is assumed that the rupture
occurs when the reactor is just completing continuous 1 MW operation. The saturated activity
of the core, R, for one fission product (fp) nuclide is

3.1x10"

R=1MW x Y, ————curies 40a)
©3.7x10" (
where,
Yo = fission product cumulative yield
IMW = 31 x 10 fission/sec
1 curie = 3.7 x 10'9 disintegration/sec

The fission product activity in the core is an accumulation of fp activity from the previous
weeks operation provided the half life is greater than approximately a day. The contribution to
the fp activity at the time of the rupture is as follows:
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R(1 - e’”‘) Activity produced during the week the rupture occurs,
R(1 - )e'm' ) Activity produced during the week before the rupture occurs,
and

R(1 - )e‘“""”" Activity produced during the nth week before the rupture occurs.

The total activity of this fp in the core at the time of the rupture is the sum of the above
acuvities. [t can easily be shown that the core activity is

C.,ult —logth (40b)
| - eMT) +Ta)
and,
NP, 1-e™"
1

where in the case of contnuous operation at | MW,

T, = number of hours operated in one week =168 hours
T, = number of hours not operated in one week =0 i ars
Ty + T2 = number of hours in one week = 168 hours

The PSBR presently operates on a 40 hr/wk schedule. The actual operation produces
much less than 40 MW hours (MWhr) per week. For the 15 years from 1967-81, the
PSBR operated an average of 15 MWhr/wk. For the 13 years from 1981-94, the PSBR
was operated an average of less than 5.5 MWhr/wk. Continuous operation at 1 MW,
therefore, establishes a large safety factor for this calculation, but allows for future
increase of operating time,

Tables 9-7 and 9-8 lists the activity of each of the important gaseous fission products.

The fission product yields were taken from the Katcoff, et.al., report. 29 These yields
include direct production plus precursor decay from fission products. Only a fraction of
these fission products escape from the fuel element into the reactor bay. The fraction that

escapes from the fuel element is called the release fraction, f,.

The fission product release fraction, determined experimentally at General Atomic, is a

function of the sustained fuel Lempcraturc.an The only fission products that escape are
those that have diffused into the gap between the fuel and cladding during the operation of
the reactor. Therefore, the release fraction in accident conditions 1s characteristic of the
sustained normal operating temperature and not the temperature during an accident transient.

A review of the operating history of the instrumented fuel element I-13 in the PSBR B-
nng shows that its maximum measured temperature during steady state operation at |
MW was less than 460 "C. After the first year of operation, its measured temperature at
1 MW dropped to approximately 400 'C. During this period, its burnup was
approximately 0.65 MWD. This temperature drop occurs because as burnup increases,
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the 235U core inventory decreases with a corresponding drop in NP and terapeature.
Operation after one year lowers the maximum measured fuel temperature in the 2-ring to 400

"C or less. However, the experience mentioned above with I-15 in Core Loading 47, which
1s considered as an extreme (having a large peak to average temperature) core loading,

indicates that measured fuel temperatures as high as 600 "C are possible. Thus, it is

conservative to use a maximum measured fuel temperature of 650 "C, to compute the release
fraction. Operation using the mixture of 12 and 8.5 wt% U fuel elements will only be allowed
by Technical Specifications if the MEPD is < 24.7 kW and the maximum measured fuel

temperature, of an instrumented fuel element in the position of MEPD, is 650 "C. Thus the
initial assumptions and the limits on operation resulting from this accident analysis are:

1. A maximum power operating history of continuous | MW operation.

2. A maximum sustained measured steady state fuel element temperature of 650 C.
3. AMEPD of 24.7 kW,

Experiments demonstrated at Gereral Atomic(2!) generated release fraction data for the
U-ZrH fuel under various conditions. Below 400 "C the release fraction, fy, is a constant,
1.5 x 105, and above 400 "C the following equation is used:

i 4
fjﬁé}lo_] 1)

f =1.5x10"° + 3.6x10° expL

o

where,
T, is the fuel temperature in Kelvin.

For low temperature results, i.e., below 400 "C, the release fraction for a typical U-ZrH,
fuel element is constant, independent of operating history or details of operating
temperatures. Averaging Equation (41) over the volume and temperature profile of the fuel

element gives a release fraction of 3.1 x 10 using maximum measured fuel temperature of

650 'C. Applying the release fraction of 3.1 x 104 10 a single element operating at a MEPD
of 24.7 kW yields, for each fission product activity in Table 9-7 and 9-8, a release to the

reactor bay of C, curies. The bay concentration, Ch(Ci/ml) is based on a minimum free air
bay volume of 1900 m?. An immediate and complete mixing is assumed to occur.

The concentration in the unrestricted area (outside the reactor building) is obtained by
dividing the activity release rate through the emergency exhaust system by the dilution rate.
The release rate for the emergency exhaust system is equal to the flow rate (3100 ¢fm or 1.46

x10% ml/sec) times the bay concentration Cp. The dilution rate 1s the wind velocity (1 m/s)

times the cross-section area of the building (200 m?) or 2 x 108 ml/sec. Thus, at the instant

the fuel element cladding ruptures, the maximum concentration in the unrestricted area,
Cy(CvV/ml) is:

Cu=Cp x 7.30x10-3 Ci/ml.
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