" ANL-6961

EXPERIMENTS WITH
:NTRAL SUPERHEATER CORE CSH-1,
& BORAX-X

by

BORAX-XY Project Staff




LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither the United
States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accu-
racy, pl or f of the information contained in this report, or that the use
of any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the
use of any information, apparatus, method, or process disclosed in this report.

As used in the above, ‘‘person acting on behalf of the Commission’’ includes any em-
ployee or contractor of the Commission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee of such contractor prepares,
disseminates, or provides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.

Printed in USA. Price $5.00. Available from the Clearinghouse for Federal
Scientific and Technical Information, National Bureau of Standards,
U. S. Department of Commerce, Springfield, Virginia




ANL-6961

Reactor Technology
(TID-4500, 41lst Ed.)
AEC Research and
Development Report

ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
Argonne, Illinois 60440

EXPERIMENTS WITH
CENTRAL SUPERHEATER CORE CSH-1,
BORAX-V
by

BORAX-V Project Staff

Idaho Division

Contributors:

R. E. Rice (Editor) i Hapen

E, J. Brooks R .. Jiaceletti®r
D. H. Brown Gance Miles

J . D. Cerchione L. Mohrf

R. A. Cushman R W, Thiel

D, C. Cutforth W. R. Wallin

W. B. Doe*

*Remote Control Division
**University of Wyoming
tAllis- Chalmers Mfg. Company

January 1965

Operated by The University of Chicago
under
Contract W-31-109-eng-38
with the
U. S. Atomic Energy Commission






TABLE OF CONTENTS

T RO E TGN« e i s e R S R S 0 0
IS B HAE EORDESGRIPIIONEIE D Tl . e e e o) e e delial wiEis
LR EAE PRI N EASURBMBEINIES . Lfer.r . o o oo o oalfne s e Sisians
A. Zero-power Reactivity Measurements . . . .. ... ...~
I, ILEErskhar A Sl o e AR SRR e s D e B0 G
2. Adjustment of Fuel-to-water Ratior . Sl Lo TR e
3 @Gontroll Rod Calibrationls = i« o is it e Ueas s iRt
D AvAilable Excesst Reactivity: .. n o -Saf Sl et e l-Re s
5. Temperature Reactivity Effects . . . ... ...
6 Borico AcidiEffectss L atieRinl 3% SRS e Sl Sati Gt naa i
7. Superheater Flooding Measurements . . v ol eiae ol
a. Static Reactivity Measurements . .. ... ... ..-
(1) Blooding from Belowa - os s el -l
(2) Flooding from Above. . ... ... ...
Flooding Time Measurements. . . . . . .. ..«
c. Reactivity Addition Rates from Superheater

Rlcodinpiat S st e e et
8. Reactivity Worth of Fueled Ggcillator L .t st e
9. Additional Fuel-to-water Ratio Experiments. . . ... .
10. Experimental Techniques and BrToT o & e on sl
B. High-power Reactivity Measurements . . . . « oo o 0 oo 0.
TN B LR ISR NI ATRE TN G il bt Re el < Fot iR Sl R
AN G o ne el cutront Bilusx IDis fribUtion SELf. b vatc o e e i ai et
1. Measurement LTechnigues. ... .« o ae sl =ielate s e sl
2. Radial Neutron Flux Distributions. . . .. ... ... .-
D Jemizil 1Dhere DRI e shbhaio) ol SRS BRI S0 e ok B 0L U T L
4. Cadmium Ratio Measurements . . . . . . .« o« o0 -
S Reference @GorTe sty oo, (Bt ui e ot v ia i
b. Core with 12 Flow Rods Dispersed L ito . iaie s
B. Fine-power-distribution Measurements . . . -« « « o+ o s o e
I Measurement e ChRIQUES:: & o o o' o wile momiie o S50t oriEatis
T ANt e oray o aee e S SE R P O RS Sl
a. Measurements in Boiling Fuel Rod Locations . . .

b. Measurements Adjacent to Superheater Coolant
Cleanmnaihias amen SR AP S IR e
c. Average Activation in Boiling Fuel Assemblies . .
D TSNS 5o s o i e et A SR RS s
SRR el s ISP § 8 R e e e e d e e e e

5. Flux Distribution in 12-flow-rod Boiling Fuel
cussEmasihs o o b sl e SR AR S IR I B

14

22

22
22
23
28
35
38
38
41
42
43
45
47

48
49
49
51l

Z15)

T2
Al
81
82

87



V.

VAl

VAT

TABLE OF CONTENTS

IN-REACTOR-VESSEL INSTRUMENTATION MEASURE -

MENTSEANDIDEVIE 1@ PMEIN TEE S o i e
AT R e el o ) el e e R i s L St R R
1. Boiling Fuel Rod Temperatures ... ... ........
2. Superheater Fuel Plate and Steam Temperatures. . .
ST R eactoriWaterRSubcooling NN IE T -
4 Gore InletiWater Ve locityl i i Cioin el i,
5N G or el 21 VIO 1d R e C £ O i RN R R R P
& DevneeEnEn Veuel ITEEEIE 5 o o o 0w 0 W 4006 oG a0 oG
. Calibration and Use of the Downcomer
Staus chieilbe NIl e R T A S -
8. Measurement of Reactor-water Level . . ... ... ..
B, Acoustic Water-level Probe. . . « - « v e 2 0 2 v.0 2 5 5 50 55

WATER CHEMISTRY MEASUREMENTS AND CATALYTIC
RIE/E @ N IB IINASTT @I 2T R N e e

AT W aterd GhiemistoysMesistiten e ntsHuta i S ARSI e

BoSteam Dorger e st s s o L e

C. Radiolytic Gas Recombination Experiment . . .. ... ...

TENL/AMIR: IZITIRUFOIUMUAINICID, o b o o o 62 biako o) pio o 0 060 0.0 oo

A. General

B,  Speeial OpEizinme IBEgeEitl@nees o 4 os 6 h e abedno oo o b
1. Power Oscillations with a Partially Flooded
SEREIIEENRE « 6 oo o o o o 0 T O B0 0 90 650 0GB O

Ely
b.

DbserVations i i o s v civir v e 5 e e
SNTENBISHG o o i b o 0 ot G B B 0 G G oo O e D it o

25V SHert=periodiS cra rmi N e o e T

3. Effects of Moisture on High-impedance Thermo-
couplled = lenlsion il e s Er AR N T

a.
5%
c
el

DI elelalGhal i 5 oo o n Bio o g dicie 608 00 0 B 0 Ao oo
ITP SN STEIRIEIE o ot o i G OO DG, e 0 D T 6 ol s o
A B < i s b i (B8 e Dl B, o e 0 B 8 o g D
GonclicTons S S R I I R

C. Reactordiesise it Bilie i star i il S R T
1. Radiation'Tffectsm sl it i i i PR
Temperature Distribution in Reactor Vessel Wall . .

&
3. Reactor Vessel Water-level Measurement
4,

Belleyille S pmampe e r e ot U & I S

88

88
88
88
0
95
O
9

99
99
100

104
104
105
107

110
110
1’5
115
1S

116
1520



TABLE OF CONTENTS

Page
Pty Wiatetiand Stearn Sy stemnehuiEln gz = ot falen = ol e Gl L
L, Giiscims shnedsaeltiet PRes e SRR R GO R O 129
2. Boron Addition and Batch Feed Systems. . . ... ... 120
S nrbogenerator SYStemti. o v oo o 5 e adi e aife fe STl 129
IS ce dwnle s SARSTETIL o g ano e i e e e e e e e e 130
GE AT A ny WS EE TSy STEI. Ly oo el s e e ot e e W 130
6. Superheater Flood-and-drain System. .. ........ 130

7. Superheater Steam Outlet Manifolds and
(Caiuelbal nitin 4in o Do o o0 dip a's o oho oG als i EE ST 130
R Reactor Control, Blecteicalli h oot sl iaiaia sl e e !
I e (Oora nr ol I SAls e hatn ia oy e g o s S A SR 5 S BRI i) 0 TR D 131
(R el s I et b Y ol e b sl e i e e % 134
BB orilin o B e RO d ST NP AR e 134
2., Boiling Fuel Assembly BoXes. . .. .« . - s s e 134
3. Fuel Handling and Storapgeliiil . el Salataiatasa e ey & 135
4 SuperheateriBueliSeals .. . o0, oo . ittt a e tats fe e 135
VIII. SUPERHEATER FUEL EXPERIENCE . .. ... ... -..s s
A. Superheater Fuel Assembly Leak Repairs. . . .. ... ... 187
B. Fission Product ExperimentsS. . . « . o s o o sisio e athic aiets 157
C. Examination of Defective Superheater Fuel.......... 140
1. On-site Superheater Fuel Inspection . .« o liaaatets 140
2. Examination of Superheater Fuel Assembly C-3. . . . 142
S e Disassemably o it bl il Ll e e el R e 142
b. Crack in Lower-nozzle Weld . . . ... ....... 143
c. Examination of Individual Elements. . ... ... . 143
(SR cn en R 2SI S R R 144
() S NEErment =13 IR L e N e e S 145
(3) il ernentyl AN EEIEICR SR e B 146
(20 Elemment LERE R RE R SR 146
(B Element 16l St ce il e el s 147
d.. Source of Fission.Products . . ... .. .c .- 148
e. Deposits in the Insulating Gap. . . . - « - - - - -« . 149
BRI G e VS 1 O Tk, sin i = o s & e e wiie w el eiie s ga e ile i g 150
RN IETSID ST INTIRS] . T o N e 151

RIBERF RS e o R S RURC el 0 - b e so  ofia = e ceile e me s te BRS TET R 152



Z
o

e

==
[SS I

1L2)

14.

157,

16.

17

18.

U,
207

2413

22}

LIST OF FIGURES

Title

Reactortwith (CentraliSuperheate nerul S N T
I5Yoh b blaye sINBIEILIRUOTE L 5 il i 54 n 16 D10 O ol G D e s 00 o oo ol
Fuel Rod and Cutaway Section of Boiling Fuel Assembly . . . .
Boron=stainl elsisEste el RR oIS enFR o NI
Cross Section, Central Superheater Fuel Assembly ... ...

@enttal§Stuipe rheate niRuc SN ESe by I

1216557 IDNEVEIRENRT S5 bl s Gt 0 5 BuB 6 B Ao A B D 0.0 B B G O o
Einaliltioading SBoeilinglCorerB 2N s
Bl o R o e o e e e e
IBoadinodPiaeramiliE omel©S FTEN B S s Sy

Zero-power, Room-temperature Loading, Core CSH-1 . . ..

Zero-power, Operating-temperature Loading,

Ceme (CRIEIAS ", 5 6 o v oo 00 b 0600600 Essdssnasnsoon

Differential Reactivity Worth vs Nine-control-rod-bank

Position;8Core st €SH = and i@ S = 1A

Differential Reactivity Worth of Control Rods No. 1, 2,

and Outer Bank at 487-490°F, Core CSH-1A . ... .. .....

Differential Reactivity Worth of Control Rods No. 1, 2,

and Outer Bank at 73-83°F, Core CSH-1. . . . . v . v v v v v v .

Critical Position and Differential Reactivity Worth of
Control Rod No. 1 with Respect to Eight-control-rod

B amle @ e e €S T = R e eE <R N R,

Nine-control-rod-bank Position vs Reactivity,

Gore siCSH =1 and i E SEI= AT

Nine-control-rod-bank Position vs Temperature,

Core COH=TAR i5 55, nimtie, o ot a el R UNE RSN )
Temperature vs Reactivity, Core CSH-1A. . .. .........

Nine-control-rod-bank Position vs Boric Acid Concentration,
Core st S H =N amd s E S T A S

Reactivity vs Boric Acid Concentration, Cores CSH-1

and CSH-0A. . . .oevvoieiin it R e e b s ey bt

Reactivity vs Superheater Water Level, Nine-control-rod

Bank, Core (€SH=-1 . . . & . 0 e e il o i

16
17
18
19
20
20
21
27
27
30
S

Sl

33

34

35

36

i

39
40

40

41

44



23,

24,

25,

20;

2t
283
295
S0
3
32

S35

34.

S

Sss,
3.

58
S5
40.
41.

42.
43.
44.

LIST OF FIGURES
SEitle
Reactivity vs Superheater Water Level, Eight-control-rod

Bank, Bottom Flooding, Core CSH-1 . . ... ............

Reactivity vs Superheater Water Level, Eight-control-rod
Bank, Top Flooding, Core EBEICH e ¢ o o e o s = o alsnt e

Reactivity vs Time, Flooding Central Superheater from Top,
EorelE s H - I e At b LA L T bl v le o e L RO R

Relationship between Reactivity (p), Soluble Poison
Concentration (Cg), and Control Rod Height (h) . . ... ... ..

Power vs Nine-control-rod-bank Position, Core CSH-1. . . ..
Flux-wire Holder in Boiling Fuel Assembly . ... ... .. ...
Flux-wire Holders in Superheater Fuel Assembly .. ... ...
Block Diagram of Flux-wire Counting System . . . . ... ... .
Diagonal Radial Neutron Flux Distributions, Core CSH-1. . ..

Transverse Radial Neutron Flux Distributions,
e R e T s e i s s a e a e e mow e R e R e

Influence of Control Rod Position on Radial Neutron Flux
Distribution, GorerCSEI= 500 o o o v 5 0 s = sle o s e« al st lenta R

Axial Neutron Flux Distributions, Core Position 54,
(€ ohay (DS e s o s bR R T P R O FE T o o o

Axial Neutron Flux Distributions, Core Position 63,
O e O e B e RN EE R s el e WA w M w v PR e e

Axial Neutron Flux Distributions in Thimbles, Core CSH-1A .

Point-to-average Axial Neutron Flux Distributions in
Ehirnhle siNG orelGSHE1 AN C il 0 shas ol el - log el P i

Axial Neutron Flux Distributions in Thimbles, Gore EGSH -1
Codmium Ratios fGorerGOHS1" . wla aie = 5 o & = & st v oaiim el
Axial Cadmium Ratios in Thimbles, Core CSH-1. ... .. ...

Cadmium Ratios in Core Positions 42 and 57
(12 Dispersed Flow Rods), Gore GSH-1C . - . .- . -. ezt

Radial Cadmium Ratio Distribution, Core EGSH=1 ., . o= o sl
Modified Boiling Fuel Assembly for Fine-flux Mapping. . . . .

Preliminary Normalized Fine-flux Data, Irradiation No. 1,
Conmm CIE L, U Gos e R A R et S

Page

46

47

53
5
56
5
S|
58

59

60

61

62
63

64
65
67
68

69
70
71

13



45:

46.

47.

48.

23]
50.

517

52/

537

Bia

550

56.

5
552

593

60.

61.

62.
63.

LIST OF FIGURES
Title
Preliminary Normalized Fine-flux Data, Irradiation No. 2,

Coxre CSH=L. .« w ¢ o o vow e o sEINSE (R N UG E s g s

Preliminary Normalized Fine-flux Data, Irradiation No. 3,
Core ESH=1uic i v o v v = s o ot it S e e e B e (8 e i

Preliminary Normalized Fine-flux Data, Irradiation No. 4,
@oncl @S H M e s S D . I R

Foil Activity Depression through Insulating Box, Central
SuperheaterSBuclSBlicrnentil: @ e ar SEESCE e e

Final Normalized Fine-power Map, Core CSH-1 . ... ... ..

Relative Flux-wire Activities and Average for a Fuel Rod
(€ ircled)NCor el o itionts 2E ore LESET = NPIPE I e

Average Fission Rates Parallel to Fuel Plates in Central
Superheate tdEnel WA s semblie siNE omxe i@ SET=i18 R e

Local-to-average Ratio of Power Produced in Individual Fuel
s sle mibllieisiiE one KGO TN i MRS (P S S R S

Fine-power Distribution in Core Position 57
(12¥Dis persedimllowiRods)BE oneR G SET= RN ENE S S S

Indicated UO, Temperature vs Reactor Thermal Power,
Boiling Fuel Rods Nos. ZA-17, -18, -19, and -20,
Core @SH LB o uit bl e ot bl ia o e e b ok R R,

Indicated UO, Temperature vs Reactor Thermal Power,
Boiling Buel Rod Ne. YA-15,/Core CSH-1B. . . . . . .0 oo

Indicated UO, Temperature vs Reactor Thermal Power,
Boiling Fuel Rods Nos. VA-1 and VA-2, Core CSH-1B ... ..

instzum cntedistiperheate rRRUE IS Erne TI0 R S e

Numbered Thermocouple Locations in Instrumented
Superheater Fuel As se mbliesion 0 e . ot

Downcomer Void Fraction and Core Inlet Subcooling vs
ReactoriPowen BE omel G S T 1 O e

Inlet Velocity and Flow vs Reactor Power, Instrumented
Boiling SErelFA cisernblvall=HGE onie KE SIS T U SN e

Exit Void Ratio vs Reactor Power, Instrumented Boiling
Euel Asisemblytl-il SE ore €S T3 S

Schematic Diagram of Acoustic Water-level Probe. . . .. ...

Details of Acoustic Water-levellProbe st

Page

74

5

76

78
81

82

83

86

87

89

90

91
92

92

25

96



64.
65.

66.

(o171,
68.
69.
70.

7l
T2
15

74.
(57
7o)
Wi
el

Tl

80.

S1L
82.
(e

84.

BB

LIST OF FIGURES

fiitle

Movable Steam Probe, Core CSH-1B . . . ... ... ... ...

Measurements on Condensed Static Steam from Steam
BDome fEore @oEEIB S 8IS i it e ot ele e e = e vie e e

Abridged Schematic Diagram, Radiolytic Gas Recombination
fRe s tIRA DD AL B, b S LA e e e e et e e

Toddins DidprantsCoene  CSH =1 BESCRINEI-TE. =1L o= el St
Bottom View of Internal Steam Separator, Core CSH-1 ... ..
Power Loading, Core GSH-1B. ..., oie i b o oieeae o

Oscillations with Partially Flooded Superheater,
(@ b Bl e =B Ep B S e L A el & B Gl cfich i Sl O DT

Calculated Gain of Zero-power Transfer Function ... .. ...
Terminal Box for Instrumented Superheater Fuel Assembly. .

Thermocouple Measuring Circuit Schematic Diagram for
Superheater Fuel and Steam Temperatures. . . .. . ... ..«

Reactor Head and Pit Installation, Core CSH=1B . . . i &« as
Control Rod Inspection Tools ... woiuccie o aie el e o e e oo e
Control Rod Follower Repair Tools. . . . . .« oo oo v e v v
Superheater Seal-removal Jig. . . . ..o oo ceee oo ee e e

Repair Welding Machine for Superheater Fuel Assemblies
(Shielding: Remoyed ) RENREEETEEn Ll - e TRt R s

Southeast Side of Superheater Fuel Assembly C-3,
O E O e o e ol e e e e e e e e s e e e e

Northeast Side of Superheater Fuel Assembly C-3,
GG S e Rk S e s e R e P e e

Upper End of Superheater Fuel Assembly C-3, Core CSH-1. .
Lower End of Superheater Fuel Assembly C-3, Core CSH-1 .

Cracked Weld below Element 15, Superheater Fuel
NSsembly G20 Gane GSH-L .1, o oioieicle il jole lateie min sis s

Sections through Element 12, Superheater Fuel
Acsemblyt@SS MEETERESH -1 o' o o o o e e iele sl e e s e K S

Section 3/8 in. above Bottom of Fuel Plates, Superheater

Euel A= semhilyeGr3iGoretGSH-1. . . .o o c e ele sb s o aa -

116
118
123

123
124
132
153
136

138

141

141
142
143

144

145

146



10

No.
86.

87.

88.

89.

90.

LIST OF FIGURES

Title

Buckling in Element 15, Superheater Fuel Assembly C-3,
Core GSH=A, . o . 0 oo el e & vile olea o e RN e o B

Buckling in Element 15, Longitudinal Section, Superheater
EuelPASsemblyiC -3 E or eNCSH = T s S e

Longitudinal Section of Element 16, Superheater Fuel
AsisemblyiGE5E ore NG SH =N RS e

Metallographic Section of Torn Lower End of Fuel Plate
from Element 14, Superheater Fuel Assembly C-3,
(Sl (SfSinledly & oo 600 BC 0o 8B 0 a0 o n G006 0 o0 B g ol

Deposits on Fuel Plate and Inside of Insulating Tube,
Element 16, Superheater Fuel Assembly C-3, Core CSH-1. . .

147

148

L2

149



s

II1.

IV,

VAL

AL

VLTS

14

AL

X1II.

XIII.

XIV.

S

2V

XVIIL.

LIST OF TABLES
Title

Design Parameters, BORAX-V Central Superheater

(Eraiuzizne AEBIAE o 5 5 o L ol 5 i e SR TR S
Loading Sequence, CarelCSH AR B 0R 0w wh o0 b w5 bR Ao e
Experiments with Varied Fuel-to-water Ratio. ... ... .-
Reactivity Effects of Flooding Superheater, Core ESH=IS0E

Additional Fuel-to-water Ratio Experiments, Core CSH-1B .

Boiling Fuel Assembly Average Flux-wire Activation,

V0l s e (5 PP St i e B A TR IS T s

Final Normalization Factors, Core CSH-1 . ... ... .. ..

Local-to-average Fuel Assembly Power Production,

CorelGOHE NS 2 S e 4 e alrie v e e e St R AN e R
Superheater Fuel and Steam Temperatures, Core ESH=1E
Reactor Water-level Measurements, Core CSH-1B. . . . ..
Water Chemistry Measurements, Core CSH-1B. . ... ...

Boric Acid Concentration in Steam Dome, Core CEH=LIB LS

Data from Superheated-steam Fission-product Monitor,

E T e I DI e s e Sl N e e S SO S e B T

EowerlOResationGoresGSE B sC e e S St SN

Oscillations with Partially Flooded Superheater,

(Clanin (O NG E e S AR SR S R R A

Electrochemical Cell Potential for Chromel-P vs Alumel
as a Function of Conductor Spacing, Load, and

ilectrolytelpEl R R Silis i e oo s e % o e b et Rt

Fission-product Experiment, Core CSH-1B. . . .. ... ...

Page

29
43

50

A,

80

85
05
100
104

107

It

126

139

11






13

EXPERIMENTS WITH
CENTRAL SUPERHEATER CORE CSH-1,
BORAX-V

by

BORAX-V Project Staff

1. INTRODUCTION

BORAX-V was the first integral boiling-water-nuclear superheating
reactor to be operated in the United States. It first produced superheated
steam on October 10, 1963.

Following a considerable time during which low-power experiments
were performed, and after a few days of operation at power up to 10.2 MWt,
a sizeable leak of moderator water into the superheater was measured and a
low level of fission product radioactivity was discovered in the superheated
steam. Power operation was discontinued on October 16, 1963. Investiga-
tion revealed that the water leak was caused by a weld crack in one super-
heater fuel assembly and that the fission products were coming from a few
tears in the bottom of superheater plates that were distorted by restraints
caused by improperly performed leak-repair welds on the assemblies.

The feasibility of continuing operation with this core was analyzed
by the reactor staff, and it was concluded that although the superheater fuel
was distorted and a low level of fission products would be present contin-
uously in the steam, operation could be performed with reasonable safety by
the adoption of special operating procedures. However, since repair welds
had also been made to other superheater fuel assemblies and there was no
assurance that additional similar failures would not occur, a management
decision was made to discontinue operation of central superheater core
CSH-1 and to proceed directly to the program involving the peripheral
superheater core. The fuel for that core was reworked to correct the weld
defects and was not subject to the problems involving the central super-
heater fuel.

In spite of the brief operating period, much valuable information was
obtained and is reported in this document. However, a major part of the
planned power experimental program on this core could not be accomplished
completely. This included the attainment of full power; power split, power
distribution, and core and plant power performance experiments; reactor
stability measurements, water chemistry experiments, defective fuel exper-
iments, etc. This program was deferred and subsequently accomplished in
considerable detail with the peripheral superheater core.zl)
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II. REACTOR DESC RIPTION(2)

The BORAX-V reactor and power plant are located in two buildings
one-half mile from the control building at the National Reactor Testing Sta-
tion in Idaho.

Three core structure configurations have been tested in this flexible
experimental facility: a pure boiling-water core, a boiling core with a cen-
trally located superheater, and a boiling-water core with a peripherally lo-
cated superheater. In all cases, it was possible to operate with either forced
or natural circulation of water through the boiler zone of the core, but only
natural circulation was used. Water served as moderator and reflector in
both the boiling and superheating regions of the core.

The principal design parameters of BORAX-V at the rated power
are shown in Table I.

Table I
DESIGN PARAMETERS, BORAX-V CENTRAL SUPERHEATER CORE
AT 20 MWt
IBressurelpsic 600
Temperatures, °F
Saturated steam 489
Superheated steam 850
Boiling fuel rod (center maximum) 2,300
Superheater fuel plates (center maximum) 1,130

Maximum heat flux, Btu/ﬁu‘-ft2

Boiling rod 310,000
Superheater plates 100,000
Power density, average, kW/liter of core volume
Boiling zone 42.5
Superheat zone 40.5
Boiler Superheater
Number of fuel assemblies 48 152

Figure 1 is a cutaway view of the BORAX-V reactor vessel contain-
ing the core with central superheater. All cores had an equivalent diameter
of 39 in. and a height of 24 in., with the bottom of the active core positioned
3 ft above the bottom of the reactor vessel. The poison section of the nine
control rods was made of Boral canned in stainless steel, and the follower
section was made of X-8001 aluminum alloy. The central and four inter-
mediate control rods were cruciform, and the four outer rods were T-shaped.
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The control rods were driven from below the reactor, through a linear seal;
by motor-driven, lead screw-and-nut mechanisms with solenoid scram
latches. The superheater fuel assemblies, with their long risers, were held
down by the reactor vessel head through a hold-down plate and individual coil
springs. Steam from the reactor vessel steam dome made two passes
through the superheater. Eighty-one percent of the reactor power was re-
quired in the boiler to convert feedwater into saturated steam; 17% of the
total power was used in the superheater to superheat the steam from 489 to
850°F, and an additional 2% was lost from the superheater to the moderator
water.

The boiling zone fuel elements for BORAX-V, shown in Fig. 2, con-
sisted of rods, 0.375 in. OD, clad with Type 304 stainless steel 0.015 in.
thick, and containing UO, pellets of 4.95 W/O enrichment. Each rod was
filled with helium and had a fission gas expansion space which also contained
a spring of Inconel-X to retain the pellets while allowing for the axial dif-
ferential expansion between the UO, and the cladding.

A fully loaded boiling fuel assembly contained 49 fuel rods in a
I/Z-in.—square lattice, as shown in Fig. 3. The rods were individually
latched in so that the water-to-fuel ratio or enrichment could be varied, or
poison rods inserted to adjust reactivity or power distribution. The design
of a boron-stainless-steel poison rod is shown in Fig. 4. The boiling fuel
rod loading used for all three cores was designed for the boiler of the cen-
tral superheater core, since this zone required the highest enrichment.

The design of the welded superheater fuel assembly, made up of five
fuel elements with intervening moderator water gaps, is shown in Figs. 1,
5, and 6. Each fuel element was contained in a rectangular stainless-steel
tube which formed a static-steam insulating gap around the element to min-
imize heat loss to the moderator water. The upper riser and lower nozzle
in the fuel assembly also had double-walled, static-steam insulating gaps.
The four-plate fuel elements were assembled by vacuum-brazing at 2150°F,
using Coast Metals 60, a chrome-nickel brazing alloy. The central super-
heater fuel assemblies contained 430 g of 2% in the form of 95 W/o-
enriched UO, particles dispersed in the cermet fuel plate matrix of
Type 304-B stainless steel. Since coolant steam flowed past one side only,
the two outside fuel plates contained 53.6% as much U?*® as the two center
plates. The outside plates contained 11.4 w/o UO, in the matrix, and the
central plates 20.8 w/o.

The cladding material used on the superheater fuel plates was
Type 304-L stainless steel, which is susceptible to chloride stress corro-
sion. Chloride stress corrosion was inhibited by the maintenance of less
than 0.04 ppm of C1™ in the reactor water and steam by means of the makeup
water, reactor water, and condensate demineralizer systems and continuous
chloride monitoring.
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Fig. 3. Fuel Rod and Cutaway Section of Boiling Fuel Assembly

81



O

183X BOROU-STRINLESS STEEL

SECTION THIRY POD

B
— ey e %,MH“% e L Attt ()
L - 4.
Ead v
=g 1

ID-103-A3323

Fig. 4. Boron-stainless-steel Poison Rod

61



20

= —3633IN.— = ,4X4 IN. FUEL CELL
— = —_ = = e
BT
‘ i f |
‘ x} i
i
i { 1
| i Bty ENRICHED
i Hi
3875 IN, i | U0, DISPERSED
| _WIRE SPACER IN 'S5 3048
| 0062 IN. SQUARE |
| I ™ WIRE SPACER
| 0030 IN. DIAMETER
‘ i
| |
Y L
A =Ll =
MODERATOR GAP" ~~—0030 IN == 0030 IN. FUEL PLATES
INSULATING GAP 004 IN. MEAT THICKNESS
0008 IN. CLAD SS 304L
~ =~ 0062 IN. PLATE SPACING
ID-103-A3234

Fig. 5. Cross Section, Central Superheater
Fuel Assembly

ID-103-3776

Fig. 6. Central Superheater
Fuel Assembly



AL

The superheater fuel element had good shutdown radiation and con-
ductive cooling properties across the static-steam insulating gap to the
moderator water. Even with no steam flow and a total reactor power of
0.8 MWt, the maximum design fuel surface temperature of 1200°F could
not be exceeded. In addition to the design of the superheater fuel element,
BORAX-V had a superheater vent valve system that opened automatically
on any normal shutdown or scram to assure continued flow of cooling steam
produced by decay heat in the boiling zone. A schematic diagram of the
BORAX-V process systems is shown in Fig. 7.

MAKEUP
DEMINERALIZER

BORIC SUPERHEATER ATMOSPHERIC

ATID VENT Jﬂ “' VENT

CONDENSATE
DEMINERALIZER

SUPERHEATER
FLOOD VALVE

REACTOR
WATER
ZER

FORCED CONVECT] M-/ ELECTRIC
PUMP HEATERS

ID-103-A3015
Fig. 7. Flow Diagram

Because of the postulated high rate of fis sion product carryover in
the steam from a ruptured superheater fuel element, steam line radio-
activity scrams and alarms, plus sensitive fission product monitors sam-
pling both saturated and superheated steam, were provided on BORAX-V.
The condenser air ejector exhaust system had a special after-cooler and
demister to remove moisture from the gas. The exhaust gases were then
passed through an AEC-type high-efficiency filter and an activated-charcoal
gas scrubber before being diluted with clean air, monitored, and ejected up
a stack.
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The central superheater core support structure gave the same
positioning of fuel assemblies as the boiling core structure, except that
boiling fuel assemblies placed in the central 12 superheating fuel assembly
positions rested on top of the core support plate instead of fitting into it.
Therefore, they were 371}- in. higher than normal. Before boiling core B-2
was unloaded, adapters were installed on three of the 12 central boiling
assemblies in one quadrant to raise them 37‘{ in. higher than normal for
similar positions in the superheater core structure. The reactivity effect
of these higher assemblies was found to be negative.

To ensure that the reactor was well subcritical during loading,
count rates were measured from three fission counters located in reflector
thimbles adjacent to the core. The count rates observed during unloading
the boiling core were compared with those found during the loading of the
central superheater core. Also, control rod positions for reactor criticality
were found for loadings of 60, 35, and 20 fuel assemblies. These were also
compared with the values found during unloading. Table II shows the loading
sequence of core CSH-1 and the principal critical measurements made dur-
ing the loading operation.

In Loading No. 118, the core was completely loaded with boiling
fuel assemblies and 40 boron-stainless-steel poison rods. The central
12 assemblies were raised 3-;1— in., and the nine-control-rod-bank position at
room temperature was 10.100 in. In core B-2, with 40 poison rods and no
fuel assemblies raised, the nine-control-rod-bank position was 9.053 in.

The reactivity worth vs water, at room temperature, of a single
superheater fuel assembly in core position 56 was measured to be 0.71% by
comparing Loadings Nos. 122 and 123.

After the superheater fuel assemblies were loaded, all poison
rods were removed in two steps and replaced with 4.95 w/o—enrlched fuel
rods. Critical experiments were conducted at room temperature to verify
that the reactor would not go critical on the complete withdrawal of any

single control rod alone.

2. Adjustment of Fuel-to-water Ratio

Several experiments were conducted at room temperature in
which the fuel-to-water ratio in the boiling fuel assemblies was varied by
changing the number and arrangement of water-filled flow rods in the as-
semblies. A flow rod, as shown in Fig. 9, had the same outside geometry
and dimensions as a boiling fuel rod, but the in-core portion was made of
X-8001 aluminum tubing, 3/8-in. OD x 0.20-in. wall thickness, perforated
on each end to insure flooding with reactor water. The use of flow rods to
increase the moderator fraction of the core prevented bypass of coolant
water through a vacant fuel rod location. The objective of these experiments
was to increase the available excess reactivity and reduce the value of the



Table II

LOADING SEQUENCE, CORE CSH-1

Loading Control Rod Critical Positions
Fo. Configuration Remarks Core CSH-1 Loading Core B-2 Unloading
N\ B
ks :if;’ a. 1k poison rods Rod No. 2: 23.345 in. Rod No. 2: 23.730 in.
mp e 20 boiling assemblies Remainder: 16.000 in. Remainder: 16.000 in.
116 +‘ e b. Assemblies in positions Boiling assemblies
No. 6, 10, 11, 17, and No. 6, 10, and 11,
y 18 were 3; in. high. 3% in. high.
|
\ 2 a. 32 poison rods Rod No. 2: 21.660 in. Rod No. 2: 22.415 in.
35 boiling assemblies Rods No. Rods No.
- 5and 9: 15.000 in. 5 and 9: 15.000 in.
17 G b. Additional assemblies, Remainder: 0.000 in. Remainder: 0,000 in.
= : : :]m = positions No. 21, 22, Boiling assemblies
[ h ] 23, 25, 26, 31, and 32, No. 6, 10, and 11,
1 were 3j in. high. 3% in. high.
%%g %Z//;gu a. U0 poison rods Rod No. 1: 10.098 in. All rods: 9.053 in.
(77%4 7777247002 60 boiling assemblies Remainder: 10.100 in. No assemblies above
118 ,4,4 ,A,‘n,d,/’ ‘ b. Assemblies in super-
wYwy yyaa v

VAN A

heater positions are
3%+ in. high.

4



Table II

(Continued)
Reactivity Change
Loading Control Rod fram Previous
No. Configuration Remarks Critical Positions Configuration, %
/ A7
,//' %ﬁ ”# Vﬂ a. 36 poison rods Rod No. 1: 10.600 in.
1 superheater assembly Remainder: 10.100 in. -0.16
119 59 boiling assemblies Ap =
(®roa No.1 = 0-32%/1n.
\
4.0, a. 2l poison rods Rod No. 1: 9.760 in.
4 % % ‘é superheater assemblies Remainder: 10.100 in. +0,275
120 oM 56 boiling assemblies
: 007 (ko wo.1 = O-335H/1n.
L
a. 24 poison rods Rod No. 1: 14.170 in.
8 superheater assemblies Remainder: 10.100 in. -1.20
121 52 boiling assemblies

(%)Rod No.1 = 0-21#/1in.

K4



Table IT
(Continued )
Reactivity Change
Loading Control Rod from Previous
No. Configuration Remarks Critical Positions Configuration, %
‘7
a. 24 poison rods A1l rods: 12.410 in.
11 superheater assemblies Ap _
122 S v 48 boiling assemblies (Ah)Rod No.l ~ 0.139%/1n.
%%OW% b. Position L is water.
Y%
a. All rods: 11.705 in.
)
a., 2k poison rods £Lh’9-rod bank =
12 superheater assemblies 1.13%/in. +0.T1
123 48 boiling assemblies

Dol ol b wosly (el shi,
Remainder: 12.410 in.

(%ﬁ)Rod No.1 = 0-188%/1in.

U
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temperature and void coefficients of reactivity. It was also possible to
flatten the neutron flux distribution and to modify the neutron energy
spectrum within each boiling fuel assembly. The detailed flux plots show-
ing the flatter power distribution within the boiling fuel assemblies are
shown in Fig. 49. The results of these experiments are shown in Table III.
At each step, checks were made to determine if the reactor would go criti-
cal on the withdrawal of any single control rod alone. Because of a tempo-
rary shortage of flow rods, water holes or water tubes (made of l/4-in. OD
x 0.028-in.-wall 3003 aluminum) were substituted for some of the flow rods
in some of the experiments. No poison rods were in the core during these
experiments.

The change in available excess reactivity for each step is not
listed because an accurate determination could not be made without a com-
plete control rod calibration. However, it was estimated from control rod
positions and differential control rod reactivity worths that the change in
available excess reactivity at room temperature from the four- to the five-,
six-, or eight-concentrated-flow-rod configurations was negligible. The
change to the eight-distributed-flow-rod configuration resulted in a sig-
nificant increase in available reactivity, but this configuration was not used
because substitution of some poison rods in place of fuel rods would have
been required to prevent criticality on the withdrawal of any one of inter-
mediate control rods No. 2, 4, or 6. The decision was made not to use
poison rods in core CSH-1, and the eight-concentrated-flow-rod configuration
was used in the reference loading. Figure 10 shows the reference zero-
power fuel loading for this core, and Fig. 11 is a photograph of the reactor
loaded for the zero-power, room-temperature experiments.

For the zero-power, operating-temperature measurements at
600 psig, 489°F conditions, six flux-wire thimbles were installed in the
southeast quadrant of the core. A sheathed thermocouple, 0.040-in. diam,
was installed in a boiler coolant channel and another in a superheater
coolant channel for accurate temperature measurements. These items
had a negligible reactivity effect. A photograph, Fig. 12, of the reactor
with this loading, designated core CSH-1A, shows the flexible-metal-hose
exit superheated-steam manifolds installed.

3 Control Rod Calibration

The control rod arrangement for the CSH-1 core can be seen in
Fig. 10, and is the same as that of the previously reported boiling cores,
B-1 and B-2.(3,4) The control rod was calibrated in the same fashion - that
is, the removal of available excess reactivity by the addition of boric acid to
the reactor water. This moderator poisoning, at different boron concentra-
tions, permitted the establishment of a critical position at several control
rod heights, and correspondingly, differential-control-rod-reactivity-worth
measurements at these several positions. Reactivity calibration of the core
CSH-1 control rods was performed by this means from approximately 11 in.



Table III

EXPERIMENTS WITH VARTED FUEL-TO-WATER RATIO

No. Configuration
v
125
338500
126 QU 5 %
127 X
fetetetel
368365
129 (3G3888
8338383
03220
138 Q080
8398353

Remarks

4 Flow Rods
45 Fuel Rods
(Ref. loading core B-2)

Equivelent of:

5 Flow Rods, 44 Fuel Rods
(N.W. core quadrant only,
remaining quadrants:

) Flow Rods)

Equivalent of:

6 Flow Rods, 43 Fuel Rods
(full core except for
item (a) which was N.W.

quadrant only)

Equivalent of:

8 Flow Rods (Concentrated)
41 Fuel Rods

(Ref. loading core CSH-1)

Equivalent of:
8 Flow Rods (Dispersed)
41 Fuel Rods

Control Rod Critical Positions

Control Rod Differen-
tial Reactivity Worth

(in. (#/1n.)
a. 9-Rod Bank: 10.365 9-Rod Bank: 1.43
b. No. 1 Rod: 10,370, Remainder: 10.360 No. 1 Rod: 0.195
c. No. 2 Rod: 25.000, Remainder: L4.320 No. 1, 3-9 Rods
Banked: 0.205
a. 9-Rod Bank: 10.330 No. 1, 3-9 Rods
Banked: 0.16=
b. No. 2 Rod: 25.000, Remainder: 3.200
No. 1, 3-9 Rods
a. No. 2 Rod: 25.000, Remainder: 2.T60 Banked : 0.131
b. No. 1 Rod: 10.268, Remainder: 10.300 9-Rod Bank: 1.%00
c. No. 2 Rod: 25,000, Remainder: 3.68%  No. 1, 3-9 Rods
Banked: 0.182
a. 9-Rod Bank: 10.366 9-Rod Bank: 1.l
b, No. 2 Rod: 25.000
No. 3 Rod: 8.479, Remainder: 0.000  No. 3 Rod: 0.113
c. No. 1 Rod: 25.000
No. 2 Rod: 18,215, Remainder: 0.000  No. 2 Rod: 0.368
d. No. 4 Rod: 25.000
No. 3 Rod: 8.090, Remainder: 0.000  No. 3 Rod: 0.111
e. No. 6 Rod: 25.000
No. T Rod: T7.T60, Remainder: 0.000 No. T Rod: 0.110
f. No. 8 Rod: 25.000
No. T Rod: 8.480, Remainder: 0.000 No. T Rod: 0.120
a. 9-Rod Bank: 10.160 9-Rod Bank: 1.460
b. No. 1 Rod: 25.000
No. 2 Rod: 17.390, Remainder: 0.000
c. No. 8 Rod: 25.000
No. T Rod: 2.550, Remainder: 0.000
d. Slightly supercritical on each of

Rods No. 2, 4, or 6 at 25.000,

remaining é

rods at 0,000,

6¢
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Fig. 12

Zero-power, Operating-
temperature Loading,
Core CSH-1A
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Fig. 11
Zero-power, Room-temperature
Loading, Core CSH-1
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withdrawnto 22 in. withdrawn, andwas accomplished intwo temperature ranges:
room temperature (76-79°F), and operating temperature (487-489°F). Gener-
ally, the operating-temperature reactivity-worth measurements required
careful control of electrical and nuclear heating to maintain temperature.
The values given here were obtained during periods when the temperature
distribution was fairly stable. Samples of boric acid solution were always
analyzed at room temperature, and all concentrations are reported for this
condition.

Slight changes in control rod critical position occurred as a re-
sult of the repair welding on the superheater fuel assemblies, discussed in
Section VIII.A. The reactivity measurements reported here were made be-
fore the weld repairs. The effect of this welding is discussed in Sec-
tion IIL. A5,

Differential reactivity worths for the nine-control-rod bank,
both at room and operating temperatures, with the superheater coolant
channels drained and boric acid in the reactor water, are shown in Fig. 13.
The curves in the figure are a least-squares quadratic fit to the data and
result in the following equations:

=i = (3.32764 - 0.20348h +0.0029226h%) %/in. (1)
Ahgg_79°F

for 105960t =" hi="26"in","and

2P . - (3.61969 - 0.20450h +0.0025170h%) %)/in. (2)
Ahygq - 459° F

for 14.76 in. = h = 26.00 in., where h is the height of the nine-control-rod
bank above the bottom of the core. The differential reactivity worth is
assumed to be zero at h = 26 in.

Figures 14 and 15 show the differential-reactivity-worth curves
measured at operating and room temperature, respectively, with superheater
drained and boric acid in the reactor water, for the central control rod
(No. 1), an intermediate rod (No. 2), and the four T-shaped rods in the outer
bank (Nos. 3, 5, 7, and 9). These rods were calibrated by withdrawal above
the nine-control-rod-bank critical position. The curves, again, represent
a least-squares fit to the data.

The relative differential reactivity worths of the control rods in
Figs. 14 and 15, at the same height and with no boric acid in the moderator
water, are compared as follows:

No. 1 Rod ___Rogr?femp Operoati(r)lg Temp
No. 2 Rod ’ i
Outer Bank 1 34 1iig

No. 2'Rod
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At operating temperature, without boric acid in the moderator
and with the superheater coolant channels drained, a determination was
made of the differential reactivity worth of the central control rod (No. 1)
as a function of its position relative to the remaining eight control rods
banked. The differential reactivity worths measured for the central rod
above, in, and below the bank are plotted in Fig. 1o

4. Available Excess Reactivity

To obtain available excess reactivity at any position, h, of
the nine-control-rod bank, equations (1) and (2) were integrated to yield
the following equations:
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P16-19°F = (34.8649 - 3.3276h +0.10174h? - 0.0009742h%) %

for 10.95 in. = h = 26 in., and
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At room temperature, before the superheater fuel assembly

Worth of Control Rod No. 1 with Respect to

Eight-control-rod Bank, Core CSH-1

of Rod No. 1, %/in.

weld repairs discussed in Section VIII.A., the available excess reactivity
fore core CSH-1 was 9.3%; at operating temperature for core CSH-1A, it

was 5.8%, for a loss in reactivity due to temperature of 3.5%. Figure 17
shows the curve of available excess reactivity vs nine-control-rod-bank

position for both temperature conditions.

The room-temperature shutdown margin, with superheater
coolant channels flooded and no boric acid, was estimated roughly by
assuming that the nine-control-rod-bank differential reactivity worth

peaked at the critical position and the differential worth at this point was

double the average.

The fact that the differential control rod reactivity

worth did not go to zero at the bottom of the core was ignored, as was the
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precise shape of the differential-worth curve. The nine-rod-bank differ-
ential reactivity worth was 1.44%/in. at the critical position of 10.5 in. The
estimated shutdown reactivity margin was 7.6%.

5. Temperature Reactivity Effects

Differential reactivity worths were measured at several interim
temperatures while the reactor was heated electrically from room tempera-
ture to operating temperature. Measurements of temperature vs nine-rod-
bank position taken before and after superheater fuel assembly repair welding,
with no boric acid in the moderator water and with the superheater coolant
channels both flooded and drained, are shown in Fig. 18. The significant in-
crease in the nine-control-rod-bank position at all temperatures, after the
repair welding, cannot be explained by the small dimensional changes meas-
ured on the repaired superheater fuel assemblies, as discussed later in
Section VIII.A.

A plot of available excess reactivity vs temperature for the
CSH-1A core with superheater flooded is shown in Fig. 19. This plot was
obtained by integrating differential nine-control-rod-bank reactivity-worth
curves based on equations (1) and (2) for room- and operating-temperature
conditions, and least-squares-fitting to differential rod worth points meas-
ured at interim temperatures before the superheater assembly weld repairs.
The overall temperature coefficient of reactivity from room temperature to
operating temperature with the superheater drained was —0.0084%/"17‘, and
with the superheater flooded, it was -0.0074%/°F.

6. Boric Acid Effects

Nine-control-rod-bank critical positions as a function of boric
acid concentration, before superheater fuel assembly repair welding, are
shown in Fig. 20 for both room-temperature and operating-temperature con-
ditions. This figure also shows some instances of the measured range of
boric acid concentrations associated with a single control rod critical
position measurement, and vice versa. Since all the samples of moderator
containing boric acid solution taken at operating temperature were cooled
to room temperature for analysis, the true boric acid concentration at
operating temperature was about 20% less than that shown in this report
and was approximately proportional to the change in moderator density
with temperature.

The values of available excess reactivity plotted against boric
acid concentration are shown in Fig. 21. The reactivity worth of boric acid
can be seen to be approximately linear with concentration. The slope for the
room-temperature curve yielded a reactivity coefficient for boric acid of
-0.77%/g(H;BO;)/gal(H,0), and the operating-temperature coefficient was
-0.86%/g(H;BO;3)/gal(H,0), with the samples analyzed at room temperature
but the coefficient corrected for operating temperature. The concentration
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of boric acid in the moderator water, which would have removed all avail-
able excess reactivity with control rods completely withdrawn, was com-
puted to be 12.2 g(H;B0s) /gal(H,0) at room temperature, and 6.7 g(H;BO3)/
gal(H,O) at operating temperature. The latter value was temperature-
corrected.

7. Superheater Flooding Measurements

One of the unique potential hazards of a small, integral, boiling-
nuclear superheating reactor such as BORAX-V is accidental flooding
of the superheater during operation. In a core with the size and composi-
tion of BORAX-V, superheater flooding yields a positive reactivity addition.
Two modes of superheater flooding were possible: (1) opening a super-
heater flood valve and flooding from below, and (2) raising reactor water
level and flooding over the top of the inlet superheater fuel assembly
risers.

To add reactivity by flooding the superheater from below during
operation required the lifting of a switch guard on the controls to the
solenoid-tripped flood valve, or the removal of a padlock on the remote
operator for the manual flood valve. The "flood-valve-open" scram
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interlocks would have had to be bypassed. To prevent an accident even if
these precautions failed, a flow-restricting orifice was installed in the
superheater flood line to increase the flooding time.

Flooding the superheater from above was potentially more
hazardous because of a possible higher flooding rate. To add reactivity
by raising the reactor water level rapidly and flooding over the top of
the inlet superheater fuel assembly risers would have required mal-
operation of the feedwater pumps, failure of the reactor water-level
control system, failure or ignoring of the high-reactor-water-level alarm,
and failure of two independent high-reactor-water-level scram circuits.
To lengthen the flooding time, the riser on one of the six inlet superheater
fuel assemblies was 2 in. shorter than the remainder. The postulated
sequence in flooding from above was as follows: Rising reactor water
first flooded over the short riser inlet superheater fuel assembly, flowed
down through this assembly, and filled the interpass plenum and parallel-
connected lower superheated steam main before it began to flood the
remaining 11 assemblies from below. Before the flooding level reached
the top of the core, the rising reactor water level reached the top of the
other five standard inlet-assembly risers, flooded down through these
assemblies, and speeded up the remaining bottom flooding of the six
outlet assemblies.

Because of the potential reactor hazard involved in measuring
the reactivity addition rate of superheater flooding dynamically while critical,
and because of the doubtful feasibility of direct subcritical dynamic meas-
urements, the experiments were performed in two stages: First, the reac-
tivity worth of the flooded central superheater was measured statically by
critical experiments; then the rate of flooding was measured with the reactor
shut down. The results of these two experiments were then correlated to
give reactivity addition rates.

a. Static Reactivity Measurements

The reactivity effect of flooding the superheater coolant
channels in the center of the core with demineralized water was evaluated.
Two general conditions in both the room- and operating-temperature ranges
were studied, one with demineralized moderator water, the other with the
moderator water containing boric acid. To measure the reactivity effect,
control rod critical positions were determined for the given superheater-
flooded condition with all nine control rods banked, and then with the cen-
tral rod completely withdrawn and the remaining eight control rods banked.
Differential control rod reactivity worths for both types of rod banks were
measured at each flooded condition, from which the reactivity worth was
calculated. Flooded states were achieved by draining the superheater re-
gion to the desired level for each static reactivity measurement.
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(1) Flooding from Below

In the room-temperature range, simulating flooding
from below through the superheater flood-valve system, five flooded states
were investigated: completely drained, 6 in. of fuel region flooded, 12 in.
of fuel region flooded, 18 in. of fuel region flooded, and superheater com-
pletely flooded. Demineralized water was used to flood the superheater in
all cases. In the operating-temperature range, only the completely flooded
and completely drained conditions were reliably measurable. Integration
of the differential control rod worth curves in both the superheater-drained
and -flooded conditions yielded the reactivity worth of flooding the super-
heater. The results of these measurements are summarized in Table V.
The measurements taken with boric acid solution in the moderator water
of both boiler and superheater are not considered reliable because of the
difficulty of holding constant boric acid concentrations and because of the
slow leakage of boric acid solution into the water flooding the superheater
coolant channels.

Table IV

REACTIVITY EFFECTS OF FLOODING SUPERHEATER,
CORE CSH-1

Temperature, Control Rod Position Moderator Water

°F (Superheater Flooded), in. Condition Reactivity, %
70-83 9-rod bank at 10.38 Demineralized 0.86
70-83 8-rod bank? at 9.25 Demineralized 1.16
70-83 9-rod bank at 18.99 10.88 g(H;BO;)/gal(H,0)  ~0.60-0.80
70-83 8-rod bank? at 18.51 10.88 g(H;BO;)/gal(HZO) ~0.71
489 9-rod bank at 13.77 Demineralized 1,27
489 8-rod bank? at 12.87 Demineralized 1.48
489 9-rod bank at 20.04 7.93 g(H;B03)/gal(H,0) ~1.01
489 8-rod bank® at 19.48 7.85 g(H;BO3)/gal(H,0) ~1.05

aNo. 1 control rod at 25.00 in.; other eight control rods banked.

Figure 22 is a plot of change in available excess
reactivity vs water level in the superheater coolant channels measured at
room temperature with all nine control rods banked. Figure 23is a
similar plot with the outer eight control rods banked and the central con-
trol rod fully withdrawn. These measurements were made with all 12
superheater fuel assemblies flooded from the bottom.
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(2) Flooding from Above

In the case of flooding the superheater from above by
raising the reactor water level above the superheater inlets, a different
sequence of flooding would occur. To simulate the top-flooding sequence,
the reactivity measurements were made at room temperature with only
the short-riser-inlet superheater fuel assembly (C-7, core position 53)
and interpass plenums flooded. Then measurements were made with the
flooding level in the remaining 11 assemblies raised to the base of the
core (3.0 ft), 6 in. above the base (3.5 ft), at the core midplane (4.0 ft),
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18 in. above the core base (4.5 ft), at the core top (5.0 ft), and at the normal
reactor water level of 11.3 ft. Figure 24 is a plot of the flooding-from-the-
top case with the eight-control-rod bank. The intermediate points between
flooded and drained conditions do not agree with those in Fig. 23 due to the
flooded short-inlet assembly, but the total flooding reactivity worths com-
pare well.

The results of these measurements made with the
central control rod withdrawn are incorporated with flooding-time meas-
urements and presented in Fig. 25, which is discussed below.
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b. Flooding Time Measurements

The time required to flood the central superheater was
measured, both for the case where flooding occurredfrombelow, using the
flood-and-drain system, and for the case of flooding from above, in the
event the reactor water level was raised too high. Three superheater
assemblies, the short-riser-inlet assembly (C-7), a standard inlet assem-
bly, and an outlet assembly, were each instrumented with two Teflon-
insulated wires running axially in coolant channels. One wire in each
assembly had uninsulated sensing points at the bottom, midpoint, and top
of the fuel region, and the other wire had uninsulated sensing points at
the 1/4 and 3/4 points. These wires were connected to a 6.3-Volt ac
power supply through an 0.5- or l-megohm resistor. The return circuit
was through the fuel element and water. The ac signal developed across
the resistor was rectified and recorded on an oscillograph. Water covering
the sensing points produced steps in the signal level recorded. Some
difficulty was experienced in the use of the instrumentation in the flooding-
from-above tests, but repeated runs gave data that could be satisfactorily
interpreted.
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The time measured for flooding the reactor from below was
30-32 sec, very close to the calculated value of 30 sec; the time for flooding
the central superheater over the top is shown in Fig. 25 for feedwater addi-
tion rates of 150 and 375 gpm. At time "zero," the water hit the top of the
fuel in the short-inlet assembly, C-7. At these feedwater addition rates, the
fueled region of the 11 remaining superheater fuel assemblies was flooded in
about 5 sec, which was a greater time than was calculated. The major rea-
son for the discrepancy in flooding times was the effect of air bubbles rising
through the falling column of water in the short-inlet superheater-fuel-
assembly riser.

If it is assumed that the effect of steam bubbles rising
through the falling column of water is the same as for air bubbles, the flood-
ing time under 489°F, 600-psig, zero-power operating conditions should be
5-10% less than at room temperature, due to changes in the density and
viscosity of the water. At power conditions when the superheater fuel plates
are at high temperature, flooding would be considerably retarded by steam
generation and expulsion of the flooding water.

c. Reactivity Addition Rates from Superheater Flooding

By combining the static reactivity measurements and the
flooding time measurements, the reactivity addition rates resulting from
flooding the superheater coolant channels at room temperature were calcu-
lated. The maximum reactivity addition rate from opening the solenoid-
tripped flood valve and flooding from below would have been 0.03%/sec.

The reactivity addition from flooding the superheater fuel
assemblies over the top is shown in Fig. 25. Because one of the six inlet
superheater fuel assemblies, C-7, was 2 in. shorter than the other five,
the superheater flooding occurred in two stages. The first flooding, includ-
ing the short-inlet assembly and one interpass plenum chamber, occurred
in 7.8 sec at the 375-gpm feedwater flow rate and would have caused a
reactivity increase of 0.14%. At the end of the first stage, the reactor
would have been on a 25-sec period if superheater flooding at room tempera-
ture had occurred, ignoring the reactivity compensation by the resulting
change in power.

The 375-gpm curve in Fig. 25 indicates that the principal
reactivity effect would have occurred at the end of the second stage, at
which time the remaining 11 superheater fuel assemblies would have been
flooded. At this point, approximately 1.0% reactivity would have been
added, of the 1.16% total. The flooding in the second stage occurred in
about 5.1 sec, and the maximum reactivity addition rate would have been
approximately O.Z%/sec. At the point where the water level was at 25% of
the fuel height, the reactor would have been on a period shorter than 10 sec,
again ignoring the feedback due to the reactor responses. This level was
reached 7.8 sec after flooding began and 1.3 sec after the flooding of the
remaining superheater assemblies began.



The excursion that would have resulted from the inadvertent
flooding of the superheater coolant channels at zero-power, room- or
operating-temperature conditions would have been slow enough to be easily
terminated by the automatic period and power-level trip scram circuits.
Superheater flooding at power would have been even slower.

8. Reactivity Worth of Fueled Oscillator

A fueled oscillator rod was located in reflector thimble C for
transfer-function measurements on core CSH-1B, as shown later in Fig. 67.
Although transfer-function measurements were not made on this core be-
cause of the early curtailment of power operation, the static differential
reactivity worth of the oscillator was measured.

The rotor of this oscillator was Z-i—é in. OD and 26 in. long (25 in.
fuel length), with a l/lé—-in.-thick, 170° arc of Zr-U containing a total of
100 g of U2%%, and with the opposite side of the rotor made of 0.030-in.-thick
hafnium in an arc of 180°. The rotor housing was made of Zircaloy-2 and
contained one hundred fourteen S/S—in.—diam holes for cooling the fueled
rotor at power. The X-8001 aluminum thimble C was also perforated to
admit cooling water to the rotor.

The static differential reactivity worth of the oscillator, mea-
sured by rotating the oscillator 180° from an orientation of fuel-toward-the-
core to an orientation of fuel-away-from-the-core, was 0.05% with the
reactor water containing no boric acid at 78°F. The nine-control-rod-bank
critical position changed from 10.649 to 10.683 in., as a result of the 180°
rotation.

9. Additional Fuel-to-water Ratio Experiments

After the termination of power operation on core CSH-1B and

before the changeover to the peripheral superheater core was started, a
series of zero-power experiments was performed at temperatures from
70 to 180°F to determine the optimum number of flow rods per boiling
fuel assembly. The purpose of the experiments was to achieve smaller
negative temperature and void coefficients of reactivity to reach higher
power. The results of these measurements were used in planning the
peripheral superheater core, PSH-I.(l)

Changes were made first in one quadrant only of the boiler
zone, without poison rods. The reactivity effect was measured by the change
in position and reactivity worth of the intermediate control rod in the oppo-
site quadrant. Very small changes were observed. Table V summarizes
the results of these measurements.
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Table V

ADDITIONAL FUEL-TO-WATER-RATIO EXPERIMENTS, CORE CSH-1B

Loading No.

0
3088800
Ak 0080800
22 0088800

0

o]
0000000
0008000
0080800
153 O8000®0
Q080800
0008000
0000000
0000000

154
1565157
0000000
3882853
155

0808080
0000000

Change in Reactivity
Relative to CSH-1B Core

1

1 Quadrant Full Core Change in Reactivity
No Poison No Poison L Poison® Heating from 70-180° F
Flow Rod Arrangement Rods Rod s Rods o
8 Concentrated i
(Reference loading — e e -0.05
core CSH-1)
8 Dispersed +0.089 +0.47 -0.03 o5
9 Dispersed +0.07h = - __
12 Dispersed
(Reference loading +0.063 e -0.18 +o.o3b
core PSH-1)
13 Dispersed +0.038 = -~ =

&  Extrapolated from experimental data for core CSH-1A for heating from T9 to 129° F
with no poison rods.

b Four poison rods in boiler, adjacent to inner corner of intermediate control rods,
to prevent criticality on withdrawal of one intermediate control rod alone.
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A system with eight dispersed flow rods per boiling fuel assem-
bly appeared to provide the maximum available excess reactivity at room
temperature. A system with 12 dispersed flow rods was calculated to have
the maximum available excess reactivity at operating temperature. he
reactivity effect of changing from room temperature to 180°F was deter-
mined for both arrangements of flow rods in the full boiler zone. The
12-flow-rod arrangement, designated core CSH-1C, was believed to be the
one that would yield the greatest power, because the anticipated gain in
reactivity due to the lower temperature and void coefficients more than
offset the small reduction in reactivity available at room temperature.

10. Experimental Techniques and Error

Before starting control rod calibrations, the performance
characteristics of all nuclear instrumentation were examined carefully.
Previous difficulties with nonlinearity in period measurements were traced
to nonlinear fission-counter circuits. Replacement of the counters resolved
this problem.

With the antimony source rod in place in the beryllium, a high
neutron-source level resulted. Therefore, to operate at a power level
corresponding to a preset indicated current of the linear channel, the
nine-control-rod bank was inserted to reduce the multiplication of the
source neutrons. For a linear-channel level of 10~ Amp, which was the
starting point for control rod calibrations at room temperature, the
reactivity change was -1.2%. Indeed, this source effect was significant, at
room temperature, in the range of 10712 t0 107'° Amp. Therefore, the
source rod was withdrawn by means of a remotely operated source drive
during reactivity measurements at these low power levels. This effect was
negligible at a linear indicated level of 108 Amp, and at operating tempera-
ture the antimony rod was was left in the beryllium. In the power
range used for criticality measurements at operating temperature, TR Amp,
the maximum source reactivity effect was less than 0.02% and the source
was left inserted. Thus, when the nine-control-rod bank was withdrawn
0.1 in. for period measurements, this resulted in a 20% underestimate of
differential reactivity.

The method used to calibrate control rods in the BORAX-V
reactor involved the incremental addition of a soluble neutron poison
(boric acid) to the moderator water. Specifically, the differential reac-
tivity worth of a set of control rods (one to nine rods in the set) was mea-
sured by first establishing a critical configuration of the control rods and
then measuring the positive asymptotic reactor period corresponding to a
small change in rod positions. Then the boric acid concentration was
changed so that the control rods could be moved to new positions and cali-
brated there by this same "positive-period" technique. A theoretical
curve of excess reactivity vs positive asymptotic reactor period was used
to obtain the reactivity calibration.

5l
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Boric acid has been used for control rod calibration in several
other water-moderated reactors as well, including such Argonne reactors
as earlier BORAX systems, the EBWR, and the ALPR. It provides a con-
venient method of obtaining calibrations without introducing large perturba-
tions. While it is recognized that this method, too, perturbs the system and
introduces some error, these uncertainties are small in magnitude. A
series of one-group control-cell problems with varying boric acid content
were run to examine the potential error existing in this method. While
these did not take into account such factors as the effect on the disadvantage
factor, effects for above-thermal neutrons, etc., an estimate of 15% maxi-
mum error in total control rod worth was obtained. Further, the reactivity
worth of boric acid remained nearly constant up to a concentration of
10 g(H;BO;)/gal(H,0).

The situation is depicted in Fig. 26, where reactivity, p, is
plotted against control rod height, h, and boric acid concentration, Cg.
Here, the just-critical points lie in the Cg-h plane (a reproduction of the
room-temperature curve of Fig. 17), and p appears as reactivity added to
the system as rods are withdrawn and is related to available excess reac-
tivity, as follows:

Pavail,,, - PB) = Pavail(h).

If it is assumed that the p-h (CB = 0) curve is correct, it is
apparent that to reproduce a slope measurement (differential control rod
worth) at p' (slope of tangent a'-b') at or near p (slope of a-b) in the plane
parallel to the Cp = 0 plane, the path p'-p must be a straight line; i.e.,
(ap/acB)h = constant. It is further apparent that the shape of the Cg-h
(p = 0) curve is the same as that of the available excess reactivity curve
if 5,0/5 Cpg is a constant. A necessary condition for constant boric acid
worth is, then, that the slope of the p-Cp lines be equal at the various
points of measurement, as possibly might be revealed by a series of boric
acid dilution measurements. However, it is difficult to achieve accurate
results with dilution measurements because of the relatively large reac-
tivity effect associated with a small error in boric acid concentration.

The effect of control rod height on the worth of boric acid is
not known at this time. A simple consideration of control rod worth in
terms of the small change in diffusion length, L, caused by boric acid
might be sufficient for a thermally black rod in a homogeneous reactor.
Heterogeneities introduce another problem, however, and are not dis-
cussed here.

The technique used to obtain representative reactor water
samples for the analysis of boric acid concentration was probably a cause
of error as a result of changing solution composition with time. This
variation was caused primarily by diffusion of boric acid solution of higher
concentration into static regions of the system where the concentration was
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less. Examination of data reveals that with an apparent constant tempera-
ture the nine-control-rod-bank critical position decreased as rapidly as
0.01 in./hr, for a maximum reactivity change of 0.0l4%/hr. However,
about half of this change occurred over a 24-hr period with Cg = 0,
probably due to slight temperature heterogeneities in the reactor water.
The measurements reported in this report are those taken as near the
boric acid sampling time as possible. The error in the critical control
rod position measurement vs boric acid concentration should thus be less
than 1%.

> -h Plane at
é:%lq’ € = 8.1 g(ip0y)/gal (H;0)
A\
<

v}

ID-103-A3338

g 26: Relationship between Reactivity (p), Soluble Poison
Concentration (Cg), and Control Rod Height (h)

B. High-power Reactivity Measurements

Because of the briefness of the power operation on core CSH-1B,
the planned reactor transfer-function measurements were not made.
Therefore, the value of the power coefficient of reactivity was not obtained.
Also, planned measurements of the reactivity effects of xenon, samarium,
and burnup were not made. Figure 27 shows a graph of nine-control-rod-
bank position vs power for this core.
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IV. NEUTRON FLUX MAPPING

Core physics calculations made during the design of BORAX-V pro-
duced smooth neutron flux plots for the central superheater core by using
homogenized number densities in various computer codes, and flux-peaking
factors within fuel assemblies were obtained from PDQ cell calculations.
However, since the central superheater core of BORAX-V was far from
homogeneous, it was desirable to determine experimentally the local axial
and radial variations in the neutron flux within a fuel as sembly, from as-
sembly to assembly, and between the boiler and superheater zones. These
measurements provided information on power distribution for the heat en-
gineering analysis, peak-to-average power ratios, fractional power pro-
duction in the boiler and superheater zones, and verification of the
calculational techniques used.

Neutron flux measurements were made at zero power only and in-
cluded coarse flux distributions, both at room and operating temperature,
cadmium ratio measurements, fine radial power distribution measurements
at room temperature, and a core symmetry check. All data were obtained
from flux-wire activations.

A. Coarse Neutron Flux Distributions

1. Measurement Techniques

Four different detector materials were used in the coarse neu-
tron flux-mapping experiments. They were:

a. Gold wire, 0.032-in. diam.
bif s Gold=5 w/o iron alloy wire, 0.032-in. diam.

c. Uranium-zirconium wire, 3-319 w/o uranium, 93.13%
enrichment, 0.031-in. diam.

d. Copper wire, 0.032-in. diam.

These wires were irradiated in both continuous and segmented arrangements.
Segmented wires were used for all radial and for some axial measurements,
and continuous wires were used for the remainder of the axial traverses.

For the room-temperature irradiations, the flux wires in the
boiler region were held in special wire holders inserted into coolant chan-
nels of the fuel assemblies. These holders were made of aluminum tubing,
0.125-in. diam x 0.020-in. wall, with a support and guides for reproducible
positioning. The reproducibility of wire positioning vertically was assured
by the upper shoulder of the holder which rested on the upper grid of the fuel
assembly, as shown in Fig. 28. Both continuous and segmented wires could
be loaded in these holders. Aluminum spacer wires were used to position
the wire segments axially.
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FLUX-WIRE HOLDER:

FUEL ROD \ /

Fig. 28

Flux-wire Holder in
Boiling Fuel Assembly

(L &=

ID-103-A3252

Room-temperature irradiations in the superheater region were
made using the equipment shown in Fig. 29. Teflon strips, 0.050 in. thick,
were cut to fit in the coolant channels in a superheater fuel assembly, and
a l/32—in. x 1/32-in. groove was cut axially on each strip to hold the flux
wires. The strips were inserted from the bottom into the coolant passages
of special superheater fuel assemblies with removable lower nozzles.
Axial positioning was accomplished by pushing the strips into the coolant
channels until their ends were at the same elevation as the bottom of the
lower flow vanes.
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Fig. 29

Flux-wire Holders in

Superheater Fuel Assembly

For the irradiations at operating tempera-
ture and pressure, long wires fastened to stainless-
steel carrier wires were inserted in six 5/32-in.-
OD x 0.020-in.-wall stainless-steel pressure
thimbles located as shown later in Fig. 67. These
thimbles extended through a reactor head nozzle
and top shield, which permitted manual insertion
and withdrawal of the flux wires.

The induced activity in the flux wires was
gamma-counted, using sodium iodide scintillation
crystals and the circuit shown in Fig. 30. Count
normalization for purposes of data comparison was
accomplished by irradiating a monitor of each wire
material being used at the same axial and radial
position in each irradiation. Counting to a preset
number, using these monitor wires provided auto-
matic normalization and decay correction.

The wire segments were counted in a stan-
dard lead pig arrangement, and the long wires were
counted in a linear flux-wire scanner. The long
wires were fastened in a groove in an aluminum
rod and traversed under a vertical, collimated

scintillation head in successive steps.

Preset
Detector Pre- Linear oY
Unit Amplifier Amplifier ST
Eoner Scaler
Supply 5
Detector Pre- Linear q
Unit Amplifier Amplifier
Scaler
ID-103-A3253

Fig. 30. Block Diagram of Flux-wire Counting System
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2. Radial Neutron Flux Distributions

Several coarse radial flux measurements were made to deter-
mine the effect of control rod configuration on the power split between the
boiler and superheater regions. Figures 31 and 32 show plots, obtained
from gold wire activation, of the radial flux shapes measured in diagonal
and transverse directions, respectively. The data were obtained at a plane
6 in. above the bottom of the fuel, with no boric acid in the system, and in-
dicate that movement of the central control rod has some influence on the
power split between the boiler and superheater regions.
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o ROD | AT 10.I7 in., RODS 2-9 AT (1.08 in.,S.H.DRAINED
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A ROD | AT 5.00in., RODS 2-9 AT 11.82 in., S. H. DRAINED
NOTES:
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Fig. 31. Diagonal Radial Neutron Flux Distributions, Core CSH-1
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Figure 33 shows radial flux distributions at various axial planes
for the central control rod above, and even with, an eight-rod bank. These
data indicate an interesting but unexplained phenomenon in the superheater
region, specifically in core position 54. This phenomenon is the apparent
influence of the central control rod on the diagonal corner of the super-
heater fuel assembly away from the central control rod. In all measure-
ments taken, including several not sh

2. For measurements taken on a plane below the bottom of the
poison section of the central control rod, the magnitude of the coarse neu-
tron flux showed a minimum at about the center of the assembly, with a
gradual, continual rise in the directions of each diagonal corner.

own here, the following pattern existed:
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Fig. 33. Influence of Control Rod Position on Radial
Neutron Flux Distribution, Core CSH-1



b. Measurements taken on a plane level with the bottom of the
central control rod indicated that the magnitude of the coarse neutron flux
remained nearly constant.

c.  Measurements on a plane above the bottom of the central
control rod exhibited a trend just opposite to that described in nal above.
The gross neutron flux in the assembly was at a maximum near the assem-
bly center, and the flux dropped in both directions as the corners were ap-
proached. Although this apparent control rod influence in the outer corner
of core position 54 seems anomalous, in no case was this trend violated.
No logical explanation is known at this time.

A core symmetry check taken in radial directions along a core
diagonal indicated that the core exhibited symmetry to within 3%, Burthes

assumptions regarding symmetry cannot be made.

3, Axial Flux Distributions

Several axial neutron flux distribution measurements made in
core CSH-1 are shown in Figs. 34 to 38. Figures 34 and 35 show axial flux
distributions plotted on a relative count basis for the central control rod
above, below, and level with, an eight-control-rod bank. Figures 36 and 37
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Fig. 34. Axial Neutron Flux Distributions, Core Position 54, Core CSH-1
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Fig. 38. Axial Neutron Flux Distributions in Thimbles, Core CSH-1

show axial plots in the thimble locations with the reactor at operating tem-
perature and 8.0 g(H3BO3)/ga1(HZO) in the system; Fig. 38 shows axial flux
shapes for the reactor at room temperature with no boric acid in the system.

4. Cadmium Ratio Measurements

Cadmium ratio measurements were made in the central super-
heater core to obtain an indication of the neutron flux spectrum at various
core locations and to continue investigation into the use of cadmium ratios
for in-core void determinations.
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a. Reference Core

The results of an irradiation of both bare and cadmium-
covered gold wire are shown in Fig. 39. The cadmium thickness was
0.020 in. Bare and cadmium-covered wire segments, 3/8 in. long, were
placed in radially symmetric core locations, and the results were treated
as though the wires were in the same core location. Gold is not a good
material for cadmium-ratio measurements in regions of dissimilar mod-
eration because of its large absorption resonance slightly above the cadmium
cutoff, but the results gave an indication of a much harder neutron spectrum
in the superheater region than in the boiler region. The data also show the
increased thermalization caused by the arrangement of the flow rods about
the central fuel rod of the boiler assemblies.

Figure 40 shows the axial cadmium-ratio variation at room
temperature in the pressure thimble locations. Copper was used as the de-
tector. In this case, there was no reliance on symmetry, and normalization
was accomplished by monitor foils.

b. Core with 12 Flow Rods Dispersed

Results of cadmium-ratio measurements made in core CSH-
1C, the experiments discussed in Section III.A.9. above with 12 flow rods
dispersed in each boiling assembly, are shown in Figs. 41 and 42. These
results indicate that the radial variation of the cadmium ratio is so great in
the boiler region that the use of cadmium ratios to accurately determine
void fraction distributions in the BORAX-V cores is not feasible.

B. Fine-power-distribution Measurements

The original physics calculations for the central superheater core
were based on a boiling fuel assembly that contained no flow rods. To de-
termine the fine-power distribution in core CSH-1 for use in heat-transfer
analysis, measurements in the boiling fuel assemblies with flow rods and
in the superheater fuel assemblies were necessary. Because the techniques
used in the measurements blocked the flow passages and utilized materials
that were temperature-limited, the fine-power-distribution measurements
could be made only at zero-power, room-temperature conditions.

1. Measurement Techniques

The fine-radial-power-distribution measurements in the boiler
region were obtained in modified fuel assemblies as shown in Fig. 43. Two
boiling fuel assembly boxes were modified by removing replaceable sec-
tions of the box sides. Polyethylene blocks, 34 in. sq x 1/2 in. thick, were
prepared with forty-nine 3/8—in. holes on l/Z—in. centers so that fuel rods
could pass through the blocks. Two holes, 1/32 in. diam x 1/4 in. deep,
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Fig. 43. Modified Boiling Fuel Assembly
for Fine-flux Mapping

were drilled diagonally across and as close as possible (about 10-15 mils)
and parallel to each of the fuel rod holes. These small holes were used to
position and hold securely the 3/8—in.-long x 0.031-in.-diam Zr-3.379 w/o U
(93% U?*®) wires. Each polyethylene flux-wire tray was loaded with 62 flux
wires, two adjacent to each of the 31 fuel-rod holes. The flux-wire trays
were positioned near the midplane of the active length of the core. All the
measurements were made with a boric acid concentration of 10.8 g(H3BO3)/
gal(H,0) in the reactor water.

The fine-power-distribution measurements in the superheater
fuel assemblies were made in a somewhat similar manner, using the equip-
ment shown in Fig. 29. Teflon strips, 0.050 in. thick, were cut to the width
of the steam-coolant channels in the superheater fuel element, and a groove
1/32 x 1/32 in. was cut across the strip at a height corresponding to the
location of the flux wires in the boiler region. Flux wires, similar to those
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used in the boiler, but 1/8 in. long, were then placed end-to-end in the
groove (nine in each of the two edge coolant channels, and eight in the middle
one) so that an entire coolant channel, with the exception of the spacer wires,
was covered. Corresponding coolant channels in each of the five fuel ele-
ments in one fuel assembly were so equipped in each irradiation, so that

15 Teflon strips were inserted into an assembly for one irradiation. Mea-
surements were made only in one octant of the core on the assumption that
symmetry existed.

After each day's irradiation, the wires were counted in the
equipment discussed in Section IV.A.l. above. One flux wire from each run
was used as a monitor. Three wires, the monitor wire and two others, were
counted simultaneously, using three counting heads, and the counting time
was determined by the time required for a preset number of counts (e.g.,
20,000) to be obtained on the monitor wire. The results were thus auto-
matically decay-corrected. All the wires from each day's irradiation in
one fuel assembly were counted, using the same counting channel, and each
wire was counted twice.

2. Normalization

Normalization of the results of the four fine-flux irradiations
had been planned through the use of monitor wires located in the same posi-
tions in the core on each irradiation run, but these monitors were inad-
vertently omitted. It was discovered before the fourth irradiation that no
monitor had been used in the same core position on each run and that it
would be impossible to correlate the daily irradiations. Consequently, an
additional irradiation was performed in which flux wires were placed in the
positions occupied by the wires used as daily monitors so that the daily
irradiations could be compared.

Data from the four irradiations are presented in Figs. 44 through
47. The data in each figure were obtained in the following manner:

a. Measurements in Boiling Fuel Rod Locations

The counts for the two wires adjacent to each fuel rod were
averaged, corrected for varying flux-wire weights by normalizing to a wire
weight of 31.0 mg, corrected for the daily difference between the two
counting channels, normalized to a preset count of 20,000 on the daily moni-
tor, and multiplied by a factor to account for the lack of a common monitor
in the four separate irradiations.

b. Measurements Adjacent to Superheater Coolant Channels

The two counts for each superheater flux wire were aver-
aged, corrected for variations in wire weight by normalizing to a wire weight
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of 10.6 mg, normalized to 40,000 counts on the monitor wire, multiplied by
the proper counting-channel factor, and then multiplied by the factor that
normalized the four individual monitor wires. Then, to bring the super-
heater wires into a common basis with the boiling wires, all superheater
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flux-wire counts were multiplied by 20,000/40,000 (to account for the dif-
ference in the preset count on the monitor wires) and by 31.0/10.6 (to
account for the difference in wire weights).

c. Average Activation in Boiling Fuel Assemblies

The number in the upper right corner of the boiling fuel
assemblies in Figs. 44-47 represents a weighted average of the numbers
appearing within the 31 boiling fuel rod locations, and as such, is the number
that would appear in an average boiler fuel rod for that assembly. The
average was obtained by adding the numbers from the four corner rods and
the center rod to the product of 36/26 times the sum of the remaining 26 fuel
rods containing numbers, and dividing this total by 41, the number of fuel
rods in each boiling fuel assembly.

As a result of the above normalization, all the data shown in
Figs. 44-47 should be directly comparable. Each number in the four figures
should be the number of counts (in hundreds) a flux wire at the given position
would yield, compared to an identical flux wire located in water channel
No. 1, core position 73, which yielded 20,000 counts. Unfortunately, how-
ever, such was not the case and further normalization was necessary.

Figures 44-47 indicate that the four sets of data are not
completely compatible. The average flux-wire reading for the boiling fuel
assemblies does not behave as expected. Table VI shows the average flux-
wire reading for the various core positions. The low value of the average
flux-wire reading for core position 61 appears to be too low. An even more
noticeable discrepancy appears in the data for the superheater flux wires.
The data for the superheater flux wires in irradiation No. 2 appear to be too
low compared to data for irradiations Nos. 1 and 3, particularly for core
position 53.

Table VI

BOILING FUEL ASSEMBLY AVERAGE FLUX-WIRE ACTIVATION,
CORE CSH-1

Core Position 5l 52 61 62 63 7 i

Average Flux-wire Reading 161 204 112 1172 243 129 181

However additional data on flux distribution within a central
superheater fuel assembly were available. Critical experiments with the
BORAX-V central superheater fuel had been carried out previously in the
ZPR-VII reactor at Argonne, Illinois. In the course of these experiments,
numerous flux traverses through a four-plate fuel element were made
(perpendicular to the fuel plates), and the conclusion was drawn by
Plumlee et al. that "it appeared that the traverses plotted in the direction



78

normal to the fuel plates were independent of lateral position except for a
scaling factor, and that the lateral traverses from edge to edge across the
fuel plates were similar in shape regardless of position (inner or outer) in
the insulating box. This is shown by comparison of many flux profiles in
the direction normal to the fuel plates (see Fig. 13)...".(6) 1o 115 e
ANL-6691 is reproduced here as Fig. 48. This figure indicates that flux
wires within the two outer coolant channels in any fuel element should have
the same relative activation, and flux wires in the center coolant channel
should have 93.2% of this activation.

through Insulating Box,
Central Superheater
Fuel Element
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Based on the above work, the following procedure was
carried out for further normalization of the data:

(1) The counts of the 26 wires in each coolant channel
were averaged.

(2) A series of ratios was established, by comparing the
above average for each of five coolant channels in one irradiation in one
assembly to those for corresponding coolant channels in another irradiation
or superheater assembly.

(3) The data from irradiation No. 3 for core position 54
were arbitrarily selected as the datum level.

(4) The data from irradiation No. 1 for core position 54
were multiplied by the average of five of the ratios obtained in step (2)
above (namely, 1.127) to make the averages for the 26 wires in both outer
coolant channels of each of the five elements in the assembly in core
position 54 equivalent.
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(5) The data from irradiation No. 2 for core position 54
were multiplied by the average of another five of the ratios obtained in
step (2) and by 0.932 (the combined factor was 1.334) so that the activities
of wires in the five center coolant channels in core position 54 were, on the
average, 0.932 of the two outer coolant channels in each element. By
steps (4) and (5), the data for core position 54 were brought into agreement
with the data from Plumlee et a_1.(6§

(6) The average ratio of the averages found in step (2) for
irradiation No. 3, core position 53, to irradiation No. 3, core position 54,
was 1.166. The average ratio of the averages found in step (2) for irradia-
tion No. 1, core position 53, to irradiation No. 3, core position 53, was
1.132. Therefore, to get core position 53 on a comparable basis with core
position 54, the data from irradiation No. 3, core position 53, were multi-
plied by 0.985 to make these data 1.149 times as great as those for irradia-
tion No. 3, core position 54.

(7) The data for irradiation No. 1, core position 53, were
multiplied by 1.142 to make the averages found in step (2) for the two out-
side coolant channels in core position 53 equivalent.

(8) The data from irradiation No. 2, core position 53,
were multiplied by 1.898 to make these 93.2% of the values for the outside
coolant channels in core position 53.

(9) The data from irradiation No. 4 for both core posi-
tions 53 and 54 were multiplied by 1.057 to get the averages [as arrived at
in step (2)] for core position 53 in irradiations Nos. 2 and 4 to be equivalent,
since the flux wires in the two irradiations were located in the same chan-
nels in core position 53.

The above adjustments were made to bring the data from
the flux wires in the superheater fuel assemblies into agreement with
Plumlee's data.(6) Why such adjustments were necessary is not clear.

The most reasonable explanation is that the counting equipment was not
properly adjusted each day (there were daily variations in the discriminator
and gain settings on the three counting channels), but the channel factor that
was a part of the regular normalization procedure should have accounted
for such variations. In any event, such adjustments were necessary; and
since they were made for the superheater, corresponding adjustments were
made in the boiler flux wires. The same factor was applied to boiler wires
as to superheater wires, which were counted on the same day in the same
counter. Table VII summarizes the correction factors that were used on
the data from Figs. 44-47 to put them in the form presented in Fig. 49, the
final normalized data.
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Table VII
FINAL NORMALIZATION FACTORS, CORE CSH-1

Irradiation Core
Item No. Position Factor Explanation
1 3 54 1.000 Arbitrary datum level
2 1 54 e LT Made outer channels of
core position 54 equivalent
3 2 54 1.334 Made core position 54 inner
channels 0.932 of outer channels
4 3 518 0.985 Made core position 53 comparable
to core position 54 for both
irradiations Nos. 1 and 3
5 1 58! 1.142 Made outer channels of
core position 54 equivalent
6 2 518 1.898 Made core position 53 inner
channels 0.932 of outer channels
it 4 58 1.057 Made item 7 equivalent to item 5
8 4 54 1057 Conformed with item 7
9 il 51 1.142 Counted on same day in
same channel as item 5
10 1 52 1.127  Counted on same day in
same channel as item 2
11 2 61 1.898 Counted on same day in
same channel as item 6
12 2 62 1.334  Counted on same day in
same channel as item 3
13 3 71 0.985  Counted on same day in
same channel as item 4
14 3 72 1.000 Counted on same day in
same channel as item 1
15 4 63 1.057 Counted on same day in

same channel as item 7
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3. Results

Figure 49 presents the normalized data for all of the boiling
fuel assemblies and for one set of coolant channels in the superheater fuel
assemblies. The numbers at the fuel locations represent relative activa-
tions of identical flux wires at the locations. The effect of the eight flow
rods in each boiling assembly can readily be seen, as the peak power pro-
duction occurred in the center boiling fuel rod in each case. The number
in the upper right corner of each boiling assembly is the average for the
41 fuel rods in that assembly, so an intra-assembly local-to-average fuel
rod power production is obtainable. Only one set of superheater flux-wire
data is presented, since the remaining outer channels have been made
equivalent to the data presented, and the inner channel data have been
adjusted to 93% of the outer channel data.
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The relative activities of the two flux wires adjacent to a given
fuel rod were averaged to obtain the number located within the fuel rod
locations in Figs. 44-47 and Fig. 49. There was generally a systematic
difference in the activities of the two wires due to the relative presence of
water at the flux-wire location. This difference is illustrated in Fig. 50,
in which the counts of the individual wires as well as the averages within
the fuel rod are shown for core position 52. The numbers represent the
finally normalized data of irradiation No. 1 and correspond to those shown
in core position 52 in Fig. 49.
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Fig. 50. Relative Flux-wire Activities and Average for a
Fuel Rod (Circled), Core Position 52, Core CSH-1

4. Analysis

Superheater coolant-channel local-to-average fission ratios
were obtained in the direction parallel to the fuel plates for core positions 53
and 54. The profiles for ten coolant channels in each of the two superheater
fuel assemblies were averaged, and the results are shown in Fig. 51. The
two curves are similarly shaped but slightly different. The fission ratio was
highest in the region of the superheater adjacent to the boiler.
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In the direction perpendicular to the fuel plates, the ratio was
fairly uniform. The average ratio of fission rate in a given coolant channel
in one element to that in a corresponding coolant channel in the center ele-
ment for core position 53 was 1.023, 0.991, 1.000, 1.000, and 1.061, working
from the element farthest from the control rod channel to that closest to
the control rod channel. Corresponding ratios in core position 54 were
1.046, 1.000, 1.000, 0.983, and 1.018, with resulting peak-to-average ratios
of 1.04 for both assemblies.

The normalized fine-power-distribution data in Fig. 49 were
used, together with earlier experimental data, to determine the relative
power produced in various core positions and the fraction of the total core
power produced in the superheater.

In an earlier exponential experiment with BORAX-V boiling fuel
rods, Kirn and Hagen(7) found that the average fission rate across a boiling
fuel rod was 91% of the fission rate in a flux wire on the surface.

Plumlee 911}_.,(6) as shown in Fig. 48, determined that the average fission
rate in the two outside fuel plates was equal to 0.95, and in the two inside
fuel plates was equal to 0.89, based on a figure of 1.00 at the moderator
side surface of the insulating tube around a superheater fuel element. On
the same basis, the average fission rate at a detector in the outer coolant
channels was equal to 0.91, and in the center coolant channel, 0.86.

To determine the relative power production in a fuel assembly,
it was necessary to consider the fuel loading as well as the local fission
rate. For a boiler fuel assembly containing 41 fuel rods, each rod with
16.3 g of U?3, a normalized power-production term is given by (41)(16.3)
(0.91) (average normalized fission rate in the assembly), or 608 (average
normalized fission rate). A superheater fuel-assembly power-production
term was somewhat more difficult to derive. An outside fuel plate con-
tained 53.6% as much fuel as an inner plate and had a relative flux of 0.95.
A fully loaded inside fuel plate had a relative flux of 0.89. Therefore, the
normalized average flux in all the fuel was equal to 0.91, which coinci-
dentally was the relative flux measured by a detector in the outer coolant
channels. Since an average flux-wire activity had been obtained for each
superheater coolant channel, the average of the ten outside coolant channels
in an assembly was readily obtainable, and this was the normalized average
fission flux for the assembly. Each superheater fuel assembly contained
430 g of U**, s0 a normalized power-production term is given by (430) times
(average fission rate in the assembly). Table VIII indicates the procedure
used in determining the relative power produced in the various core posi-
tions and the superheater region. The local-to-average power ratios for
the individual fuel assemblies are also shown in Fig. 52. The power fraction
in the superheater at room temperature, zero power, was thus about 17%.



Table VIII

LOCAL-TO-AVERAGE FUEL ASSEMBLY POWER PRODUCTION,
CORE CSH-1

Normalized Power

; : Normalized
Frofinetiag b5 sk embly Number of Power Local-to-
Average 608 Times 430 Times Similar Production average
Core Flux-wire Average Average Assemblies in Similar Power
Position Reading Flux Wire Flux Wire in Core Assemblies Production
il 183 111,000 8 888,000 (012X
Li, 230 140,000 8 1,120,000 1.22
53 236 101,000 8 808,000 0.89
54 206 89,000 4 356,000 ol 7/
61 195 120,000 8 960,000 1205
62 214 130,000 8 1,040,000 1.14
63 251 156,000 4 624,000 11 S
il 127 77,000 8 616,000 0.68
e il 110,000 4 440,000 0.96

S8
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Fig. 52. Local-to-Average Ratio of Power Produced
in Individual Fuel Assemblies, Core CSH-1

One purpose of irradiation No.4 was to determine the effect of
rotating the superheater fuel assembly in core position 54 by 90°. The ef-
fect can be observed in Figs. 44 and 47. The relative activity of flux wires
from core position 53 to those in core position 54 was 1.132 in irradiation
No. 1, and was 1.065 in irradiation No. 2, a difference of 7%. As can be
seen from Fig. 10, turning the fuel assembly in core position 54 by 90° pro-
vided an uninterrupted row of superheater elements through core posi-
tions 53, 54, 55, and 56. The resultant increased possibility of neutron
steaming may have been the cause of the 7% decrease in relative power
production in core position 54.



5. Flux Distribution in 12-flow-rod Boiling Fuel Assembly

As one of the final experiments with the central superheater
core after initial power operation was completed, a room-temperature ex-
periment was conducted to determine the local-to-average power distribu-
tion in a boiling fuel assembly containing 12 flow rods dispersed regularly
through the assembly, designated core CSH-1C, in contrast to the core
CSH-1 reference loading with eight flow rods concentrated about the center
fuel rod. Core position 57, adjacent to a superheater assembly and sym-

metrical with core position 52, was used. The results are shown in Fig. 53.

The greater number and the dispersal of the flow rods resulted in a lower
peak-to-average flux, a maximum of 1.17 in this case, compared to 1.49
with the eight bunched flow rods. This experiment indicated that at a given
reactor power level the peak heat flux in the boiler would be reduced, using
assemblies with 12 flow rods, to 87% of that using eight flow rods.
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Fig. 53. Fine-power Distribution in Core Position 57
(12 Dispersed Flow Rods), Core CSH-1C

87



88

V. IN-REACTOR-VESSEL INSTRUMENTATION MEASUREMENTS
AND DEVELOPMENT

A. Reactor Data

Measurements were made using permanent in-vessel instruments
and instrumented fuel assemblies during all major power operation periods
of the reactor with core CSH-1B. The measurements are listed below,
along with the techniques used to obtain the data. Locations of most instru-
ments are indicated later on Fig. 67.

1. Boiling Fuel Rod Temperatures

Data were obtained from W/W-26 w/o Re thermocouples in-
stalled in the axial center of UQ, pellets in boiling fuel thermocouple rods.
Fuel rod locations 25, 33, 37, 43, and 49 in instrumented boiling fuel assem-
bly I-1, shown in Fig. 67, were monitored in core position 33, and individual
fuel rods 7 and 25 in core position 36. Variations in the axial positions of
thermocouples in fuel rod location 25, at core positions 33 and 36, gave
some measure of the power production at these two elevations in core po-
sitions that were radially symmetrical. Figures 54, 55, and 56 illustrate
the temperatures measured in the two fuel assemblies as functions of
reactor power.

The erratic fuel-temperature indications found during irradia-
tion of instrumented boiling fuel assembly I-2 in core B-2 were not observed

during the brief power operation with this core.®™’

2. Superheater Fuel Plate and Steam Temperatures

Two instrumented superheater fuel assemblies were mounted
in core locations 44 and 45, as shown in Fig. 67. In each assembly, 20
thermocouples with flattened tips were brazed into the edge of selected
fuel plates with the technique illustrated in Fig. 57 and located throughout
the assembly as shown in Fig. 58. The thermocouples penetrated into the
UO,-stainless-steel cermet meat of the plates a minimum of 0.115 in. Two
thermocouples each, in the riser and nozzle of the assembly, were used to
measure superheated steam temperatures. All of these 0.040-in. diam,
stainless-steel-sheathed, Chromel- Alumel* thermocouples were monitored
by means of a 40-position selector switch for display on a circular chart
recorder. Except for two second-pass exit steam temperatures, steam
temperatures were recorded on a multipoint instrument. One second-pass
exit steam temperature was recorded on a circular chart recorder, and the
second was made available on the 40-point selector switch in place of a failed
fuel plate thermocouple.

*Hoskins Manufacturing Co. trade name.
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The selector switch was wired so that the first 20 tempera-
tures corresponded with like-numbered points in Fig. 58, and the next 20
(21 through 40) were wired in sequence to points 1 through 20 on the
second-pass fuel assembly, except for point 27 which measured exit steam
temperature from the second pass.

Temperatures obtained during the 5 days in which power runs
were made are summarized in Table IX. Many fuel plate thermocouples
in the first pass showed no recognizable pattern of temperature changes
with variations in reactor power, and in many cases read approximately
saturation temperature. These inconsistent data points were deleted from
the table. Second-pass temperature points 25, 27, and 29 were observed
to give intermittent readings, but the values appeared generally consistent.

Table IX
SUPERHEATER FUEL AND STEAM TEMPERATURES, CORE CSH-18

First-pass
43 Steam First-pass Fuel
DHL Temp, °F Temp, °F

Reading  Date  Time,  Flow, Power,
No. (1963) hr gpm Mwt Inlet Outlet 4 9 10 14 16 17

1 10/10 2005 12 14 507 650 475 560 500 595 480 505
2 2010 12 14 511 632 475 560 510 585 485 515
3 2100 12 48 506 625 485 560 505 5% 510 540
4 2130 12 at 512 600 495 550 505 585 505 540
3 2142 12 AT 510 633 505 560 520 610 525 550
6 1011 1448 & 4.1 493 654 505 5% 520 620 505 530
i 1540 = 5.8 489 647 500 570 505 595 500 525
8 1555 s 6.9 491 675 500 580 505 605 505 535
9 1014 1500 16.5 510 486 590 505 550 500 610 510 560
10 1550 6 5.8 495 628 480 515 480 595 490 480
1 1015 1300 ~10 21 487 621 500 560 520 590 475 450
12 1016 1218 10 6.9 491 641 495 565 49 570 4% 500
13 1315 10 A2 491 639 500 570 495 5715 500 510
14 1437 10 w53 493 650 500 570 500 600 500 520
15 1515 10 ~13 493 637 500 570 495 580 500 525
16 1620 10 10.2 493 637 505 570 500 600 505 530
Second-pass
1 Steam
DL Temp, °F Second-pass Fuel Temp, °F

Reading Date  Time, Flow, Power,
No. (1963)  hr gpm Mwt Inlet Outet 22 23 24 25 26 28 29 30032 "3 W W Tt BB

i 1010 2005 12 14 663 785 650 660 770 850 65 905 820 700 700 770 720 700 750 670 725
2 2010 12 14 650 780 645 660 710 780 650 800 735 670 745 680 655 650 6%0 640 650
3 2100 12 4.8 648 760 660 665 745 800 655 750 725 715 6% 710 680 690 740 660 650
4 2130 12 3.7 692 760 655 670 745 770 655 750 730 770 680 695 680 695 725 655 650
5 2142 12 37 650 770 660 670 770 750 670 750 740 790 685 700 680 725 730 675 655
6 1011 1448 z 41 667 8200 665 6% 78 770 695 810 780 760 660 750 700 720 745 675 680
1 1540 5 5.8 67 780 670 68 775 750 69 780 760 745 650 740 700 735 760 675 680
8 1555 = 6.9 600 79 665 700 795 770 700 79 765 70 655 745 705 750 780 675 615
9 1014 1500 16.5 5.5 578 805 6% 750 79 8% 750 80 11400 730 660 710 670 690 730 645 660
10 1550 6 5.8 620 775 670 6%0 765 765 705 780 = 720 675 730 6% 715 755 660 675
1 1015 1300 ~10 21 593 725 660 660 6% 8250 675 730 = 675 620 640 630 640 660 610 615
12 1016 1218 10 6.9 618 6% 625 625 680 - 640 730 625 710 650 720 680 730 750 660 650
13 1315 10 D 63 755 600 675 70 - 65 715 1000 725 650 710 675 720 740 660 650
14 1437 10 13 67 715 615 680 715 - 65 780 725 740 6% 715 675 730 755 660 630
15 1515 10 =73 618 770 60 675 760 - 670 780 900 730 655 715 675 730 770 660 635
16 1620 10 10.2 68 770 670 680 79 - 675 79 80 750 65 730 680 760 780 670 640

3pM-1: Reactor-water demineralizer.
bThermocouple gave intermittent readings.
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Calculation of fuel plate temperatures based on entrance and
exit steam temperatures indicated that the measured values were about
100°F too low. Such errors might be attributed to thermal conduction out
the edge of the fuel plate via the thermocouple, loss of fuel due to the
thermocouple slot, and creation of a "cooling fin" on the plate due to the
bulge (about 0.002 in. total plate thickness increase) caused by swaging
the thermocouple slot. Reproducibility of individual fuel plate thermo-
couples was found to be about *10°F at 489°F.

Errors due to wet thermocouple conductors might also have
been possible during this period of core CSH-1 operation. A known in-
stance of such errors, and prevention of future occurrences, are discussed
in Section VII.B.3. below.

3. Reactor Water Subcooling

The reactor water subcooling temperature differentials were
obtained using l/8—in. OD, stainless-steel-sheathed, Chromel-Alumel
thermocouples installed as a removable group in core positions 61, 62, and
63. Two thermocouples at each core inlet and exit location were monitored,
and the reactor vessel steam dome thermocouple was also used. The cool-
ant water-temperature thermocouples, installed as part of instrumented
boiling fuel assembly I-1, did not give sufficient reproducibility to permit
their use. The exit water-temperature thermocouples were not used either
because of the difficulties of correcting for calibration changes. The seven
subcooling thermocouples were all intercalibrated at zero reactor power
conditions while at 600 psig, and the calibration errors determined were
later applied to the data. Calibration errors as great as 10°F were found.

Subcooling data were derived by taking the average temperature
differences between each inlet water thermocouple and the steam dome
thermocouple at various reactor power levels. These values were then
compiled and averaged to get the subcooling rate in the reactor core at the
different power levels. The curve shown in Fig. 59 is based on these aver-
age values.

The unusual shape of the curve is attributed to the effect at low
powers of the reactor-water-demineralizer return-water flow and feed-
water injection through the control rod drive seals, the downcomer probe
cooling system, and the circulating pump seal. These sources introduce
relatively large quantities (20-30 gpm maximum) of cool water into the
vessel. At higher powers, the relative mass flow rate of water injected
becomes small compared to that of recirculated water in the downcomer.
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4. Core Inlet Water Velocity

The inlet turbine-type flowmeter on instrumented boiling fuel
assembly I-1 was utilized to obtain the data presented in Fig. 60. Note
the indication of the trend toward constant inlet velocity as a function of
power in the region of 10 MWt.
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Data were obtained in the form of volumetric flow rate and
converted to velocity through the 3-in.-diam meter throat.

5. Core Exit Void Fraction

Data from the inlet flowmeter were combined with those from
the exit flowmeter on the instrumented assembly to provide exit void frac-
tion. The values were determined on the basis that

a = (vout- Vin)/vout’

where
@ = void fraction,
vout = exit water velocity,
and
Vin = entrance water velocity.

The two velocities were directly related to the flow rates displayed and
recorded by the meters. The void fraction calculation was performed

electrically by a bridge circuit, and the results were displayed and re-
corded continuously. Figure 61 shows the data obtained in this manner.

6. Downcomer Void Fraction

Figure 59 also illustrates the limited data obtained from one
set of static-pressure probes installed to measure downcomer carry-
under. The probes sensed density of the fluid in the downcomer region
and therefore gave a measurement of the volumetric percentage of steam
in the downcomer.

The static-pressure probes were jacketed in a third tube which
conducted cooling water from the feedwater system past the tubes. This
was necessary to establish subcooled water in the static-pressure probes
for reference against the downcomer water density. Data from the other
pair of downcomer density probes are not shown because no evidence of
carryunder was seen on the recorder charts. The downcomer void frac-
tion data shown in Fig. 59 are questionable in view of results obtained
with the density probes during later operation with core pPsH-1.(1) scatter
in the data of +5% of full scale was found to be common.
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7. Calibration and Use of the Downcomer Stauscheibe Tube

A mock-up of the water-velocity-sensing Stauscheibe probe,
duplicating the one installed in the reactor vessel downcomer, was cali-
brated in the BORAX airwater test loop. The probe was constructed of
7/8-in.-diam bar stock, 4 in. long, with two taps spaced 180° apart and
centered on the probe length. All tests were made with 70°F water at
atmospheric pressure.

Several traverses were made to determine the water-velocity
profile in the loop test section. When mounted 3/4 in. from the wall to the
centerline of the probe (simulating the reactor installation), the flow cali-
bration coefficient was found to be 2.69, based on average stream velocity.
At the point of average stream velocity, the coefficient was 1.88. The co-
efficient is defined as

h = Cv¥/2g,
where
C = calibration coefficient;

h = measured differential pressure, ft of flowing fluid;

velocity, ft/sec;

<
1

and
g = local acceleration due to gravity, ft/secz‘
Data obtained from the probe during reactor operation were
found to exhibit variations of about the same magnitude as the anticipated
velocity signal. During the short period of reactor operation with core

CSH-1B, no meaningful data were provided by the probe.

8. Measurement of Reactor-water Level

The true water level (or, actually, the steam-boiling water mix-
ture interface level) in a boiling-water reactor is difficult to measure ac-
curately with conventional out-of-reactor-vessel techniques. Most such
devices rely on measurement of the differential pressure produced by the
column of fluid in the vessel. Since the differential pressure is related to
fluid density, a vessel containing saturated water will indicate an entirely
different level from one filled to the same level with a steam-water
mixture.



100

During operation with the B-2 core, a movable steam sampling
probe was used to detect the steam-boiling-water interface elevation at
various core powers.(4) The level-measurement errors determined through
use of the probe can be of the order to 26 in. at 15 MWt if the differential -
pressure devices are not properly compensated. The sampling probe was
accordingly used again with core CSH-1B to set reactor water-level scram
trip points to insure against accidental flooding of the superheater.

An acoustic water-level probe was also used to determine the
steam-boiling-water interface elevation during operation of the central
superheater core. Both the acoustic device and the steam sampling probe
were installed to measure the level of points at a radius of 16 in. from the
vertical axis of the vessel. Agreement of il/Z in. was found between the
acoustic and steam sampling probes. Table X illustrates the data obtained
from the acoustic probe and the normal water-level measuring instruments.

Table X

REACTOR WATER-LEVEL MEASUREMENTS,
CORE CSH-1B

Elevation of Interface
between Steam and

Reactor Power, Water Level Water-steam Mixture Waterb Level
MWt (LR-12) (Acoustic Probe) (Acoustic Probe)
522 12 62 1105, 1hs) i (0) b, 12 ft, 6 in.
.52 172 e s 12 ft, 113 in. 12 ft, - in.
1082 112 i, G above 13 ft, 2 in.© above 13 ft, 2 in.©

a . . - - .
Operating instrument. Saturation pressure-compensated, differential-
pressure sensor, and circular chart recorder.

Elevation at which water-steam mixture density approached that of

saturated water, as evidenced by constant readings on acoustic probe
indicator.

CUpper limit of probe travel.

B. Acoustic Water-level Probe

The acoustic water-level probe was designed and developed by
Aeroprojects Company of West Chester, Pennsylvania, and adapted to a
mechanical drive and pressure seal provided by BORAX personnel. The

%mit is shown schematically in Fig. 62, and a photograph of the lower end
is shown in Fig. 63.
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The device was basically an acoustic impedance meter which
sensed the boundary conditions at the end of an acoustic transmission line
through phase measurements on the standing wave in the line. Operation
at elevated pressures was accomplished by sealing the transmission line
(a 5/8-in.-diam Type 304 stainless-steel rod) into a containment tube at
a vibration node. The tube was then moved by the lead screw-and-nut
traversing mechanism through a pressure seal on the reactor vessel head,
and the steam-boiling-water interface was detected by noting the large
change in acoustic coupling indicated by a panel meter on the equipment.

The equipment was first tested in a 600-psi, 489°F autoclave
where the position of the probe and the conditions of the steam-boiling-
water interface could be observed through sight glasses. Variations in
the resonant frequency of the probe assembly were noted during heating and
cooling of the autoclave, but this factor was compensated for by adjusting
the oscillator frequency to give minimum acoustic transmission when the
probe was fully withdrawn from the water. Water-level determination by
means of the probe was as accurate as visual observation of its contact
with the water surface would allow - about 1/16 in. Change of the indicat-
ing meter for water or steam immersion of the sensing plate ranged from
50% full scale, at room temperature, to 58% full scale at 600 psig, 489°F.
A maximum range of 34% full-scale change in meter indication was noted
for immersion of the probe in nonboiling or boiling water at 600 psig, in-
dicating the possible use of this technique to determine fluid density or
void fraction.
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VI. WATER CHEMISTRY MEASUREMENTS AND
CATALYTIC RECOMBINATION EXPERIMENT

A. Water Chemistry Measurements

The measurements obtained in routine monitoring of chemical pa-
rameters during the brief period of power operation of core CSH-1B are
summarized in Table XI. The differences in resistivity and pH between
reactor water and saturated steam are believed to be due to CO, which
strips out into the steam. The differences in these parameters between
saturated steam and superheated steam are also believed to be due to
CO,. It is postulated that the CO, is reduced to CO on the superheater
plates. The CO does not give a conductive solution in samples of condensed
steam; hence, an apparent difference in steam purity is indicated. A check
on steam radioactivity at the entrance and exit to the superheater showed
no differences before the detection of the first fission products.

Table XI

WATER CHEMISTRY MEASUREMENTS,
CORE CSH-1B

Saturated Superheater
Reactor Water Steam Steam
Resistivity, megohm-cm 250=2728 0.9=1 2 1 =11 fey
pPH 6.5="710 5.2-5.6 5.9-6.2
Cl', ppm 0.02-0.04 <0.04 -
Suspended solids, av, ppm LS = 5
Oz, ppm 0.1-0.3 23-30 8 initially,
21-41 later

The differences in oxygen concentration between reactor water and
saturated steam were as expected, due to the stripping action of the steam.

The change in oxygen concentration with time in the superheated
steam is believed to be due to one or both of two possible processes:
(1) The radiolytic gases were recombining on the fresh superheater clad-

ding surfaces; or (2) the oxygen was being removed by a corrosion
mechanism.

The chloride and suspended solids concentrations were as expected
from previous operation with core B-2 and presented no problems. )
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B. Steam Dome Tests

A test with core CSH-1B demonstrated a method of determining how
the gas in a steam dome changes in concentration with axial position from
below the boiling water-steam interface to the top of the steam dome.

Figure 64 is a schematic drawing of the movable steam-sampling
probe used in BORAX-V. It could be positioned from well below the boil-
ing surface to a point close to the top of the steam dome. Figure 65 shows
a plot of resistivity, pH, and oxygen concentration data obtained at varying
levels in the pressure vessel while holding static conditions at 600 psig and
489°F. The drastic change of conditions at 12 ft-4% in. shows the effect of
moving the sample probe from the boiling water into the steam space. The
drop in pH and resistivity is due to CO, in the steam. Also shown is the
increase in O, concentration from samples taken higher in the steam dome.
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Fig. 64. Movable Steam Probe, Core CSH-1B

A study was made of low-concentration HyBOj; carryover in the
reactor vessel steam dome at 600 psig, 489°F, and static-steam conditions.
Carryover values were obtained at a boric acid concentration of 8 g(HsBos)/
gal(H,0) from just above the boiling water-steam interface to the top of the
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steam dome, using the movable steam probe. This concentration in the
reactor water resulted in a concentration of 78-80 ppm at all positions
of the steam probe from the interface to the top of the steam dome.

The concentrations obtained from samples of condensed steam taken
from the top of the steam dome and correlated with boric acid concentra-
tions in reactor water are shown in Table XII.

Table XII

BORIC ACID CONCENTRATION IN
STEAM DOME, CORE CSH-1B

Reactor Water, Steam Dome,
g(H,B0;)/gal(H,0) ppm of H;BO;
3205 28
4.03 31
4.3 35
6.05 53
8.61 85

C. Radiolytic Gas Recombination Experiment

The presence of about 20-30 ppm of radiolytic oxygen in the steam
from the boiler of an integral boiling-nuclear superheating reactor was
believed to have a deleterious effect on both the oxidation rate and the
chloride stress corrosion of austenitic stainless steels used for cladding
the superheater fuel elements in BORAX-V. Therefore, it was desirable
to significantly reduce the oxygen content of the steam entering the
superheater.

Experiments designed to determine the feasibility of recombining
the radiolytic oxygen and hydrogen were undertaken. Figure 66 is an
abridged schematic diagram showing roughly the major components of
the test equipment.

The purpose of these experiments was to find a catalyst suitable
for use in the internal steam dryer of BORAX-V which would cause re-
combination of the hydrogen and oxygen present in the saturated steam.
Criteria established for suitability of the catalyst were that it would

1. Allow full flow of steam at 10,000 lb/hr/ft"‘, with a pressure
drop of 1 psig or less through a 4-in. bed depth.
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2. Recombine a large percentage of the radiolytic gases.

3. Retain physical integrity and catalytic activity for at least

one year.
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Fig. 66. Abridged Schematic Diagram, Radiolytic Gas
Recombination Test Apparatus

The catalysts were tested under the following conditions:

Temperature: 489°F
Pressure: 600 psig
Oxygen concentration: 20-30 ppm
Hydrogen concentration: Stoichiometric
Steam flow rate: 9000 lb/hr/ft2
Bed depth: 4in.

Six catalysts were tested, as follows:

1. Low-surface-area copper mesh.

2. Platinized, low-surface-area copper mesh.

3. Palladium oxide on activated alumina pellets (Girdler T-308%).
4. 0.7% palladium on low-surface-area alumina pellets

(Girdler T-661%).

*Girdler Catalyst Dept., Chemetron Corp., Louisville, Ky.
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5.  Platinum oxide on activated alumina pellets (Girdler T-309%).

6. 0.5% palladium on activated alumina pellets (Girdler T-961%).

The first five catalysts tested gave no detectable recombination. Gird-
ler T-961, however, gave 22-27% recombination. This catalyst was tested
for 30 hr and showed no sign of changing efficiency. The pressure drop
across the 4-in. bed of T-961 was about 16 in. of 70°F water.

After 7 hr of testing, a sample of T-961 was removed and analyzed
spectrographically. The analyses showed that the catalyst had taken up
some traces of copper and zinc from the brass catalyst holder. Of further
importance was the evidence that the y-Al, O3 (gamma alumina) had hydrated
to form a-Al,O(OH),, or Boehmite. The new samples of unused catalyst
contained no crystalline palladium; however, after the 7-hr test, the amor-
phous palladium had apparently changed to a crystalline form.

Planned testing of other catalysts was not performed because of
early project termination.
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VII. PLANT PERFORMANCE

A. General

In preparation for central superheat operation, the boiling core fuel,
the control rods, and the boiling core structure were removed from the
reactor vessel. The central superheater core structure was then installed,
and the superheater flood-and-drain piping was welded into position, hydro-
tested, and test-operated. Control rods were then reinstalled and their
operation tested. Reloading of the boiling fuel proceeded as described in
Section III.A.l. and 2.

During the first tests of central superheater fuel assemblies for
leak-tightness, an excessive leakage rate was found. On six fuel assemblies,
the static-steam insulating tubes were found to be leaking moderator water
into the steam space at the point where they were welded to the flow vanes.
These leaks were repair-welded and the assemblies made sufficiently leak-
tight to proceed with the remainder of the zero-power experiments. At
the completion of the zero-power experiments at operating temperature,
all superheater fuel assemblies were removed from the reactor vessel for
further repair work. The repair work and experience with the superheater
fuel assemblies are discussed in detail in Section VIII.

After the superheater fuel was reloaded, a test of leakage rate
showed the system to be satisfactory. The reactor was then brought to
operating temperature, using electric preheaters. Flooding, draining, and
venting were tested to assure that these systems were in proper operating
order before power operation.

The following items were installed in the reactor in preparation for
power operation: one instrumented boiling fuel assembly; two instrumented
superheater fuel assemblies; two individual boiling fuel thermocouple rods;
six stainless-steel flux-wire thimbles in boiler coolant channels; five,
3/8—in.-OD, miniature, ion chamber thimbles in place of flow rods; 12 sub-
cooling thermocouples, six below the core and six above; and a fueled
oscillator rod. The location of these items is shown in Fig. 67, the loading
diagram for core CSH-1B.

An internal steam separator was also installed in the reactor at
this time. Steam from the steam dome passed through a 4-in.-thick
Inconel Yorkmesh Demister* pad before entering the inlet superheater
assemblies. The steam separator, a bottom view of which is shown in
Fig. 68, fitted closely over the top of the inlet superheater risers and was
supported by them and by four pads which rested on the hold-down grid.

*Otto H. York, Inc., trade name.
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Fig. 67. Loading Diagram, Core CSH-1B
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ID-103-3913

Fig. 68. Bottom View of Internal Steam
Separator, Core CSH-1

ID-103-3910

Fig. 69. Power Loading, Core CSH-1B



On October 10, 1963, power operation began and was terminated on
October 16 because leakage of moderator water into the superheater steam
passages was found to be excessive (50 gal/hr) and a low level of fission
products was detected in the superheated steam.

The presence of fission products was first noted on the fission
product monitor sampling superheated steam. This instrument, which
had a scintillation detector monitoring a small ion-exchange column, was
discriminated for the energy of gamma rays produced by iodine isotopes.
The readings from this monitor are summarized in Table XIII. No evi-
dence of fission products was found in the monitor sampling saturated
steam from the boiler.

Table XIII

CORE CSH-1B

DATA FROM SUPERHEATED-STEAM FISSION- PRODUCT MONITOR,

Power Monitor Power Monitor
Time, Level, Reading, Time, Level, Reading,
Date hr MWt counts/min Date hr MWt counts/min
10/10/63 1415 0.0 30 10/15/63 1446 0.8 400
2030 3.0 30 1450 0.8 1000b
1456 0.8 1700
10/11/63 1400 4.0 70
1500 4.0 380 Monitor-ion-exchange Resin Changed
1545 4.0 450
10/15/63 1530 0.0 1200
10/14/63 1500 5.6 50 1540 0.0 1000
1700 0.0 148 1600 0.0 220
1800 0.0 100 2348 0.0 60
2300 0.0 63
10/16/63 1050 0.8 350
10/15/63 0900 0.8 200 1131 0.8 300
1000 0.8 125 1300 1.8 550
1010 0.8 560 1330 5.2 600
1100 0.8 70 1415 5.2 660
1200 2.5 425 1420 =3 900
1300 2.5 600 1508 i3 1000
1330 2.5 750 1557 73 1700
1352 0.0 4502 1600 10.3 1700
1620 10.3 1700
Superheater Flooded and Drained 1630 0.0 1600

3aFalse scram.

bAlarm.

After the shutdown on October 16, the count rate on the fission
product monitor decayed with a half-life of ~7hr. I'* has a half-life of
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6.7 hr. An iodine chemical separation was made on a sample of the resin
from the monitor, and a gamma-ray spectrometer analysis indicated the
presence of [l

A maximum power of 10.3 MWt was reached at a nine-control-rod-
bank position of 19.67 in. as compared with the full-travel position of 255in.
During the 7 days of power operation, the integrated power, during five heat-
ups with the superheater flooded, was 7.3 MW-hr, and was 47.75 MW-hr
with steam flowing through the superheater. Various parameters and power
levels measured during the brief operating time, totaling 15 hr, are summa-
rized in Table XIV.

Table XIV
POWER OPERATION, CORE CSH-1B

Power, MWt
b2 T3 (D)., 25

Saturated steam temperature, °F 487 487 &i8b
First-pass superheater fuel assembly,

exit steam temperature, °F 632 635 640
Second-pass superheater fuel assembly,

exit steam temperature, °F 755 760 760
Steam line temperature, 62 ft from reactor, °F 640 660 725
Maximum second-pass fuel temperature, °F 785 790 820
Steam line radioactivity, 42 ft from reactor, mR/hr 50 50 75
Power produced in superheater, % of total in core 14.8 1'5.0 1’552

As can be seen from Table XIV, the percent of power produced in the
§uperheater, relative to the total core power, increased slightly with increas-
ing power. Because of early termination of power operation, the planned
e?gperlments on the changes produced in the superheater-boiler power divi-
sion by control rod manipulations were not performed. However, one test
was made at lower power. To raise the outlet steam temperature, the
central control rod was raised to the full-out position, with the remainder
of the control rods banked at 16.7 in. Of the resulting total power of 3.5 MWt,
15.2% was produced in the superheater.

: The reactor and superheater startup and shutdown procedures func-
tioned as designed and were satisfactory. The superheater steam-coolant
channe'ls were drained and flooded ten times with the reactor at about
600 psig. Draining was accomplished on startup by closing the superheater
flood valves that interconnected the reactor vessel water with the super-
heater steam-coolant region, and then opening the drain valve, which caused
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sel pressure through the super-

the water to be driven by the reactor ves
By venting steam through the

heater drain line to the main condenser.
superheater vent valve during the time required to regain operating
pressure after draining, the superheater fuel temperatures were maintained
below a maximum of 1050°F. With the steam system at operating tempera-
ture and the reactor at 600 psig, main steam flow was then started and the
superheater vent valve was closed. During shutdown, the reactor power
was reduced by lowering control rods, and as power level was reduced,
steam flow was reduced by automatic closing of the back-pressure control
valve. Superheater fuel temperatures decreased with the reactor power
level, and very little steam venting was required to maintain them below
1050°F. The superheater flood valve could be opened immediately after

the control rods were fully inserted.

Finally, the superheater fuel, boiling fuel, and central superheater
core structure were unloaded in preparation for installation of the core

with peripheral superheater.

B. Special Operating Experiences

1. Power Oscillations with a Partially Flooded Superheater

a. Observations

On three occasions, regular oscillations in power level
occurred while very-low-power measurements were being made at 600 psig,
489°F, with the linear neutron flux channel at about 0.2 x 1078 Amp
(~80 W core power). In each case, the superheater steam-coolant channels
were partially flooded and the reactor water level was in the normal range
of 10-11 ft. The recorded traces are reproduced in Fig. 70 A, C, and D.

With the reactor at 489°F, 600 psig, power-level oscillations
were never observed while the superheater water level was either below or
above the active fuel region. Power-level oscillations of this kind were
never observed with the reactor at room temperature, regardless of super-
heater water level. The period of the power oscillations was always
10 + 1 sec, while the amplitude varied from 3.8 to 7.5% of the power, peak-
to-peak. The oscillations occurred during period measurements as well
as steady-power runs and did not seem to be affected by the power level
in the range of 0.2 x 107 to 0.8'x 10-7 Amp (8 to 3200 W) on the linear
neutron flux channel. The superheater water-level indicator and temporary
recorder never showed any oscillations in the superheater water level.
However, the sensitivity and response of the superheater water-level-
indicating system was inadequate for the magnitude and frequency of the
apparent water-level oscillations observed. Thus, the linear neutron flux ,
channel gave the only clear indication of the oscillatory disturbance, but
the relatively insensitive log flux recorder also indicated some disturbances

during the oscillations.
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Fig. 70. Oscillations with Partially Flooded Superheater, Core CSH-1B

b. Analysis

A study and analysis were made in an attempt to determine
the cause of the power oscillations. Although the cause has not been proved,
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it is suspected to be cyclic variations in the superheater water level, i.e.,
the two superheater flow passes oscillating together as a unit, or separately
and 180° out of phase. As may be seen in Fig. 7, two separate "U"-tubes are
present in the reactor system: (1) The superheater, lower superheated
steam main to the subreactor room, and connecting flood-and-drain piping
from two sides of a U-tube, assuming both passes of the superheater are
lumped into one region and oscillate in phase; and (2) the first and second
passes of the superheater form two sides of a U-tube, connected through the
interpass plenum. If the latter U-tube oscillates, the assumption was made
that the six assemblies in each pass oscillate as a whole, the passes being
180° out of phase.

For this analysis, these two modes of oscillation were
assumed. It was further assumed that the shapes of the curves of super-
heater flooding reactivity worth vs superheater water level at 600 psig, 489°F,
were similar to the curves in Figs. 22 and 23 at room temperature. A
curve of differential flooding reactivity worth vs superheater water level
was then derived. (This curve is not shown.)

Since the reactor was at very low power, power feedback
was not responsible for the oscillatory behavior. Thus, the cause must
have been an "external" mechanism driving a bare reactor, i.e., no feedback.
The linearized zero-power reactor kinetics can be written as follows:

2R (s) = Gafls) = T (5)
b¥s | 1+ igl 2X(s )
where
An/no = peak-to-peak power oscillation, % of power;
Ak = reactivity amplitude, ;1{;
Go(s) = zero-power transfer function;
0* = effective prompt neutron generation time;
B; = effective yield of ith 'group of delayed neutrons;
Ai = decay constant of ith group of delayed-neutron emitters;
and
s = Laplace transform parameter.

Thus, only the frequency of oscillation must be known in order to determine

the required reactivity amplitude, since Go(s) is a known function of frequen-
. : » |

cy. Figure 7l isa plot of the calculated zero-power transfer function |Go(s)|

vs frequency for a generalized BORAX-V boiling core.
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Combining the information from the curve of differential
flooding-reactivity worth, and noting that the observed frequency was
always about 0.1 cps, resulted in the following relationship:

Py AZ
=7 = HZ)
T, = F(2) (6)
where
Z = superheater water level, ft;
AZ = change in superheater water level, ft;
and

P, = total superheater flooding reactivity worth, %.

If the above function is plotted against superheater water level, then the
change in superheater water level required for a given power amplitude
can be determined. (This plot is not shown.) The results of this analysis
for the three observed cases in which power oscillations occurred are
summarized in Table XV.

Table XV

OSCILLATIONS WITH PARTIALLY FLOODED SUPERHEATER,
CORE CSH-1A

Superheater Super -
Flooding heater
Reactivity Control Rod Water Peak-to-peak
Time, Fig. Worth, Positions, Level, Oscillation, Az2  Az'P
Date hr Ref. %o in. ft % of Power in. in.
8/2/63 2058 70 A 1l All rods at 3.56 (k) L3017 § 6.0
14.60
8/6/63 2025 70C i No. 1 at 25.00 4.06 3.8 0.30 2.2
Nos. 2-9 at 13.39
8/6/63 2105 70D 1.4 No. 1 at 25.00 4.89 7.0 1.64 6.2
Nos. 2-9 at 13.00
aAZ = Peak-to-peak oscillation of superheater water level required for power-level

oscillation observed, assuming that the level varies identically in all
12 assemblies.

bAZ'= Peak-to-peak oscillation of superheater water level required for power-level
P P ¢
oscillation observed, assuming that the level in each pass oscillates 180°
out of phase.

Because of the large differential reactivity worth of
flooding the CSH-1 superheater core, only small changes in superheater
water level would have been required if the level oscillated "as a whole."

119
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However, if the superheater level oscillated with each pass being 180° out of
phase, then much greater level variations would have been required.

Although superheater water-level oscillations appear to be
the most probable reactivity oscillator, the reasons for an oscillatory driv-
ing force are poorly understood. It is clear, however, that while the power
fluctuations did not trace perfect sine waves, on the other hand, neither did
they appear to be the result of a random driving phenomenon. Figure 70 D
indicates the possibility of both passes of the superheater oscillating 180°
out of phase with each other, since the peaks are alternately large and small.
Note that the period of oscillation then becomes 20 instead of 10 sec.

A case in which power oscillations did not occur with a
partially flooded superheater is shown in Fig. 70 B, which was recorded
5 min before Fig. 70 C where oscillations are evident. It is possible that
some time is required for oscillations to build up after the necessary un-
stable conditions are reached.

A limited qualitative analysis was made to determine the
probable mechanism causing superheater water-level oscillations in the
hot reactor. Leakage of water from the water moderator to the superheater
region would cause flashing of some water to steam in the superheater.
Since small leaks were present between the two regions via the superheater
assembly seals, water leaked into the superheater by virtue of the net head
difference between the reactor water level (10-11 ft) and the superheater
level (3-5 ft). Calculations show that a leak of reasonable size would allow
the measured flow of 1.0-2.3 gal/hr. Approximately 0.1% (by mass) of
this saturated water would flash to steam, causing a maximum void fraction
of 4 v/o to exist in the water of the partially flooded superheater. Thus, an
oscillation in superheater water level and effective density of this water
could develop due to changes in the pressure difference across the leakage
area, which in turn would cause variations in the water leakage rate and
void content of the superheater water. Void volume changes in the super-
heater would thus cause superheater water-level changes.

The above reasoning indicates that oscillations in which
each pass is 180° out of phase are more probable. If the superheater level
o'scillates so that each pass is 180° out of phase, then much greater varia-
Flons in superheater water level would be required than for the 12-assembly
in-phase mode, to give the same power oscillations, since the reactivity
effects in the two passes would be at least somewhat cancelling. However,
exact cancellation would be unlikely because of the rapid changes and
differences in differential flooding worth vs level for positive and negative
changes in the two passes.

‘ The above observations indicate that an inherent instability
exists somewhere in the system at zero-power operating temperature and



pressure conditions with the superheater partially flooded. It should be
recognized, however, that the superheater level may oscillate for other
reactor conditions as well, but apparently is effective only for the specific

set of conditions described herein.

2. Short-period Scram

During the control rod calibration experiments that were being
conducted at 600 psig, 489°F, zero-power conditions with the superheater
drained, an automatic short-period scram occurred in both period circuits
on the third decade of a period measurement. The positive period measured
for the second decade was 30 sec; the period circuits scram on a 5-sec
period. At the start of the period, the superheater water-level indicator
suddenly rose from 9 in. to 4 ft-6 in., where it remained until the super-
heater draining operation was performed about 4 min later.

The cause of this short-period scram was investigated and the
following items considered:

Malfunction of the nuclear instruments was ruled out as a
possible cause, since both duplicate period scrams operated simultaneously.
The possibility of maloperation of control rods was ruled out because both
the log and the linear flux instruments recorded the fact that the reactor was
on a stable period, and no control rod movement was initiated or observed.
The possibility of the superheater water-level indicator giving false infor-
mation (that is, the water level in the superheater steam-coolant channels
actually being somewhere in the core, rather than at the indicated level of
9 in.) was not considered probable because the control rod positions re-
quired to produce critical on the two criticality measurements preceding
the period scram were the same. A rapid temperature change was not a
probable cause, since the pressure and temperature recorders reported
slowly decreasing pressure (1 psiin 10 min) and near-constant tempera-
ture, respectively. The reactor water level was rising slowly during the
experiment. The reactor water-level recorder (LR-1) was at 9 ft-9 in.
indicated value and about 9 ft-ll% in. corrected value. The boric acid
concentration was changed 3 hr before the scram, but a rapid decrease in
concentration was considered unlikely because samples taken a half-hour
before the scram and 8 hr after the scram gave concentrations of 5.14 and

5.25 g(H3BO;)/gal(H,0), respectively.

Water suddenly entering the superheater coolant channels was
the most likely cause of the fast period. The superheater flood valves had
not been opened. It was believed that condensate collecting in the steam
lines close to the reactor vessel somehow flowed into the second-pass
superheater fuel assemblies via the exit superheated steam manifolds (see
Fig. 7). Steam traps normally in service to dispose of this condensate were
valved off. This was necessary to reduce heat losses to a point where the
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electric preheaters could maintain the system at temperature. The delay in
indication on the superheater water-level indicator was believed to be due
to the time required for water to flow from the superheater to the lower
superheated steam main, through the flow-restriction orifice present to
limit the superheater flooding rate.

At a later date, an experiment was run simulating the same
reactor and system conditions, but with the reactor shut down. Even though
the reactor pressure was cycled above and below 600 psig for 10 hr, the
condensate that collected in the steam lines could not be caused to flow
into the superheater.

No proven explanation for the cause of the short-period scram
is know at present. However, the period was long enough not to be hazardous.
The procedure of placing all steam-line traps in operation before draining
the superheater was strictly adhered to thereafter.

3. Effects of Moisture on High-impedance Thermocouple Extension
Leads

During the power operation of core CSH-1B, it was discovered
that moisture on thermocouple conductors in high-impedance circuits can
produce large inaccuracies in temperature readings.

a. Description

Many thermocouples and other instruments were installed
in the reactor to monitor the performance of core CSH-1B. Most of
these devices were connected to external equipment through penetrations
in the top head of the reactor vessel. Electrical termination and pressure
sealing of extension leads from thermocouples in instrumented fuel assem-
blies were accomplished in the terminal box and packing gland arrangement
shown in Fig. 72. The removable terminal-box covers are not shown. The
thermocouples in the superheater fuel were Type K, with a sheath of
Type 304 stainless steel, a nominal OD of 0.040 in., and insulated with
Al,03;. Conductor size was No. 34 AWG. Thermocouple wires were soldered
to heavier wires at the ends of the sheaths, made mechanically rigid by
cementing and use of clamping blocks, and waterproofed with two coats of
baked silicone varnish. The larger conductors were soldered to a high-
temperature, "MS"-type connector at the top of the terminal box. A diagram
of external connections to potentiometer-type equipment or high-gain
amplifiers is shown in Fig. 73.

An exterior view of the reactor vessel top head, arranged
for operation with the central superheater core loading, is shown in Fig. 74.
T'he area above the head was covered during power operation by portable,
high-density, concrete shielding slabs. The region around the reactor vessel

head below the shielding slabs was normally ventilated by a forced-air
exhaust system.
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Fig. 74. Reactor Head and Pit Installation,
Core CSH-1B

e Experience

Erroneous temperature readings were discovered after
the reactor had been operated at substantial power levels and was shut
down at the end of a day shift. Operating pressure and temperature
(600 psig, 489°F) were maintained in the reactor vessel by means of an
auxiliary electric heating system while the reactor was shut down. About
l% hr after shutdown, a large apparent increase in superheater fuel
temperatures was noted over a 15-min period. Instead of the saturation
temperature of 489°F in the flooded superheater, some superheater fuel
and steam thermocouples indicated temperatures as high as 960°F. All
nuclear instruments showed the reactor to be shut down, and the steam
plant instruments gave no evidence of abnormal reactor conditions.
Indicated temperatures then slowly decreased and returned to normal
values after about 2 hr, coincident with the beginning of a plant cool-down
which was ordered because of excessive steam leaks through seals and
packing glands on the reactor vessel head penetrations.

It was later found that the indication of increased tempera-
ture was also related to the inadvertent loss of ventilating air flow which
allowed steam leaking from head nozzle seals to condense on the terminal
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he mated "MS" connectors showed moisture present

in quantities sufficient to bridge most contacts. It was determined that mois-
ture entered the connector bodies by way of the external threads on the shell
and not by way of the cable, which was potted to the connector in silicone

rubber.

boxes. An inspection of t

(25 Tests

To investigate the possibility that water on the "MS" connec-
tor had caused the false temperature indications, laboratory tests were con-
ducted based on the assumption that the connector pins and conductors
would function as electrochemical cells whose net effect would depend mainly
on circuit load and pH of the electrolyte. Two groups of tests were run:

(1) One thermocouple circuit of the reactor installation
was simulated using a thermocouple with a dummy load resistance of
288 ohms (loop), an "MS" connector pair, a furnace for the heat source, and
a potentiometer for reading voltage. The connector was subjected to various
conditions of moisture while the voltage was monitored.

(Z) The output of a Chromel-Alumel electrochemical cell
was measured as a function of conductor spacing, conductor area in solution,

pH of electrolyte, and external load resistance.

The first group of tests on the simulated installation (1)
proved to be most valuable in duplicating the conditions experienced. Three
runs were made, and in all cases the thermocouple hot junction was main-
tained at 500°F. In the first run, the connector was left at room temperature,
which resulted in a true 500°F reading. In the second and third runs, the

connector pair was placed in boiling water and steam, with the connectors
These last two runs produced equivalent

initially at room temperature.
F with no predictable pattern of behavior.

outputs ranging from 120 to 900°

The second group of tests (2) gave some indication of
emical cells formed by using Chromel and
Alumel conductors. Voltages were monitored by a Keithley Model 15 1R
microvoltmeter (10 megohms input resistance). Electrolyte pH and resis-
tivity were determined by Leeds & Northrup Model 7664 pH indicator and

a Leeds & Northrup Model 4866-60 conductivity bridge, respectively.

Table XVI indicates some typical values of cell potentials measured. Note
that cell potentials and polarities are related to solution pH. These values
are representative only for the samples used, since it was found that work-
hardening of the conductors, produced by bending or scraping, could drasti-
cally influence the results. It is evident from both groups of tests that the
presence of electrolytes can cause serious errors in temperature

the outputs of various electroch

measurement.



Table XVI

ELECTROCHEMICAL CELL POTENTIAL FOR CHROMEL-P* VS
ALUMEL* AS A FUNCTION OF CONDUCTOR SPACING, LOAD,
AND ELECTROLYTE pH

Electrolyte Output, mV
For 2.5-in. For 0.25-in.
pH Resistivity, ohm-cm Load, ohms Spacing Spacing
8.5 0.345 x 10* 107 -65.0 23680
9.1 x 10° -51.0 -26.0
9000 -2:4 -0.62
1000 -0.24 -0.06
10 -0.003 -0.003
8.0 0.334 x 10* 107 -40.0
9.1 x 10° -39.0
9000 -5.6
1000 -0.66
300 (0}, 117}
10 -0.004
6.95 0.348 x 10* 102 30.0
9.1 x 10° 24.0
9000 0.90
1000 0.10
300 0.026
10 0.0
6.9 0.338 x 10* 10 9.8
9.1 x 10° 9.6
9000 0.28
1000 0.035
10 0.0
6.0 0.305 x 10* 107 42.0 50.0
9.1 x 10° 38.0 38.0
9000 1.5 1
1000 0117 0.12
300 0.05 -
10 0.004 0.001
4.0 0.259 x 10* 107 84.0 125.0
9.1 x 105 79.0 100.0
9000 18.0 12.0
1000 3.4 3.0
300 il =
10 0.04 0.048
3.0 0.155 x 10* 107 51.0 44.0
9.1 x 10° 47.0 41.0
9000 39.0 38.0
1000 23.0 23.0
300 11.0 12.5
10 0.5 0.55
2.5 0.7% 107 107 62.0 46.0
9.1 x 10° 62.0 44.0
9000 56.0 42.0
1000 38.0 31.0
300 20.0 18.5
10 Lall Nl

*Hoskins Manufacturing Co. trade names.
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Conductors of No. 16 AWG (0.053-in.—diam) were
immersed 2 in. into tap wateT at 25°C (room temperature). Immersed area
per conductor was 0.335 sq in. Two runs were made, varying solution pH
by addition of H,SOy4 with 0.25- and 2.5-in. conductor spacing in the electro-
lyte. The Chromel-P conductor was connected to the (+) instrument terminal

throughout all tests.
d. CoRalEETP

From the tests and on-site observations, it was concluded
that the problem in the reactor installation was due to the presence of
condensate on the connectors of the terminal boxes. The initial indicated
temperature rise was probably due to formation of condensate on the con-
ductors, and the later indicated temperature decrease could have been
caused either by condensate dilution of the electrolytic solution or by
completion of the local chemical reaction based on the available cell ma-
terials (conductor metals and free ions in the electrolyte). The effects were
exaggerated by traces of brazing flux which were found at the soldered
connections on the "MS" connectors. (A silver-cadmium hard solder was
used along with fluoride-based flux to join conductors to the pins of the
"MS" connector.) A series of cleaning operations on all the solder joints

apparently was not adequate.

To correct the problem, each "MS" connector was boiled,
with wires attached, in several demineralized water baths. Conductivity
of the solution, with the connector immersed, was monitored during the
cleaning operation. When the solution no longer showed an increase in
conductivity, the connector was considered clean. The connectors and
cables were thoroughly dried under heat lamps, and the original silicone
rubber potting compound was retouched to insure against moisture entry
along the cables. More self-curing silicone rubber was used to cover the
ends of the thermocouple sheaths and their junction points, and was then
applied to seal the cover plates to the terminal box. The two portions of
the "MS" connector were assembled and potted in silicone gel. Each
terminal-box cover plate was equipped with an air inlet fitting near the
top and a small purge hole at the bottom. The terminal box was then
maintained at 5 psig, using clean, dry instrument air. The positive pres-
sure and silicone gel kept moisture from the vulnerable parts of the
assembly. The gel could be easily cut to allow "breaking" of the connectors.

C. Reactor Vessel

1. Radiation Effects

Iron, nickel, and titanium neutron flux wires were installed in a
t the start of core CSH-1B power

thimble next to the reactor vessel wall a
ctor vessel shell. Be-

operation to serve as irradiation monitors for the rea
cause of the limited power production from this core,
in place and not counted.

the wires were left
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2. Temperature Distribution in Reactor Vessel Wall

The satisfactory reactor vessel wall-temperature distribution,
a maximum differential of 35°F, which was attained during the operation of
core B-2, 4) continued through the operation of core CSH-1.

3. Reactor Vessel Water-level Measurement

The use of a cold, rather than heated, reference water-level leg
for reactor water-level measurement continued to give the most reliable
performance obtained.

The use of external steam-heated tracers on the reactor-water-
level gauge glasses was uniformly unsatisfactory. The gauge glasses could
not be brought up to reactor temperature, and so full temperature compensa-
tion was not achieved. Also, the temperature distribution over the length of
the glasses was nonuniform, so level correction factors could not be applied.
Finally, the external (and nonuniform) heating of the gauges led to frequent
glass and gasket failure. Gauge glass heating was discontinued.

In-vessel water-level measurements were made by means of
both an acoustic probe and a steam probe. The details of these experiments

are presented in Section V.A.8. above.

408 "Bellleville'Spring

The Belleville spring, between the reactor vessel head gussets
and the core structure hold-down grid, performed its function of supplying
the central superheater core structure hold-down load in a satisfactory
manner.(2) An average room-temperature spring deflection of 0.128 in.
gave a hold-down load of 10,500 1b. An additional average deflection of
0.046 in. was measured at operating-temperature conditions due to differ-
ential thermal expansions between vessel and core structure. This re-
sulted in a total hot deflection of 0.174 in. and 14,300 1b of core structure
hold-down load.

Following power operation and removal of the reactor vessel
head, the deflection of the Belleville spring was found to be uneven around
the periphery. It is believed that the feedwater sparger hold-down bracket
prevented the core structure struts on the north side from compressing
normally, thereby causing added deflection to the Belleville spring on that
side. This condition was rectified on the next installation.



D. Water and Steam Systems

1. Steam Systems

The steam systems and associated equipment were routinely
operated and in general performed satisfactorily. The steam desuper-
heating equipment performed its function properly while in manual control,
but the short operating period did not permit final adjustment of the auto-

matic controls.

Excessive steam leakage through the double-seated, main-
steam, back-pressure control valve during warming-up operations neces-
sitated the installation of a new steam vent valve in the low-pressure,
main steam line in the turbine building. This valve was kept open until
the steam line reached operating temperature and turbine-generator
operation was to be started. It thereby kept the main steam-line pressure
to the turbine system below 50 psig during the warming-up period.

An interlock was added to prevent opening of the superheater
vent valve if the superheater flood valves were open and there was water
in the superheater. This interlock was added to prevent the loss of an
excessive amount of reactor water or damage to the outlet steam piping.
With the reactor at pressure, water could have been forced from the re-
actor vessel through the flood valves and superheater fuel assemblies to
the steam piping system.

2. Boron Addition and Batch Feed Systems

The boron addition system was revised to provide a 10-min
time delay between the opening of the storage-tank steam-admission valve
and the tank-to-reactor discharge valves. The boron tank could then be
held at a temperature of about 200°F instead of 489°F. In the event of a
need to add the boric acid solution to the reactor, the delay permitted the
tank to be brought to reactor pressure before the dump phase was started.
Since this change, the system has performed satisfactorily. The delay can
be manually bypassed by the control room operator should the need arise.

The batch emergency feedwater system was not operated
during the operation of core CSH-1.

3. Turbogenerator System

(37 yr old) performed in a

The antiquated turbogenerator plant
urbogenerator

satisfactory manner. The maximum vacuum attainable on the t
unit during CSH-1 core power operation was about 18 in. Hg.
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The air ejector exhaust system, modified to pass full-dilution air
flow through both absolute and charcoal filters, performed in a satisfactory
manner.

4. Feedwater System

The feedwater system and associated equipment performed
satisfactorily. The newly installed continuous bypass orifices at each feed
pump worked well, as did the feedwater storage tank cooling system.

5. Auxiliary Water System

Performance of the auxiliary water system was good, with one
exception. The newly installed carbon-ring mechanical seal on the auxiliary
water circulating pump failed early in service at 600 psig, 489°F as did a
replacement unit. The reason for failure was not established, although the
problem was investigated with the manufacturer. The seal system was re-
moved and the packed stuffing box was reinstalled. Packing performance
was more satisfactory.

6. Superheater Flood-and-drain System

Two modifications to the superheater flood system were made
before the power runs with the central superheater core. First, a low-rate
flood system was installed, in parallel with the high-rate system, which per-
mitted a superheater flooding time of 9-10 min. The purpose of this system
was to reduce thermal shock to high-temperature fuel plates on normal
shutdown under high-decay heat conditions. Second, an orifice was installed
on the superheater external flood-and-drain line which increased the high-
rate flooding time for the superheater coolant channels to 33 sec. In
practice, operation of the flood-and-drain systems was satisfactory. Be-
cause of limited power operation, little decay heat was noted on superheater
shutdown, and cooling and flooding were thus simplified. The high-rate flood
system was used exclusively.

During removal of the central superheater core structure from
the reactor vessel, the shielded remote-disconnect procedure for the in-
vessel connector in the flood-and-drain extension pipe was performed
satisfactorily.

7. Superheater Steam Outlet Manifolds and Couplings

Postoperative inspection of the superheater steam outlet mani-
folds and attached DSD temperature-compensated couplings* showed them to
be in excellent condition. Due to the extremely low radiation levels at the
tops of the superheater fuel assemblies, the capability for remote disconnect

*DSD Manufacturing Co., Hamden, Conn.
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uperheater fuel assemblies was not utilized.

dure was used satisfactorily to remove the
or vessel to storage.

of manifold couplings to the S
The remote-disconnect proce
three manifolds from the react

E. Reactor Control, Electrical

tion with the nuclear superheater, interlock
of the control systems were reviewed. As a
1 reactor scram interlocks were added.

Before power opera
circuitry and performance

result of this review, two additiona
The first was a duplicate high—reactor-water-level scram, which was a

back-up for the original high-water-level scram. The second was a dupli-
cate low-steam-flow scram, also a back-up for the original low-steam-flow

scram.

The intermediate control-rod-drive two-speed motors that had failed
during boiling core operation 8 performed satisfactorily after rewinding.
All of the motors were rewound with high—temperature-insulation wire, but
two of them had to be rewound a second time due to insulation breakdown in
the windings. When a good-quality winding job had been accomplished, the
motors performed satisfactorily.

The control rod operating speeds were changed so that any individual
rod traveled at a maximum speed of 6 in./min when being withdrawn. The
intermediate control rods, when withdrawn as a group. traveled at one-fourth
that speed. These changes in speed were possible because of the reduction
in relative reactivity worth of the central control rod located in the

superheater.
F. Control Rods

The fourth inspection of BORAX-V control rods numbered 1, 2, 8, 3,
11, 5, 7, 6, and 10, from core positions 1 through 9, respectively, took place
after completion of operation on the central superheater core during the
changeover to the peripheral superheater core. The control rods, which
were radioactive (up to 35-55 R/hr on contact), were stored in the water
storage pit, where the inspection was carried out under water. Figure 75
shows the inspection gauges used. Subsequent repair operations were done
on the operating floor, with the control rods behind concrete shield slabs
which were placed to reduce radiation to personnel.

The stainless-steel-clad Boral poison section of the control rods
passed the 0.330-in. thickness gauge with the exception of one blade each
from control rods Nos. 3 and 5. These blades from rods Nos. 3 and 5 did
pass the 0.365-in. thickness gauge and were considered to be in good con-
dition. No rub marks or bulges were visible.
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ID-103-3713

Fig. 75. Control Rod Inspection Tools

The laminated X-8001 aluminum followers of the T-shaped control
rods would not pass the 0.438-in. thickness gauge or the 0.438-in. angular-
ity gauge. The 0.438-in. angularity gauge did pass all the followers on the
cruciform control rods, and the 0.365-in. thickness gauge would pass
about half the followers. Closer inspection revealed that some of the spot
welds holding the 1/16—in.—thick follower cladding to the 3/16—in.-thick
core plate had broken, causing minor bulges in the followers. Rub marks
were clearly visible, but the bulges could be depressed by hand. The
cladding at the spot welds was not torn, and so far as could be determined,
no metal was pulled from the core of the follower.

A repair procedure was devised by which the bulged high spots on
the control rod followers were brough back into dimensional tolerance and
greater venting capability given to each blade. A control rod was mounted
horizontally on a fixture between four concrete shield slabs, two slabs on
a side. A working slot 18 in. wide was left between the two slabs so that
a man could work from each side. A special stainless-steel mechanical
fastener, the same as that used to join the poison section and extension
shaft to the follower, was used to squeeze the cladding on both sides of the
blade to the core of the follower. A combination clamp-and-drill fixture
was made to drill a through hole, and a special countersink, with a stop
against the fixture to control the depth, was used to countersink both sides
of the hole. These items are shown in Fig. 76. The screw was inserted,
the nut turned up tight, and the wrench head of the nut broken off. The nut



was then tack-welded foRtiegscEc and the surface ground smooth. This
was repeated until each folloWwer blade would pass the 0.365-in. thickness

gauge.

NTERSINK
Cleldi DRILL AND

BUSHING

WRENCH

CLAMP
¥

"
FASTENER

ID-103-A3059
Fig. 76. Control Rod Follower Repair Tools

The number of fasteners added to each control rod follower is as
follows:

M Core Position Number of Fasteners
il 1 10
2 2 10
8 3 22
3 4 )
1! 5 16
5 6 12
7 7 10
6 8 9
10 9 16

Although the original design of the follower incorporated vents at
top and bottom to allow water or steam between cladding and core to
escape, this may not have been adequate. Therefore, each blade was given
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an additional seven vent holes of 1/8—in. diam on each side, for a total of

14 vent holes per blade. The vent holes went through the cladding only.
Venting was accomplished by taping a locating fixture to the blade to be
drilled and drilling a hole through the cladding, the depth of the hole (3/32in.)
being determined by a bushing mounted on the drill. The small burr on
each vent hole was then ground off with a hand grinder.

At final inspection, all control rod followers passed the 0.365-in.
thickness gauge and the 0.390-in. angularity gauge. The poison sections
remained as in the initial inspection. All control rods were also within the
straightness-and-twist tolerance as determined by the straightness-and-
twist fixture.

The shroud channels for the control rods of the central superheater
core structure were inspected with a thickness gauge. A 0.467-in. thickness
gauge passed all channels, except for control rod positions Nos. 3 and 5. A
0.441-in. thickness gauge passed these two channels. The reduced thickness
of the channels was at points approximately 30 in. from the top of the shroud
or 2 in. below the top of the core. A 0.485-in. thickness gauge had passed
through all channels before operation.

The control rod drives were inspected, and in general were in excel-
lent shape. The linear floating ring labyrinth seals were cleaned of some
rust and fine particles. The Teflon wipers were replaced, and a scratch on
one extension shaft was stoned smooth and the shaft reinstalled.

G. Fuel

1.  Boiling Fuel Rods

Brief visual inspections of several boiling fuel rods after the
unloading of core CSH-1 revealed no evidence of failure or deformation.
The fission product monitoring system gave no indication of boiling fuel
failure. During boiling assembly loading changes, it was noted that the
Inconel-X latch springs on a few of the fuel rods appeared to have inadequate
strength. It is believed this latching difficulty was due to crud buildup
between the rods and fuel assembly guide grid, causing greater friction.
Pulling on the rod-handling tool was required to insure proper latching of
these fuel rods.

2. Boiling Fuel Assembly Boxes

Based upon underwater observations and the noted ease of fuel
rod removal and installation, the boiling fuel assemblies and the A-nickel
grid-holding rivets appeared to be performing satisfactorily.(4)



3. Fuel Handling and Storage

Fuel handling and storage created no problems during either the
loading or unloading of core CSH-1. At the end of operations with core
CSH-1, the control rods and core structure were removed from the reactor
vessel and then moved, unshielded, to the storage points, using the same
temporary crane-operator shielding and crane-indexing system as for core
B-2.4) The radioactivity of both control rods and core structure was low,
and the removal was uneventful.

4. Superheater Fuel Seals

In general, the superheater fuel assembly hollow metal O-ring
seals performed as designed. 2) The total leakage rate of moderator water
into the 12 central superheater fuel assemblies averaged 1 to 1% gal/hr
during core CSH-1B operation, before the transition weld failure discussed
in Section VIII below. Care was taken to insure clean seal-mating surfaces
during seal installation. New, clean seals would seldom remain on the
nozzle leaf springs on removal of fuel assemblies. As a result of crud
buildup during power operation, however, the seals were satisfactorily
retained on the nozzle leaf springs during superheater fuel removal.

During room-temperature critical experiments, hold-down loads
on the seals were cycled several times with no adverse effect on seal leakage
rates. New seals were installed, however, before power operation. After
power operation, the seal-removal jig was utilized for underwater replace-
ment of radioactive used seals with new seal rings. This operation was
performed in a satisfactory manner.

The superheater fuel seal-removal jig, shown in Fig. 77, is a
sliding-blade device to remove used seals from the superheater fuel assem-
bly nozzles and to replace them with new seals. The operation is performed
under water for shielding purposes. The blades are opened, the fuel assem-
bly nozzle with seal attached is inserted into the jig, the blades are closed,
and the fuel assembly is then withdrawn, leaving the O-ring behind. New
O-ring seals are installed by reversing the above procedure.
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O-RING SEAL
a SLIDING BLADES

R
ID-103-A3065

Fig. 77. Superheater Seal-removal Jig
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viil. SUPERHEATER FUEL EXPERIENCE

A. Superheater Fuel Assembly Leak Repairs

During the early zero-power, room-temperature experiments on
core CSH-1, superheater leak tests indicated an excessive leakage of
moderator water into the superheater coolant channels. Investigation re-
vealed that six superheater assemblies out of the 12 in the core were
leaking through welds at the joints between the fuel subassembly and the
top riser and bottom nozzle. These welds were repaired, and each fuel
assembly passed a 3-psi pneumatic leak test. After the fuel assemblies
were reinstalled, a satisfactory superheater leak rate of 1 gal/hr was
measured. During this measurement, three of the 12 assemblies had
taped detachable nozzles.

In preparation for zero-power tests at operating temperature, the
detachable bottom nozzles of four superheater fuel assemblies were welded
on, and all assemblies in the reactor were leak-tested by filling the steam
passages of each assembly with water. Five fuel assemblies were found
to have leaks through faulty welds between insulating tubes and flow vanes.
These welds were repaired by manual T.I.G. welding.

While the zero-power, operating-temperature experiments were
being run, further leak problems at high temperature were discovered in
the following manner: The hole where the interpass steam thermocouples
penetrated an upper flow vane on the three instrumented superheater fuel
assemblies was inadvertently left unbrazed during fabrication. This omis-
sion was corrected at the reactor site by sealing the holes with a special
corrosion-resistant silver braze. After no leaks were detected by an
air-leak test, instrumented superheater assembly C- 16 was placed in an
autoclave, seals were leak-tested, and all thermocouples were intercali-
brated at temperatures up to 490°F.

Upon removal from the autoclave, after approximately 10 hr at tem-
peratures between 200 and 490°F, the assembly was filled with water and
all metal joints were checked for leaks. Several weld joints, as well as the
thermocouple braze, were found to leak. A similar autoclave test on a
standard superheater assembly also showed faulty welds.

The leaks were in weld seams where the five individual fuel elements
in an assembly are joined to top and bottom flow vanes. The flow vane main-
tains the moderator gap spacing between elements at this joining point. To
improve the integrity of this joint, a fillet weld was made on every joint in
every assembly. This required 16 seam welds per assembly, in slots
0.365 in. wide and 3.875 in. long. A special welding machine, shown in
Fig. 78, which shielded the radioactive fuel assemblies (1/2 to 2 R/hr on
contact) and allowes viewing and remote manipulation of the inert-gas-
shielded tungsten electrode within the slot, was developed for this purpose.
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210-943

Fig. 78. Repair Welding Machine for Superheater
Fuel Assemblies (Shielding Removed)

The possibility of excessive weld penetration burning through the
insulating tube into the bottom of fuel plates was realized. Considerable
time was spent in obtaining proper weld penetration by machine-welding
samples and mock-ups. Final inspection for weld burn-through could be
achieved only by cutting off the bottom nozzle of each assembly. This was
not done.

While two of the instrumented superheater fuel assemblies were
being repaired, the bottom steam thermocouples were damaged and re-
quired replacement. New thermocouples were placed in the lower nozzle
of each assembly, and the extension leads were brought through stainless-
steel tubing mounted external to the assembly.

Measurements made on the superheater fuel assemblies before and
after welding indicated only a slight shrinkage in width and breadth, so the
dimensions of the moderator water gaps were essentially unchanged.
Shrinkage in overall assembly length averaged about 0.050 in., which re-
sulted in a downward superheater fuel displacement of half that amount.
All the assemblies required straightening after welding. All assemblies
were finally leak-tested by filling them with water, and any leaks that still
existed were repaired.
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B. Fission Product Experiments

Because of the fission product and leakage problems, discussed in
Section VII.A. above, power operation was interrupted and the reactor vessel
head was removed to permit examination of the superheater fuel. To de-
termine which superheater fuel assemblies were yielding fission products,
equipment was installed to obtain water samples from all 12 assemblies
at a point about 4 in. above the top of the fuel plates. Water was sampled
at zero power, and then the reactor was operated at 100 kW for 55 min.
Another water sample was then taken immediately after the run. The
samples before and after the power run were counted and compared. Two
tests were made with essentially the same results.

The results of the second test, showing the gross gamma count on
4-m] aliquots of each sample and counts on radiochemical iodine separa-
tions, are tabulated in Table XVIL. The superheater fuel locations are
shown in Fig. 67.

Table XVII
FISSION-PRODUCT EXPERIMENT, CORE CSH-1B

Superheater
Fuel Assembly Core Gross Gamma Count, Iodine Separations
No. Position counts/min Count, counts/min
First Pass

C-1 35 45,500 2,450

C-14-1 45 4,000 1702

C-10 46 30,400 952

C-9 55 30,500 1502

=il 56 38,800 53D

C-13 65 33,200 3102

Second Pass

Cc-2 34 28,500 1502

Cc-12 43 28,800 i

C-16-1 44 20,100 o

C-3 53 80,000 3,860

C-4 54 32,900 1,530

Cc-6 64 28,000 1402
Superheater Drain Line 2,250 2952
Bottom of Reactor Vessel 40 %
Average Low Count 190

aysed for average low count.
bpossible iodine Separation error.
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The gross gamma count was made from 1 to 2 hr after shutdown,
and the values have been corrected for decay. The iodine separation count
reported here was run 3 days after shutdown and was not corrected for
decay. A gamma-ray spectrometer analysis indicated that the iodine at
this time was mostly I'3%.

Some fission product iodine was found in each superheater fuel
assembly, but assembly C-3 had the largest amount, followed by C-1 and
C-4. The ratio of the iodine separation count to the average low count for
these assemblies is as follows:

Count
Assembly No. Avg. Low Count
C-3 2 20T
Cc-1 9.0
c-4 6T/
C. Examination of Defective Superheater Fuel
1. On-site Superheater Fuel Inspection

A pneumatic leak test was run on all the superheater fuel as-
semblies while still in place in the reactor. Bubbles rose from between
two assemblies only. Removal and individual leak testing of all three fuel
assemblies in the west quadrant of the superheater indicated a leak only
in fuel assembly C-3 from core position 53. The leak was caused by a
crack about 1/2 in. long in the weld between the bottom nozzle and the
five-element fuel subassembly. Underwater visual inspection of this
asse}nbly revealed two localized bulges near the end of each of two fuel-
element insulating tubes adjacent to the repair fillet welds, as shown in
Fig. 79. In addition, two outside and one inside fuel elements of the same
assembly appeared to have a slight longitudinal bow. The internal contact
points of the spacer wires on the outer insulating tube are visible in Fig. 80,
but no undulations could be felt with a probe moved over the surface.

The other two fuel assemblies inspected did not leak and had
no visible damage.

Superheater fuel assembly C-3 was replaced with spare assembly,
C-7, and the reactor reloaded. Another leak test at room-temperature condi-
tions indicated a l.Z-gal/hr inleakage of moderator water to the superheater.
The fissionproducts detection experiment was repeated. The ratios of iodine
separation counts on samples from superheater fuel assemblies C-1 and C-4
to the average low count were about the same as in the previous experiment
summarized in Table XVII. The count on the sample from the fresh fuel
assembly, C-7, was about the same as the average low count. Probably
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this trace of iodine in a fresh assembly came from either fuel surface
contamination of that assembly, or from other fuel assemblies by diffusi
sion

through the water in the interpass plenum chambers.

LEAK ON
REVERSE
SIDE

ID-103-3951 ID-103-3952
Fig. 80. Northeast Side of

Superheater Fuel
Assembly C-3,
Core CSH-1

Fig. 79. Southeast Side of Superheater
Fuel Assembly C-3,
Core CSH-1

11 irradiated central
his inspection included

An underwater inspection was made of a
he central

superheater fuelassemblies, except assembly C-3. T
light passed through the length of t
abling viewing of a 15-in.
t channel volume; and
cted showed some
djacent fuel-
reduction of

periscopic observation of: (1)
portion of the fuel-assembly coolant channels, en -
diam circle which comprised about 15% of the coolan
(2) the fuel-Pl_ate bottom ends. All assemblies inspe
weld penetration through insulating tubes to the bottom of a
plate dead ends. None showed cooling-channel distortion or
coolant-channel dimensions in the central light-test area, oF apparent
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bowing of the insulating tubes. Eight assemblies showed minor distortion
of the bottoms of fuel plates, and three showed moderate distortion. Of

the three moderately distorted assemblies, assembly C- 1, which was found
to leak fission products, had several small outward bulges at the ends of
the insulating tubes, one assembly had a similar single bulge, and the third
had none. The other fuel assembly found to be leaking fission products,
C-4, showed only minor fuel-plate distortion.

2. Examination of Superheater Fuel Assembly C-3

To determine the cause of the fission product release and the in-
sulating tube bulges, superheater fuel assembly C-3 was dissected and
examined in a hot laboratory. Orientation during the disassembly and ex-
amination of the fuel assembly
is indicated by referring to
the "top" and "bottom" of the
assembly as it was located
in the reactor. The five
four-plate fuel elements are
numbered 12 through 16 from
left to right in Fig. 79.

12 T | 3 R | ), W ) o W— i 5

a. Disassembly

All the hot-cell cut-
ting operations were performed
with a power hacksaw, using a
fine-tooth blade, except for the
slitting of the insulating cans.
These were cut with a milling
machine. Burrs caused by the
cutting operations may be seen
in several figures.
= b The fuel assembly
top riser and bottom nozzle
were cut off above and below
the flow vanes. Cuts were
then made which entered the flow vanes (spacers that separate the five fuel
elements) but were just clear of the fuel plates. Figure 81 is a top view
and Fig. 82 a bottom view of the fuel subassembly. Figure 82 is a com-
posite of 15 separate, enlarged photographs in which the angle of view in
each picture is not the same. For example, some of the plates are seen
edge-on and others are tilted so that the plate numbers on the face can be
seen. Areas of fusion of the outer fuel plates in each element to the insula-
ting tube are evident. This fusionwas caused by burn-through of insulating-
tube leak-repair welds. Next, the flow-vane assemblies were removed from
both ends by cutting just inboard of the vanes and through the unfueled ends
of the fuel plates. This separated the five elements from each other.

Fig. 81. Upper End of Superheater Fuel
Assembly C-3, Core CSH-1
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Fig. 82. Lower End of Superheater Fuel
Assembly C-3, Core CSH-1

b. Crack in Lower-nozzle Weld

The crack in the weld between the lower nozzle and the
fuel element subassembly mentioned in Section VIII.C.l.was examined. A
closeup of this crack is shown in Fig. 83. This crack lies just below
element 15 and extends to element 16. Microscopic examination of the
crack showed that either there had not been complete weld fusion, or, if
there had originally been good welding, most of this had been ground off
during fabrication.

c. Examination of Individual Elements

By shining light through the steam channels and by probing
with a steel tape, it was found that elements 12, 13, and 14 were essentially
open. Element 15 was blocked about 8 in. from the top end, and element 16
was blocked 1in. from the bottom. The blockages were only partial, since
at least 144 ml of water per minute could be poured through any of the nine
individual coolant channels in each element.

143



144

141-2011

Fig. 83. Cracked Weld below Element 15, Superheater
Fuel Assembly C-3, Core CSH-1

(1) Element 12

Element 12 showed the least damage. At the bottom,
one of the outer fuel plates was tack-welded to the insulating tube at two
places, as shown in Fig. 82. The weld adjacent to the slightly buckled
plate had torn loose. The other weld was intact, and this probably had
caused the plate to buckle.

Plate distortion at the top is shown in Fig. 81. This
amount of distortion was also present in the other elements and appears
not to be related to the fusion-caused damage at the bottom. To determine
how far this distortion extended into the element, seven cuts were made
at 1/2-in. intervals, starting 3/8 in. from the top of the fuel plates. Two
of these sections are shown in Fig. 84. The distortion essentially dis-
appeared 15/16 in. below the top of the element.
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15/16 in. from Top
of Fuel Plates

3/8 in. from Top
of Fuel Plates

\

Fig. 84. Sections through Element 12, Superheater
Fuel Assembly C-3, Core CSH-1

141-2007

(2) Element 13

e outer plates

At the bottom of element 13, one of th
ted with

was welded for 1in., as shown in Fig. 82. The buckling associa
this weld extended upward for about 1 in. This may be seen in Fig. 85,
which is a photograph of the section made immediately above the flow
vanes or about 3/8 in. above the bottom end of the fuel plates. Itcan also be
seen that the plate has been torn at one end.
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141-2006
Fig. 85. Section 3/8 in. above Bottom of Fuel Plates,
Superheater Fuel Assembly C-3, Core CSH-1
(3) Element 14

Damage to this element was almost identical to that
in element 13, including a tear in a plate.

(4) Element 15

At the bottom of element 15, both outer plates were
firmly welded to the insulating tube over most of the width of the plate, as
can be seen in Fig. 82. Notches can be observed in the plate ends. These
appear to be the result of complete weld melting at these points.
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Fig.86. Buckling in Element 15,
Superheater Fuel As-
sembly C-3, Core CSH-1

Only minor distortion of the
fuel plates occurred at the bottom of
this element and at the cut 3/8 in. above
the bottom. Removal of the insulating
tube revealed buckling of the whole fuel
element about 8 in. up from the bottom,
as shown in Fig. 86. Two dark spots
occurred where the ripples in the fuel
subassembly caused it to touch the in-
sulating tube. Similar spots occurred
on the reverse side. Closer examina-
tion and scratching of the surface
showed that these were not burned spots
but deposits of a reddish material.
Matching spots were found on the inside
of the insulating tubes.

Longitudinal sections through
this area, shown in Fig. 87, indicated
that the fuel assembly buckled as a unit.

(5) Element 16

In Fig. 82, the bottom of one
of the outer fuel plates in this element
can be seen almost completely welded
to the insulating tube. At the cut made

141-2012

Fig. 87. Buckling in Element 15, Longitudinal Section,
Superheater Fuel Assembly C-3, Core CSH-1
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3/8 in. above the bottom of the fuel plates, shown in Fig. 85, this plate had
buckled over against its neighbors and forced them out of normal position.
A longitudinal section of the element shown in Fig. 88 revealed that the
bulge extended only 1/2 in. above this point. Figure 85 also shows that the
plate spacers have separated from the plates in the region of the bulge.
There was no indication that the plate cladding was torn off the plate, thus
exposing the fuel. A closer view of this area, looking downward (not
shown), indicated that there were two cracks in the bulged plate where it
joined the spacers.

141-2013

Fig. 88. Longitudinal Section of Element 16, Superheater
Fuel Assembly C-3, Core CSH-1

d. Source of Fission Products

In an effort to find the source of leaking fission products,
several likely spots were smeared and counted for alpha activity. Seven
other smears were analyzed with a gamma radiation spectrometer. The
results were not conclusive, since similar amounts of alpha-activity
fission products and activated cladding were found at all points.

The tears in the plates in elements 13, 14, and 16 pointed
out above were in each case about 3/8 in. above the lower end of the fuel
plates. These individual plates were examined and compared with cor-
responding radiographs made during manufacture. By measurement, the
torn plate in element 14 was the only one in which the tear could extend
up as far as the fuel. For confirmation, metallography samples were taken
from elements 13 and 14. It can be seen in Fig. 89 that the fuel did extend
down to the tear in element 14. The area in which fuel was exposed is
estimated to be 1/2 in. long by 1/100 in. thick. Any porosity would, of
course, increase the effective area.
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Fig. 89. Metallographic Section of Torn
Lower End of Fuel Plate from
Element 14, Superheater Fuel
Assembly C-3, Core CSH-1
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e. Deposits in the Insulating Gap

The amount of reddish deposits
between the insulating tube and the fuel
element was heavier in element 15 than
in the other elements. A distinct pattern
could also be observed on the inside of
the tube, as seen in Fig. 90. These de-
posits may be related in some way to the
fact that this insulating space was nearly
sealed off from the reactor by fusion of
the fuel plates to the tube at the bottom
of the element.

141-2008

Fig. 90 Deposits on Fuel Plate and Inside of Insulating

Tube, Element 16, Superheater Fuel As-
sembly C-3, Core CSH-1
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3. Conclusions

In each case, the distortion at the bottom of some of the fuel
plates in assembly C-3 may be attributed to the inadvertent burn-through
of insulating -tube leak-repair welds into the bottom dead end of the fuel
plates. The lower end of the fuel element was designed to be free to ex-
pand both transversely and longitudinally in relation to the insulating tube.
The weld burn-through restrained this expansion.

Where only a small amount of weld fusion to the insulating
tube existed, as in elements 12, 13, and 14, the individual fuel plate was
buckled, stretched, and in some cases torn by differential thermal expan-
sion during power operation. Where the entire width of the plate was
welded, as in element 16, the plate buckled sharply for its entire width.
Where both outer plates were fused to the tube, as in element 15, a large
and balanced compressive (and tensile) force would have been generated
in the fuel element and tube. The fuel element failed in compression by
buckling. The location of the fuel element buckling was in the area of
highest neutron flux and high temperature where the material would be the
weakest.

The hypothesis that the bulge at the bottom of element 16 was
caused by vaporization of water trapped in the insulating space does not
appear to be valid. This conclusion is based on the fact that the long axis
of the bulges in both tube and fuel plate ran laterally. Hydrostatic pressure
would be expected to produce bulges with the axis longitudinal to the element.

The crack in the weld between the fuel subassembly and the
lower nozzle was adjacent to, and the bulged insulating tubes were in,
elements 15 and 16. This crack in a weak weld may have been caused by
the high differential expansion forces set up in these two elements.

The slight fuel plate warpage at the top of the fuel assembly
was caused by a design defect. The welding of the tops of the outer fuel
and side plates to the insulating tube at this level restrained the transverse
expansion of the fuel plate. It is thought that the tops of the fuel plates were
stressed beyond the elastic limit and that they buckled because of fabrica-
tion and repair-weld shrinkage, in combination with an operating temperature
difference of as much as 400°F between the tops of the fuel plates and the
restraining, cooler insulating tube and adjacent, relatively massive, flow
vanes.

No evidence of coolant channel blockage or melting was found on
superheater fuel assembly C-3. The only evidence of exposed fuel was the
small tear into the stainless steel-UO, matrix at the bottom corner of one
plate in element 14.

The fission product release from the fuel defects in core CSH-
1B was on a very low level.
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