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LEGAL NOTICE

This report uas prepared as am account of Government sponsored 
work. Neither the Lasted States, nor the Commission, nor any 
person acting on behalf of the Commission:
A. Makes any warranty or representation, expressed or implead, 

with respect to the accuracy, completeness, or mefttlnass of 
the information contained in this report, or that the nsa 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 
ages resulting from the sue of any infc 
method, or process disclosed in this report.

As sued in the above, “person acting on behalf of ; 
includes any employee or contractor of the Commission, or em
ployee of such contractor, to the extent that such employee or 
contractor of the Commission, or employee of such 
prepares, disseminates, or provides access to, any mfc 
pursuant to his employment or contract with the Cc 
his employment with such
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1.0 INTRODUCT IO N  AND SUMMARY

1.1 Introduction

This is the seventh in the series of quarterly progress reports  being issued to cover the work 
performed on the EVESR-AEC N uclear Superheat Fuel Development Project under Contract 
AT(Q4-3 ) - 18y, P. A. 29. The EVESR plant design and the design of the f ir s t  core load of fuel 
are described in detail in G EA P-4105 "The F irs t Q u arte rly  R eport," and in A P E D -3958,

I

"Final H azards Summary Report for the E SA D A -VESR ." The seventh q u arte rly  report is 
intended to cover the technical pi ogress on the AEC-sponsored EVESR N uclear Superheat Fuel 
Development Project for the period between Decem ber 1, 1963 and February 29, 1964.

Nuclear Supe rheat Fuel Development Program Reports Issued to Date

Q uarterly  Reports

F irs t
Second
Th ird
Fourth
F ifth
Sixth
Seventh

May 1962 through August 1962, G EA P-4105  
September through November 1962, G EA P-4146  
December 1962 through February 1963, G EAP-4200  
Marc^i through M ay 1963, GEAP-4277  
June through August 1963. GEAP-4363  
September through November 1963. G EA P-4432  
December 1963 through February 1964, GEAP-4566

T opical R eports

"Physics Pre-Startup Report, ” A p ril 1963, G E A P -4213

The E V E S R -A E C  Nuclear Superheat Fuel Development P ro ject has been organized into the 
following w ork task areas:

Sub- task A - J_: 

Sub-task B - 1: 

Sub-task B - j?. 

Sub-task C - 1: 

St b -task C - 2 : 

Sub-task C - 3 : 

Sub-task C - 4: 

Sub-task C - 5: 

Sub- t ask D - 1: 

Sub-task D -2 : 

Sub-task D - 3:

Program Planning and Evaluation;

In itia l Fuel Design;

In itia l Fuel Design, Engineering Physics;

In itia l Fuel Fabrication;

In itia l Fuel E lem ent Development and Fabrication; ( 

Neutron Source Preparation;

Fuel Evaluation Instrumentation;

Fuel Chemistry Evaluation Instrum entation;

Fuel Tests, Engineering Physics;

Fuel Tests, Test Engineering  

Fuel Tests, Test Specifications;

1-1
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Su b -ta sk D-4. 

Sub-ta sk D-5: 

Sub-task  E - 1: 

Sub-task E -2 : 

Sub-task  F - 1: 

Sub-task  F - 2: 

Sub-task  F - 3: 

Sub-task  F-4:

Fuel T e s ts .  Data Processing;

Fuel T e s ts ,  Activity R elease  and Coolant Chemistry; 

Fuel Examination Planning and Evaluation;

Fuel P r e -  and Post-Irrad ia tion  Examinations 

Advanced Fuel General Development;

Advanced Fuel Fabrication;

Mark III Fuel Design and Development; and 

Mark IV Fuel Design and Development.

T h ese  tasks will se rve  a s  a basic outline for the reporting of p ro g re s s  in this and future 
q u a r te r ly  p rogress  r e p o r t s .

1 .2  Sum m a ry

1. Criticality  with the full core loading of 32 fuel bundles was f irs t  achieved on Decem ber 3, 
1963.

2. The critica l test p ro g ram , consisting of making physics m easu rem en ts  with tne re a c to r  in 
the following conditions, was completed in F ebruary  1964:

a . Cold, steam p a ssa g es  unflooded;
b. Cold, steam p a ssa g es  flooded;
c . Hot, steam p a ssa g es  flooded; and
d. Hot, steam p a ssa g es  unflooded.

The resu lts  of the c r i t ic a l  test program  a r e  reported  under S ub-tasks A -1 and D -1.

3. Detailed test p ro ce d u res  have been p rep a red  for the prepower and power tests which a r e  
expected to be conducted during the next q u a r te r .

4. P lans and specifications for the Oxygen and Hydrogen Injection System are  completed, 
and procurement b ids  a re  being received.

• 5. The installation of the Fuel Evaluation Instrum entation System was ompleted with the
placing and connection of the R and D Instrum en t Panel in the Control Room. The f i r s t  
phase of tests to a s s u r e  the proper operation of this instrument system  has been su c c e s s 
fully completed. D e ta ils  of these activ ities  a r e  reported under Sub-tasks A-l and C-4.

6. The installation of the  Coolant Sampling System  is complete, and reac to r  operating
personnel a re  being tra in ed  in the techniques of taking steam sam p les  and operating the 
instrum ents .

*  * *
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7. Specifications calling out the specific  l imits  of tem pera tu re ,  power level, and coolant 
chemistry conditions to be maintained on the Mark II fuel have been prepared.

8. The DARE p ro g ram  for computer computation of EVESR fuel operating conditions has been 
completed (option 5) to allow the generation of operating cu rves .  These c u rv es  show the 
relationships among the following key reactor  and fuel operat ing parameters :

a. Fuel c lad  surface tem pera ture ,
b. Steam coolant flow rate,
c. Reactor power level, and
d. Superheated steam exit t em p era tu re .

These cu rv e s  a r e  shown under Sub-task D-4.

9. A prel iminary  plan for the advanced fuel program has been developed and is p resen ted  
under Task F .

10. The layout design of Mark III fuel bundle has been completed and approximately 90 percent 
of the m ate r ia l  required for fabricat ion has been o rdered .  Tubing for fuel e lem ent  cladding 
has been o r d e r e d  and is being rece ived  and inspected.

1-3/1-4
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2 .0  SUB-TASK A -I :  PROGRAM PLANNING AND EVALUATION

2.1 Critu;al_ Test P r o g ram

Activities at the EVESR site during D ecem ber. January, and February  centered a round  com
pleting the loading ol the 32 Mark II fuel bundles and conducting the planned c r i t ic a l  tes t  
program.

Criticality with the lull core loading of 32 fuel bundles was f i r s t  achieved on D ecem ber 3. 1963. 
and critical te s ting  with the core In the cold, unflooded condition was completed. The resu lts  
were reviewed with m embers of the AEC Division of L icensing and Regulation and concurrence 
was obtained to proceed with the next phase of critical te s ts  with the core in the flooded 
condition.

The unflooded c o re  was unloaded to e ight bundles and the c o re  was flooded. Fuel bundles were 
then reloaded and critica lity  in the cold, flooded condition was achieved on D ecem ber 20, 1963, 
with 14 fuel bundles in the core. Loading of the remaining fuel bundles was com pleted on 
December 26. 1963, and critical tes ting  resumed with the full co re  of 32 fuel bundles in the 
cold, flooded condition.

Cold critica l te s ting  of EVESR was com pleted during Jan u ary . These tes ts  included m easu re 
ments of the tem p era tu re  coefficient up to 180 F and control rod  worth m easu rem en ts  for the 
flooded core .

Prelim inary r e s u l ts  of the cold c r i t ic a l  te s t  program were reviewed with the AEC Division of 
Licensing and Regulation on January 3, and it was agreed at that tim e to proceed with the hot 
critical tes ts ,  including the tes ts  which required  installation of the superheated s team  jumper 
pipes.

Following com pletion of the cold te s ts ,  one of the four perm anent antim ony-beryllium  sources 
was installed in the core and the o u t-o f-c o re  nuclear in s tru m en ts  were calibrated aga in s t  the 
in-core de tec to rs  used during the e a r l i e r  phases of the te s t .  All 32 of the superheat steam  
jumper pipes w ere .insta lled  for the f i r s t  tim e.

The hot c rit ica l t e s t s  were initiated on January  17. These t e s t s  included m easurem ent of the 
tem perature coefficient from 300 F to 5 45 f F with the fuel both flooded and unflooded. Control 
rod worths were evaluated at operating conditions using norm al period techniques.

The critical tes t p rogram  was completed during February . The final tes ts  perfo rm ed  
emphasized m easurem ent of c ritica l physics  pa ram eters  with the  reactor at e levated tem p era 
tu res  and with the  fuel steam passages unflooded. In addition, special m easurem ents  were 
performed to d e te rm in e  the worth of individual control rods with various rod configurations at 
several in te rm ed ia te  moderator te m p e ra tu re s .  Most of the m easurem ents  were m ade using
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period technique*. However. these  resu lts  were supplemented by use of the pulsed neutron 
source at te m p e ra tu re s  up to 37?* F . The pulsed neutron equipment was used successfully 
during tn ree  phases oi the test p ro g ram  and provided useful information which would have 
l»een o therw ise  unavailable.

Detailed r e s u l t s  ot the critica l te s t  program  are  p resen ted  under Sub-task D -1.

2.2 Prepower and Low Power Testing

Following the c ri t ica l  test p rog ram , the se r ies  of prepow er and low power te s t s  listed below 
will be conducted. Detailed test p ro ced u res  have been p rep a red  based on the tes t outlines 
which were completed previously:

>

a. Flow noz/el calibration; *
b. P lant flow (This test has been completed):
c . Unflooding (This test has been completed);
d. Flow distribution:
e. Em ergency cooling;
f. Heat balance calibration;
g. C o re  tem peratures .
h. R eac to r  water level:
i. P r e s s u r e  controller;
j. Outlet flow controller;
k. C ontro l rod run-in and run-out;
l. Sim ulated cold w-ater acc iden t and moderator recirculation;

m. Flux, flow, and tem p era tu re  computer;
n. C lean up flow transient:
o. S c ram  without isolation;
p. P r e s s u r e  oscillation;
q. P lant radiation;
r .  O ff-gas system calibration;
s. Fuel evaluation instrum entation;
t. C ontro l of bias flow contro l valves (completed): and
u. P ipe gall ry cooling.

Special in s tru n  s ta tion , such a s  high speed reco rd e rs  requ ired  for the prepow er and power 
tes ts , has been assem bled and insta lled .

2.3 Hydrogen and Oxygen Injection System

Plans and specifications for a Hydrogen and Oxygen Injection System have1 been completed. 
This sy s tem  will inject hydrogen and oxygen gas into the sa turated  steam header at a point 
betwe-.-n the bo ile r  and the re a c to r .  The purpose of the system  is to simulate the radiolytic
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g a s  content of typical s te am  from  boiling w ater rea c to rs . The flow of hydrogen and oxygen 
fro m  gas storage bo ttles  will be controlled in such a manner that the  sto ichiom etric  gas 
frac tio n s  of 20 ppm oxygen and 2.5 ppm hydrogen will be p resen t in the steam  reaching the 
r e a c to r .  The operation and control of the gas injection system  will be autom atic. In addition , 
a gas analysis in strum en t is  being designed which will m easure and produce an independent 
re c o rd  of the actual gas content of the steam  dow nstream  of the in jection point. The gas an a ly s is  
in strum en t is described  under Sub-task C -5.

2.4 T urb ine  Tie-In

D esign and procurem ent work was initiated on an interconnection betw een the EVESR su p erh ea t 
s team  header and the ex is ting  VBWR tu rb ine . T his connection will p e rm it the EVESR steam  to 
be utilized in the tu rb ine  which was previously  operated with steam  fro m  the VBWR.

2.5 Insta lla tion  of Fuel E valuation Instrum entation

T he R and D Instrum ent Panel was installed  in the EVESR control room  in December, and the 
e le c tr ic  cable connections were made to the s e n so rs  and signal t ra n s m it te r s . The se n so rs  and 
s ig n a ls  tran sm itte rs , located  in the reac to r containm ent building, w ere  installed prev iously .

T he EVESR Fuel Evaluation Instrum ent System , which was described  in detail in the Fifth 
Q u arte rly  Report, GEAP-4363, has been in s ta lled  to fulfill the following requirem ents of the 
n u c le a r superheat fuel developm ent program :

a . To m easure and re c o rd  the tem pera tu re , p re s su re , and flow' r a te  of the superheated 
steam  from  each of the 32 fuel bundles th a t make up the reac to r c o re . These v a riab les  
a re  m easured in the 32 steam  exit lines ju s t  outside the re a c to r  p re s su re  vessel.

b. To indicate and a la rm  when any fuel bundle is  operating at high o r  low tem pera tu res, a s  
evidenced by the s team  tem pera tu res.

c . To provide a m eans of adjusting the bundle steam  flow control va lves for the purpose of 
controlling the fuel opera ting  tem p era tu re .

d. To m easure and re c o rd  approxim ately 20 coolant and m oderator tem p era tu res  at se lec ted  
points within each of the  eight instrum ented  fuel bundles in the 'so u th '' quarter section of 
the reacto r co re .

e . To provide a cen tra l instrum ent read-ou t point for fuel evaluation instrum entation for both v 
the initial (Mark II) fuel and for additional instrum ents which may be applied to the 
advanced fuel.

2-3
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Following installation. tes ts  w ere  conducted on the Fuel Evaluation Inst rument  System. These 
tests a r t  described under Sub-task C-4.

2.6 Installation ol the Coolant Sampling System

Installation ol the basic coolant sampling system is complete  and Operat ions personnel a re  
being t ra ined  in the techniques ol taking samples and operating the in s t rum en ts .  Tests  on the 
accuracy ol the automatic ch lor .de  analyzer a re  being conducted prior to i ts  re lease  for regular  
use by Operat ions personnel.

0
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3 .0  SUB-TASK B -l:  TNITIAL FUEL DESIGN

The design and fab rica tion  of the in itial (M ark II) EVESP. fuel is  com plete. The design is
described in the F ifth  Q uarterly  Report, GEAP-4363.

The present sta tu s of the 37 M ark II fuel bundles is as follows:

Bundles 1 through 32: Loaded in the reac to r a s  shown in F igure 3 -1 .

Spare Bundle 33 (Incoloy clad - SPL1): Being adapted for m odera to r flow m easurem ent as
repo rted  under Sub-task  C -4.

Spare Bundle 34 (Incoloy clad - SPL2): Instrum ented and used fo r  controlled steam  passage
flooding and unflooding te s ts .

Spare Bundle 35 (Inconel clad - SPM1): A vailable as a sp are .

Spare Bundle 36 (Inconel clad - SPM2): A vailable as a sp are .

Spare Bundle 37 (Inconel clad - F3M): Contains fuel elem ent c lad  therm ocouples. A vailable
fo r  insertion.

3-1
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4.0 SUP-TASK B-2: INITIAL FUEL DESIGN - ENGINEERING PHYSICS

4.1 Haza rd s  Evaluations

Hazards  studies re la ted  to the EVESR reac to r  have beer, extended to take into consideration any 
changes to previously assum ed nuclear c h a ra c te r i s t i c s  resulting f ro m  the crit ical test  p ro g ram .  
Of part icular  importance in this respect were the measurements  of control system s t rength  and 
par t ia l  unflooding react iv i ty  effects. The m easurem ents  indicated that the strength of the outer  
control blades relative to the inner control b lades  was less than had been predicted in the initial 
design calculations. Despite  the fact that the  tota l  control system was found to be essent ia l ly  
as  calculated for the Final  Hazards Summary Report (FHSR)/*' the maximum strength of a 
single blade was found to be somewhat g rea te r  than had previously been assumed. The maximum 
strength  blade was found to be one of the four central ,  stainless s teel  control blades. C a lcu la 
t ions were made to investigate  the t rans ien ts  resulting from the d rop-out  of a maximum s trength  
control  blade in both the cold flooded reac to r  and the hot unflooded re a c to r .

Two compensating changes have occurred which leave the calculated effects  of hot contiol rod 
drop-out  accidents essen t ia l ly  unchanged f rom that described in the FHSR. The hot control  rod 
drop-out  accidents sum m arized  in the FHSR utilized the Doppler react iv i ty  coefficient, shown 
on FSHR Figure II. C. 5, for  a moderator t em pera tu re  of 68'JF. The more  appropriate Doppler  
coefficients for these c a s e s  is the curve, shown also on Figure II. C. 5, for a moderator t e m 
p e ra tu re  of 545 F. Applying this more appropr ia te  coefficient r e s u l t s  in greater  Doppler control  
than previously calculated which compensates for the increase in maximum hot rod worths in 
both normal and abnormal  patterns. Thus, the increase  in maximum normal pattern rod worth 
f rom 0.016 Ak to 0.021 Ak still results  in an accident which does not exceed the core destruct ion  
threshold . The increase  in maximum abnormal pattern rod worth f ro m  0.033 Ak to 0.037 Ak 
st i l l  resu l ts  in an accident of approximately 2300 MW-seconds of energy  production and fuel 
rup tu re  in approximately 19 percent of the co re  volume as described in Section I V .C .4 of the 
FHSR.

The worst cold drop-out accident is described in Section IV.G. 3 of the FHSR. This accident 
was calculated to resul t  in 2350 MW-seconds of energy produced and destruction of approxi
mately  17 percent of the co re  cn the basis of a cold rod worth of 0 .019 Ak, 1 dollar of unflooding 
react iv i ty  available, and a 50-cent contribution from the positive m odera to r  temperature 
coefficient .  On the b as i s  of the current  maximum abnormal pattern cold rod worth of 0 .03  Ak,  
and 2.4 dollars of avai lable  unflooding reactivi ty ,  in addition to the positive temperature 
coefficient effect, the acc ident  is now calculated to produce 2550 MW-seconds of energy and to 
r e s u l t  in approximately 20 percent core destruct ion .  While the effects  of this accident a r e  now 
increased  slightly com pared  to the previous r e s u l t s ,  this increase of a few percent in core  
destruct ion is not considered  significant.
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Additional studies have been completed to increase our  understanding of the t ime dependence of 
reactivi ty  additions resulting f rom  unflooding in the unlikely event of a n u c lea r  heatup accident. 
(The r e a c t o r  is normally heated by steam from an external  gas-fired b o i le r . )  The most impor
tant r e su l t  of this work was the fact that unflooding of the inner superheat pass  either precedes 
or  is concurren t  with unflooding the outer superheat p ass .  This implies that  the more positive 
react ivi ty  gain associated with unflooding only <he ou te r  superheat pass will not be seen in a 
nuclear  heatup accident.

In addition, previous analyses  had assumed that 50 percent  of the water was expelled during the 
f i rs t  B tu / lb  enthalpy rise  in the water. The remaining water was then expelled as sufficient 
energy was supplied to boil it off. More detailed th e rm a l  hydraulic ana lyses  have shown that 
under most  c ircumstances considerably  more than 1 Btu/lb  is required to void the f irst  half of 
the w a te r .  However, considerably  less time is involved in voiding the second half. The net 
result  has been a trend to inc rease  the available unflooding reactivity in relatively  slow nuclear  
heatups, and to slightly d e c re a se  the available reac t iv i ty  during fast heatups resulting from 
rapid react iv i ty  insertions. The  net effect seems to indicate that the re la t ive ly  simple unflooding 
model employed in the haza rds  analysis is a reasonable  first order e s t im ate .
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5 .0  SUB-TASK C - l :  INITIAL FUEL FABRICATION

The fabrication ol the 37 bundles of initial (Mark II) fuel is complete .  The fabricat ion p rocesses  
for the Mark II fuel were described in the Fifth Quarterly Report ,  GEAP-4363. T h is  completes

i

the work under th is  task.
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6 0 SUB-TASK C - 2 : INITIAL FUEL ELEMENT DEVELOPMENT AND FABRICATION

Development and lubrication ol the initial (Mark II) fuel e lem en ts  (annular rods) l o r  L’VESR has 
been completed.  This completes the  work under this task .
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7.0 SUB-TASK C -3 : NEUTRON SOURCE PR EPARATION

The antimony rods for the neutron so u rces  were rechecked for curie content and compared with 
those read ings  reported last q u a r te r ,  with the following re su lts :

Curies Sb-124
Source <20 Percent <10 Percent
Number O ctober 22, 1963 Jan u ary  2, 1964

1 1400 635

2 1650 736

3 1375 621

4 1650 714

These re s u l ts  fall reasonably c lose  to the theoretical decay curve.

One source rod  was shipped to EVESR on January 3. 1964, for insertion in the re a c to r .  The 
remaining th re e  a re  being stored at the Vallecitos Radioactive M aterials Lal>oratory pool until 
they a re  needed at EVESR late in F e b ru a ry  1964.
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8.0  SUB-TASK C 4: FUEL EVALUATIO N INSTRUMENTATION

8.1 Testing

Following completion of the installation of the H and D Instr jment Panel in the control room and 
connection of the electric cables to the reactor containment building, two phases of testing were 
scheduled for the Fuel Evaluation Instrumentation System. The first phase consisted of simul
taneously applying simulated steam temperature, pressure, and flow signals to the transducers 
and transm itters in the control room, and observing the readout on the R and D Instrument 
Panel. The purpose of this test was to verify all the electrical connections and calibrations 
made previously, and to check the proper operation of the corrected mass flow computer which 
is located in the R and D Instrument Panel. This test was completed in February; all com
ponents functioned as planned and were within tolerance. Steam flow bias control valve opera
tion and indication on the R and D Instrument Panel was also checked and found to be satisfactory

The second phase of tests to be conducted on the Fuel Evaluation Instrument System consists of 
verifying the actual steam tem perature, pressure, and flow readings on the R and D Instrument 
Panel when the reactor plant is at operating conditions. These tests are expected to be per
formed in M arch.

8.2 Instruction Manuals

The instruction manual for the Fuel Evaluation Instrument System is being completed. Volume 
111, a collection of the equipment vendors' manuals, has been issued in final fo rm . Volume II, 
an assembly of the as-built engineering drawings for the System, has been issued in draft form. 
Volume I, a complete engineering description of the Instrument System, is being drafted.

8 .3  Moderator F lo w Instrumentation

Spare M ark II fuel bundle SPL2 is in the process ol being modified in the fuel shop to incorporate 
a turbine-type flowmeter for measuring the moderator flow rate past the process tube. The 
functions of this instrument was described in the Sixth Quarterly Report, GEAP-4432. It is 
shown in Figure 8-1 how the flowm eter is installed on the nose of the SPL1 fuel bundle. The 
fuel channel is shown in phantom. Part 1 is the nose piece of the fuel bundle; it is cut off and 
the flowm eter assembly is welded to the nose piece. The pickup coil, part 11, is held in posi
tion by a spring to insure that the coil is properly seated. The pickup coil is an electromagnet 
which is positioned inside of the ro to r. The rotor has a twelve-fingered arm ature of high 
permeable m aterial. As the rotor turns the magnetic reluctance changes; this will induce 
twelve pulses per revolution of the rotor. The readout instrumentation converts this signal into 
an analog signal that is proportional to the pulse frequency. The end of the pickup coil case 
has a stellite  pad which is the thrust bearing for the ro to r. The meter, part 4, is mounted on 
the basic assembly with the flange, part 6. The seal, part 3, is positioned by four corner 
springs, part 7, to insure that a ll the moderator flow goes through the m eter.

8-  1 8-2
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9 .0  SUB-TASK C-5: FUEL CHEMISTRY EVALUATION INSTRUMENTATION

9.1  Coolant Sampling System Instrumentation

Calibration t e s t s  on the chloride ana lyzer  were performed. A low range calibration curve was 
obtained using s tandard  chloride solutions of 100 ppb and 167 ppb after  setting the instrument  a 
tun range using a 200 ppb standard solution.  Instrumentation dr i f ts  were excessive  even during 
relatively sho.'t periods of time. At tempts  to minimize this drif t  were unsuccess tm. Tue 
mechanical component' ', of the analyzer  apjiear to be operating adequately, however fu r ther  work 
is necessary t<» c o r r e c t  deficiencies in the  electrical components of the analyzer.

A conductivity ind ica to r - recorder  was installed and pul into operation at the condenser  building 
sample station. This  unit allows the continuous measurement  and recording of conductivity of 
any one of seven s t r e a m s  available at th is  sample station. A s imila r  unit was ins ta l led  at the 
containment building sample station, and will be used to m ea su re  conductivity of condensed 
steam samples when steam is flowing through the reactor.

A 2-hour t raining c ia s s  was conducted for  Operations personnel on the subject of sampling at the 
condenser building sample station. The c la sses  included p rocedures  for obtaining l i te r  water 
samples, for operat ing the boiler feedwater  dissolved oxygen analyzer, and for obtaining off-gas 
samples.

9 .2  Oxygen and Hydrogen Gas Analyzer

An in-line ana lyzer  for automatic de termination oi dissolved gas concentrations .n condensed 
steam samples is being built for the EVKJ!> reactor.  The basic  equipment design is  s im ila r  to 
that currently being used on a corros ion  test facility.

The analyzer co n s i s t s  of four basic modules:

a. Sample programmer,
b. Gas s t r ip p e r .
c. Gas chromatograph, and
d. Readout system.

During a typical sample  cycle, the g a se s  dissolved in the condensed steam a re  s t r ipped  out of 
solution by m eans  of an inert c a r r i e r  uas  in a closed-loop s t r ip p e r  system. An aliquot portion 
of the equil ibrated gas phase is automatically injected into a gas chromatograph. The hydrogen 
and oxygen a re  separa ted  into two d is t inc t  peak forms in the gas chromatograph columns.  The 
readout system integrates  the a rea  under  each peak and conver ts  the results  to a final direct  
ppm relationship between dissolved gas and analog reco rd e r  signal height.
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10.0  SUB-TASKD-1: FUEL TESTS, ENGINEERING PHYSICS

10.1 Summary

The zero power EVESR physics cr i t ica l  tes t  program has bec*n completed, except that  the 
following two te s t s  were omitted for the reasons noted:

No. 4. 1 .1 .7  Tvpe 304 Stainless Steel Cha.mel versus Z irca loy-2  Channel Worth: Omitted 
inasmuch as it appears  that Type 304 s ta in less  steel  channels will not he 
n e cessa ry  to attain a maximum keff (shutdown) 0.99 with any 11 main control 
ro d s  fully inserted.

No. 4 .1 .1 .10  Rela tive Worth of Alternate  Fuel Bundles: Omitted  inasmuch as no g r o s s  
unexplained d iscrepancies  on a bundle versus  bundle basis were observed .

The low power t e s t s  will be started during the latter jiart ol F eb ru a ry  1964. Results  of the 
lat ter  tests  will be reported in the next quar te r ly  report.

Additional tests  requir ing the use of a modified spare fuel bundle which allowed se lec t ive  
unflooding of the bundle were performed in the flooded and unflooded minimum ard full core  
loadings. The pulse  neutron source was made operable in t ime to measure the cen t ra l  fuel 
bundle worth (cold, flooded, all rods in lull core), the shutdown margin with a maximum worth 
control rod withdrawn trom the cold, flooded full core, as well a s  shutdown margin a s  a func
tion of control rod insertion for the norm al  and inverse pa t terns .  The latter m easu rem en ts  
were made for s teps  from "just sulx i i t ica i"  to aU 12 main r a d s  fully inserted.

Table 10-1 and F ig u re  10-1 summarize  the results  of these »ests ,  illustrating the comparison  
between calculated and measured re su l ts .  The principal dif e r e n c e s  noted between the predicted 
and measured r e s u l t s  lie in two a reas  - namely,  minimum c i n t i c a l  loadings and contro l  rod 
strengths. These differences are now understood. The significance of these d if ferences  affects 
three general a r e a s  ol reactor  operation i . e . ,  (a) excess rt activity at operating conditions,
(b) sufficient control  strength to a ssu re  adequate shutdown Margin,  and (c) effects on the haz
a rds  evaluation of accidents  involving control  rods. These m a t t e r s  are  discussed in the body 
of this report.

10.2  Description of C r i t ica l  Measurements

10.2.1 Minimum C r iR ea ls

10.2.1.1  Approach to Critical  Unflooded

The EVESR minimum cri tical unflooded c o re  was predicted to be 12 r 1 bundles. The actual 
loading was 17 bundles with fuel loaded a s  illustrated by Figure  10-2. This 17-bundle co re  
had a kejf * 1.0027 i 0.0003 at 52 F with all  rods out. (This is  equivalent to 1.0048 at 68 F.)
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TABLE 10- 1

BVESR CRITICAL RESULTS VERSUS PREDICTIONS

Core M easurem ents  with Ail Rod*. Out Predicted

Unllooded Minimum Critical Size at 52 F 12 r 1 Bundles
Flooded Minimum Critical  Size at 62 F 11 1 Bundles
Unllooded T em p era tu re  Coefficient, 52 to 147 F 0 .015 '.  Ak F

Full Core M easurem ents

Control Worth Unllooded:
Worth of Four  Auxiliary Sc r im  Rods, Cold 
Worth of Four  Auxiliary Sr ram Hods, Hoi 

Control Worth Flooded (Room Temp Unless Noted) 
•Worth of Inner  Bank of Four Rods (Ei^ht Outer 

Rods In)
Worth of Oute r  Bank ol Eight Rode, (Four Inner 

Rods In)
•Worth of 12 Regular  Control Rods 
Worlh of Four  Auxiliary Scrant Rods 
Worth of Four  Auxiliary Si-ram Rods, Hut 
Worth ol Om- inner Rod (11 Rods In)

1 .0 %  4 k  
1.4% r0.4% 4k

* . 7 1.3% 4k

10 5 *1.6'; 4k 
15. u ,2 .3% 4k 
0.7 0. 17 4k
1.1 -0.3% 4k 
1.5 ,0.2*? 4k * *

Tempera ture  Elfects

Temperature  Coefficient,  Unflooded, Full Core
60 to 180 F ♦ 0.011 174k F

510 F
Tempera ture  Coefficient,  Flooded. Full Core 

81 lo 168 F 
510 F

Reactivity Elfect  of Heating from 68 to 545 ,
Flooded. Rods Out

Reactivity Effect of Heating from 68 F to 
Peak Core Reactivity, Flooded:

Stainless Steel  Rods In, Outer Rods 63 Percent 
Withdrawn

Stainless Steel Rods In, Outer Rods 100 Percent
Withdrawn 

All Rods In

0 .013  t 0 . 003

♦ 0 .0 1 0  10. 003 
0 .008  0.003

♦ 0 .0 4 2  tO.Ol

♦ 3 . 6 7  4k 2 0
♦ 1 .6 7  4k 2.0

M easured

17 Bundles 
14 Bundles 
0.011% 4 k  F

0. 75% 4k 
0.86 *0.08% 4k

9.3 1.0% 4k

6.5 ;0.5% 4k  

12.4 ,1.0% 4k 
0 .6 7  4 k  

0,57 - 0 .0 5 7  4k 
3 1 *0.37 4k

♦ 0.0101 •O.'RM 
A!./ F

- 0 .0 0 0

♦ 0 .0123 tO.OOOf) 
-0 .006
♦ 0 030 ,0.01 
(Approximate)

♦ 2.9V 4k 0.2

•Fxtrapolated from prestar tup ca lculat ions corrected  by limited measurements .  
••Not calcula ted,  hut extrapolated: f rom another core  condition.
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TABLE 10 1 (Continued)

F u l l  C o r e  E x c e s s  R e a i  t i v i t y P r e d i c t e d M e a s u r e d

C o l d  (6 8  K)
*

I n f e r r e d :

F l o o d e d 0 . 0 7 4  < 0 .0 2 0 . 0 7 1  tO .O l

Unf h x x i e d 0 . 0 8 0  t 0 . 02 0 . 0 7 6  tO .O l

Hot  ( 5 4 5  F)

F ' l o o d e d 0 . 1 1 6  . 0  02 0 .  110 tO .O l

U n f l o o d e d
i

U n f l o o d e u ,  1250 F  F u e l  T e m p e r a t u r e .

0 . 0 9 5  t0 .  02 0 . 0 8 8  tO .O l

10 P e r c e n t  M o d e r a t o r  V o i o s 0 . 0u5 <0 .02 0 . 0 7 8  tO .O l

l i n f l o o d i n g - F l o o d i n g  R e a c t i v i t y  f l e e t s

C o l  .1 U n f l o c k i n g  E i t e r t s ; .

C o m p l e t e - 1 . 1  , 0 . 6 % A k / k - 0 . 8  t 0 . 4%  \ k / k

O u t e r  S t e a m  P a s s  O n ly ♦ 1 . 8  r 0 . 3 ♦ 1 7 t 0 . 2

E x c e p t  V e l o c i t y  B o o s t e r  T u b e s ♦ 0 . 6  t 0 . 4 ♦ 0 .  6 10 .  3

U n f l o o d i n g  a t  300 F - 1 . 8  0 . 7 - 2 . 0  ; 0 .  2

F l o o d i n g  a t  545 F * J .  f» . 0  4 ♦ 2 . 2  . 0 . 2

M i n i m u m  S hu tdow n  M a r g i n  w i t h  Any Ont* C o n t r o l  

Rod  F o l l y  W i t l i d r a w n

350 t o  4 0 0  F ,  F l o o d e d 3 . 2 'o  Ak 1 . 4  *0. 3 'i Ak

M a x i m u m  F u „ i  B u n d le  W o r t h

68 F F l o o d e d  All R o d s  In.  Zor.r- 1 3 .7 %  A k 1 . 6 %  A k
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4 SS RODS IN

FLOODED EXC E P T OUTER SUPERHEAT PASSAGES UNFLOODED

FLOODED --

UNFLOODED EXCEPT VELO CITY BOOSTER

TUBES REMAIN FLOODED

UNFLOODED

£  Observed or Measured Point with Accuracy Range

MODERATOR TEMPERATURE °F
These curves are interred from ovserved control rod calibration curves, using calculations for 
small portions of the curve which could not be inferred.
The dashed lines are approximate relative to the solid “ interred from measurements”  lines. 
___________________________________________________________ _________ 4 SS RODS IN

INFERRED
PREDICTED

MODERATOR TEMPERATURE °F

Figure 1 0 -1 .  EVESR , M k  I I  Core, M ultip lication  Versus M oderator Tem perature
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The l a r g e r  than  an t ic ipated  d i f f e r e n c e  between the c a l c u l a t e d  and the ac tua l  m i n i m u m  c r i t i c a l  
loading is  now c o n s id e re d  to be d u e  to two p r inc ipa l  f a c t o r s  not included in the  p r e s t a r t u p  
ana lyse s :

a.  i n - c o r e  m o n i to r  guide tubes  and  neutron  sou rce  t u b e s  (both Type 304 s t a i n l e s s  steel)  . . .  
About 1 . 2  p e rc e n t  ^ k .

b. Im p r o v e d  r e p re s e n ta t i o n  of th e  s p a t i a l  dependence of th e  th e rm a l  neu tron  s p e c t r u m  . . .
AIjoui 1 .5  p e rc e n t  a k .

F o r  r e a s o n s  now unknown, the i n - c o r e  moni tor  guide t u b e s  and the neutron s o u r c e  holder  tubes 
w ere  o n u t t e  . r o m  the ca lcu la t iona l  model schem at ic  i l l u s t r a t e d  by F igure  4 . 3  of r e f e r e n c e  (2). 
Using the  c r o s s - s e c t i o n a l  da ta  ol r e f e r e n c e  (2) and the  id en t ica l  ca lcu la t iona l  m o d e l  of r e f e r e n c e  
(2). excep t  to  inc lude  the tubes  in th e  17-bundle c o re  a s  loaded ,  the following r e s u l t s  were  
obtained:

k e jf (17-bundle ,  unf looded c o r e ,  68 F.  r o d s  out.
va r iab le  e n r i c h m e n t ,  wiih sh im s  and t u b e s ) .......... 1.038

C o a r s e  v e r s u s  l ine m e s h  c o r r e c t i o n  fac to r  x 0 .9867
1.024

" A s - b u i l t "  re ac t iv i ty  c o r r e c t i o n - 0 .010
C a lc u la t io n a l  v e r s u s  m e a s u r e d  c o r re c t io n + 0 .007
k e ff (17-bundle ,  c o r r e c t e d  calcula tion) 1.021

k e ff (17-bundle ,  m e a s u r e d ) 1.005
D i f f e r e n c e 0 .016

The 1 .6  p e r c e n t  reac t iv i ty  o v e r p r e d i c t i o n  is  within the  i2  p e r c e n t  e s t im a te d  a c c u r a c y  of the 
ca lcu la t io n a l  mode l .  But, al l ,  o r  at le a s t  most,  of t h i s  o v e rp re d ic t io n  can be  e x p la in ed  by the 
spatia l  d e p e n d e n c e  of the t h e r m a l  n e u t r o n  sp ec t ru m  - w h ic h  is  of c o n s id e ra b le  s ign i f ic ance  in 
this p a r t i c u l a r  la t t i c e .  F o r  e x a m p l e ,  if the THERMOS^) code is  employed to c a l c u l a t e  the 
th e r m a l  u t i l i s a t i o n  r a t h e r  than the  tw o - r e g io n  e m p i r i c a l  so f ten ing  c o r r e c t io n ,  and  both methods  
a r e  n o r m a l i z e d  to a g r e e  with the  3 .4  p e rc en t  e n r ic h ed  EVESR p r e l im in a ry  c r i t i c a l  a r r a y s  of 
m ore  than a y e a r  ago, the  c a l c u l a t e d  ke f[ fo r  the p r e s e n t  c o r e  with i ts  5 . 3  p e r c e n t  av e rag e  
e n r i c h m e n t  would  be reduced  by ab o u t  1 .5  p e rc en t .  Althoug h the THERMOS m o d e l  is t h e o r e t i 
cally b e t t e r  founded,  it a p p e a r e d  in the  past  to o v e r e s t i m a t e  the r e la t ive  c a p t u r e s  in wa ter .  
However,  it h a s  been re p o r t e d  t h a t  r e c e n t  im proved  m e a s u r e m e n t s  of t h e r m a l  u t i l iza t ion  a r e  
leading to good a g re e m e n t  be tw een  THERMOS and e x p e r i m e n t .

Other  f a c t o r s  ( c o n s id e red  to be s m a l l )  which may c o n t r i b u t e  to a lo s s  in r e a c t i v i t y  of the 
m in im um  c r i t i c a l  loading inc lude :
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a. Instrumentation: The minimum cri tical  included the quarter  core  containing flux wire 
tubes and thermocouples.

b, Edge effects: The t rea tm e n t  of edge effects in the minimum c r i t ic a l  i s  more important 
than the full core. It may be that inadequate representation of the spatia l  effects near  the 

, co re - re f lec to r  interface has contributed to a  calculational e r r o r  in the minimum loading 
that will be of less importance  in the full co re .

1 0 .2 . 1 . 2  Approach to C r i t ic a l  Flooded

The EVESR minimum c r i t ic a l  flooded core was predicted to be 11 ±1 bundles .  The actual loading 
was 14 bundles with fut?l loaded in the same o rd e r  a s  illustrated by F ig u re  10-2 for the unflooded 
minimum cri t ical.  This 14-bundle core had a ke ff = 1.0027 *0.0002 at  6 2 °F.

The fac to rs  discussed in explaining the discrepancy between the predicted versus  measured 
minimum unflooded c r i t ica l  a lso apply in the case  of the flooded minimum cri t ica l .  Post
m easurem ent  analyses gave the following uncorrec ted  value of keff for a 14-bundle core loading:

ke ff (14-bundle, flooded, 68 JF, rods out, variable  enrichment,
omitting shims and monitor and source t u b e s ) ....................  1.0600

Applying the corrections of reference  (2),

C o a rse  versus fine m esh  correct ion f a c t o r .........................................~  0 .99
1.040

As built reactivity c o r r e c t i o n ...................................................................... - 0.008
Calculational versus m easured  correction* ......................................... - 0.004
Discre te  c o r r e c t i o n .........................................................................................- 0.012
In-core  monitor and neutron source tubes............................................... - 0.011
Therm al  neutron spatial dependence c o r r e c t i o n * ................................ - 0.015
kpff, corrected 0.999

a c o r r e c te d  value of kejf of approximately "just c r i t ica l"  was obtained.

It is  thus apparent that incorporating the two fac to rs  discussed in paragraph  10.2.1.1  preceding 
brings  the flooded minimum cr i t ica l  prediction into agreement with the actual  measurement.

1 0 .2 .2  Loading to Excess  R e a ctivity 

1 0 .2 .2 .1  Unflooded

The " jus t  crit ical" control rod patterns for the unflooded full core loading at 49 F a re  shown 
in the following tabulation. The auxiliary sc ram  control rods are  fully withdrawn in each case .

*It has  beer, noted that the use  of THERMOS would have made it possible to combine these two 
co r re c t io n s  into a single +0.011 _\k for both the unflooded and flooded c o re  calculations.
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Outer Main Rods Inner  Main Rods
Withdrawal P a t t e r n ’ Posi t ion Position

Normal 100 Percen t  Withdrawn 10 P e rce n t  Withdrawn
Banked 27 Percent  Withdrawn 27 P e rc e n t  Withdrawn
Inverse Fully Inserted 56 P e rc e n t  Withdrawn

Comparing the observed jus t  cri tical control rod pa tterns to the predic ted patterns - F igure  
4 .6 ,  reference  (2) - it is apparent that the calculat ions have underpredicted the worth of the 
inner  main control rods and overest imated the worth of the outer main control rods. The 
rea so n  for  this discrepancy is explained in p a rag raph  10.2.3.

1 0 . 2 . 2 . 2  Flooded

The just cri tical  control rod patterns lor the flooded full core loading at  75 UF are  shown in the 
following tabulation. Auxil iary scram control rods  a re  fully withdrawn in each case.

Outer Main Rods Inner  Main Rods
Withdrawal P a t t e r n ’ Position Position

Normal 63 Percent Withdrawn Fully Inserted
Banked 22.1 Percen t  Withdrawn 22.1 P e rcen t  Withdrawn
Inverse Fully Inser ted 38.7 P e rcen t  Withdrawn

As for  the unflooded full co re ,  a comparison of the observed versus the  predicted just c r i t ica l  
control rod patterns [Figure 4.8, reference (2)] makes it apparent that the calculations have 
underpredicted the worth of the Type 304 s ta in less  steel inner control rods  and overest imated 
the worth of the Type 304 sta in less  steel with boron outer main control  rods.

1 0 .2 .3  Control Rod Worth

Table  10-2 i llustrates the predicted versus m easu red  (or inferred) control  rod worths for two 
ex t re m e  core conditions: i . e . ,  cold, flooded and hot, unflooded with 10 percent voids (operating 
condition). A number of these measurements  a r e  extrapolated from limited measurements  
using the shape of the rod worth curves of re fe ren ce  (2). However, numerous cross  checks 
were  used to provide good confidence that th e i r  accurac ies  lie within the stated limits.

♦See ’ footnotes pp 31- 32, reference (2).
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TABLE 10-2

E VESR MAIN CONTROL SYSTEM WORTH - PERCENT Ak 
MEASURED VERSUS CALCULATED ( OR PREDICTED)

EVESR FHSR EVESR Pre-Startup • In ferred’- frorii 
APED-3958 Repor t ,  GEAP-4213, Startup Measure- C u r re n t  (2-21-64) 

Description* _  10-1-62_________4-12-63_______  m ents  (12-63/2-64) Analytic«Model

68 "F Flooded: 

Inner Rods:
Alone 4.7 4.6 6 t l 6 .7
Shadowed 
Single Rod

7.6 8. 3 9. 3 ±1 9.4

(all rods in) 1.5 — 3.1 (PNS)** 3.2

Outer Rods:
Alone 5.4 6.3 * . 0  ±0.5 3.8
Shadowed 8. 3 9.7 ±0.6 6 .5  ±0.5 (PNS)** 6.4
Single Rod
(all rods in) 1.3 — 1 .3 —

Inner and Outer Rods 13.0 

545°F Unflooded, 10 Percent Voids:

15.4 12.4 ±0.8 13.1

Inner Rods:
Alone 6.6 6. 3 7 .5  *1 8.4
Shadowed 9.6 — 11.5 ±1 12.6
One of Four (outer 1.6 — 2.1 2.1
rods out)

One rod (11 ro d s  
out)

. . . . . . • — * 2.2

Maximum rod 2.7 — 3 .7 —

Outer Rods:
Alone 9.9 — 6 .5  *1 7.6
Shadowed 12.9 14.5 10 ±1 10.8
Maximum rod 3.3 — 3 —

Inner and Outer Rods 19.5 20.8 17.5 ,1 .5 19.2

•The four auxil ia ry  sc ram  rods a re  completely withdrawn. 
••Pulsed neutron source  measurement.
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The most significant d ifferences noted in com paring  predictions to m easurem ents of ac tu a l rod 
worths is the co n sis ten t under-prediction of the four Type 304 s ta in le s s  steel inner co n tro l rod 
worths and the o v e r-p red ic tio n  of the w orth of the eight Type 304 s ta in le ss  steel with Boron 
ou ter main control ro d s . It is. however, encouraging to note that our curren t analytic model 
(Table 10-2) c a lcu la te s  control worths which a re  in excellent ag reem en t with the m easu rem en ts . 
Two changes were m ade to our original m odel to provide th is ag reem en t:

a. As noted by re fe re n c e  (2). and based on prelim inary  re su lts  of the EVESR p re lim inary  
c ritica l rep o rted  by Table II, C. 16 of re fe rence  (1). it was suspected  that the w orth of the 
Tyi>e 304 s ta in le s s  steel control rods w as being overp red icted  by about 20 percen t. 
Accordingly, to a s su re  adequate shutdown m argin, the ca lcu la ted  values for the Type 304 
sta n less s tee l co n tro l rods were d e c re a se d  by multiplying by 0 .828 . Subsequent ana ly ses 
of the EVESR p re lim inary  c ritica l m easu rem en ts  indicated [T able 3-1, re fe rence  (4)] that 
the calculational model for determ ining  Type 304 s ta in less  s te e l control rod req u ire d  no 
correction'. H ence, in the cu rren t calcu lational model of EVESR Type 304 s ta in le s s  steel 
coi trol rod s tre n g th  the 0.828 m ultip licative  correction  fac to r  was om itted. Of le s s e r  
significance, the  0.965 m ultiplicative co rrec tio n  factor fo r the eight outer control ro d s  was 
ab o om itted.

b. Tne old model (th ree-g roup  diffusion theory) omitted the following details in the EVESR 
core:

Power flatten ing  shim s (Inconel)
In-core m onitor guide tubes (Type 304 sta in less steel)
Neutron so u rc e  holder tubes (Type 304 sta in less steel)
Auxiliary s c ra m  rod sheaths (Type 304 sta in less steel)
V ariable enrichm ent
P eriphera l shroud (Type 304 s ta in le s s  steel)
C oarse m esh

The new model (a lso  th ree-g roup  diffusion theory) uses a finer g rid  mesh (54 by 54 point 
q u a rte r core) and in co rp o ra te s  the above m ate ria l de ta ils . Due to  the fact that these  re la tive ly  
strongly absorbing m a te ria ls  a re  concen tra ted  toward the ou ter control rod region, it is  now 
apparent that these  m a te ria ls  have reduced  the worth of the o u te r  rods and may have enhanced 
the worth of the in n er control rods.

Auxiliary scram  rod  w orth values - p red ic ted  versus m easured  - a re  compared in T ab le  10-1. 
As with the outer m ain control rods, the w orth  of the auxiliary sc ra m  rods was o v e r-p re d ic ted . 
It is expected that the  inclusion of the d e ta ils  of the current calcu lational model would provide 
good agreem ent w ith m easurem ents. H ow ever, inasmuch as tiie m easurem ents show that the 
sc ram  rods m eet techn ica l specification requ irem en ts  (the w orth of the four rods m ust exceed 
0 .5  percent Ak/k in the  "norm al" contro l rod  pattern, with the re a c to r  critical) it is  not planned 
to ca rry  out these  expensive calculational verifications.
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10.2.4 T em p era tu re  CoefUcients

Table 10-3 i l lus t ra tes  the m easured  versus predicted tem pera tu re  coefficient for  the unflooded 
minimum c r i t i c a l  and the unflooded and flooded full c o r e s .  In addition to this table,  the tem 
perature coefficient may be obtained graphically from F igure  10-1. The ag reem en t  between 
predicted and measured tem p era tu re  coefficients is seen to lie very good. T h e r e  is an indica
tion. however, from the predicted versus  "inferred' f ro m  startup m easurem ents  curves that 
the tem p era tu re  coefficient is sl ightly more positive than predicted.

10.2.5 Fu ll Core Exce ss  React iv i ty

Table 10-4 i l lus t ra tes  the predic ted versus inferred full co re  excess react ivi ty .

In examining this table of full c o re  excess  reactivity, t h r e e  items of significance for discussion 
are  suggested:

a. How accu ra te  a re  the in ferred  numbers, and how w ere  they obtained?

b. All ot the inferred numbers fall  within the expected accuracy of the predic t ions .  Hence 
this c o re  is expected to provide burnup as per design specifications.

c. If (b) i s  t rue ,  why was the react iv i ty  of the minimum cri t ica ls  overpred^cted by about 
3 percent  Me?

In answering (a), the full core  e x c e s s  reactivity is la rge ly  due to the strength of four Type 304 
stainless s tee l  inner control rods .  Table 10-4 indicates that our current  model foe calculating 
the strength  of the EVESR main control  rods is excellent .  The inferred num b ers  were obtained 
by slightly diminishing resul ts  f ro m  this calculational model . Where the eight outer  rods were 
also part ia l ly  inserted their s t reng ths  were obtained d irec t ly  from cal ibrat ion curves  of these 
rods with the  inner rods inser ted .  It is expected that the inferred numbers in Table 10 4 are  
accurate to within tO.Ol *k.

In discussing  (b), it is necessa ry  to answer (c). F rom  the curve of keff v e r s u s  water tem pera 
ture (Figure 10-1), it is apparent that the overall t em p era tu re  effect between 68 F and 545 F is 
as predic ted .  It also appears  that  the cold full core e x c e s s  reactivity was accura te ly  predicted, 
while the cold minimum c r i t ic a ls  were  missed by about a 3 percent Ak overpredict ion .  The 
lat ter  has been explained (10.2. 1): the accurate" prediction of the cold full c o re  excess 
reactivity is  partially due to compensating e r ro r s ,

Calculational Correc t ions ,  Unflooded 
Refer to TABLE A. 15, Addendum to Reference (2)

8-20-63 1-29-64
Spatial Thermal  Neutron Spec trum  (THERMOS) 0 .0 -1 .5
Inconel Shims - 1 .7 -0 .7
In -C ore  Monitor Guide and Neutron Source Tubes -0 .5 -1 .0

NET -2.2'* Ak - 3. 2T> Ak
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TABLE 10- 3

TEMPERATURE COEFFICIENT MEASURED VERSUS PREDICTED
PERCENT A k , k  PER T *

Pred ic ted Core Descri|)tion Measured
Temp Range Coefficient Temp Range Coefl icient

Unllooded. Minimum 
Cri t ical

68 to 212 F • 0.0102
1 7- Bundle 
11-Bundle

52 to 147 F < 0.011 0.001

Unllooded. Full Core

Stain less steel rods in; o j t e r  
rods 100 percent withdrawn 
at 60 F to  60 percent with
drawn at 180 F 60 to 180 F ♦ 0.0101 0.001

68 to 212 F ♦ 0.0111 Sta inless  steel rods in. outer 
rods 100 percent withdrawn

Sta in less  steel rods in; outer 
rods 50 percent withdrawn

-510^F -0 .0 0 9

~510°F -0.011 Sta inless  steel rods in; outer  
rods out

-0 .016 All ro d s  in

Flooded. Full Core

i

Stainless  steel rods in; outer  
rods 60 percent withdrawn at 
81 F to 45 percent withdrawn 
at 168 F 81 to 168 F ♦ 0 .0123  ,0.0005

65 to 212 T r 0.0127 Sta in less  steel rods in; outer  
rods out

68 to 212 F ♦ 0.0071 All ro d s  in

Sta in less  steel rods in; outer  
rods  38 percent withdrawn

510 F -0 .006

~510°F -0.005 Sta in less  steel rods in

~510 JF -0.011 All ro d s  in
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\

TABLE 10-4

FJL LL CORE EXCESS REACTIVITY (Ak) 
EVESR Mk II CORE AT STARTUP

Core Condition Predicted Inferred"

Cold (68 F):
Flooded 0.074 ±0.02 0.071 ±0.01
Unflooded 0.080 -0.02 0.076 ±0.01

Hot (545 F):
Flooded 0.116 -0.02 • 0 .110  ±0.01
Unflooded 0.095 :0.02 0. 088 ±0.01
Unflooded, 1250 F Fuel Temperature, 0.085 :0 .02 0 .078  ±0.01

10 P e rce n t  Moderator Voids

The above difference is 1 pe rcen t  Ak while the cold unflooded difference noted in Table 10-4 is  
0 .4  percen t  .1 percent Ak. These  numbers a re  s im i la r ,  although there  is  some indication that 
approximately  0.6 percent Ak i s  gained in going f ro m  a minimum cri t ical  to a full core loading - 
as com pared  to the January 29. 1964 calculational model. As discussed in the preceding p a ra 
graph the  inferred cold unflooded full core excess reactivi ty  was obtained from the control rod 
worth calculational model - and its accuracy is r l  percent  Ak.

The following table i l lus t ra tes  the expected normal rod pattern at s tar tup  during operation at 
rated power:

kp^ ,  unfloaded. 1250 F fuel .  10 percent
voids in moderator 1.078 ±0.01

Equil ibrium Xe. Sm -0 02_______
1.058 ±0.01

Oute r  Rods Inner Rods

Rod pattern, no
Minimum keff. 

i maximum rods:
Out 25 Percent  Withdrawn

Xe, Sm. Mk K \ Nominal Out 10 Percent Withdrawn
s ta r tu p  core* / Maximum keff, 

\  min imum rods:
20 P e rcen t  Withdrawn Full In

, Minimum kPff. Out 45 Percent  Withdrawn
Rod pattern with 1 maximum rods:
Xe, Sm, Mk 11 \ Nominal: Out 30 Percent  Withdrawn
s ta r tu p  core* / Maximum keff. 

minimum rods:
Out 10 Percent  Withdrawn

#17.T"MWt; inner rocT strength  0. 081 0.01
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10.2.6 Unflooding-Flooding Reactivity Effects

Table 10-5 summarizes predicted versus measured full core unflooding effects at room tem
perature and 300 F. Flooding effects at 545 F are also shown.

The measurements reported in Table 10-5 are seen to be in good agreement with predictions, 
except that unflooding effects are generally a little le ss  positive (or more negative) than pre
dicted. This is especially true in the cold condition. The measured core condition more 
nearly approximates the "Four Stainless Steel Rods In” condition as the outer rods withdrawn 
63 percent leaves only 11 percent of their worth inserted. Refer to Figure 10-1 for inferred 
estimates of unflooding-flooding reactivity effects not tabulated in Table 10-5.

TABLE 10-5

U N F LOODIN G- FLOODING REACTIVITY E FFECTS 
PERCENT Ak/k

Parameter

Unflooding. Cold: 
Complete

Outer Steam Pass* 
Velocity Booster

Flooded**

Predicted*

All Rods 
Out

Four Stainless 
Steel Rods In

All Rods 
In Measured

40.5(4 0.7) -0.5^(0) - 1. 7(- 1. 1) -0.8 -0.4

i

Stainless Steel 
Rods In,

4 2.7 42. 1 4  1 . 5 4 1.7 t0.2 Outer Rods
41.4 4-1.0 * 0 . 1 4O.6 , 0 .3 63 Percent

Withdrawn

Unflooding at 300 F -0.4(-0.3)  - l .M-0.8)  - 2 . 5(-1.9) -2.0 ,0. 2 at 340 F
Stainless Steel Rods In, Outer 
Rods: 50 Percent Withdrawn 
(Unflooded); 34 Percent 
Withdrawn (Flooded)

Flooding at 545 F 4 2 . 2(1 . 8) +2.4(f 2.3) * 3 . 2(4 3.4) 4 2. 2 t 0 . 2 at 520 F
Stainless Steel Rods In. Outer 
Rods: 54 Percent Withdrawn 
(Unflooded): 35 Percent 
Withdrawn (Flooded)

•Predicted by reference (2): Values shown in parenthesis were predicted by reference (1).

••These values were not predicted by either reference (2) or (1), inasmuch as their existence 
and magnitude were not recognized until September 1963. These values were calculated and 
reported, prior to their measurement, lor inclusion in the Sixth Quarterly Progress Report 
on November 27. 1963.
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Details  of the m easurem ents ,  predictions, and evaluations are  included in the following 
sub-paragraphs.

10 .2 .6 .1  Special Bundle Flooding-Unflooding Tests ,  Unflooded C o re

One of the spare fuel bundles (SP2L designation) was modified to pe rm it  the bundle to be flooded, 
i ts  outer steam passage  (OSP) to be unflooded in steps, and. by means of air flow through the 
bundle, to permit  the unflooding of both the inner  and outer steam passages leaving only the 
velocity booster tubes (VB) flooded. The complete  unflooding of the special bundle req u i red  that 
it be attached to a strongback and inverted to drain. Since this was a very time-consuming 
operation, it was not done for every position. If this was not done, however, the condition 
(unflooded, partially flooded, or completely flooded) of the velocity boosters  was not known for 
completely unflooded bundle tes ts .  It also should be noted that sm a l l  holes in the bottom regions 
of the velocity b oos te rs  permitted some w a te r  to seep out of the tubes  during the p ro g re s s  of the 
measurement.  Also, subsequent inverting and draining showed that ,  in some cases ,  some 
water  from the superheat  passages remained in the bottom portion of the process  tubes. As a 
resul t  of these uncer ta in t ies ,  the data p resen ted  below for the test condition of "complete un
flooding except VE 's"  a r e  designated "VB?" to indicate that the presence  or absence of water  in 
the  steam passages and velocity boosters was either not prec ise ly  known or did not correspond  
to the desired condition. The large uncer ta in t ies  in the D - 1 position (Zone 4) m easu rem en ts  are  
due to the method of rod positioning used to m easure  the flooding effects.

1 0 .2 .6 .1 .1  Unflooded Minimum Critical  (Cold)

The below table i l lu s t ra te s  the predicted (a) versus  measured (b) reactivity changes which 
occurred  as a result  of unflooding (partial and complete) the modified spare fuel bundle while 
in core  position D 5 (Zone 3) of the 17-bundle minimum unflooded cold crit ical core:

Effect Reactivity Change. Percent Ak/k

Complete unflooding (a) -0 .0 5  ;0 .05 predicted
the spare only (b) - 0 .0 4  *0.01 - measured

Unflooding OSP only of (a) + 0 .2 7  t 0 . 07
the spare bundle (b) + 0. 15 t0. 02

Unflooding except VB's (a) + 0. 12 t0. 05
remain flooded (b) - 0 .0 2  *0.01 (VB?)

1 0 .2 .6 .1 .2  Unflooded Full  Core Loading (Cold)

The below table i l l u s t r a te s  the resul ts  of predicted (a) versus m easured  (b) special bundle 
flooding-unflooding t e s t s  in the cold, unflooded full core loading: ,
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Reactivity  C h an g e .  P e rcen t  Ak, k

Ff tect Zone i Z one  2 Zone 3 Z o n e  4 Zone 5 32 Bund!

CumpleG untliHxling <ai • 0 .023  
•0 .02

0 .0 1 6
0 .0 2

-0 .030
•0.02

- 0 . 0 1 b
, 0 . 0 2

-0 .01  
i O. 02

+ 0. 4

the s p a r e  only (b) • 0 .016 * u .0 1 4 .0 .0 0 4 * 0 .0 0 5 - * 0 .005* +-0. 2

Unfloixiing O s P  only (a) - 0 . 1 3
*0.03

- 0 . 0 9
, 0 . 0 2

* 0. 12 
,0 .0 3

* 0 . 0 4  
•0 .0 2

*0 .03
, 0 . 0 2

+ 2 .4

of the s p a r e  b und le (b) * 0 . 1 3 ’ * 0 .0 7 7 *0.099 * 0 .0 4 4  
•0 .015

- +0.04* + 2. 3

Unfloooing e x c e p t (a) * 0 .0 6  
•0 .02

rro
 

o
o’♦ - 0 .0 6

-0 .02
* 0 .0 1

: 0.01
0

,0 .0 2
+ 1 .0  
+ 1 .0

VH's  r<. main  f looded (b) * 0 .103 ♦ 0 .0 4 2 *0.072 + 0 .0 1 9 -  +0.01* + 1 .4
- 0 . 0 0 b

*Not M e a s u r e d

Inasmuch  a s  it w a s  shown ny e a r l i e r  c a l c u la t io n s  that the  ab o v e  unflooding e f f e c t s  a r e  dependent 
on th bundle  e n r i c h m e n t  and c lad  ty p e ,  and since the  s p a r e  bundle  d i f fe r s  in bo th  of these  
r e s p e c t s  f r o m  m o s t  of the bundles  w h o se  pos it ions  it oi c u p ie d  for  these  m e a s u r e m e n t s ,  it was 
thought that a b e l t e r  in te rp re ta t io n  of the  m e a s u re d  r e s u l t s  would be obtained by app ly in g  the 
following e x p r e s s i o n :

Ak (unflooding effect)
, £ [ ■

AkSB + m (Ak AH
c o

where  the  s u b s c r i p t
i r e f e r s  to e a c h  of 32 bundle l o c a t io n s ,  

m r e f e r s  to a  m e a s u r e d  resu l t ,
e r e f e r s  to a  c a l c u l a t e d  (predic ted)  r e a c t i v i t y  change,  

SB r e f e r s  to th e  " s p e c i a l  bundle” , and  
AH r e f e r s  to the  a c tu a l  bundle.

The aliove e x p r e s s i o n  may be r e w r i t t e n  in the following f o r m s :

ABAk (unflooding e f f e c t ) '
i = l i

* £  K  -
i = 1 c /

full co re
■ £

U SB AkSBV m  c

10-16



GEAP-4566

With this interpretation, the measured full core  effects, with the four central  Type 304 s ta in le s s  
s tee l  control rods fully inser ted ,  become:

Effect Predicted M easured

Cold, unflooding
OSP unflooding, cold
Cold, unflooding except VB's

-0.5% Ak/k 
+ 2 . 1 
+ 1 . 0

-0.1% Ak/k
+ 2 . 0
+ 1.3 0 .3

1 0 . 2 . 6 . 2  Special Bundle Flooding-Unflooding T es ts ,  Flooded Core

Additional modifications to the bundle made it possible to estimate, m o re  correct ly, the condition 
of the velocity booster tubes for the condition of all  unflooded except the velocity booster tubes .

1 0 .2 .6 .2 .1  Flooded 15-Bundle Core

The following table i h u s i r a t e s  the predicted (a) ve rsus  measured (b) reactivity  change which 
o c c u r re d  as a result  of unflooding (partial and complete) the modified spa re  fuel bundle while in 
co re  position D-5 (Zone 3) of a 15-bundle flooded cold core:

!' 4ect Reactivity Change, Percent Ak/k

Complete unflooding the (a) -0.03 i 0 . 03 Predicted
spare only (b) + 0.044 +0.015 Measured

Unflooding OSP only of (a) + 0.27 ±0.03
the spare bundle (b) + 0.251 ±0.015

Unliooding, except VB’s (a) t 0.16 ±0.04
remain flooded (b) + 0.13 ±0.015 (VB?)

1 0 . 2 . 6 . 2 . 2  Flooded Full  Core  Loading (Cold)
»

The following table i l lu s t ra te s  the resul ts  of p redic ted  (a) versus m easu red  (b) special bundle 
flooding-unflooding tes ts  in the cold, flooded full core  loading. It should be noted that the p r e 
dicted values were obtained from core configurations with only four cen t ra l  stainless steel ro d s  
in. However, the normal control  rod withdrawal sequences included the eight outer main ro d s  
withdrawn 60 to 65 percent,  as  well as the full insertion of the four cen t ra l  stainless steel r o d s .  
The actual  pattern, as  com pared  to the calculation pattern, is a reduced core  size, thereby 
enhancing the negative leakage effects of unflooding. H^nce, unliooding effects would be 
expected to be a little l e s s  positive (or more negative) than calculations indicate.
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Rea c tivity Change, P e r cent Ak, k

Effect Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 32 Bundles

Complete unflooding (a) +  0.07 + 0.01 + 0 .03 - 0.01 - 0 . 0 1 + 0.4 +0.8
,0 .03 ,0 .03 ,0 .03 +0 . 02 + 0 . 0 2

* lit * spare  only (b) + 0.014 -0.008 + 0.009 -0.032 -0 .0 2 3 -0. 3

Unflooding OSP only (a) + 0 . 12 + 0.09 + 0 . 11 ,  0.04 + 0 . 0 2 + 2 .2  , 0 . 6
1 0.03 • 0 . 0 2 , 0 . 02 + 0 . 02 , 0.01

of the spare bundle (b) i  0 . 100 + 0.061 + 0.082 + 0.036 +  0 .011 +  1.7

Unflooding. except (a) + 0. 10 * 0.06 +  0.08 + 0 . 0 2 +  0 . 0 1 + 1.5 +0.8
,0.04 •0.03 ,0 .03 , 0 . 02 ± 0 .01

VB's  remain flooded (b) -+ o . u o b + 0.030 + 0.055 +0.013 -0 .0 0 3 + 0.9

Using the interpretive equation of paragraph 1 0 . 2 . 6 . 1 . 2 .  the m easu red  full core effects, with 
the four central Type 304 sta in less  steel control rods fully inserted and the eight outer rods  
in se r te d  35 to 40 percent ,  become:

Cold, unflooding 
OSP unflooding, cold 
Cold, unflooding except  VB's

10. 2. C. 2. 3 Special Bundle Flooding-Unflooding T es ts  with Zircaloy-2 Watei Displacers

Calculations have shown that reducing the bundle water/fuel  ratio in turn reduces the effect of 
cold unflooding of the o u te r  superheat passes  (OSP). Zircalov water d isp lacers  were fabr icated  
to form an "egg-crate"  around the process tubes which in effect reduces  the water/fuel ra t io  
f ro m  a nominal 3.2 to 2 .9 .  The unflooding e ffec ts  with the Zircaloy water  d isplacers inse r ted  
w ere  measured in only one core  position (Zone l ) f o r  both the unflooded and flooded full c o r e s .  
No predictions were made of the effects, o ther  than full core calculat ions which indicated a 
reduction in the OSP unflooding effect io about 70 percent of the effect without Zircaloy 
d isp lace rs .

Reactivity Change^ Percent^ Ak/k 
Effect Unflooded. Zone 1 Flooded, Zone 2

P r e dicted 
Sta in less Steel Rods In

-0.5% Ak/k 
> 2.1 
+ 1. 0

AH J to u ^  ’

-1.7% Ak/k 
+ 1.5 
+ 0.1

Measured

-0 .8  +0.4% Ak/k 
+ 1.7 +0.2 
+ 0.6  +0. 3

Complete unflooding the spare  only 
Unflooding OSP only of the spare bundle 
Unflooding, except VB 's  remain flooded

Not measured 
+ 0.085 ,0.01 
+ 0.022 (VB?)

- 0 .010  
+ 0.069 
+ 0.038
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The above m e a s u r e m e n t s  a r e  in a p p a r e n t  a g re e m e n t  with th e  o v e r a l l  p red ic t ion .  A m o r e  
ex tens ive  a n a l y s i s  will be maae it s a f e ty  c o n s id e ra t io n s  n e c e s s i t a t e  som e  fo rm  of c o r r e c t i o n  to 
reduce  OSP unflooding effec ts .

1 0 . 2 . 6 . 2 . 4  S p ec ia l  Bundle F lood ing-Uli t lood ing  T e s t s .

A second way to  r e d u c e  ‘be- bundle w a t e r  fuel ra t io  is  a c c o m p l i s h e d  by placing fou r  UC‘ 2  ro d s  
between the p r o c e s s  tubes  of a Mk il fue l  bundle .  The in c en t iv e  fo r  such a “ fix" w a s  d i s c u s s e d  
in the Sixth Q u a r t e r l y  P r o g r e s s  R e p o r t .  Unflooding e f fec t s  w i th  four  0 . 5 5 - inch U O 2  r o d s  in the 
specia l  bundle w e r e  m e a s u r e d  and a r e  a s  follows.  No p r e d i c t i o n s  w ere  made of th e  e f fe c t s ,  
o th e r  than full c o r e  c a lc u la t io n s  which .n d ic a t ed  a reduc t ion  in the  OSP unflooding e f f e c t  to about 
60 p e rcen t  of th e  e f fec t  without the UO 2  r o d s .

The above m e a s u r e m e n t s  a r e  in a p p r o x i m a t e  a g re e m e n t  with the  o v e ra l l  p re d ic t io n .  T h e s e  
r e s u l t s  a r e  e s s e n t i a l l y  identical  to the  r e s u l t s  obta ined by u s in g  'Z i rea loy-2  w a te r  d i s p l a c e r s  
( 1 0 . 2 . 6 . 2 . 3 ) .

1C. 2. 7 M m in iu m  Shutdown M arg in

Tab le  10-6 i l l u s t r a t e s  the p red ic ted  v e r s u s  m e a s u r e d  m i n i m u m  shutdown m arg in  w i th  one 
m ax im um  s t r e n g t h  (inner)  contro l  rod  fu l ly  withdrawn:

Effect
R ea c t iv i ty  C hange,  P e r cent A k / k  

Flooded. Z o n e  1 Flooded, Z o n e  3

Comple te  unf looding  the s p a r e  only  
Unflooding O S P  only of ihe s p a r e  b u n d le  
Unflooding, e x c e p t  VB 's  r e m a in  f looded

-0 .0 1 7  - 0 . 0 0 3  
4 0 .0 7 3  -0  003  
♦ 0 .037  t0 . 0 0 3

- 0 .0 2 4  t 0 . 003 
4 0 .058  t 0 .  003 
4- 0 .025  t0.  003

TABLE 10-6

MINIMUM SHUTDOWN MARGIN WITH ANY ONE CONTROL
ROD F U L L Y  WITHDRAWN, ( P E R C E N T  Ak)

A p p r o x i m a te C o r e  T e m p e r a t u r e  P red ic ted* M e a s u r e d

350 to 400 F,  F lo o d e d  47 (1 .67) 1 . 1 7  t0.5 (PNS at  375 F) 

1 .7 7  (Rod c a l i b r a t i o n  at
390 F)

*See f ite Table  10-5
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The measured m inim um  shutdown is  l e s s  than predicted due to the measured total con tro l 
worth being less  than predicted. Up to 2 percent more shutdown is available by rep lac ing  as 
many as eight Z irca loy  channels with Type 304 stain less steel channels. However, it now 
appears that the use  of Type 304 s ta in le s s  steel channels is not required.

10.2 .8  Fuel Bundle Worth

A central (Zone 1) fuel bundle was calcu la ted  to have a worth of 3 .7  percent Ak in the cold, 
flooded, all rods in c o re .  A pulsed neutron measurement ind ica tes  a worth of only 1 .6  percent 
Ak. This m easured  versus  predicted w orth  differs more than expected. Although in a safe 
direction, an understanding of this d ifference  is being sought.

10 .2 .9  "Just C r i t i c a l” Control Rod P a t te rn s

Inasmuch as re a c to r  physicists reading th is  report may wish to verify some ol the in fe rred  
data in this re p o r t ,  th is section contains a tabulation of most observed  critical control rod 
patterns as a function of moderator tem p era tu re .

Control^ Rod Posit ions 
Inner Rods Fully  Inserted Except a s  Noted

( FI
M oderator T em pera tu re

Outer Rods Withdrawn as Noted
Flooded Unflooded

53 — 100%, Inner 10%
80 6 IT —

100 — 8 3%
120 52.5% —

130 — 71%
152 — 65%
160 47.5% —

18? — 60%
200 „ 41.5% —

240 31 . 1% —

280. 35.5% —

320 34.0% —

350 — ' 50%.
360 33.5% 50%
400 32.7% 50%
435 — 50%
450 33.0% —

480 — 51%,
495 33.7% —

515-520 35. o r —

528 37.5% —

530-532 — 55 to 56%
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Inverse Patterns

515“F, Flooded:

518°F, Unflooded:

Outer Rods 
Inner Rods

Outer Rods 
Inner Rods

Fully Inserted
30.5 Percent Withdrawn

Fully Inserted 
42 Percent Withdrawn

12-Rods Banked Patterns

515°F, Flooded: 12 Rods
518°F, Unflooded: 12 Rods

18.2 Percent Withdrawn
22.2 Percent Withdrawn

One Central (Type 304 Sta inless Steel) Rod Withdrawn

510°F, Flooded: Outer Rods Fully Inserted:
( 1 )

( 2)

3 Inner Rods 24 Percent Withdrawn 
2 Inner Rods Fully Inserted, and 
3rd Inner Rod 49. 3 Percent Withdrawn 
(3rd inner rod is adjacent to fully withdrawn 
rod .)

10- 21/ 10-22
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11.0 SUB-TASK D-2: FUEL TESTS, TEST ENGINEERING

Construction acceptance tes ts  for the R and D pane* were completed in February  utilizing basic 
p ressure  and e lec tr ica l signals. Calibration of the instrum entation checked out within ±1.2 
percent. M inor adjustments to p r e s s u re  t ran sm itte rs  and re c o rd e rs  were req u ired .  The p re 
power and low power tes ts  for the R and D panel were w ritten  and approved.

Several m eetings were held with opera ting  personnel to review  plans for taking DARE Code data. 
Revised instructions were issued in preparation for taking data during prepower and low power 
tes ts .  Several meetings were a lso  held to determine the form at for Chemistry R and D data 
and the data sh ee ts  have been p rep a red .

A revision of the R and D panel instrum entation has l>een made so that tem p era tu re  can be 
indicated at sa tu ra ted  steam conditions (542 F). This will enable a hot ca lib ra tion  check to be 
made of the instrumentation every tim e  that the reac to r  is  heated up. The exis ting  range of the 
tem perature  re c o rd e rs  is 600 to 1200JF which requ ires  the use of millivolt m e te r s  to calibrate 
the therm ocouples at saturated s team  conditions.

Several 2 - hour orientation se ss io n s  were conducted on the R and D instrum entation for ail 
EVESR shift personnel. Four 2 - hour sessions on the operation  and maintenance of the R and D 
panels were a lso  given for the instrum ent technician and engineers . Fu rthe r  tra in ing  sessions 
are planned a f te r  the as-built d raw ings and operation and maintenance instruction manuals are 
distributed.

11-1 11-2
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12.0 SUB-J'ASK_D-3^ TEST SPECIFICATIONS

Test specifica tions railing out the test conditions to be maintained and the da ta  to be collected 
at the EVESR site for the Superheat Fuel Development P rog ram  have been issued  as follows:

Fuel T em pera tu re  and Pow er Level Requirements Specification A1 
Rev. 0 (draft)

Fuel Clad Coupon Irrad ia tion  P rogram Specification B - 1 
Rev. 0 (final)

Coolant Chemistry Specifications Specification C - l  
Rev. 0 (final)

It is expec ted that these specific ations will be rev ised  and additional specifications will be 
issued a s  neeessarv  to meet the needs of the nuclear superheat fuel development program.
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13 . ° SUB-TASK D-4: DATA PROCESSING

During the last quarter, substantial headway has been made on the implementation of the DARE 
Code. The PATSE and CORET program s have been put into production s ta tu s .  DARE 5A --  
the option for creating the operating  charts  --  has been put into production and other stages of 
the sy s tem  a re  p rogressing  a s  scheduled.

The PATSE program was put into production s ta tus  shortly after the f i r s t  of the year, and has 
been used to obtain information for the startup of the reactor. The documentation of this p ro 
gram  is  now in p rog ress  and approximately 40 pe rcen t complete.

The CORET program was put into production a few days following the PATSE Code. It was a lso  
used to obtain information re levan t to the startup of EVESR. The documentation of the code will 
comm ence shortly after the prelim inary  of PATSE is  completed.

The DARE 5A option was put into production late in February , and the in it ia l  operating char ts  
have been calculated and plotted from the p rog ram . The operating c h a r ts  in conjunction with 
the EVESR R and D instrum entation will be used to se t  and maintain the d e s ire d  test conditions 
for the MARK II fuel. T,hese ch a r ts  a re  reproduced in F igures 13-1 through 13-5, and show the 
re la tionsh ip  among the following key fuel and r e a c to r  operating p a ra m e te rs :

a .  Fuel clad surface tem pera tu re ,
b. Superheated steam  exit tem perature,
c . Reactor power level, and
d. Steam coolant flow.

The constan ts  used in the DARE 5 calculation of the operating curves a re  shown in Tables 13-1, 
13-2, and 13-3. The clad tem p era tu re s  shown on the curves a re  the m ost probable values, and 
do not include allowance for calculation uncerta in ties o r hot-spot fac to rs .
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MARK II FUEL
WITH CONTROL RODS FULLY IN

REACTOR POWER MW(t)

1300°F CLAD TEMP. ZONE 1
BUNDLES C3 

C4 
D3 
D4

1100°F CLAD TEMP.

900°F CLAD TEMP

700°F CLAD TEMP

12.00060C0 8000
BUNDLE STEAM FLOW, lb hr

Figure 1 3 - 1 . EVESR Mark I I  Fuel Operating Parameters
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MARK II FUEL
WITH CONTROL RODS FULLY IN

REACTOR POWER MW it) ZONE 3

BUNDLES B3 
B4
C2
C5

1300°F CLAD TEMP.

1100°F CLAD TEMP

900°F CLAD TEMP

7 00°r CLAD TEMP

6000 8000 
BUNDLE STEAM FLOW lb hr

12 000

F ig u r e  1 3 -3 .  K V E S R  M a r k  I I  F u e l O p e ra tin g  P a r a m e t e r s

G
FA

P
-4566



13-5

MARK II FUEL
WITH CONTROL RODS FULLY IN

REACTOR POWER MW(t) ZONE 4

BUNDLES A3 
A4 
Cl 
C6 
D1

--- - - - - - - - - - - - -D6
F3
F4

1300°F CLAD TEMP.

1100°F CLAD TEMP.

900°F CLAD TEMP.

700°F CLAD TEMP.

14.0006000 8000 
PUNDLE STEAM FLOW, lb hr.

Figure 13-4. EVESR M ark fl Fuel Operating Parameters
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TA B LF 13-1

Bundle N u m b e r C4 B5 B4 A 4 A 5

R eac to r  Z one  N um ber 1 2 3 4 5

Bundle P o w e r  F a c to r 1. 216 1. 128 1. 162 0. 870 0. 796

R eac to r A verage  Bundle 
Pow er

■

Pow er
MWt (B tu /h r) Bundle P o w er  B tu /h r

3 0 319875 * 106 0 .38897  ■ 106 0. 36082 ■ 106 C. 37969  ■ 106 0.278291 ■ 10* 0. ?54620 • 10®

5 0. 533125 - 106 0. 64828 ■ 10* 0. 60137 • ! 06 0. 61949  • 106 0. 463819 • 10*' 0 .42437 * 10*

** 0. 746375 ' 106 0. 90759 • 10* 0. 84191 • 106 0. 86729 • 10* 0 .649346  * 10* 0. 49411 • 10*

9 0. 959625 ■ 106 1. 1669 • 10* 1. 08246 • 106 1 11508 ■ 10* 0 .8 34874  • 10* 0 776386 • 10*

11 1.172875 ■ 106 1 .42622  • 106 1. 323003 • 196 1. 36288 ■ 10® 1.02040  • 1 0* 0.93361 ■ 106

13 1.386125 • 106 1. 68553 • 10* 1 56355 ■ 10* 1 61068 > 10° 1. 20593 • 106 1 10336 • 10*

_1
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TABLE 13-2

INPUT DATA FOR ZONE 1 BUNDLE C4

BPF - 1.216 
OD! « 1.69 
TMX  ̂ 1100.0 
QF - 0. 38897 * 6 
DPI * 1.29656 ♦ 6
RFU) = 0 .99 .  1.01, 0.93. 1.02. 1.01.

SKA(1. 1)  ̂ 0 .0 9  * 9 
SKA(1.2) - 0 .0 7  * 9 
SKA(1.3) 0 . 1 0 * 9
SKA(1.4) - 0 .0 8  • 9 
SKAd.5) - 0 .0 7  • 9 
SKAU.6) - 0 .0 7  * 9 
SKA(1.7) = 0. 12 * 9 
SKA( 1.8) « 0 .0 8  * 9 
SKA( 1 9) s 0 .0 9  * 9

FA( 1.9) * 0 .645 ,  0.985. 1.265. 1 395,

MIT - 15 
MAXI = 15
M = 9
N(l)  ̂ 10 • 8 
HCA(l) = 0 . 0  
HCB(l) * 0 .0  
HGB(l) = 300.0 * 8 
DPCR = 0.84 
ERRP » 0. 1 
P * 975.0 
PER * 0.50 
EW = 10.0 
RDP = 0.50 
TAC = 900.0 
TCK * 15
FEil) * 0 .0 .  0 . 5 .  0.5 .  0.5 .  0 .3 .  0 .5 .

1.01. 1.02. 1.02, 0 .99

SKB( 1. 1) « 0 .06  * 9 
SKIM 1.2) - 0 .04 • 9 
SKIM 1.3) 0 .06  * 9
SKIMl 4) = 0 04 * 9 
SKB<1.5) -- 0 .04 * 9 
SKIM 1.6) - 0 .04  * 9 
SKIM 1.7) = 0 .07 • 9 
SK1M1.8) « 0 .04 * 9 
SKIM 1.9) » 0 .05 * 9

1.405. 1.285, 1 .115.  0.865. 0.595. 0 .445

TAA 150.0 
TABV ; 530.0 
ETC « 10.0 
Z(l) = 1.25 • 8 
XB = 0. 97
HGA(l) = 1000.0 * 8 
RCP 1.0 
TCK - 10.0 
E R R T = 1 0  
TAB 1) • 545.0 * 8 
TW(1) « 545.0 * 8 
WT = 570.0 
TXT -- 920.0 
TBI(l) = 920.0 * 8 
MP - 6 

.5. 0.0. 0.5
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I (

TABLE 13-2 (Continued)

DA( 1) 1 . 34C * 8 DB(1) - 0 .662 * 8 DP( 1) « 1.474 * 8
DV(1) = 0 .514  * 8 THA(l) - 0.328 * 8 THB(l)  - 0.028 *
THP(l) « 0 .028 * 8 CLK(l) - 12.0 * FK(1) - 1.60 * 8
PTK(l) = 1 1 5 * 8 EC(1) ; 0 .5  * E PT (l)  = 0.5 * 8
AD( 1' * 1 .083-2 * 8 BD(1) - 1.242-2 ♦ H AB(1) - 9.549 ♦ 8
AA( 1) = 1.999- 3 * 8 AC(1) - 0. 197-1 * 8 AN( 1) = 0.800 * 8
AMU) = 0. 600 * 8 AU(1) * 0. 575 * 8 AK( 1) = 1. ?C • 8
BC( 1) - 0. 197-1 • 8 BN(1) = 0. 800 * 8 BM(1) = 0.600 • 8
BU(1)  ̂ 0 .575 * 8 BK(1) « 0 .600 * •
gT  « 0. 937594 ♦ 6 DPP - 0. 77936 4  6 MP = 4
WT * 1800.0

)
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\
TABLE 13-3

DARE SYSTEM INPUT VARIABLE NAMES

Sy mlxil Dimension

AA 9
AB 9
AC 1
AD 9
ADR 1
AK 1
AK1 1
AK2 1
AKL 20. 9
AM 1
AN 1
ANl 1
AN2 1
AIJ 1
BC 1
BD 9
BK 1
BK1
BK2 1
BKL 20. 9
BM 1
BN 1
BN 1
BN 2 1
BU 1
CLK 9
CVP 1
CVT 1
DA 9
DB 9
DBP 1
DP 9
DPCR 1
DV 9
EC 9
EL 1

Definition

First Pass Flow Area
Second Pass Flow Area
First Pass Nusselt Coefficient - C
F irst Pass Hydraulic Diameter
Radial Power Factor Normalization Check
First Pass NiisfcP Coefficient - K
First Pass Reynolds Number Coefficient - K1
First Pass Reynolds Number Coefficient - K2
First Pass Pressure L oss Coefficients
First Pass Nursclt Coefficient M
First Pass Nusselt Coefficient - N
F irst.P ass Revno'ds Number Coefficient N1
First Pass Reynolds Number Coefficient - N2

•4

First Pass Nusselt Coefficient - l
Second Pass Nusselt Coefficient - C
Second Pass Hydraulic Diameter
Second Pass Nusselt Coefficient - K
Second Pass Reynolds Number Coefficient - K1
Second Pass Reynolds Number Coefficient - K2
Second Pass Pressure Loss Coefficients
Second Pass Nusselt Coefficient - M
Second Pass Nusselt Coefficient - N
Second Pass Reynolds Number Coefficient - N1
Second Pass Reynolds Number Coefficient - N2
Second Pass Nusselt Coefficient - U
Clad Conductivity
Convergence Parameter - Pressure Loop 
Convergence Parameter - Thermal Loop 
f i r s t  Pass Clad Diameter (outside)
Second Pasi; Clad Diameter (outside1)
Change in Bundle Power (DARE 56)
Process Tube Diameter (inside)
Pressure Drop Guess Through Header fCvJRET) 
Velocity Booster Diameter (outside)
Emissivitv of The Cladding 
Fuel Length
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I A J L E  13-3 (Coni inued)

Symbol Dime is ion Definit ion

ELN 9 Length of H e a d e r  Section (CORF' D
e  p r Emihsiv itv  .«i tin P r o c e s s  Tube
EQL 9 Equivalent Len g th  of Headt1' Section (C O R ET)
P HRP 1 C onvergence  P a r a m e b  r  Eoi P r i  s s u r e  (DARI 5)
e r r  r 1 Convergent * P a r a m e t e r  Fo r  T e m p e r a t u r e  (DARE f>)
ETC 1 Convergence  P a r a m e t e r  For M ax im um  C la d
EW 1 Convergence  P a r u r i e t i r  Fo r  Total  B u n d le  Steam Flow
FA 2«. y Axial Power  P ac ' .o r
F E y M ater ia l  Eniissivit*.  F a c to r  (CORET)
*• k y I uel Conduct iv ity
FLA y Hvdraulic P low A r e a s  (CORET)
HCA 9 F i rs t  P a s s  C r u d  C onduc tance
HCH y Second P a s s  C r u d  Conductance
HGA 9 F i r s t  P a s s  Gap Condi .c tance
HGB y Second P a s s  (jap C onductance  /
KB i Bundh Number
M l Number ol E l e m e n t s  m bundle
MAXI l Number  of Externa*  I t e r a t io n s  (PATSE)
MIT l Number  of I n t e r n a l  I t e ra t io n s  (PATSE)
M P i Number  of Powei I n c r e m e n t s  (DARF 5)
N l Number  of Nodes  P e r  Element
OD1 i O ri l i ce  D ia m e t e r  (CORET)
P i System Pi * s ‘ u n 
PA i bundle  P'xit S te a m  T e m p e r a t u r e
PD 8. 9 ’>ip* D i a m e t e r s  •(( 'O R E T ;
P D T 9 Equivalent P ipe  D i a m e t e r s  (CORET)
P E R 1 Coolant Mixing P 'a c to r
PK b. y Piping C o n d u c t iv i t i e s  (C O R E D
P L m 1 I e rcen t  Pow er  L o s t  to M odera to r  (P A T S E )
PTK 9 P r o c e s s  Tube C ondur  i i \ i t v
P T M 1 M idpass  S team T e m p e r a t u r e
Q T 1 T >tal Power
R C P 1 F.ow Coeffic ient (DARE 5)
R D P 1 Required  Bundle P r e s s u r e  Drop
R F 9 Radial Power  F a c t o r
RYN 1 Reynolds N um ber  F o r  Lamina l  Flow D iv is ion
SKA 20, 9 F i r s t  P a s s  Skewing F a c t o r s
SKB 20. 9 Second P a s s  Skewing F a c to r s
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♦

T A B L E  13-3 (Continued)

Sym bo l Dimension Del in it  ion

TA1 9 F i r s t  P a s s  E n t r a n c e  S te a m  T e m p e i a l u r e
TAA 1 Am bien t  Air  T e m p e r a t u r e  Outs ide  Pipe  G a l l e r y
TABV 1 M o d e r a to r  Inlet  T e m p e r a t u r e  at Bot tom of Fue l  Bundles
TAC 1 Bur !le Exit S team T e m p e r a t u r e
TB1 9 Second P a s s  Exit S t e a m  T e m p e r a t u r e
TCK 1 M axim um  Clad T e m p e r a t u r e  C onvergence  P a r a m e t e r
THA 9 F i r s t  P a s s  C lad  T h i c k n e s s
TU B 9 Second P a s s  Clad T h i c k n e s s
T H P 9 P r o c e s s  Tube T h i c k n e s s
T M P 1 A v erag e  M i d - P a s s  S t e a m  T e m p e r a t u r e
TMX 1 M axim um  Clad T e m p e r a t u r e  Allowed
TW 1 Sink T e m p e r a t u r e
TX1 1 A v erag e  Exit  Steam T e m p e r a t u r e
WA 1 Bundle  Flow Hate (D ARE 5)
WT 1 Tota l  Bundle Flow R a t e
XB 1 Inlet  Steam Quality  (CO RETi
Z 9 P o w e r  Ratio at Fue l S u r f a c e s
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14.0 SUB-TASK D-5:_ FUEL T E S T C O O L A N T  CHEMISTRY_ AND F T I V I T Y  RELEASE

14.1 Specif ications and Data R e q u i r e ments

Small amounts of impuri t ies  in the steam coolant reaching the EVESR fuel probably will con
t r ibute  significantly to the corros ion  of fuel cladding. The chemistry va r iab les  of the steam 
reaching the fuel of g rea tes t  interest  a re  the following: moisture content.,  chloride concentra 
tion. fluoride concentration, conductivity. pH, gas  composition, and sol ids  composition. To the 
extent that suitable instrumentation or analytical techniques a re  avai lable,  these variables will 
be rout inely measured and reported.  Recognizing the difficulty in m easur ing  impurities in the 
s team  coolant, m easurem ents  will also be made of impurity levels in the l>oiler water and 
m odera to r  water. Since bo i le r  water and m odera to r  water is the source  of steam entering the 
fuel, these measurements will provide an indirect measure  of steam im puri t ies .

Excessive  impurit ies in the boiler water and m odera to r  wrater may com prom ise  fuel testing. 
T here fo re ,  reactor  power operation will not be attempted or continued if the following chloride 
and conductivity conditions a r e  exceeded:

Systern Chlorides Conductivity

Boiler Water  0.5 ppm* 5 micromho, cm
Moderator W ater  0.1 ppm 1 micromho cm

In addition, the water in the fuel storage pool should have a conductivity of less than 2 micromho. 
cm, and is contingent upon installation of a dem inera l izer  in the pool c lean-up  system.

The requirements  for ch em is t ry  and related data to be taken were specified.  Data sheets were  
p rep a red  for chemistry data  applicable to computer  storage, and code numbers  for the various 
chem is t ry  param eters  have been assigned.

14.2 Sampling and Procedures

A schedule was established for  routinely sampling various system s t r e a m s .  Daily sampling was 
initiated on January 13, 1964, and samples a re  analyzed by analytical chem is try .  Chloride is 
m easu red  on reactor  water and moderator water  samples taken daily. On a less frequent b a s i s  
f luoride,  silica, ni trate, i ron,  copper, nickel, chromium, and total so l ids  a re  also m easured .  
Some of these m easurem ents  a re  periodically being made on other s t r e a m s  such as  the hotwell 
w ater ,  condensate dem inera l ize r  effluent, r ea c to r  demineral izer  effluent, condenser makeup, 
and fuel storage pool.

14.3 Boi ler  Water Chemistry

During December 1963 the conductivity of boi ler  water varied from 0. 3 to 2.5 micromho/cm, 
averaging  about 1.5 m ic rom ho/cm .  Dissolved oxygen concentration in the boiler water during 
the month was normally l e s s  than 0.02 ppm when the boiler was idle. During periods of s team
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I low. the c o n t in u o u s  addit ion of oxygen to the  bo i le r  with the  f e e d w a t e r  r e s u l t ed  in h i g h e r  
d e v o l v e d  oxygen l e v e l s  (0.2 ppm). C h l o r i d e s  were  l e s s  than 0 . 0 4  ppm and s i l ica  v a r i e d  f rom  
0 .2  to 2 .0  ppm.

Durum the f i r s t  hal t  of J anua ry  1964 the  b o i l e r  was shut down and d ra in ed  for  in t e r n a l  inspec tion .  
During the l a t t e r  hall  ol J anua ry  the b o i l e r  was ope ra ted  at a r e l a t iv e ly  low s t ea m  g e n e r a t io n  
ra te  with the r e a e t o r  being bypassed  mos* of the t ime.  The  conduct iv i ty  ot the b o i l e r  w a te r  was 
about 0 .6  m i c r o n i h o  c m  shor tly  a l t e r  o p e r a t i o n  s t a r t ed  on J a n u a r y  13, 1964. The conduct iv i ty  
gradually  d e c r e a s e d  fo r  the next 10 d a y s ,  when a conductivity  of about 0. 1 m ic r o n ih o /  c m  was 
reached .  C onduc t iv i ty  rem a in ed  at t h i s  leve l  until a 3-day p e r i o d  at the end ot the  m o n th  when 
the b o i le r  was  o p e r a t e d  at a re la t ive ly  h igh  s team  g e n e r a t o r  r a t e ;  the conductivity  w en t  to 
0 . 3  m ic ron iho  c m .  C h lo r ide  leve l s  it t h e  b o i le r  w a te r  did not exceed  0 .04  ppm d u r i n g  the month 
and were  gerieraillv l ° s s  than 0 .0 2  ppm .  S il ica  concent rat  io r  s  w e r e  genera l ly  low d u r i n g  the 
month although a c o n ce n t ra t io n  of 7 .6  ppm  (as SiCM was o b s e r v e d  during the 3-day  p e r io d  
mentioned atxive .

During most  of F e b r u a r y  the b o i le r  w a s  o p e r a t e d  at r e la t iv e ly  low s tea m  g e n e ra t io n  r a t e  with 
the r e a e to r  b y p a s s e d  except for a few h o u r s  on F e b ru a ry  \ £ . 1964. Boi ler w a te r  conduc t iv i ty  
va r ied  f ro m  0. 1 to  0 . 4  m ic rom ho  c m  d u r i n g  opera t ion .  C h l o r i d e  levels  in the b o i l e r  w a te r  did 
not exceed 0 . 0 2  ppm  and g enera l ly  w e r e  l e s s  than 0 .0 2  ppm .  S i l ica  co n ce n t ra t io n s  in the  boi le r  
w ater  v a r ied  d u r in g  the  month f ro m  0 . 0 8  ppm to 5.1 ppm. T h e  high s i l ica  was r e l a t e d  to con 
densa te  d e m i n e r a l i z e r  opera t ion  and is  f u r th e i  d i s cu s sed  b e lo w .

1 4 .4  M odera to r  W a te r  C h e m i s t r y

R eac to r  m o d e r a t o r  w a te r  s a m p l e s  a r e  a v a i l a b le  only if the r e a c t o r  cleanup s y s t e m  i s  in o p e r a 
tion. O p e ra t io n a l  d i f f icu l t ies  in m a in ta in in g  the p ro p e r  w a t e r  level  in the r e a c t o r  v e s s e l  
prec luded  c o n t in u o u s  opera t ion  of th i s  s y s t e m  during the p e r i o d  c o v e r e d  by th is  r e p o r t .  Since 
the r e a c t o r  w as  not at power,  no i m p u r i t y  concen t ra t ion  w’ould  take  place in the m o d e r a t o r  w a te r .  
Infrequent m e a s u r e m e n t s  indica te  that  d u r in g  D ecem ber  1963 the  conductivity of t h i s  w a te r  was 
le s s  than 1 .0  m i e r o m h o / e n i  and c h l o r i d e  w as  le s s  than 0 . ^ 4  p p m .  During J a n u a r y  a n '1 F e b r u a r y  
1964 conduct iv i ty  v a r i e d  f rom  0.  1 to 0 . 5  m i c r o m h o / c m  whi le  the  hlv.iide was l e s s  th a n  0 .04  ppm

1 4 .5  Condensate  D e m i n e r a l i z e r  Effluent C h e m i s t r y

The conductiv ity  of the  condensa te  d e m i n e r a l i z e r  effluent d u r i n g  D e ce m b e r  1963 v a r i e d  f rom  
0 .08  to 0 .6  m i c r o m h o  cm  and a v e r a g e d  about 0 .2  m ic ro n ih o  c m .  The conduct iv i ty  o b s e r v e d  
was higher than  e x p e c te d  and may be a s s o c i a t e d  with h ighe r  th a n  n o rm a l  im pur i ty  l e v e l s  in the 
hotwell d i s c u s s e d  be low .  Conduct iv ity  b re a k th ro u g h  of the d e m i n e r a l i z e r  was o b s e r v e d  on 
D ecem b er  27, 1963,  and a new bed w a s  p laced  in s e r v ic e .  A s a m p l e  of c o n d en sa te  d e m i n e r a l i z e r  
effluent taken  f r o m  the old bed just  b e f o r e  being taken out of s e r v i c e  had a c h lo r id e  c o n ce n t ra t io n  
of 0 .04  ppm ar.d a s i l i c a  concen t ra t ion  of 9 ppm.
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The condensate  deminera l izer  was not in service during the early part  of January  1964 because 
of the boiler  outage. During the last half of the month conductivity var ied  f rom  0.06 to 0.44 
m icrom ho/cm . and averaged 0. 14 micromho/cm. During February the conductivity of this 
s t ream  varied from 0.05 to 0 .09  micromho/cm, averaging 0.07 m ic rom ho/cm .  Chlorides in 
this s t r e a m  during this repor t  period was less than 0 .04 ppm. Silica concentration in this 
s t ream  was about 0.06 ppm on January 13 and this  gradually increased to 1 .7  ppm on 
February  12 when the standby deminera l izer  was put into operation. Within a few days the 
silica concentration in the condensate deminera l izer  effluent dropped to l e s s  than 0.01 ppm.
On February  17 the old dem inera l izer  was again put in service and by F e b ru a ry  24, when the 
p re s su re  drop across  the bed became excessive, the si lica concentration reached a maximum of 
3.1 ppm. After the standby unit was again placed into service, the s i l ica concentration dropped 
to l e s s  than 0.01 ppm. Changes in silica concentration in the boiler water  followed the changes 
in condensate demineralizer  effluent water silica concentrations.

14.6 Hotwell Water  Chemistry

The conductivity of hotwell wa ter  was higher than normal  during early Decem ber  1963 (2 to 
5 micromho/cm) indicating a leaking condenser tube. On December 19 the condenser was 
shutdown and one defective tube was found and plugged. During the rem a in d e r  of this report  
period conductivity of hotwell water remained below 1 micromho/cm.

14.7 Chem is t ry  of Other Streams

On Jan u ary  2 the conductivity of condenser makeup water  was found to be about 90 micromho/cm, 
and a laboratory analysis of th is  water indicated a chloride concentration of 8 .4  ppm. silica 
concentration of 4.4 ppm, and fluoride concentration of 0.05 ppm. The inability of the makeup 
dem inera l ize r  to maintain high purity water caused the abnormal condition. The resins in this 
dem inera l ize r  appeared to be fouled by organic im pur i t ie s .  Immediate rep lacement  of this re s in  
allowed water having adequate quality to be produced.

The pH of the various sample s t r e a m s  available at the condenser building sample  station was 
measured  in an open beaker. The measurements made indicate that the pH of all the s treams 
was general ly  less than 7. The lowest pH values were  observed in condensed boiler saturated 
steam in which the pH reached a low of 5.6. The low values were observed during transient 
conditions with low steam generation rates.  The technique used is sufficiently rapid to avoid 
pH lowering of the sample because of contamination by atmospheric carbon dioxide, however, 
to completely avoid the problem of sample contamination a closed sampling and measuring 
system must be used.
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15.0 SUB-TASK E - l  AND E-2: F UEL EXAMINATIONS

A v e r t ic a l  orientation has been selected over horizontal positioning for cutting and examining 
EVESR fuel bundles in the fuel storage pool. This selection was made possib le  by the choice of 
a te lescope  ra the r  than a p e riscope  for viewing the underwater portions of irrad ia ted  fuel 
bundles. The telescope can be focused to view at any depth along the ve rt ica lly  positioned fuel 
bundle; while a periscope would be designed to view at only one depth and would require the 
fuel bundle to be laid horizontally . The vertical positioning will e lim inate the need for a tilt 
table and will simplify handling of fuel bundles in the pool.

The te lescope  for underwater viewing of fuel e lem en ts  was received and a sim ulated examination 
was made of the dummy fuel elem ent in a ir .  This dem onstra ted  the need fo r  a very solid mount 
and the design has been o r ien ted  accordingly. Conceptual design of assoc ia ted  examination 
equipment is essentially com plete . More tes ts  a re  scheduled in the pool.

Drawings have been completed for the underwater saw and the fuel element storage cans. A 
prototype can wili be constructed  and tested during M arch .

The prototype cut fuel bundle s to rage  channel was insta lled  in the storage rack . A successful 
check w as made by installing the cut dummy fuel bundle in the new rack. Fourteen additional 
channels a re  being fabricated and are  expected to be installed next month.

Drawings for the leak testing equipment were also  completed, and fabrication  will proceed in 
March.
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16.0 TASK F: NUCLEAR SUPERHEAT FUEL DEVELOPMENT PROGRAM

16.1 Objectives

The objective of the EVESR Nuclear Superheat Fuel  Development P r o g r a m  is to establish 
minimum performance leve ls  and to demonstra te  satisfactory pe rfo rm ance  of superheat tuei 
e lem en ts  that will produce competitive power when irradiated in r e a c to r s  with large enough 
power output to lie of economic interest.  As part  of this objective, it is expected that knowledge 
and understanding of pe rform ance  and endurance l imits  will be developed as necessary to p r o 
vide a technical basis for  design of superheat fuel elements in large comm erc ia l  power r e a c to r s .

The program is based on th ree  fundamentally different  types of fuel performance evaluations for 
two fundamentally different reactor  applications. The three types of fuel evaluations are:

a .  Cladding performance evaluation to es tab l ish ,  on an accelera ted  bas is ,  an ordering of 
preference of cladding mater ia ls .  This will involve irradiation of Inconel, Incoloy. high 
purity Type 310 s ta in le s s  steel, high purity Tvpe 304 s ta i r less  s tee l ,  and commercial  
Type 304 stainless s tee l ,  as fabricated in the Mark II fuel configuration. The high cladding 
s t r e s s  levels and se v e re  operating conditions associated with the large  diameter Mark II 
annular fuel configuration a re  expected to resu l t  in early determination of the performance  
l imits  of the various cladding mater ials being evaluated. It is expected that information 
from the Mark II fuel irradiation will Le of significant value in extrapolating the life of fuel 
cladding used in the more  economic, sm a l l -d iam ete r  roc1 fuel geometry .

b. Demonstration of high heat flux, high power density performance in fuel elements operat ing 
at the maximum burnup capability of the EVESR facility. The programmatic  objective of 
these irradiations will be to install seven -rod  cluster , thermal superheat ,  rod geometry 
fuel elements and mixed spectrum rod fuel elements in the rea c to r  as  eariy as  possible in 
o rd e r  to achieve the maximum burnup at high levels of heat flux and specific power. T h is  
program objective will be achieved by insert ion of Mark III and Mark  IV fuel elements into 
the high wo^th posit ions in EVESR at the e a r l i e s t  time consistent with minimum development 
fea tures ,  for a meaningful fuel irradiat ion.  In the case of the Mark  IV MSSR designs, it 
may be necessary to increase  clad th ickness to provide a c lose r  simulation of expected clad 
s t r e s s e s  at MSSR operat ing conditions. T h is  requirement re su l t s  from differences in 
thermal  and last tlux environments.

c. Mechanical performance  evaluation of economically optimized fuel configurations such as  
seven-rod c luster ,  the rm al  superheat fuel e lements,  and mixed spec t rum  fuel elements .  
Irradiation of these Mark  V and Mark VI fuel elements will be delayed to permit inco rpo ra 
tion of those fea tures  established on the b a s i s  of development work during the first y ea r  of 
the program. The objective of this development work will be to investigate fuel fea tu res  
having the potential to provide significant reductions in cost of power.
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Examples of development work a reas  for economic optimization a re  thin Zircaloy process  
tubes ,  improved fabricat ion techniques, improved heat t ransfer  fea tu res ,  and cladding 
m a te r ia l  and design b a s i s .  Since the objective of the previous i r rad ia t ion  (paragraph b) is 
high burnup and high heat flux. Mark III and M ark  IV elements will u t i l ize  the high p e r 
form ance  positions. T h ere fo re ,  the value of the operating experience obtained from 
irrad ia t ion  of Mark V and Mark VI fuel e lem ents  is based on the abi l i ty  to separate  between 
the performance limits assoc ia ted  with high specific  power and high fuel metal tem p era tu re s  
T h is  is a reasonable objective since all condit ions external to the o u te r  fioer of the fuel c lad 
may be simulated by adjusting the coolant flow to the desired clad su r fa ce  temperature .

In addition to the three fundamental types of fuel evaluat ions listed above, fuel for two basic 
reac to r  applications will be evaluated as part of the  EVESR program. T h ese  a re  the seven-rod 
c lus te r ,  rod type fuel e lem ents  for application in e i th e r  integral or the rm al  superheat reac to rs ,  
and the sm all -d iam eter  rod charac te r is t ic  of the high heat flux, high specif ic  power fuel in the 
fast spec t rum ,  superheat region of the mixed spec t rum  superheat rea c to r .
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T A B LE  16-1

PRELIMINARY PLAN FOR ADVANCED FU EL PROGRAM

Predict ed Perform ance \vith 135, 900 lb / h r Steam Flow P rogram  Details

Designation Fuel Geometry Program  
Object ive

Estimated Time 
for Installation

Position 
in EVESR

Element
Removed

Normal 
C ontro l Rod 

Pattern

Reversed
Rod

P atte rn

Design M a x i
mum Clad 

Tem perature

Burnup at Sept - 
ember 1966 607 

Load Factor
Spacer Process Tube Key Features

Phase 1 0.028 inch clad, 1 -1 /4  inch Evaluate luc l November 1963 In it ia l load Not 9 kW/kg _ 1250 4, 000 average D in ijile d  p ro - Uninsulated -

32 Mark II OD by 3/4 inch tt) - Incoloy, 
Inconel. 310 VM. 304 V M ,' 
and Comm. 304

clad perform ance applicable at 110.000 cess tube sta in less steel

Phase II
28 Mark II (M ark l i l t  (our requ ired  

0.455 inch OD by 5 fcx>t
I t  Maximum burn- July 1964 fou r central Mark II 13 kW/kg 34 kW /kg 1250 8000 MWD T S p ira l W ire Z irc a lo y -2 Standard UO2

4 Mark III up locations one - 304 at 100,000 at 260. 000 , 50 percent Eff w ith m ech- pellets 1 to
seven-rod cluster In - 2) Efleet of c lad C -3 Comm. at 3 4 kW kg anical jo in t 3 m il swaged.
coloy 0.008 - 0.020 clad thickness C -4  Zone three - 304 0.030 lin e r,

3) M inimum deve- D -3  1 VM • scallop type
lopment econ
omic features

I)-4

Phase III
25 Mark II M ark IV » two 0.25 inch OD 1 Maximum burn- September 1964 C -2  ) 15 kW kg 50 kW / kg 1250 550 MWD T S p ira l W ire Stainless 1/4 inch d ia -

4 Mark III bv 5 loo* seven-rod c lu s te r up MSSR p ro to - ( Zone Incoloy a: 60. 000 at 180.000 50 percent Eff steel s e a l- meter - seven-
2 Mark IV Incoloy. Inconel type (M in im um 3 1100 F based on 20 loped lin e r . rod cluster
1 ESH-3 Developm ent) B -3 ) kW kg uninsulated

ESH-3 .

2-ESH 1. 1 C and G 2) Continue ESH September 1964 B -2  Zone 2 1250 F A s per ESH-3 As per ESH-3
2-LSH 4 E and ! 
1-M ark III powder

1. 1 burnup 310 VM

A lready in: 
M ark III ((our1 C -3 As above. 13 kW kg 3 4 kW kg 1250

C -4  Zone at 100.000 at 260. 000
D -3  1 except C-3

- D -4 down 15 p e r
cent

M ark  II (25)

-

9 kW/kg 
at 110.000 11.5 kW kg 1250
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TABLE 16-1
(continued)

Predicted P er form an ce  with 135,000 lb /hr  Steam Flow Pi ..gi a ni D e ta i l s

Designation Fuel Geometry Program
Objective

Estimated Time  
for Installation

Posit ion  
in EVESR

Element
Removed

Normal  
Control Roc 

Pattern
R eversed  Rod 

Pattern
Design Maxi

mum Clad 
T emperature

Bur. ' . u p  at Sep* - 
embe: iy66 60 

Load Factor Spacer P r o c e s s  Tube Key Features

Phase IV
21 Mark II 

4 Mark III 
2 Mark IV 
4 Mark V 
1 ESH-3

Mark V - four required  
0 . 4 5  inch CD by 5 foot

two Hasteliov-X ‘q^q

! o i 2
two Incoloy .020

1) Optimized per
formance s e v 
en-rod cluster  
thermal SH

2) high tem p er 
ature effect

3 )  Separate e f 
fect of l iners  
and spacers

January 1965 B - l
C - l  Zone 4 
D- 1 and 5 
E - l

1100“F 
Inconel 

1100“F 
Inconel 

1100 F 
Incoloy 

1100c F 
Incoloy

10 kW /  kg at 
80 ,0 0 0

7 kW/kg at 
50,000

1250 (2) 
1400 (2)

^  2300 MVVD/T 80 
percent  Eft at 
7 kW/kg

D im p led  space) 
on fuel  clad, 
spr ing  type or 
other non
sp ir a l  wire  
s p a c e r

Thin Incoloy  
Liner,  Zri  
P r o c es s  Tube.  
Z ire - ln co lo y  
Metallurgical  
joint

1 )  Swaged powder 
improved heat 
transfer

2) UCK pellets
( 1 -  3 mil gap 
light swage)  
rest one each  
at high t e m 
perature

-  -

• Mark IV -  two

4) Test swaged  
powder fuel

C-2 .  B-3 12 kW/kg at 
50 ,000

18 kW i  kg at 
75.000

1250

ESH-3  -  one B-2

Mark III -  lour C-3. C -4  
D -3 ,  D -4

13 kW/kg at 
100,000

34 kW /  kg at 
260,000

1250

Mark 1 1 - 2 1 t C-3 down 1 5 
percent

Phase VA GNEC - two
C j m b .  boil ing Superheat
Mark V - four
Mark III - foui
Mark IV - two
ESH-3  one
Mark 1 1 - 1 9

Eval. comb.  
boil-SH for 
BONUS II

July  1965 E-2

E-5

1
•

1250 310 
VM
1250 310 
VM 5 kW / kg 

2 2 5 ,0 0 0  
Sam e as  
P h a se  IV

3 .5  kW/kg 
155,000  
Same as  
Phase IV

1 6 - 5 /1 6 - 6
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T A B L E  16-1 (continued)

D* s itu a tio n

Phase V

Fuel G eom etry

M a rk  VI - four

M a rk  V - four

M a rk  IV - two

ES 4-3 - one 

M a rk  III - four

M a rk  II  - 17

P rog ram  
Objective'

O ptim ized p e r 
form ance MSSR, 
13-rod c lu s te r

Estim a 'nd Tim e 
fo r Ins ta lla tion

Ju ly  1965

P osition  
in EVESR

13-4, D-2 
C -5 .  D-5

Element
Removed

1250 Ineoloy 
1250 In co loy

Pred icted P e rfo rm a n ce  w ith  135,000 lb /h r  Steam Flow

Nor mal 
C on tro l Rod 

Pattern

10 kW/ kg 
45, 000

8 kW kg 
60,000

10 kW kg 
45.000

1 1 kW kg 
90,000

7 kW kg 
8 5 . 000

16 v e rs e d  Rod 
P a tte rn

15 kW, kg 
70,000

6 kW kg
50.000

15 kW kg
70.000

2 3 kW kg 
180,000

9 kW . 
two bundles 
E -3 at E -4

Design M a x i
mum Clad 

T em pera tu re

_L„

Burr.up at Sept - 
em ber 1966 60 , 

Load Factor

2500 MWD T 
at 80 percent 
e lf .  at 15 
kW /kg

P ro g ra m  D eta ils

Spacer P rocess  Tube Key Features

Remaining
M ark II 
s ix  - 1250 

Incoloy 
two -1 1 00  

Incoloy 
one - 310 

VM
six  - 1250 

Inconel 
two - 1100 

Inconel

17
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17.0 SUB-TASK F - l :  ADVANCED FUEL. GENERAL DEVELOPMENT

17..1 High T em p era tu re  Autoclave T e s t ing of Fue l Capsules

The EVESR Advanced Fuel P r o g r a m  consists  of designing and testing fuel a s se m b l ie s  which 
have the objectives of demonstrating long-life and competi t ive  economic perform ance .  To 
meet the economic objectives of the  program, it is n e c e s sa ry  to progress  to thin-clad fuel 
designs where  instability collapse will occur unless sufficient support is given to the clad by the 
fuel column. The factors leading to instability collapse a re :

contemplated for the advanced fuel program. The tes t ing will be conducted in a horizontal auto
clave operat ing at 1200°F and 1000 psi .  Both pellet- and powder-filled capsu les  will be tested 
with sheath wall thickness varying from 8 to 20 mils. The  tes ts  will be perfo rm ed  in increments 
of 100 hours  for a total of 1000 hours  for each specimen. After each 100-hour run, the capsules 
will be examined and measured to detect wrinkle formation or depress ions at pellet interfaces.

The tes ting of the first group of 12 capsules,  whose c h a rac te r i s t i c s  a re  shown in Table 17-1, 
has begun. The design for the second group of 12 capsu les  has been completed and procurement 
of m ater ia ls  is in progress.

17.2 Heat T r a n s f e r  Tes ts

The heat t r a n s f e r  tests  being c a r r i e d  out under this task a r e  directed toward studying the effects 
of fuel e lement  geometry and power distribution The t e s t  section for this study consists of an 
"infinite,” a r r a y  of 1-inch d iam eter  rods with a 20-inch unheated entrance length and 40-inch 
heated length. The first  se r ies  of te s ts  is for a p i tch- to-d iam ete r  ratio of 1 .25 .  Heat transfer  
tests have been run with this tes t  section over the Reynolds number range 20,000 to 200,000. 
Pre l iminary  examination indicates that the data is consis ten t  within itself, sa t is fac tor i ly  
corre lat ing wall-to-bulk t em p era tu re  differences and densi ty  change, by vir tue  of p ressure  
variation, up to eight times.

Heat flux varia t ion around the per iphery  of a flow duct has a greater  influence on wall tempera
ture variation than previously supposed. The problem was first  solved for the case  of a c ircular  
tube, (5) where  it was shown that the  wall temperature  variation could be appreciable ,  even for 
turbulent flow. Because peripheral  heat flux variation o c c u r s  in reactor fuel e lements  by virtue 
of the skewing of neutron flux distr ibution across  the e lement ,  this problem is of in terest  for

a. Initial gap beiween fuel and cladding,
b. Strength of cladding,
c. Powder or pellet type fuel,  and
d. 0 \  ality and thickness var ia t ion  of tubing used.

To relat arious factors leading to instability co l lapse ,  a program has been initiated to
determir mechanical c reep and wrinkle formation charac te r i s t ic s  of the var ious  fuel designs
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reactor  luel element geometries.  A digital computer was used to solve the turbulent  flow 
equations to r  annuli with radius r a t io s  from 0 to 0.9; Reynolds numbers of 10^, 10**, and 10®; 
and over a Prandtl  number range of 0.01 to 10. A re|>ort covering the r e s u l t s  of this work 
has been p rep a red  and is being issued .

17.3 Stress  Corrosion  P a c king of Superheat Fuel Shea ting

Five different alloys are  being used for fuel sheathing and include Type 304 com m erc ia l  grade 
stainless s tee l .  Tv|>os 304 and 310 vacuum melt s ta in less  steel ,  Incoloy, and Inconel. One 
failure m echanism  which might l im it  the life of one or m o re  of these alloys is the highly- 
localised c o r ro s io n  attack known a s  s t r e s s  corrosion c rack ing .  It is well known that the 300 
ser ies  austenitic  stainless s teels  a r e  susceptible to s t r e s s  corrosion cracking,  and that r e s i s t 
ance can be improved by decreas ing  nitrogen (intent and increasing the nickel content; 
therefore, one would expect increas ing  resistance to s t r e s s  corrosion cracking in the order 
listed alKive.

As part of an overall alloy evaluation program for superhea t  applications, a p rog ram  was initiated 
to de termine ,  quantitatively, the* re la t ive  resistance of these  alloys to s t r e s s  corros ion  cracking 
in boiling 42 weight percent magnesium chloride. The purpose of this section i s  to report  the 
results  obtained as of February 15. 1964.

17.3.1 Specimen Preparation and Test  Procedure

The mater ia l  used for preparing the corrosion specimens was excess tubing f ro m  the Mark II 
fuel fabricat ion.  The chemical composit ion and typical tensile  propert ies of the  five alloys a re  
shown in Tab le  17-2. Th° spec im ens  were prepared f rom  tubing by shearing a 1 /4- inrh  wide by 
6-inch lo ig specimen from the tubing and then milling a tensile  specimen as  shown in Figure 
17-1. The specimens are  thei polished to remove burns  and disturbed metal f rom  the milled 
surfaces.  The finished specimens a r e  inserted through openings in a glass reac t ion  vessel.  
Specimen junctions are  then sealed by an epoxy. Boiling 42 weight percent magnesium chloride 
is poured into the reaction vessel  equipped with a reflux condenser and the c o r ro s io n  test begins.
A test in p r o g r e s s  is shown in F igure  17-2.

The t im e- to - fa i lu re  of a specimen is determined by a t i m e r  wired through a microswitch 
attached to the specimen loading mechanism. When the load is released, the t im e r  is stopped 
ar.d the indicated reading is the t im e- to - fa i lu re .  It should be noted that this te s t  is specimen 
size dependent since it includes the  nucleation time, the c rack  propagation t im e ,  and the time
required for  the final ductile f r a c tu re  which occurs when the reduced c ro ss -s ec t io n a l  area can

\
no longer sus ta in  the load.



TABLE 17-1

PRETESTING DATA FOR BUNDLE

Rod
M a te r ia l Number OD

tinch.'

Inc olov L - l 0. 4518

L-2 0. 4507

L-3 0. 4507

L-4 0. 4508

L - l  1 0. 4512

L - l  2 0. 4512

L-21 0. 4516

L-22 0. 4515

L-23 0. 4515

L-24 0. 4515

L-25 0. 540

Inc oloy L-26 0. 540

F in a l
ID OD ID

(inch) (inch) (inch)

• 0. 4119 0. 4518 0. 4119

0. 4178 0. 4438 0. 4114

0. 4179 0 4507 0. 4199

0. 4181 0. 4508 0. 4181

0. 4274 0. 4512 0. 4274

0. 4274 0. 4433 0. 4195

0. 4356 0. 4516 0. 4356

0. 4357 0. 4433 0. 4275

0. 4356 0. 4433 0. 4273

0. 4358 0. 4435 0. 4277

0. 508 0 4460 0 .4 1 4 0

0. 508 0. 4460 0. 4140

Wall
T h ic k n e ss

(inch)
Type of Fuel

0. 0199 S tandard  Pe lle t

0. 0162 Swaged Pelle t

. 0. 0161 Standard  Pelle t

0. 0161 Standard  Pellet

0. 0119 Standard  Pelle t

0. 0119 Swaged Pelle t

0. 0082 S tandard  P e lle t

0. 0079 Swaged Pelle t

0. 0080 Swaged Pelle t

0. 0079 Swaged Pelle t

0 016 Swaged Pow'der

0. 0 ’ 6 Swaged Powder

G E A P -4 5 6 6

NUMBER 1

P e rc e n t
D ensity Annealed

F u e l-T o -C la d
Gap L eng th

After
Anneal

ob
A fte r

R esw a g e
OD

(inch) (inch) (inches) inch
95. 6 No 0. 005 10. 310

95. 6 Yes 0. 004 10. 360 0. 4450 0. 4430

95. 6 No 0. 002 10. 295

95. 6 No 0. 004 10. 304

95. 6 No 0. 002 10. 307

95. 6 Yes 0. 003 10. 372 0. 4440 0. 4428

95. 6 No 0. 002 10. 311

9 5 .6 Yes 0. 003 10. 370 0. 4450 0. 4425

95. 6 No 0. 002 10. 375

95. 6 No 0. 002 10. 375

88 No - - 10. 303

88 Yes _  _ 9. 923 0. 4485 0. 4450

1 7 - 3 /1 7 - 4
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TABLE 17-2

TYPICAL CHEMICAL ANALYSIS AND TENS1L P R O P E R T IE S  OF EVESR MARK II FUEL SHEATHING

Alloy C h e m ic a l  Analysis  ( P e r c e n t ) T ens i le  P r o p e r t i e s

Ni Cr C Mu P S Si Mo Ti Co Cu A1 * F e

Yield 
Strength 
(0. 2 p e rcen t  
offset)

. 10’ ^ psi

UTS
10 J 
ps i

Pe rcen t
Flon^-
ation

Incoloy 33. 4 20. 8 0. 06 1 .  1 0. 005 0. 006 0. 65 - 0. 05 0. 02 .0. 03 0. 05 0. 06 Bal 47 93 39

Inconel 76. 4 15. 1 0. 02 0. 22 - 0. 007 0. 31 - 0. 1 0. 08 0. 21
.

- T 7 37 93 38

310 VM 20. 2 25 0. 003 1. 02 0. 003 0. 003 0. 42 0. 06 - - - 0. 008 Bal 37 79 45

304 VM 9. 4 17. 8 0. 005 0. 55 0. 01 ■0. 007 0. 36 0. 01 - 0. 02 -
'

0. 009 Bal 33 85 60

304 H 8. 8 18. 3 0. 05 0. 80 0. 01 0. 008 0 .66 0. 20 - 0. 05 0. 18 - - Bal 40 107 61

17-5 17-6

U
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Figure 17-1. Tensile Specimen F o r  Stress  Corrosion T es ts  ( 1.3X)

17-7
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Figure 17-2. Corrosion Test in Progress .  Solution is Boiling 
42 w o \1 gC' 12 -

17-8
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1 7 .3 .2  Results

The results  obtained during this reporting pe i iod  a re  shown in F igu re  17-3 where s t r e s s  has 
been plotted as a function of t ime-to-fai lure  for  each alloy. The o r d e r  of increasing r e s i s tan c e  
is as expected from work reported in the l i t e ra tu re .  There is a knee in each curve w'hich occu rs  
approximately at the yield strength of each alloy which is in ag reem ent  with other investigators .

The relative res is tance  to cracking exhibited by the commercial g rade  and vacuum melt Type 
304 stainless steel is part icularly  interesting. Above the yield s t reng th  of the m ater ia ls  very 
l i t t le  benefit is gained by the vacuum melt m a te r ia l  while below the yield point the t im e- to - fa i lu re  
i s  increased by an o r d e r  of magnitude.

The Type 310 vacuum melt  stainless steel is m ore  resistant to c rack ing  than the Type 304 
s ta in less  steel,  indicating the beneficial r e s u l t s  of higher nickel content, and then the Incoloy 
and Inconel. All te s ts  were  terminated at 40 .000 minutes if fai lure had not occurred as  indicated 
by the arrow in Figure  12-3. It is significant to note that the Type 310 VM specimen s t r e s s e d  
at 20.000 psi, the Incoloy s t ressed  at 50,000 psi .  and the Inconel s t r e s s e d  at 70.000 psi did not 
fai l .

Metallographic examination of the Type 310 VM specimen s t ressed  at 20.000 psi has shown some 
c ra c k  penetration, as shown in Figure 17-4. The cracking is in the curved portion of the tensile  
specimen where some grain deformation from the milling operation is  evident. Presumably the 
c r a c k s  nucleated in the curved region ra ther  than the more highly s t r e s s e d  region because of the 
cold worked surface g ra in s .  Another s e r ie s  of te s ts  is being perfo rm ed  with more careful  
polishing of the milled surface  followed by etching.

17.4 Fuel Clad Strain Cycling

An analysis  was undertaken to obtain an e s t im ate  of the relative s t r a in -cy c le  performance of the 
va r ious  EVESR cladding m ater ia ls .  Strain cycling can be defined a s  low cycle fatigue, or  as  
cladding plastic st ra in  range ,  occurring because  of changes in r e a c to r  operating power.

Wrinkling and corros ion ,  either  of which will tend to reduce s t ra in -c y c le  life, were not con 
s id e red  in the analysis . * The analysis was completed during the q u a r t e r ,  and the resu l ts  a r e  
out lined below.

F o r  12.5-MW operation, s t ra in  cycling is calculated to be negligible for  all EVESR Mark II 
cladding materials .  As burnup occurs,  the c o re  |X>wer distribution changes, resulting in 
inc reased  strain cycling for  nearly all m a te r ia ls .  The worst case will occur at core mid-l i fe ,  
the resul ts  of which were  tabulated in Table 17-3. The low s t ra in -cyc le  life for the Type 304 VM 
s ta in le s s  steel at core  mid-l i fe  is due to:

•Initial ovality was considered  as discussed on page 10 of reference (7). The fuel specification 
ca l led  for 0.004- inch c lad- to-fuel  maximum gap to minimize the |>ossibility of wrinkling.

17-9 >
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Figure 17-4. Macrograph of 3 10 VM Stainless Steel Test Specimen and 
Micrograph Showing Stress Corrosion  Cracks

17-11
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a. Irradiation in the highest power p a r t  of the core, and

b. Having low s tren g th  due prinvarily to  low carbon content.

17.4.1 Conclus ions

a. If wrinkling w ere  to occur, the s t r a in  cycling for any M ark  II fuel clad m ateria l could 
result in even sho rte r  s tra in -cycle  life than is listed for the Type 304 VM s ta in le s s  steel.

b. Because of poss ib le  inaccuracies d iscussed  below, the r e s u l ts  presented here give general 
trends and not prec ise  values.

c. S train-cycle perform ance of all M ark  II m ateria ls  except possible Type 304 VM sta in less  
steel should be satisfactory, even if the unmodified** Reynolds' data apply.

d. If the m odified! Reynolds' data apply, strain cycle perform ance , even of Type 304 VM 
stainless s te e l ,  should be sa tis fac to ry .

TABLE 17-3

EVESR MARK II STRAIN CYCLING TRENDS

Cycles to Failure

Material

12.5-MW M id-Life 
Reynolds' Data

Unmodified** Modified!

Inconel 
Incoloy 
310 VM 
304 VM 
304 H

N.C. *
N.C.
N.C.

150 to 500 
N.C.

N.C. 
N.C. 
N.C. 

> 1000 
N.C.

*N.C. - Negligible Cycling

Note: N um ber of cycles has been reduced two-thirds to estim ate
rad ia tion  effects. Type 304 VM stainless steel is  assumed 
to follow the same stra in  v e rs u s  cycles curve a s  Type 304H 
s ta in le s s  steel. Type 310 VM stainless steel is  assum ed to 
follow the Incoloy stra in  v e rs u s  cycle curve.

♦♦Figure 5.1 - re fe rence  (7) - The unmodified data predict sho rtes t  s tra in -cycle  life. 
!F igure 5 .2  - re fe ren ce  (7).

17-12
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1 7 . 4 . 2  Method

The d isp lacem ent  method of R i e g e r * ' 1 was used in the strain-cyc le a n a ly s i s  with two modif ica
tions: (1) instead of going immediate ly  to the m axim um -pow er  point of the s t r e s s - s t r a in  
h y s t r e s s  loop, the s t r e s s - s t r a i n  curve was begun by first applying the external  1000 psi p r e s 
sure  and 600 F no-power condit ions ,  and (2) an e s t im a t e  was made of in c r ea se d  c ircum ferent ia l  
clad s tra in  due to pellet r idg ing .  W  The operating condition was taken at the most probable c lad  
tem perature  (1100 F). with shutdown at 600 F.

In addition to the assu m pt ions  of reference  (7) (volumetr ic  average fuel tem perature  applies for  
fuel expansion;  uni-axial t e n s i l e  s t r e s s - s t r a in  c u r v e  applies for both c o m p r e s s i v e  and tens i le  
cladding strain),  the following assumptions  were  used:

a. UO 2  surface heat flux (at the- axial power peak) i s  equal for inner and outer p asses .

I). The  thermal diffusion equation with constant U O 2  thermal conductivity and constant vo lum etr ic  
heat generation applies .

c.  The  UO2  thermal conduct ivity  value at the vo lum etr ic  average tem p erature  applies

d. UO 2  thermal conductivity value of Lyons (9) and linear expansion coef f ic ien t  of Burdick and 
P a r k e r  apply.

e .  All  power is  generated in the fuel. This  n e g le c t s  the fact that about 5 percent ot the power  
is  generated directly in the moderator .. ^  D

f. Fu el  pe l le ts  have c ircum ferent ia l  ridges  at e a ch  end. Tiie diametral height ot a ridge is 
0 . 0 0 1 4  inch* at a heat flux of 131.000 Btu, h-ft^ , and ridge height i s  l inear  with heat flux.

O
g. Outer  c lad-to-fuel gap conductance is 1000 Btu h-tt - F. The effect  of am mat curat ics  

introduced by a ssu m p t io n s  a. through g. will lie to change the amount of I'Oo expansion at 
p o w e r .

h. Rate  of change of radial heat flux with respect  to axial distance .s neglig ib le  at tin peak 
power location.

i. A s - b u i l t  c lad-to-fuel d iam etra l  gap (room temperature)  is 0 .002- in ch  (minimum gap will b< 
the amount of clad spr ing-b ack ,  about 0 .0015  inch, due to p ressur iza t ion  during fabrication.  
M aximum allowed gap i s  0 .0 0 4  inch.

j. Longitudinal e ffects  of pe l le t  ridging on cyc l ing  are  negligible.

k. Cladding does not r e s t r i c t  fuel expansion. (Interference s t r e s s e s  in the claddim will be 
much greater than in the fuel because ot the high fu e l - th ick n ess - to -c la d - th ick n ess  rat io . )

l. T h e r e  is no change in cladding s t r e s s - s t r a in  cu rv e  due to irradiat ion, cycling, thermal  
aging ,  e tc . ;  that is. y i e ld  strength at arb itrary  offset value does not change with time .

m. The  thinnest cladding i s  used at the highest power locations for e.n h materia l .

*This value of ridge height i s  est imated from work done by S. W. Tagart in 1962 lor FVFSR 
s t r e s s  calculations.

1 7 - 1 3



GEAP- 4560

Power distribution of reference (11) was used in Ihe analysis  cxcpet that a constant axial powe; 
peak of l.H ’vas used  for all mater ia ls .

17.4 .3  Accuracy

Major sources of possible e r ro r  in plas t ic  strain are  inaccuracies  in (1) fuel e lement  maximum 
power level re la t ive  to core  average, (2) magnitude of U0 2 - to -c la d  relative expansion, and 
(3) material s t r e s s - s t r a i n  curve - -  both initially and as i r rad ia t ion  time increases .  Assump
tions a. to g. would affect e r ro r - so u i  t*. U u . and should t r e a t  all mater ia ls  the s a m e .  The 
other assumptions except 1. consider fuel geometry and also should treat all m a te r ia l s  nearly 
the same. Assumption 1. would affect e r r o r - s o u r c e  three.  T h is  may be the grea tes t  possibility 
for e r r o r .  For example,  most of the EVF^R clad materia ls  o p e ra 'e  at s t re sse s  and s t ra in s  
between the l inear  part  of tne s t re ss  s t r a in  curve and the a t - tem p e ra tu re  yield [xiint. In thi 
region a 10 percent  change in yield s t reng th  can permit a 300 percent  change in plas t ic  strain 
range tor some opera t ing  conditions. Neutron irradiation usually  acts  to increase yield strength; 
st ra in  cycling a c t s  e i ther  to increase o r  d ec iea se  yield s trength  depending on m ater ia l  and 
operating conditions; and temperature  a c t s  either  to increase o r  decrease  yield s t reng th  depending 
on whether a hardening or  softening p r o c e s s  occurs in the m ate r ia l  at the operating tem pera tu re .  
Thus, the possible inaccuracies  prevent th is  analysis from giving exact values. However, the 
analysis is still  useful in showing s t r a in -cy c le  trends of the m a te r ia l s  used in the EVESR Mark 
II core.

17.5  NTR Test of EVESR Cladding Materials

Samples of all cladding used for EVESR were sent to VAL for NTR Pile Oscillator T es t  to 
determine the boron equivalent.

The calculated and measured  boron equivalent absorption is shown in Table 17-4. The caculatcd 
values assume the maximum allowable alloying constituents and the highest c ross  sec t ions .

TABLE 17-4

NTR TEST OF BORON EQUIVALENT

Mater ia l Sample*

Natural Boron Natural Boron Equivalent 
Equivalent Absorption Calculated

Absorption from Chemical  Analysis

Stainless Steel 304 Type (VM)
Stainless Steel 304 Type (Comm.) 
Stainless Steel.304 Type (VM) 
Stainless Steel 304 Type (Comm.) 
Stainless Steel 304 Type (Comm.) 
Stainless Steel 304 Type (VM) 
Incoloy 
Incoloy 
Inconel
*1 and 2 represent  heat  numbers. 
17-14

2VJ002 790 ±10 opm
Velocity Booster 818 ±10 ppm
2VJ188 791 tlO ppm
P r o c e s s  Tube 799 ±10 ppm
AVN1014 775 ±10 ppm
1VK360 843 ±15 ppm
2VL481 884 ±20 ppm
1VL509 882 ±20 ppm
1VM801 1055 ±30 ppm

793 ppm

767 ppm 
845 ppm 
888 ppm 
888 ppm 

1062 ppm
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17.6 Heat T r a n s f e r  Analy tical  A n a l y s i s

A c o m p u t e r  p r o g r a m  to r  a n a l y s i s  ot m ul t i rod  s u p e r h e a t  luel e lem ent  c o n f i g u r a t i o n s  is be ing 
d e v e lo p e d  to p e r f o r m  a d v a n c e d  fuel design c a l c u l a t i o n s .  The basic  c o m p u t e r  logic to r  th is  
p r o g r a m  has  been  e s t a b l i s h e d  and  co m p u te r  p r o g r a m m i n g  is  in p r o g r e s s .

B r i e f ly ,  t h i s  o ro g r a m  will p e r m i t  steady - state h ea t  t r a n s f e r  an a ly s i s  of s e v e n - r o d  c l u s t e r s ,  
taking in to  account fluid m ix in g ,  axia l  and rad ia l  v a r i a t i o n s  in heat g e n e r a t i o n ,  a s  well a s  the 
p r o p e r  t e m p e i a t u r o  for e v a lu a t in g  all m a te r i a l  and l lu id  p r o p e r t i e s .  T^<* c o m p r e h e n s i v e  output 
inc ludes  i t e m s  such a s  c l a d d in g ,  s t e a m ,  and fuel t e m p e r a t u r e s ,  in add i t ion  to nodal heat l o s s e s  
ind p r e s s u r e  d rop .

*

17-15 17-16
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18 0 SUB-TASK F 2: FUEL FABRICATION

18. 1 Fuel Bundle M a t e r i a l  P r o c u r e m e n t  - M a r k  III

M ate r ia l  o r d e r s  h ave  been placed with  v e n d o r s  tor Z i r c a l o v - 2  p la te  and tubi ig, « f i t t i ngs which 
will be used  fo r  the  w a ter  d i s p l a c e r ,  p r o c e s s  tubes,  and d o w n c o m e r s .  An o r d e r  l ias a l so  been 
placed for the s t a i n l e s s - s t e e l  shie ld  p lu g s  which will be p l a c e d  ins ide the r i s e r s  an d  d o w n co m ers  
to p re \  ent r a d i a t i o n  s t ream ing  to the  p r e s s u r e  r e s c u e  h ead .  T h e  jum per  m a t e r i a l ,  including 
n e ce s s a r y  f i t t i n g s  to make the M ark  111 coupl ings  i n t e r c h a n g e a b l e  with the c u r r e n t  M ark  11 fuel, 
has a lso  been o r d e r e d .  Atiout 90 p e r c e n t  of a l l  m a te r i a l  r e q u i r e d  for the Mark III fue l  bundles 
has  now been o r d e r e d .  The c r i t i c a l  e x c e p t io n s  a r e  the  Z i r c a l o y  "U" fit ting lor t h e  p r o c e s s  tube 
and the Incoloy ” U‘* fit ting for the  p r o c e s s  tube  l in e r .  T h e s e  i t e m s  a r e  being g iv e n  sp e c ia l  
handling and p r i o r i t y  by purchas ing  to  s e c u r e  a quali f ied  v e n d o r .

The Incoloy tu b ing  r e q u i r e d  for the M a r k  III fuel a s s e m b l i e s  h a s  been r e c e iv e d  a n d  p r o c e s s e d  
through incom ing  r e ce iv in g  in spec t ion .  The outs ide  d i a m e t e r  of the tubing is  0. 4f>0 inch  and the 
wall t h i c k n e s s e s  a r e  8. 12. 16. and 20 m i l s

Ail tubing has  p a r s e d  incoming in s p e c t io n  except the 8 -m i l  th i c k  m a te r i a l ,  which w a s  r e j e c te d  
dur ing u l t r a s o n ic  tes t ing  l iecause of s< r a t c h e s  on the in s ide  s u r f a c e  ot the tubing. The  prob lem 
has  been d i s c u s s e d  with the vendor  a n d  it was de te rm ined  th a t  the s c r a t c h e s  w e re  a r e s u l t  of 
p ro c e ss in g  at th e  v e n d o r ' s  plant. A r e p l a c e m e n t  o r d e r  is  Iwing in i t ia ted  to r e p l a c e  ‘.he tubing.

The h a rd w a r e  f a b r i c a t i o n  fo r  the M a r k  111 « l u s t e r s  is  90 p e r c e n t  com ple te  and m a t e r i a l  for the 
rem a in ing  p a r t s  i s  in the shop

A p u rc h a se  o r d e r  was  p laced  wi th i v e n d o r  in Novemln r 1963 to furn ish  10 p e r c e n t  e n r i c h e d  l Og 
for  the M ark  III and  M ark  IV a s s e m b l i e s .  The vendor h a s  l ieen ui able  to m eet  tne  r e q u i r e d  
sp ec i f ica t ions  f o r  the  powder and the o r d e r  was can ce l led  b\  default .

Negotiat ions a r e  now being made  with a n o th e r  vendor to supply the powder.

18. 2 Incoming Tubing  Inspec t ions

To in su re  tubing  in teg r i ty  and to m a i n t a i n  an in form at ion  t i l e  in r e t a r d  to fuel e l e m e n t s  which a r e  
to use th is  tub ing ,  the following t e s t s  wi l l  be conducted on a ll  i n r o i i in g  Incoloy tu b in g  scheduled  
for use  in A dv an ced  Superheat E x p e r i m e n t s .

a. M a c r o h a r d n e s s  on smooth  s u r f a c e s .

b. T e n s i le  t e s t s  at room  t e m p e r a t u r e  and at 1100 to 1150 F .
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c. H y d r o s t a t i c  te s t ing  to r u p t u r e .  •

d C h e m ic a l  a n a ly s i s ,  and

e. M e ta l lo g rap h y .

The r e s u l t s  f r o m  th e se  t e s t s  sh o u ld  p r e s e n t  a w e l l - r o u n d e d  p ic tu re  of the  m e c h a n ic a l ,  phys ica l ,  
and m e t a l l u r g i c a l  p r o p e r t i e s  of t h i s  m a t e r i a l  and a id  in the  eventual p'»«‘ - i r r a d i a t i o n  examinat ion .

The m e t a l l o g r a p h i c  ex am ina t ion  >1 th e  Incolov-800 s e a m l e s s  tubing m ade  f r o m  the  spec ia l  ingot 
m a te r i a l  h a s  been  com ple ted  and th e  r e s u l t s  a r e  t a b u la t e d  below

ASTM
G rain
S i / e

2 mils  
f r o m  OD

M i c r o h a r d n e s s  

’( e n t e r
2  mils  

i com 11 >

0 4 5 0 - inch  CM) hv 0. 01 2- inch  wall 8 - 1  2 8 8  21 84 20 89 62
0 4 5 0 - inch Of) by 0. 0 1 6 -u u  h wall 8 - 1  2 85 50 84 20 8 8  21

0 i S u - n u  h OD by 0 0 2 0 - inch  wall H 76 93 78 07 76 93
0 375- inch  OD by 0 0 1 6 - in c h  wall 7-1 2 75 8 * 76 78 07
0. 280- inch  OD by 0. 0 2 0 - in c h  wall H-l 2 97 18 85. 50 91 07

Some g r a in  I snm dary  p re c ip i t a t io n  w a s  evident and v a r i e d  wi th each tube si/e ai«.» evident u«*r< 
s t r i n g e r - l i k e  no n m e ta l l i c  in c lu s io n s  in the longitudinal c r o s s  sec t ions  «»l all tub ing
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1 9 .0  St H -TASK F 3 MARK 111 1 T'F.L DESK.N

19 . 1  P h y s i c s

Hu present Maik III d* m n < »i l *- lor loui s e w n - r o d  <. lusters  pi r I uikiI* at 10 percent rn rn  li- 
ment. TH»*se c l u s t e r s  arc  ' l a  1 with b 1 2 - .  !* - .  and 2 0 - mil Incolcv and arc contain* in an 
H3-mil-Buck Z in  a loy  p rocess  tube. Th* tod >s phvsn alls se |»ar i l ed  Ironi the p r o c e s s  lulu i>v 
a 2k mil Ii:< u|o\  l in er .  Work completed th is  q tarter on this r e ’.t it nee desicn included

a. C ross  |h)Ai r dud r dwt ions a c ro s s  c o r e  with m w r s c  a id " n orm al- control rod patterns .

l>. F loodilie. H'!i i ts  tor Mark II. in Zui'i 1. and lor Mail' III i*> / o n e s  1 and 3. (Mark II fui 1 
assumed in the l ialam • oi tin c o r e . )

c.  Reacti .it'.  worth < onpared to Mark II

The ma.\in urn li at f lux in Mark II’ fuel with the normal contro' rod pattern is 5 5 .0 0 0  Btu h-'t^ 
With the tin* rs« rod pattern tnis in niber i n c r e a s e s  to 147,000 Btu h-it~.  These nunibei s  are

i

averages  over a seve i  rod i luster uid no not »iu lad* an axial la* tor A more detailed pivicr  
pit lure is being generated  which wil vield rod-b \  rod |>ower.N.

Talde 19-1 contains Hooding coeM.cn nts (or  the core  with Mark ill  fuel in Zone 1 and in Zones 1 
and 3. The trend ol th ese  numbers indica?* > that replat up Mark Ii fuel with Mark 111 fuel  (1) 
slightly reduces cold  unfloodmg reactivity.  (2) increases  hot Hooding with rods out. and (3) 
mi reuses  tin rods out t old- *•»- In •* react ivi ty  swing.

Control Rods Event *

1 a h :.:-. :

F U O B I N (. COKFFIC1FNTS

Marl; HI
M; rk 111 Zone 1 Zones !  and 3

Mark 1! 
(Startup Core)

All Rods Out Cold  tinflooding ♦ 0 . 9 7  jH‘i » cot *0. 91 | X * r < e n t *1. 4  pel cent
Hot Flooding ♦ 2 4 percent ♦ 2 .6  |,H>i cent *2 . 2  i>cn ent
Cold- to- Hot. 
f l o o d e d

♦ 4 6 ix*rcent • 5. b pc 1 cent * 3. 6 per* ent

Stain less  Steel 
Rods In

Hot Flooding e 3 . J percent • 3. 1 percent • 2 .7  percent

Al» Rods In Hot Flooding ♦ 4 .2  percent • 3 .7  percent *3 . 7  percent

•"Cold unfioodrig' i s  with velocity lam iter  (Mark II fuel) and insulation gap Hooded 
(Mark III fuel! . "Hot flooding' is  c o m p e t e  flooding ol the Mark II fuel and insula
tion gap unflooded in the Mark 111 fuel.

The Mark III bundles appear  to be l e s s  reactive than the Mark II bundles .  The higher e n r i c h 
ment in Mark III is  o f f se t  by the smaller  inrcunt ol UOu per bundle and !>v a higher leakagi rate.  
T h is  leakage is a result  of the large amount of Zircaloy present a s  a water disp lacer .  Table  
19-2  below shows the trend of reactivity l o s s .
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TABLE l'J-2

CORE REACTIVITY, NO CORRECTIONS*

All Mark II Mark III Zone 1 Mark III Zones 1 and 3

kpff 1.147 1.138 1.124

•For shims and miscellaneous neutron absorbers  in the co re ,  variable 
enrichment, o r  calculation versus measurement  co rrec t ions .

These  numbers indicate approximate differences since corrections which apply to one case  do 
not apply to the other  two. A more detailed ana lys is  is hemp completed which will better  d e t e r 
mine the absolute react iv i ty  losses.

19.2 Heat Transfer  and Design Analysis

a.  It was concluded f rom  an analysis of the r i s e r  insulation gap that: (1) below the water level 
a stagnant steam gap is adequate to maintain Zircalov tem p era tu re s  which a re  not excess ive .  
(2) above the water level the r i se r  t em p era tu re s  are  too high for Zircaloy, and (3) the 
relative expansions between the vessel and the r i se r  tubes is alxiut the same as for the 
Mark H bundles, thereby preventing excess ive  s t r e s se s  at the vesse l  outlet nozzle. Item
(2) makes necessary  the use of a joint between the Incoloy r i s e r  and the Zircalloy p ro c e s s  
tubes.

b. Tc achieve high specific  power in the Mark III fuel, it is des i rab le  to reverse  the present  
control rod pattern; i . e . . pull out the four center  rods and in se r t  the eight outer ones.
This requires  a significant safeguards effort  to amend the EVESR Operating License in two 
a re a s  --  changes in control  rod pattern, and the maximum specific power allowable within 
the EVESR core .  Work has begun on both i tems,  but to avoid loading delays due to l icensing 
charges  it is planned that the Mark III fuel will be inserted in the four center positions with 
the present EVESR control  rod pattern. The rods will then be r ev e r se d  when the l icense 
amendment is obtained.

Based on prel iminary calculations the approximate axial peak heat fluxes which can be 
attained a re  as  follows:

1. Normal rod pa t te rn  - -  100.000 Btu/f t2/ h  (13 kw/kg UO2)

2. Reversed rod pa t te rn  but within curren t  specific power limit for  license --
180.000 Btu/ft2/ h  (23 kw/kg U 02)

3. Reversed rod pa t te rn  and elimination of specific power limit in license --
260.000 Btu/f t2/ h  (33 kw/kg U02)
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P r e l i m i n a r y  ca lcu la t ions  of th e  a v e r a g e  m o d e ra to r  v o id s  in the M ark  III fue l  bund les  at 
12.5 MWt with the r e v e r s e d  c o n t r o l  rod pa t te rn ,  in d i c a t e  that voids will not b e  e x c e s s iv e  
and c i r c u l a t i o n  should fie a d e q u a t e .  T hese  c a l c u l a t i o n s ,  a s  well a s  the  s i m i l a r  ca lcu la t io n s  
to r  the  n o r m a l  rod pa t te rn ,  will  fie f i rm ed  up following comple tion  of the  d e t a i l e d  phys ics  
ea lcu la t  io n s .

P r e l i m i n a r y  heat t r a n s f e r  and flow ca lcu la t ions  for  the* e n t i r e  fuel bundle  w e r e  made  to 
e s t a b l i s h  p r e s s u r e  d r o p s  and t e m p e r a t u r e s  fo r  m e c h a n ic a l  a n a ly s i s  p u r p o s e s .  T h ese  
c a l c u l a t i o n s  w e re  com ple ted  f o r  both the no rm a l  and  r e v e r s e d  control  ro d  p a t t e r n s .

The p r e s s u r e  d rop  a c r o s s  the e n t i r e  bundle c o n f ig u ra t io n ,  including the j u m p e r ,  v a r i e s  
f rom  20 p s i  with the no rm a l  r o d  p a t te rn  to about 250 p s i  with the r e v e r s e d  r o d  pa t te rn .
The s t e a m  flow r e q u i r e d  pe r  " U "  tube is 1500 lb ft a n d  6000 lb h, r e s p e c t i v e l y ,  for the two 
con t ro l  r o d  p a t t e rn s .

19.3  Fuel Bundle Design

The o v e ra l l  layou t  of the M ark  III fu e l  bundle has been c o m p l e t e d  and is now u n d e rg o in g  in te rnal 
rev iew to iden t i fy  a r e a s  r e q u i r in g  m a j o r  s t r e s s ,  t h e r m a l ,  and s a f e g u a r d ' a n a l y s e s .  Following 
th is  rev iew ,  any  n e c e s s a r y  c h a n g e s  will be made ar.d p r e p a r a t i o n  of de ta i led  d r a w i n g s  will be 
in it ia ted.

It has  been d e c id e d  that the In c o lo y - Z i r c a lo v  m echan ica l  j o in t  at the top of the  Z i r c a l o y  p r o c e s s  
tubes  will be  u s e d  only between the  p r o c e s s  tube and r i s e r  sec t ion  and not b e tw ee n  the  p r o c e s s  
tube and d o w n c o m e r  sec t ion .  T h i s  jo in t  is not r e q u i r e d  b e tw ee n  the d o w n c o m er  and  p r o c e s s  
tube ,  s ince  a  Z i r c a lo y  dowm.omer  c a n  fie used,  and any p o s s ib i l i ty  of i n - l e a k a g e  at  a location 
that could a f f e c t  i r r ad ia t io n  r e s u l t s  i s  the reby  avoided.

The d i s s i m i l a r  m eta l  m echan ica l  j o in t ,  developed under  P . A .  13, i s  be ing  t e s t e d  by cycling 
between 125 a n d  600 F with a 105 p s i  p r e s s u r e  d i f f e r e n c e .  It r e v e a le d  no s ig n s  of leakage  in 
fif teen c y c l e s ,  and  tes t ing  is  con t inu ing .

The M ark  III b u n d le s  will have Incone l  ju m p e r  a d a p te r s ,  r a t h e r  than new s t e a m  j u m p e r s ,  to 
make these  b u n d l e s  com pat ib le  with  t h e  M ark  II ju m p e r  a r r a n g e m e n t .  T h i s  will avoid  m a jo r  
r e d e s ig n s  s h o u ld  it becom e n e c e s s a r y  to move the M ark  III bundles  f ro m  the f o u r  c e n t e r  co re  
pos i t ions  in t h e  fu tu re .  F ina l  d e s ig n  of these  a d a p te r s  i s  p ro c e ed in g  in d ra f t in g .

A te s t  unit f o r  d e te r m in in g  d e f l e c t i o n s  in the sca l loped  in s u la t io n  l ine r  has  been c o m p le te d  and 
p r e l im in a r y  t e s t  r e s u l t s  obta ined .  T h e s e  t e s t s  will p ro v id e  in format ion  r e q u i r e d  to f inalize  the 
design  with r e s p e c t  to s p a c e r s  b e tw e e n  the l iner  and p r o c e s s  tube and on the o p e r a t i n g  flow 
c l e a r a n c e  to b e  expec ted  between th e  l in e r  and fuel e l e m e n t .  The p r e l im in a r y  r e s u l t s  appea r  
to be in l int  w i th  g en e ra l  e x p e c t a t i o n s .
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19.4 Bundle Tooling Design and Fabr i c ation

The s ta tus  of tools for fabrication of the advanced fuel bundles is as follows:

a. Design of the tooling for outward dimpling of the r i s e r  liner is complete.

b. The l ine r -p rocess  tube joint rolling equipment has been ordered from the supplier.

e. The scalloping tool for forming the process tube l in e r s  has been re leased  to manufacturing, 
and fabricat ion is underway. Tubing for sample ru n s  is on order.

19.5 Steam Flow T es ts  on Advanced Fuel Components

Work has begun on the use of the existing Moss Landing s team facility for flow testing advanced 
fuel components  as well as prototype fuel bundles. T e s t s  wall be conducted under steam condi
tions of 950 F and 1000 psig w'ith s team flows up to 30.000 lb/h.

Pre l iminary  plans call for such t e s t s  as p ressure  drop  measurements ,  check of thermal 
expansion, vibration, and the effectiveness of thermal insulation schemes, underwater  seals, 
and proof tes t ing overall mechanical designs.

19.6 Mark III F u el Element Design

The presen t  program calls for four Mark III fuel a s se m b l ie s .  Each assembly will have four 
seven-rod c lu s te r s .  The individual rods will be spaced with helical wires and will have 
0.450 inch OD Incolov-800 cladding containing UOo pe l le ts  of 95 percent of theoretical  density. 
Cladding thicK.iess of 0.020. 0 .016,  0.012, and 0.008 inch will be used, w’ith each of the four 
assemblies  utilizing one of the four cladding thicknesses.

Drawings of the Mark III fuel rods  and c lusters  have been issued, as shown in F igures  19-1 and 
Figure 19-2 (Drawings 107C4473 and 798D810). The c e n te r  rod of each c lus te r  is pinned to a 
support rod .  The upper end plugs of the outci six rods  have grooves which in ter lock with the 
support rod.  A sleeve fit.- over the end plugs and supjrort rods to maintain rod axial position. 
Flats on k.,e end plugs fit against th is  sleeve to hold angular  orientation for p ro p e r  intermeshing 
of the wire space rs .  At the lower end of the cluster  a sp a ce r  is pinned to the cen te r  rod. The 
outer rods a r e  free to move axially in the space to accommodate differential expansion.

19.7 Fuel Element Fabrication Development

A process  flowsheet has been establ ished for fabricating the Mark III fuel c lu s t e r s .  Develop
ment work has been initiated to es tab l ish  details for each labrication sequence.
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Figure 18-1.  EVESR Fuel Rod
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19 8 M ark  III T h e rm a l  and H y d r a u l i c  Design S um m ary

The p r e l im in a r y  t h e r m a l  an d  hydrau l ic  c h a r a c t e r i s t i c s  nf the M ark  III d e s ign  have been c o m 
p le ted  a n d  a r e  being r e v ie w ed  f o r  compat ib i l i ty  with o v e r - a l l  FVFSR s y s t e m  and advanced fuel 
p r o g r a m  r e q u i r e m e n t s .  A p i c t o r i a l  c r o s s - s e c t i o n  of the  M ark  fll fuel i s  shown in F igu re  19. 3. 
Table  19. 3 shows the s ig n i f ic a n t  t h e r m a l  and h y d r a u l i c  c h a r a c t e r i s t i c s .

1 3 - 9
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S A T U R A T E D  STEAM

F U E L
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Figure 19.3. Cross Section of EVESR Mark III Fuel
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TABLE 1 9 3 ,
THERMAL AND HYDRAULIC CHARACTERISTICS OF MARK III FUEL

AT VARIOUS PO W ER LEVELS

Power  L i m i t e d  by Pow er  L i m i t e d  by D e s i r e d
Use of N o r m a l 23 kW /'kg Targe t  P o w e r

Fuel E l e m e n t  Data Control  Rod P a t t e r n L icense  L im i t Condit ions

1 T ype  of fuel e lement 7 - r o d  C l u s t e r 7 - r o d  C l u s t e r 7 - ro d  C l u s t e r
107C4473 107C4473 107C4473
798D810 798D810 798D810

2. F u e l  length,  f t - in .  1st p a s s 5 5 5
2nd p a s s 5 5 5

3. Rod c l a d  OD. in. 0. 45 0. 45 0. 45

4. Rod c la d  th ickness ,  in. 6 020 0. 020 0. 020

5. Rod c la d  m a te r ia l Incoloy Incoloy Incoloy

6. F’ue l  spac in g  method W ire  w r a p Wire  w r a p Wire  w rap

7. C l u s t e r  p i t c h - t o - d i a m e t e r  r a t i o 1 .15 1 15 1. 15

8. T ype  of fuel fab r ica t ion Pelle t Pelle t Pelle t

9. F u e l  rc th e o re t ic a l  dens i ty 92 92 92

10. UOg fuel  e lem en t .  Kg 20 20 20

11. Fue l  pe l le t  OD. in. 0. 422 0. 442 0. 442

12 F u e l  e n r i c h m e n t . 10 10 10

13. P r o c e s s  tube conf igura t ion 1. 875 OD 7 r 1. 875 OD Zr 1. 875 OD Z r
tube with tube with tube with

. * 0 030 Incoloy 0. 030 Incoloy 0. 030 Incoloy
sca l lo p  l i n e r sca l lop  l i n e r sca l lop  l i n e r

14. P r o c e s s  tube insula tion Steam Steam Steam

15. P r o c e s s  tube th ickness  and  
c o l l a p s e  p r e s s u r e  d i f f e r e n t i a l . 0 083 0. 083 0. 083
in; p s i 1300 1300 1300

16. F u e l  e l e m e n t  s t e a m  flow a r e a ,  
in2

0. 60 0. 60 0. 60

17. Fue l  e l e m e n t  s t e a m  How a r e a  
h y d r a u l i c  d ia m e te r ,  in.

0. 139 0. 139 0. 139

18. Inlet  s t e a m  t e m p e r a t u r e .  F ,  1st p a s s  545 545 545
2nd p a ss  C92 696 690

19. In le t  s t e a m  p r e s s u r e ,  p s i 1000 1 000 1 000

20. Axial  peaking  fac tor 1. 78 1. 78 !. 78

21. F u e l  e l e m e n t  power,  KW, 1s t  p a s s  6 1 .2 . 121 225. 5
2nd p a s s  6 6 .0 121 225. 5

19-11
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TABLE 19. 3 (Continued)

Fuel Element Data (Continued)

22. Design steam flow rate , lbs hr 1450 3030 6100

23. Design steam exit temp. . F 896 891 881

24.
?

Average heat llux. Btu hr-ft - F 52. 800 100.500 187.300

25. Maximum section heat flux. 
Btu hr-ft2_ F 94. 000 179.000 333.000

26. Maximum-peak heat flux, 
Btu hr - f t4*- F 106.700 194.000 364, 000

27. Most probable maximum clad 
temp. . F 1100 1100 1100

28. Heat loss to m o d era to r  adjacent 
to fuel region. KW 1st pass 6. 7 7. 9 8. 3

2nd pass 15.0 18. 3 20. 2

29. Fuel element design 1st pass 4. 5 17. 1 61
pressure  drop, psi 2nd pass 5. 5 21. 4 81

30. Maximum p r e s s u r e  differential 
across  the insulation liner,  psi 10 . 0 38. 5 141

31. Bundle p re s su re  drop, psi 19. 0 72. 0 252

32. Heat t ransfer  anea per  1st pass 4. 11 4. 11 4. 11
fuel element, ft*- 2nd pass 4. 11 4. 11 4. 11

33. Average specific power in 
fuel element, KW Kg 6. 58 12. 52 23. 33

34. Maximum section specific power 
in fuel element. KW Kg 11.71 22. 30 41. 48

35. Maximum steam velocity in 
fuel element, ft sec. 73. 5 160 372

Note that the nomenclature  "fuel element" r e f e r s  to the fact that the  f irst  and second p a ss  a r e  in 
s e r i e s  and a re  considered  as  one continuous element instead of two d iscre te  sections.

19-12
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