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1.0 INTPODUCTION AND SUMMARY

1.1 Introduction
This is the tenth of a series of quarterly reports vhich will cover the
progress and results from. the conceptual de51gn, economic evaluations
and research and development work performed by the General Electric
-Company as part of the Nuclear Superheat Project under Contract
AT(0k-3)-189, Project Agreement Noo-lje‘ The foilowing list of.progress

reports and topical reports have been published as a result of thie work.

GEAP-3290,

GEAP-3319,

GEAP-3371,
GEAP-3387,
GEAP-3L468,
GEAP;3538

GEAP-3563,

GEAP-356k,
GEAP-3581,
GEAP-3589;

GEAP-3590,

GEAP-3591,
GEAP-3633,

GEAP- 3686,

First Quarterly Progress Report, July - September, .
1959

Superheat Process Tube Heat Transfer Tests

Second Quarterly Progress Report, October -
December, 1959

Fabrication, Irrediation and Evaluation of
Superheat Fuel Elements

Third Quarterly Progress Report, January -
March, 1960

Fourth Quarterly Progress Report April -
June, 1960

Interim Report on Steam Dryer Development

Results of Air-Water Steam-Water Tests on
Primary Steam Separators - October, 1960

Fifth Quarterly Progress Report, July -
September, 1960

Economic Study for 300 MM(e)
Separate Superheat Reactor

Eeonomic Study of the Mixed Spectrum Superheater

Manufacture of the Adhesive Bonded
AEC Superbheat Critical Fuel .

Economic Study for 300 Mw(e)
Once-Through Superheat Reactor

Sixth Quarterly Progress Report,
October - December, 1960

-1 -



GEAP-3698, Erosion Experiments of Powder Compacted
‘ Uranium Dioxide Under Dynamic Steam Flow

AY

GEAP-3703, Heat Transfer Coefficients with Annular Flow
During "Once-Through'" Boiling of Water to
100 Per Cent Quality at 800, 1100, and 1400 psi

GEAP-3724k, Seventh Quarterly Progress Report,
Jaumary - March, 1961

GEAP-3737, Flood Safety of The Mixed Spectrum Suﬁerheatcr

GEAP-3739, Plastic Strain in Thin Fuel Element Cladding
Due to er Thermal Expansion )

GEAP-3778, A Simulated Superheat Reactor Corrosion Facility

GIAP-3785, Eighth Quarterly Progress Report
Tune - Auzuste 1961

GEAP-3787, Results of Air-Water and Steam-Water Tests on
Radial Vane Steam Separator Models

GEAP-3796, Design, Fabrication and Irradiation of
Superheat Fuel Element SH-4B in VBWR

GEAP-3779, Corrosion of Type 304 Stainless Steel
in Simulated Superheat Reactor Environments

GEAP-3875, Materials for Nuclear Superheat Appllcations,
A Literature Survey

GEAP-3877, Ninth Quarterly Progress Report,
. Jnly - Septcmber, 1961

Sectlon I of the First Quarterly Report (GEAP- 3290) presented a description
of .the Nuclear Superheat Project including objectives; approach to the
problem and expected results by individual task. Tﬁe followiﬁg,tabulation
of task titles is listeq for easy reference.

TA3K A - Comccptual Deoign and Program EQaluafion

TASK B - Fuel Technology

TASK C - Materials Development

TASK.D - Experimental Physics

TASK E - Coolant Chemistry

TASK F - Heat Transfer



TASK G - Mechanical Development

TASK H - SADE & E-SADE

TASK J - Mixed Spectrum Superheat'Study

1.2 Summary

The following section provides a brief summary of significant results

by task for this reporting period. Section 2.1 provides a brief

summary of significant results by.fask for the totel program since the

initiation.of the Nuclear Superheat Project.

1l.2.1

TASK A - Conceptual Design‘and Program Evaluation

Conceptual design effort has concentrated on the design of a
large separate superheat reactor for a 600 MWe plant. The
reactor design concept'is based on fhe use éf either a single-
pass annular fuel element or a T-rod cluster fuel element.

Plant and reactor data summary is listed is Section 2.2.

TASK B - Fue; Tgchnology

During this reporting period a 0.0186" thick stainless steel clad

annular fuel .element was irradiated in the SADE loop. A maximum

‘exit temperature recorded was 845°F with a maximum-power of

83 KW(t). Activity release measurements during irradiation in

- the SADE loop were s factor of at least 300 less than those found

in SH-UB or SH-LC, indicating that there is a very small leak in
the clad@ing or a slight U0, surface contamination. Comparison
of SH-5A operation with former in-éervice failures of superheat
fuel elements indicates that if a clad defect exists it is not

similar in nature to the large gross defects observed in SH-4B

" or SH-L4C.

-3 -



l1.2.3

Post-irradiation examinations ofTSﬁAH fuel element indicate that
there was a significant amount of chloride deposited'in the
corrosion film on the fuel element. Sincé the SH-4 fuel element.
did not develop a clad defect, one may conclude that chloride
stréss crgcking-may hgve occurred during subsequent irradiatioﬁ

and that chloride stress cracking is kighly statistical in

nature.

. pPOST-irradiation examination ot SH-4C fuel element, which developed

a defect on the inside clad surface, indicates that there is no
evidence of fretting corrosion between the fuel cladding and thé

wire wrapped spacer. In addition, post-irradiation examinations

indicated that chlorides were found in the vicinity of the failed

porfion, that the wire wrapped spacer had failed either during
iffadiation or during removal of the fuel, and that there was
a significant increase in length of the fuel element. This fuel

element growth has not been observed in previous irradiations.-

TASK C - Materials Development.

A topical report, "Materials for Nuclear Superheat Applications,

A Litersture Survey,” GEAP 3875, was_compieted. This literature
survey was initiated to investigate the.pOSSibility”of developing

an alternate cledding material for superheat fuel application.

The results of this literature survey were listed in Section

4.1. Based on this survey, tw04possible directions seem to be
apparent for reducing the susceptibiiity of superheat fuel
cladding to chloride stress cracking. These are to reduce the

impurity level in stainless steel and to utilize cladding

-4 -



1.2.4

1.2.5

materials having either a very.low or very high nickel

content.

Bench tests were completed for eleven specimens utilizing the
equipment intended to perform strain cycling of Type 304 stainless

steel in the GETR reactor.

TASK D - Experimental Physcis

A topical .report, GEAP 3882, "AEC Superheat Critical - A
Comparison of Experiment and Theory of Uniform Lattices," is

in the final stages of preparation.

The.experimental measurements on thé ESADA-VESR Preliminary
Critical Experiment Program were completed. The work during
this period consisted of analyzing data and preparation of a

topical report.

TASK E - Coolant Chemistry

" A topical report, GEAP 3779, "Corrosion of Type 304 Stainiess

Steel in Simulated Superheat Reactor Environments™ has been
issued. The series of chloride ﬁtress‘corrosipn testéuinitiated
1n September with 175 ppm of sodium éﬁloride in. the girguléting'
waper andlstressgd heater sheaths has been continued. ~Two

stress cracking failures have occurred in the superheated steam

“ corrosion test loop; however; both of these failures occurred

on stressed heater sheaths in low temperature regions. As a
result of these two failures and since it has not been possible
to reproduce chloride stress cracking in the high tempersture

sheaths, the superheat corrosion test loop is being programmed

_5_‘



to operate under simulated SADE exposure'conditioﬁs which will

provide temperature and moisture cycling in the heater sheat;hs°

Isothermal coupons have been exposed to nucléar superheat environ-
ment in the corrosion test loop. The materials exposed are

Types 304, 316, 347 and 406 stainless éteel, Incoloy and RA-330.

Radiochemistry measuremeﬁts were made on the SADE loop opcrating
with SH-SA;fuel element. These measureménts indicate that the
leakége of fission gases from the SAﬁE fuel element has been
less than 0;5,uc/sec and the carryover of thé reactor water to
the SADE loop, based on NA-24 tracer techniques, has been less

than 1.5000.

1.2.6 TASK F - Heat Transfer

Heat transfer tests were pefformed at high Reynbids numbers.
Twenty additional heat transfer data runs were made, however,
difficulties were experienced in obtaining steady héater tetperature

measurements.

1.2.7 TASK G -Mechanical Development
- During this report period, efforts were devoted to procurement

and air-water testing of a full circle radial separator model.

Six test runs were conducted in the leak test facility on the
temperature actuated superheat seal. The results of these testis

indicated that the seal concept is feasible.

1.2.8 TASK H - SADE and E-SADE



1.2.8.1 SADE

The SADE irradiation during this reporting period was
limited to Sﬁ-5A. Because of concern aboutfchloride
stres's'corro.siony modification§~to the SADE in-core
faéility were made fo minimize in-leakage of reactor

water. These consisted of utilizihg é mass spectrdmeter
type in-reactor facility.and.seal welding of thé underwater

\

flange°

The NUSU fuel element was received on December 23, 1961.
This fuel~e1emént; which is a combination boiling on

~ the outside - superheat on the inside - fuel element,
was fabricated b& the General Nuclear Enginéeriné
Corporation. SADE loop operating conditions énd modificat}ons,

for the NUSU test are detailed in Section 9.1.k,

1.2.8.2 E-SADE
Installation work was performed on E-SADE during VBWR
shutdowno. The'lobp inotallation ic opproximatcly 60%
@ completed. Howe;er, instéllétion difficulties are
anticipated due to higher basement activity in the VBWR

enclosure than were formerly anticipated.

1.2.9 TASK J - Mixed Spectrum Superheat Study

The primary effort during this réporting period has been in
" accumulation of the design, performance and cost information for

a 75 MWe MSSR prototype.

<



A conceptual design of the proposed critical faciliﬁy‘for the .
MSSR éoncept has been completed and‘ a preliminary hazards
feview has been held with the Vallecitos Safeguards Councilo
‘Tl-xe conceptual -design concept is discussed in detail in Sectipn

10.5.



2.0 TASK A - CONCEPTUAL DESIGN AND PROGRAM EVALUATION

2.1 Program Evaluation

- | 2.1.1

2.1.2

Iﬁtrodgetion

The rolloving section is intended tq prbvide & high light summary
of the significant resuits by task.on the Nuclear Superheat'Project°
Progress reporté and tOpic‘al'reports initiated as a result of this

work are listed in Section 1.0.

Results by Tasks .

2.1.2.1 Task A - Conceptual Design

This work has involved conceptual design studies ofl

integral thermal superheaf reactors, once-through

superheat reécfors and separate superheat reactors under

Task A and a Mixed Spectrum Superheat Réacfof under

Task J. 'The:design activity including reactor mechaﬁical
" design; nuclear physiCS,‘hydraulic'and thermodyn%pic

analysis; and safety anélySis, has established detailed

development test requirements for associated Nuclear

Superheat Project development .activities.

2.1.2.2 Task B - Fuel Technology

Fuel technology work areas have'involved design, fabri-
cation and post-irradiation evaluations of fuel elements
’ and fuel cgpsules to determine performance characteristics .
under nuclear superheat'conditions, and development of

fuel fabrication techniques, processs tubes and non-free
standing stainless steel fuel cladding. The following

significant results have been obtained:

-9 -



2.1.2.3

(a)

(b)

(e)

(d)

(e)

(f)

(&)

Irradiation of six fuel prototypes, shown in fablee~
3.1 and 3.2.

Fabrication of large quantities of high density,
high integrity U02 pellets having annular geémetry,
Development of well controlled techniques for
pressing and sintering annular peliets to éize,
Fabrication ¢f thin-clad; non self supporting fuel
olement which wan opcrated auecessfully al Lilgh
temperatures for at least 35 days. (SH-5A)
Recognititién of an operational limit for stainless
clad fuel elements in steam conteining relatively
high moisture and slight chloride impurities.
Investigated and determined clad étrain levels in
annular and rod type fuel elements ﬁnder short time
irradiation, as a function of clad thickness,
fabrication parameters and power generation (heat ’
Llux).

'DeVelope@ two promising concepts of process tubes;
which are essential in thg deéign of efficient nuclear
superheat poﬁer plants.

Irradiafed three fuel elements at high heat fluxes
with clad fallures in the VEWR without seriously

affecting the reactor oﬁerational routine.

Task C - Materials Development

Materials Development activities have involved investi-

gations of the basic properties of‘commereially available

stainless steels and conduct of a literature survey to

- 10 -



provide £hé AEC with a-technical basis for sélection

of alternate cladding materials for nuclesr supefheat

application. The followiﬁg significant results have

been obtained:

(a) A literature survey on glternate claddiﬁg materials
was completed and the-fesults have been incluaed‘in
&8 report now in prepafaticna The conclusions from
this report were included in Section 4.1.

(b) Ap apparatus was designed to study the strain cycle
properties of materials in the iaboratory and in the
‘reactor at 1300°F. The first reacfor experiment is
~scheduled to begin during the first week in J;nuary
1962. Laboratcry tests have been carried out
vsucce’ssfully using the method developed.

(c) Non destructive techniques were developed to examine
incoming tubing for possible flqws which may be the
result of fabrication or handling. A statistical
evaluation has been completed which relates the
degree and number of tubing defects with various
types of 300 series austenitic alloys; A limited
study was also completed to determine the effect
of various tubing flaws and cold work upon the

burst strength of tubing.

2.1.2.4 Task D - Experimental Physics
The experimental physics evaluations have included
measurements on uniform arrays of annular fuel at seversl

water to fuel ratics as part of Task D and in addition,

- 11 -



2.1.2.5

performance of a critical expériment for the EVESR

.reactor. The EVESR critical was performed at no cost

to the AEC. The following significant results were

obtained:

(a) Significant‘discrepanéies vefe found between experi-

. mental measurements and predictions made utilizing
engineering design models that had formerly demon-
strated reasonable accuracy in treating boiling
water and prcoouriﬂedlwater lattices.

(b) These discrepancies were traced to omission of
spatial dependence of the thermal spectrum in thé
boiling water reactor model.

(e) A semi-empirical technique to account for spatial
-variation of thermal spectrum when normalized to

. detailed calculations and lattice measurements
provided excellent agreement with reactivity and

. reacllviby coefficient measurcmento.

Task E - Coolant Chemistry

The.work'under Task E has 1nv§lved in;pile evaluations yith
the SADE loop and out-of-pile e&aluétipﬁs with the
Superheated Steam éorfoéion Tesf toép°

In-Pile -

In-pile coolant chemistry evaluations have included

‘measurement of radiation levels, radiochemical analysis '

of inlet and outlet steam samplés from the SADE loop

during operation of sound superheat. elements and in-

serivce failures. Measurements have also been taken on

\
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\
coupons installéd in the exit steém systeonf‘the'SADE
loop. The accumulation of fission product release data
was restricted_p;ior to the irrediation of fuel element
SH-5A (see Table 3.2) because the SADE license modification

to permit continued operation with defective superheat

fuel was not obtained until November 2, 1961. The signifi-

cant results from the in-pile coolant'chemistry'evaluations

are:- | .

(a) The SADE loop and VEBWR reactor were operated within
licensg'limits in terms of activity rele#se after
loss of’cladding integrity for SH-2, SH—hB'and SH-k4C
fuel failures. This conclusion is based on measure-
-ments made to identify fuel defect prior to reéctor

shutdown.

(b) Gaseous fission product release from SH-UC was about

4o microcuries per‘sécond and was the same order of -
magnitude of release meﬁsured for'boiling water |
. fuel element defects.
(c) Radiochemical analysis of activity on SADE loop
coupons indicated that lodine aqtivity was predominant
contributor as compared to corrosion product activity

in boiling water reactor systems.

OQut-of=Pile

The out-of-pile corrosion evaluations have involved
experimental determination of corrosion performance for
superheat cladding materials under simulated superheat

conditions. The first phase of the program resulted in

- 13 =



general ¢orrosion evaluatibns on Type 304 stainless

steel undér’typiééi sﬁﬁerhéét.COndifioﬁs of’étéam velocity,

éteam temperatufé; he;t flui aﬁd'hydfogeﬁ‘and degen

containing‘steami‘ The second phase 6f the program pro-
vides for.lobél ddrrbéibn évaluatiohs‘on Type 30k stainless
steel and alternate ciéddiné materials. The loop operating
conditions ﬁeré chéﬁged for second phasé tésting‘tq

ineinde 1.5 ppiw G1° in the circulating water and stressed

heater sheaths. During both phases above, isothermal

,éoupbns'wére exposed to 1050°F steam snd ev;élué.ted° The

significant rééuits2of~the work are as follows: |

(a) Table 6.1 éummafizes the péffofmancé for superheat

, expéshres fhrough Deéember(3i;'l§62’for the entire
program. 3 ' A v

(b) During the general corrosion evaluations ten cycles of

" various dﬁfation vere accumilated prior to August

J"éS; 1961L- During the'second'phasé.éf the program,
six cyclés of Qérious'duratién‘were‘performed‘in an
attempt to feproduge chloride stress cracking in
the heater sheaths. For each rua, test conditions
were -chang'ed,' a"s.'compared" to the preéedl‘ﬁg i-uxx, 1lu
order to enhanqe susceptibilify to chloride stress
cracking.

(e) fhe uniform corrosion rate for Type 3dh stéinlesé
steel was determined to be satisfactofy‘for superheat
ép‘plication; |

(d) The oxygen and hydrogen levels in the loop couid'

not be controlled by bétch-addition dué'td recombination

- 14 -



(f)

at the heaters. A continuous Lydrogen, oxygen
decomposer was added to the system.

Chloride stress cracking such as was observed
in fuel element testing 15 SADE, has nct been
reproducéd ‘in the oﬁt40f-pilé loop with C1~

addition of 1.5 ppm, specimen stress levels of

“25,000-psi'and‘specimen surface temperatures up to

1300°F. = °
Corrdsidh.screening studies in static and dynamic
environments were initiated, using 300 series as

well as alternate materials. ' Experimental results

" show that under constant stress the uniform corrosion

rate ‘'of Type 304 stainless at 1050°F steam is 2-k4
times greatér than the rate.of unstressed specimens.
AISI 406 exhibited uniform corrosion rates similar

to those found for'30&,'énd Incoloy was found to

‘have uniform corrosion,rqteg of about 35 to 40 times

v_less than 304, based upon the weight gain.

2.1.2.6 Task F - Heat Transfer

The work under Task F has involved experimental determi-

nation of heat transfer coefficients in an out-of-pile

heat tranéfef iopp° ‘The signifiéﬁht results are:

(a)

(b)

Determination of a semi-empirical relsationship to

predict heat transfer cqefficientg in the region

of higﬁ steam quality; B |

Determination of a semi-empirical relationship-to
predict heat transfer coefficients in the: region of
very high Reynclds numbers (>500,000).

- 15 -



2.1.2.7 Task G - Mechanical Development

Mechanical development work has been involved with two
- major hardware items. These are steam separators and
mechanical, removable seals. In addition, fabrication
development work and prototype 9-element tube bundle tests
vere performed at.the Moss Landing Station of P.G. & E.
The significant results are:
(a) Performénce testing and development work was completed
vn slteamn demisters. |
(b) Performance testing and development work was dbne:
on radial separators. The performance of this type
of separator prbvides a significant improvemeni over

other separators tested.

2.1.2.8 Task H - SADE and E-SADE

A total of six anﬁular‘fuel elements was irradiated-in

" the SADE loop as shown én Table 3.2. Design and procure-
ment of equipment was completed for the E-SADE facility.
Installatioﬁ of equipment was.initiated and is continuing

during routine VBWR shutdowhs.

2.1.2.9 Task J - Mixed Spectrum Superheatheadtor Study

Design work and anélytical work was compieted which
provides a technical basis for establishing ¢ost incentives

and definition of problem areas for the concept.

2.2 Conceptual Design Studies

2.2.1 Engineering Physics Analysis

-‘16 -



2.2.1.1 Separate Superheat Power Shaping Studies

Duriﬁg the qugrter, a one-diﬁensional burn-up study of é‘
single-bétch core wés performed to investigate the
feasibility of maintaining a flat radial power profile

- by means of regional variations in fuel enrichment and
erbium ¢ontent. .In this concept the entire batch of
fuel would remain fixed in position thrqughout the fuel
life. The~key adventage of this concepf would be the
elimingtion of frequent fuei movementv(with associated
steam pipe coupling and de-coupling) that multi-batch

. re;oading would require. This simplification, énd‘
possible improvements in ﬁower fiatténing, would be
counter-balaﬁcediby a-fuél cost penalty due to the higher

enrichments required for single-batch operation.

.Tﬁe following table‘summarizes the results of a one-
dimensional bufn-up analysis for a 12,000 MWD/T-single-
bétcﬁ core. This particular cése had eight concentric
rgdial fuel zones with a tofal of four different fuel
coﬁcentrations. Enrichments varied from 2.6% to 4.5%.
The volume-averaged enrichment and erbium to uraﬁium.

atom ratio were 3.23% and 0.00199, respectively.
‘ Peak- Average

MWD/T Burn-up Kers Raedial Pover
0 1.037 1.21
4000 1.062 1.20
8000 .. 1.0k 1.13
12000 -~ 0.999 . 1.22

This study pointed out the feasibility of maintaining

a reasonably flat radial power distribution in a single-

- 17 -



batch core. Slight variations in erbium distribution
were found to have.a marked effect. on the power shape,

however, -and fuel concentrations would have to be care-

.fully controlled if this scheme:were used. .For the same

equilibrium discharge exposure, the fuel:in a multi-

“batch core (with partial re-loading) need be enriched

to approximately 2.6%. Because=of-theienrichment'pena;ty

" “(about-0.6%), the single-batch approach was sbandoned

2.2.1.2

-in the re-design of the. large separate superhcat rcactor.

s

Separate Superheat -Re- design

Fuel element size, process tube spacing, and lattice type

“

for the re- designed separate superheat reactor have been

tentatlvely determined u51ng a 16 fuel rod bundle° The
control elements, in a "D" type lattice, are on a center-

to-center spacing of 9.646 inches, yielding an unflooded

‘weter-to-fuel volume ratio of 2.22 and a flooded water-to

fuel-ratio of 3.10 with control rods and. poison curtains
removed. The material for the control rods and poison
curtains has been changed from. stainless steel to Inconel

to obtain the desired shutdown margin.

An initial enrlchment of 3 2% U-235 has been chosen whlch
necessitates the use oi the poison curtains in the initlial
core in addition to the Ool% atom fraction of erbium that

is included in the fuel. Maximum cold unflooding

. reactivity (controls withdrawn) was found to be less than

1% Ak while the maximum hot flooding effect (controls ganged)
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was calculated to be in excess of 5.0% bk. . Further, v
optimization of:.the lattice to min#mize ;he ﬁiqoding-
- unflooding accident prqplgm will be_atteppteq( Work is
.also in progress to determine the core burq-up character-

istics and to evaluate the temperature and void coefficients.

2.2.2 Reactor éoﬁéeﬁfual Design studies =
2.2.2.1 Summary |
| Conceptual design effort has concentrated on the;design
.of a lafge_Sepa%ate Superheater for g!600 MWE plant.
This reactor design is basgd.on ﬁhe use_of a single pass
- annular fuel element. Another reactor design'will be made
for a seven rod cluster fuel element. These two designs,
their performance and estimafed plant cbsts, will be

reported in a separate topical report. -

2.2.2.2 8ize Seiection

The boiling water,—sepaxjate sup_erheat reactor, can be used

- for very large power p}gnp;._AThelgize has:peep selected
on the basis of using the largest boi;ipg water'feactor'
that. can be built with;today?s reactqr“technqlquo
This maximum size is approximately equivalent to a koo
MWE boilihg water reactor plant. When a‘separate superheat

reactor is added, the combined unit rating is 600 MWE.

The boiiing water reactor is a single cycle, forced

-recirculation reactor with internal steam separation.
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2.2.2.3

2.2.2.4

Turbine Selection

The steam turbine will be a 1800 RPM unit with four flow
exhaust. The last stage buckets size is 38 in. A two

shaft, cross-compound, unit; will be used. A tandem

‘compound unit for throttle conditions of 900°F, 965

psia, and 4,970,000 #/br steam flow, must be designed

for large clearances to accommodate the expansion of its

longer shaft.

A cross-compound unit with shorter shafts, can employ .
lower clearances and hence its operation efficiency
is higher. A cross-compound unit for 900°F steam will

have a turbine heat rate of 9,010 Btu/hr.:

Separate Superheat Reactor

The separate'superheat reactor is a single pass reactor.
Saturated steam flows from the top of the vessel down
pass the fuel elements. The superheated. steam is

collected in a large steam plenum at the bottom of the )

reactof'and exité'through nozzles in the side of the

reactor vessel. The preliminary'désign of this reactor

is shown on Drawing 56064-847, Figure 2.1. -

.1nis rcactor deoign differs Lfruw previous designs

in the following ways:

(a) The saturated steam entrance pipe is an integral

part of the fuel assembly; fbrmer‘designs used a'clamp

type seal. The elimination of the entrance seals

prevents leakage of water into the fuel element.
- 20 -
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(v)

(e)

The only seal is located dovnstream of the fuel
element; Such leakége will not produCe corrosion
problems. |

The fuel element bundle size has been reduced from

a 7 by 7 array of annular elements to a 4 by 4

‘array. The 4 by 4 bundle is approximately 4i

. inches square. . The small fuel bundle reduces .the

lmp@riauce ol uny réfuellug.accideuts.

The control rodo havc been changed to omall
cruciform shaped control rods in order to reduce
the severity of any control rod accidents.

The exit steam plenum has been changed from multi-
six inch pipes to one large steam plenum. This
larger plenum can héndle'the high steam fléw with
lower steam pressure drop; the large steam plenum
also permits the vessel height to he reduced.

The reactor design is based on the use of a single
annular,Asingle-paés fuel element. With the type of
fuel elément, the division of heat between thg inner
and outer'steam floﬁ passages is a major design
prohlem. The division of hest between inner and
outer steam passages will change with timé for
several reasons. One reason is that more plutonium
is created at the outside edge of the fuel pellet
and the center of heat generation must shift toward
the outer edge 6f the fgel pellet. A second réason
is that the gap between thé fuel pellet and the
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‘insidé‘cladding will change with creep of the inner
cladding. These factors were sufficiently important
to initiate the study of a fuel element composed of

seven solid rods.

2.2.2.5 Plant and Reactor Data Summary

(1) General Data

(a) Reactor types : . Single cycle boiling -

‘ . - water reactor is pressure
vessel and .superheat
reactor in separate

.pressure vessel

(b) Nuclear moderator “ . Light water"
© (e) Fuel’ U0, pellets
(4) Cladding o Statnless steel
(e) Csolant | | Light-wéter'and steam

(2) Plant Data
(a) Gross electrical output - 600 MWE
.(b) Net electrical output . 582:MWE

(¢) Turbine throttle pressure 965 psia

" (d) Turbine throttle temp. 900°F
(e)"Turbine throttle flow - 4,948,000 #/hn
(£) Net plant heat rate | é;hhé‘Btﬁ/kWH |
(g) Net plant effictency  36.2%6

(3) Boiling Water Reactor -

(a) Total thermal power : 1202.0 MW .
(b) Core height 135.1in.

(¢) Core equivalent diaggter 138 in.

..‘23_



()

(3)

(d)
(e)

" Reactor vessel

Height
Inside diameter

(£)
(8)

Steam separator

Recirculation

Type
Flow
Number of loops

(h)
(1)

3team flow

Water/fucl ratio

t

Fuel bundle
Number
‘Size
Rods per bundle
(k) Fuel Rod
Type
Pellet diameter
Clad 0.D.
Clad material
(1) control rods
Number
Shape
. Size

Superheat Reactor

- ()

(‘a).
(b)
(c)

Total thermal power

Coré height |

‘Equivelent core diemeter

Average core power density

(e) Reactor vessel
Height

Inside diameter

- 24 -

Average core power density 36.3 KW/l

53.4 ft.

192 in.

Internal, radial f{low ' ‘ N

Forced
49,700,000 #/hr.
p)

4,977,000 {/nr.
0.6

594
4.6 in. x 4.6 in..

b9

U0, pellets

0.420 in.
0.443 'in.
Stainless steel

b5

Cruciform

8 in. x 3/8 in.

408.3 MW
Y6 in. o

95 in.
37.3 XW/1

3805 ft.
126 in.



(f) Fuel bundle
Number
Size
Rods per bundle
(g) Fuel rod

Type
Pellet diameter

Clad material
(h) Control rods
Number

Shape
Size

- 25 -

28k

4.5 x 4.5 in.

16

U0, annular pellets
°780 in. 0.D.

.260 in. I.D.
Stainless steel

69
Cruciform

8 in. x 3/8 in.



3.0 TASK B - FUEL TECHNOLOGY ’ T

3.1 Irradiation Tests

Fuel elemént SH-5A, a .Ol6"‘clgd, annﬁlar design swaged over. the pellefs
for support, was irradiated duriﬁg this period. The flow passages between
thé fqel‘wéllé and the gu;rqundingAprocess.tube.are maintained by point
spacers éttached to the érocéss tubé by plug welding. The instruﬁent
fube is identical to that ﬁsed Qith'SH-hC, filled with speclmens selected,
ont and ﬁremachined to study ﬁater;gl;éﬁysical properties as a fungtion
of irradiation exposure to high fempe;ature steam. The plenum support
'far this‘fuel element was designed ﬁnd fabricated in such a way as to
' 3

provide c¢lad support even in the event the fuel loading moves in relation

to the clad.

The fuel element was inserted in SADE loop November 11 and the ifradiatiqﬁ
testing began November 13. .The maximum exit steam temperature recorded_
was 845°F, maximum power 83-KW, and the lenéth of irradiation as of
Degember 31 was approximately T70 hours. The nunber of power cycleo from
40 KW or greater was 24 throughout Decgmber for a total of 3# throughout
the run. ActiVity release measurements were a.facto; of at least 300
less than those f;und in SH-4B or SH-4C, showing that either there is

a véry small‘leak in the cladding which did not progress with power
cycling, or slight U02 surface contaminationa Apparently, if & type

of claa defect exists, it is ndt similar in nature to the large defects
.found in SH-4B and SH-4C, as it does not interfere with the normal

reactor startup or routine operations.

Details of the irradiation perforﬁance of ‘SH-5A are shown in Tables

3.1 and 3.2.
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' Procéss tube
0.D.
wall thickness
Steam gap; first bass (cold)
. Outer clﬁ&x -
0.D." "
. Wall thickness
U0, (% enrichment )
_ 0.D.

I.D.

Weighted inside diametral

. fuel-clad gap (cold) -,

Inner clad.
0.D.

- Wall thickness

Steam gap, second pass (cold)

Instrument tube 0.D.
Active fuel length
Power (KW)

Power density (KW/KG)

.'0.096n

SH-1

. 30k

1.660"

0.109"

30b

1.250"

10.0k9"

2.3%

© 1,151 + 001"

- JT5C + .005

- .000

Not determined

347

".75C”
035"
V-153"
375"

36!1
50

16.7

rrrrr

TABLE 3.1
DESIGN. AND FABRICATION DATA

SHE-2 SH-4B SH-4

30k 304 30b

1.660" ©1.660" 1.660"

0.109" 0.109" 0.109"

B °r0§5" 0.096" 0.096"

30k 304 30b

1.250" 1.250" 1.250"

0.04k9" 0.028" 0.028"

2.3% 4.5% 4 3.5%

1.151 + .00L 1.19% + .0005 1.190 * 8:888'

150t 0B 55 DGR 193 L 8%

Not determined 7.5 mils 5.k mils

347 EJ 30k

750" - .T50" .750"

~.035" " Loz8" .028"

-153" 097" .097"
375" |  ~:.500" .500"
L% 3w 36"

s : 1'?;i66 : " 100

16.7 26.6 26.6

T3

SH-LC

304

1.660"

0.109"
6.096"‘
304
1.250"
0.028"

3.5%

+ 0.004
1.190 - 0.000

+ 0.008

-T5T 2 6.000

7.0 mils
30k
750"
.028"
.097"

. 500" |
36"

18.3

SH-5A

30k

“1.660"

0.109"

. 0.096"

20k
1.250"

0.016"

| L.0%

Not compiled

Not
compiled

ﬁot determined
304

.T50"

.016"

.109"

500"

36"

8

18.2



—83-

o
Fuel section inlet temp., F

S3-1

535

Max. clad temp. (STEADY), °F 1970

Max. clad temp. (TRANSIENT)F

Max, superheat temp., fuel
exit (STEADY), °F

Max. superheat temp., heater
exit (STEADY), °F

Max. superheat temp. 6 fuel
exit (TRANSIENT),

Max. heat flux (STEADY),
Btu/hr-fte

Max. heat f}ux (TRANSIENT),
Btu/hr-ft?

Min. steam flow rate
(STEADY), 1lbs/hr

Min. steam flow rate
(TRANSIENT), 1bs/hr

Max. fuel temp. (STEADY)CF
Max. .fuel temp. (TRANSIENT)OF
Design drawZng

Outer ciad spacer

Instrument ~“ube or velocity
tube spacer

825

825

1%1F657GL

Fin (})

Fin [4)

TARLE 3.1

- DESIGN AND FABRICATION DATA (Page Z)

SE-2
545
1070

825

825

200,000

1L1F607GL

Fin (4)

Fin (L)

SH-U4B
545
1200

1292
925

925
980
332,000
332,000
1032

915

3030
3120
141F78562
Fin (4)

Fin. (&)

SH-)
545
1200

1292
900
925

%80
33é,ooo
332,000
1032

915

3030
3120
141778561
Fin (k)

Fin (4)

SH-4C

545 -
1200
1300
915

915

98¢

. 276;000

276,000

195

690

2700

2800
762D438G1

S. wire (3)

Fin (4)

- SH-5A

5715

1200

1300
8u45

803

910
289,000‘
289,000
1180

1030
2770
2860
762043761

Pin (&) - Attached

to process tube

Fin (&)



SH-1
Inert Z, Op spacers ‘ yes
Bellows ‘ ' " none’
Gum-drop (U(.)2 expansion
monitor) , none
Outer clad F = free standing,
NF - non-free standing F

TAELE 3.1

DESIGN AND FABRICATION DATA (Page 3)

SH-2

yes

yes

SH-4B

yes

none
yes

marginal

SH-U

yes

none

yes

warginal

SH-4C

B

none
yes

marginal

SH-SA

none

none



"0€"'

Total irradiation time, hrs.
Approximate irradiation period (START)
Approximate irradiation period (END}'
Exposure, MWI/T (APPROX)

Estimated max. clad temp. (STEACY), °

Max. superheet exit temp. (STEALY), OF

Estimated mgx. heat flux (STEADI),
Btu/hr-ft= ¥~

Estimated max. power (K}

Reason for termination ¢f test

Chloride corrosion detected

Position and cause of feilure

Fabrication, irradiation &
evaluation reports

** The values given should be accurate to within + 5%.

L] '

SH-1

Not compiled
T7-31-53
9-15-59

LYTo)

X950

825

216,000
54.5

VEWR modification

Not measured

GEAP-3211
GEAP-3387

TARLE 3.2

IRRADTATIOR HISTORY

SH-2

Not compiled
- 5-1-59

6-30-59

Lko

21050

825

176,000

by

Failure.-

Not measured
Crack in bellows -
probably caused by

inadegquate or
defective bellows.

GEAP-3211
GEAP-3387

SH-LB SH-4
617 864
1-15 & L-24-51 6-7-61
1-20 & 5-25-51 8-20-61
327 456
1350 to =500 1350 to
1500% .
900- 875
356..000 240,000
9k 68
Fai_ure Scheduled
Yes Cl detected in

corrosion film
Pinhole defects . --
adjacent <o
midd’e spacer -
long-tudinal split
defect about 2"
belov middle specer
- co-rosion atteck -
predoninaatly
inte-granilar.

‘GEAP-3796 -

SH-4C SH-5A

592 845 to 1/1/62

8-28-61 11-13-61

9-23-61 on test.

371 36 to 1/Y62

1200 to 1150 %o
1350*  1300%

830 8Ls5

240,000 265 000
64

Failure on wst e
Yes

Circumfer-
ential crack -
near the top
of inside

clad - brittle
fajilure.

Values take into account the lowsr fuel-to-claé contact coefficient of 150 Btu/Ir-ft‘- F, a flux skewving factor
- of approximately 1.3, ard a film temperature ccrrection on the steam film coefficient.

The temperature exists
over a 'length of about 4 inckes znéd a circumferential arc of at least 3C degrees. .



3.2 Post-Irradiation Examinations

3.2.1  SH-4 Evaluations

SH-4 is a'foeé", 30l stainless élad ﬁoa fuel element which was
éxposed in SADE-VBWR for 36,days at significant power levels for

an gvérége accumulated ekposure of 570 MWD/T. It was subjected

to 31 pbﬁer cyéles but no failure occurred throughout tﬁe reactor
exposure.. No dgstructive examination vas performed or is presently
planned for this eiemen.t° It is of particular signifiCancevthét thé
chloride concentration on the surfaces approaches tﬁat found in
SH-4B. X-ray diffraction analysis of the éorrosidn'film reﬁoﬁed
from the clad surface exhibited a similar pattern.to.that found

in Cl-1 heater tubes where ironm, nickel,.copper and chromium

_chlorides were identified.

Deteailed pfé- and post-irradiatiéh dimensional measurements were

given in ‘the Ninth Quarterly report for SH-L.

-After irradiation, three corrosion plus crud and oﬁe crud saﬁple
were taken for chloride ion analysis; '&he'firét fhrée sémples
were- removed by_scraping‘a Lh-inch section of the outer cladding

‘ aroﬁﬁdlfhe cdmplete péfiphéry,' The fertﬁ sample, containing
crud only; was femoved frbm fhe enti}e I;D° boré using a cotton

swab. Results are tabulated in Table 3.3.

Because a portion of each sample was lost in an accident, no
sample weight was possible for the slight amount of sample
remaining without risk of losing additional material. Thus,

the same weights are rough . estimates.

- 31 -



Sample ZLocation

#

#2,

#3

8" to 12" from
top weld on fuel

section 0.D.

U" to 4" pelow

Table 3.3

CORROSION FIIM AND CRUD ANALYSIS, SH-4 FUEL

Estimated . 'gm

center fin, fuel

section 0.D.

0" to 4" above
bottom fin, fuel

section 0.D.

Entire inner

Crud
» Sample ‘C1l” per [Estimated Sampling

Type Wt - gms Sample ppm C1”™ Area - in
corro. + <1000 9.2 >9,000 ~4.9
crud -

corro. | <1000 . 5.0 <5,000 ~L.9
corro. + <1000 9.6 >9,000 ~4.9
crud <4000 38.2 9,000 ~/15.2

bore - I.D. .

3.2.2

It is significant that the "crud 6ply"‘3ample contained at least

as much chloride ion as the "corrosion plus crud" samples. This

suggests the crud layer is the collcétion area of the chloride

ion as seen by the fuel element.

SH-4C Evaluations .

Irradiation highlights for this fuel element are included in

Table 3.2. During assembly in SADE; wire spacers used in this

fuel element were filed sown to permit aséem'bly° ‘This occurrence

minimized the value of performance information with regard to

the Tuel spacing technique. After removal from its process tube,

two of the three spacer wires were found broken at the bottom of

the fuel element just above, but away from, the weld.

wire was broken about 6" from the bottom end.

The third

Since the fuel

element had to be forcibly removed from the process tube after

irradiation, it is not known when the wires broke. Two of the
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wires had shiny ends, indicating failure after irradiation (during
- removal of fuel from tube). The other wire end was covered with
loose erud, but this could have collected during removal as it

was scraping the process tube interior walls.

No evidence of fretting corrosion was found on the surface of the

fuel element, indicating that the spacing scheme of end plug attached

. Wires was‘safisféctory from this point of view. The difficulty

in inserting the fuel element in the procesé.tubé, and subsequent

h;nd filing of the wire spacers to a depth of 00015" made post-

irradiat;én‘evaluation difficult. It may be éummarized that;

1; The possible notch effects resuiting from the hand filing
operation on the wire spacers complicates evaluation of all

the fractures, particularly'the apparent complete break.

2. Partiai fractﬁre adjacent to the lower weld aréa ind;caxes
that this point is vulnerable to cyclic thermal ana fibrational
stresses, This indicates that the procedure of welding wire
ends after passage 32592§B the end-piﬁg sockets is a proper

corrective approach.

3. Apparent operation of the element after a complete break in
one wire spacer (with no measurabie flow or pressure drop
differences) is encouraging vith respect to gross flow block-

age problems.

Post-irradiation examination of SH-4C included dimensional measure-
ments, crud colleétion'and analysis for chlorides and metallographic
'1nspeétion of the failed section and the plénum void to measure

U02 measurement@
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Chemical analysis of the crud for chloride content indicated

6.9 gms/sample, removed from 0.2 iq.z

, or 34.5 micrograms of
‘chloride ion per square inch° vDimensipngl measurements show
permanent bow of the fuel element of abou£'0.3 inchgs. Resulté
are shown in Figures 3.1; 3.2 and 3.3. Viéual examination
disclosed the failure fo be located in,thé inner clad wall,
ébout‘3" from the exit, the crack being ciréumfeféntial’around
360°. Figure 3,50' Chlorides were found in the vicinity of the
fulled portion; 35 micrograms of chloride pei square inch of

.

fuel element surface.

There was an overall increase in léhgth of 'about 0,3.inches,:a
decrease in outside diameter of 10 mils due to uniform clad

. collapse over_the pellets and no changg in the igside diemeter.
Thére was a bow in the fuel element of about 0.25 to 0.3 inches

maximun.

~ Metallographic examination of the defected region revealed severe
intergranular attack; with many secondary adjacent crachs similar

to those observed in SH-4B. Figures 3.5 and 3.6.

The gum-drop monitor, included in SH-LC to detect UOp measurement
revealed the same results obtained from SH—HB, in that the UO,
column was displaced downward approximately 0.050 inches. Iigure

3T

3.3 Fuel Design and Fabrication

3.3.1 Fuel for SADE, SH-6

A rod cluster has been designed and. fabricated for the SADE loop.

This fuel rod cluster has béen designated SH-6 and will be used
- 34 -
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FIGURE 3.4 CIRCUMFERENTIAL CRACK IN SH-4C, LOCATED AT ABOUT
3 INCHES FROM THE STEAM EXIT, INNER PASS.

=R



FIGURE 3.5 METALLOGRAPHIC EVIDENCE OF SEVERE INTERGRANULAR
ATTACT, AND CRACKS EMANATING FROM THE STEAM-SIDE
OF THE 0.028 INCH WALL. POROSITY IN MATRIX IS THE
RESULT OF GRAINS REMOVED DURING SPECIMEN PREPARATION
CHLORIDE IMPURITIES IN CRUD SAMPLED NEAR DEFECT
WERE 34.5 MICROGRAMS PER SQUARE INCH. 100X
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FIGURE 3.6 FUEL ELEMENT SH-AC INTFRGRANULAR ATTACK OF CLAD AWAY
FROM THE FRACTURE, SHOWING GRAINS MISSING FROM MATRIX
100X

A [ o
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as a back-up element for the remaining SADE test elements.
Drawings 142F170 and 142F141 show the fuel cluster. The cluster
is geometrically similar to the rod cluster being designed for
ESH-2. The SH-6 cluster consists of six fueled rods surrounding
a non-fueled center tube. A scalloped liner was used with the

cluster to act as a velocity booster.

The fuel rod cluster is shown in Drawing 142F170 - as finally
designed and fabricated. The design is conservative in that
free-standing cladding is used. Each fuel rod has 5/16" 0.D.

x 0.020" wall 304 stainless steel cladding. Fuel is 3.9% enriched
Ubg pellets of 95% theoretical density. A two inch plenum is
provided for fission gas, with a spring to keep the fuel pellets
in place during handling. End plugs are tapered to assure a
press fit between clad and end plug at the weld area and still
permit easy assembly. The tapered end plug concept has another
advantage. By slotting the end plug which fits in the plenum
area (part 3 Drawing 142F170), the end plug can be partially
seated and still leave sufficient opening to permit satisfactory
gas [low during the outgassing procedure. Then the end plug can
be fully seated with no concern about holes (for outgassing) to
be plugged. Two spacer wires of 0.051" diameter, 304 stainless
steel are attached to each fuel rod, as shown on Drawing 142F170.
Final tightening of the wires is achieved by rotating spacer
anchor, part 2, before welding to the end plug, part 3. Direction
of wire wrap alternates so that the wires on adjacent rods do not

interfere with each other.
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The lower end of each rod is welded to a xing which in turn is
welded to a support plate to give a rigid assembly. Figure 3.8
shows the lower assembly before welding. The upper support
assembly consists of a ring and wire arrangement which is welded
to the center tube. This assembly provides radial restraint only
and permits free axial movement of the fuel rods to accommodate
differential expansion and any =axial growth which might occur.

The upper assembly is shown in Figure 3.9.

The center tube serves the dual purpose of acting as a velocity
booster and as a channel for placement of the thermocouple for
indicating inlet steam temperature. The thermocouple seats in
the center tube end plug (part 9, Drawing 142F170). Holes in
this end plug allow a small amount of the inlet steam to bleed
into thermocouple area. The thermocouple guide (part 12) also
serves as a secondary throttling device for limiting the amount
of steam leakage to the center tube. The enlarged upper end of

the center tube facilitates proper thermocouple positioning.

Drawing 142F141 shows direction of steam flow, and the overall
fuel assembly arrangement,; including the scalloped-liner-
flow-tube assemwbly. The ficw tube consists of an outer circular
tube and an inner scalloped liner. The outer tube is l-l/h" 0.D.
x 0.035" wall 304 stainless steel tubing. This tube is welded to
a SADE fuel flange (part 1, Drawing 142F1L41) and extends to below
the cluster assembly. The rod cluster support pin is held at

the lower end of this outer tube. The flow tube acts to direct
the coolant steam down the outside and up through the inside of

the flow tube so that sstisfactory cluster cooling is achieved.
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FIGURE 3.8 LOWER END OF FUEL
ASSEMBLY PRIOR TO

WELDING.

FIGURE 3.10 SCALLOPED LINER
PRIOR TO WELDING.

FIGURE 3.9 UPPER END OF FUEL
ASSEMBLY.

FIGURE 3.11 FLOW TUBE WITH
REINFORCED
SCALLOPED LINER
IN PLACE.



In order to assure availability of the scalloped liner at the

time of completion of the fuel rod assembly, the scalloped liner
was formed from 0.010" 304 stainless steel strip stock and welded

at the resultant seam. The appearance of the scalloped liner

Just before welding can be geen in Figure 3.10. The lower end of
the scalloped liner is contoured to match the 1-1/4" tube and welded
to prevent steam flow between the liner and tube. The liner is
welded at the lower end only so that differential expansion of

outer tube and liner will not cause thermal stresses.

Because it was necessary to use thin stock in order to satisfactorily
form the scalloped liner, the allowable pressure differential

across the liner is not great. Calculations indicated that

expected pressure drops through the cluster would cause stresses

in excess of the at-tewperature yield point of the scalloped

liner. It was decided to place rods between the outer tube and

the scalloped liner for support, so that velocity boosting effect

of the scalloped liner would not be reduced due to partial collapse.
Figure 3.11 shows the scalloped liner and support rods in the outer

flow tube.

After initial design was completed a prototype cluster was
fabricated to determine fabrication problems and to check out
the design. Construction of the prototype revealed that only
minor changes needed to be made to make the cluster workable.

- After serving its original purpose, the prototype assembly was
placed in the F-2 loop and pressure drop readings were taken.
Results of the flow test are repcrted in Section 3.3.7 of this

report.
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3.3.2 Fuel Design for E-SADE, ESH-2

Few changes have been made in the ESH-2 annular fuel design, since
the last quarterly report. Drawing 1l41F979 shows the latest
drawing of the annular fuel. No change has been made in clad
dimensions. Outer cled is 7/8" 0.D. x 0.010 wall and 7/8" 0.D.

x 0.020 wall tubing. Inner clad is 7/16 0.D. x 0.016" wall
tubing. The changes previocusly mentioned concerning the spring-
loaded support plug in the plenum and the rings for asttaching the
spacer wires have bpeen included in final drawings. The only other
change of note is the decision to use dummy segments (for testing
long wire spacers) on only two of the annular elements rather than

on all.

The ESH-2 single rod element drawing has been issued and as shown
in Drawing 762D660. No changes have been made from the previously
reported 1/2 0.D. x 0.016 wall clad or other variables pertaining

to this rod.

Design work has progressed on the ESH-2 rod cluster, which uses
the mixed-spectrum-superheat-reactor-type fuel rods. The SH-6
rod cluster - reported in Section 3.3.2 of this report - is
similar to the ESH-2 cluster; therefore, the information and
experience gained in the design and fabrication of SH-6 can and
has been agpplied in designing the ESH-2 cluster. For example,
the SH-6 lower support assembly has been adapted to the ESH-2
rod cluster, thus greatly reducing the entrance region flow
blockage problem whichk was present in the initial ESH-2 rod

cluster design.
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3.3.3

3.3.4

Fuel Fabrication for ESH-1

Assembly.of the nine fuel elements for this{experiﬁent was delayed
to allow incorporation of new information, és it becomes available
from SADE and labofatory tests. The delay.will not affect the
o#erall ESH-1 program but will allow the possible use of alternate
clad materials and information gained from'the'irradiation of -

SH-5A. The status of the ESH-1 fuel assembly is as follows:

Fuel: All 002 ordered for this assembly has been received.

Pellets are complete for 5 of the 9 elements.

. Cladding and Hardware: All components required for the assembly

of a 300 series stainless steel bundle are on hand.
Alternate Clédding Materials: Orders have been piaced for fhe
IfD. cladding tubgs in both Inconel and Hagtelloy-Xa No
~ bids have been received for the 1-1/4" 0.D. cladding in
any of the alternate allqys, but two prbmising prospectife

bids have been received and are now being evaluated.

Pellet Fabrication

In the production of annular fuel for the SADI and Trail Cable

experiments, considerable problems were encountered in the control

of pellet size, concentricity, integrity and density. A series

of changes made prior to the production of the first expanded SADE
fuel haslresulted_in a marked improvement in overall pellet
quality. The changes are based primarily on the recogniticn of

equipment limitations and improved process control.

A tight process control on "as pressed" density of the UOQ, pellet
. 2

has resulted in the ability to sinter the internal diemeters of
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pellets to size. This gliminates the expensive‘and time consuming
interngl grinding operation. The size contro; has been accompiiéhed
by a unique method on a double action'mechanica; press} * The press
is equipped with a combination hydraulic-pneumatic accumulator

for density control, but the sensitivity of this accumulator is

not sufficient on large diameter annular pe;l.lets° It has been
found, however, that the degree of response of the accirmlator

is direcfly related to as-pressed density of a pellet. The measure-
-ment of this response by either mechanical or eléétricai means |
alio§s4an indication of the "as pressed" density for each pellet.
An accéptance range is seﬁ up and pellets falling outside this
range are rejected prior to the sintering operation. Reprocessing
a sma;l peréentage of unsintered Uo, at this point in the process

is relatively cheap coﬁpared to the cost of grindiﬁg sintered

pellets to size.

In the past a considerable number of annular pellets héve been
rejected because of radial cracks which occurred in the sintering
operation. Other pelletg have been rejected because of noﬁ-
concentric internal and external diameters. The cause of both
the cracking aﬁd the distorfion in sintering has been identified
as heing rediel density variations in the as--pz;euued pcllet
caused ﬁy a non-uniform fill of the die cavity. The condition
has been corrected to ﬁ large extent by decreasing the height

of the "as pressed” pellets. By this change radial cracking in _
sintering has been eliminated and the maximum pellet distortion

reduced by a factor of five.
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3.3.5

3.3.6

Genersl peliet integrity has been imprbved by the changés

mentioned above and also by lower sintering temperatures and the
elimination of die 1ubri¢ant additions to the powder. A sintering
temperature os 1580°C + 10°C has produced pellets witﬂ densities

of 95% of theoretical or higher. The elimination of die lubricant
additions to the'powder has reduced interngl porosity in tﬁe sintered
product. Die lubrication is4ﬁow accqmplished through the lower

punch on each ejection stroke of the press.

Non-Destructive Inspection

The conceptual design of an in-cell ultrasonic inspection station-
has been completed. It will be used to examine irradiated fuel
elements for stress corrosion cracking. The tank has been designed:
so that the QQD. cladding can be scanned by a crystal mounted on

a traveling bridge. I.D. cladding will be scanned by a crystal

mounted on a bayonet which can transverse the entire internal

lengfh of the fuel element.

Fretting Corrosion Tests

The'ESH-l prototype'element with spiral wire spacers has been

tested for 178 hours. A thorough examination of this element after
reﬁoval from the loop haé revealed no evidence of fretting corrosion.
The SH-6 frototype element was instalied in the loop for pressure
drop measurements. 'Steam flow was varied from 600 to 1100 lbs/hr.'
Preliminary data showed that the pressure drop across this element
will fall into acceptable design limits. The ESH-1 prototype

element has been re-inserted in the loop and will be tested for

an additionel 225 hours.
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4.0 TASK C - MATERIALS DEVELOPMENT

4.1 Alternate Clad Program

4.1.1 Phase I - Literature Survey

'A topical report,‘"Matérials for Nuclear -Superheat Applications -
A Literature Survey," C. N. Spalaris, F. A. Comprelli, D. L. A
Douglass, and M. B. Reynolds, GEAP-3875, has been issued summarizing
the findings in Phasé I. The mAte:ials literature survey was
initiated to.investigate the posslbilitj of developing an alternaté
cled for oﬁpcrhcat fuel opplicaetions. The effort was divided
into four categories as follows:
1. Oxidation behavior of alloys under . superheated steam conditions.
2. Mechanical properties of alloys at tgmperature ranges éf 800

to 1400°F. |

. 3. Effect of neutron irradiation upon the physical properties

of materials. .

L., Practical applications of potentiaslly promising alloys under

superheat or intermediate superheat conditions.

The objectives of the literature survey were to review available
data, visit individuals in laboratories engaged in related work
and finally, prepare a document indicating a list of candidate
alloys that should be investigated for possible superheat tuel
clad applications. Three visits wefe made during November to
labo:atories éngaged in high temperature alloy corrosion on
-other related work. Nou known work exisls where the corrosion of
promising alloys for superheat applications has been investigated

either under high temperature steam or steam containing oxygen
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nor chloride.impurities and/or stresses. -The highlights of the

- visits made to International Nickel Company, AEC, Washington

(contacts with H. Pessel and N. Grant) and Oak Ridge National

Laboratory are given below.

1.

In comparative .tests, Inconel, when properly prenared
metallurgically, gave satisfactory and predictable performance
in various corrosive media when other alloys such as 300 series

steels yielded unsatisfactory results.

No data have been obtained which duplicate alloy~environmental
conditions -such-as those expected in nuclear superheat plants.

It appears necessary that such data be obtained from experiments

- since no work is now being planned elsewhere.

N

Dispersion-strengthened, iron alloys exhibited higher stress
rupture strength at room and high temperatures, in the experi-
ments carried out at MIT. No corrosion work of any kind has
been performed using these alloys and no joining (welding)
methods are as yet available for these alloys. Although
these alloys may be prOmising rrom the strength increase
viewpoint, their corrosion resistance and fabricability must
first be established before any serious consideration is

given for their application'in nuclear superheat bhardware.

International Nickel Company is conducting an irradiastion
studies program, aimed at understanding basic mechanisms for ‘
deterioration in mechanical properties of alloys, such as

loss of stress rupture strength due to irradistion. Progress
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in this program should be followed, but initial expériments

will not begin for another six months. -

Recent data obtained at Oak Ridge suggested that boron content
in Inconel is not the primary reason for loss in sfrength'
upon irradiation. This is in agreement with the interpretation

of available data offered by Inco. The same tests, however,

" show a ten-fold reduction in average strain at u given rupture -

life due to irradiation. This effeect was alsv independent

of the boron coptent°

Grain size in Inconel has significant effect upon the mechanical
properties such as eiongatioﬁ of rupturejlife. For material
withban ASTM 1 grain size, the reduction of strain at failure
(for a given life rupture) is 60% less than the same material

which has a grain size of ASTM 6 or finér.

Both corrosion resistance and mechanical properties of Inconel

improved upon reduction in grain size.

H. J. Pessl disclosed that stress corrosion cests were

conducted at Hanford, using U bends of 406 material in Log

" MgCl, (boiling) solution. Atter 6 - T days ol Lesting, no
'2 - - ,

stress marks appeared in AISI;hO63 which is in agrecment with
similar work done using dther ferritic matéri&ls° ‘(Work at
APED with 406 is now in progress'for determining its corrosion
tharacteristics in high temperature IOSOOF steam with oxygen

and chloride ions present.)-

. o . -~
Data at 1300 F show that for a given stress level, the life-to-
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rupture for 304 is not affected by irradiation up to 4 x 1020
nvt. On the other hand, however, the tangential strain at
rupture decreases by about a factor of four due to irradiationm,

in many cases to vaelues less than 1%.

10. The irradiation experiﬁenté were done at ORR a¢‘temperaturés.-
of 1300°F and in air. (In cases where one way have intergranular
attack due to corrosion, high stresses alone'may be énough to
cause failufe of fuel clad in.a brittle ma;nner° IhAView of
these data, failures in SH-4B and SH-4C may be partially
due to high stresses alone, in addifion to stress corrosion

cracking in the presencé of the chloride ions.)

During December a trip was made to A;gonne National Laboratory to
exchange information regarding corrosion of materials ip oxygenated
steam. High temperature steam corrosion tests were carried out |
in both low oxygen and oxygenated (15-20 ppm) steam at temperatures
‘up to-l250°FJ The experiments which are primarily designed for
proof testing are being performed in small dynaﬁic-autoclaves°

The speciméhs are.60 mil coupons aboutAl x 1./2 inch and some

flat élate assembly sections which were brazed with "Coast Metals
60" material. The brazed regions and braze material itself showed
excellent corrosion resiétance in steam. fhe 304 and 3041 plates
and coupons, however,'shoﬁed erratic behavior with excessive scale
férmation on some samples. The scale thickness was on the order
of 6 to 10 mils in 1000 hours, some of the scale exfoliating

during the test. In some cases a rough, pit-like scale formed

initially and subsequently "healed" during longer eéxposures. A
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h.1.2

peculiar effect was observed on the brazed assembly which may

' be designated as an "outside-inside" effect. The outside plate,

_presumably the séme material at the same temperature, exhibited a

significantly higher corrosion rate than the inside surfaces of

_the plates. This assembly was produced at Atomics International

as part of the profotypé proéram for the Borax V fuel plate superheat

section core.

biscussions were also held with ANL people in regard to steam

corrosion of AISI-&O6,alloy, at lQQQoF and 20 ppm of oxygen. The

- limited amount ofAinformation'agrees with APED's preliminary data.

The same conditions which produced erratic behavior on the 304 and
304-1, samples resulted in a smooth adherent scale on 4OE. Samples
fo &afe‘have been stress free but future work williiﬁclude studies

on the effects of stress.

Conclusions of the Literature Survey

1. There is little prior experience, both industrial and
experimental, upon which to base selection of materials for
designipg and/or fabricating compogents for use in nuclear
superheat environments. A single alloy that will perform
satisfactorily under all conditions in a nuclear superheat
environment has not been located. Instead it is bélieved that
a judicious combination of materials selection and proper
design, with minimum inherent stresses, is required to

minimize or eliminaté the problems anticipated.

2. Based on information obtained as a result of the literature
survey, most promising metallic alloys which caﬁ be considered
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for investigation as likely candidates for nuclear superheat __ .

applications are: Incoloy, Inconel, modified 300 austenitic

series such as 310, 304L types but with.low nitrogen and
carbon, Hastelloy-X, AISI h06,\and RA-330. In addition,

it is considered advisable to conduct preliminar& screening
tests, under superheat conditions, on the following alloys

to study their feasiﬁility for nuclear superheat applica@ions:
Hastelloy-N, Ni-O-Nel (modified), IN-102, R-20, Discaloy, and
17-1% CuMo. The use-of one or more of the above candidateé_“
in critical’componénts should be preceded by a development
program where these materials are tested in laboratory-and in-

reactor experiments.

Further qualifications as to the general conclusions made

above are as follows:

There is a certain element of risk in using any 300 series

austenitic type alloy in.nuclear superheat environmenfs because

-0of the possibility of failure due to localized stress corrosion

attack. Improvement in service reliability of components
fabricated with these alloys can be achieved by usirg an
alloy containing minimum 20% chromium and 20-25% nickel. .

This alloy may be modified Type 310.

It was found that when Typé 300 series austenitic alloys

were modified to contain low nitrogen (0.01% or less) and low
carbon (0.02% or less) their resistance to stress corrosion
attack iﬁproved significantly. This can be achieved by
suitable treatment during ingot fabrication such as vacuum

melting or vacuum pouring.
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‘ componenté because it is the best all-around "hig

Because the fabricability and availability of 310 stainless

‘as it is stated in items 3 and 4 is not Xnown, other more

comuon types of 306 series stainless should be considered;

Type 304, 304L or other special modifications of the 300

femily should be investigated, sihge the fabrication, availability
and irradiation properties of this alloy‘family'are better

kﬁown than others and component design'allbwances are possibie.

In any case, nitrogen content should be kept below 0.0L% apd
carbon below 0,02% if 300 series austenitic type alioys are ~

used.

Incoloy should be considered for use in nuclea: superheat
" nickel alloy
combining good mechanicél and fabricaebility properties as

well as tolerable corrosion resistance. In comparative tests,
its resistance to stress corrosion attack is far better than
regular austenitics buﬁ not as good ag the high nickel alloys
such as Inconel. Because long-term corrosion experience

in oxygen containing steam is not available and irradiation

résults are non-existent for Incoloy, it is impefative than .

steps be taken immediately to gain such information.

Inconel is the best known high nickel alloy for usc in high

temperature service conditions. In addition, when properly
heat treated; Inconel gave good service in medié known to
inducé stress corrosion attack. In fact, the use of'this
alloy probably gives the highest assurance against stress

corrosion attack, although some isolated cases of failure
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through this mechanism have been encountered. Irradiation
results show serious reduction of stress fuptﬁre, elongation

and low cycle fatigue properties at high temperature.

8. Hastelloy-X should be considered because of its good
febricability and probably acceptable corrosion resistance.
The high nickel content of this alloj provides good assurance
for its use in stress-corrosion-promqting me@iau Explo;atory
work shou;d be initiated immediately to deténnine its'use and

limitations in high temperature superheat reactor applications.

9. Ferritic type alloys, such as AISI-4O6 should be included in
the progrém for immediate investigatioﬁ because these combiﬁe
low neutron cross sectibn, adequate uniform oxidation and

possible stress corrosion resistance characteristics.

10. .Work should also be initiated for alloys such as Hastelloy-N,
Ni-O-Nel, IN-102 and others which possess attractive high

" temperature mechapical'properties°

11. None of the ailoys recommended for consideration in Items
2 through 10 can be used in superheat reactors with adequate
assurance, without/prior basic developmental effort aimed at
determining tﬁe properties and limitations of these alloys

in high témperature steam enviromments.

4.1.3 Procurement of Alternate Cladding Materials

With the exception of Type 406 stainless steel, purchasing has
been completed for all of the materials in the geometries necessary

for preliminary corrosion and fabrication development screening
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tests. Much of this material is now on hand and the remainder

is scheduled for arrival by March, 1962. Purchasing efforts
are continuing in an attempt to obtain Type 406 stainless steel
in the required geometries. The following table summarizes the

materials which are néw on hand or which will be available by March.

* Table 4.1
spplication® T {a) (®) (&) (&) (&) (£) (g)
Febricability Testing X x- X x X X x
General Corrosion Testing X X X X X X X
Heaters for Cl-1 X X X X - X X
Strain Cycle Tests X X X
ESH-1 ‘ ’ X X X
ESH-2 X X X

Difficulties encounteréd in obtainiﬁg tﬁgse materiais have been.

due mainly to a lack of interest shoﬁn by the vendors 5ecause of
the small quantitiesyqf speciaiity}iteﬁs involved, Tﬁere appears
to be no technical difficulty which would‘prevent the prpduction
of tubing or bar in quantities required for nuclear superheat

applications.

Evaluation of 300 Series Stainless Steel Tubing

A total of 750 feet of tubing of various esizes and cold work

conditions has been ultrasonically tested to determine number and

»

level of defects. Tubing tested has been selected so data may

be'obtained to relate size and number of dcfeete with monufocturer,

degree of cold work and tube size. This information is needed to

establish meaningful material specifications_for 300 series stainless

tubing.

* (a) 1Incoloy (e) Hastelloy N
(b) Inconel (f) RA-330
(c) Hastelloy X (g) Ni-O-Nel
(a) AzxsI ko6
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Included in the tubing tested are seven different sizes from four

. .different manufacturers, and in three different cold work

conditions. Ultrasonic testing information from this'tubing will
be correlated with existing tube burst test data to further

establish levels of acceptable quality°

3

Fabricability Testing for Alternate Cladding Materials

A program was inltiated to determine fabricability parameters for
the candidate materlals in support to fuel fabrlcation for E-SADE
assemblies A Manufacturers of the various alloys have been contacted

regarding available information and a welding program has been

1nitiated in order to obtain spec1f1c information w1th regard to

particular problems encountered in fuel element fabrication. Weld
specimens are being prepared to. establish integrlty of welds of
various geometries and materials. Also included will be an
investigation or dissimilar metal Joining consisting of the welding
of these alloys to each other and to the reference alloy, Type 30h

stainless steel° Corrosion behavior of welds will be tested in

k1.5
Cl-l coupon holderso
L.2 Strain Cycling Experiments
4.2.1

Strain Cycle Tests - Laboratory Experiments

Task C-3: - The objective of this task has been the determination
of low cycle strain fatigue life of thin wall Type 304 stainless
steel tubing, so that these results can be compared with those
obtained under irradiation. The tubular specimens'used in these
tests are alternately expanded and compressed by gas pressure

between two fixed concentric mandrels. The strain range is
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determined by the sizes of the mandrels relative to the specimeﬁ
diameterAapd thickness. To date, a total of elever specimens
have‘beeq cycled to failure at 1300°F using argon és the activating
gas, using identical cycling techniques to those planned in the
reactor runs. The‘directionvof the strain bas been reversed

every 15 minutes, i.e., two cycles per hour. At strain ranges

_above about one percent total (i.e., + one-half referred to

neutral positior) specimens have been observed to deform by
wrinkling pafallel to the specimen axiso Failure bas been found

to be by intergranular fracture. In cases of specimen wrinkling,

long fractures occur on the convex side of wrinkles. A study is

underway to estimate the actual fiber strains at fracture by
measuring the radii of curvature of the wrinkles in failed specimens.
The results of tests to date are shown in Figure 4.1 in which

total strain range is plotted against cycles to failure. Strain

range &as plbtted is based on mandrel dimensions relative to

specimen thickness and diameter and no allowance has been made for

increase in actual fiber strain due to wrinkling. The probable
correction for elastic strain is indicated by arrows, based

on an estimated 15 kpsi elastic iimit and 20 x 106 psl wodulus at

-13000° When this series of tests is completed, the results

will be reported fully including estimates of strain increase

due to wrinkling.

Strain Cycling Under Irradiation

Capsule design was completed for all irradiation runs using 304
specimens, to test the effect of neutron exposure upon the low

cycle fatigue properties at 13OOOF. Two main experimental
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approaches are planned:

a. Determine low cycle fatigue properties of 304 where specimens
‘are béing cycled concurrently with irradiation exposure at

1300°F.

® : .
b. Determine low cycle fatigue properties of specimens cycled.

i

s

at 1300°F, after irradiation exposures at 1300°F were performed .

in static condition.

The results obtained from the tests shown above will‘tnen be

compared to those obtained for non-irradiated specimens.

The groupé of samples prepared for reactor exposure are as follows:

9% " 1%
LAt _ /24 "

Capsuie #25' 1/4% specimen - Capsule #4: 1/4% specimen
1/86 " 1/8¢ "
~1/16%6 " 1/166 "

No Heaters L With-Heéters*
Capsule #1: 2% specimen " Capsule #3: 2% specimen

*Heaters néeded to perform tests at 1350°F after sgmpies ha?e been

irradiated.

Irradiation experiments will commence with GETR cycle 30, during
the first week of'January, 1962. The irradiation schedule selected

for these tests is shown in Table 4.2.



Cycle 30

1. Insert cap-
sule #1, and
activate machines
during the cycle.

2. At end of
cycle, send
capsule #l to
RML.

Table 4.2

IRRADIATION SCHEDULE

Strain CyéleATests

Cycle 31

1. Insert cap-
sule #3, but do
not activate
any machines
during the
cycle.

2. At end of

cycle, shift.
capsule #3
to GETR canal.

Cycle 32

1. 1Insert cap-
sule #2, and

activate machines
during the cycle.

2. At end of

eycle, send

capsule #2
to RML..
3. At Begin-

ning of cycle,
activate mach-
ines in capsule
#3 in canal.

k., At end of
cycle, send
capsule #3 to
RML.

" cycle 33

1. Insert cap-

sule #4, but do
not activate
mechines during
the cycle.

2. At end of

cycle, shift
capsule #4 to
GETR canal.

Cycle 34

1. At begin-
ning of cycle,
activate ‘
machines in
capsule #4,

in canal.

2. At end of
cycle, send
capsule #4 to
RML .

As of December 31, 1961, capsule #1 with the test specimens indicated above was

delivered to GETR along with the control console, for final installation.:

The in-core berillium block was delivered, and mock-up tests

were performed to determine dimensional compatiﬁility of the

parts to be positioned in the reactor core.

A flow test on the capsule bracket and control rod guide tube

bracket was performed during the November shutdown.

A review

of the movies taken during the test indicate that a moderate

amount . of vibration is present; and that somé'rubbing on the

guide tube bracket occurs. The bracket was damaged when it was

removed. Another flow test will be run after the capsule is

inserted to determine whether vibration of the capsule bracket with

the capsule in place is excessive.
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Irradiation of capsule #l is expected to start during the first

veek in January, 1962.
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5.0 TASK D - EXPERIMENTAL PHYSICS

5.1 AEC Superheat Critical Experlments

A topical report, GEAP-3882, "AEC Superheat Criticals\- A Comparlson of
Experiment and Theory on Uniform Lattices" by G. T. Petersen and F. G.
Warzek, is in the final stages of preparation. The following summary

has been extracted from GEAP-3882.

5:1. 1 Summary from GEAP-3882

Measurements were conducted with uniformly-spaced arrays of superheat-
,fuel (no controls or water gaps) to obtain a direct measurement
| of the physical-parameters within the fuel element cell. The
element pitches of 1. 800, 1.900, and 2. OOO inches wvere utilized
to cover a water-to-fuel volume ratio range of 1. h7 to 3 67. The
actual measurements were performed at the General Electric
Vallecitos Atomic Laboratory in two phases.
fhase I
1. Critical Size
2. (dp /OH) versus H ( p = reactivity, H = water height)
3. Void Coefficient |
4. Temperature Coefficient

5. Flux Distribution -
Phase II
6. Thermal Utilization

T. Conversion Ratilo

Phase I of the program covered the period October, 1960 through

January, 1961. pPhase II of the program covered the period May,
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1961 through June, 1961. The primary reason for delaying the
Phase II measurements was to provide the time necessary to develop
8 new and more accurate method of conversion ratio measurement,

which was then applled to the superheat lattices.

The results of the.Phase I measurements'were combared to the
predictions of an engineering design model that had demonstrated
reasonable accuracy 1n treating BWR and PWR lattices 'bThe resulting
reactiv1ty, void coefficlents, and temperature coefficients are.
given in Table 5.1 for four representative cases. It can be seen

1 that relatively large discrepancies in all three narameters exit.
This model led to reactivity overpredictions of 2 to 5 percent
Ak/k and to more negative void and temperature coefficients than

wvere measured

Possible areas of uncertalinty in the engineering design.model
inecluded: N
L. 'fhérmal utilization,

2. Resonance escape; and

3. Neutron leakage.

Of these three, only thermal utilization appeared to -offer a
consistent explanation of the reactivity and reactivity coefficient
- discrepancies. Furthermore, it appeared that there'was valid

" uncertainty as to the application of'the zero-dimensicnal thermai

spectrum calculation present. in the model.

Based on the assumption that the thermal sPectrum‘treatment in the

thermal utilization calculation was the prime source of error, a
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Table 5.1

AEC.Superheat Criticals

Comparison of Engineering Design Model Predictions With Experiment

Fuel Confiéurafion

Void cbefficient ' Temperature Coefficient

--[L-

* Measured value.
#» Calculated value using engineering design modei.

¥#%  Calculated value using modified engineering deéignfmodel}

Element Flooding of Reactivity - 1 !
 Pitch Coolant ‘ ("Just Critical" Size) (Moﬁerator 20¢) - - : 8 - 4o ¢)
(inches) Passages _ kerr - 107* Ak/k $ Void Lk/k C
|  mlecd L.ozaypex i (-23)‘ Y -0.
1.800  Unflooded 1.000%(1-02 -12.7 (£33 +0.3 {91
- ‘ (1. 037) . 5.7 (-10) - 1.0 (#0.3)
1.800 Flooded 1.000 {2+ 03Ls - 5T K53 + Fe1.0]
(1.031) o ¢ (-15) o7 (+0.3
1.900 Ueflooded 1.000 Yo 9583 k 9.6 Sﬁ-n:l * 0.7 Y58
| : (1.050) b9 (- 1) 4 2.1 (#1.1)
2.000 Flooded 1.000 t0.597) MRS 3% | + G1.5]



semi-empirical correction,.normaliiéd to the réactivity error in

one case, was introduced to modify the calculatiopal model. The
resulting improvement in the experiment-theory corrélation is
‘striking. The 1argest'reactivity discrepancy became 0.3 percent
Ak/k rather than 5.percent, and both the void and.temperature
coefficient'discrepancies were markedly reduced. Part of the

- reactivity agreement is & result of hormalizing;the_cbrrection-

to give zero reactivi’tylerfor in the 1.800-inch 'pitchf'fl'ooded L
case, but-it,is quite signifiéantithat all oflfhé Othgr'discrepgncies
dropped simultaneously and £he prévious trend toward iarger,errdr

vhen the element pitch was increased or the outer coolant passage ;

flooded, was removed.

To confirm'the corrected thermal utilization as calculatéd by the
modified éngineering desigh model, caicuiationg utiliéing the -

SLO P-1 code were performea. SLO P-1 is a multi-tﬁermal group'
code whiéh permits scattering from each-energy group to every other
energy groﬁp, and sol&es the néutfon franqurt equation by the P-1
aéproxigation. Shortly after the SLO P-1 calculafions had been
’completed, the Phase II thermal utiiization measurement; were

made. Tabie 5;2 summarizes the results of the measurements, the -
SLO P-i calculations, and both of.the engineering design model
_calculatidns. The engineering design model, however, overpredicted
thermal utilization by as much as 4.3 percent Af/f, verifying the
assumption that thérmal utilization was the prime cause of the

reactivity discrepancies.
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In addition to the check of thermel utilization, resonance

capture by U;238 received careful study. Calculations of the
resonence escape probabi;ity utilizing the Monte Carlo code NYU-REP
were performeq.<»NYU—REP accurately treats the spatial captufe in
each of 55 resolved U4238 resonanc¢$t _After a'cbrrecfibn fqrAthe
inresolved resonance contribution was made, the resonaﬁce éscape
probabilities'as deternmined by Monte Carlo were compared to the
predictions of the engineering desigh mpdels. The agreement was
éxcellent. Ehe largesﬁfdiécrepancﬁ\wasvonl§ + 0-003.Ab/§ or

+ 0.03[x(l—p)/(i-p), which indiéates ihéi‘resonancé escape for
U-238 1is treatedAaccﬁrately by the engineering ﬁodel for this fuel

geometry.

Although the resonance escabe probability for U-238Awgs nof measured
directly, thg conversion ratio was. Since the resonance escape
probability is directly related to the conversién ratio, .an

'indirect measurement of the resonance escape probability waé made.

The calculgted gnd‘measqred conversion- ratios were compared and
gopdAagreement was attained in' all cases, with'the,largest discrepancy
only 3 perceﬁt (AsCR/CR), which would trgnslate into less than 0.5

percent error in the resonance escape probability.
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Table 5.2
AEC Superheat Criticals

- Thermal Utilization

Fuel . . calculated f

Element =~ = - - e - o Engineering Design
Pitch . Fuel _ L Models
" (inches) Configuration  Measured f ~ SLO P-1 - -Model A™  .Model B"
1.800 ' Unflooded © 0.763 + 0.015* 0.760 . .0.769 - - 0.759
1.800 Flooded .~ 0.71lk + 0.015 ~0.717 0.T737 . 0.719
2.000 Unflooded 0.716 + 0.015 0.713 0.731 0.705
2.000 Flooded 0.667 + 0.015 _ .0.6TL  0.696 -~  0.666 -

# g5 percent confidence limit.
%% Model A = Engineering Design Model

Model B = Modified Engineering Design Model

5.2 ESADA-VESR Preliminary Critical Experiment Program
5.2.1 Summary - o
The ESADA-VESR criticsdl program 1s=béing conducted at no
cost to the AEC. The experimental measurements have been
sompleted. The work duringAthis pe:io@ consisted nf analyzing

data and preparation of a topilcal report.

Comparicon of Experimental Results w@th'Predictions

A
n
m»

Examination of measured (suberitical) reactivity for the

flooded full core, center four rods inserted half-way,
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1ndicates that the predicted reactivity was too high by about
1.4% Ak/k. The measured reactivity change due to flooding with
the above rod pattern was —$l.09 at 80°C. The calculated value,
however, vas +$O 35 indicating a d1screpancy of about $l 4 in
predicting the cold flooding effect. This discrepancy was not
apparent earlier since the measured value of $l 09 was bracketed
by calculated values of <$1.80 for the full core without
controls-and -$0.2 for the case- with four inner control rods
fully inserted. A recent two-diﬁensional‘analysis has shown that
the calculated flooding effect passes through a maximum when the

central four rods are partially inserted.

The observed reactivity diacrepancies in the critical are being
used to "correct" the Mark l design calculations in the following
manner: |

1. The coldbunflooded heff is lowered 0.4% Ak,

2. The cold flooded kers is lowered 1.4% K.

3. The hot kepr (flooded and unflooded) values are lowered 0.9% Ak.

In éssence; those adjustments lower the slope of the unflooded
reactivity versus temperature curve by 0.5% Ak (ccld to'hot)
vhile increasing the slope of the.flooded curve by 0.5% &k. In
addition;-all reactivities are accordingly reduced by 0.4% Ak.
Thus, the calculated temperatu:e coefficients and cold flooding
reactivity effect for the criticsl assembly are made to agree

with measurements.

The circumferential power scalloping (azimuthal variations in
pover around the circumference of individual fuel rods) has been
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calculated by two-dimensional techniques. These data; together :
with axial power distributioné and values of integrated power -
for each fuel rod normaliéed to core average power, complete

the analytical three-dimensional synthesis of power distribution

in the critical experiment.

Expérimental control worths were extracted from the measurements to
‘be used to determine the appropriate adjustment to be applied to

the calculated control worth.

The calculated control system worth (12 rods) is compared below
to the best experimental value.

Controlo (12 .rod) Worth - 20°C - Unflooded

+ Calculated (As Built) ' Measured

15.1% Ak | 12.5 + 0.7% Ak

The- "as built"'control elements for the critical were slightly
over-size and had on the average 2.8% more welght per lloear
inch than the actual EVESR control elements. In general, it is
concluded that the total control worth ié over-predicted by

2.6 + 0.7% Ak.
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6.0 TASK E - COOLANT CHEMISTRY

6.1 Out of Pile Evaluations

6.1.1 General Corrosion

A topical report, GEAP-3779 "Corrosion of Type 304 Stainless
‘Steel in Simulated Superheat Reactor Environments', has
been issued summarizing the work carried out through fiscal

"1961.

'6.1.2 Chloride Stress Corrosion Studies
The series of chioriae stress éorrésion tests started in
tﬁe CL-1 faciliCy«on September 1, 1961 has been completed.
The chloride in the.recirculating Qater was maintained at
1.57 0.5 ppm with sodium chloride. The Type 304 test sheaths
were operated undef stresses calqulated to produce 0.1% c;eepj
in 1000 hours iﬁ the middlé and exit supefheatet;° After 400
houré of exposure the entrance superheater (Q-1) with ifs
multicolored salt deposit was removed and'replaCed.. Affer an
additional 400 hours the two entranée sheaths (Q-1 and Q-2)
were inserted so that the salt deﬁosits:were operating at a metal
temperature of 1100°F and 1300°F. After an additional 400 hoﬁrs
under these conditions examination indicated that ;he éalts'had
affected the scale formation and was causing spalling in the
deposit aréasfi There was somé intergranuiar attack, with some
grains completeiy removed, But the greatest attack had not
pfogressed more thén two g;ains'bélow the surface. The appli-
cation of'stress caused spalling‘in the 1300°F areas which is not

unusual. Descaling of the second superheater (Q-4) exposed for

_77-



-QL-

Table 6.1

SUPERHEAT EXPOSURES IN CL-1
(Type 304 Stainless Steel)

' _Bxpesure . Heater Sheath Location

Run No.. : Dates_ ;HoTiﬁé 80033‘500;"* 9ogi%1dég°1?* uogfﬁofﬁ Special Run Conditions
s 7/21 - 9/30/60 - 1000 E 9 | 10 " Mo control of O, ard Hp gas in steam
Bl-ko 16/2k4-~ 11/20/60 950  P-3 . . P-6 P-5 Eormal opggatidn |
43-45 u/gg - 3/30/€ 2h65 P-T - . P9 . . P2 . Fomal Operation |
4bsc-u6A 4/27 - 5/25/€L 1000 P-11 p-8 o P-l2 : Hormal Operation
46B 5/29 - 6/z0/€L - =00 P-11 ﬁ-lo . p-23 Horral Ope;atioﬁ |
47 6/23 - 6/30/61 200 - P-17 é-lh P-éh' ) Spacial gas recombination study
8 7/1- 8/z5/6L 1000  xge x| X330 »_ Start of alternate material study
N 9/L -.9/22/61 k95 Q-1 Q- g3 Start of stress chloride study -
’ : Z.5rpm C1~ added to recirculating water -
_ . Longitudinal stress placed on sheaths
hoa - 9/22 - 10/15/61 hl?r Q-2 - ek Q3 - Same
LB 10/23 - 11/15/61. 533 YQ3 ‘ Q-l(Révex:sed) Q-a(Reversed) a ) Sa.me
50 11/22 - 12/. 2/61 210 Y-4 Y-s . ' r-j(neversed) - " Same
50B 12/ 2 - 12/1k/61 238 Y-8 Y-5 Y-3(Reversed) . Same
50p  12/18 - 12/31/61 242 Y-2 - Y-5 Y-3(Reversed) - Same

* Calculated Metal tempersture
#*  Type 347 Stainless Steel



800 hours at a metal temperature of 9N0-1100 F, 1nd1cated
no material change in the corros1on rate but an 1ncreased

loss of scale to system.

Two failures in the Ch-l facilitf have occurred which have
been identified as stress cracking. Both of these failures
occurred on stressed heater sheaths in low temperature
regions (200°F to 250°F) of the electrically insulated
sheaths opposite gasket seals. Operating data are included
in Table 6.2. (Not in normal high temperature or steam flow-
path.) Additional work is in progress to provide more

detailed evaluations of these failures

Table 6.2

Out-of-Pile Stress Failures in CL-1 Heater Sheaths

Chloride in 4 . Surface - Chloride in Time to

Heater Loop Water Stress Level Temperature Gasket _-Failure

Location _ppu ' psi O . ppm - hr.

Boiler 1.5 22,000 " 200-250°  S(soluble) 1491
' 500(total)

Entrance . 1.5 » 23,000 200-250 1280(soluble) - 210

Superheater = S - 12,700{total)

As-a result of the two failuresiabove.and since it has_ not
been possible to reproduce the chloride cracking at high
temperature observed in case of SH-4B and SH 4C, the CL-1
loop is. being programmed to operate under simulated SADE |
exposure conditions. The CL-1 superheat'facility will be
operated with the,boilers‘producing steam at about 300-350°F
and the superheaters operating with only aboutll/ld‘their,

normal power load. The heaters would continue to have a
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6.1.3

longitudinal stress applied and the recirculating coolant .‘
will contain About 1.5 ppm' chloride. .The facility will be
cycléd to result in one week of operation at normal high
tempe?ature and one week at the proposed low temperature

for a period up to six weeks.

Inspection of Stress Corrosion Samples

Tubing stress corrosion specimens of Types 316, 347, and 406
stainless steels and of Inculuy have been exposed under

stress in a simulated nuclear superheat environment shown in-

Table 6.3.
| Table 6.3
Steam fempe:ature: 1644°F Flow: 438 1lb/hr
pH: 6.5 7 0.5 | : Chlorides in boiler water: ?:0.3 ppm
Oxygen in Steam: 29 ppm Hydrogen in Steam: 4.57 ppm

Chloride in Steam: < 0.02 ppm

Chloride in boiler water during stressed beam exposure: 1.5 ppm

After exposure, samples of each of these materials were
sectioned énd examined microscopicaliy° Results of this
inspection are summarized in Table 6.3, which includes compar-
able data obtained with type 304 stainless. PHotoqicrographs of

the scales formed on the specimens are included in Figures 6.1

to 6.10.

No stress corrosion cracking was observed on any of the
specimens. Corrosion scales formed are uniform and composed
of two layers, as can be seen from the photomicrographs. The

heaviest scale, 1.2 mils thick, was formed cn the Type 406 as
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FIGURE 6.1
TYPE 316, 400X, UNETCHED

FIGURE 6.2
TYPE 316, 400X, VILELLA’S ETCH

CORROSION SCALE FORMED ON TYPE 316 STAINLESS STEEL IN 1000
HOURS OF EXPOSURE IN A SIMULATED NUCLEAR SUPERHEAT
ENVIRONMENT UNDER CONSTANT STRESS.
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FIGURE 6.3
TYPE 347, 400X, UNETCHED

FIGURE 6.4

TYPE 347, 400X, VILELLA’S ETCH
CORROSION SCALE FORMED ON TYPE 347 STAINLESS STEEL IN
1000 HOURS OF EXPOSURE IN A SIMULATED NUCLEAR
SUPERHEAT ENVIRONMENT, UNDER CONSTANT STRESS.
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FIGURE 6.5
TYPE 406, 400X, UNETCHED

FIGURE 6.6
TYPE 406, 400X, VILELLA'S ETCH

CORROSION SCALE FORMED ON TYPE 406 STAINLESS STEEL IN
1000 HOURS OF EXPOSURE IN A SIMULATED NUCLEAR SUPERHEAT

ENVIRONMENT.
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FIGURE 6.7
INCOLOY, 400X, UNETCHED

FIGURE 6.8
INCOLOY, 400X, MARBLE'S ETCH
CORROSION SCALE FORMED ON INCOLOY ALLOY IN 1000 HOURS OF
EXPOSURE IN A SIMULATED NUCLEAR SUPERHEAT ENVIRONMENT
UNDER CONSTANT STRESS.

i



FIGURE 6.9
TYPE 406, 400X, UNETCHED

FIGURE 6.10
TYPE 406, 400X, VILELLA’S ETCH

CORROSION SCALE FORMED ON 406 AFTER EXPOSURE IN SIMULATED
NUCLEAR SUPERHEAT ENVIRONMENT,FOR 443 HOURS UNDER CONSTANT
STRESS.

_85-



compared to the Incoloy on which there was no observable scale.

The Incoloy sample had been severely cold worked at the

surface by a reaming operation during specimen preparation,

Figures 6.7 and 6.8.

Corrosion scales formed on the type

316 and 347 materials compare closely to those previously

observed on type 304 stainless steel.

Table 6.4

Tubular Constant Stress Fixtures Exposed to Nuclear Superheat Environment

Two phase uniform scale
Two phase uniform scale
Two phase uniform scale
Two phase uniform scale
The exposed surface was
severely cold worked due

ra reaming of the tube
I.D. during specimen

Two phase uniform scale

Applied Scale
Exposure Stress Thickness
Material Condition Hrs. psi mils Remarks

304 s.S. Annealed 1000 21,000 10
316 S.S. Annealed 1000 21,000 0.6
347 S.S. As Rec'd 1000 21,000 0.6
406 S.S. As Rec'd 1000 32,000 12

Incoloy As Rec'd 1000 29,000 No
Visible

Secale

preparation.

406 S.S. As Rec'd 443 26,000 0.4
406 S.S. As Rec'd 443 7,000 0.4

Two phase uniform scale

Stressed beam specimens of Incoloy, AISI 406 and RA-330 were

inserted into the superheat coupon section of the CL-1 loop

and exposed for various lengths of time.

material were exposed.

Four coupons of each

The test loop started September 27, 1961, and operated contin-

uously until October 17, 1961, for a total exposure period of

443 hours.
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At that time, one Incoloy and one RA-330 coupon were



removed from the beam holder, weighed and prepared for

metallurgical examination.

The 406 specimens exhibited complete stress relaxation

and had fallen from the coupon holder. Only three of the

406 coupons were recovered; they were all weighed and pre-
pared for metallographic examination. The recorded weight

gains for the various coupons are listed in Table 6.5.

Table 6.5
Exposure Weight Gain Scale Thickness
Material hrs. mg /dm? inches
Incoloy 443 6.58 None Observed
RA-330 443 60.2 .0004
AISI 406 #1 443 246.5 .0005
#2 443 244.0 .0005
#3 443 238.0 .0005

ngure 6.11 shows the general surface attack on the RA-330
coupon and reveals the typical "alligator hide'" effect.
Figure 6.12 is an unetched cross section showing the scale
formation and subscale attack. The attack is non-uniform
but shows no preference for transgranular or intergranular
attack. This is clearly seen in Figure 6.13 in which the

specimen has been etched for microstructure.

The same pictoral presentation is shown in Figures 6.14, 6.15,
and 6.16 for Incoloy, and Figures 6.17 through 6.19 for a
representative 406 coupon. The Incoloy coupon showed a very

small amount of scale or oxide formation. The very small
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FIGURE 6.11
TYPE RA330 SURFACE CONDITION AFTER 443 HOURS
EXPOSURE (STRESSED BEAM)

FIGURE 6.12
TYPE RA330 SCALE FORMATION AFTER 443 HOURS
EXPOSURE (STRESSED BEAM) UNETCHED, 400X

g



| FIGURE 6.13
TYPE RA330 MICROSTRUCTURE AND SCALE FORMATION
AFTER 443 HOURS (STRESSED BEAM). OXALIC ETCH. 400X.

FIGURE 6.14
INCOLOY SURFACE CONDITION AFTER 443 HOURS
EXPOSURE (STRESSED BEAM) 11X
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FIGURE 6.15
INCOLOY SCALE FORMATION AFTER EXPOSURE OF
443 HOURS (STRESSED BEAM). UNETCHED. 400X

FIGURE 6.16
INCOLOY MICROSTRUCTURE AND SCALE FORMATION AFTER
443 HOURS EXPOSURE. SMALL GRAINS AT SURFACE DUE
TO HEAVY COLD WORKING (STRESSED BEAM).
MARBLE’S ETCH, 400X.
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FIGURE 6.17
TYPE 406 SURFACE CONDITION AFTER 443 HOURS
EXPOSURE (STRESSED BEAM) 11X

FIGURE 6.18
TYPE 406 SCALE FORMATION AND SUBSCALE ATTACK
AFTER 443 HOURS EXPOSURE (STRESSED BEAM)
UNETCHED , 400X

G



FIGURE 6.19
TYPE 406 MICROSTRUCTURE AND SCALE FORMATION

AFTER 443 HOURS EXPOSURE (STRESSED BEAM).
VILELLA'S ETCH, 400X
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grains at the surface of the coupon are not believed to be

due to exposure but rather due ‘to heavy cold‘wquinga

AISI 406 exhibited the most uniform surface and -subscale
oxidation. No oxide fingers were observed and the grain

boundary structure at the oxide interface was normal.

" The loop chemistry conditions are listed in Table 6.3. The
chloride additions for this test were made to the boiler
~water about 4 hours after lobﬁ startup. Since the only
chlorides in the shperheated steam are present in moisture
carryover, it is doubtful that any moisture, and hence
chlorides, existed beydnd the first heater test unit of the
superheater section in th; CL-1 loop. Therefore chloride

attack was not a factor in the oxidation of these coupons. .

A test has been undertaken to determine the relative Suscep-:
tibility.of severallyaterials to intétgranular attack by
NaCl and heavy metal chlorides as identified in the depésits
on SADE fuel elements and CL-1 test sheaths. Unstressed
speciﬁens of Type 3U4 and 40b stainless steels, Inconel; RA330
and Hastelloy X were exposed in air to NaCl for 1400 houré at
1100°F. All the alloys were subject to surface attack. 'Type
406 showed the greatest‘surface attack while RA330 showed

the greatest intergranulér attack (¥u°069"). Type 394 waé.
similarly exposed to the chloridés of coppef, 1ron; chromium
and nickel. The CuCl, was the most aggressive with inter-
.granulaf‘attack of 0.003". The other three‘salts produced an

intergranular attack of 0.003". The other three salts produced

1
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~an intergranular dttapk of 0.001". The tests are being con-

tinued with stressed specimens of the various.materials.

6.1.4 Oxygen-Hydrogen Recombination Studies

Aﬂ evaluation of théldéta collected rélatiﬁe.to sfﬁdying the
fecdmbinétiéﬁ.éhéracterisﬁiés Of”tﬁeioxigen‘and hydrogen to water
at the high metal temperatures present on the sheaths under
test has been coﬁpletedo_ Although basic trends were indicated

- as reported in GEAP-3778(1), the procedures are not yet adequately
fetined to justify more quanlLliallve evalQationa. .It is planned .
to defer the proposed fecombination study report until the
analytical'equipmen; can be rebutltlto permit -the ‘accuracy

required for such a study.

Dr{tzsimmons, M.D., Pearl, W. L. Siegler, M., A Simulated Superheat
Reactor Corrosion Facility, August 14, 1961.

6.2 SADE Evaluations.
6.2.1 ‘Summarx.
'The-SADE loop was not operated during October because of the
VBWR shutdown for E-SADB‘equipment installation. The remaindér
of the reporting.period was involved with measuréments made

‘during operation of SH-5A.

6.2.2 In-Pile Evaluations on SH-5A-

The SH-5A fuel element design:feétures, operating characteristics
and irradiatlon histury are shown on Tablc 3.1 and 3.2. The
SADE installation for SH-5A was modified to prdvide both a mass

spectrometer tight'assembly and a sealAweId on the under water
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flange. These precautions were taken to ensure minimum

in-leakage of VBWR water to the superheat fuel region.

During November, SH-5A appeared to be releasing small amounts
of fission gases and radio-iodines but the data was variable
and difficult to 1nte:pre;, Unusual amounts of'radio-ioéiné
haye appeared intermittently in both the inlet and 6ut1et steam
condensate samplesﬂ The most recent of theée showed a

. different_distributionlof iodine isotopes from thaf in the
reactor water and hence cannot be attributed to unexpectedly
high reactor_wéter carryover. Outlet steam samples have
occasionally shown more fisasion gas fadioactivity than inlet
samplés"but notAcdnsistently. Béth iniéﬁ and outlet steam
sambles have had signifiéantly more fissionvgas rgdioactivity

than would correépond to the amount seen in the reactor off-gas.

The carryover of reactor water fnto the SADE loop with the in-
let steam has been measured using Na-24 tracer with the
following results:

- Separation Factor

Royer, MWt ' Water_Level, Ft. ° Na-24
28 - - 0.2 ' 16,000
26 +.0.5 5,000
20 +1.0 " 6,500

Chloride in the reactor water averaged less than 0.026 ppm and

had a measured peak of 0.043 ppm during November, 1961.

An apparatus for measuring the oxygen content of the steam
based on the reaction of oxygen with thallium metal has been

installed at the SADE steam sample station. The first measure-
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ments showed 19+ 3 ppm of oxygen in the steam entering SADE.
Sources of the variability in the measurements are being in-

vestigated further.

The unknown isotope (gamma ray = 103 Kev, tk - 65 hours) present
on coupons expésed to the exit steam during the SH-4C irradia-
tion has been identified as Np-239 (E = 106 Kev, tkx = 56.3 hours).
Identification was by chemical ;eparation Aﬁd detection of the
alpha activity'of its daughter, Pu-239. Chemical separations
also indicated'the presence of measurable quantities of radio-

qctive cerium, barium, and zirconium deposited onthe coupons.

Calculations of the radioactivity buildup to be expected in a
turbine utilizing steam from a superheat resctor have been

| extended to include the possibility thgt a fraction of the
activity deposited is subsequently washed from the surface.
Hea;urements of the relative deposi;ion concentrations‘of
iodine isotopes un SADER coupons during the SH-4C exposuré

and of cobalt isotopes during the SH-4B éxposure qualitatively
support this hypothesis that a portion of tﬁe deposited radio-
activity later leaves the aunrface. Curfent data are inadequate
to estimate the radiation levels iﬁ a superheal Lurbine after
long exposire, but do give reasun ﬁo believe the buildup will
not be as sévere as was calculated on the basis that all radio-

activity was irreversibly deposited.

Irradiation of SH-5A continued during December, 1961. - The
fission gas content of the steam leaving the loop has generally

been within plus or minus twenty percent of the amount entering
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the 1oop; Any leakage of fission gases from the SADE fuel
has been less than about 0.5 Mc/sec (six gases) during
steady power oper;tion.and could have been much smaller.
The high-background activity contributed by other leakers

in the VBWR core prevented more precise measuréement of fission

gas release from the SADE fuel.

Measurements of the radio-iodine in SADE condensate were
refined. At 15 MWt VBWR power, the release of radio-iodines

from the SADE fuel was measured as being approximatelylas

follows:
Ac(Sec
I-134  4.x 1073
1-132 3x 1074
1-135 5x 1074
] 1-133 2 x 1074
1-131 2 x 107

Whether this very small release was from a defect or from

surface contamination has not been determined.

The chloride concentration in the reactor water averaged less
than 0?03 ppm and had a peak of 0.16 ppm prior to Decembef 30.
On Dgcember 30, a peak chloride conceqpration of 0.6 ppm was
observed while the reactor was operating at 25 MWt. Valving

in of a new condensate demineralizer brought the chloride con-
centration back to normal, but the concentration was apparently

above 0.1 ppm for about thirty hours.
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7.0 TASK F - HEAT TRANSFER

7.

7.

1

2

Summary
Work in Heat Transfer and Fluid Flow consisted of opérating various

steam superheating assemblies for heat transfer data; exposure of

prototype fuel assemblies to superhezted'steam atmospheres; and

obtaining pressure drép:data in the prototype fuel assemblies with

superheat steam flow.

Twenty additional heat transfer data runs have teen made. Pre-

' liminary reduction of the data from four of these runs is shown in

" Talde .7,1, and appears consistent with similar data obtained at

Argonne. Difficulty has been experienced in obtaining steady -
accurate heater temperafure measurements; however,'a few of the

additional 16 runs are expected to yield valid heat transfer data.

Task F72, Heat Transfer to Superheated Steam

A tubular flow test section, 0.370 in I.D. and 10 ft. long, was
assembled and operated with 5 clamps, each holding 3 thermocouples
against the heater tube's cduter surface, at nominal levels of 0, 2,

4, 7, and 10 ft. from entrance to the heater.

Four runs were obrained before vperations were stopped by an electrical

short, between the clamp and support structure, at the U tt. level.

"Good data was not obtained at the 0, 7, and 10 ft. levels due to

loosening of the clamps and resultant error in readout temperature,

or an oscillatory temperature readout due to variation of electrical

pickup by the couple.

Data from the above 4 runs, at. the 2 and 4 ft. levels,was reduced with-

out refinement of flow, tube wall temperature drops and longitudinal
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heat flui vériation? all of which would contribute apbroximately 5-10%

variation in results. The results of these runs are tabulated below(l)
and éompared to the Argonne superheat data on Table 7.2.
Table 7.1
Heat Transfer Data for 0.370 in. I.D. Tube 10 ft. Long
Test Section - Exit Steam Mass (1)@ -1/3 Reynold(z)
Run  Level-In. Pressure Temp. Flow Velocisy -6 hD)} . Pr No.6 :
No. From Inlet pei op Lb/Sec  1lb/hr £t“X10 K X10~
29 21 . 800 812 0.252 1.22 1790 0.753
45 : : 1745 .718
30 21 ‘800 875 0..255 1.23 1578 .740
45 . 1420 .703
31 21 : 800 895 0.216 1.04 - 1210 .626
45 ' : - 1110 .592
32 21 800" 905 0.140 0.68 - 832 : .403
45 o 758 .396
(1) An error in the Nusselt numbers, reported in the Nov. 1961 Monthly Report, has
been corrected. : _
(2) Arithmetic mean of heater wall and steam properties used to evaluate steam

properties.

Sixteen additional ruﬁs were @ade with a new heater assembly similar
to the one above; except that the clamps were spring loaded. The
springs on the clamps'weré spring loaded. The springs on the clamps
wefé designed to resﬁltAin a load of 4-5 lbs. holding the the%mocouple
against the ouﬁer héater wall. Heaterltemperature data was erratic,
but a few indicative results are expeéted after data reduction is

completed.

Although the spring loaded clamps appeared to result in better thermo-
couple contact, trouble was still experiencéd with warping and loss of

thermocouple contact.
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Further analysis has indicated that the 100 cycle Choppers, used to

remove A.C. pickup in the couples due to contact with the electrical

heater surface, may not be operating fast enough to remove the A.C.

pickup and induced voltage pickup to which the couples are exposed..

A new heater assembly design will be tried in which the thermocouples

are not in direct contact with the electrically heater superheater tube.

7.3 Fretting Corrosion

The superheat facility; used for Task F-2 above, was operated several

times to provide a typic&l steam environment for prototype fuel elements.

Steam exposure was made on two elements during this quarter. Times of

exposure and range‘of conditions are tabulated below.

Table 7.2

Rxposure Conditions for BSADB Prototype (General Electric

Temperature,

Pressure,

Flow Rate,

Exposure Time To Dale,

Op
PS1

" Lbs/Hr.

lirs.

Table 7.3

Drawing 124F761)

Range of conditions during
operation with

Water Steam
70/540 600/902
0/1??? 775/1207
Low _ 0/1242
55.2 ’ 178.5

Exposure Conditions for Dummy Cluster (3 w1re) Element

Temperature

Pressure

Flow Rate

Exposure Time To Date

(1)

Not Monitored

PSI
Lbs/Hr.
Hrs.
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Range of conditions during
operation with

Water . : Steam
- 647/836
- 957/1008
0 . 623/1165
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7.4 Superheated Steam Pressure Drops - ESADE Element
A total of 30 pressuré drop runs have beén’loggéd'on‘this element '

to date.

Prelimiﬁa;y reduction of the overall pressure drop show it to be con-
sistent, within about 10%, and Yarying with the mass flow to the

1.79 power.

Overall pressure drop ranged from 9.9 psi at 0.103 1b/sec‘(371‘1b/hr),
‘with inlet steam at 845°F and 813 psi, to 124 psi at 0.345 1b/sec

(1243 1b/hr) with inlet steam at 677°F and 801 psi.

7.5 Superheated Steam Pféssure Drops - Dummy Cluster (3 Wire) Element

Five pressure drop runs were made and preliminary reduction shows

overall drop to be consistent in trend and ﬁlthin 10%.

Overall drop varied from 4.5 psi at 0.185 1lb/sec (666 1b/hr) with
inlet steam at 836°F and 993 psi, to 10.2 psi at 0.324 1lb/sec (1165 1lb/hr)

with inlet steam at 660°F and 999 psi.
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8.0 TASK G - MECHANICAL DEVELOPMENT

8.1 steam Separator Development

8.1.1

8.1.2

Summgry

During this report period efforts were devoted to procurement énd
air-water teétinglof the full circle radial separator model.

Results of these tests continue to be favorable, but further testing
to give more quantitative results on downcomer flow profiles ana

steam-water carryover are required.

Discussion

The full circle radial vane separator model tested during Lhls

‘A period is made up of 36 vanes of 130° are of 4-inch radius mounted

on a 10-inch diameter plenum. The vanes are mounted on the plenum

to provide 18 active pairs alternating with 18 inactive pairs

around the full circle. Inlet nozzles 1/2" wide x 3/4" long x

18" high are providéd. 'These'noziles-can‘be'restricted in height

by appropriate plugs. The reduced number of nozzles (18 instead

" of 36) and the restriction of nozzle height are reguired to insure

design liquid and gas. velocities at.the flow capabilities of the

test loops.

The model as tested is equipped with three different diameter

shrouds. These shrouds perform the function of the reactor

vedsel wall in thul Llie vane diacharge otreame impinge on the shroud

to form a downcomer vortex. The three shrouds used allowed an
annular downcomer space between theAvane ends and the shroud of
1-3", 2, and 3". Tests showed all three shrouds to be satisfactory
from a carryunder standpoint. However, combined quantitative carry-
under and visual carryover results indicated the 2" annulus to be
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the most satisfactory. With the 2" annular gap the model operated
with a 6" high inlet nozzle at 760,000 1b/hr of water and 2,170
lb/hr of air with a resulting carryunder void fraction of less than

0.0é% and no water overflow at ﬁhéit0p of the vanes.

8.1.3 . Test Program

- 8.1.3.1 Air-Water Testing

Based on thé'results described above, & transparent plastic :
rshroud to give a 2" énnulus has been dgsigned and is
présently being fab;icated. This shroud will allow viéual
and photographic study of the vortex formation on the wallL
Pitot -tubes in this shroud wili be used to deterﬁine the
flow profile in the annulus. The,profile”data will be uéed

in analytical studies of the separator.

8.1.3.2 ‘Steam-Water Testing -

After the above air-watér testing, the model with steel
shroud will be run on steam-water mixtures in fhe Moss
Landing loop. In these runs, carryunder will be'measufed
asAa check on thé air-water, steam-vgter carryunder
>corre1atiéﬁ that has previouély beeh oBserved."Carryover
data will also be obtained because the air-water testing

gives no correlation with steam-water on carryover.

8.2 Seal Development

8.2.1 Leak Test of sﬁperheat Seal

During October the autoclave test facility to measure seal leak

.rates was set up.
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In November six test runs were conducted in ‘the leak test facility.

A summary of the average leakage rates is given belcw.'-

The superheat seal performed satisfactorily for one position in_the
test capsule, (Runs 1-3). The seal didn't pérférm aé well for two
other positions, (Runs 4-6). The summary below shows that the -
maxiﬁum leak rate of 2.2 lb/hr from saturated water to saturated
steam and 8.3 lb/hr from saturated steam to superheated steam was
exceeded ouly during‘Run'Hu

Average Leak Rates

1 2 3" b 5 6

Sat. Steam Leak Rate (1b/hr) 0.0 0.0 0.0 2.38- 1.10 0.79

Superheated Steam (1b/hr) 0.58 0.4 0.0 8.51 7.30 6.33

8.2.2 Leak Test of Superheat Seal

The leak tests showed that the seal idea is feasible. However,
a slight modification of the test chamber was planned to take

advantage of the seal formed in Runs 1-3.

In the month of December; a modification to the test capsule was
£y . .
made, and another seal was being fabricated for testing in the .

modified capsule,

8.2.3 Corrosion Test

The corrosion test was started on October 20, 1961. The sealed
capsules containing the solder and stainless steel specimens were

placed in a furnace meintained at & temperature of 800-840°F.

The test was terminated on December 18, 1961. None of the
specimens subjected to 10,000 psi and 15,000 psi bending stress
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failed during the test. Visual examination of che test specimens
showed that some surface corrosion had occurred. No conclusions
regarding intergranular corrosion or cracking can be made until

the metallurgical examination is' completed.
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9.0 TASK H - SADE AND E-SADE

9.1 SADE

1 9.1.1

9.1.2

9.1.3

Summary

The SADE irradlatlon durlng thls reporting perlod was llmited to

SH-5A since the VBWR reactor was down from October 5 to October
3l for E -SADE 1nsta.gla.t10n° Tdbles 3.1 ard 3 2 prov1de a complete

summary of SADE fuel irradiations.

SH-4C Irradiaticn

SH-4C fuel element was removed from the loop in late September

 when steam samples indicated that thé elemenl was adding oignificant

radioactivity to the steam, probably Leom & eladdlng detect. The
element wvas forwarded to RML for examinatLono RML results are

reported in Section 3.2.2,

SH-5A . ' A _ .

9.1.3.1 SH-SA Facility Preparation

' Because of the concern about chloride stress corrosion of
the stainless sleel cladding which has beeu employed oﬁ test
sﬁperheat fuel eléments, includiné SH-5A, the installatinn
of this element was carefully evaluated to. determine the .
signifiéance of leakagerfAreactor water into the test section.
It was dec¢ided thal Llhe lealage chould he held to as low a
value as pussilble for tcot of this fuel element to determine
if optimum cbnditioné;-with regard to chloride ccntumiuation,
would ‘result in fallure of the claddlng The internal
seal curfaces were rarefully reworked and lapped to assure
minimum internal leakage° This rework included both lower
and upper flanges even though the upper flange is in the

steam dome of the reactor. A static pressure leak.check
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of the process tube, tube bunale assembly showed a totalvgas
leakage of this assembly of 0.12 éu. in. per minute of air at a
pressure.differential of 10 psig. If'reactor.water ﬁith‘chlérides.
. at a level of 0.02 ppm leaked into the assembly at the same
gaseous’ volume rate, and the chlorides were to deposit uniformly

over the surface of the fuel element, the rate of debosit on the

element would be 0.366 x 1072 mg/sq. dm. per month.

The seals were repaired by the following sequence of operations on

‘each seal surface.

1. Removal of the oxide present, on the seal ‘surfaces of the
reused flange and tube bundle, by a power driven soft wire

brush.

‘2. Hand lapping of the seal surfaces starting with coarse diamond
dust and then progressively finer grit and emery paper using

lapping plates specifically made for the work.
3f Cereful cleaning to remove ali traces of abrasive.

., Remachining and/or hand grinding of the flange seating-
surfaces to preserve the original dimensional relationships

between the seal surfaces and the seating surfaces.

The seals were lapped sufficiently to reﬁove all traces of the
indentations and machining marks. The final surface pfoduced was
essentially a "mirror"‘finish estimated to be less than 6 microinches
"RMS and flat ﬁithin .0002 in. The lapping was carefully controlled
to maintain the seal surface parallel to the flange seat surface,

and is estimated to be within 1.5 mils. In addition, the Skinner
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seal ring was gold platéd with approximately 0.0005 thickness

pure gold to assist in providing a leak tight seal.

Because of the critical significance wnich will be attached to

the test of SH-5A; with regard to stress chloride corrosion of

the fuel element.cladding, it Qas decided that the lower flange,
which is located below the water level inside the reactor, should
be seal welded. This has not been done in the past cince it

would then be necessary to cut the prucess tube in o;der to remove
the installation from the reactor. preverm~leakage through

this flange has inéreased significaﬁtly oﬁ some past installations
during the irradiation period. Although the lapped seals of this
assembly for SH-5A have achieved a satisfactorily tight assembly,
the decision was made té seal weld the flange to assure maintenance
of satisfactory leask tightness throughout the test period. Since
no equipment was available to cut the assembly after it is welded
and irradiated,'thé assembly was not installed at the start of

the fuel cycle runs to permit time to obtain suitable equipment.

A guillotine cutter was procured to cut the process tube and
upper extension of the fuel element to permit removal when test

of this element is compléted.

This cutter was lested on a dummy assembly. A close fitting-
collar was made to fit directly under the cuttér section to
minimize distortion to the process tube and possible damage to the
fuel section during cutting. The test was successful and seemea
to indicate that negligible disturbance of the fuel element

section would occur during the cutting process. With this
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cutter available, fuel element SH-5A was ipstalled in
the SADE loop and irradiation of the element started on
November 13. Pressure test of the in-core assembly,

. prior to installation. in the reactor,lshowed essentially

zero leakage.

9.1.3.2 SH-5A Operatihg Conditions

-The fuel element design.was changed to provide a pre-heat
section for -the incoming steam to‘help assure that dry
steam is in'contact with fhe fuel element. This has been
accomplished by_removingvthe thermal liner in the upper
"hardware" section of the fuel element, permitting
regenerative heat transfer from the superheated'(outlet)
steam to the inlet steam. Thus;,only dry superheated
steam would be in contact with the element during normal
pover operation of the element. The heat transfer is
sufficient to df& abﬁut L4 ﬁoisture in the inlet steam
at normal power; Table 9.1 1ists the design operating
conditions for this element and is based upon dry steam
entering the heater section of the fuel element. These
values are based upon én estimated powef of 78 KW for
the element which has been'predicted by physics calculations

for this element at a VBWR power of 33 MW.

‘Table 9.1
Inlet temperature - heater section - °F 545
.Inlet temperature - fuel section - °F 575
Maximum steam temperature - fuel exit - OF 857
Maximum steam temperature - heater exit - OF 803
Maximum clad teuperature - “F 1,200
Meximum heat flux - Btu/hr-ft2 289,000
Maximum fuel temperature - Op ' 2,770
Minimum steam flow rate - 1b/hr 1,180
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9.1.3.3

Figure 9.1 shows the final design of the SH-5A fuel
eiement. Figure 9.2 gives the process tube désign employed
with this elemert. '(The G-3 assembly was employed with

SH-5A.) Figure 9.3 giﬁes the power plot for this element.

Irradiation of superheat fuel element SH-5A continued

through the end of this report period. Superheat discharge

'tempefaturés above BOOOF, corresponding to clad temperatures

from,llOO to 12000F3 were msintained for a considerable
pértidn of the operating period. Some evidente ul u
sliéht défeét in the fﬁei cladding:has been obtained from
steam ssmples and from the SADE radiation monitér, but
fhe release rate is very low and inconsistent. Details
of radiochemistry measurements for SH-5A operation are

reported in Section 6.2.2.

Calculations of power output of SH-5A based upon test

data give a power for this element of 2.79 KW for each one

MW reactor power.. This is an average of a number of

‘different data sets which vwere employed to minimize

uncertainties in reactor power level in these caiculations.

SH—5A Opefating Data

Operation of this elément, up to January 1, 1962, has

-

been as follows: : )

Superheat Discharge Tewp . Hours of Qperation
'800°F and higher 175
T25°F to 800°F ’ "310
Below T25°F ' . 360
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Reactor power levels were varied during this period as

follows:

Reactor Power Level

0 to 15 MW
15 to 20 MW
20 to 25 MW
Above 25 MW

Hours of Operation

180
225
300
140

Total burnup to this date for the element has been 346

MWD per ton and Lhe heal generation has been 38.9 MW hours

thermal.

Reactor Power

HoO Level, Ft.

Separation Factor
Reactor Water

28
26

20

15
21

25

~ 0.2
+ 0.5

+ 1.0

Inlet Steam

Na-24 Iodine
16,000
ca. 5,000
6,500

1,500

900

1,400

The difference in the measurements using lodine as a

tracer and those using Na-24 may be due either to volatil-

ization of iodine from the reactor or to partial deposition

of droplets in the steam or sampler piping. It is not

known which tracer gives a more reliable measurement of

the carryover of chloride to the superheat fuel.

9.1.4 NUSU Irradiation
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9.1.4.1

9.1.k.2

NUSU Summary

Planning for the installation of the NUSU element was
completed. Design conditions for the element were
established, the SADE system revisions necessary for the
installation of this element were determined, and fabri-
cation of the necessary in-core hardware was completed.
The NUSU element was received from General Nuclear
Engineering Corporation on December 23, 1961. The element
appeared to be in satisfactory condition with no apparent
shipping damage. Upon further examination, however, it
was found that the element was not leak tight. Checking
on a mass spectrometer leak detector revealed a leak or
leaks in excess of the saturation limit of this equipment
(saturation occurs at 10-3 cc/sec). General Nuclear was
notified of our findings. They are sending their representa-
tive to review our findings and direct repair work on the

element.

NUSU Design Conditions

Since a sizeable portion of the power output of the NUSU

fuel element is to the reactor water side of the element,

and there is no means of measuring the output to this

side, the actual operating power of the element must be
calculated. A plot giving element power and clad temperatures
as a function of measured steam flow and temperature on

the superheated steam side has been prepared. However,

the inside gap conductance between the fuel and the

cladding must be assumed in the preparation of such a
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plot, end variation in the value assumed for this
conductance causes sizeable changes in the plot. The
value selected for thermal conductivity of the U0, also
has a significant effect on the heat split of this element.
A detailed study of the factors affecting the heat split
has showed that the most accurate estimate of the operating
power of the element is obtained from the final reactor
core physics calculations. The design conditions for the
clcment have been finalized upon Lhls power esllmule.
Figure 9.l givec a plot of otcam flow and stecam exit
temperature for various element powers with inside gap

conductances of 100, 150, and 300 Btu/hr-ft2-OF.

Physics calculations for the power of the NUSU boiling-
superheat fuel element indicated that this element will
produce 105 KW at 36 MW reactor power. Design calculations
have been completed for this element at 90 KW and at 102 KW
and a set of curves has been prepared, based upon linear
interpolation, to provide alarm and scram set points for

a range of element powers from 90 KW to 105 KW. For the
range of power involved in these curves, the difference
between the values resulting from linear interpolation

and code calculations is very small, and is far less than
effects resulting from uncertainties in gap conductivity,
U0, thermal conductivity, and other variables which occur

in the heat transfer analysis. (See Figure 9.5)

A reference scale for reactor power has been included on
the curves for alarm and scram set points. This reference
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scale is based upon the predictgd power for NUSU of
105 KW at 36 MW reactor power. If later information
shows the power ratio between the reactor and the NUSU
fuel element is different from this predicted value, the

same curves may be employed as long as the power generated

by the NUSU element is used for the reference scale.

Table 9.2 gives the information for the two design calcu-

lation conditions.

Table 9.2
NUSU Operating Conditions

Fuel enrichment 3.5% Ue35
Steam pressure 1000 psia
Active fuel length 34.5"
Outer clad, outside diameter 150
Outer clad thickness 0.028"
Outer clad material 347 s.S.
Inner clad, outside diameter 1.072"
Inner clad thickness 0.025"
Inner clad material Inconel X
OQuter steam supply tube, outside

diameter 0.814"
Water flow tube, outside diameter 2.00
Water flow tube thickness 0.049"
Fuel (UO,) % theoretical density 95%
Total fuel loeding (UOp) 4.25 kg

Inside clad-to-fuel contact

coefficient 150 Btu/hr-ft2-OF
Outaside clad-to-fuel contact
coefficient 1000 Btu/hr-ft2-OF
Axial peaking factor 1.58
Linear radial flux depression
factor 1.10

Thermal conductivity (UOo) 1.0 Btu/hr-ft2-(°F/ft)

Fuel element power 90 KW 102 KW
Predicted reactor power 30.9 MW 35 MW
Maximum clad temperature (STEADY) 1200°F 1200°F
Maximum superheat exit temperature 5
(STEADY) T65°F T6L'F
Maximum steam side heat flux
(STEADY) 175,000 Btu/hr-ft2 201,000

5419 =



2
Max. steam side heat flux (STEADY) 311,000 Btu/hr-ft 348,000

Min. steam flow rate (STEADY) 490 1bs/hr 570 lbs/hr
Min. burnout ratio (STEADY) 3.22 2.87
Max. fuel temperature (STEADY) 2675°F 2915°F
Max. clad temperature (TRANSIENT*) 1300°F 1300°F
Max. superheat exit temperature %

(TRANSIENT*) 819 F 807°F
Max. steam side heat flux (TRANSIENT*) 169,000 Btu/hr-ft2 195,000
Max. water side heat flux (TRANSIENT*) 315,000 Btu/hr—ft2 352,000
Min. steam flow rate (TRANSIENT*) 400 1bs/hr 480 1bs/hr
Min. burnout ratio (TRANSIENT*) 3.18 2.84
Max. fuel temperature (TRANSIENT) 2725°F 2962°F

% The transient conditions may be achieved for short intervals to obtain test
deta; extended operation will be in accordance with the limits for steady

conditions.
Set points for 36 MW reéactor power (105 KW NUSU power)
are given in Table 9.3.
Table 9.3
Alarm Scram
FIS-1101 Steam flow indicator 530 1bs/hr 70 1bs/hr
TE-1102 Superheat temperature, 875°F 819°F
(TRS-1102) fuel exit*
T™-1103 Superheat. temperature, 785°F R19°F
(TRS-1103) fuel exit¥
TE-1101 Superheat temperature, 655 675
(TRS-1101) reactor outlet
TIS-1103 Superheat tempersature, 655 675
reactor outlet
FCV-1112 Throttle valve by-pass Set to close in 2
min. minimum following
scram.

9.1.4.3 NUSU Facility Preparation

Figure 9.6 gives the final schematic drawing of the SADE

loop system for the NUSU installation.

The final arrangement of the SADE control and safety

circuits is given in Figure 9.7.
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Detailed operating instructions for the SADE loop with the-
NUSU<e1emenﬁ installed were prepared'and'incbrpbrated with
"the VBWR operating instructions.  Operating bersonnel were
indoétrinated in the design features of the installation,
and in the changes in the SADE system to accommodate this

element.

Because the éutéidg of the ﬁUSU element‘functioné as &
Boiling water elemént in thelVBWR core, the standard
opérating procedure for new Boiling water eleﬁents in the
VBWR core are to 5e'observed during the test—progfam for
this-éiémeﬁt. fﬁis ﬁrocedure»requireé visual.inspeétion
. of the eiement after oéerating at A-heét flux of éS0,000
Btu/hr-ft?,-and after this inspection for iné;eases_in
ﬁowef of the reactor to belin 250;000 ﬁtu/hr-ft2 é£ep
increases in heat flﬁx of the new elemént,'with oﬁe-half
hour or longer pperation at each point before further
pover increases. The following test instructions have

been prepared to comply with these procedures.

The NUSU superheat fuel element is to be tested in the SADE

loop in accordance with the following procedure.

15 Start the reactor and the NUSU test in accordénce with
the operating instructions preparea for the SADE loop
with the NUSU fuel element installed. Increase reactor
power and pressure in accordance with these operating
instructions until normél reactor operating.pfessure

is reached.
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Reactor power may be increased as desired up to a
maximum of 25 MW. The water-side heat flux of the NUSU
..element- is- 250 ooo Btu/hr-ft2 at this. power and reactor
~ pover may not be increased above 25 MW until the
inspection as required in Section 5.5.9, step 4, of
SG-VAL 2 is completed. At 25 Mw, set the SADE steam
| flow rata as low as praotioaﬂ fn nbfain as high a
superheat nfeam Temperature as possible. Hold reactor
'power and steam flov for a minimum of 1 hour at this

. setting, and untll all SADE operating conditions are
A;Hstabilized.. Read and record all SADE data. Increase
‘steam flon in the'SADE‘loop'by 10% from ﬁhe above
‘setting, let operating conditions stabilize, and repeat

readings of all SADE data

Reactor operation at or below 25 MW may be continued
as desired, untll the reactor is shut down to permit

inspection of .the NUSU fuel element.

Shut down and depressurize the reactor to permit
’inspection:of_the water. side of the NUSU element as
required in SG-VAL 2. To accomplish this 1nsepction;
do not’ disconnect the 1n—core'assemﬁly and tube bundle
from the refueling port flange Lift fhe refueling
port and in-core assembly as a unit with the crane,
ralsing the fuel element sbove the reactor channels
enough to permit 1nsnec£ion of the outside surface

of the fuel element through the refueling port. Inspect
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for visible evidence of damage, distortion and bowing.

If no serious damage is evident, replace element in

~ chanael, reassembly refueling port flange, steam piping,

and thermocouple connections, and resume reactor

operations.

Ajter'reactor operation is resumed and normal reactor
pressure is reached, reactor power may be increased
in compliance with Section 5 5 9, step 5 of SG-VAL 2.

t

The initial step wise power increase is to 27 5 MW,

thich is to be held for a minimum of one ~half hour

before proceeding to the next power level Complete

SADE data is to be recorded at each power step, with

SADE steam flow set to the practical minimum (near

_ steam flow alarm setting for FIS 1101) to obtain as

~

high a superheat steam temperature as possible.

(When a superheat steam temperature of 760 F is
achieved, the steam flow rate is to be adjusted as
necessary to hold this temperature at each power step.)
After holding power at this level for a minimum of
one-half hour ‘and after tae‘data have been recorded,

increase reactor power .in similar steps to 30.0 MW)~

.to 32.5 MW, to 35.0 MW, and to 36 MW, halting the step’

power increases at the maximum planned reactor operating

power level.

After maximum reagtdr power has been reached, SADE

- steam flow is to be controlled, within the practical

..12.5-

°



limits of the low steam flow scram trip, to maintain
steam outlet temperature‘as close to design temperature
(750 to 760 F) as possible for the maximum operating

time.

6. Because of the configuration of the NUSU fuel element,
an acéuraté estimate of tﬁe total NUSU element power
from steam flow and tempérafure measurement is not
possible. A moderate changé in thé Qﬁlue assuméd for
the inside cled gep cghduétiﬁity'(within the range of
éxpected'values for this factor) causes an qppreciablé‘
change in fhe steam-side powér ievel. The most
accurate figure for the power of fhis.éleﬁent is
iobtéined from the reaétor éore‘physics.calculations
whichvpredict 105 KW for NUSU at 36‘Mﬁ réactor pover.
For reacﬁor pdﬁers other than 36 Mw; the NUSU power
may be teken as a direct proportion of the 105 KW

calculated for 36 MW operation.

9.1.5 SH-1 Irradiation

Initial design information for the test program of SH-1 defected
element test was given in the Eighth Quartefly Progress Report,
GEAP- 37185,

Neﬁ operating conditions for operaﬁion of the defeéted'element
SH-1 hﬁve been calculated based upon the analysis of data from'
previous elements, and revisions to the calculational code to

improve accuracy, to incorporate'radial flux depression and to

include 8 revised axial flux distribution. The instrument tube
- 126 -
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diameter was reduced from 1/2" %o 3/8" for the revised conditions

to provide a better temperature balance between inside and outside

cladding. The revised conditions are given in Table 9.4. (The

power of TO KW is expected at a reactor power of 33 MW, based on

latest physics core estimates.)

Table 9.4

Fuel enrichment
Fuel (UO2) % theoretical density
Fuel conductivity
Radial flux depression
Axial peaking
Steam pressure
Outer clad:

0. D=

Thickness

Material (weld-drawn tubing)
Inner clad:

0.D.

Thickness

Material (weld-drawn tubing
Active fuel length
Instrument tube, 0.D.
Outer clad-to-fuel conductance
Inner clad-to-fuel conductance
STEADY STATE
Power
Maximum clad temperature
Maximum superheat exit temperature
Maximum heat flux
Maximum fuel temperature
Minimum steam [low rale

LOW FLOW TRANSIENT

Power

Maximum clad temperature

Maximum superheat exit temperature
Maximum heat flux

Maximum fuel temperature

Minimum steam flow rate

2.3% U232

95%

1.1 Btu/hr-ft-°F
1.12

1.58

1000 psia

1.25"
0.049"
304 sS

0.75
0.035"

347 sS

36 "

0.375"

1000 Btu/hr-ft2-°
150 Btu/hr-ft<-°F

70 KW

1200°F

T95°F

264,500 Btu/hr-ft
2960°F

1120 1b/hr

70 KW

1300°F

835°F

263,600 Btu/hr-ft
3060°F

975 1b/hr

F

2

2

Plots of steam flow versus superheat exit temperature at various

power levels are given in Figure 9.8.

and cladding temperature versus fuel element position for the

N

A plot of steam temperature
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9. 1.6

steady-state design condition is given in Figure 9.9. TFigure
9.10 gives a plot of the heat loss to the process tube for various

operating conditions for this fuel element.

A.E.C. safeguards approval for conducting the testing of an intention-
ally defected fuel element in the SADE loop was received during this
period. Concern asbout the adeguacy of the loop to handle radiocactive
discharges for routine tests of such defected elements had been
expressed. Additional information about test proé}am to be conducted
on such elements, and the monitoring system and special sampling
program which would be conducted during such a test, was furnished

to the A.E.C. In addition, a filter for the off-gas system, to
greatly reduce possible iodine release, was incorporated in the

system.

SH-6 Design Conditions

Design and fabrication of a six-rod fuel cluster (SH-6), which

would be installed in a standard SADE process tube, is complete.

A "re-entry" tube is incorporated in the fuel element assembly to
adapt this single pass type element to the annular flow configuration

of the SADE loop.

Physics calculations have predicted the design fuel element power
of 60 KW at a reactor power of 36 MW. Table 9.5 gives design

conditions for 60 KW vulput for this clement.
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Table 9.5

Operating Conditions

Power

Fuel enrichment

Steam pressure

Active fuel length

Clad, outside diameter

Clad thickness

Clad material

Instrument tube, outside diameter

Spacer wire diameter

Flow tube, outside diameter

Flow tube thickness

Scalloped liner thickness

Pitch to diameter ratio

HNumber of rods

Number of spiral wire spaccrs

(Fuel (UO,) % theoretical density

Axial peaﬁing factor

Radial peaking factor

Contact coefficient, fuel-to-clad

U0, conductivity

Tofal fuel loading (calculated)

Inlet steam temperature

Meximum clad temperature (STEADY)

Maximum superheat exit temperature (STEADY)

Maximum heat flux (STEADY)

Minimum steam flow rate (STEADY)

Maximum fuel temperature (STEADY)

Maximum clad temperature (TRANSIENT*)

Maximum superheat exit temperature
(TRANSIENT*)

Maximum heat flux (TRANSIENT*)

Minimum steam flow rate (TRANSIENT*)

Maximum fuel temperature (TRANSIENT*)

60 KW

3.9% U237

1000 psia

36u

5/16n

.020"

304 L and 304 S.S.
5/16n

.051"

1.25"

_035n

.010"

1.18

6

12

95%

1.58

1.10

500 Btu/hr-ft2-OF
1.10 Btu/(hr-£t2)(°F/ft)
2.0§ Kg

560 F

1200°F

913°F

241,000 Btu/hr-ft°
833 1bs/hr

2960°F
1300°F

981°F 5
241,000 Btu/hr-ft
713 #/hr

3060°F

* The transient conditions may be achieved for short intervals to
obtain test data; extended operation will be in accordance

with the limits for steady conditions.

Settings for the SADE loop which vary with different test elements

are given in Table 9.6.
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Table 9.6

Alarm and Scram Settings for SH-6

Alarm Scram

FIS-1101 Steam flow indicator 750 1bs/hr 667 1bs/hr

TE-1102 Superheat temperature,* 957°F 1020°F
(TRS-1102) fuel exit

TE-1103 Superheat temperature,* 95T°F 1020°F
(TRS-1103) fuel exit

TE-1101 Superheat temperature, 720 F*x TLOC TR
(TRS-1101) reactor outlet

TE-1103 Superheat temperature, T20°F** TLOCOF**

reactor outlet
FCv-1112 Throttle valve bypass Set to close in 1 hour

following scram.

* Note that both TE-1102 and ~1103 both measure the fuel exit temperature.

%% The setting of FCV-1112 listed in Table 9.6 (valve remains open for 1 hour
after scram) was arrived at from an analysis that predicted a peak clad
temperature of 1400°F for the case of no steam flow one hour after a
scram - following continuous operation of the loop for 30 days at full

power

of 60 KW. The VBWR water temperature is conservatively assumed to

be 545°F. SH-6 design is shown in Figures 9.11 and 9.12.

9.2 E-SADE

9.2.1

E-SADE Installation and Construction Status

Installation work was performed on E-SADE during the VBWR shutdown
October 5 to October 31, 1961. Work outside the enclosure has been
essentially completed, except where it is dependent upon SADE
equipment which will be used in the E-SADE system, and for control
room work which must be done after delivery of control and instrument
consoles. Work within the enclosure is restricted to periods when
the reactor is not operating and therefore, has been limited.

Careful planning of work during reactor shutdowns has provided
maximum utilization of time during these periods, but enclosure

basement activities,which are higher than expected when initisally
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planning the installation, have resulted in a burn-up problem for
personnel working in the basement and extending the total reactor

down-time which will be required for this work.

The loop installation is now approximately 60% completed. Of the
remaining work, approximately 15% cannot be completed until the

SADE system is removed.

'he steam sampling system was revised to incorporate a steam inlet
sample station. The inlet thermocouple has heen changed to a
1/16 inch diameter, and the inlet thermocouple guide'tube was
changed to permit & sample to be drawn directly from the fuel

bundle inlet plenum.

Drawings of the instrument and control panels, including inter-
sonnection diagrams, have been completed. TFabrication and assembly
of this equipment is essentially complete except for equipment which
is to be installed after removal from the SADE system. Check-out

of the equipment is in progress and a system simulation test of all

equipment is planned prior to delivery to the reactor site.

9.2.2 E-SADE Fuel Bundles
Test results of elements in the SADE loop indicated that a re-
evaluation of the significance of leakage of reactor water into the
test section was necessary. Failures of fuel cladding, which
apparently resulted from chloride stress corrosion, indicated that
such leakage should be held to the very lowest practical level.
The lower flange coupling design for E-SADE was revised to provide

a duplex seal such that any seal leakage will be diverted past the

-~ 136 '~



9.2.3

fuel section into the superheat exit line. Figure 9.13 shows the

arrangement of the fuel bundle as revised to provide this seal.

A test fixture to check the duplex seal arrangement has been
designed and is now being fabricated. The fixture will be tested
in an autoclave chamber to simulate temperature effects on the

coupling. Figure 9.14 shows this test fixture.

Design and heat transfer studies for ESH-2 assembly, employing a
re-entry tube arrangement to obtain single pass flow for the
elements, has continued during this period. It has been determined
that the arrangement is compatible with reactor limitations if the
maximum power per element is limited to approximately 60 KW. A
3-hour post-scram éooling period is required with this arrangement
to 1limit the maximum clad temperatures to the license limitations.
Design of the coupling was revised to incorporate the duplex seal
arrangement, and drawings have been released to the shop for
fabrication of the equipment necessary for the installation of
ESH-2. Figure 9.15 shows the fuel bundle assembly for this

assembly.

Power Scalloping - ESH-1 Fuel Bundle

A two-dimensional analysis has been completed which predicts the
power scalloping on the inside and outside surface of each of

the nine ESH-1 fuel annuli.

The VBWR core configuration was assumed to be that shown in Figure
9.16. The method used in this analysis was to specify each fuel
region in ESH-1 discretely rather than homogenized over a one rod

cell,
- 137 =
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9.2.4

Results of this analysis are shown in Figures 9.17 - 9.35. A power
profile is presented for the inside and outside surface for each of
the nine assemblies in ESH-1. In each case the power is normalized
to an average surface power of 1.0. This allows one to observe

the peak to average power of both surfaces and the relative power
shape on each surface. In order to rormalize the two surface

powers, the following normalization factors are presented:

Enrichment Power-inside surface
Power-outside surface

6 0.784

8 0.690

10 0.561

These values were obtained from transport theory predictions of

the flux depression across the fuel annuli.

As expected, the peask values on the outside assemblies are
adjacent to the water and the peak for the other assemblies is in
the direction of the core center. The maximum peak to average
for the outside surface is about 1.40 and for the inside surface

is about 1.20.

Figure 9.35 shows the thermal neutron flux distribution across

the ESH-1 bundle.

E-SADE Special Handling Eyulpment

Design of the special equipment required for handling of the
E-SADE fuel assembly, to 1ift the assembly from the fuel channel

and to transfer the assembly from the NE refueling port to the
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9.2.5

SE refueling port, has been completed. Figure 9.36 shows the
hoist which will be attached to the flange of the NE refueling
port of VBWR to 1lift and lower the fuel bundle assembly. The
total weight of the assembly of about 150 1lbs. makes direct
handling of the assembly impractical. Figure 9.37 shows the
transfer track which will be employed to transfer the assembly from
the NE refueling port to the SE refueling port where the E-SADE
refueling cask must be positioned for loading of the E-SADE fuel

bundles.

E-SADE Sefeguards Status

AEC safeguards approval for operation of the E-SADE test loop

has been received. After a careful review of this approval by the
General Electric Company Safeguards Review Group representative,
his interpretation of this approvel has been that the loop can

be operated as planned.
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10.0 TASKJ - MIXED SPECTRUM SUPERHEATER DESIGN STUDY

10.1 Prototype Design

The primary effort during this reporting period was spent in
aecumulating'fhe design, performance, ahd cest information on the
75 MWe MSSR prototype. This information wiiI be presented in a’
conceptual design report now under pfebaration. This report will
be issued on February 25, 1962. Table 10.1 summarizes the eesential
features of the plant with the details left to be published in the

. C
design report.

' Table 10.1

Summary of 75 MWe MSSR heactor Data

- 165 -

‘General
Gross MWe ' : | , 75
Thermhl MW . a © 200
Steam flow (1b/hr) 5?0,000
Vessel inside diameter (ft) ' ' -1l
\Vessel inside height (ft) | 36
Boiiing Water Core . - |
Core flow (1b/hr) 10.7 - 105
Inlet subcooling - based on 1%
‘ carryunder (Btu/lb) 9
Pressure (psia) ‘ o 1015
Cycle Natural
Lattice D
No. of assemblies - Thermal core 128
. - Thermal buffer 16
CEffective active fuel iepgth (in) 80
Equivalent core diameter (in). '92,9



Circumscribed core diameter (in)
Overall core power density(kw/l)

Heat transfer area (ftg)

Superheat Core

Inlet temperature (OF)
Outlet temperature (°F)

outlet pressure (psia)

Lattice - close packed, triangular array

No. of assemblies - Fast ecore
- l'ast core control
- Fast buffer
No. of rods per assembly - Fast core
- Fast core
control
- Fast buffer
Rod outside diameter (in)
Clad thickness (in)
Pitch to diameter ratio

Fast core dimensions (fueled region)

‘Control elements

Overall core power density (kw/1)
Meximm heat flux (Btu/hr-ft2)

Hot channel average veloclty (FPg)
Maxiﬁum>clad surface temperature (°F)

Maximum fﬁel temperature based on
‘ K= 1.3 (°F)

- 166 -

101.4

20.4
6340

545
950
925

" Rods

A0
4
32

52

42 :
26 in each of 28
k2 in each of 4
0.438

0.030

1.05

314" x 314" x 30" high

L fuel bundles in fast core
8 coupling control blades
between superheater & boiler

98.5 '
386,000
151

1230

4320
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©10.2

10.3

Safety-Core Meltdown Studies

During this reporting period, the detailed equations were formulated
for analyzing the possible consequences of a fast core meltdown. A
description of the proposed method of analysis (FARM I)is included

in Section 10.3.

To avoid duplication, some of the work on ﬁhe meltdown analysis is

being utilized in the AEC Fast Ceramic Reactor Program where éimilar

"analysis ié,reguired. In parﬁicular, the specifications for the melt-

down accident analysis developed under the MSSR progrem will be used
as the basis for a computer program developed under the Fast Ceramic
Program. The computer code will be available for both MSSR and FCR

<

work.

After completion of coding and application of'code to MSSR safety
analysis, it is ekpected that a detailed description of the analytical

method will be pﬁﬁlished:inltopical report form;

Test Reactor Meltdown Excursions and Resultant Energy Releases (FARM I)

10.3.1 Int:oduction
The following contains extr#cts fromAthe FARM I analyticai
method which describes a'problem'setup for the determination
of the rgactor transients and energy releases during a fast

reactor meltdown excursion. A description of the Problem

is contained in Section 10.3.2, Problem Approximation in

Section 10.3.3, Equations in Section 10.3.4, Boundary Conditions

and Initial Conditions in Section 10.3.5} Numerical Approxi-

mations have not been included to conserve space in the

Quarterly report.
‘ ) 167 )




As set up, the problem solutiog provides a continﬁous monitoring
of the reactor transiénté from the original hompgeneous state,

. fhrough the melfing‘and compaétionAstatés to an eventual sub-
critical condition. Coupled ﬁucleaf,.ineftia and‘énergyr

equations provide a basis for the problem solution.

10.3.2 -Problem
| In eﬁaluating-thé hdzérds associated with a fast power reactor
accident iéédiﬁg to meltdown, one should Hévé'spmé knowledge
of the energy released during the_accident'transient.' The
Apfqbiem Seing set up for computer solution in this report‘
?épfééents a continuous evaluation of the following "accident
transient steps":
~A. Steady state operatipn of reactor.
.B. Sudden loss of coolant with or withﬁut control transients}
C. Resultant heating up of fuel elements. |
D. Melting and redistfibﬁfidu»of nuclear materials.
" E. Nucleér excursion resulting from material redistribution;
F. ©Shutdown of the excursion as a result of-a.subsequent
sﬁ_h-nrtifr_.ir_‘.aﬂ redistribution of." materials.
Evaluation or the above transient steps results in a knowledge
(within the limitations imposed by the approximations used in
séiving the problem) of the energy release history during the

accident transient.

10.3.4 Problem Approximation
The approximatibns used in describing the accident transient

steps are described in the following 'problem solution steps".
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The reactor configuration and initial conditions are

assumed to be approximated by a homogeneous sphere.

The transient nuclear characteristics are followed for the
homogenized sphere utilizing the transient diffusion

equationl considering both delayed neutrons and'doppler;

The temperature transients are followed assuming no

conduction2 or radiation.

When melting transpires, it is assumed that the molten

material is propelled toward the center with a force

~ equivalent to the free-fall force of gravity,3 £illing in the

ekisting voilds (flow area between fuel elements).

.. In the center molten sphere, formed in D above, in addition

to the transient nuclear characteristics considered in B
above,-the equations for the conservation of momentum,
conservation of mass, conservation of energy énd
equation of state are also assumed to hold. In these
Qalculaﬁions, the nuclear cross-sections and ﬁhe diffusioﬁ
coefficient are modified to account for the time depen@ent

changes in density.

The process described in steps A through E above, continues

until such a time as the configuration becomes.sub-critical.

Initially, the problem will be looked at using a'one-group
approximation. Provision will be made for the future
insertion of more groups.

: Vol
Provision will be made for inserting the conduction equations
into the program at a later date if it appears to be warranted.

Provision will be made in the program to provide arbitrary

.force causing the material to compact.

- 169 -
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10.3.5

At any point in time during the "problem‘solution steps",

it 1is possible to determine fhe total energy of the system.

Equations:

* The equations required to describe the "problem solution steps"

were set up assuming spherical symmetry and using Lagrangean
coordinates (i.e., a ﬁarticle is foilowed in Lagrangean
coordinates as opposed to looking et the flux flowing past

a fixed point in Eulerian coordinates).

10.3.5.1 Conservation of Neutrons

The nuclear diffusion equation representing one group
and accounting for delayed neutrons, change in density
effects on the diffusion coefficient and cross-sections,

and the temperature effects (doﬁpler) can be shown as

follows:

V%Vew Pl T lp-2, )0 - 22 =/\{.‘,::'§¢ (1)

vt
‘where Q, the heat generation, has replaced the usual

neutron flux and density terms.

fhe delayed neutron equation is of the form:

©_ A2, Q-AC L (2)

& - * g2

10.3.5.2 Conservation of Momentum

The conservation of momentum eqﬁation has the form:
|

¥ B’f‘: V(2] 3 . ®
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The appropriate equation of state has the form:

(o( tpT + XV)/Y@)”-#} . " (3a)
where the coefficients are described in Section 10. 3. 5 T

From (3) and (3a) the following three forms of the

momentum eguation result:
. 1. Liquid phase with Vive 1.0
LR | . -
»r—z’ V/’e)[,ﬁ +'>’?—"+%7=] (ba)

2. Liquid phase with V/\/ < |.0
L e

G T

- 3. Vapor phase \

F - K/’?){,ﬁ[’*‘-’l’éﬂ//U] fj,‘,’+ } (k)

10.3.5.3 Conservation of Energy

The conservation of energy equations, derived from
the equation.of state, (3a) (See Section 10.3.5.7) are as
follows: '

1. Liquid phase with v/ 21.0

T W 2
Lot 3}'*("“”7)9‘!’7 = VQ + VDT (5a)
2. Liquid phase with /e </O
,c,L_ +[(%) (ae+w/+;]9t’,q— VG +VEVT (50)
. 3. Vapor phase ,
e T - LT o o Sy
S T2 VQFVAVT — 234 A | (5¢)

-



4. Solid (original) phase

ot

Cis 2L = V@ + vé v3rT (54)
10.3.5.4 Conservation of Masg

The conservation of mass equation has the form:

cuErE e

' *
10.3.5.5 Pseudo-viscous Pressure - (l)

During a Violent excursion a shock wave will move
through the ¢onf1gﬁrntinn.' ih:hrder to spread the
shock front oﬁf over a large ﬁréa for numérical cal-
culatiohs, a pseudo-viscous préssure term ;s introduced

vhich obeys tﬁe following equations and ranges of

applicability:
i (aar)™ )/ RS
KEYHONE ) | or ° (7)
Az =° - O Woze
' ot

10.3.‘5.6 Melting
' | It is assumedﬁthat méiting éccurs at constant tempera-'
ture (T-) During the constant teﬁperature Frocess
heat is being added as a result of the nuclear
characteristics described by (l) and (2). (5) is not

utilized during the melting process since 3_1_' =0 .
' 0

Once that an emount of heat equalito the heat equal
, .\ .
to the hest of fusion (QF = ZQ; )hg,s been added
Hem
the material is assumed to have completed the melting

process. A .

% See Reference in Bibllography.
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10.3.5.7

Vaporization

It is assumed that once the molten mﬁterial has
exceeded its critical temperature (Tc) that g transi-
tion h;s been made from the liquid (molten) phase to
the vapor phase. In addition, when the liquid phase

(2),

pressure exceeds the value

b> ol /;’zﬁ ~2.72 (715)] o @)

(liquid saturation line) a transition takes place between

the liquid and vapor phases. This transition is approxis
mated during a discrete time interval by a heat addi-
tion at constant temperature. The heat addition at
constant temperature, as a result of the coup;ed

equations (1), (4), and (2) yields a nev pressure at

"the end of the time interval.

‘A new temperature, constant for the next discrete time

interval, is found by inserting the new pressure into

the liquid saturation line equation (8):
22 7
— (8a)
272= (04 | |
The percent of the total volume vaporized during the
time interval can be represented by the equation:
s Q"
= £ I —y oo ‘ ‘ - (9)
v
vhere Qv is the heat of veporization and Qg represents

heat added during the discrete time interval.
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Thé incremental vaporization process described above

is shown schematically in Figure 10.1.

Flsuee /0./

.}

~

.t

10.3.5.7 Equetion of State
' The equation of state for the liquid and vapor phases

is a.ssuméd to have the form (2), _(3)’ (4), (5):
- /e ., '
%@ [o( +AT # rv//vf) ‘2 ()

vhere n = 0 foi‘ the vapor phase

n = O for the liguid phage when \.//Oké 1.0

=]
)

2 for the liquid phase when \K/ < 1.0
R

Coefficients of (10) for the liquid phase have the

form (3):
I-& 7= - . : ’
= T Tiw (1)



Coefficients of (10) for the vapor phase have the

form (2):
* ., L
~=f)=0 | /g=' £ | (12)
[V+o.354 14./15/7
- wWhere - .
V. = P*[ B
From thermodynemics we have the relationship:
) 'ae/ | | - -
4 = (/] = +ET (13)
/CV . a»T e % o . |
vhere 7( and &£ are conéta.nts.
Integrating (13) we obtain: |
e = FTHE ) b

From the second law of thermodynemics we have: '
2 | |
7—_(J€ +‘%O’V/ = J.S . _ | (15)

Substituting values from (10 end (14) into (15) we

obtain for & constant entropy process:
T ,
v, ?/ [ % I Ih” 16
| ) | Lo ’(—V”%'_,L}]J/i (16)
For the 1liquid phese with \//(4e =2/0 (16) vecomes
£v) = AT 24% il Crs]. (17a)
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£(v)

For the liquid phase with \7‘/2 </o (16) becomes:

= _“l'//ﬁmf- X%’//;V-fft/f-&»sf am)

For the vapor phase (16) becomes:

v//t/) . ;V-.’f—.zn;:f - « (m)l

ge
ot

10.3.5.8

Substitution of (17) and (14) 'into the conservation of

8

‘energy equation:
= VQ +EV 7T - (18) -
yields (5) of Section IV-C above. -

Transiént Nodes

In fhe numerical épprbximation of fhe coupled, spher-
ically symmetric, set of equations, the space coordi-
nates will be divided into a series of radial

intervals or nodes. Each node represents a spherical
segment of thickness A/ . Each spherical segment will

be represented by an average temperature, specific

.volume, pressure, heat generation, delsyed neutron

density and pseudo-viscous pressure. Once that a
nodev(spherical.segment) hes reached'thé melting
tempefaxure and had heat equal to the heat of fusion
added, that node is considered to be in the liquid
phaée. The molten node makes a transition from the
original homogeneous state to a éenter molten sphere,
either immediately, or (through a time delay option)

at a specified time after meltiﬁgihas occurred. This
176 - .



transition is made either under the forcé of a free

~ fall acceleration (the gravitationel constant being

£-

£

_specifigd) or, (under the influence of a constant
velocity option) at constant velocity (see also time
delay option). The transient node is in motion, inward,
until such a time as contact is made with the center
molten sphere, Once that contact has been made the
node,acts under the influencg of the coupled momentum

equation.

Eqdations relating the transient node to the coupled

equation coordinate system are:

1. Transient Node Radius ) .
G- g (-G )y (192)

where t™ is the time of melting and t" a point in

time after melting.

2. Transient Node Radius with Options

a. Constant velocity option
- I(f" tm) . | (19b).

b. Time delsy option

(tn-t?) in (19a) and (19b) are replaced with:

- tr z‘ar h " or
(0.,7‘7 | ,G,z’>z‘ r‘é?. (29¢)
= ‘ h "y or

2= 2, - A s éj +t

3. Trensient Node Gap

The value of the difference between the inside
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diameter of the transient node and the outside
diameter of the center sphere can be calculated
from the following felationships:

a. Acceleration node

L / / ()~ (s, %)

267 -2 (f."— t"r'/j‘ —

4 () ey

b. thstant velocity option ,
- I(t% &) /+ ) &) e, #;,) /¢
) [20 - Z'({" tm)]a— (2Ob)

-5 E) ) )

¢. Time delay options

(20a)

(19a) holds for both (20sa) and (20b)

. Equation of State

The trensient node specific’ volume for the gap

equations (20a), (20b), (20h), (20hh) and (20s) |

will be determined from the’ ambient pressure ( amh )
and the equation of state for s liquid with
ﬁné ’/3_7"2 o

r (10a)

5. Velocity
The transient node velocity at any point in time t?
after melting has the value:
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a. Acceleration node

?(z"' ¢ C »(20(1)

b. Constant velocity option

3_)?9 - T (20e)
c. Time delay option
(20d) changes to
£ . o[- (try f"/] PN ety
: s ~ (eof)
R _ - te ¢4 ¢m
)t o *gr té.f-éf

6. Transient Node Specific Volume

The specific volume for the transient node, to be
used in equations (1), (5a) and (2) will have the

"form:

g hel_ '
V ,_ y ( (20g)
ot

10.3.5.9 Center Sphere Nodes

A transient node compacts to f£fill the void or flow areas.
The specific volume (V) of the transient node is
determined by (10a). The change between a transient

node and the center sphere node takes place when the

gap (20a) G" <7

Lim

- 179 -



The velocity for the transient node'meeting the condi-
tions 47; < (70 is given by (20d) at time t" when the
- im L B

gap limit GL"}s reached.

Node number 1 (the innermost node) in making & transi-
tion toward the center of the sphere has a gap check
against R = o. The -€quation. foi' this relationship has

the YTorm:

G« 6"-7——1——(‘”‘”) i L4 - ',‘,' —  (20n)
R L G

for the normal node. The constant velocity option has

the form:

. . . . . _I,., Za? ; Lo . |
é/":’ef‘f(f’f’»}’ Z/(‘-/(/,e — . _ (20hh)
‘ .4[r€,°“ .T/{"- t'»yja. .

Modification of (20h) and (20kh) for the time delay

option is described in Section 10.3.5.8 abdve.

10.3.5.10 Total Energy

- 1. Heak Generated
The total heat generated from time t = o to tN

has the form:

i .
OT:‘?OT

(201)
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<

where

O” Q (£ f") Vh./ - (2013)

| = | ."* . ’ B
Qy ,Z, Y L‘/a' | | (203)

p 3’#/7‘2{)3-(#7‘_’@3 o (201{)
sv {( eSS

2. Kinetic Energy

The total kinetic energy present at the end of

~ time interval +° is:

J .
,ern = _/__ Z h/o : (201)
L2l g ~

10.3.5.11  Variable Cross-Sectior;s

1. The absorption cross-section ~-Z_'¢ . in

(22')- and (32) has the form:"

. ~ b7
noo_ g, k= L
Ll D7 " 20!!1)
ZAV.=_4-+B /z‘f / b 75T
where AJ and B 3 are input quantities
2. Doppler cross-section : 2;2, in (22) and (32)
has the form \
e /o
Z";f CErrE b TR (20n)
7 7% " ', N



;zheré_ ,4,(] =0 (-m 29 m)‘ |
E. - (o, ‘ i |
i 'z;a.[%' T+
Eoa-k
R

and b represents the coefficient in the Doppler

coeff1oient equation k -JF =(k 18 the
k-at T
reactivity). .

. 10.3.5.12. Outer Gap Check.

When an overlap exiéts betﬁeen the inside diameter of
‘ the lowest numbered node not yet melted (3 = x) and
the outside diameter of. node J = x~1 the normal mode
of ‘operation will be to stop the problem. An option
will assume that all nop-melted nddeé%Efeﬂgdvefned ‘
f;by the conservaticn,gf.ncnentgn&eqqetion,' The follow-

ing equations hold for the option. . -

1. (34a) with

V:K_(l—g(-r;f)
Xr

A= Asif?%e (209)
= - )’( ) ’
r » —Xr Ve AR ﬂ.

- where )¢ is, & lnput constant.

2. (33a) with (20q) and £,s replacing ;cw.'

--182 -



3. (32), (26), (27), (35), (36), and (37)
-No node checkshwill‘be heceséary on nodes
k, X+ 1,00, J for equationtof state considera-
tions (i e. no check of y@ 77 or liquid satura-

tion line evaluation) Initial conditions for

‘option
QE
)é‘
(20r)
Vr = ps
/ -7
for all nodes X, x + 1,°°°, J.
Boundary .conditioné for the. option
V7= ye  for all time.
‘T VJ . cL .
The outer gap check equatlon has the form:
° . h LUk '
(R -RL)- R
—_— (20s)
Ny L e :
fﬂ-( x—'l) !
end the option limits are:
- > n . Lo .
‘Qu” ij r (20t)

10.3.6 Initiel end Boundary Conditions

10.3.6.1 Initial Conditions.

1. DNuclear Equations (1) and (2) - Initial conditions
A for (1) and (2) are;derived from the reactor operat-
‘ ing point just prior to the excursion. Values of
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V, Q, T, C and R will be given for each node in the ;

configuratidn. , : : ' -

2. Energy Equation (5) - Initial conditions for (5)
will be derived from tbhe reactor operating point
just prior to the excursion. Values of V, Q, T and

‘R will be gilven fur each node of.the configuration.

3. Momentum Equations (4) = Initial conditions for (4)

will be derived from the conditions

Y .
V- (/oa.), 7" y 9—2-.
/ 7 ot

and Ql:jl of the transient node at the point in time

when the gap (7‘_' = ém" for a transient node.

4. Pseudo-viscous Pressure (7) - Initielly 7

for all molten nodes.

10.3,6.2 Boundary Conditions

1. Nuclear Equations (1) and (2)

initial homogenized sphere. M is a constant

=M ét the outer diameter of the

;prescribéd in the input. Also

R

a1 = YRARGR )y 5 = 05 Vg =05

TJ +1

1/2 (3157T5.4)-

b. Symmetry about the sphericai coordinate origin

9 = % To =Ty Vo= Vpr 8 = 9y Ry = -Ry
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3.

Energy Equations (5) - In the form of (5) with
§72T = o (i.e., no heat conduction) the bnly‘
boundary condition required for (5) is symmetry
sbout the origin. Q =Q, T = Ty Vo = Vs
9, = 95 Ry ==R;.

Momentum Equations (%)

a. Symmetry about the origin Q’o = Ql, To = Tl,

Vo = Vyr % = %y R, =-R,.

b.

The outermost center molten sphere node specific
volume is determined from the equation of state

for the liquid and the specified embient pressure
7o/amb. (ean. '(20a) ).
A}s° o1 = }/2 (3TD = Tpa)s vb+1' =0

Ap,y = O Rpyy = 1/2 (3yRp ), vhere the

subscript D represents the outermost node of

the center molten sphere. ‘

4, Pseudo-viscous Pressure. (7)

8.

bo

‘Symmetry about the origin q, = 4y, Ro = =R

10
The outermost center molten sphere Pseudo-

n .
viscous pressure qD = 0,
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10.3.7
Notation:

a

Pseudo~viscous pressure coefficient n. d.

A,B Absorption coefficient consta.nts

c Deleyed neutrons Neutrons/ in3 (Neutrons/ Cm3)

C
v

c

‘G'

=2 F R =<}

O I

q

T

R

) _ A _ in“ cm- !E &!}
R* Universal gas constant R¥ = R ly vbere ® = Fuol-r Ggrmor-Ok)7 M

Entropy Btu/#-°R (Cal/k@n-oK)

s

ll|

t

Specific heat at constant volume Btu/f#=~°R (Cal/kgn-°K)

Speed of sound in/sec. (Cm/sec)

Diffusion coefficient in. (Cm)

Internal Energy Btu/# (Cal/kgn)

Limiting inner gsp in. (Cm)

Acceleration constant in/ sec> (cm/ sec2)-

Generation shutdown limit Btu/ in3-sec (Ca.l/dn3-sec)
Compaction velocity in/sec. (Cm/sec)

Kinetic energy in. # (xgm Cm)

Thermal éonductivi‘t;y Btu/in-"R-sec (Cal/Cm- K-sec)
Boundary heat generation rate -Btu/ian-sec (Ca.l/Cm3-sec)
Pressure #/ in® (xem/ Cme)

Heat generation rate Btu/ in3-sec (Ca.l/Cm3-sec):
Pseudo-viscous pressure #/ in? (kgn/Cme)

Fixed radial coordinate in. (Cm)

Moving radial coordinate in. (Cm)

Teml;)erature R (%)

Time sec.

Outer gap limit . in. (Cm)

Mean neutron velocity -in/sec (Cm/sec)

Sfecific volume in3/# (Cm3/kgm)

= molecular
welg,h L.

kgn, Cm, Cal, K, sec. units may be used throughout with the proper designation

.of)f( A, and 4. 186 -



W Welght # (kem)
X,Y,Z Option numbers
™, /3 ¥ Equation of state coefficients

—

Coefficient of thermal expension for liquid phase in/in-oR (Cm/cm-K)

V Del opera.tor ‘
k; Isothermal compressibility ina/# (Cma/kgn)
A Decay constant | '
4 Multiplication coefficient

#,€ Specific hest constents

2 Macroscopic cross-section :!.n":L (Cm-l)

I, Conversion factor (2 75 x 10°F fcr 0235) Btu/fission (6 93 x 107% Cal/f.for
) Gravitational constant (386) in/sec2 (980.7 Cm/sec?) =),
H Compressibility modification constant n.d.
S Equivalent energy constant (l.'072 X 10‘1") Btu/in-# (0.0266 Cal/Cm-kgn)
Subscfipts : o Sugersq“igts : |

a Absorption . - m Melting time index

amb. Amblent ' n Time index

c Critical , DT Time delay period

D Doppler

DN Dela.yed Neutron

£  Fission

J Space intervai

J  Total nodes

Lim Coeffic';ient' limit

L Liguid phase

0 Initial phase . ‘

R Reference - S Solid Phase T Total v ‘Vapor phase
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10.4 Critical Facility Design

During:fhis reporting period, the cénceptual design of the Mixed
Spectrum Critibél Facility was initiated for-the purposes.of cost
estimating and preliminary hazards reviews. The proposed design
has been reviewed by the Vallecitos Safeguard-Council. A description

of the facility and hazards evaluation follows:

10.5 Mixed Spectrum Superheater Critical Experiment Preliminary Hazerds
" Evaluation

10.5.1 Description of the Core

The Mixed Speétrum Superheater reactor will consist of a

_ two region core. The inner region will be made up of U02
fuel enriched to approximately 20% in U-235 and clad with
stainless steel. The volume fraction of UOp will be approxi-
mately 50%. The outer region will be made up. of a conventional
bpiler design utilizing 3% enriched.er fuel, stainlesé steel

clad, moderated with light water.

Thé reference design for the Mixed Spectrum Superheater Power
Reactor calls for the steam which is generated in the outer
boiler region to be superheated by passing downward through

the fast core.

Not shown in Figure 10.1l are the fast buffer'fegion and the
thermal buffer region which are included to prevent peaks
at the fast-thermal interface. These regions will be included

in the criticel experiment core.
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The criticél éxperiment (MSSCE) will operaté at less than
200 wattg and will not be preésurized. The MSSCE core support
structure and fuel element will be designed to make the
conventional fast core accidents incredible. The fast core
fuel elements are supported from above (father than resting
‘on a solid supfort ﬁlate) so that falling objecfs cannot
compress £he core and so that mélting fuel cannot accumulate
in a high density configuration. Fuel element loading is
from below and by a loading machine so that the maximum rate
of fuel addition is mechanically limited. The fuel bundles
are supported by fusible links of U-235 metal which melt in’
an accident and permit the fuel to fall fréﬁ the reactor.

A cone direcfly under the core prevents reaséembly on.impact.

Sketches of the proposed equipment are attached.

Contfol of the fast core is by motion of six fuel bundles in
and out of the bottom éf the fast core (4 safety - 2 coﬁtrol).
The thermal coré is regulated by water height and/or control
rods. Procedures and interlocks will require going critical
on fast core coﬁtrol rods after water is in thermal core.
Detailed loading.and operating Procgdufes will be reviewed

by VALSG prior to operation of the facility.

The fast éofe can and thermal core can will be separated by '

a small air gap so that water cannot leak into fast region.b
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FIGURE 10.3 CORE CROSS SECTION OF PROPOSED MSSR CRITICAL
' " EXPERIMENT FACILITY
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10.5.2 Differences Between the New Core and the 0ld Core

The differences between the hazards associated Qith the
Mixed Spectrum Superheater cére and the previously run cores
are due to the presence of a fast region in the center of
the core. This region is not éooled, it has s smaller‘
Doppler coefficient and a shorter lifetime.than the old
cores. Further, because it is a fast core the plausibility
of a catastrophic explosion accident of the type possible in
e small metal assembly must be investigated in detail. This

point in discussed in the next section.

In evaluating the maximum credible accident for'the old

cores the ultimate shutdown was always bolling; the clad
integrity was maintained; and the reactor, if not completely
shut down after the excursion, could operate indefinitely

in the boiling condition, self-controlled and at a relatively

low powver,

For the new core there 1s.no moderator in fhe fast region;
hence, the ultimate ehut@own is disassembly of the core,
although cled integrity is meaintained. Bsceuse there is
no cooling in the fast region there is no steady state
operation corresponding to the boiling condition in the

old cores.

Although the Mixed Spectrum Superheater core does have a
light water moderated region, the feactivity effects in

that region have only & small effect on the over-all reactivity
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10.5.3

of the core. It follows that if excess reﬁctivity is

added to the thermal region the reactor will sﬁut dawn;iike

a water moderated reactor. If, however, excess reactivity

is added to the fast region the boiling of the water in the
thermal fegion canno£ be'relied ﬁpon to shut down the reactor.

This memorandum deals only with reactivity additions to the

tast region.

Excursion Types

Nuclear excursions are caused by reactivity additionm. The
discussion of maximum credible acéidents falls naturally
into two parts. The first part (10.5.4) covers the effects
of reactivity additions, and the second part (10.5.5) '

covers the credibility of high rates of reactivity additions.

The effect of reactivity addition depends upon the initial
pover level of the reactor. At very low initial power levels
the statistical assembly accident'becomes'possible. This
refers to an accident which can occur with a small metal
assembly which has a very small inherent source of neutrons.
In such a reactor é'large amount of reacfivity can be added
durihg the time in which no neutrons happen to be present.
The source of neutrons in o small fast assembly due to
spontaneous fission of U-238 and U-235 is about 10-3 of the
source present in the Mixed Sfectrum Superheater critibal
core. Therefore the time required to establish a persistent

chein reaction in the Mixed Spectrum Superheater critical
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core will be about 1/1000 that of a small fast assembly.
For small fast assemblies the time between reactivity
addition and beginning of neutron multiplication hes been
observed to be as long as a few seconds. This means that
the statistical lag netween reactivity addition and the
followiné of this by nhe neutron flux will be of the order
of a few milliseeonds in the Mixed Spectrum Superheater
core. Thus the statistical assembly accident cannot occur

in the Mixed Spectrum Superheater core.

We will consider accidents which are caused by ramp additions
of reactivity. The inherent source of neutrons is small.
Hence tne reactor will remain at a very low power level

for some time after the initiationAof_the ramp. By the

time the power reaches a ievel high enough to heat the fuel
the reactivity may exceed prompt critical. The maximum
power of the resulting excursion is limited by the prompt
negative fuel temperature coefficient, i.e., the Doppler

effect.

Accidents which are caused by & very rapid ramp, 1l.e., a

- step increase in reactivity, can be tolerated if only a
limited amount of reactivity can be inserted. The amount
wnich can be safely inserted is approximately equal to the
maximum reactivity which results from the fastest permissible
ramp. For the Mixed Spectrum Superheeter this amount is
likely to be specified as a limitation on experimental

apparatus such that only $1.00 can be credibly inserted rapidly.
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10.5.4 Calculated Excursions

The maximum tamperature of the fuel is a function of the
ramp rate and the Doppler coefficient. Three ramp rates
héve been investigated with the TER code to determine the
history of the power during excursions. TFor these calcu-
lations the Doppler coefficient at room temperature was
-A

ussumed to be 10 x 10 k/7C and 1/T dependence of Duppler

cuefflcléuL was asswued.

The only shutdown mechanism assumed in the calculation is
the Doppler effect. Acﬁually, the reactor will shut down
by disassembly of the core due to melting of & U-235 metal
pin in each fuel bundle. Part of the core will fall thereby
decreasing reactivity. Aéproximately 0.1 cecond after
melting the fuel pin 1s required for 2 1nch¢é of motion,

at which point the reactivity decrease becomes sigﬁificant.
The: three remp rates, whlch were luvestlgated, are .05, 1,
and 10 $ per second. The Table below summarizes the results

of the TER problems.

Temperature - Temperature

Tife to U.03 seconds 0.l seconds

Ramp Rate ~ 5000F after 500°F after S500CF
.05 $/sec 20.5 sec 5300F 600PF
1 §/sec 1.2 sec 12006F 1500°F
10 $/sec .16 sec 12000°F 160000F

The 10 $/sec accident is included for combleteness but is not

considered credible.
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®

10.5.5

will have a ramp rate of 0.5 $/sec and the minimum negative

We cen see from the above Table that there is not a great
difference between the temperasture at .03 seconds and at

.1 seconds so that spring loading to obtain an acceleration

of 10 g would not significantly increase the safety .

Pl

reactor.

The vaporizatioﬁ temperature. is the upper limit to the safe
temperature of the fuel. Above that temperature an explosion
is possible. For UOp the vaporization temperature is épproxi-A

mately 5TOOCF. Hence, we estimate that, for a‘Dopplér coef -

ficient of 10 x 10°® k/OC, a ramp of approximately 6$/sec

would not cause aﬁ explbsion.» For some experimental core
loadings, .the Doppler coefficient at room temperature may be

as low as 5 x 10-6 k/OC; then, a ramp of epproximately 2$/sec

- would not cause an explosion. It is expected that, in the

AEC License Application Amendment, the meximum credible accident

calculated value of the Doppler coefficient at room tempera-

ture will be 5 x 1070 k/%C.

Meximum Credible Accident
The credibility of rapid insertion of reactivity -depends
on consideration of the mechanisms of reacfivity addition

in light of the proposed design.

Large rates of reactivity addition require large velocities.
These velbcities can cdnceivably arise from falling objects.

Heavy equipment falling on the core from heights greater
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than about 10 ft. couid cause rapid compression for a core ’
supported from 5elow; however, the Mixed Spectrum'Superheater d
core has no bottom suﬁﬁort. The fﬁelAwill be hung from an
upper grid sheei. The possibility of the entire core falling
intact'on.a flat surface énd compressing is no£ considered_ q

to be credible because of concrete cone under the core.

Objects falling on top of the core do not add reactivity by
improved neutron reflection because the fast_core has a thick

'U-238 reflector on top and bottom.

Fuel elements cannot be inserted from above through the upper
support plate so that falling fuel cannot enter the core
inteact. Fuel elements will be loaded from below and inserted
with a mechanical 1ift due to their heavy weight (about
100 1bs.). Meximum ramp is limited by the mechani.cal |

limitation of the 1lift.

Because of the core desigﬁ'the conventional fast reactor
meltdown accident in which & small accident melts the core
which flows into a supercritical configuration is not

considered credible.

Falling water can enter the fast core only by leaking
around the ygulde plins In the upper grid sheet. 'The

resulting ramp is small.

&

The assumption is made that & core can be designed which
cannot be jammed. Clearances will be large enough to allow

for all plausible warpages and distortions. The loading ’
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machine will be driven by a torque limited motor. Several

tentative desigﬁs have Been suggested which appear'to satisfy

the requirements. However,vthe_finél desigﬁ will be' justi-

‘fied before the VALSG.

All intentional reactivity addition such as fuel loading;

control rod loading, etc., can be méchanically limited to less

than 0.1 $/sec.

Consideration of several plausible sequences of evénts has

led to the following Meximum Credible Accident:

1.

By violation of procedﬁre, the fast core has been
changed unknowingly to be near critical in the
shutdown condition.

As water is pumped into the thermal core for a standard

start up, the reactor goes critical (hot possible

without violation of prodedures). The thermsal

buffer is worth asbout $10 over a 20 cm region of the

. fast core. The water fill rate is 1.1 cm/sec. This

amounts to & ramp of 0.5 $/sec.

It is assumed that period and power level scrams
féii, but that the water pump éontinﬁes-adding wate;.
The resulting accident is less severe than the |
calculated accident of $l.0/sec ramp in the above
Table. In that accident, reactor reached $1.16 |
reactivity when appreciable heating begen. Doppler

limited the fast rise in temperature to 12000F at:
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1.2 sec after reactor became critical. The U-235
. fuses melted and released the fuel bundles at abou£
1.2 seconds. The acgident is terminated by falling
‘fuel about 0.1 secbnds later, by which time the fuel
temperature has risen to 1500°F.

5. The accidenttsize is approximately 1000 MWsS.

6. There is no explosion. '

7. The fuel clad does not melt (MP 2500°F). Fission
product release is limited to that of the melted
-fuses (amounting to less thén 0.3% of the U-235 in
the core). The small amount of fission product
contamination is contained in céll,by standard
particuléte filter with the exception of the inert
gases and iodine. The dispersed fission products
in the cell amount to about one curie after one week.

8. The‘U-235 fuse pins are at .the mid-plane of the core.
In this relatively rast fceident, the heat generated
in the pins by fission doéé:not have time to dissipate
end the temperature of the pins is related to the
temperature of the oxide fuel simply be the respective
eurlelinents and heat caﬁatiticp. When the fuel
rcocheo S5007F, the piné reach the melting temperature

of uranium metal.

10.5.6 Conclusions
This discussion considers only those aspects of the MSSR
hazards which may be different from existing hazards in the

Critical Experiment Facility. The priﬁary difference between
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. the maximum credible accident for the MSSCE and our other

cores is that no moderator is present to carry away heat

genefated by the accident. Further, there is no steady
state operéting ievel comparable to the boiling condition.
ToAcircumvent this deiail, the MSSCE is fused so that the
core drops after reaching the fuse femperature to_terminéte
an excursion. As in our other cores, the accident size is-
11mited by Doppler coefficient, Oour analysié~indicates'that

for fhe'range of accidgnts considered the shorter lifetime

~of the fast core does not contribute to the nuclear hazard.

The analysis presented in this memorandum indicates that
Mixed Spectrum Superhéater Critical Experiments can be

safely done in the VAL Critical Experiment Facility.
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