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1.0 INTPQDUCTION AND SUMMARY 

1.1 Introduction 

Thfs is the tenth of a series of. quarterly reports vhich will cover the 

progress and results fr6m.the conceptual design, economic evaluations 

and research a.!ld development work performed by the General Electric 

Company as part of the Nuclear Superheat Project under Contract 

AT(04-3)-l89, Project Agreement No. 13. The following list of progress 

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

GEAP-3290, First Quarterly Progress Report, July - September, . 
. 1959 

GEAP-3319, Superheat Process Tube Heat Transfer Tests 

GEAP-3371, S~cond Quarterly Progress Report, October -
December, 1959 

GEAP-3387, Fabrication, Irradiation and Evaluation of· 
Superheat Fuel Elements 

GEAP-3468, Third Quarterly Progress Report, January -
March, 1960 

GEAP-3538, Fourth Quarterly Progress Report, April -
June, 1960 · 

GEAP-3563, Interim Report on Steam Dryer Development 

GEAP-3564, Results of Air-Water Steam~Water Tests on 
Primary Steam Separators. - October, 1960 

GEAP-3581, Fifth Quarterly Progress Report, July -
September, 1960 

GEAP-3589j Economic Study for 300 MW(e) 
Separate Superheat Reacto~ 

GEAP-.3590, Economic Study of the Mixed Spectrum Superheater 

GEAP-3591, Manufacture of the Adhesive Bonded 
AEC Superheat Critical Fuel 

GEAP-3633, Economic Study for 300 MW(e) 
Once-Through Superheat Reactor 

GEAP-3686, Sixth Quarterly Progress Report, 
October - December, 1960 

- 1 -
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GEAP-3698, Erosion Experiments of Powder Compacted 
Uranium Dioxide Under Dynamic Steam Flow 

GEAP- 3703, Heat Transfer Coefficients with Annular Flm·r 
During "Once-Through" Boiline of Water to 
100 Per Cent Quaiity at Boo, 1100, and 1400 psi 

GEAP-3724, Seventh Quarterly Progress Report 5 

January - MarchJ 1961 
. 

GEAP-3737J Flooi Safety of The ?~xed Spectrum Superheater 

GEAP-3739J Plastic Strain in Thin Fuel Element Cladding 
Due to uo2 •rhermal Expansion 

GEAP- 3778 .• A S:i.mula.ted Superheat Heactor Corros:i.0n Ji'acili ty 

GE!IP-37tl5i Eighth Quarterly Progress .Heport 
.Tune - August .• :1.961 

GEAP-3787, Res'ults of Air-Water and Steam-Hater Tests on 
Radial Van.e Steam Separator Models 

GEAP-3796 3 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-3875j Materials for Nuclear Superheat Applications, 
A Literature Survey 

GEAP-3877 1 Ninth Quarterly Progress Report, 
July ·· Scptember3 196:1. 

Section I of the First Quarterly Report (GEAP-3290) presented a description 

of.the Nuclear Superheat Project including objectives, approach to the 

problem and eX,Pected results by individual task. The following tabulation 

of task titles is listed for easy reference. 

TMJIC A - Conceptual Dcoign Md Program li:vRltw.tit:'n 

TASK B - Fuel Technology 

T_~K C ,- Materials Development 

TASK.D- Experi~ental Physics 

TASK E - Coolant Chemistry 

TASK F - Heat Transfer 
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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 task for the total program since the 

initiation of the Nuclear Superheat Project, 

1,2,1 TASK A - Conceptual Design and Program Evaluation 

C~nceptual 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 the use of either a single­

pass annular fuel element or a 7-rod cluster fuel element. 

Plant and reactor data summary is listed is Section 2,2, 

1,2,2 TASK B - Fuel Technology 

During this reporting period a 0,016" thick stainless steel clad 

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

exit temperature recorded was 845°F 'with a maximlli~-power of 

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

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

in SH-4B or SH-4C~ indicating that there is a very small leak in 

the cladding or a slight uo2 surface contamination, Comparison 

of SH-5A operation with former in-service failures of superheat 

fuel elements indice.tes tho.t if a 0lad defect exists it is not 

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

or SH-4C, 

- 3 - . 



Post-irradiation examinations of :SH~4 fuel element indicate that 

there was a significant amount .of chloride deposited in the 

corrosion film on the fuel element. · Since the s:H-4 fuel element. 

did not develop a clad defect, one may conclude that chloride 

stress cracking may have occurred during subsequent irradiation 

and.that chloride stress cracking is highly statistical in 

nature . 

.POS't-1rra.diat1on examJ.nati6n oi' ~H-4C i'uel element, \vhich developed 

a defect on the inside clad surface, indicates that_there is no 

evidence of fretting corrosionbetween the fuel cladding and the 

wire wrapped spacer. In addition, post-irradiation examinations 

indicated that chlorides were found in the vicinity of the failed 

portion, that the wire wrapped spacer had failed either during 

ir~adiation 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.· 

1.2.3 TASK C - Materials Development 

A topical report, "Materials for Nuclear Superheat Applications, 

A Literature Survey~" GEAP 3875, was completed. This literature 

survey was initiated to investigate the possibili:ty of developing 

1;1.:0. alternate cladding ~aterial for superheat. fue1 appl:i.ca.tjon. 

The results of this literature survey were listed in Section 

4.1. Based on this sl:..rvey, twopossible direc-cions seem to be 

apparent for r~ducing the susceptibility of superheat fuel 

cladding to chloride stress cracking. These are to reduc.e the 

impurity level in stainless steel and to utilize cladding 

4 



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. · 

1.2.4 TASK D ~ Experimental Physcis 

A topical reportj GEAP 38823 "AEC Superheat Critical - A 

Comparison of Experiment and _Theory of Uniform Lattices," is 

in the final stages of preparation. 

The experimental measurements on the ESADA•VESR Preliminary· 

Critical Experiment Prog~am were completed. The work during 

this period consisted of analyzing data and P!eparation of a 

topical report. 

1. 2. 5 TASK E ·- Coolant Chi:miistri 

A topical report!) GEAP 3779!)- "Corrosion of Type 304 Stainiess 

Steel in Simulated Superheat Reactor Environments·" has been 

issued. The series of chloride stress corrosion t~sts initiated .. , 

in September with 1~5 ppm of sodium chloride in the circulating· 

water and stressed heater sheaths has been continued. 1Yo 

stress cracking failures have occurred in the superheated steam 

· corrosion test loop; however, both of these faiiures occurred 

on stressed heater sheaths in low temperature regions. As a 

result of these two failures and· since ft has not been possible 

to reproduce chloride stress cracking in the high ~emperature 

sheaths, the superhea,t corrosion test loop is bP.j.ng programmed 

- 5 -
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to operate under simulated SADE exposure conditions which will 

provide temperature and moisture cycling in the heater sheaths. 

Isothermal coupons have been exposed to nuclear superheat environ­

ment in.the corrosion test loop. The materials exposed are 

Types 304, 316, 347 and 4o6 stainless steel,. Incoloy and RA-330. 

Radiochemistry measurements ;.~ere mB.de on the SADE loop operating 

with SH-5A. fuel element •. These meas~ements indicate that the 

leakage of fission gases from the SADE fuel element has been 

less.than 0.5~c/sec and the carryover of the 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 performed at hiSh Reynolds numbers. 

']went~· additional heat transfer data runs were made, however·, 

difficulties were experienced in obtaining steady fieater ~empera~ure 

.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 tests 

indicated that the seal concept is feasible. 

1.2.8 TASK H - SADE and E-SADE 

- 6 -



1.2.8.1 SADE 

The SADE irradiation during this reporting period was 

limited to SH-5A. Because of concern about chloride 

stress corrosion~ modifications-to the SADE in-core 

' facility were made to m:i.nimize in-leakage of reactor 

water. These consisted of utilizing a mass spectrometer 

type in-reactor facility and seal welding-of the underwater 

flange. 

The NUSU fuel element was received on December 23, 1961. 

This fuel-element, which is a combination boiling on 

the outside - superheat on the inside ~ fuel element, 

was fabricated by the General Nuclear Engineering 

Corporation. SADE loop operating conditions and modifications 
I 

for the NUSU test are detai~ed in Section 9.1.4. 

1.2.8.2 E-SADE 

Installation work was performed on E--SADE during vBiffi 

ohutdowno. The loop inotallation io approximately 60i 

completed. However, installation 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 reporting period has been in 

accumulation of the designJ performance and cost information for 

a 75 MWe MSSR prototype. 

- 7 -



A conceptual design of the proposed critical facility for the 

MSSR conce~t has been completed and a preliminary· hazards 

review has been held with the Vallecitos Safegu&rds Council. 

The conceptual-design concept is discussed in detail in Section 

10.5. 
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2.0 TASK A - CONCEPTUAL DESIGN AND PROGRAM EVALUATION 

2.1 Program Evaluation 

2.1.1 Introduction 

The I'ollowing section is intended to provide a high light summary 

of the significant results by task on the Nuclear Superheat Project. 

Progress reports and topical reports initiated as a result of this 

work are listed in Sec~ion 1.0. 

2.1.2 Results by Tasks. 

2.1.2.1 Task A - Conceptual Design 

This work has involved conceptual design studies of 

integral thermal superheat reactors, once-through 

superheat reactors and separate superheat reactors under 

Task.A and a Mixed Spectrum Superheat Reactor under 

Task J. The.design activity including reactor mechanical 

design; nuclear physfcs, hydraulic and thermodynamic 
• 

analysis; and safety analysis, 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 eva~uations of fuel elements 

and fuel capsules 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: 
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(a) Irradiation of six fuel prototypes, shown in Tablee. 

3.1 and 3.2. 

(b) Fabrication of large quantities of high density, 

high integrity uo2 pellets having annular geometry. 

Development of well controlled techniques for 

pressing and sintering annuiar pellets to size. 

(c) Fabrication of thin-clad, non self supporting fuel 

olemcnt which wan opcra:hed aue.c.~ssfull;Y e~.l.. hlgh 

temperatures for at least 35 days. (SH-5A) 

(d) Recognitition of an operational limit for stainless 

clad :t'uel elements in steam.containing relatively 

high moisture and slight chloride impurities. 

(e) Investigated and determined clad strain levels in 

annular and rod type fuel elements under short time 

irradiation, as a function of clad thickness, 

fabrication parameters and power generation (heat 

flux). 

(f) ·Develope<;! two promising concepts of' process tubes; 

which are essential in the desi~n of efficient nuclear 

RupP.:rht:.>at power plants. 

(g) Irradiated three fuel elements at high heat fllixes 

with cla.u fallun~s in the VBWH without seriously 

affecting the reactor operational routine. 

2.1.2.3 Task C - Materials Development 

Materials Development activities have involved investi­

gations of the basic properties of commercially available 

stainless steels and conduct of a literature survey to 

- 10 -



provide the AEC with a technical basis for selection 

of alternate cladding materials for nuclea.r superheat 

application. The following significant results have 

been obtained: 

(a) A literature survey on alternate cladding materials 

was completed and the results have been included in 

a report now in preparation• The conclusions from 

this report were included :i.!:l Section 4.L 

(b) An apparatus was designed to study the strain cycle 

properties of materials in the laboratory and in the 

reacto~ at l300°F. The first reactor experiment is 

scheduled to begin during the first week in January 

1962. Laboratory tests have been carried out 

I 

successfully using the method developed. 

(c) Non destructive techniques were developed to examine 

incoming tubing for possible flaws 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 

studj 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 arra.Ys of annular fuel at· several 

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

- ll -. 



performance of a critical experiment for the EVESR 

.reactor. The EVESR critical was performed at no cost 

to the AEC. The following significant results were 

obtained: 

(a) Significant· discrepancies vere found between experi-

. mental measurements and predictions made utilizing 

engineering design models that had formerly demon-

strated reasonable accuracy in treating boiling 

water and prcaouri~cd vo.ter lattici!lil. 

(b) These discrepancies were traced to omission of 

spatial dependence of the thermal spectrum in the 

boiling water reactor model. 

(c) A semi-empirical technique to account. for spatial 

variation of thermal spectrum when normaliz~d to 

. detailed calculations and lattice. measureme~ts 

.provided excellent agreement ~ith reaGtivity and 

. l"t:!l:l.t.: Ll v Hs coefficient meo.ourcmcnto. 

2.1.2.5 Task E - Coolant Chemistry 

The work ·under Task E has involved in-pile evaluations with 

the SADE loop and out-of-pile evaluations with the 

Superheated Steam Corrosion Test Loop. 

In-Pile 

In-pile coolant chemistry evaluations have included 

measurement of radiati6n_levelsj. radiochemical analysis. 

of inlet and outlet steam samples from the SADE loop 

during operation o~ SQUnd superheat.elements and in-

serivce failures.· Measurements have also been taken on 
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coupons installed in the exit steam sy3tem .of· the SADE 

loop. The accumulation of fission product release data 

was restricted p~ior to the irradiation 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 sign~fi-

cant results from the in-pile coolant· chemistry evaluations 

are: 

(a) The SADE loop and VBWR reactor were operated within 

license limits in terms of activity release after 

loss of cladding integrity for SH-2, SH-4B and SH-4C .. 
fuel failures. This conclusion is based on measure-

ments made to identify fuel defect prior to reactor 

shutdown. 

(b) Gaseous fission product release from SH-4C was about 

40 microcuries per second and was the same order of 

m~nitude of release measured for.boiling water 

fuel element defect~. 

(c) Radiochemical analysis of activity on SADE loop 

coupons indicated that iodine activity was predominant 

contributor as compared to.corrosion product activity 

in boiling water reactor systems. 

Out..,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 
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general corrosion evaluations on Type 304 stainless 

steel Wlder typical superheat condition·s of steam velocity J 

steam temperature, he~t fl~ add hyd~oge~ and oxygen 

containing steam. The "second phase of the program pro­

vides for .local corrosion evaluatio~s on Ty-pe 304 stainless 

steel and alternate cladding materials. The loop operating 

conditions wer~ ch~ed for second phase t"~sting to 

1n~1 nnP. 1. 5 ppm r.l- :i.n the' circul"at:ln_g wat"e:i- arid. stressed 

heater sheaths~ During·both phases above~ i.sothermal 

coupons were exposed to l050.°F st~am· and evSluated. The 

~ignifi~ant resui ts '_of the work are as. follows; 

(a) 

(b) 

Table 6.1 summarizes the performance for superheat 

exposures through December ji,· 1962 for the entire 

program. 

During the general corrosion evaluations ten cycles 

·various duration were ac-~umhlated prior to . August 

·· 25, 1961·. During the· second· phase of the program, 

six cycles of various·duration were performed in an 

attempt to reproduce chlorfde.stress cracking in 

the heater sheaths. Fur each·~~ test conditions 

were chang·ed, a:s. compared tb the pre~elll;i1g ~·w1, lu 

order to enhance susceptibility to chloride stress 

cracking. 

(c) The Wliform corrosion rate for Type 304 stainless 

of 

steel was determined to be satisfactory for superheat 

application~ 

(d) The oxygen and.hydrogen levels in the loop could· 
. . . 

not be controlled by batch addition due to recombination 
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at the heaters. A continuous hydrogen, oxygen 

decomposer was added to the system~ . 

(e) Chloride stress cracking such as was observed 

in fuel. element testing in SADE, has not been 

reproduced·in the out-of-pile loop with Cl-

addition of 1.5 ppm, specimen stress levels of 

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

· · (f) Corrcisicih screening studies in static and dynamic 

environments were initiated,·using 300 series as 

weil· as alternate materials.· · ExperimentB.l results 

show 1;hat under constant stre·ss the uniform corrosion 

rate of Type"304 stainless at 1050°F steam is 2-4 

times greater than ,the :rate :of unstressed specimens. 

AISI 4o6 exhibited uniform corrosion rates similar 

to those found for 304, ~d Incoloy was found to 

have uniform corrosion. rates of about 35 to 4o times 

less than.304J 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 transfer loop. The significant results are: 

(~) Determination of a semi-empirical relationship to 

predict heat transfer coefficients in the region 
l . • • 

of high steam quality. 

(b) Determination of a semi-empirical relationship to· 

predict heat transfer.coefficients in the-region of 

very high Reynolds numb'et<s (>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 

were performed at.the Moss Landing Station of P.G. & E. 

The significant results are: 

( R) Performanc::e testing and development work •ms completed 

uu steam demil!ltera. 

(b) .Performance testing and development work was done 

on radial separators. The performance of this type 

of separator provides a significant improvement over 

other separators tested. 

2.1.2.8 Task H - SADE and E-SADE 

A total of six annular fuel elements was irradiated in 

the S~ loop as shown on Table 3.2. Design· and procure­

ment of equipment was completed for the E-SADE facility. 

Installation of equipment vas initiated and is continuing 

during rout~ne VBWR shutdowns. 

2.1.2.9 Task J - Mixed Spectrum Superheat Reactor Study 

Design vork and analytical vork vas completed which 

provides a technical basis for establishing cost 1ncenti ves 

and definition of problem areas for the concept. 

2.2 Conceptual Design Studies 

2.2.1 Engineering Physics .Analysis 

- 16 -
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2.2.1.1 Separate Superheat Power Shaping.Studies 

During the quarter 1 a one-dimensional burn-up study of a · 

single-batch core vas performed to investigate the 

feasibility of maintaining a flat radial power profile 

· by means of regional variations in fuel enric~~ent and 

erbium content. .In this concept the entire batch of 

fuel would remain fixed in position throughout the fuel 

life. The key advantage of this concept would be the 

elimination of frequent fuel movement (with as.sociated 

steam pipe coupling and de-coupling) that multi-batch 

reloading would require. This simplification, and 

possible improvements in power flattening, would be 

counter-balanced by a fuel cost penalty due to the higher 

enrichments required for single-batch operation • 

. The following table summarizes the results of a one-

dimensional burn-up analysis for a 12,000 MWD/T single-

batch core. This particular case had eight concentric 

radial fuel zones with a total of four different fuel 

concentrations. Enrichments varied from 2.6% to 4.5%· 

The volume-averaged enrichment and erbium to uranium 

atom ratio were 3.23~ and 0.00199, respective+Y· 

MWD/T Burn-up 

0 
4000 
Booo 

12000 

1.037 
l.o62 
1.041 
0.999 

Peak-Average 
Radial Po1o~er 

1.21 
1.20 
l.t3 
1.22 

This study pointed out the feasibility of maintaining 

a reasonably flat radial power distribution in a single-
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batch core. Sligllt v.aria:tiori~ .· in. erbi\un. distribution 

were found to have . a marked· effect on the pmver shape, 

howev.e.r; ·.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'fo. Because, of the: enrichment ·pen~ ty 

' (about ·0. 6%), the single-' batch approach was abandoned 

. 1n the re.!c.lesign ur Lh~. la1·ge. sepal" ate .!uperhcat reactor, 

2.2.1.2 Separate Superheat Re-design 

Fuel element size, process tube spacing, and lattice type 

for the re-designed separate superheat reactor have been 

tentativ.ely determined using a 16 fuel rod bundle. The 

control elements, in a "D" type lattice, are on a center-

to-center spacing o.f 9.646 inches, yielding an unflooded 

water-to-fuel v.olume ratio of 2.22 and a flooded water-to 

fuel-ratio of 3.10·with control rods and.poisoncurtains 

remov.ed. The material for the control rods and poison 

curtains has been changed from:stainless steel to Inconel 

to obtain the desired shutdown JllS.I'gin. 

An initial enrichment of 3.2'{o U-235 has been chosen which 

necessitates the use of the poison CUl"tains in the initial 

core· in addition to the O.l'fo atom fraction of erbium that 

is included in the fuel. Maximum cold unflooding 

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

l'{o Ll.k while th~ maxilllUin hot flooding effect (controls ganged) 
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was calculated to be in excess of 5. C!fo: />;k. Further. " 
optimization ~f:the lattice to minimize the f.looding-

unflooding accident pro.blem wi.ll. be attempteq. WQrk is 

. a:l:-so in progress to determine the. core burn-up c~aracter-

istics and to ~yaluate the temperature and void coefficients. 

2.2.2 Reactor Conceptual Design Studies 

2.2.2~1 Summary 

Conceptual design effort has concentrated on the design 

. of a large . Separat~ Superhea~er for a., 600 MWE plant. 

This reactor design is ba~ed on the use_ of a single pass 

annular fuel element. Another reactor design will be made 

for a seven rod cluster fuel element. T.hese two ~esigns, 

their performance and estimated plant costs, will be 

reported in. a separate topical report.· · · 

2.2.2.2 Size Selection 

The bqiling ,.,ater-separate superheat r~~ctor. can be used 

for very la:rge power plants.. The. size has been selected 
• • • i • • • • 

on the basis of using the la:~::g~st boiling water reactor 

that. can be built with today's reactor t.echnolC)gy. 

This mrudmum size is approximately equi v~errt;. to a 400 

MWE boiling water reactor plant. When a separate superheat 

reactor is added, the combined U:nit ·rating is 600 MWE. 

The boiling w~ter re~ctor is a single cycle,: forqed 

recirculation reactor ~ith internal steam separation. 

- _19 -
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2.2.2.3 Turbine Selection 

The steam turbine will be a 1800 RPM Unit with four flow 

exhaust. The last stage bucket's dze is 38 in. A two 

shaft, cross-compound, unit, will be used• A tandem 

. ·compound unit for throttle conditions of 900'7 3 965 

psia, and 4,970,000 #/hr steam flowj must be designed 

for large clearances_to accommodate the expansion of its 

longer shaft. 

A cross-compound unit with shorter shafts, can employ. 

lower cle'arances and hence its operation efficiency 

is higher. A cross-compound unit for 900°F steam·wil1 

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

2.2.2.4 Separate Superheat Reactor 

The separate superheat reactor is a single pass reactor. 

Saturated steam flows frolli the top of the vessel down 

pass the fuel eiements. The superheated. steam is 

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

reactor and exits through nozzles in the side of the 

reactor vessel.·. The preliminary design of this reactor 

is shown on Drawing 56o64-847s Figure 2.1. 

. 'l'hiS reactor dcoign diffttl'tl fL'Uill p:t:evious d~o5ign .. '!l 

in the following ways: 

(a) The saturated steam entrance pipe is an integral 

part of the fuel assembly; former designs used a clamp 

type seal. The elimination of the entrance s.eals 

prevents leakage of water into the fuel element. 
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The only seal is located dovmstream of the fuel 

element; such leakage will not produce corrosion 

problems. 

(b) The fuel element bundle size has been reduced from 

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

arr~y. The 4 by 4 bundle is approximately 4t 

inches sq.,uare .. The small fuel bundle reduces._the 

(c) The con~rol rodo have been changed to omall 

cruciform shaped control rods in order to reduce 

the severity of any control rod accidents. 

(d) The exit steam plenum has been changed from multi-

six inch pipes to one large steam plenum. This 

larger plenum can handle· the high steam flow with 

lower steam pressure drop; the large steam plenum 

(e) The reactor design is based on the use of a single 

annular, single-pass fuel element. With the type of 

fuel element, the division of heat between the inner 

and outer _steam flow passages is a major design 

outer steam passages will change with time t'or 

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 of the fuel pellet. A second reason 

is that the gap between the fuel pellet and the 
• 
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insideclad.ding will change with creep of the inner 

cladding. These factors were suffici<::ntly important 

to ~nitiate the study of a fuel element composed of 

seven solid rods. 

2.2.2.5 Plant and Reactor Data Summary 

( 1) General Data 

(2) 

( 3) 

(a) Reactor types 

(b) Nuclear moderator 

(c) Fuel 

( d) Cladding 

(e) Coolant 

Plant Data 

(a) Gross electrical outj;nit 

(b) Net electrical output 

(c) Turbine throttle pressure 

(d)' Turbine throttle temp. 

(e) Turbine throttle flow 

(f) Net plant heat rate 

(g) Net plant efficiency 

Boiling Water Reactor 

(a) Total thermal power 

(b) Core height 

(c) Core equivalent diameter 
1: 

_, 23 -

Single cycle boiling 
water reactor is pressure 
vessel and superheat 
reactor in separate 

.. pressure vessel 

Light ·wate.r · 

. uo2 pellets 

· Stainless steel 

Light.water and steam 

6oo·MWE 

582'MWE 

·965 psia 

900°F 

4,948,000 #/hr. 

9,443 Btu/KWH 

36.2% 

1202.0 MW' 

135·1n. 

138 in. 



(d) Average core power density 36.3 KW/1 

(e) Reactor vessel 

Height 
Inside diameter 

(f) Steam separator 

(g) Recirculation 

Type 
Flow 
Number of loops 

(h.) Steam flow 

( i) Uo:her/fucl ratio 

(j) Fuel bundle 

Number 
'Size 
Rods per bundle 

{k) Fuel Rod 

Type 
Pellet diameter 
Clad o.n. 
Clad material 

{1) Control rods 

Number 
Shape 
Size 

( ~~) Superheat Reactor 

(a) Total thermal power 

(b) Core height 

(c) Equivalent core diameter 

53.4 ft. 
192 in. 

Internal, radial flow 

Forced 
1~9,700,000 ·#/hr. 
5 

4,977,000 #/hr. 

~.6 

594 
4.6 in. x 4.6 in .. 
49 

uo2 pellets 
O.lj:20 in. 
0.443 in. 
Stainless steel 

145 
Crucifonn 
8 in. x 3/8 in. 

408.3 MW 

96 in. 

95 in. 

(d) Average core power density 37.3 KW/1 

(e) Reactor vessel 

Height 
Inside diameter 

- 24 -
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(f) Fuel bnndle 

Number 284 
Size 4.5 X 4.5 in. 
Rods per bnndle 16 

(g) Fuel rod 

Type uo6 annular pellets 
Pellet diameter .7 o in. o.n. 

.260 in. I.D. 
Clad material Stainless steel 

(h) Control rods 

Number 69 
Shape Cruciform 
Size 8 in. x 3/8 in. 

-·25-



3. 0 TASK B - FUEL TECHNOLOGY 

3.1 Irradiation Tests 

Fuel element SH-5A, a .016"· clad, annUlar design swaged over the pellets 

for support, was irradiated during this period. The flow passages between 

the fuel walls and the surrounding process.tube are maintained by point. 

spacers attached to the process tube by plug welding. The instrument 

tube is identical to that used with sn-4c, filled 'With speclmeus selected, 

~n+. A.lic'l premachined to study material. physical properties as a function 

of irradiation exposure to high temperature steam. The plenum support 

for this fuel element was designed and fabricated in such a way as to 
:J 

provide clad support even in the event the fuel loading moves in relation 

to the clad. 

The fuel element was inserted in SADE loop November ll and the irradiation 

testing began November 13. The maximum exit steam temperature recorded 

was 845°F, maximum"power 83. KW, and the length of irradiation as of 

December 31 was approximate.Ly '770 hours. The mwiber · of power cyclco from 

40 KW or greater was 24 throughout December for a total of 34 throughout 

the run. Activity release measurements were a factor of at least 300 

less than.those found in SH-4B or SH-4C, showing that either there is 

a very small leak in the cladding vhich did not. progress With pover 

cycling, or Slight uo2 suL·face contamination. Appa.rently,. if a type 

of clad defect exists, it is not 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 performance of SH-5A are shown in Tables 

3.1 and 3.2. 
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TABLE 3.1 

DESIGN AND FABRICATION.DATA 

SH-1 SH-2 SH-4B SH-4 SH-4C SH-5A 

Process tube . 304 304 304 304 304 304 

o.n. L660" 1.660" . 1.660" 1.660" ·1.660" '1.660" 
;.· 

Wall thickness 0.109" 0.109" 0.109" 0.109" 0.109" 0.109" 

Steam gap, first pass (cold) ·o.Q96" 0.096" 0.()96" 0.096" 0.096" 0.096" 

Outer clad. 304 304 304 304 304 304 

o.n. · 1.250" 1.250" 1.250" 1.250" 1.250" 1.250" 

Hall :thickness 0.049" 0.049" 0.028" 0.028" 0.028" 0.016" 

uo2. (% enri-~hment) 2.3~ 2.3.,; 4.5% 3-5% 3-5% 4.0'%> 

o.n. 1.151.:!:. .001 1.151.:!:. .001 1.194.:!:. .0005 1.190 + o:oo5 
- 0.000 

1 190 + 0.004 
• - 0.000 Not c:>mpiled 

.:s r.·n •. • 75C· ~ .005 
-750 ~ .005 ·755 : .009 753 + O.Oll 757 + o .• oo8 Not 

.000 .000 .ooo • - 0~000 • . - o.ooo compiled 

Weighted ~nside diametral 
fuel-ciaa· gap (cold) · .. · Not determined Not determined 7.5 mils 5.4 mils 7.0 mils Not determined 

Inner clad. ., . 347 347 304 304 304 304 
... 

o.n. -750" -750" ·750" ·750" ·7.50" -750" 

Wall thickness .035" .035" .028" .028" .028" .016" 

Steam gap~ second pass (cold) .153" .153" ·097" .097" .097" .109" 
. . 

Instrument tube O.D. ... -375" -375" ·:· .500" .500" .500" -500" 

Active fuel length 36" 3~" .. ~·· . 
~6" 36" 36" 36" 

.... ( .. .. 

Power (KW) 50 50 : ·100 100 73 78 

Power density (KW/KG) 16.7 16.7 26.6 26.6 18.3 18.2 

:'· 

h:· :~ .. "~1 



TABLE 3.1 

. DESIGN AND FABRICATION DATA (Page 2) 

SII-1 SE-2 SH-4B SH-4 SH-!tc · SH-5k 

Fuel section inlet temp., OF 5i+5 545 545 545 545 575 

Max. clad temp. (STEADY), OF 1070 1070 1200 1200 1200 1200 

Max. clad temp. (TRANSIENT)°F ·-- 1292 1292 1300 1300 

J.1ax ~ superheat temp. 1 fuel 
exit (STEADY), ~ 825 825 925 900 915 845 

Max. superheat temp., heater 
exit ( STEADY) 1 °F 825 825 925 925 915 803 

l-1ax. superheat temp. 6 fuel 
exit (TRANSIENT) 1 F 980 980 98C 910 

Max. heat fl'JX (STEADY), 
Btu/hr-ft2 ::!X>,OOO 200,0::>0 332,000 332,000 276,000 289,000 

2?., Max. heat f).ux (TRANSmiT), 
Btu/hr-ft~ . 332,000 332,000 27E;ooo 289,000 

Min. steam flow rate 
. (STEADY), lbs/hr 130 730 1032 1032 795 1180 

Min. steam flow rate 
(TRANSIENT), lbs/hr . 915 915 690 1030 

Max. fuel temp. ( STEADY)°F ::c8o 208C 3030 3030 2700 2770 

Max •. fuel temp. ( TRA11SIENT) °F -- 3120 3120 2800 2860 

Design draw:..ng l~-1F657Gl 14l.F607Gl 14l.F785G2 141F785Gl 762D438Gl 762D437Gl 

Outer clad spacer Fin •: 4) Fin (4) Fin (4) Fin (4) S. wire (3) .Pin ( 4) - Attached 
to process tube 

Instrument ~ube or velocity 
tube spacer Fin :4) Fin (4) Fin.(4) Fin (4) Fin (4) Fin (4) 



., 

TABLE 3.1 
.':) 

DESIGN AND FABRICATION DATA (Page 3l 

.. 
SH-1· SH-2 SH-4B SH-4 SH-4c SH-5A 

Inert Zr o2 spacers yes yes yes yes no no 
'-

Bellows none yes none none ·none none 

Gum-drop ( uo2 expansion 
monitor) . none none yes yes yes none 

Outer clad F = free standing, 
NF - non- free standing. F F marginal marginal. marginal NF 



\.JJ 
0 

Total irradiation time, hrs. 
Approximate irradiation period (START) 
APproximate irradiation :period (END :•: 
Exposure, WrlD/T (APPRO X) 
Estimated max; clad te~. ( 5TEAI:.Y), °F 

Max. superhe~t exit te~. (STEAI:.Y), ~ 
Estimated max. heat flux ( SI'EAID:), 

I ., ** Btu hr-ft- ** 
Estimated Ina>:. power (Ja,') 
Reason for termination pf test 
Chloride corrosion detected 

Position and cause of f~ilure 

Fabrication, irradiatiom & 
evalua~~on reports 

SH-1 

Not compiled 
7-31-59 
9-15-59 

44o 
~950 

825 

216,000 
54.5 

TABLE. 3.2 

IRRADIATION HISTORY 

SH-2 

Not compiled 
5-1-59 
6-30-59 
44o 

-::::;:1 050 

825 

VBVTR modification 
Not measmed 

176,000 
44 
Failure-
Not measured 

GEAP-3211 
GEAP-3387 

Crack in bellows -
probably caused by 
inadequate or 
defective bellows. 

GEAP_;3211· 
GEAP-3387 

617 
1-15 & 4-2~-51 
1-29 & 5-:2'5-51 
327 
1350 to :5oo• 

900-

356 .. 000 
94. 

sil:-4 

864 
6-7-61 
8-20-61 
456 
1350 to· 

1500*. 
875 

240,000 
68 
Scheduled Fai:ure 

Yes Cl detected in 
corrosion film 

P.inho1e def"ects 
adjac:ent -:.o 
midd:e spac_er -
long~tudinal split 
defec:t about :2" 
belav middle :sp~cer 
- co~rosion stt~k -
predomneatly 
inte~gran·.llar. 

GEAP-3796 

SH-4C 

492 845· to 1/1)62 
8-28-61 11-13-bl 
9-23-6J on test. 
371 ~46 to 1/J/62 
1200 to 1150·to 

1350" 1300* 
630 845 

240,000 265,000 
64 75 
Failure .on test l/llf:2 
Yes 

Circumfer­
ential crack 
near the top 
of inside 
clad - brittle 
failure. 

. * Values ta.lo;:e into account. <the low:r fuel-tci..:.cle.C. contact coefficient of 150 Btu/I"lr-ft-2-°F, a flux skewing factor 
, ... of. appr~xi~tely 1. 3 _. ar.d a film temperature CC•rrection on the steam film coefficient. The temperature exist·s 

over a·length of about 4 inches ~d a circumferential arc of at least 30 degrees. 

**The values given should be accurste to within·~ 5%· 



~· 

3.2 Post-Irradiation Examinations 

3.2.1 SH-4 Evaluations 

SH-4 is a .028", 304 stairiless clad U02 fuel element which was 

exposed in SADE-VBWR for 36 days at significant power levels for 

an average accumulated e:icposure of 570 'tiMD/T. It was subjected 

to 31 power cycles but no failure occurred throughout the reactor 

exposure. No destructive examination was performed or is presently 

planned for this element. It is of particular significance th~t the 

chloride concentration on the surfaces approaches that found in 

SH-4B. X-ray diffraction analysis of the corrosion film removed 

from the clad surface exhibited a similar pattern.to.that found 

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

.chlorides were identified. 

Detailed pre- and post-irradiation dimensional measurements were 

given iri the. Nirith Quarterly report for SH-4·. 

After irradiation~ three corrosion plus crud and one crud sample 

were taken for chloride ion analysis. The first three samples 

were·removed by scraping a 4-inch section of.the outer cladding 

around the complete periphery. The fourth sample, containing 

crud only, was removed from the entire I.D. bore 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 amotint of sample 

remaining without risk of losing additional material. Thus, 

the same weights are rough. estimates. 
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Table 3.3 

CORROSION FTI..M AND CRUD ANALYSIS z. SH-4 FUEL 

Estimated gm Crud 
Sample Cl- per Estimated Sampling 

Sample Location Type Wt - gms Sample ppm Cl- Area - in2 

#1 8" to 12" from· cor%'o. + <1000 9.2 >9,000 ..-.4.9 
top weld on fuel crud 
section o.D. 

#'.2. u" to 4" below corro. I <1000 5.0 75,000 ..-.4.9 
r:l'lnt.r:r fin, fuel 
section o.D. 

#3 0" to 4". above cerro. + <( 1000 9.6 ~9,000 .-v4.9 
bottom fin, fuel 
section o.D. 

#4 Entire inner crud <4ooo 38.2 ~9,000 ....vl5.2 
bore - I.D. 

It is significant that the "crud only" sample contained ~t least 

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

suggests the crud layer is the collection area of the chlorj.de 

ion as seen by the fuel element. 

3.2.2 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 assembly. This occurrence 

minimized the value of performance information with regard to 

the fuel spacing technique. After removal from it$ process tube, 

t'-10 of the ·three spacer wires were found broken at the bottom of 

the fuel element just. above~ but away from, the weld •. The third 

wire was broken about 6" from.the bottom end. 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 crud, 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 satisfactory from this point of view. The difficulty 

in inserting the fuel element in the process tube, and subsequent 

hand filing of the wire spacers to a depth of 0.015" made post-

irradiation evaluation difficult. It may be summarized that:. 

l.; The possible notch effects resulting from the hand filing 

operation on the wire space_rs complicates evaluation of all 

the fractures~ particularly the apparent complete break. 

2. Partial fracture adjacent to the lower weld area indicates 

that this point is vulnerable to cyclic thermal and vibrational 

stresses. This indicates ·that the procedure ?f welding wire 

ends after passage thro1~ the end plug sockets is a proper 

corrective approach. 

3· Apparent operation of the element after a complete break in 

one wire spacer (with no measurable f'low or pressure drop 

differences) is encouraging with respect to gross flow block-

age problems. 

Post-irradiation examination of SH-4C included dimensional measure-

menta, crud collection and analysis for chlorides and metallographic 

inspection of the f~led section and the plenum void to measure 

uo2 measurement. 
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Chemical analysis of the c:rud for chloride content indicated . . 

6.9 gms/sample, removed from 0.2 in.2, or 34.·5.micrograms of 

chlorid~: ion per square i.nch. Dimensi~mal measurements show 

permanent bow of the fuel element of about 0.3 inches. Results 

are shown in Figures 3.1, 3.2 and 3.3. Visual examination 

disclosed the failure to be located in.the inner clad.wall, 

about. 3" from the exit, the cra.~k being cirGumferEmtial around 

Chlorides were found in the vicinity of the 

falled po1~ion; 35 miorosra:m, of' chlo:ri.c'le per squw;e ;i.nch of 

fuel ele~ent surface. 

There was an overall increase .in length of·about 0.3 inches, ·a 

decrease in outside diameter of 10 mils due to uniform clad 

collapse over the ~ellets. and.no change in the inside dialneter. 

There was a bow in the fuel element of about 0.25 to 0.3 inches 

maximum. 

Ml?t.f.IJ J ngrRphic examinati(;m of the defected region revealed severe 

intergranula:t: attack, with many secondary afijacent l!L'acks similar 

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

The gum-drop monitor, .included in SH-4C to det7ct U02 measurement 

reyealed the same results obtained from SH-4B, in that the uo2 

column was displaced downward approximately 0.050 inches. J.i'igure 

3. 7 •. 

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 heen designated SH-6 and will be used 
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FIGURE 3.4 CIRCUMFERENTIAL CRACK IN SH-4C, LOCATED AT ABOUT 
3 INCHES FROM THE STEAM EXIT, INNER PASS. 
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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 . lOOX 
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FIGURE 3.6 FUEl ELEMENT SH-4l. INTFRGRANULAR ATTACK OF CLAD AWAY 
FROM THE FRACTURE, SHOWING GRAINS MISSING FROM MATRIX 

lOOX 
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TOTAL L .990 .050~ 
DOWNWARD 

·040 MOVEMENT OF 
POST FUEL 

FIGURE 3.7 THE "GUMDROP" MONITOR FOR UO 2 EXPANSION RELATIVE 
TO THE CLAD, IN SH-4C. TOTAL DOWNWARD MOVEMENT OF 
UO 2 COLUMN, 0.050 INCHES. 
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as a back-up element for the remaining SADE test elements. 

Drawings 142Fl70 and 142Fl41 show the fuel cluster . The cluster 

is geometrically similar to the rod cluster being uesigned 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 142Fl70 - as finally 

designed and fabricated.. The design i s conservative in that 

free-standing cladding is used . Each fuel rod has 5/16" o . D. 

x 0.020" wall 304 stainless steel cladding. Fuel is 3 · 9% enriched 

U02 pellets of 95% theoretical density. A two inch plenum is 

provided for fission gas 3 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 142Fl70), the end plug can be partially 

seated and still leave sufficient opening to permit satisfactory 

gas flow during the outgassing procedure. Then the end plug can 

be fully seated with no concern about holes (for outgassing) to 

017. plugged. Two spacer wires of 0.051" diameter~ 304 stainless 

steel are attached to each fuel rod, as shown on Drawing l42Fl70. 

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 ~ing 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 co.nsists of a ring cmd wire arrangement '~hich is welded 

to the center tube . This assemoly provides radial restraint only 

and permits free axial moYement of the fuel rods to acconnnodate 

differential expansion and wlY 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 l42Fl70) . 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 thermo.:!ouple positioning" 

Drawing l42Fl4l shows direction of steam flow, and the overall 

fuel assembly arrangement ~ including the scalloped-liner­

flow-tube assembly. The flow tube consists of an outer circular 

tube and an inner scalloped liner . The outer tube is l-l/4" O.D. 

x 0.035" wall 304 stainless steel tubing . This tube is welded to 

a SADE fuel flange (part 1 .9 Dr awing 142Fl4l) 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 satisfactory 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. 
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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 appear ance of the scalloped liner 

just before wel ding can be se~n in Figure 3 . 10 . The l ower end of 

the scalloped liner is contour ed to match t he l -l/ 4" tube and wel ded 

to prevent steam flow bet ween t.b.e liner and tube . The liner is 

welded at t he lower end only so t hat differential expansion of 

outer tube and l i ner will not :;.g;use 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 t hrough the cluster would cause stresses 

in excess of the at- temperature 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 t o make the cluster workable. 

· After serving i t s original purpose , the prototype assembly was 

placed in t he F-2 loop and pressure drop readings were taken . 

Results of the flow test are reported i n Section 3 . 3 .7 of this 

report . 



3.3.2 Fuel Design for E- SADE , ESH-2 

Few changes have been made i n the ESH-2 annular f uel design, since 

the last quarterly report. Drawing 141F979 shows the latest 

drawing of the annular fuel . No change has been made in clad 

dimensions . Outer clad is 7/8 " OoDo X 0 . 010 wall and 7/8" o . D. 

x 0.020 wall tubing . Inner clad i s 7/16 OoD. x 0.016" wall 

tubing . The changes previously mentioned eoncerning the spring­

loaded support. p 1 11 g i n the pleiJ.um r:..nd the r l ugs f or attaching the 

Rpacer wt res have been i n.:l uded i n final dr awings . The only other 

change of note is t he deci sion to use dummy segments ( for testing 

long wire spacers) on only two of t he annular elements rather than 

on all. 

The ESH-2 single r od element drawing has been issued and as shown 

in Drawing 762D66o . No changes have been made from the previously 

reported 1/2 o.D. x 0.01.6 wall clad or other variables pertaining 

to this rod . 

Design work has pr ogressed on t he ESH-2 rod clust er, which uses 

the mixed- spectrum- superheat - r eactor-· t ype f uel r ods o The SH- 6 

rod cluster - reported in Sect ion 3 . 3 . 2 of this report - i s 

similar to t he ESH-2 cl us t er; therefore jl the informati on and 

exper lew::e gained in. the ures ign A.nd f a.bricat i on nf RH-6 can and 

has been appli ed :i.n designing t he ESH-2 cl ust er o For example , 

the .SH-6 lower support assembly has been adapted to t he ESH-2 

rod cluster, t hus gr eatl y r educing the ent rance region flow 

blockage probl em whi ch was present i n the initial ESH- 2 r od 

cluster design . 
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3.3.3 Fuel Fabrication for ESH-1 

Assembly of the nine fuel elements for this experiment was delayed 

to allow incorporation of new information, as it becomes available 

from SADE and laboratory tests. The delay will not affect the 

overall 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 uo
2 

ordered for this assembly has been received. 

Pellets are c9mplete 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. 

A1 ternate Cladding M~terials: Orders have been placed for the 

I.D. cladding tubes in both Inconel and Hastelloy-X. No 

bids have been received fo,r the 1-1/4~' O.D. cla4ding in 

any of the alternate alloys, but two promising prospective 

bids have been received and are now being evaluated. 

3.3.4 Pellet Fabrication 

In the production of annular fuel for the SAD[ and Trail Cable 
• e ' •' 

experiments, considerable problems vere 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 has resulted in a marked improvement in overall pellet 

quality. The changes are based primarily on the recognition of 

equipment limitations and ,improved process control. 

A tight process control on "as pressed" density of the uo2 pellet 

has resulted in the ability to sinter the internal diameters of 

- 51 -



pellets to size. This eliminates the expensiye and time consuming 

internal grinding operation. The size control has been accompiished 

by a unique method on a double action mechanical 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 pellets. It has been 

founQ., hQwever, that the degree of response nf t.hP. A.r.r.nmnl At.o.Y. 

is directly related to as-pressed density of a pellet. The measure-

. ment Of thls response ·by either mechanical or electrical means 

allows an indication of the "as pressed" density for each pellet. 

An acceptance range is set up and pellets falling outside this 

range are rejected prior to the sintering operation. Reprocessing 

a small percentage of unsintered uo2 at this point in the process 

is relatively cheap compared to the cost of grinding sintered 

pellets to size. 

In the past a considerable number of annular pellets have been 

rejected because of radial cracks which occurred in the sintering 

operation. Other pellets have been rejected because of non­

concentric internal and external diameters. The cause of both 

the cracking and the distortion in sintering has been identified 

as b~;"ing radial dec.sii ty v~iation~ in the af:i·-preooed pellet 

caused by a non-uniform fill of the die cavity. The condition 

has been corrected to a 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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General pellet integrity has been improved by the changes 

mentioned above and also by lower sintering temperatures and the 

el'imination of die lubricant additions to the powder. A sintering 

temperature os 1580°C + 10°C has produced pellets with densities 

of 95i of theoretical or higher. The elimination of die lubricant 

additions to the powde~ has reduced intern~ porosity in the sintered 

product. Die lubrication is now accomplished through the lower 

pUnch on each ejection stroke of the press. 

3.3.5 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 O.D. 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 

length of the fuel element. 

3.3.6 Fretting Corrosion Tests 

The ESH-1 prototype,element with spiral wire spacers has been 

tested for 178 hours.. A thorough· examination of this element after 

removal from the loop has revealed no evidence of fretting corrosion. 

The SH-6 prototype element was installed 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 additional 225 houro~ 

- 53 .;. 



4. 0 TASK C - MATERIALS DEVELOPMENT 

4.1 Alternate Clad Program 

4.1.1 Phase I - Literature Survey 

A topical report, '"Materials for Nuclear Superheat Applications -

A Literature SUrvey," c. N. ·spalaris; F. A. Comprelli, D. L. 

Douglass, and~. B. Reynolds,-GEAP-3815, has been issued summarizing 

the findings in Phase I. The materials literature survey was 

initiated to investigate the poss1oil1ty of d,evelopixlp; an alternate 

clad for oupcrhcat fuel applic~tionc. The effort was divided 
. . ' .· 

into four categories as follows: 

1. Oxidation behavior of alloys under.superheated steam conditions. 

2. Mechanical properties of alloys at temperature ranges of 800 

to 1400°F. 

3. Effect of neutron irradiation upon the physical properties 

of materials. 

4. Practical applications of potentially_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 i'uel 

clad applications. Three visits were made during November to 

laboratories engaged in high temperature alloy corrosion on 

· other related wurk.. No k.uuwu wu.d~. t:.x.ls Lt:~ 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 pre~ared 

metallurgically, gave satisfactory and predictable performance 

in various corrosive media when other. alloys such as 300 series 

steels yielded unsatisfactory results. 

2. 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. 
' 

3. Dispersion-strengthened, iron alloys exhibited higher stre.ss 

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 from 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 hardware. 

4. International Nickel Company is conducting an irradiation 

studies program, aimed at understanding basic mechanisms for 

deterioration in mechanical properties of alloys, such as 

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

will not begin for another six months. 

5. Recent data obtained at Oak Ridge suggested that boron content 

in Inconel is not the primary reason for loss in strength · 

upon irradiation.· This is in agreement with. the interPretation 

of available data offered by !nco. The same tests,. however, 

show a ten-foldreduction in average strain at a given rupture 

life due to irradiation. This effect.was also independent 

of the boron content. 

6. Grain size in Inconel has significant effect upon the mechanical 

properties such as elongation of rupture·life. For material 

with an 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 finer.· 

1· Both corrosion resistance and mechanical properties of Inconel 

improved upon reduction in grain size. 

8. H. J. Pessl disclosed that stress corrosion :~ests were 

conducted at Hanford3 using U bends of· 406 material .. i.n 40% 

· MgC12 (boii::lng) solution. A:t'ter tS - 7 day~:~ uf l,e::>tin.g, no 

stress marks appeared in AISI-4o6, which is in agreement with 

similar work done using other ferritic materials. (Work at 

APED with 406 is now in progress for determining its corrosion 

t:lui.L:acteristics in high temperature 1050°F Rt.P.A.m with oxy-gen 

and chloride ions present.) 

' 0 
9. Data at 1300 F show that for a given stress level, the life-~o-

- 56 -



rupture for 304 is not affected by irradiation 'lP to 4 x 1020 

nvt. On the other hand, however, the tangential strain at 

rupture decreases by about a factor of four due to irradiation, 

in many cases to values ·less than 1%. 

10. The irradiation experiments were done at ORR ~t temperatures 

of l3000f and in air. (In cases where one i:nay have i.ntergranular 

attack due to corrosion, high stresses alone may be enough to 

cause failure of fuel clad in a brittle manner. In view of 

these data, failures in SH-4B and SH-4C may be partially 

due to high stresses alone, in addition to stress corrosion 

cracking in the presence of the chloride ions.) 

During December a trip was made to Argonne National Laboratory to 

exchange information regarding corrosion of materials in oxygenated 

steam. High temperature steam corrosion tests were carri_ed ·out 

in both low oxygen and oxygenated (15-20 ppm) steam at temperatures 

up to 1250°F: The ·experiments which are primarily designed for 

proof testing are being performed in small dynamic autoclaves. 

The specimens are 60 mil coupons about 1 x l/2 :i.nch and some 

flat pl~:~.te assembly sections which were brazed with "Coast Metals 

60" material• The brazed regions and braze material itself showed 

excellent corrosion resistance in: steam. The 304 and 304L plates 

and coupons, however, ·showed erratic behavior with excessive scale 

formation 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 exposures. A 
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peculiar effect v1as observed on the brazed assembly .:which may 

be designated as an "outside-ins~de" effec.t. The outside plate, 

. presumably the same 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 prototype program for the Borax V fuel plate superheat 

section core • 

... 
Disousliion& were also hf?lt:'t with ANL pP.t"lplP. i.n regard to steam 

corrosion of AISI-406.all:oy, at 1200°F and 20 ppm of oxygen. The 

limited amotu;1t of information ag;rees with APED's preliminary data. 

The same conditiona :which produced erratic qehavior on the 304 and 

304-L samples resulted in a smooth adherent scale on 406. Samples 

to date have been stress free but future :work :will include studies 

on the effects of stress. 

4.1.2 Conclusions of the Literature Survey 

1. There is little prior experience, both industrial and 

exper~mental, upon :which to base. selection of materials for 

designing and/or fabricating components for use in nuclear 

superheat environments. A single alloy that :will perform 

satisfactorily wider all conditions in a nuclear.superheat 

environment has not been located. Instead it is believed that 

a judicious combination of materials selection and proper 

design, :with minimum inherent stresses, is ~equired to 

minimize or eliminate the problems anti.cipatetl. 

2. Based on information obtained as a result of the literature 

survey, most promising metallic alloys :which can 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 4o6 ~ and RA- 330. In addition,, 

it is considered advisable· to conduct preliminary scree.ning 

tests, under superheat conditions, on the following alloys . . . . .. . 

to study their feasibility for. nuclear superheat .applications: 

Hastelloy-N,Ni-0-Nel (modified)~ IN-1,02~ R-20~ Discaloy, and 

17-14 CuMo. Th~ useof one or more of. the above candidates 

in critical components should be preceded by a develop~ent 

program where these materials are tested in laboratory and in-

reactor experiments. 

Further qualifications as·to the general conclusions made 

above are as follows: 
• 

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

austenitic type alloy in nuclear superheat environments because 

of the possibility of failure due to localized stress corrosion 

attack. Improvement in service reliability of components 

fabricated with these alloys can be achieved by usi~g an 

alloy containing minimum 20% chromium and 20-25% nickel. · 

This alloy may be modified Type 310. 

4. It-was found that when Type 300 series austenitic alloys 

were modified to contain low nitrogen (O.Ol% or less) and low 

carbon (0.02% or less) their resistance to stress corrosion 

attack improved significantly. This can be achieved by 

suitable treatment during ingot fabrication such as vacuum 

melting or vacuum pouring. 
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5. Because the fabricability and availability of 310 stainless 

as it is stated in items 3 and 4 is not known; other more 
' . 

common types·of 300 series stainless should be considered. 

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

family should be investigated, since the fabrication, availability 

and irradiation properties of this alloy· family are better 

known than others and component design allowances are possible. 

Xn ~Y casei nit~ogen content should be kept belov 0.01% and 

carbon below o.o2!fo if 300 series austenitic type alloys are _. 

used. 

6. Incoloy should be considered for use in nuclear superheat 

components because it is the best all-around "hi'gh'' nickel alloy 

combin~ng good mechanical and fabricability properties as 

vell as tolerable corrosion resistance. In comparative tests, 

its resistance to stress corrosion attack is far better than 

regular austenitics but not as good as the high nickel alloys 

such as Inconel. Because lo~-term corrosion experience 

in oxygen containing steam is not available and irradiation 

results are non-existent for Incoloy, it is imperative than. 

steps be taken immediately to gain such information. 

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

temperature service conditions. In addition, when properly 

heat treated, Inconel gave good servlce in media known to 

induce 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 rupture~ elongation 

and low cycle fatigue properties at high temperature. 

8. Hastelloy-X should be considered because of its good 

fabricability and probably acceptable corrosion resistance. 

The high nickel content of this alloy provides good assurance 

for its use in stress-corrosion-promoting media. Exploratory 

work should be initiated immediately to determine its use and 

limitations in high tempe~ature superheat reactor applications. 

9· Ferritic type alloys, such as AISI-4o6 should be included in 

the program for immediate investigation because these combine 

low neutron cross section, adequate uniform·oxidation and 

possible stress corrosion resistance characteristics. 

10 •. Work should also be initiated f~r alloys such as Hastelloy-N, 

Ni-0-Nel, IN-102 and others which possess ~ttractive high 

temperature mechanical properties. 

11. None of the alloys recommended for consideration in Items 

2 through 10 can.be used in superheat reactors with adequate 
I 

assurance, without prior basic developmental effort aimed at 

determining the properties and limitations of these alloys 

in high temperature steam environments. 

4.1.3 Procurement of Alternate Cladding Materials 

With the exception of Type 4o6 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 arrivai by Mar~h,. 1962. Purchasing efforts 

are continuing in an attempt to obtain Type 4o6 stainless steel 

in the required geometries. The following table summarizes the 

materials which are now on hand.or which will be available by Ha.rch. 

Table 4.1 

. . ' * ApplicatiOD; (a) (b) . (c) -' (~_) (e) i!l ill 
.. 

Fabricability 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 
Strai~ Cycle Tests X X X 
ESH-1 X X X 
ESH-2 X X X 

Difficulties encountered in obtaining these materials have been. 

due mainly to a lack of interest shown by the vendors because of 

the small quantities of speciality items involved. There appears 

to be no technical difficulty which would prevent the production 

of tubing or bar in quantities required for nuclear superheat 

applications. 

4.1.4 Evaluation of 300 Series Stainless Steel Tubing 

A total of 750 feet of tubing of vtirious sizes and cold 'mrk 

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 defects with munufncturer, 

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

establish meaningful material specifications_ for 300 series stainless 

tubing. 

* (a) 
(b) 
(c) 

(d) 

Incoloy 
Inconel 
Hastelloy X 
AISI 406 

(e) Hastelloy N 
(f) RA-330 
(g) Ni-0-Nel 
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Included in the tubing tested are seven different sizes from fom· 

different manufacturers, and in three different cold work 

c.ondi tions .. Ultrasonic testing information from this tubing will 

be correlat~d with existing tube burst test data to further 

establish levels of acceptable qu~lity. 

4.1.5 Fabricability Testing for Alternate Cladding Materials 

A program was initiated to determine fabricability parameters for 

the candidate materials in support to fuel fabrication for E-SADE 

assemblies. Manufacturers of the various alloys have been contacted 

regarding available information and a welding program has been 

initiated in order .to obtain specific information with regard to 

particular problems encountered in fuel element fabrication. Weld 

specimens are being prepared to.establish integrity of welds: of 

various geometries and materials. Also included will be an · 

investigation of dissimilar metal joining consisting of the welding 

of these alloys to each other and to the reference alloy, Type 304 

stairiless steel. Corrosion behavior of welds will be tested in 

Cl-1 coupon holders. 

4.2 Strain Cycling Experiments 

1~.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 ana compressed by gas pressure 

between two fixerl con~P.nt.:r:"ic me.n\lrels: The strain range is 
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determined by the sizes of the mandrels relative to the specimen 

diameter and thickness. To date; a total ·of eleve~ specimens 

have been cycled to failure .at 1300°F using argon as the activating 

gas, using identical cycling techniques to those planned in the 

reactor runs. The direction of the strain has been reversed 

every 15 minutes, Le.·, two cycles per hour. At strain ranges 

above about one percent total ( 1 "P." i .: one-half referred to 

neutral position) specimens have been observed to deform by 

wrink.l·ing parallel to the specimen a.tis. Failure has 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 plotted 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 esti~ted 15 kpsi elastic iimit and 20 x 106 poi muuulus at 

1300°. When this series of tests is completed, the .results 

will be reported fully including estimates of strain increase 

due to wrinkling. 

4.2.2 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 
. 0 

cycle fatigue properties at 1300 F. Two main experimental 
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approaches are planned: 

.a. Determine low cycle fatigue properties of 304 where spec.imens 

are being cycled concurrently with irradiation exposure at 

• b. Determine low cycle fatigue properties of specimens cycled. 
r; ,, 

at 1300e>r 1 after irradiation exposures at 1300°F we:.r:e performed 

in static condition. 

The results obtained from the tests shOwn ~bove Will t.t:len ·oe 

compared to those obtained for non-irradiated specimens. 

The groups of samples prepared for reactor ~xposure are as follows:· 

No Heaters 

capsule #l: 2!fo specimen 
ltfo . II 

l/'2!{o· II 

1/4'{o specimen 
l/8'/o II 

l/16tfo II 

. . * 
With Heaters 

Capsule #3: 

Capsule#4: 

2!fo specimen 
1~ II 

l/2!{o II 

1/4% specimen 
1/8<fo I! 

l/16tfo " 

*Heaters needed to perform tests at 1350°F after samples have been 

irrad.iated. 

lrradiation experiments will commence with GETR cycle 30, during 

the first .week ofJanuary>. 1962. The.:i.rradiation schedule selected 

for these tests is shown in· Table ,4.2. 
. ... 
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Table 4.2 

IRRADIATION SCHEDULE 

Strain Cycle Tests 

Cycle 30 Cycle 31 Cycle 32 Cycle 33 Cycle 34 

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

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

1. Insert cap­
sule #2, and 
activate machines 
during the cycle. 

1. Insert cap­
sule #4, but do 
not. activate 
machines during 
the cycle. 

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

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

2. At end of 
cycle, shift . 
capsule #3 
to GETR canal. 

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

3· At begin­
ning of cycle, 
activate mach­
ines in capsule 
#3 in canal. 

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

2. At end of 
cycle, shift 
capsule #4 to 
GETR canal. 

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 compatibility of the 

parts to be POs~tioned 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 some rubbing on the 

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

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

inserted to determine whether vibration of the capsule qracket with 

the capsule in place is excessive. 
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Irradiation of capsule #1 is expected to start ·during the first 

week in January, 1962. 
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5.0 T!$K D ~ EXPERIMENTAL PHYSICS 

5.1 AEC Superheat Critical E.xperiments 

A topical report, GEAP-3882, "AEC Superheat Criti.cals ~ A Comparison of 

Experiment and Theory on Uniform Lattices" by G. 'r· Petersen and F. G. 

Warzek, is in the final stages of preparation. The ·following sununary 

ha~ 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 2.000 inches were utilized 

to cover a water-to-fuel volume ratio ~ange of 1.47 to 3.67. The 

actual measurements were performed at the General Electric 

Vallecitos Atomic Laboratory in two phases. 

Phase I 

1. Critical Size 

2. . (~p /J H) versus H ( p = react! vi ty, H = wate;r height) 

3. Void Coefficient 

4. Temperature Coefficient 
• 

5. Flux Distribution 

Phase II 

6. Thermal Utilization 

1· Conversion Ratio 

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

January, 1961. Phase 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 

a new and more accurate method of conversion ratio measurement, 

which was then applied to the superheat lattices. 

The results of the Phase I measurements·were compared to the 

predictions of an engineering design model that had demonstrated 

reasonable accuracy in treating BWR and PWR lattices. The resulting 

reactivity, void coefficients, and temperature coefficients are. 

given in Table 5.1. for four representative cases. It can be seen 

that relatively large discrepancies in all three parameters exit. 

This model led to reactivity overpredictions of 2 to 5 percent 

Ak/k, and to more negative void and temperature coefficients than 
:' ·, 

were measured. 

Possible areas of uncertainty in the engineering design model 

inr:-1\tdt;>d: 

L. Thermal 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-dimensional thermal 

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 Crit.icals 

Comparison of Engineering Design Model Predictions With Experiment 

Fuel Configuration 
Element Flooding of Reactivity Void coefficient Temperature Coefficient 

Pitch Coolant ( "Just Critical" Size) (Moaerator 20 c) (2~ - 40 C) 
(inches) Passages keff 10- Ak/k ~ Void 10- Ak/k c 

1.800 Unflooded . l.OOO*tl.O~** 
. 1.00 *** 

-12.7 ( - 23) . 
. (-18) 

. + 0.3 t+8:~j 

1.800 Flooded 1.000 (1.037) 5. 7 ( -10) + 1.'0 (+0.3) 
n..oooJ r;. 5] [+LO] 

1.900 Unflooded 1.000 ( 1.031) 
[0.998J 

., ·9·6 t-15) 
. -llJ 

+ 0.7 t+0.3j 
+0.8 

-..;j 
~ 

2.000 Flooded ( 1.050) 4.9 (- 1 j ( +1.1) 
1.000 + + 2.1 

[0.997] [+ 3 [+1.9] 

* Measured value. 

** Calculated value using engineering design model.· 
. . . 

*** Calculated value using modified engineering design.'modeL 



semi-empirical correction,. normalized to the reactivity error in 

one case, was introduced to modify the calculational model. The 

resulting improvement in the experiment-theory correlation is 

striking. The largest'reactivity discrepancy became 0.3 percent 

A,k/k rather than 5 percent, and both ·~he. void and temperature 

coefficient discrepancies were markedly reduced. Part of the 

reactivity agreement is a result of normalizing .the correction 

to give zero reactivity error in . the 1. 800-incn pitch'. flooded : 
' 

case, but it is quite sie;nificant that all of the oth~r 'discrep~ncies 

dropped· simultaneously and the previous trend toward larger_ error 

when the element pitch was increased or the outer coolant pass~e 

flooded, was removed. 

To confirm the corrected thermal utilization as calculated by the 

mdified engineering design model", calculations. utilizing the · 

SLO P-1 code were performed. SLO P-1 is a multi-thermal group 

code which p~rmits scattering from each-energy group to every other 

energy group, and solves the neutron transpqrt equation by the P-1 

approximation. Shortly after the SLO P-1 calculations had been 

completed, the Phase II thermal utilization measurements were 

made. Table 5.2 summarizes the results of the measurements, the 

SLO P-1 calculations, and both of' the engineering design model 

calculations. The engineering design model, however, overpredicted 

thermal utilization by as much as 4.3 percent Af/f, verifyi'ng the 

asslimption that thermal utilization was the prime e~:~.use of the 

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

capture by U-238 received .careful study. Calculations of the 

resonance escape probability utilizing the Monte Carlo code NYU-REP 

were performed .. NYU-REP ac·curately treats the _spatial capture in 

each of 55 1~esolved U-238 ·resonances. After a correction for the . 

. unresolved resonance contribution was made, the resonance escape 

probabilities as determined by Monte Carlo were compared ~o the 

predictions of the engineering design models. The agreement vTas 

excellent. The largest· discrep-ancy was only~ 0.003 AP/P or 

~ 0.03A(l-p)/(l-p), which indicates that resonance escape for 

U-238 is treated accurately by the. engineering model for this fuel 

geometry. 

Although ~he resonance escape probability for U-238 was I).Ot measured 

directly, the conversion ratio was. Since the resonance escape 

probability is directly related to the conversion ratio,.an 

indirect measurement of the resonance escape probability was made. 

The calculated and. measured conversion· .ratios were compared and 

good.agreement was attained in• all cases, with the.largest discrepancy 

only 3 percent ( A CR/ CR), which would translat.e 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 Engineering De.sign 
Pitch Fuel Models 
~inches) Configuration Measured f SLO p...:1 Model A~ ·MOdel B'*'1t 

1.800 Unflo.oded ' 0.763 ~ 0.015* 0.760 ,.o. 769 0.759 

1.800 Flooded 0.714-~ o~o15 . 0.717 0-737 0.719 

2.000 Unflooded 0.716! 0.015 0.713 0.731 0.705 . . . 
2.000 Flooded 0.667 ~ 0.015 0 .. 671 0.696 0.666 . 

* 95 percent confidence limit. 

** Model A = Engineering Design Model 

Mnnel 'R = Modified Enp;ineering Design Model 

5.2 ESADA-VESR Preliminary Critical Experiment Prograni. 

5.2.1 su:amlary 

The ESADA-VESR critical program iS' being conducted at no 

cost to the AEC. -The experimental measurements have been 

uompleted. The work during this p~:riod consisted. nf' analyzing 

data and preparation of a top~cal report. 

5. 2. 2 Compariaon of Experimental Ret:tul ts v:i,th Predictions 

Examination of measured (subcritical) reactivity for the 

flooded full core, center four rods inserted half-vay, 
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indicates that the predicted reactivity was too high by about 

1.4i Ak/k. The measured reactivity change due to flooding with 

the above rod pattern was -$1.09 at 8o0 c. The calculated value, 

however, was +$0.3, indicating a discrepancy of about $1.4 in 

predicting the cold flooding effect. This discrepancy was not 

apparent earlier since the measured value of -$1.09 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-dimensional·analysis has shown that 

the calculated flooding effect passes through a maximum when the 

central four rods are partially inserted. 

The observed reactivity disc~epancies in the critical are being 

used to "correct" the Mark I design calculations in the ~ollowing 

manner: 

1. The cold unflooded keff is lowered .0.4i Ak. 

2. The cold flooded keff is lowered 1.4i Ak. 

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

In essence, those adjustments lower the slope of the unflooded 

reactivity versus temperature curve by 0.5% Ak (c~ld to hot) 

while increasing the slope of the flooded curve by 0.5% ~k. In 

addition, all reactivities are accordingly reduced by o.4%Ak. 

Thus, the calculated temperature coefficients and cold flooding 

reactivity effect for the critical assembly are made to agree 

with measurements. 

The circumferential power scalloping (azimuthal variations in 

power around the circumference of individual fuel rods) has been 
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calculated by two-dimensional techniques. These data, together 

with axial power distributions and values of integrated power · 

for each fuel rod normalized to core average power, COmPlete 

the analytical three-dimensional synthesis of power distribution 

in the critical experiment. 

Experimental 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 (l2.rod) Worth 20°C Unflooded 

Calculated (As Iluil t) Measured 

15.1~ Ak 12.5 .:_· 0.7rf; Ak 

The·"as built" control elements for the critical were slightly 

over-size and .b.S.d. on the average 2.8% mar~ welgl!'L y~1· l!nea.r 

inch than the actual EVESR control elements. In general, it is 

concluded that the total control worth is 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 repqrt, GEAP-3779 "Corrosion of Type 304 Stainless 

·steel in Simulated Superheat Reacto.r Environments", has 

been issued summarizing the work carried out through fiscal 

·196L 

6.1.2 Chloride Stress Coriosi~n Studies 

The series of ch~oride stress corrosion tests started in 

the CL-1 facility~on September 1, 1961 bas been completed. 

The chloride in the.recirculating water was maintained at 

1.5 1 0.5 ppm with sodium chloride. The Type 304 test sheaths - . . 

were operated under stresses calculated to produce 0.1~ c~eep· 

in 1000 hours in the middle and exit superheaters. After~400 

hours of exposure the entrance superheater (Q-1) with its 

multicolored salt deposit was removed and replaced. After an 

additional 400 hours the two entrance sheaths (Q-1 and Q-2) 

were inse.rted so that the salt deposits were operating at a metal 

temperature of 1100~ and 1300°F. After an additional 400 hours 

under these conditions examination indicated that the salts had 

affected the scale formation and was causing spalling in the 

deposit areas. There was some intergran.ular attack, with some 

grains completely removed, but the greatest attack had not 

progressed more than two grains below the surface. The appli­

cation of stress caused spalling in the 1300~ areas which is not 

unusual. Descaling of the second superheater (Q-4) exposed for 
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.Xl:posure 
Time, 

Run Uo. Dates -Hours 

4o 7/2J.. - 9/'$)/fiJ . 1COO 

41-42 10/24-- l.l/20/60 950 

43-45 l.l/22 - 3/'§J/Ei 2465 

45C-46A 4/27 - 5/25/61 1000 

46B 5/29 - 6/E<J/61 500 

47 6/23 - 6/:.o/61 2Qg 

---1 48 7/1- 8/25/61 1000 
Q:J 

49 9/1 -. ·9/Z2/61 495 

49A 9/22 - 10/16/61 la-47 

49B 10/23 .. l.l/15/61. ,.33 

50 l.l/22 - 12/ 2/61 210 

50B 12/ 2 - 12/l~/61 238 

50D 12/18 - 12/31/61 242 

* Calculated Z.Ietal temperature 
** Type 34 7 S ta.inle ss Steel 

Table 6.1 

SUPERHEAT EXPOSURES IN CL-1 
(Type 3o4 Stainless Steel.) 

Heater Sheath Location 
Low Middle High 

800-900¥ 900..;1100~. 1100-1300°:1?* 

E 9 10 

P-3 P-6 P-5 

P-7 P-9 P-2 

p.,.].l p~ P-12 

P-l.l P-10 . P-23 

P-17 P-14 P-24. 

X9** X3** X33** 

Q-1 Q-4 Q-3 

Q.-2 Q.-4 Q-3 

Y-3 Q-1(Reversed) Q-2(Reversed) 

Y-4 Y-5 Y-3(Reversed) 

Y-8 Y-5 Y-3(Reversed} 

Y-2 Y-5 Y-3(Reversed} 

Special Run Conditions 

No control· of 02 a.r.d H2 gas in steam 

Normal operation 

Norcal Operation 

Bo~ Operation 

~ormal Ope~ation 

Special gas recoinbination study 

Start of alternate material study 

Start of stress chloride study -. 
:..5mna Cl.- added to recirculating water -
Lon€1tudinal stress .pl.aqed on sheaths 

Same 

Same 

Same 

Same 

Same· 



800 hours at a metal temperature of 900-1100°F, indicated 

no mater.ial change in the corrosion rate but· an increased 

loss of scale to system. 

Two failures in the CL-1 facility have occurred. which have 

been identified as stress cracking. Both o[ these failures 

occurred on stressed heater sheaths in low temperature 

regions (2000r to 250'T) 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 Surface Chloride in Time to 
Heater Loop Water Stress Level Temp·era.ture Gasket ·Failure 

Location eem J!Si op 22m . hr. 

Boiler 1.5 22,000 200-250. 5(soluble) 1491 
500(total) 

Entrance . 1.5 23»000 200-250 1280(soluble) 210 
Superheater ·12, 700(total) 

As a result of the two failures above and since it has not 

been possible to reproduce the chloride cracking at high 

temperature observed in case of ~H-4B·~nd SH-4C, the CL-1 

loop is being programmed to operate under simulated SADE 

exposure conditions. The CL-1 superhea·t facility will be 

operated with the. boilers producing steam at about 300-350°F 

and the superheaters operating with only about 1/10 .their. 

normal power load. The heaters would continue to have a 
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longitudinal stress applied and the recirculating coolant 

will contain about 1.5 ppm'chloride .. The facility will be 

cycled to result in one week of operation at normal high 

temperat~re and one week at the proposed low temperature 

for a period up to six weeks. 

6.1.3 Inspection of Stress Corrosion Samples 

Tubing stress corrosion specimens of Types 316, 347, and 406 

stainless steels aud of Ine::uluy ha.vll:! b~en t:!xpoaetl under 

stress in a simulated nuclear superheat environment shown in· 

Table 6.3. 

Table 6.3 

Steam Temperature: 1044~ 

pH: 6.5 t 0.5 

Oxygen in Steam: 29 ppm 

Chloride in Steam: <.0.02 ppm 

Flow: 438 lb/hr 

Chlorides in boiler water:. <. 0. 3 ppm 

Hydrogen in Steam: 4.57 ppm 

Chloride in boiler water during stressed beam exposui·e: 1. 5 ppm 

After exposure, samples of each of these materials were 

sectioned and examined microscopically. Re3ults of this 

inspection aresummarized in Table 6.3, which includes compar­

able data obtained with type 304 stainless. Photo~icrographs of 

the scales formed on the specimens are included in Figvres 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, f!S can be seen from the photomicrographs. The 

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

FIGURE 6.2 
TYPE 316, 400X I VIL ELLA'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 

• .. ... 
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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 I 400X, MARBLE'S ETCH 

CORROSION SCALE FORMED ON INCOLOY ALLOY IN 1000 HOURS OF 
EXPOSURE IN A SIMULATED NUCLEAR SUPERHEAT ENVIRONMENT 
UNDER CONSTANT STRESS. 
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FIGURE 6.9 
TYPE 406 , 400X, UNETCHED 

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

The lncoloy 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 

Applied Scale 
Exposure Stress Thickness 

Material Condition Hrs. psi mils Remarks 

304 s.s. Annealed 1000 21,000 1.0 Two phase uniform scale 

316 s.s. Annealed 1000 21,000 0.6 Two phase uniform scale 

347 s.s. As Rec'd 1000 21,000 0.6 Two phase uniform scale 

406 s.s. As Rec'd 1000 32,000 1.2 Two phase uniform scale 

lncoloy As Rec'd 1000 29,000 No The exposed surface was 
Visible severely cold worked due 
~r.'Al~ to TeA~ifte of rhe tuhP 

I.D. during specimen 
preparation. 

406 s.s. As Rec'd 443 26,000 0.4 Two phase uniform scale 

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 c~-1 loop 

and exposed for various lengths of time. Four coupons of each 

material were exposed. 

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

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

443 hours. At that time, one lncoloy and one RA-330 coupon were 
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removed from the beam holder, weighed and prepared for 

metallurgical examination. 

The 406 spectmens 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 bra. mg/dm2 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 

Figure 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 bas 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 
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FIGURE 6.13 
TYPE RA330 MICROSTRUCTURE AND SCALE FORMATION 

AFTER 443 HOURS (STRESSED BEAM). OXALIC ETCH . .iOOX . 

• 

0 

~ • • 

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. 4UUX 

FIGURE 6.16 
INCOLOY MICROSTRUCTURE AND SCALE FORMATION AFTER 

443 HOURS EXPOSURE . SMALL GRAINS AT SURFACE DUE 
TO HEAVY COLD WORKING (STRESSED BEAM). 

MAR3LE'S ETCH, 400X. 

- 90 -

. . 



.. 

FIGURE 6.17 
TYPE 406 SURFACE CONDITION AFTER 443 HOURS 

EXPOSURE (STRESSED BEAM) llX 

I 

- ' • 

• 

FIGURE 6.18 
TYPE 406 SCALE FORMATION AND SUBSCALE ATTACK 

AFTER 443 HOURS EXPOSURE (STRESSED BEAM) 
UNETCHED ,400X 
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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 working. 

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 additioris for this test were made to th~ bciiler 

water about 4 hours after loop startup. Since the only 

chlorides in the superheated steam are present in moisture 

carryover, it is doubtful that any moisture, and hence 

chlorides, existed beyond the first heater test unit of the 

superheater section in the 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 several materials to intergranular attack b~ 

NaCl and heavy metal chlorides as identified in the deposits 

on SADE fuel elements and CL-1 test sheaths. Unstressed 

specimens of Type 304 and 40b stainless steels, lnconel, RA330 

and ~astelloy X were exposed in air to NaCl for 1400 hours at 

llOOOf. All the alloys were subject to surface attack. Type 

406 showed the greatest surface attack while RA330 showed 

the greatest intergranular attack ("-'.009"). Type 394 was 

similarly _exposed to the chlorides of coppe~, iron, chromium 

and nickel. The CuCl2 was the most aggressive with inter­

granular. attack of 0.003". The other three salts produced an 

intergranular attack.of 0.003". The other three salts produced 

- 93 -



an .intergranular attack of 0.001". The tests are being con· 

tinued with .stressed specimens of the various materials. . . . . . . 

6.1.4 Oxygen-Hydrogen Recombination Studies 

An evaluatio-n of the data coilected relative to studying the 

recombination charac::teristi.cs 6£. the. oxygen and hydrogen to water 
. . 

at the high metal temperatures present on the sheaths under 

test has been completed. Although _basic trends were indicated 

as reported in GEAP-3778(!), the procedures are not yet adequately 

refined to juStify more quanlllallve evalu&tiona. It io plarinod 

to defer the proposed recombination study report until the 

analytical ·equipment can be rebuilt· to permit ·the accuracy 

required for such a study. 

,(!)Fitzsimmons, M.D., Pearl, W. L. Siegler, M., A Simulated Superheat 
~eactor Corrosion Facility» August 14, 1961. 

6.2 SADB Evaluations. 

6. 2.-1 Summary 

The SADE loop was not operated during October because of the 

VBWR shutdown for E-SADE equipment installation. The remainder 

of the reporting period was involved with measurements made 

during operation of SH-5A. 

6.2.2 In-Pile Evaluations on SH~5A-

The SH-5A fuel element design features, operating characteristics 

and 1rradh.tlun hblul'_t a1·e shown on Table 3.1 and 3.2. The 

SADE installation for SH-5A was modified to provide both a mass 

spectrometer tight assembly and a seal weld 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, SR-5A appeared to be releasing small amounts 

of fission gases and. radio-iodines but the data was variable 

and difficult to interpret. Unusual amounts of radio-iodine 

have appeared intermittently in both the inlet and outlet steam 

condensate samples. The most recent of these showed a 

different distribution of iodine isotopes from that in the 

reactor water and hence cannot be attributed to unexpectedly 

high reactor. water carryover. Outlet stP.ain samples have 

occasionally shown more fission gas radioactivity than inlet 

samples but not consistently. Both inlet and outlet steam 

samples have had significantly more fission gas radioactivity 

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

The carryover of .reactor water into the SADE lo.op with the in-

let steam has been measured using Na-24 tracer with the 

following results: 

l_QW_~J:: J ....MW t 

28 
26 
20 

Water Level. Ft.. 

- 0. 2 
+·0.5 
+.l.o 

· Separation Factor 
Na-24 

16,000 
5,000 
6,500 

Chlorid~ in the reactor water averaged less than 0.026 ~pm 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 

lu:Hallt!d at the SADE steam sample stat:ion. 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 measurem.ents are being in­

vestigated further. 

The unknown isotope (gamma ray= 103 Kev, t\ - 65 hours) present 

on coupons exposed to the exit steam during the SH-4C irradia­

tion has been identified as Np-239 (E- ~06 Kev, t\ = 56.3 hours). 

Identification was by chemical separation and detecti~n of the 

alpha activity of its daughter, Pu-239. Chemical separations 

also indicated the presence of measurable quantities of radio­

active cerium, barium, and zirconium deposited on~e coupons. 

Calculations of the radioactivity buildup to be expected in a 

turbine utilizing steam from a superheat reactor have been 

extended to include the possibility that a fraction of the 

activity deposited is subsequently washed from the surface. 

Measurements of the relative deposition concentrations of 

iodine isotopes un SADB coupons during the SH-4C exposure 

and of cobalt isotopes during the SH-4B exposure qualitatively 

support tJ:ds hypothesis that a portion of the deposited ·radio­

activity later leave"!~ th~ Anrface. Current data are inadequate 

to estimate the radiation levels in a superlu~al Lu1Li1,oe: after 

long exp6Stire, but do give reasuo to believe the buildup will 

not be as severe as was calculated on the basis that all radio­

activity was irreversibly deposited. 

Irradiation of SH-SA 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 

- 96 -



the loop. Any leakage of fission gases from the SADE fuel 

has been less than about 0.5 ~Uc/sec (six gases) during 

steady power operation .and could have been much smaller. 

The high background activity contributed by other leakers 

in the VBWR core prevented more· precise measurement of fission 

gas release from the SADE fuel. 

Measurements of the radio-iodine in .SADE condensate were 

refined. At 15 K~t VBWR power. the release of radio-iodines 

from the SADE fuel' was measured as b.eing approximately as 

follows: 

;l.tc/Sec 

1-134 4.x 10-3 

1-132 3 X 10-4 

1-135 5 X 10-4 

I-133 2 X 10'"4 

1-131 2 X 10-5 

Whether this very small release was from a defect or from 

s1,1rface contami.nation h<\s not been determined; 

The chloride con·centration in the reactor water averaged less 

than 0.03 ppm and had a peak of 0.16 ppm prior to December 30. 

On December 30. a peak chloride concentration 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 

7.1 SUDDDary 

Work· in Heat T·ransfer and Fluid Flow consisted of operating various 

steam superheating assemblies for heat transfer data; exposure of 

prototype fuel assemblies to superhe2ted steam atmospheres; and 

obtaining pressur~ drop·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 

Ta1ie. 7. ~,, and appears consistent with similar data obtained at 

Argonne. Difficulty has been experienced in obtaining steady 
.• 

accurate heater temperature measurements; however, a few of the 

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

7.2 Task F-2. 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 outer surface, at nominal levels of 0, 2, 

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

Four runs were obtained befort= .operations were otopped by an electrical 

short, between the clamp and support structure, at the U tt. lev~l. 

Good data ~as not obtai~ed at the 0, 7, and 10 ft. levels due ~o 

loosening of the clamps and resultant error in readout temperature, 

or an oscillatory temperature readout due to va~iation of electrical 

pickup by the couple. 

Data from the above 4 runs, at the 2 and 4 ft. ~evels,wa~ reduced with-

out refinement of flow, tube wall temperature drops and longitudinal 
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Run 
No. 

29 

30 

31 

32 

(1) 

heat flux variation, all of which would contribute approximately 5-10~ 

variation in results. The results of these runs.are tabulated below(l) 

and compared to the Argonne superheat data onTa~.7.2. 

Table 7.1 

Heat Transfer Data for 0.370 in. I.D. Tube 10 ft. Long 

' 

Test Section Exit Steam Mass (1)(2) -1/3 Reynold( 2) 
Flow Veloci~y _6 (hDJ. Pr Level-In. Pressure Temp. No.:. 6 From Inlet pd or Lb/Sec X10 1b/hr ft XlO k 

21 800 812 0. 252 1.22 1790. 0.753 
45. 1745 .718 
21 800 875 0, 255 1.23 1578 ~740 
45 1420 .703 
21 800 895 0.216 1.04 1210 .626 
45 1110 .592 
21 800 905 0.140 0.68 832 .403 
45 758 .396 

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 runs were made with a new heater. assembly similar 

to.the one abov~, except that the clamps were spring loaded. The 

springs on the clamps were spring loaded. The springs on the clamps 

'Were designed to result in a load of 4-5 lbs. holding t.he thermocouple 

against the outer heater wall. Heater temperature data was erratic, 

but a few indicative results are expected after data reduction is 

completed. 

Although the spring loaded clamps appeared to result in better thermo-

couple contact, trouble was still experienced with warping and loss of 

thermocouple contact. 
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Further analysis has indicat~d 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 ~irect contact wi~h 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 typical steam environment for prototype fuei elements. 

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

exposure and range.of conditions are tabulated below. 

Table 7.2 

Bxposure Conditions for BSADB Prototype (General Blectric 
Drawing 124F761) 

Temperature, 
Pressure, 
Flow Rate, 
Exposure '1'ime To DaLe, 

OF 
PSI 

· Lbs/Hr. 
Urs. 

Table 7.3 

Range of conditions during 
operation with 

70/)40 

~~!~~y 
55.2 

600/902 
775/1207 

O/i242 
178.5 

Exposure Conditions for Dummy Cluster (3 Wire) Element 

Temperature 
P·ressure 
Flow Rate 
Exposure Time To Date 

(l) Not Monitored 

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

0 
0 

647/836 
957/1008 
623/1165 

21.3 



7.4 Superheated Steam Pressure Drops - ESADE Element 

A total of 30 pressure drop runs have been logged' on this element· 

to date. 

Preliminary reduction of the overall pressure drop show it to be con­

sistent, within .about lOt, and varying with the.uiass flow.to the 

1.79 power; 

Overall pressure drop ranged from 9.9 p~i at 0.103 lb/sec (371 lb/hr), 

with inlet steam at 845°F and 813 psi, to 124 psi at 0.345 .lb/sec 

(1243 lb/hr) with inlet steam at 6770f and 801 psi. 

7.5 Superheated Steam Pressure Drops .. Dummy Cluster (3 Wire) Element 

Five pressure drop runs were made and preliminary reduction shows 

overall drop to be consistent in trend and within lOt. 

Overall drop varied from 4.5 psi_at 0.185 lb/.sec (666 lb/hr) with 

inlet steam at 836°F and 993 p.si, to 10.2 psi at 0.324 lb/sec (1165 lb/hr) 

with inlet steam at 660~ and 999 psL 
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8.0 TASK G - MECHANICAL DEVELOPMENT 

8. 1 Steam Separator Development 

8.1.1 Summary 

/ 

During this report period efforts were devoted to procurement and 

air-water testing of 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 and 

steam-water carryover are required. 

8.1.2 Discussion 

The full circle radial vane separator model tested during L.L..Lb 

period is made up of 36 vanes of' 130° arc of 4-inch radius mounted 

on a 10-inch diameter plenum. The van_es 11re mounted on the plenum 

to provide 18 active pairs alternating with_l8 inactive pairs 

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

· 18uhigh are provided. ·These ·nozzles can be restricted in height 

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

of 36) and the restriction ot' nozZle l'ie1ght a.r~ L't=CJ.ull.··ed to :tneurc 

design liquid and gas velocities at the flow papab111ties of the 

test loops. 

~he model as tested is equipped with three different diameter 

shrouds. These shrouds perform the function of the reactor. 

veaacl vo.ll in that Lhe ve.u~ d.i~r:hA.rgc ctreame impinp;e on thA Rhrnuc'l 

to form a downcomer vortex. The three shrouds used allowed an 

annular downcomer space between the vane ends and the shroud of 

1-!", 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 sat~sfacto:ry. With the 2" annular gap the model operated 

with'a 6" high inlet nozzle at 760,000 ~b/hr_of water and 2,170 

lb/~r of air with a resulting carryunder void fraction of less than 

o.o2% and no water overflow at the top of- the vanes. 

8.1.3, Test Program 

8.1.3.1 Air-Water Testing 

B~sed on the results described above, a transparent plastic 

shroud to give a 2" annulus has been designed and is 

presently being fabricated. This shroud will allow visual 

and photograJ!lhic study of the vortex format~on on the wall~ 

Pitot tubes in th:i,s shroud will be used to determine the 

. flow profile in the annulus. The_ profile . data will be used 

in analytical studies of the separator. 

8 .1. 3. 2 -Steam-Water Testing 

8.2 Seal Deve~opment 

After the above air-water testing, the model wit~ steel 

shroud will be _run on steam-water mixtures in the Moss 

Landing loop. In these runs, carryunder will be measured 

as a check on the air-water, steam-water carryunder 

correlation that has previously been observed. Carryover 

data_will also be obtained because the air-water testing 

gives no correlation with steam-water-on carryover. 

8.2.1 Leak Test of Superheat Seal 

During October the autoclave test facility to measure seal leak 

.rates was set _up._ 
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In November six test rUris were conducted in ~he leak test facility. 

A summary of the average leakage rates is given below: · 

The superheat seal performed· satisfactorily for one position in the 

test capsule, (Runs 1-3). The seal didn't perform as well for two 

other positions, (Runs 4-6). The summary below .shows that the 

maximum leak rate Of 2.2 lb/hr from Sa::turated water to saturated 

steam and 8.3 lb/hr from saturated steam to superheated. steam was 

~XCt!t!Ut!u .only during Run l1 .• 

Average Leak Rates 
., 

·1 2 4 _5_ 6 

Sat. Steam Leak Rate (lb/hr) 0.0 0~0 0.0 2.38· 1.10 0.79 

Superheated Steam ( lb/hr) 0.58 0.4 o.o 8.51 1·30 6.33 

8.2.2 Leak Test of Superheat Seal 

The leak tests showed that the sea1 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 
' 
madel and another seal was being fabricated for testing in the 

mnd.ifted 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 

0 placed in a furnace maintained a.t a temperature of 8oo-84o F. 

The test was terminated on December 18, 1961. None of the 

specimens subjected to io,ooo psi and 15,000 psi bending stress 
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failed during the test. Visual examination·of ·Ghe test specimens 

showed that some surface co~rosion had occurred. No conclusions 

regarding intergranular corrosion or cracking can be made until 

the metallurgical examination is' completed. 
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9 o 0 TASK H - SADE AND E- SADE 

9.1 SADE 

9ol.l Summary 

The SADE irradiation during this reporting period was limited to 

SH-5A since the VBWR reactor was down from October 5 +-o October 

31 for E-SADE installation. Tables 3.1 and 3.2 provide a complete 

summary of SADE fuel irrad.iations. 

9.1.2 SH-4C Irradiation 

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

when steam samples indicated that ·the ele!!lent was adding oignific~ni;. 

radioactivity to the steam, pro'bab1y r.~.·uul a dn.dd.ing d.gfer:-t. 'T'hP. 

element "'as forwarded. to RML for examination. RML results are 

reported in Seetion 3.2.2. 

• 

9.1.3.1 SH-5A FaciHty Preparation 

Because of the concer~n about chloride stress corrosion of 

the s-ea.inle~l:l ::; Leel ciadding w.fiJ.eh. h~~-: l11:~t::u eu)ploycd on te~t 
~ . --~.-

superhe9.t fuel elements J including SH- 5A, the installati ?n 

of this element was carefully evaluated to. determine the 

significance of leakage of reactor water into the test sec.tioij. 

It was d.ecided thaL Lhe l~altc.gc chould bf> hAl n to as ),ow a 

Value as J:'U::;bible for toot of t.h.iR f'nP.l elemep,t to determine 

if optimum conditionsi with regard. to chloride contwni.ua.tion, 

would result in failure of the cladding. The internal 

seal.curfaces werP. c.arefully reworked and lapped to assure 

minimum internal leakage o 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, ~ube bundle assembly showed a total gas 

leakage of this assembly of 0.12 cu. in. per minute of air at a 

pressure differential of 10 psig. If reactor water vrith chlorides 

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 deposit on the 

element would be 0.366 x 1.0-2 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 fiange and tube bundle, by a power driven soft wire 

brush. 

2. Hand lapping of the seal surfaces starting with coarse diamond 

dust and then progre9sively finer grit and emery paper using 

lapping plates specifically made for the work. 

3· Careful cleanir~ to remove all traces of abrasive. 

4. Remachining and/ or hand grinding of the flange seati_ng · 

surfaces to preserve the original dimensional relationships 

between the seal surfaces and the seating surfaces. 

The seals were lapped sufficiently to remove all traces of the 

indentations and machining marks. The final surface produced was 

essentially a "mirror" finish estimated to be less than 6 microinches 

RMS and flat within .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 plated with approximately 0.0005 thickness 

pure gold to assist in providing a leak tight seal. 

Because of the critical significance·wuich will be attached to 

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

the fuel element cladding~ it was 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.· oince it 

vTOl.tld t.hep. be necessary to cut the prucess tube in order to remove 

the installation from the reactor. However,_ leakage through 

this flange has increased significantly on some past installations 

during the irra~iation period. Although the lapped seals of this 

assembly for SH-5A have achieved a satisfactorily tight assembly, 

the decision was made to seal weld the flange to assure maintenance 

of satisfactory leak tightness throughout the test period. Since 

no equipment was available to cut the assembly after it is welded 

and irradiated, the assembly was not installed at the start o:t' 

the fuel cycle runs to permit time to obtatn sui·table 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 completed. 

This cutter was Lested on a dummy assembly. A close fitting 

collar was made to fit directly under the cutter section to 

minimize distortion to the process tube and possible damage to the 

fuel section during cutting. The test was successful and seemed 

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 installed in 

the SADE loop and irradiation of the element started on 

November 13. Pressure test of the in-core assembly, 

prio~ to installation. in the reactor, showed essentially 

zero leakage. 

9.1.3.2 SH-5A Operatins Conditions 

·The fuel element de~ign.was changed to provide a pre-heat 

section for-the incoming steam to he~p assure that dry 

steam is in contact with the fuel element. This has been 

accomplished by. removing the thermal liner in the upper 

"hardware" sect~on of the fuel element, per:nitting 

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 

power operation of the element. The heat transfer is 

sufficient to dry about 4~ moisture in the inlet steam 

at normal power. Table 9.1 lists the design operating 

conditions for this element and is based upon dry steam 

entering the heater sec~ion of the fuel element. These 

values are based upon an estimated power 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 
·Inlet temperature - fuel section - °F 
Maximum steam temperature - fuel exit - °F 
Maximum.steam temperature- heater exit- °F 0 . 
Maximum clad temperature - F 

545 
575 
857 
803 

1,200 
Maximum heat flux - Btu/hr-ft2 

Maximum fuel temperature - °F 
Minimum steam flow r·ate - lb/hr 

289,000 
2,770 
1,1130 
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Figure 9.1 shows the final design o'f the SH-5A fuel 

element. Figure 9.2 gives·the process tube design employed 

with this element. (The G-3 assembly was employed with. 

SH-5A.) Figure 9·3 gives the power plot for this element. 

Irradiation of superheat fuel element SH-5A continued 

through the end of this report period. Superheat discharge 

·temperatures above 800°F~ corresponding to clad temperatures 

. 0 . 
from .1100 to 1200 F; were :maintained for a considerable 

portio~ of the operating period. Some eViden~~ uf a 

slight defect in the fuel cladding .has been obtained from 

steam samples and from the SADE r8.diation monitor, but 

the 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 po~er for this element of' 2.79 KW for each one 

MW reactor power •. This is an average of a mnnber of 

'different data sets which were ~mployed to minimize 

uncertainties in reactor power level in these calculations. 

9.1.3.3 SH-5A Operating Data 

Operation of this element, up to January 1 3 1962~ has 

been as follows: 

Superheat Discharge Temp. 

800°F and higher 
725~ to 8oo°F 
Belm•. 725°F 
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Hours of Operation 

175 
'310 
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 :pP.r ton ancl Lht: heat generation has been ]8.9 MW hours 

thermal. 

Reactor Power HzO Level, Ft. 

28 - 0.2 

26 

20 + 1.0 

15 0 

21 

25 - O.J 

Separation Factor 
Reactor Water 
Inlet Steam 

Na-24 Iodine 

16,000 

ca. 5,000 

6,500 

1,500 

yuo 

1,400 

The difference in the measurements using iodine as a 

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

ization of iodine from the reactor or to partial deposition 

or droplets in the steam or Ga.mplcr 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 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 lo-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. 

9.1.4.2 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, and variation in the value assumed for this 

conductance causes sizeable changes in the plot. The 

value selected for thermal conductivity of the uo2 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 

clement have been finalized u.pou Lhl:::s .1!UW~1· ~::; LlmaLe. 

Figure 9. l1 gi vco o. plot of otco.m flow and otcnm. exit 

temperature for various element powers with inside gap 

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

Physics calculations tor the power of the NUSU boiling­

superheat fuel element indicated that this ele~ent will 

produce 105 KW at 36 MW reactor power. Design calculations 

have been completed for t:'lis element at 90 KW and at 102 KW 

and a set of curves has been prepared, based upt')n linear 

interpolation, to provide alarm and scram set points for 

a range of element powers from 90 KW to 105 J<W. 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, 

uo2 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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Fuel element power 
Predicted reactor power 

scale is based upon the predicted 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 
Steam pressure 
Active fuel length 
Outer clad, dutside diameter 
Outer clad thickness 
Outer clad material 
Inner clad, outside diameter 
Inner clad thickness 
Inner clad material 
Outer steam supply tube, outside 

diameter 
Water flow tube, outside diameter 
Water flow tube thickness 
Fuel (uo2) ~ theoretical density 
Total fuel loading (uo2 ) 
Inside clad-to-fuel contact 

coefficient 
OutsidE' clad .. to-fuel contact 

coefficient 
Axial peaking factor 
Linear radial flux depression 

factor 
Thermal conductivity (U02) 

3-5~ u235 
1000 psia 
34.5" 
1.50" 
0.028" 
347 s.s. 
1.072 ... 
0.025" 
Inconel X 

o.814'i 
2.00 
0.049" 
95~ 
4.25 kg 

150 Btu/hr-ft2-~ 

1000 Btu/hr-ft2-°F 
1.58 

1.10 
1.0 Btu/hr-ft2- (°F/ft) 

Maximum clad temperature (STEADY) 
Maximum superheat exit temperature 

765°F 

102 KW 
35 MW 
l200°F 

761°F (STEADY) 
Maximum steam side heat flux 

(STEADY) 175,000 Btu/hr-ft2 

- 119 -

201,000 



steam side heat fhtx (STEADY) 
. 2 

348,000 Max. 311,000 Btu/hr-ft 
Min. steam flow rate (STEADY) 490 lbs/hr 570 1bs/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 

819°F (TRANSIENT*) 807°F 
Max. steam side heat flux (TRANSIENT*) 16~,000 Btu/hr-rt2 195,000 
Max. water side heat flux (TRANSIENT*) 315,000 Btu/hr-ft2 352,000 
Min. steam flow rate (TRANSIENT*) 4oo lbs/hr · 480 lbs/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 
data; extended operation will be in accordance with the limits for steady 
conditions. 

FIS-1101 

TE-1102 
(TRS-1102) 

'T'\<:-11 03 
(TRS-1103) 

TE-1101 
(TRS-1101) 

TIS-1103 

FCV-1112 

Set points for 36 MW reactor power (105 KW NUSU power) 

are given in Table 9.3. 

Table 9·3 

Steam flow indicator 

Superheat temperature, 
fuel exit* 

RupP.rhP.A.t t.P.mpP.rA.t.urP., 
fuel exit* 

Superheat temperature, 
reactor outlet 

Superheat temperature, 
reactor outlet 

Throttle valve by-pass 

Alarm Sc:r-a.m 
530 lbs/hr 470 lbs/hr 

875°F 819°F 

7R5~ R19°F 

655 675 

655 675 

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·element. installed were prePa.red ·and incorporated with 

· the VBWR operating instructions. · Operating personnel were 

indoctrinat~d in the design features of the installation, 

and in the changes in the·SADE system to accommodate this 

eleinent. 

Because the outside of the NUSU element functions as a 

boiling wa~er element in the VBWR core, the standard 

operating procedure for new boiling water elements in the 

VBWR core are to be ·observed during the test program for 

this element. This procedure requires visual inspection 

of the element after operating at a heat flux of 250,000 

Btu/hr-ft~, and after this inspection for increases.in 

power of the reactor to be in 250;000 Btu/hr-ft2 step 

increases in heat flux of.the new element,.with one-half 

bour or longer operation at each point before further 

power 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. 

1. Start the reactor and the NUSU test in accordance with 

the operating instructions prepared for the SADE loop 

with the NUSU ruel element installed. Increase reactor 

power and pressure in ac.cordance with these operating 

instructions until normal reactor operating pressure 

is reached. 
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2. Reactor power may be incre.ased as .desired up to a 

maximum of 25 MW. The water-side h~at flux of .the .NUSU 
\ 

.element· is·250,00.0· Btu/hr-ft2 at this, power and reactor 

power may not .. be increased above 25 MW uqtil 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 rate as low as practical to o'ht.A.in A.s high a 
,.· 

superhef.\t t:~t.e~ teti1J:Ierature as possible. Hold reactor 

power and steam flow for a min:l.u of 1 hou;·at this 
.. ' 

setting, and untii all SADE operating conditions are 
..... :•· 

stabilized. Read and record all SADE data. Increase 

. steam flow in the, SADE . loop. by lOi from the above 

setting, let operating conditions stabilize, and repeat 

readings of all SADE data. 

Reactor operati~n at or .below 25 MW may be continued 

M n.M1,rerl, unt.il the reacto;r is shut. down to permit 

inspection of .. the NUSU f~el element. 

3· Shut down and depressurize the reactor to pennit 

inspec:ti~n..of the water: side of the NUSU ~lement as 

required in SG-VAL 2. To accomplish this insepction, 

do not disconnect the in-core assembly and tube bundle 

from the refueling port flange. Lift the refueling 

port and in-core assembly as a unit With the crane, 

raising the fuel element above the reactor channels 

enough to_permit inspection of the outside surface 

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

If no serious damage is evident, replace element in 

chmu1~1, reassembly refueling port flange, steam piping, 

and thermocouple connections, and resume reactor 

operations. 

. ' 
' 

4. After reactor operation is resumed and normal reactor 

pressUre is reached, reactor power may be increase~ 
.· : . . .. .. . 

in compliance with Section 5.5.9, step 5 of SG~VAL 2. 
' ' 

The ini~ial step-wise power increase is to 27.5 MW, 
: ,\. ·. • -. l ·• . . . 

which 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 
. . 

SAD"E steam flow set tt> the practi_cal minimum (near 

s~e~ flow al~_setting for FIS-1101) ~o 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 the 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. 

5. After maximum reaptor power has been reached, SADE 

steam.flow is to be controlled, within the practical 
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limits of the low steam flow scram trip, to maintain 

steam outlet temperature as close to design temperature 

(750 t~ 760 F) as possible for the maximum operating 

time. 

6. Because of the configuration of the NUSU fuel element; 

an accurate estimate of the total NUSU element power 

from steam flow and temperature measurement is not 

possible. A moderate change in the value assu:aied for 

the 1ndde clad gap conductivity. (wtth:l.n the range of 

expected values for this factor) causes an appreciable 

change in the steam-side power level. The most 

accurate figure for the power of this element is 

obtained from the reactor core physics calculations 

which predict 105 KW for NUSU at 36 MW reactor power. 

For reactor powers other than 36 Mw~ the NUSU power 

may be taken as a direct proportio~ of the 10~ KW 

calculated for 36 MW operation. 

9.1.5 SH~l Irradiation 

Initial design information for the test program of SH-1 defected 

element test was given in the Eighth Quarterly Progress Report, 

GEAP-3'185, 

New operating conditions for operation of the defected element 

SH-1 have 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 a revised axial flux distribution. The instrument tube 
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diameter was reduced from l/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 70 KW is expected at a reactor power of 33 MW, based on 

latest physics core estimates.) 

Table 9.4 

Fuel enrichment 
Fuel (U02) ~ theoretical density 
Fuel conductivity 
Radial flux depression 
Axial peaking 
Steam pressure 
Outer clad: 

o.n. 
Thickness 
Material (weld-drawn tubing) 

Inner clad: 
O.D. 
Thickness 
Material (weld-drawn tubing 

Active fuel length 
Instrument tube, O.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 fluw .r·aLe 

LOW FLOW TRANSIENT 
Power 
Maximum clad temperature 
Maximum superheat exit temperature 
Maximum heat flux 
Maximum fuel temperature 
Minimum steam flow rate 

2.3i ~35 
95% 
1.1 Btu/hr-ft-~ 
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-°F 
150 Btu/hr-ft2-°F 

70 KW 
1200~ 
795°F 
264,500 Btu/hr-ft

2 

2960°F 
1120 lb/hr 

70 KW 
1300°F 
835°F 
263,600 Btu/hr-ft2 

3o60°F 
975 lb/hr 

Plots of steam flow versus superheat exit temperature at various 

power levels are given in Figure 9.8. A plot of steam temperature 

and cladding temperature versus fuel element position for the 
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steady-state design condition is given in Figure 9.9. Figure 

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 about the adequacy of the loop to handle radioactive 

discharges for routine tests of such defected elements had been 

expressed. Additional information about test program 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. 

9.1.6 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 eomplete. 

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 KVl at a reactor power of 36 MW. Table 9. 5 gives design 

conditions for Go ~V uuL~ut for this clement. 
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Table 9·5 

Operating Conditions 

Povrer 
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 ratlo 
Number of rods 
Number of spiral '·Tire spacers 
(Fuel (UO~) % theoretical density 
Axial pe~ing factor 
Radial peaking factor 
Contact coefficient, fuel-to-clad 
UO conductivity 
To~al fuel loading (calculated) 
Inlet steam temperature 
Maximum 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*) 

~~9% ~35 
1000 psia 
36" 
5/16" 
.020" 
304 L and 304 s.s. 
5/16" 
.051" 
1.25" 
.035" 
.010" 
1.1e 
6 
12 
95% 
1.58 
1.10 
500 Btu/hr-ft2-oF 
1.10 Btu/(hr-ft2)(°F/ft) 
2.~ Kg 
560 F 
1200°F 
913°F 
241,000 Btu/hr-ft2 

833 lbs/hr 
2960'7 
1300°F 

981°F 2 
241,000 Btu/hr-ft 
713 t/hr 
3o60 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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Tn.ble 9 .6 

Alarm and Scram Settings for SH-6 
Alarm Scram 

FIS-1101 Steam flow indicator 750 lbs/hr ~bs/hr 

TE-1102 
(TRS-1102) 

Superheat tempe~ature,* 
fuel exit 

TE-1103 
(TRS-1103) 

Superheat temperature,* 
fuel exit 

TE-1101 
(TRS-1101) 

Superheat temperature, 
reactor outlet 

TE-1103 

FCV-1112 

Superheat temperature, 
reactor outlet 

Throttle valve bypass Set to close in l 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 op~n for 1 hour 
after scram) was arrived at from an analysis that predicted a peak clad 
temperature of 1400~ for the case of no steam flow one hour arter 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 

e~uipment which will be used in the E-SADE system, and for control 

room work which must be done after deliverJ 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 initially 
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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 60i completed. Of the 

remaining work, approximately 15~ cannot be completed until the 

SADE system is removed. 

'l'he steam sa.mpline system was revised to incorporate a steam inlet 

sample station. The inlet thermocouple has been changed to a 

l/16 inch diameter, and the inlet thermocouple guide tube was 

changed to permit a sample to be drawn directly from the fuel 

bundle inlet plenum. 

Drawipgs of the instrument and control panels 1 including inter-

son1;1ect.ion d.ia.grams, have been completed. fabrication 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-

~va.J ua.M.nn r>f th~ Aign;i f:i.c.ance r>f l eakage 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 du~lex seal such that any seal leakase will be diverted past the 
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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 wil~ 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 cooling period is required with this arrangement 

to limit 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. 

9.2.3 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 col:"e 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. 
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Results of this analysis are shown in Figures 9.17 - 9.35. A power 

p~ofile is presented for the inside and outside surface for each of 

the nine assemblies in ESH-1. ~n 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 Lormalize the two surface 

powers, the following normalization factors are presented: 

Enrichment 

6 
8 

10 

~ower-inside surface 
Power-outside surface 

These values were obtained from transport theory predictions of 

the flux depression across the fuel annuli. 

As expected, the peak 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 RVP.rRgP 

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. 

9.2.4 E-SADE 8pecial Haudliug E~ulpw~nt 

Design of the special equipment required for handling of the 

E-SADE fuel assembly, to lift the assembly from the fuel channel 

and to transfer the assembly from the NE refueling port to the 
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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 lift and lower the fuel bundle assembly. The 

total weight of the assembly of about 150 lbs. 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. 

9.2.5 E-SADE Safeguards 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 approval has been that the loop can 

be operated as planned. 
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10. 0 TASK J - MIXED SPECTRUM SUPERHEATER DESIGN STUDY 

10.1 Prototype Design 

The primary effort during thfs reporting period was spent in 

accumulating the design, performance, and cost information on the 

75 MWe MSSR prototype. This information will be presented in a· 

conceptual design report now under preparation. This report will 

be issued on February 25, 1962. Table lo'.l summarizes the essential 

features of' the plant with the details left to be. published in the 

design report. 

· · Table 1() .1 

SUlJDilary of 7.5 MWe lofSSR Reactor Data 

General 

Gross MWe 

Therui&l. MW 

Steam flow (lb/hr) 

Vessel inside diameter (ft) 

Vessel inside height ( ft ). 

Boiling Water Core . 

Core flow (.lb/hr) 

Inlet subcooling - based on l'{ti · 
carryunder (Btu/lb) 

Pressure (psia) 

Cycle 

Lattice 

No. of assemblies - Thermal core 
- Thermal buffer 

Effective active fuel length (in) 

Equivalent core diaro.eter . (in). 
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75 

570,000 

. 11 

6 10.7 - 10 

Natural 

D 

128 
16 

80 

92.~9 

;: .. 



Circumscribed core diameter (in) 

Overall core power density(kw/1) 

Heat transfer area (ft2) 

Superheat Core . 

Inlet temperature ( 0~) 

Outlet temperature (°F) 

outlet pressure (psia) 

Lattice - close packed, triangular array 

No. of assemblies - Fast ~n:rf! 

- l''ast core . control 
- Fast buffer 

No. of rods per assembly - Fast core 

Rod outside diameter (in) 

·clad thickness (in) 

Pitch to diameter ratio 

- Fast core 
control 

- Fast buffer 

Fast core dimensions {fueled region) 

Control elements 

Overall core power density {kw/1) 

Maximum heat flux (Btu/hr-ft2) 

Hot ohaonel aver~ge velocity (FPS) 

MaximUm. clad surface temperature ( °F) 

101.4 

20.4. 

6340 

545 

950 

925 

Rods 

hO 
4 
32 

52 

42 
26 in each of 28 
42 in each of 4 

0.438 

0.030 

1.05 ' 

31.!." X 31.!.!t X 30 11 high . 2 2 

4 fuel bundles in fast core 
8 c·ouplin{5 control blades 
between superheater & boiler 

386;ooo 

151 

1230 

Maximum fuel temperature based on 
K "" 1. 3 ( °F) l~ 320 
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10.2 Safety-Core Meltdown Studies 

During this reporting period, the detailed equations were formulated 

for analyzing the possible consequences of a fast core meltdown. ~ 

description of the. proposed method of analysis (FARM I)is included 

in Section 10.3. 

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

being utilized in the AEC Fast. Ceramic Reactor Program where similar 

· analysis is required. In particular, the specifications for the melt-- . 

down accident analysis developed under the MSSR program w~ll be used 

as the basis for a computer program ~eveloped 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 expected that a detailed description of the analytical 

method will be published in topical report fo~. 

~0.3 Test Reactor Meltdown Excursions and Resultant Energy Releases (FARM I) 

10.3.1 Introduction 

The following contains extracts from the FARM I analytical 

method which describes a problem setup for the determination 

of the reactor transients ~d 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. 
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As set up, the problem solution provides a continuous monitoring 

of the reactor transients from the original homogeneous state, 

through the melting and compaction states to an eventual sub­

critical condition. Cottpled nucle~, inertia and· energy 

equations provide a basis for the problem solution. 

10.3.2 Problem 

In evaluating the hazards associated with a fast power reactor 

accident le.adirig to meltdown, one should have ·some knowledge 

of the energy released during the accident'transient. The 

problem being set up for computer solution in this report 

represents a continuous evaluation of the foll·owing "accident 

transient steps": 

. A. Steady state operation of reactor. 

-B. Sudden loss of coolant with or without control transients. 

C. Resultant heating up of fuel·· elements. 

D. Melting and l'edistl~ibutiou of nuclear materials. 

E. Nuclear excursion resulting from material redistribution. 

F. Shutdown of the excursion as a result of a subsequent 

RUh-r.r:f.t.i.r.al rP.di.st.r1.hut.:f nn of mat.P.r:f.a.1 s. 

Evaluation ot·the above transient steps results in a knowledge 

(within the limitations imposed by the approximations used in 

solving the problem) of the energy release history during the 

accident transient. 

lO.j.4 Problem-Approximation 

The approximations used in describing the accident transient 

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

assumed to be approximated by a homogeneous sphere. 

B. The transient nuclear characteristics are followed for the 

homogenized sphere utilizing the transient diffusion 

equation1 considering both delayed neutrons and·doppler. 

c. The temperature transients are followed assuming no 

conduction2 or radiation. 

D. 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 filling in the 

existing voids (flow area between fuel elements). 

E. · In the center mol ten 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 and 

equation.of state are also assumed to hold. In these 

calculations, the nuclear cross-sections and the diffusion 

coefficient are modified to account for the time dependent 

changes .in density. 

F. The process described in steps A through E above, continues 

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

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

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

3. Provision will be made in the progr~ to provide arbitrary 
.force causing the material to compact. 
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At any point in time during the "problem solution steps", 

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

10. 3. 5 Equations· 

The equations required to describe the "problem solution steps" 

were set up assuming spherical symmetry and using Lagrangean 
. . 

coordinates (i.e., a particle is followed in Lagrangean 

coordinates as opposed to looking at 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 (doppler) can be shown as 

follows: 

where Q, the heat generation, has replaced the usual 

neutron flux and density terms. 

The delayed neutron equation is of. the form: 

aC l. 5" ·Q - \ C 
dt = + ,U.~f L.~"' A 

(2) 

10.3.5.2 Conservation of Momentum 

The conservation of momentum equation has the form: 

.(3) 
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The appropriate equation of state has the farm: 

· (3a) 

where the coefficients are described in Section 10.3.5.7 

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

momentum equation result: 

1. Liquid phase with V/vr< ~-1.0 

Jr ~~t~ :. - Va /R )'I.. { A )T + ·I'~ + ~} ( 4a) 
u . (r I r Jr Jr d'r 

2. Liquid phase with V/v~ < 1.0 

i :t>· -V.(f)1ff~J7:- ~; ( 2 "< +-<;THvjff_ + }V] . (4b) 

· 3. Vapor :phase 

; ;~ ~- v~/gr~f~['+ o.7/2~Vco/7(.J'j g -!""r Jv +·d.!!:} c4c) 
· fi9ll R•r (r/ iJr I(• (lr Jft 

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/VR. ~ \.o 

,cVL !I.+-(~+Yv+j)4.J~ = vo-rvJ.vzr 
Jt Jc 

(5a) 

2. Liquid phase 1.dth V/V.e <J.o 

(5b) 

3. Vapor phase 

(5c) 
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4. Solid (original) phase 

(5d) 

10.3.5.4 Conservation of Mass 

J:,o 

The conservation of mass equation has the form: 

(6) 

Pseudo-viscous Pressure - (i) * 
During a violent excursion a shock wave will move 

t.hrnue;h . t.hP. r..nnf'i gtlrA.t.i on. In, ·f>rt:ler t.o 1;\J:lrF:'M th€' 

shock front out over a large area for numerical cal-

culations, a pseudo-viscous pressure term is introduced 

which obeys the following equations and ranges of 

applicability: 

·I dV · 
I - <'0 

;)t' (7) 

... ,, ';. 
tr cz.- ~o 

Jt 
Melting 

It is assumed that mel tirig occurs at constant tempera-

ture (T ) •. During the constant temPerature process m 

heat is being added as a result of the nuclear 

characteristics described by (1) and (2). (5) is not 

utilized during the melting process since 

Once that an amount of heat equal to the heat equal 

to the heat of i'usion Q ~ Z. Q . . h~ been added ( ,.. .f•) 
F ..l~m ~ 

the material is assumed to have completed the melting 

process. 

* See Reference in Bibliography. 
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10.3.5.7 Vaporization 

It is assumed that once the molten material has 

exceeded its critical temperatur~ (Tc) that·~.traiisi:­

tion has been made from the liquid (molten) p~ase to· 

the vapor phase. In addition, when the liquid phase 

pressure exceeds the value (2): 

(8) 

(liquid saturation line) a transition takes place between 

the liquid and vapor phases. This transition is approxi~ 

mated during a discrete time interval by ~ heat addi-

tion at constant temperature. The heat addition at 

constant temperature, as a result of the coupled 

equations (1), (4), and (2) yields a new pres~ure 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 ). 

(8a) 

time interval can be represented by the equation: 

n ,-yf.,J. 
z._ 4'.; 

.f=·tr J -x /OO (9) 

Ov 
n 

where ~ is the heat of vaporization and Qj represents 

heat added during the discrete time interval. 
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The inCremental vaporization process described above 

is shown· schematically in Figure 10.1. 

L~ 
T 

h~uR~ 10./ 

10 • .3.5·7 Equation of State 

The equation of sta1e for the. liquid and vapor phases 

is assumed to have the form (2), (3), (4), (5): 

where n = 0 for the vapor phase 

n" 0. for the liquid phase when Y~~~ l.O 

n = 2 for· the liquid. pb.ase w~n '1VR < 1.0 

Coefficients of (10) for the liquid phase have the 

form (3): 

1- c'i2 7i 
o(a ·-­

")::''7" ' '· 
- 174 -
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Coeffici~nts of (10) for the vapor phase have the 

form (2 ): 

c<= '(=o 
R'*" . 

where 

From thermodynamics we have the relationship: 

where tj and C. are constants. 

Integrating (13) we obtain: 

From the second law of thermodynamics we have: 

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

obtain for a constant entropy process:. 

y 

!rv) =j [~" +- o~" + ~JdY . Yo v~-~ Jl,_, , .. 
For the .liquid phase with ~~ :I! /.o (16) becomes 
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For the liquid phase with "l'V~ ...::::.}.0 (16) becomes: 

/(v) 
"l. 

- - Q( ~ -r r ~ , In v r- j v t- &),~t (lTo) 

For the vapor phase (16) becomes: 

lrv) = 
(17c) 

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

energy equation: 

(18) 

yields (5) of Section rv-c above •. 

10.3.5.8 Transient Nodes 

In the numerical approximation of the coupled, spher-

icnlly symmetric, set of equations, the ·space coordi-

nates will be divided into a series of radial 
/ 

intP.rvals or nodes. Each node repre&ent& a &pher:l.cal. 

segment of thickness Ll r . Each spherical s~gment will 

be represented by an average temperature, specific 

volume, pressure, heat generation, delayed neutron 

density and pseudo•viscous pressure. Once that a 

node (spheric.al iegment) ha& reached the llWltins 

temperature and had heat equal to the heat of fusion 

added, that node is considered to be in the liquid 

phase. The molten node makes a transition from the 

original homogeneous state to a center molten sphere, 

either immediately, or (through a time dela:y option) 

at a specified time after melting has occurred. This 
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transition is made either under the force of ~ free 

. fa~Ll accelerat~o:ri (the gravitational constant being 

specified) or,. (und.er 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 mad~ with the center 

mol ten sphere·. Once that contact has been made the 

node .acts under the influence of the coupled momentum 

equation. 

Equations relating the transient node to the coupled 

equation coordinate system are: 

1. Transient Node.Radius 

(19a) 

where tm is the time of melting and tn a point in 

time after melting. 

2. Transient Node Radius with Options 

a. Constant velocity option 

b. Time delay option 

(19b) 

(tn-t~) in (l9a) and ( 19b) are replaced with: 

t.,_ (tj f t~~) 

/?::: Ro 

3, Transient Node Gap 

~ th > tj'r' f ti'Dr 

/,y t "'::: c':( .f t ~r 
. (j d 

The value of the difference between the inside 

- 177 -

(19c) 



diameter of the transie~t node and the outside 

diameter of the center sphere can be calculated 

from the following relationships: 

a. Acceleration node 

( 19a) holds for both ( 20a) ano: ( 20b ) 

h. Eg,uation ·of State 

The tranoient node specific·volume for the gap 

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

( 20a) · 

(20b) 

will be determined from the· ambient pressure (~rr!b .• ) 

and th~ equation of state for a liquid with 

(lOa) 

5· Velocity 

The transient no~e velocity at any point in time tn 

after melting has the value: 
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a. Acceleration node 

(20d) 

b. Constant velocity option 

(20e) 

c. Time delay option 

(20d) changes to 

~ = 9.{ f."- (t~ t- t~')'] 
Jt- 0 . 7 . 1 

.. (20f) 

"JR. -- -() 
rlt 

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: 

(20g) 

10.3.5.9 Center Sphere Nodes 

A transient node compacts. to .fill the vqid or flow areas. 

The specific volume (V) of the transient node is 

determined by (lOa). The change between a transient 

node and the center sphere node takes place when the 

gap (20a) . "~. <:. .....::: ~~ - _,LlWI • 
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• ./.:. I? .: 
'11 

. ' . 
The velocity for the transient node meeting the condi-

tions 4~ ~ <:Z is given by (2od) at t,ime tn when the 
; . "''""' 

gap limit G_ is reached. -r,,"" . 

Node number 1 (the innermost node) in making a transi-

tion toward the center of the sphere has a gap check 

the rorm: 

(20h) 

for the normal node. The co~stant yelocity option has 

the form: 

(20hh) 

Modification of (20h) and (20hh) ·for the time delay 

option is described in· Section 10.3.5.8 ab6ve. 

10.3.5.10 Total Energy 

l. H.e§+\. >i!UW-9-t!S 

The total heat generated from time t = o to ·t N 

has the form: 

tJ 
QT z. Q," 

';, 

= 
(20i) 

n~ 1 
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where 

and 

2. Kinetic Energy 

The total kinetic energy present at the end of 
n time interval t is: 

10.3.5.11 Variable Cross-Sections 

1. The absorEtion cross-section 
I 

(22) and (32) has· the form:· · ·. 

where A . and Bj are input quanti ties. . J 

• 

(20ij) 

(20k) 

(201) 

2. Doppler cross-section ~-in (22) and (32) 
'f)J 

has the form: 

I 

E i . r F,· /1) 7j"­
- 181 -
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where (,.., 'La m) 

- _Jr --Lo . 
. ~-a 

and b represents the cc:>ef~icient in the Doppler 
. ·\.' 

coeff~.c1.erit P.qua.tion . ~k. ~ -lr · (k ia the 

J;eacti vi ty) • 
/.:-AT T 

10.-3.5·~2 .. Outer Gap Check .. 

When an overlap exists between the inside diameter or 

the lowest numbered node not yet melted (j = x) and 
1 1 • · 

the outside di'ameter of.·node j. = x-1 the normal mode 

of operation will be to stop the ~roblem. An option 

•..rill asst.Une that all. non-nl.elted nod.e~~::ar:ei.,gov~rned · .. 

:; by the conservation. pf momentwn _equa:f:;:i.on .• · The follow-
~ ,. ' • ' • • .r • • • "' • ,, 

ing equations hold for ct;h~ opt~on •. ·: · 

1. (34a) with 

~ .:: ):!_ ( I - c;( -r;~ ) 
):'T 

. . 

(5 ; ~~/ (20q) 

r=--~ . 
. "k'; Vt! . . . . I. 

,.,here)<' is.~ input constant~ 
' 

~. (33a) with (20q) and ~vs replacing ~v'- • 
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~ . 

3. ( 32), ( 26), ( 27), ( 35) , ( 36), and ( 37) 

No hode checks.will'be necessary on nodes 

x, _x + 1, • • • , J for equation ·of state considera-

tiona (i.e. no check of ·% J 71>1 or liquid satura-
. . . . . ~ 

. :~ 

. ; .. 

tion line evaluation). Initial conditions for 

option: 

;)R 1~ .. Jt . ::.o 

v 17 '=- . II_". . 
t "J 

for all: nodes x, x + 1:, • • • , J. 

Boundary .. condi:tions for :the. option 

~ . 
for all time • 

· .. 
~e . .Puter gap check equation has the form: 
• ··. . . ·, ·.. t ·. 

and the option limits are: 

{j .· > u~ 
lJ#t.1 )t 

(20r) 

(20s) 

(20t) 

10.3.6 Initi~ and BounaSry Conditions 

10. 3. 6 .1 Initial Conditions. 

1. Nuclear Equations (1) and (2) - Initial conditions 

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 ; 

configuration. 

2. Energy Equation (5) - Initial conditions for (5) 

will be derived from the reactor operating point 

just prior to the excursion. Values of·v, Q, T and 

R will be given fru· each node· o~ the configuration. 

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

will be derived from the conditions 

n 
and Qj of t~e ~ransient node at the point in ~ime 

when the gap 6 #7 c. "'- for a transient node. 
"~J' - "'1tu,. , 

4. Pseudo-viscous Pressure (7) - InitiallY j "! C.c:) 

J 
for all molten npdes. 

10.3,6.2 Boundary Conditions 

1. Nuclear Equations (1) and (2) 

at tne outer diameter of the 

initial homogenized sphere. M is a constant 

prescribed in the input. Also 

RJ+l = l/2(3RJ .. RJ .. 1 ), qJ+l = o, VJ+l = o, 

b. Symmetry about the sphe~ical coordinate origin 

.... 



2. Energy Equations (5) - In the form of (5) with 

V' 2.r = o (i.e., no heat conduction) the only -

boundary condition required for (5) is symmetry 

3. Momentum Equations ( 4) 

a. Symmetry about the origin Q = QL 1 T = T, 
0 ~ 0 1 

b. The outermost center molten sphere node specific 

volume is determined from the equation of state 

for the liquid and the ~pecif~ambient pressure 

famb. (eqn. :(lOa) ) ._ 

Also TD+l = 1/2 (3~ - ~-1), VD+l = o, 

qD+l = o, ~+l = 1/2 (JRn-Hn-1 ), where the 

subscript D rep~esents the outermost node of 

the center molten sphere. 

4. Pseudo-viscous Pressure (7) 

a. _Symmetry about the origin ~ = q1, R
0 

= -R1• 

b. 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 Absorp~ion coefficient constants 
. . 

c Delayed neutrons Neutrons/in3 (Neutrons/Cm3)* 

cv Specific heat ·at constant volume Btu/~0R (Cal/kgm-°K) 

c Speed of sound in/sec. (em/sec) 

D Diffusion coefficient in. (em) 

e Internal Energy Btu/# (Cal/kgm) 

G · Limiting inner gap . in. (em) 

g Acceleration constant m/sec2 (em/sec2
)· 

H Gene;ation shutdown limit Btu/in3-sec (Cal/Cm3-sec) 

I Compaction velocity in/sec. (em/sec) 

K Kinetic energy in. # (kgm Cm) 

k Thermal ~onductivi.ty Btu/in-~-sec (Cal/em-°K-sec.) 

M. Boundary heat generation rate . Btu/in3-sec (Cal/Cm3-sec) 

p Pressure #/in2 (kgm/em2) 

Q Heat generation rate Btu/in3-sec (Cal/em3~sec): 

q Pseudo-yiscous pressure #/in2 (kgm/em2) 

r Fixed radial coordinate in. (em) 

R Moving radial coordinate in. (Cm) 

R* Universal gas constant·R* = RA ~ where E = ~~ 

s Entropy Btu/#-~ ( Cal/kf!;A-°K) 

<;m-~1_oK),~ =.molecular 
gm m . 1··, ' 

'l' TetnJ?erat~e ~ ("'c) 

t Time sec. 

U Outer gap limit . in. (em) 

v Mean neutron velocity in/sec (em/sec) 

V Specific volume in3/# (cm3/kgm) 

we c;r-luo 

0 * kgm., em, Cal, K, sec. units may be used throughout with the proper designation 
of )I( ' ,a, ' and II ~ - 186 -



w Wetght J (kgm) 

X,Y,Z Option numbers 

ex,~, "( Equation of state coefficients 

5(. Coefficient of thermal expansion for liquid phase in/ in-~ (em/em-°K) 

\l Del operator 

'k7- Isothermal compressibility in 
2

/ # ( em2 
/kf!JA) 

;\ Deca,y constant 

~ Multiplication coefficient 

f, c Specific heat constants 

~ Macroscopic cros6-section in-1 (em-1 ) 

. -14 _235 
,II, Conversion factor (2. 75 x 10 · for u- ) Btu/fission 

. 2 2 
)f( Gravitational constant ( 386) in/ sec ( 98o. 7 em/ sec ) 

}( Compressibility modification constant n.d. 

(6.93 x l0-12 Cal/f .for 
u235). 

5I Equivalent energy constant (1.072 x 10-4) Btu/in-# (0.0266 Cal/Cm-kf!JA) 

Subscripts: Superscripts: 

a Absorption m Melting time index 

amb. Ambient n Time index 

c Critical DT Time dela,y period 

D Doppler 

DN Delayed Neutron 

f Fission 

j Space interval 

J Total nodes 

Lim Coefficient limit 

L Liquid phase 

0 Initial phase 

R Refe;rence S Solid Phase T Total v Vapor phase 
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10.4 Critical Facility Design 

During.this reporting period, the conceptual design of the.Mixed 

Spectrum Critical Facility was initiated for the purposes of cqst 

estimating and preliminary hazards reviews. The proposed design 

has b~en reviewed by the Vallecitos Safeguard Council. A description 

of the facility and hazards evaluation follows: 

10.5 Mixed Spectrum Sup~rheater Criti~a:l Experiment Preliminary Hazards 

Evaluation 

10.5.1 Description of the Core 

The. Mixed Spectrum Superheater reactor will conl'list of a 

two region core. The inner region will be made up of uo2 

fuel enriched to approximately 20~ in U-235 and clad with 

stainless steel. The volume fraction of uo2 will be approxi­

mately 50~. The outer region will be made ~p. of a conventional 

boiler des~gn utilizing 3~ enriched uo2 fuel, stainless steel 

clad, moderated with light water. 

The 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 10.1 are the fast buffer region and the 

thermal buffer region which are included to prevent peaks 

at the fast-thermal interface. These regions will ·b.e included 

in the critical experiment core. 
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The critical experiment (MSSCE) wil], operate at less than 

200 watts and will not be pressurized. 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 (rather than resting 

·on a solid support plate) so that falling objects cannot 

compress the core and so that melting 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 from the reactor. 

A cone directly under the cor~ prevents reassembly on impact. 

Sketches of the proposed equipment are attached. 

Control of the fast core is by·motion of six fuel bundles in 

and out of the bo.ttom of the fast core ( 4 safety - 2 control). 

The thermal core is regulated by water height and/or control 

rods. Proce~ures and interlocks will require going crit~cal 

on fast core control rods after water is in thermal core. 

Detailed loading and operating procedures will be reviewed 

by VALSG prior to operation of the facility. 

The rast core can and thermal core can will be separated by 

a small air gap so that water cannot leak into fast region. 
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FIGURE 10.3 CORE CROSS SECTION OF PROPOSED MSSR CRITICAL 
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FIGURE 10.4 SCHEMATIC DIAGRAM OF FAST CORE FUEL ELEMENT FOR 
MSSR CRITICAL EXPERIMEHT. . 
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10.5.2 Differences Between the New Core and the Old Core 

The differences between the hazards associated with the 

Mixed Spectrum Superheater core and the previously run cores 

are due to the presence of a fast region in the center of 

the core. This region is not cooled, it has a 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 

a 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 boiling; the clad 

integrity was maintained; and the reactor, if not completely 

~hut down after the excursion, could operate indefinitely 

in the boiling condition, self-controlled and at a relatively 

low power, 

For the new core there is no moderator in the fast region; 

hence, the ultimate shutdown is disassembly of the core, 

although clad integrity ia maintained. Because 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 reactivity effects in 

that region have only a small effect on the over-all reactivity 
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of the core. It follows that if excess reactivity is 

added to the thermal region the reactor will shut down like 

a water moderated reactor. If, however, excess reactivity 

is added to the fast region the boi~ing of the water in the 

thermal region cannot be.relied upon to shut down the reactor. 

This memorandum deals only with reactivity additions to the 

fast region. 

10.5.3 Excursion Types 

Nuclear excursions are caused by reactivity addition. The 

discussion of maximum credible accidents 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 

power level of the reactor. At very low initial power levels 

the statistical assembly accident become~. possible. This 

refers to an accident which can occur with a small metal 

assembly which hao a very small inherent source of neutrons. 

In such a reactor a large amount of reactivity can be added 

during the time in which no neutrons happen to be present. 

'l'he sourc.e of n.~u.trona in a. small faat a.aaemoly due to 

spontaneous fission of U-238 and U-235 is about 10-3 of the 

source present in the Mixed Spectrum Superheater critical 

core. Therefore the time required to establish a persistent 

chain 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 be~inning of neutron multiplication has been 

observed to be as long as a few seconds. This means that 

the statistical lag between reactivity addition and the 

fol~owing of this by the neutron flux will be of the order 

of a few milliseconds 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 the reactor will remain at a.very low power level 

for some time after the initiation of the ramp. By the 

time the power reaches a level high enough to heat the fuel 

the reactivity may exceed prompt critical. The maximum 

pow~r of the resulting excursion is limited by the prompt 

negative fuel temperature coefficient, i.e., the Doppler 

effect. 

Accidents which are caused by· a very rapid ramp, i.e., a 

step increase in reactivity, can be tolerated if only a 

limited amount of reactivi~y can be inserted. The amount 

which can be safely inserted is approximately equal to the 

maximum reactivi_ty which results fr.om the fastest permissible 

ra.Dl}?. For the Mixed Spectrum Superheater this amount is 

likely to be specified as a limitation on experimental 

apparatus such that only $1.00 can be credibly inserted rapidly. 

- 195 -



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 

have been investigated with the T.ER code to determine the 

history of the power during excursions. For these calcu-

lations the Doppler coefficient at room temperature was 

assumed to be 10 x 10-n k./°C a.ml 1/T u.~J:lE:LlUE:i!l!~ of DuJ:lpler· 

The only shutdown mechanism assumed in the calculation is 

the Doppler effect. Actually, the reactor will shut down 

by disassembly of the core due to melting of a U-235 metal 

pin in each fuel bundle. Part of the core will fall thereby 

decreasing reactivity. Approximately 0.1 ~econd after 

melting the fuel pin is required for 2 inches of motion, 

at whicb point the reactivity decrease becomes significant. 

The· three rtw.IJ:l :r:a.LtH:i 1 whlch wt:I"t:. liiVes tiga.ted, al'e • 0), 1, 

and '10 $ per second. The Table below summarizes the results 

of the T.ER problems. 

Tempera. ture Temperature 
'l'1m.e to u.u.:s seconds 0.1 seconds 

Ramp Rate 5000F after 500°F S,fter 500°F 
.05 $/sec 20.5 sec 530°F 6oo°F 

1 $/seo 1.2 seo 12000!" l500'-'F 
10 $/sec .16 sec 120000F 160000F 

The 10 $/sec accident is included for completeness but is not 

considered credible. 
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e. 

We ce.n see from the above Table that there is not a great 

difference between the temperature at .03 seconds and at 

.1 seconds so that spring loading to obtain an acceleration 

of 10 g would not significantly increase the safety of the 

reactor. 

The vaporization temperature is the upper limit to the safe 

temperature of the fuel. Above that temperature an explosion 

is possible. For U02 the vaporization temperature is approxi-. 

mately 5700oF. Hence, we estimate that, for a Doppler coef­

ficient of 10 x 10~6 k/°C, a ramp of. approximately 6$/sec 

would not cause an explosion.· For some experimental core 

loadings, .the Doppler· coefficient at room temperature may be 

as low as 5 x lo-6 k/°C; then, a ramp of approxima:te.ly 2$/sec 

would not cause an ~xplosion. It is expected that, in the 

AEC License Application Amendment, the maximum .credible accident 

will have a ramp rate of 0.5 $/sec and the minimum negative 

calcu~ated value of the Doppler coefficient at room tempera­

ture will be 5 x lC) ~6 k/0 c . 

10.5.5 Maximum Credible Accident 

The credioility of rapid insertion of reactivity·depends 

on consideration of the mechanisms of reactivity addition 

in. light of the proposed design. 

Large rates 9f reactivity addition require large velocities. 

These velocities can conceivably arise from falling objects. 

Heavy equipmen.t falling on the core from heights greater 
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than about 10 ft. could cause rapid compression for a core 

supported from below; however, the Mixed Spectrum ·superheater ' 

core has no bottom support. The fuel will be hung from an 

upper grid sheet. The possibility of the entire core falling 

intact on a flat surface and compressing is not considered 

to be credible because of concrete cone under the core. 

O~ject~ 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 

intact. Fuel elements will be loaded fro~ below and inserted 

with a mechanical lift due to their heavy weight (about 

100 lbs.). Maximum ramp is limited by the me chan~. cal 

limitation of the lift. 

Because of the core design the conventional fast reactor 

meltdown accident in which a small accident melts the core 

which flows into a supercritical configuration is not 

considered credible. 

Falling water can enter the fast core only by leakin~ 

arowld tht! gulut:: _plns 1u the upper grid sheet. '!'he 

resulting ramp is small. 

The assumption is ma·de that a core can be designed Which 

cannot be jammed. Clearances will be large enough to allow 

for all plausible warpages and distortions. The ~oading 
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machine will be driven by a torque limited motor. Several 

tentative designs have been suggested which appear to satisfy 

the requirements. However, the_ final design will be' justi-

fied before the VALSG. 

All intentional reactivity addition such as fuel loading, 

control rod loading, etc., can be mechanically limited to less 

than 0.1 $/sec. 

Consideration of several plausible sequences of events has 

led to the following Maximum Credible Accident: 

1. By violation of procedUre, the fast core has been 

changed unknowingly to be near critical in the 

shutdown condition. 

2. As water is pumped into the thermal core for a standard 

start up, the reactor goes critical (not possible 

without violation of procedures). The thermal 

buffer is worth about $10 over a 20 em region of the 

fast core. The water fill rate is 1.1 em/sec. This 

amounts to a ramp of 0.5 $/sec. 

3· It is assumed that period ~nd power level scrams 

fail, but that the water pump continues adding water. 

4. The resulting accident is less severe than the 

calculated accident of $1.0/sec ramp in the above 

Table. In that accident, reactor reached $1.16 

reactivity when appreciable heating began. Doppler 

limited the fast rise in temperature to l2000F at· 
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1.2 sec after reactor became critical. The U-235 

fuses melted and released the fuel bundles at about 

1.2 seconds. The accident is terminated by falling 

fuel about 0.1 seconds later, by which time the fuel 

temperature has risen to 1500°F. 

5· The accident size is ap~roximately 1000 MWS. 

6. There.is no explosion. 

7· The fuel clad does not melt (MP 2500Dr). Fission 

product :celease is limited to that of the melted 

·fuses (amounting to less than 0.3r{o of the U-235 in 

the core). The small amount of fission product 

contamination is contained. in cell. by standard 

particulate filter with the exception of the inert 

gases and iodine. The dispersed fission products 

in the cell amount to abo.ut one curie after one week. 

8. The'U-235 fuse pins are at .the mid-plane of the core. 

In this relatively :t'as't accident, t.he heat generated 

in the pins by fission does,not have time to dissipate 

and the temperature of the pins is related to the 

temperat:ure of the oxide. fuel simply be the respective 

tm.dd.iiuent.s and heat capo.eitico, Whc~ the fuel 

rco.chce 5000F, the pins rea9h the mel t.;Lng tPm:pP:rA.t.nrP. 

of uranium metal. 

10.5.6 Conclusions 

This discussion considers only those aspects of the MSSR 

hazavds which may be different from existing hazards in the 

Critical Experiment Facility. The primary 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 

generated by the accident. Further, there is no steady 

state operating level comparable to the boiling condition. 

To circumvent this detail, the MSSCE is fused so that the 

core drops after reaching the fuse temperature to terminate 

an excursion. As in our other cores, the accident size is 

limited by Doppler coefficient. Our analysis indicates that 

for the range of accidents 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 Superheater Critical Experiments can be 

safely done in the VAL Critical Experiment Facility. 
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