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FOREWORD

This is the twelfth of a series of reports covering tech- -
nical progress on the research and development program being
performed in connection with the design of the Pathfinder Atomic

Power Plant. This plant will be located at a site near Sioux .
Falls, South Dakota and is scheduled for operation in June |962.
Owners and operators of the pIanT will be The Northern Sfafes

Power Company of Minneapolis, Minnesota.

: The U.S. Atomic Energy Commission, through Contract

No. AT(11-1)-583, with Northern States Power Company, .and ‘
Central Utilities Atomic Power AssocnaTes*(CUAPA), are sponsors. f‘
of . the research and.development program.

Al lis=Chalmers Manufacfurnng Company of Mllwaukee, Wisconsin,’
under contract with Northern States Power Company, is performlng
the research development, and design; and will construct the
plant including the reactor, which is designated the Controlled
Recirculation Boiling Reactor (CRBR) with Nuclear Superheater.
Pioneer Service and Engineering Company of Chicago, |llinois
is providing the architect-engineer services to Allis-Chalmers.
Portions of the R & D program, particularly in connection with
fuel development, have been subcontracted by Allis-Chalmers.

Conceptual engineering and component research and development
is well under way at Allis-Chalmers Greendale Laboratories.
Erection of @ number of major experimental facilities, which
will provide important design data, has been completed. A
Critical Expernmen+ Facility was constructed and |s now in
operation.

*CUAPA Member Cempanies:

Central Electric and Gas Company . Northern States Power Company
Interstate Power Company . Northwestern Public Service Co.
lowa Power and Light Company , Oftter-Tail Power Company

lowa South Utilities Company . St. Joseph Light and Power Co.
Madison Gas and Electric Company Wisconsin Public Service Corp.

Xi




DESIGN DATA

CRBﬁ WITH NUCLEAR SUPERHEATER

Plant

Power, boiler region.....cceevvenn. et essataresiasnes ;.3.,.,...l57 200 kwf
Power, superheater region......... setesenenn e e e s eraae e .42,400 kw
Steam flow at rated POWEr ...eveerreerereesesooensenennoonas 6I6 125 lbs/hr:
Total core power...... S e s etse et ias e e enseneennns ereae e 199,600 kw -
Gross elecfricalicapabili?y..;..-...a..........;....,{.{.;...;..66 000 kw
Net electrical output............. eeeeeeas ceereniveenneis i 62,000 kw
Net efficiency.eeerereeeneninnnnnnss e eetesaeas e Ceene 31.0 per.cent
Steam outlet pressure...... ereseneen et e e gttt 535 psig:
Reactor operating pressure........ [ e esereer e 600.psig ~
Temperature, boiler Fregion...eveieeeeneeeiveseennens ;.;.,a..f..;.;..489 F
Outlet temperature, superheater region.......ceveeeuevnnaerecnenns ..825 F
Gross heat rate.....ccevvevunnnsn heasaceraane et 10,199 Btu/ky-hr
Reactor building size........ Ceeieieieaan weeeeeiesh...50 £ dia .x 120 ft

- Reactor

Vessel size (overall)..... e heeseeaneae eeesll T 6700 0. d 36 ft l in’
Total core dimensions........... cenees R ETXRTRERREE u....;.6 ft x 6 ft

. Dimensions of superheater region....veceeiveenceeecesons .6 ft x 30 in
Fuel, boiler (Zr clad)..... Ceevarenen ,...approx 2.2 per: cenT enriched U02
Fuel, superheater (S.S. clad)...c.o.e.....approx.. 93 per cent enriched UOp
Fuel, loading, boiler (U=235).....00... S ~..,...|45 6 kg
Fue!l, loading, superheater (U=235).....c.ctiiiuiirinnninnenrinnnnnnin 42 kg -
Power density (boiler core coolant ) ... re et ninnnnenonse 87 kw/liter
Average heat flux, boiler region......... breereeeeein.. 128,000 Btu/hr=f12
‘Average heat flux, superheater region......cciveeeeeeces 77,800 Btu/hr-ft
Maximum heat flux, boiler region......... eeaes cevees..462,000 Btu/hr-ft2
Maximum heat flux, superheafer reglon..........., ...... 245,OOO'B+u/hr-f+2
Recirculation rate...eeeeeseieieienriennnonronanas Cereeeaeens .60,000 -gpm
Recirculation pump POWer .. ovviiiiiaL [N e ineeeeaeas . 7947 Kkw
Neutron fluX..veees'von.. e et eananaean v...@pprox. 5 x IO|3 n/cmz—sec

Xii



1.

FUEL ELEMENT RESEARCH AND DEVELOPMENT



[.| FUEL MATERIAL CLAODING, BONDING, AND IRRADIATION TESTING

The objectives of this project are as follows: 1) to perform’
investigations and experimental work regarding fuel compacts, cladding.
materials, processes for bonding, welding and sealing of fuel compacts -
leading to the development of improved and reliable fuel elements: for
the Pathfinder reactor; and 2) fo-determine the feasibility and N
practicability of manufacturing b0|ler and superheaTer fuel accordlng -
to conceptual design specifications. :

Lol CLADDING

I.l.l,ll STeam-Corrosion-Erosion Test of Stainless Steels. "Deécribfibn

of Test Loop. A schema*nc of The equ1pmen+ and fIU|d flow for “the- sfeam

corrosnon-erosnon tFest was .shown in The last quarTerly report. ! .Super-4 
heated steam at 850_psig_and 710 F passes through a confrol[ed column.
 of WaTer in the loop to reach saturation at 600 pSig and 489 f}
--The saTQraTed steam passes doanahd over three sambﬁe sTaTions, B
.'Thé pr station contains a nest of three concentric.tubes each 6f a
differénf stainless steel grade. The bottom station ¢6n+ainé‘é
radioactive spécimen of type 3i6 stainless steel. The middie sfafiqh .
coﬁfaiﬁs a‘duplfcafe-ofvfhe bottom specimen excepf.fha+ if‘is not 1
radioactive, The method .in which the radiocactive specimen is mounted =
within the test section is shown in Figure 1.1, 1
Spécimens~in the top and middle's+afion:gre Qsed to compare
corrosion-erosion resistance of various grades.of stainless sfeel'by

conventional weight measurements and electrolytic stripping ftechniques.

. "Pathfinder Atomic Power Plant, Technical Progress Report, April:
1960 = June 1960", Fig. 1.5, Allis=Chalmers Report No. ACNP-6007,
‘QOctober .15, 1960. o
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Figure |.] Test section con-
taining radioactive sample.
(A-C Dwg. 43-024-345)

These results are compared with
Thése ob;aiged by ;aaiéacfive
+racek‘je¢hniques, which are used
for the irradiated specimen.

Out of consideration for the

radioactive hazards involved,

various safety devices are included

in the test set-up. The particle
trap downstream .from the filter is
a safety precaution to.catch any
large radioactive particle that
may accidentally be dislodged from
the radioactivé sample and pierce
the filter. Two fiber glass filters
are used in series to check:-filter
efficiency for radioactive parti-
cles. A differential pressure
switch is installed across the
filters to close off the steam
supply should the pressure drop

indicate -filter break=through.

Excessive pressure in. the filter

vessel also closes off the steam supply. The sump in the purifier is

monitored continuously and the presence of activity shuts down the

. loop.~



Calibration. A.I-in o.d. by.4=3/4~in long piece of type 316 stain-
“less sTegi tubing was irradiated at Argonne National Laboratory to
2.6 x 109 nvt. A I/4—inxlohg-secfion’from the same tube was irra-
diated at the same Tihe. |

The short section‘was placed in the lucite drilling fixTure;
‘shown in Figure |.2: 'Pieces of drillings from the section were then
weighed on a microbalanceand placed between 3/8-in thick by'2—in
dia. aluminum disks. [ndividual pieces of drillings were placed
in prick-punch impressions in disks and cover disks were cemented

in place. The periphery of the disks were then sealed with tape.

DRILL - .
NEOPRENE
A GASKET
%-- : -—%—— TWO SECTIONS
GLUED TOGETHER
]
- .
7 RADI OACT I VE
| _— SPECIMEN
"]

- — —3

BOLT, 4 REQD.

SECTION "A-A"
‘ _L_’ I|All
Figure 1.2 Drflling fixture for preparing calibration standards

for superheater corrosion-erosion test. (A-C Dwg. 43-024-347).




.~ Aluminum was selected as the disk material since it has essen-
tially the same density as, the melted fiber glass filter material in
which the radioactive corrosion-erosion products will be embedded after
the filter }s reduced.

A gross gamma count was made of each standard specimen and the
results are plotted in Figure i1.3. Using this data, the gross weight
of stainless steel corrosion product collected by the filters can
be estimated.

A plot of the gamma spectrum for each standard sample is also
being.prepared. By comparing the gamma spectrum of the corrosion~-
erosion products with the spectra of the various standards, an es-

timate of the selective retention or release of various nuclides can

be made.
IO7
. .'. L
w - -
ES 6 -,/’
Z 0=
> £
. o g /
Figure |.3 Count o K
as a function of a ]
weight of radio- Y
active sample. =5
(A-C Dwg. 43-024- £ 10
342). ' O
@)
4
10
0 I 2 3 4 5 6 7 8 9 10
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1.1.2 |RRADIATION STUDIES

1.1.2.1 Capsule jrradiation Jests.: Summary. A summary of results

of irradiation tests of aluminum clad fuel is given in Table |.1I.
Since visual examination of Capsule 2 and 3 showed sufficient damage
to make further Irradiation inadvisable, Capsule | was removed before
the scheduled 15,000-MWD/T burnup. A post-irradiation examination

is being made and will be completed shortly. A complete analysis

of .data will be presented in the next quarterly report. Results

thus far are given In the following paragraphs.

Visual Pog}-lrraﬁiafion gxamlngfiénAof Fuel Specimens. Vlisual
éxamlna+i6n.of fuel speéimenﬁ in-CapsuIe 2 revealed the following.
The 6-percent enriched épecimen had a combination longlitudinal

b}

crack and bulge iﬁ fﬁe clad ﬁifh a deposit of crud around the bulige.

Table |.l Capsule lrradiation Test Results

Capsu]e heﬁoval T "Esfiméfed Max i mum Estimated
Number- _ | Date .-: | .. Maximum Clad -1 Burn-up
Heat Flux Jemperature
(BTU/hr-£14). (F) .| (MWD/T)
A July 25, 1960 - 500,000- 525 12,000
2 . May 16,1960 -. | - 500,000 500 8,900
3 - June 20, 1960 . | - - 700,000 800 10,300




- (The crud deposit probably resulted from NaK bleed-out from the crack

whi le léaching the NaK with alcohol.) A small longitudinal crack

was found fn‘fhe clad of the 7-percent enriched specimen. A local

reaction took place at points.where a thermocouple tip Hadfbeen

in contact wifh_The clad. " The result was a depressed area in the clad

at the point of contact. : ‘ -
Visual examination of the fuel specimens in Capsule 3 revealed

the following."The fission gas space in the 6~ and 7-percent

enriched specimens had collapsed. The surface of the aluminum ciad

had been attacked by the.NaK at the high temperatures and showed

considerable corrosion and some loss ff aluminum metal. The thermo-

coup le contact po%nfs appei:ed as depféssed areas in Thé cradding and

one fiﬁ had comp letely ;enefrafed the cladding wall.

Visual examination of fuel specimens in Capsule | showed no

defects. The specimens were in very good condition.

Gamma Scan. Gamma scans were made of all fuel specimens before sec-
Tioﬁihg. The scans indicated the presence of crégks, gaps, fuel
redisfribufion, and changes in fuel Iepgfh. The scan indicated

gaps from O.OBOuTQ 0.650 in. between fdel-peliefs in Capsule | and

2. The scan indicated gross cracking of fuel within Capsule 3 so that
pellet boundaries éould not be dlsfinggished; The results of the
gamma'scén will be verified or discounted by physical measurgmenfs,

which will be made during the next quarter.



Seéfiqning;_-A Iong§+gdinal section of the 7-per cent specimen”ih‘

Capsule 3, which experienced +he higheST temperature, showed no
center Void; but considerable gréih growfh was observed. Appro-
priate samples are being polished for microanalysis andimicrophpfo—

graphsi The results witll be'avéilable hexT quartek.?:f3"‘



1.2 HEAT TRANSFER AND FLUID FLOW

The ob jectives of this. project are as follows: 1) to experi-
mentally determine the actual heat transfer and fluid flow character-
istics of the boiler fuel elements so as to establish and improve
. performance under conditions of high velocity two-phase flow; and:

2) to experimentally determine . the actual heat transfer and fluid
flow characteristics of the high enrichment superheater fuel elements.

12,1 HEAT TRANSFER LOOP

A 4507kw mofor-generafor sef was installed and Tesfedidﬁder
'loéd. The set performed satisfactorily and was used forféll'%ests‘v
cpnducféd in the heat transfer Ioop'duriﬁg the quahféf. | |

| A schemafi;'diagraonf“THé heat transfer loop is shown in
‘Figure I.4:. A‘Iow~fIdw recirculafionApump was receiVéd4and insfalléd
auring The quérTer. fhis pump is operating satisfactorily. A;hewl
seal | wés'inSTéllea'iﬁ:The.high;fiow recirculafioﬁ pump. 'Thi$‘pump
- has éihce operafeq frequenfly at 615 psia saturated without fai]ure{
The4éémenf base for the motor, geafbox, and ISOOQKW-Unipolar generators ..
wa§ rebui It to eliminate vfbfaTion. THe motor and gearb&x were

installed.

1.2.2 BOILER FUEL ELEMENT

1.2.2.1 10-8-6-Pin Test Section. Four tests, Whiéh~required a total -
of 80 hr, were cohduéf@d on the IO-8-6~pin TesT~seCTibn. These tests

are described in the following paragraphs.
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Figufe |.4 Schematic of heéf frénsfef.jbop. (A-C Dwg.'43;400-935).
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,Calibrafion of thermocoup les. ThéAwaTér thermocoup les were calibrated v |
by comparing them against saturation temperatures at various loop
temperatures. The thermocoup les were found to be accurate within the

specified limits of + 0.75 per cent.

Calibrafibh of Orifice in Low-F low Recircdlgiion Loop. The low-flow
loop orifice wés calibrated by using a weigh tank, and values were then
compared with those obtained with the Gentile flow meter. The orifice

. /
gave values 2 per cent higher than the flow meter.



'HeafggaJance Tests.: A heat balance test was conducted and resul+s -

'showha consisrenT 9 to |1 per cent loss of heat from the fes+ section,

Thfs was not accepfable and no meThod of accounting for or: correcfung 5

this loss could be found AII the - loop 1ns+rumen+a+|on perTalnlng '

to the heat balance was rechecked and-no-wnaccuracJes wer'e found._~*

_Iso+herma|.PressurefDrop”Tesfs. Data from The isoThermaI'pressure— S

drop fests were comparedeITh‘daTa taken the previous qdarTer,
Results were 5 per cent lower than previous'experimenfal dafa,.and o

15 per cent lower than calculated values.

'Conclusions The unaccepfable heaf balance, change fn pressure:drop;
and |nd|ca+|ons of an elecfrucal 1nsula+|on break-down prompted a |
"decnsnon to dlsassemble The +es+ secfton | Exam:naTuonvshowed heavyn
crud‘depoSiT on the heaT?ng rods. The“rodSiWere:s]ighTIy pinedﬁﬁ-.
.and'sjdes.of the box were heavily pitted. Several sflver-solder-'
.joinTs had failed, and surface-femperarure Thermocouples had broken

away from the rods. The +es+.sec+ion will.be cleaned, repaired,

and reassembled wnThouT The surface-femperafure Thermocouples Af+er

this is compleTed furfher heat-loss and pressure drop Tesfs WI|| be

conducted.

1.2.2.2 Full-Scale Boiler Test Section. The Pafhfnnder b0|ler fuel

elemen+ was redesigned (see.SeCTion {.4), and The full—scale boiler
test section (81-64-pin) was rede519ned WITh 8l sfepped Tubes.

The test section is shown in Figure .1.5. All maTerlaI was ordered
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Figure |.5 Boiler element mock-up assembly. Code: 2) boiler container

assembly; 3) bundie assembly; 5) liner assembly; 6) bottom electrode;

9) centering fitting; 10) centering rod assembly; and 12) pressure tap.
(A-C Dwg. 43-500-885)




. 1.2.2.3 One-Pin Burn-Qut Tests. . No one=-pin burn=out tests were con;.

.ducfed during The'quar+efc‘ Tests wiII be ccnduc+ed dcring +ﬁe nexT‘
quarfef as soon as tests With the superheater Tes+ secfion are'compiefe
(see Section 1.2. 3) Mu|+|-p0|n+ millivolt recorder WI|| be nns+a||ed

+o de+erm|ne burnou+ heat fluxes and maximum rod Temperafures

1.2.2.4 'Low—Pressure-AirfWaTer.Tes+uA‘Voidhfrecfioh measucemehTS of -
"fhe‘bo(ler subassehbly were'cempiefed.‘ Data is now beieg'aﬁélyzed
Further |nvesT|gaTlon of the gamma-ray anenuaTnon mefhod of
measuring void fraction is belng made w:fh an alumnnum-IUC|Te-a|r
" mockup of the subassembly. The object of this lnvesfngafnon is as
follows: 1) to lnves+|gafe the non-exponential aTTenuaTnon of gamma
rays if reglons of abrupf geometry changes, 2) to check experlmenfal
values obfalned with annular flow model agalnsf calculafed values ande
adJusT ‘the anr-wafer void frac+1on daTa accordlngly, and 3) To check
+he assumpfuon that constant. absoranon coeff|C|enT holds for the
4geome+ry used in obtaining air-water void-fraCTion data.
The model used for these tests is'shown in Figure'l.é. Aluminum .
* tubes were set in a lucite block, and lucite tubes of two outside
- diameters were. pressed over the aluminum fubes. The [ucife.will
.simulate water, since fheir gamma absorption coefficients are neacly“
TEe same. "TheAmodel is consfrucfed to simuIaTe4a Theofeficel annufér
- flow peTTerh for two average void fracTions.

A series of tests were conducted, and data is now being anelyzed{

-12-
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Figure 1.6 Aluminum-lucite subassembly mockup. (A-C Photo 211021)

1.2.2.5 Boiler Hydraulic Analysis. Coincident with the changes in

the design of the boiler fuel element, the methods and correlations

used for computing the flow-pressure-drop relations were completely

reviewed. As a result of this review, the following procedures were
estab | ished:

1) the Martinelli-Nelson correlation with the Sher mass-flow
rate correction recommended in ANL-6063 is used fto predict two-phase
frictional pressure-drop multipliers;

2) 1wo phase form losses are predicted from single-phase
theory, and loss coefficients are predicted using the specific volume
of a homogeneous, two-phase mixture;

3) void fractions are predicted by the modified Martinelli
correlations in the bulk boiling region and are assumed 1o be zero

in the sub-cooled nucleate boiling region;

=|3=




4) Sub-cooled, nucleate boiling friction factors are based
on the method presented in WAPD=-T-844;
5) burnout predictions are based upon the correlations

presented in WAPD-188.

These procedures will be continually reviewed as new data both
from Greendale and other l|aboratories become available; and modi-
fications will be incorporated as necessary. The pressure drop pre-
dicted for the Pathfinder boiler fuel element is nominally 11.8 psi on

the following basis:

) boiler exit pressure 615 psia

2) power 159.8 mw

3) power distribution =— |ower half 65 per cent
~—- upper half 35 per cent

4) active (fuel element) flow rate 54,000 gpm

5) inlet temperature 485.4 F

This pressure drop included the losses from just below the bottom

fuel pin grid plate to above the ftop end bracket. The pressure drop
from just below the boiler grid plate to just below the lower fuel

pin grid plate is 1.8 psi for the same flow rate (54,000 gpm). This
gives a fuel element plus nozzle pressure drop of 3.6 psi. A detailed
|ist of The calculated pressure drops is given in Table |1.2; Tthe flow

uncertainty is estimated To be |10 per cent.

I.2.3 SUPERHEATER FUEL ELEMéNT

|.2.3.1 Partial Power and Partial Pressure Operation. During

start-up the Pathfinder reactor operates at partial power and
pressure. The superheater fuel element performance in this operating
region was investigated. A program was formulafted making use of the

IBM=704 code STER (formerly referred to as ASTER). [T was assumed that

-] 4=




TABLE 1.7 ROILER PRESSURE DROPS

"Position

Static Pressure (psia)

minimum minimum nominal max i mum max i mum
pressure pressure pressure | pressure | pressure
at minimum | at nominal | at nominal| &t nominal | at maximum
flow flow flow flow flow

Jjust below reactor

grid plate 624.0 625.6 628.6 631.5 634.2

Just below lower

fuel.rod grid plate- 622.8 624.2 626.8 630.9 633.9

Jjust above lower . o

fuel rod grid plate 622.0 623.2 625.6 629.2 632.0

just below first

tube sheet 620.9 622.0 624.2 627.4 629.7

just above first

tube sheet 620.5 621.5 623.6 . 626.6 628.8

just below second - - o

tube sheet 619.2 620.0 621.7 624.1 625.7

Just above second .

tube sheet . 618.8 - 619.5 621.0 623.3 624.6

Just below third o .

tube sheet ‘ 617,8 618.4 619.5 621.1" 622.2

just. above third : . o

tube sheet 617.2 617.9 618.5 619.8 620.6

Just below upper

fuel rod grid plate 616.2 616.5 616.9 617.6 618.0

Jjust above upper . . i N

fuel rod grid plate 616.0 616.2 . 616.6 617.2 617.6

just above upper . . .

end fitting 615.0 615.0 615.0 615.0 615.0

between boxes just

above reactor grid

plate 617.6

between boxes just

above lower fuel !

rod grid plate 617.2

. control rod channel

Just, above stub with. ‘

rod inserted 621.2

control rod channel

just above stub with

rod withdrawn . 618.1
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the power distribution beTween sensibléf latent, and superheéivre—

‘mained cqnsTanT for all pOWersaﬁd pressures. Preséureé of 100, ZOO,

300, 400, 500, and 615 psia at 25, 50, énd'lOO ﬁer.cehf of'rafed_

réa;for power were‘invesTigaTed. A consistent sef ofAhof;spéT'facfors

b.(ﬁb ﬁanufacfuring fa;Tors) was'gsed. Résdlfs of Thjé sfqdy aré pfé?_}‘;
jsenfed jn:Figgres 1.7 and 1.8. |t is.seeﬁ Tha+ Thefmaximuh‘walf :: 'Vz
‘TémpeféTufe decreases with decreased power buf‘jncré55es’wl%h decféased.:

opéfaTing préssure, It also should be noted that aT-Iéw'obeFanng

pressures core pressure drops increase very rapidly with reactor- power.

i.2.3.2 Analysis of Fuel Elehenf Toierances. The efféc+~of‘diménf -

_sional variations from the nominal case on fuel elemeht'perfdrmahce”
was invesfigafed‘To determine tolerances ThaT.WOQId be required ddring
manufacture. Thelperfdrmance of -the concentric tube elémehf is
- extremely sensitive to dimensional changesﬂ 'The7f6|Iowjng'dimehsiohs o
are being analyzed:
»41) i.d. of inner insulating tube
2) i.d. of fuel tubes
'3) o.d. of poison rod .
4) wall thickness of fuel tubes
5) tube assembly clearance
6) diameter of spacer wire
7) element insertion clearance
‘Because the tubes are spaced by three parallel wires, it is possible, -
that the éccumulafion»of tolerances and clearancelﬁili lead to an -
eccentric fuel element where the minimum flow area gap is less than

The spacér wWwire diameter. Results of this anal?sié will be reported

durfng the next quérferly.'.
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|.2.3.3 Heat Transfer Loop‘SuperheaTer TesTs; Shakedown'fesfs of

" the superheafer test section Wlll begnn as soon_ as the steam generaTor -

>can be fabricated and |ns+alled in The bonler loop During shakedown,

steam will be superheated by a dummy test secTion, which.has'been .. ‘ " -
insTalIed; .After shahedown fs comp1eTed ”fhe ooncenTrio-Tube

',superheafer TesT secTnon will be installed, and a Tesflng program o

wull be lnlflafed

112;3'4 vSuperheaTer After-Glow Test. 'Afsuperheafer afferglowifesrkiA
was designed.To test The superheaTer Tube Temperafbre-deve! as‘aefbhc}:
tion of decay—heaf power level bnder“sTagnanrvsTeam cohdirions.' fhe;
test seofion was assembled‘and is ready +¢ insfall ih"The’pressbre o
vessel- The testing W|l| be performed under operaflng condnTnons

of 489 F aT 600 psi W|Th up to 4 kw of heat fo a mockup of a SIngle
superheafer fuel elemenf The TesT is expecfed to be complefed durnng
the next qdarTerl The test secTnon has been bu1|+ quhouT a ponson

rod or wvire spacers To facnluTaTe |ns+al|aT|on of Thermocouples




.4 . FUEL ELEMENT MANUFACTURING RESEARCH AND DEVELOPMENT -

. The .ob jective of fhis projecf.is to perform calculations and
studies of methods for producing core subassemblies to determine the
most economical .manufacturing methods and to obtain maximum performance.

l.4.1 ,BblLER:FUEL ELEMENT BOXES
A quad bo%‘(Figure l.9) was dgs}gnéd Té contain four boiler fuel

elements aﬁd a closed con+r¢l rod éhannei; and g simplef bog wag de-
signéd Tb confain one boiler fuel element only. Thesé boxes are Semi-.
permanénT parts of the reactor core and are designated as‘reference
for Pathfinder. They réplacé the individual boxes which had Been
included in ;He design of the boi ler fuél élemenT. The redesign of
the boiler fﬁel element ié described in Section 1.4.2.

| The Boffom of the quad box is formed by a I-I/Z-iq Thick pla+e.;
The éon+ro| rod stub }s welded to the top of the plate and extends
into the control rod channel. A 2-in dia; nozzle is parTially in-
‘serTed ana weldea ihTo The center of The bottom of the plate. 1n
additTion fo locating the quad‘box in the boiiér grid p|a+é, The'nozzle
‘provideé céolanf.from the lower coolant inlet plenum Through sl§+s

in iTsuupper'énd To a cruciform plehum in the bottom of the box
bottom pIéTe{ The coélanf.passes from %he cruciform plenum Thfbugh
orifice holeé iH'The plate and control rod stub to the control-rod
coolant channel. ThevcoolanT passes over the control rod and out
Through slbfs in The uppér-wall of The crueiform cénfrol rodAchannel.

The bottom of the box has four holes in which boiler fuel element
noéz]és aéé.séa+ed; Thévbox js held down by The weight of The boi ler

fdel elements and Thelupper hold down structure.




The éingle boxes have a simple bottom plate that accommodates- the

- boiler fuel element nozzle,. Trese boxes are semi~permanent structures

that will be ins+élled in The.ThirTy-Two fuel-element posiTioﬁs which

are not immediafély adjacent to a control rod. |
This redesign of the fuel eleménT box, which-was made’wiTh§u+

changing'fﬁe core Iéyouf; was necessary to prévide adequéfé.coélénf ' A:,-

to the confrof rods. With this design, the flow to each'confrol.rod ‘

is controlled by the size of the holes iﬁ the cpnTrol rod stub, which

-acc§un+s for about 75 per.cenT of Theifofal flow resistance.

Preliminéry calcﬁlafions have ‘indicated that TwenTnyive 0.25~

fn i.d. holes ére required in each confrol rod stub to deliver the

necessary coofanf with the rod inserted. The actual hole size will be
esfablished.in a test with é.simuléfed con+}ol-fod coolanf'circuif;
Details of Thé préliminaryAcalcula+ions arejgiven in Section 2.4,

Two alternate schemes for providing coblanT to the control rod,:
channe! were also investigated. One method involved a large single
nozzle with a TFangifion piece that directed flow to the four fuel
elements and the control! rod channel. This method was not used be-
cause it left the fuel eiemenf springs dnprofecfed from the high
velocity flow; In addition, i+ was difficult to fasfen fhe spring to
a fuel element wffhouT.a fuel eleﬁenf nozzle,

The second mefhéd‘sfudied consisted of a plafé 6n the bbfTom of
the féur elemenf'box sjmilar to that used in fhe'preséhf design except
that four nozzles were attached to it, The nozzie on the fuel element

would then seat within the box nozzles, .This method was not used

because of the difficulty of simultaneously inserting four nozzles

into Their'respép+ive sleeves in the grid plaTe;
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|.4.1.2 Stress Angjyéis. Stresses in four-element boxes:of:rvanious -

configurations were calculated, Strain energy mefhods,wére used to

obtain the maximum bending moments acting on the box walls, The
' 2

strain enérgy eqpafions for deflection and rotation of a Thin.beam

are-as follows:

S | ’(vl . l')

eC=%=f§";4‘ g%'dx (12)
1where,

60 = deflecfjoh at load, Q, in the direction of the force, Q -

iM = bending moment at any polnt | R |

8C = rotation of a section at the point of an appliéd.couble, C

| = moment of inertia = t°/12, where t = wall thickness.
Since the box sides act as thin wide beams, the modulus of elasficif?,
E, in Eq. (l.!, 1.2) should be replaced by The'quahTiTy,

4 E
I 4

2

‘whefe vis Poisson's ratio. " AT'The ;urQed corner of +he'box, d* is
Eeplaced by Rde. .Then, by abplying the properrboundary‘condifions,
‘To The deflecTionélénd roTaTions? the bending moments and stresses
can be calculated at any ﬁoinf in the box wéll;

The maximum stress occurs at the box corners and was calculated

from the following equation for a curved beam2:

R+ Y

Omax = PN+ M (l + 1 Y ) (1.3)
A AR Z ‘ L.

2. Seely and Smith, "Advanced Méchanics of Materials," 1952
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where,

SO

PN = the normal force acting on the section

A = area of'fhe unit width section =t : S
R = the mean radius of the corner |
C = 1t/2, where + = wall thickness i
Y = distance from center!line of wall

Calculations for ‘a prain.box 10,788 ih. sq. inside and 0.150 in.
thick wall with inside corners of 0;250 in, radius showed maximum
stress at the inside corner caused by the ]4.5‘psi internal pressﬁre
to be 42,300 psi. |

| Calculations for a box;of the same.dimension with Tﬁe center of
each side fi#ed by a cross-bar showed maximum sTEess at the inside
corner with 14,6 psi internal pressure to be 11,540 psi.’.

Calculations for the quad box with 12.6 psi in the fueliéleﬁenf
sections and 0.8 psl in the confrél rod channel showed’anmxfmum stress
of 10,300 psi.-at one of,fhe corners, -

A Plexiglas médel of the quad box is being'fabricafea and wi!l be
tested under iﬁTernél‘pfessure4To'verify the theoretical stress

calculations. 'The deflection of the box walls will also belmeasuved.

1.4.2 BOILER FUEL ELEMENT

1,4.2.1 Reference Desiqn.' ancelfhé fuel element box was redésigned

as a semipermanent part of the core, the boiler fuel element was re-

designed accordingly. This fuel element is shown in Figure I,10,
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The general dimensions, spacing, supporting meThqd, nozzle
aSSemBIy,»and upper end-fitting are essentially the same. However,
the element now consists of a single fuel bundle in a 9 x- 9 lattice.
fﬁe fuel rod d]émeTer‘is reduced (stepped) in the upper half to-
accommodate’ the fnéreasing steam-void. volume, - This dffferS'from:The‘

- previously described design which included a 9 x9 lattice bundle in
the lower half and an 8 x 8 lattice bundle‘in the upper half,

Spaéing between the inside of the semi-pefmanenT box and the-outer
rows of fuel rods is maintained by skids that are pérT of the tube
'shééfs. The fuel element nozzle is attached to a skirt that is welded
1o the bo++om.fuel-fu5e grid plate, Bosses in the corners-of the qppér'
fuel-tube grid plate concentrate axial compressive loads in the four
corner fuel rods, The remaining fuel rods'afé'frée to ‘move axially
precluding distortion due to dffférehfial'Théﬁmal'eXpansioh between .

fuel rods.

1.4.2.2 Fabricafion.. Fabrication continued on the Pafhfindef boiler -

.pro+o+ypeA§lemen+ and Tﬁe boiler qualification rods described in the:

previous quarterly report.

1.4.2.35 Mechanical Desiqn Analysis,., Compressive Load on Corner

Boiler Fuel Rods. .A‘compressive load is plaéed on.Thé four corner
fuel ro&s by the fuel element nozzle spring and by the upward hyv'A
.draﬁlic force of recfrCulaTing wafer; This force is‘caIculaTed to
be 110 Ib/rod,

Two methods of failure were considered:‘ elastic failure due to

direct compression of the fuel rod; and inelastic failure or buckling.
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The compressive stress was calculated to be 3820 psi, and the elastic

failure is therefore no problem.

The corner fuel rod may be considered as an intermediate column

since the minimum slenderness ratio of the upper half of the rod is

50.3. The critical Ioad for inelastic failure was therefore calculated

by the tangent modulué theory,

n2ETA

Pr = meETA (l1.4)
(1/r)2 ,
Qhere,
Pr = maximum load under which an ideal column will not bend;
Er = tangent modulus
A = minimum cross seéfional area of fuel rod cladding
I/r = slenderness ratio

The tangent modulus was determined as shown

in Figure 1.11.
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Through trial-and error, the critical load was calculated to. be

340 Ib/rod. Since the maximum load resulting from compressive loads

“is 110 |b/rod, the axial support provided by the four corner fuel rods

"is adequate.

Therma! Bowing. Thermal bowing of a fuel rod as a result of a diffehenée

in temperature across the fuel rod was calculated after making the

" follwing assumptions:

1) the temperature differential across the rod is linear,

2)  the temperature difference along the length is constant,

3) the spacers act as a simple support and prevent deflection, :
4) +the deflection is small compared to the rod length, '

The maximum deflecfion occurs at the midpoint between spacers and was
éa]culafed by the equation,

8d. ..

- where,

deflection (in.)

coefficient of expansion for Zircaloy=2
temperature difference across the rod (F)
length of rod (in.) -
outside diameter of rod (in.)

b .
ar—H4R 0
nowoncHon

Results of. calculations are shown-in éigure l.12, Since heat-
transfer calculations Indicate that the makimum temperature difference -

would be 30 degrees, the bowing is not excessive.

Ovality in Fuel Rod Clad., Ovality in the cladding fube will be mbs# '
resfrfcfed‘by a condition of high temperature (750 F) and high pressure
(1600 psi) during autoclaving. Calculations wére therefore made to

aefermine‘The greatest ovality that can be permitted in the cladding tube.



The allowable oval ity in the cladding tube was,galculafedAusing

" an equation given by R. G. Sturm:

<2
— ‘.ZS’_
7 T— ,.(D) —— (1.6)
2 wEDc 4,3 X )
e e E (N - + M7 ) )
T (I -ME (W - W)
where,. - . _

P . ='Ma. ..'.— i o‘.o'o
Ao = ovality X. i.d min, i.d
"E = Young's Modulus
D = average diametfer = i.d.. + T
L = lengTh'of cyIindér,
N = number of lobes

= average radius
T = allowable fotal stress
t = wall thickness
W = allowable pressure on out-of=-round Tube_
W, = critical pressure for elastic failure = ZE. (+/D)2

- T i-Me

M = Poisson's ratio :

From this equation, curves were
1) allowable pressure vs,’

:25 allowable pressure vs.
. at 750 F

3) a!lowabie pressure vs,
- ~at 750 F. '

_ 4) allowable pressure vs.
at 750 F.

plotted showing:
ovality for different tubes at 750 F

wall thickness for 0.353-in i;d} tube
wall thickness for 0.327-in i.d. tube

wall thickness for 0.315-in i.d. tube

3. R. G. Sturm, "A Study of the Collapsing Pressure of Thin Walled

Cylinders', Bulletin Series

No. 329, University of Lllinois

Engineering Experiment Station.
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These resulfsfare‘given in Figures L1353, 1.14, 1.15, and 1.16.
In view of the worst condition (1600 psi, 730 F),lfhe curves
show. that The greatest permissiblevovalify,'Ao, is O;OOI in., ork

O.COZ in; on .the diameter.

Fuel Rod Dimensions. The fequired nominal operating dimensions of

fuel rods wefe‘esfabliéhed ffdm physics considerations énd‘are given .

in Table 1.3, 'The dimensions To'which fuel rods wili be fabricated .
in order fto meet This'fequireménf were calculated and are also givén
in Table 1.3,

Table 1.3. Fuel Pellet Dimensions’

as-fabricated _nominal—opérafinq

Upper half

pellet diameter (in.) .3235 & .0005 328
clad i.d. (in.) - 0 .329 + .002 '." ' .3255‘
wail.fhickness‘(in.j © 028 4 .002 . oz8
clad'o.d. (iny - .®5%.006 L3855
density U0, (per éenf) 95 3 93.5.

Lower hal#t

vellet diameter (in.) 348 1 .0005 | '}350

clad i.d. (in.) 3531 .002- BT

wall thickness (in.) - .~ = .028 % .002 ~ .02

clad 0.d. (ino) - .0409 + .006 409

density U0, (per ceﬁf) 95 | 92.9
-30- A




In calculating the fuel rod dimensions, it was necessary.to de-

termine the ‘centerline temperatures of the fuel pellets. An equation,

Eq. (1.9) to make this calculation was derived in the following manner. .-

—An:équafipn due to Taraba,4

T(r) " r" S¢{r") dr" | dr' + Tb
L. K,f r' ’{

|I

where,

.T(r) = temperature as a function of faalus (fi_:
K = coefficient of thermal expansion o
‘S(r”)= heat Qenerafion as a‘fuhcfion'of'radjus
'-Ts '=7Tempera+ure at surface of pell§+‘<F)

b = ou%side“radius of pellef.(in.)'

0 T - r! = r"é-b

was taken at the ouTseT.’ The heat generation; S(r") was included.

in Eq. 1.7 in terms of N and M as dof ined by +he"e§&afion, .
S(r) = Nr2 + M

where,

(.7

(1.8)

N,M = constants derlved from The known normallzed neuTron

flux distribution in The pellets

which assumed that heat generaflon waS'parabollc-wi+hin +he,pe14e+.'

By maklng this substitution: in Eq. 1.7, The equaflon
Tr) = o ey - w2 DT a T,
. K l6 .4 - :

was obtained,

4, Taraba, ANL 5873, p.8

-3 -
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In calculating the centerline temperature, it was further-
assuméd'fhat 38 per cent'of the boiler pdwer is generafed‘in‘fhé
upper half of the éore and 62 per cent is generated in the. lower
half. The 38 per cent of boiler powe; means an.average 90[umefric,
heat generation of 9630 BTu/hr-Ln -In the upper half; and The'62
per cent means an average volumetric hea+ generaflon of 13 750 Bfu/
hr=in> in-the lower half

The centerline +empera+ure (T at r = 0) ThaT Qas‘célculafea:foh'
the upper half‘ls 1282F. The cenferllne Temperafure for The Iower
half is 1825 F.

The'equa+ioh for radial expansion of uranium dioxfde'erl:

, pellefs was Then'derived in Thé following hanner. |

The equa’rion,5

o eveeio] e o

o coe L. (" Trodr -1 r e o A:"(I R
e T | T L
‘ | =Y 'Jo _ r2 J- . : .

was taken at the outset. No axial or radial resfraiht;ls assumed,

i.e, Oy = 0 and 0, = o,

‘The equation for radial expanéion,

= jb €f-dr = & _[- INb® + Mb (3—41')+24bK(l-‘V) Tb]
o - - 24K (1-v) . . .12y
;heré, ' - ] .
b = radlus of U0, pellef és fabricafed
K = thermal conducfivifyyjn'Bfu/hr—inz F/in.

5. Timoshenko, '"Theory of Elasticity", pp. 408—4IQ
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may be derived from Egs.’ €1:9, 1.10, 1.11). The as-fabricated pellet .

‘diameter for the upper and lower sections weré then calculated by

"Eq. 1.12 from the reqdired nominal operating diameters of fuel,

In order to calculate the change in apparent density of uranium
dioxide from the as-fabricated to The nominal-operating density, it
was necessary to calculate the axial expansion, in addifionfTo‘fhe

radial expansion., This calculation was made with the equation,

1

AL=L G+ Tg ~MTae =4Tr (L3

where,

axial expansion (in.)

aL

Lé = original Ieﬁgfh (in.)
= Poisson's ratio ’
I A 7 thermal coefficienT_éf expansion
TE = centerline temperature '
S T.,. = average temperature
. T, = room temperature,
Results obtained with this equation agreed well wah data on'diM¢nsioﬁal

behavior of uranium dioxide at high temperature reported by W. R,

MarTinz

6. WAPD-RDa-7

7. W. R. Martin and J. R, Weir, “DimensionaT'BehaVEor of UO2 at
High Temperature", US/UK Research Newsletter No, 9, June“1960
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Cladding Stresses. A summary of stresses in the cladding is given .

in Table I.4. The thermal stresses were calculated by ihe‘edua#fons,a"

Ca = _[_é_f(____x f2(1‘b~‘1‘a) ' ‘ . (l.:l4) e
2(1-v) . - : .- - (I
O = Ed_x f5Ct,-ty) - sy
2(1-2) ] o s
where, % FYiﬁsidersTress ::

S = outside stress
E = Young's Modulus ‘ A _ -
A1/ = Poisson's Ratio

f5, F3 = constants : - S A O

: +b = Témperafure outside
Ta = temperature inside \:
Pressure stresses were calculated according to Lamé's golu%ion "‘ 1". A
- for stresses due to internal pressure: | _ | |
bZ"' aZ - - ‘ . .

%z =pal - pp? s o (l.ii):‘ | I

ey - S L

where, O+ = tangential stress at r = A -

Oz = axial stress = - C ST

P; = internal pressure
‘P2 = external pressure
a = inside radius

b = ouféide radius

p = radius at which stress is caqulaTed,;aL;,p‘E b

8. H. EThertngTon,‘”NucIear Engineering Handbook " p. 1-61,
McGraw~Hi |l Book .Co., 1958
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TABLE 1.4 SUMMARY OF CLADDING STRESSES

(END EFFECTS NOT INCLUDED)

“= CASE |  TEMPERATURES AVERAGED OVER HALF OF CORE (AXIALLY) BASED ON NEW CLEAN POWER DISTRIBUTION
(ALL RODS OUT).
CASE ||  TEMPERATURES AVERAGED OVER SINGLE TUBE FOR MAX. AXIAL POWER AND MAX. RADIAL POWER
(NO ENGR. HOT CHANNEL FACTORS).
CASE 111 TEMPERATURES AVERAGED OVER SINGLE TUBE FOR MAX. AXIAL POWER AND MAX. RADIAL POWER
(WITH ENGR. HOT CHANNEL FACTORS)
MINIMUM WAL NOMINAL WALL MAX I MUM_WALL
. MIN. 1D |NOM. ID] MAX, ID [MIN. ID |NOM. ID|MAX. ID| MIN. iD|NOM. 1D |MAX. ID
WER HA '
1.D. .3516 | .3536 3556 | .3516 | .3536 | .3556 | .3516 | .3536 | .3556
0.D. .4036 ' .4056 | .4076 | .4076 | .4096 | .4116 | .a116 | .4136 4156
CASE | Q/A = 12 KAT/(a !n b/a) = 175,200 BTU/hr-12
AT 48.2 48.8 48.4 51.5 51.4 52. | 54.7 54.7 55. |
G, Compressive. 1733 1756 1740 1860 1858 1883 1980 1980 1995
Op Tensile 1570 |. 1590 1580 1678 1672 1700 1775 1775 1790
Gt Tensile 8950 8785 8950 8200 8200 8150 7500 7750 7580
Ox Tensile 3860 3775 3870 3480 3480 3460 3130 3210 3180
Omax.= Ot + O = Ot max. 10,520 | 10,375| 10,530 | 9878 9872 9850 9375 9525 9370
CASE I Q/A = 412,467 BTU/hr- 12
AT 3.3 | 114.7 3.8 | 121.2 | 121.0 | 122.6 | 128.7 128.7 | 129.6
6, Compressive 4077 4127 4094 4369 4362 4420 4563 4563 4685
Tensi le 3696 3741 3712 | 3945 3939 399 4180 4180 4210
o4 Tensile 8950 8785 8950 8200 8200 8150 7500 7750 7580
Oy Tensile 3860 3775 3870 3480 3480 3460 3130 3210 3180
Smax. = Ot + Oy = Ot max. | 12646 | 12526 | 12662 | 12145 | 12139 | 12141 11680 | 11930 | 11790
CASE 111 Q/A = 423,310 BTU/hr-ft2
AT i6.3 | 117.7 | 1ie.8 124.4 | 124.2 | 125.8 132.0 | 132.0 | 133.0
6, Compressive 4185 4235 4203 4485 4477 4535 4772 4772 4808
o, Tensile 3794 3839 3810 4049 4043 4095 4288 4288 4320
o4 Tensile 8950 8785 8950 8200 8200 8150 7500 7750 7580
Tensi le 3860 3775 3870 3480 3480 3460 3130 3210 3180
Omax. = Ob + Ot = O4 max. | 12764 | 12624 | 12760 | 12249 | 12243 | 12245 | 11788 | 12038 | 11900
i.D. 3275 | .3205 | .3315 | .3275 | .3295 | .33i5 | .3275 | .3295 | .3315
0.D. 3795 | .3815 | .3835 | .3835 3855 | .3875 | .3875 | .3895 | .39I5
CASE | Q/A-= 100,500 BTU/hr- 12
AT 21.5 27.5 21.6 29.2 29.3 29.3 31.2 3.1 30.3
6, Compressive 1030 1030 1032 1090 1095 1095 1170 1168 1175
o Tensile 925 925 930 980 985 985 1047 1043 1050
Tensi le 8165 8150 8295 7490 7497 7716 7002 7013 7124
o, Tensile 3478 3484 3538 3150 3158 3250 2907 2917 2963
Gnax. ° Ot + O = Ot max. | 9090 9075 9225 8470 8482 8701 8049 8056 8174
CASE || Q/A = 382,017 BTU/hr-f+2
AT 104. 1 104. | 104.5 | 110.6 .o oo | ez o7 118.7
O, Compressive 3888 3888 3903 4138 4153 4153 4439 4424 4454
oy Tensile 3503 3503 3517 3718 3732 3732 3964 395 3978
Tensi le 8165 8151 8295 7490 7497 7716 7002 7013 7124
i;;‘Tensile 3478 3484 3538 3150 3158 3250 2907 2917 2963
Omax. =% *% = Ot max. 11668 | 11654 | 11812 | 11208 11229 | 11448 10966° | 10964 | 11102
CASE 111 Q/A = 395071 BTU/hr-f2
AT 107.7 | 107.7 | 108.1 4.3 | tias | 1.8 122.3 | 121.9 122.8
&, Compressive 4022 4022 4037 4277 4295 4295 4589 4574 4608
a, Tensile 3625 3625 3638 3842 3859 3859 4098 4085 4115
Ot Tensile 8165 8151 8295 7490 7497 7716 7002 7013 7124
Ox Tensi le 3478 3484 3538 3150 3158 3250 2907 2917 2963
Omox. = O +Op = % max.| 11790 | 11776 | 11933 | 11332 | 11355 | 11575 | 11100 | 11098 11239
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The calculations made with Egs. (I.l4, l.15, 1.16, and 1,17)
impiiéf*ly a#sﬁmed fha+ The claddfng éqnsisfedvof éq»infinifely ;oﬁé
.cylinder. This assumption is vélid excep+ in éalcurafing.fhe stress
at the gnds'of the rod. The stress in‘Thé‘ciadding near the end héy

be calcuiated by equations .given'by-C, H. Kent:

2 | ; w2 A
y = 1= (M §-%e) + | +4 AATY + pc” (1.18)
2EigZ . ° B . 28 " h - En . g ’ )
Oy = EXAT hil-¢) - 124 | Mod + g + pc ' u{m)<
(I- #)h =l 5 ) 2h o
% = EAT 2 + Ey_+ w(o, = pc) | O .20)
. h c ; 2. : .
where,

-8X . )
a=e sin B X

(¢}
1}

mean radius of cylindrical shell
E= \.’o-ung's‘A Modums = AII‘.S‘-x 10° 1b/in®
h = thickness of shell |
hy = ’rhicknéss of head (end cap) 5

| = moment of Inertia of s+rip'of unit width and depth, h= %E _

‘M'KZ_momenT

p = pggssure insiaé cylinder - breséuré outside
9% = force -

T.= radial temperature drbp Thréugh clad = 110 F
x = disfance‘along cylindeé éxié |

y = deflection

_ ' -6
& = thermal coefficient of expansion = 3,4 x 10  in/in°F

9. C. H. KenT;-”ThermaI Stresses in Thin-Walled Cyiinaers;”
_APM-55-13, ' .
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-

B a[30-4%]% =175
. 'h2c2- - .

/I = disTance from neu‘l’ral axis + h/2 to o.d,
' : = h/2 to i.d.

e = e~-ﬁx cosgx

/AV = Poisson's ra%fo’=..45

'c':= stress | |
:6+ = Tangenfiél stress

OQA = axial sfrgss
¢. =e-ﬂx(ameA?ﬂn€x)

o bx: Ecosp x - singx)

v

'whefe,<Mo and'ﬁévare_deférminediby solving the following:equafionsl

simultaneously:

|§[~_( .141 + pc = 1=-MZ (M. 4 G0) = - (l-—/() \ (| 21)
2p2 En 2EIB2 °7' ‘ ,
- (2£M +q)) -z 3gc3§g|-£z + 12M.c (l-ﬂ) + dBT ¢
EI | -‘ . 2ER, M° o Thy
(1.22)

) By assumlng ThaT The end cap is infinitely +h|ck compared fo The wall.

jfhlckness and that there is a constant Temperafure gradlen+ in the

radial direc+ion, only the stresses in The clad may be fouhd.
Before'éalculafing stress, it can be shown that oy is maximum at
a point far removed from thé end cap.l Therefore end effecfs in the

fangenfial direction are negligible., Furthermore, o;'is max imum when

- % is zero, thus cancelling some Tefms in the equations. It is obvious
‘thaf the worst condition in the boiler core will'be'in'fhé lower half

.wi+h.maximum i.d. and'minimum<Wall because the upper half has a smal ler

diamefer with the sameFWall thickness,

=37-




Solv1ng the s:mulfaneous equaflons, Eq (I'ZI 4I'22), it s

Tfound Thaf Mo = ! 73 lb~|n/|n of cnrcumference, ‘and qo = —76 Ib
:_SubsTnTuflng in The Eq. (! I9) af x = O;':T is found ThaT The axlal‘

fsfress on. The ouTS|de of The clad s IO I5O p$| STress on the in~:

’s.de ot the clad is20, 390 pSl T e B

-38-



I14.2.4. Fuei Elemenf Component Testing. Nozzle-Galling Test.

A test apbara#us was designed anﬁ constructed to TesT‘nozile materials

and treatments (Fig. |.19, ACNP-6007). The apparaTus simulates

‘movement of the fuel element nozzle in the grid plate by movnng a

nozzle assembly up and down W|Thnn a nozzle sleeve. The test is
acflvafed by means of two air cylnnders, one mounted verticaily and
The other hefizon+aily. By operating the vertical cylinder alone,

the nozzle assemﬂly is moved up and down within the nozzle. By

vopera?ing the horizontal cylinder, the nozzle sleeve, which is

meqnfed on a clevis bfackef,.can be +ilted. Thﬁs the siTuaTiOn.“
siﬁﬁlafes a eendifion in the reactor when The'fuel'eiemenf may bev
Tilfed wiTh respect fo.The'reé¢+orfgrid p late and where diffenenfiel
Thefmalvexpaneion céuses relative motion beTween‘The Two. The total
length o% Tra&el of Thehnozzle [n the test apparatus wae I;25 in.

. Visual inspections of the nozzle and nozzle sleeve were made

after a test run. 'During the test, the vertical and horizenfalv

pressures vere recorded and the force necessary to move the nozzle

within the sleeve was subsequently calculated.

In order to determine the frncflon force of the shaf?s movung
Through +he packnng glands, a test was conducTed quhouT tThe nozzle

or -nozzle sleeve. The friction forces were about 30 Ib. on the

,’ vertical shaft and 60 Ib. on the hor.izontal shaft. However, .the packing-'

was chanéed several times between test runs and the packing rings were
tightened from time to time during the heating up period. Therefore,
these values for the forces required to overcome friction cequ have

varied considerably.




Nozzle sleeves for the test were made of 304 stainless steel, .

which is the material used in the reactor. Nozzles were made of
the following materials: 304 stainless steel, 17-4Ph stainless

steel, and chrome-plated 304 stainless steel.

3Q4'Siainless Steel Nozzle. The hardness, surfaée finish, aﬁdvdia—u
meters of the 304 stainless $+eel nozzle or nozzle sleeve we?e n&f'“”
exacfly>known for this test. The test was run at 540 psi and 4?7 F
with no horizontal force. At 55 psi air in the vertical cylinder,
The nozzle moved approxjmafely 1/8 in. Application of pressures up
to 98 psi in The vertical cylinder did not resQlT in further movement -
of the nozélé; These air pressures correspoﬁd o net downward forées
of 388‘and21228 Ibs .réspeCTively. |

After the .test apparafué’had cooled to room temperature, an
aT%empT was made to move the nozzle.' At 50 to 55 psi verTicér- A ' o
cylinder .;.ar'essure', ‘rhe,‘nozzle moved Through its maxilmum stroke, = . o l
l.25:in. .fhe*pressure was equivaienf To.a net downward force of
abou+V{OOO‘fb{| The nbzzle‘was operated through four strokes iﬁifhis
maﬁner. .Severe galling was nofed'on both the nozzle and nozéle . o .
s leeve when Théy Were exémined afTer the test. This galling is éhown ' . -

in Figure .17,

| 7-4 Ph'STainIesq;Sfeél Nozzle. A second test was conducted with a

nozzle made of 17-4 Ph stainless steel. The characteristics of

-t

this nozzle were as follows:. hardness -~ BHN 404; surface fihish -
20 x 107 in.rms. The 304 stainless steel sleeve had a hardness of -

BHN 153 and a surface finish of 20 to 32 x 107 in. rms. The

. -40-
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Figure 1.17 304 sfaiﬁ}ess steel nozzle (left) and sleeve (right).
No horizontal force was applied to the sleeve. (NP Photo 18A-5, =10).

Figure |.18 |7=4 Ph Nozzle (left with 304 stainless steel sleeve.
No horizontal force was applied. (N=P Photos 18A=7, =9).
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diametral clearance between nozzle and sleeve was 0.014 in,

The first test run consisted in 50 cycles with no horizontal
force at 595 psi 488 F. |Initially approximately 65 psi was re=
quired to move the nozzle. This operating pressure leveled off fo
about 45 psi with 578 psi in the test housing, which yields a net
downward force of 144 Ib.

When the test was disassembled, the nozzle and sleeve were both
slightly marred. The marring seemed to consist of scratches rather
than galling. The surfaces are shown in Figure |.18.

A second test run was made with The same nozzle and sleeve.

The nozzle was cycled one=hundred times with no horizontal force
at 620 psi in the test housing at 490 F. The operating force leveled
off to about 33 |b net downward force.

Under these circumstances, a |65-1b horizontal load was applied.
The net force required to move the nozzle rose to 482 |b on the
first and second stroke. The force increased to 780 Ib. net on
the third stroke, and to 978 |b. net on the fourth. The horizonial
load was then reduced to 70 |Ib, and the operating force decreased
to 592 |b. net for the next six cycles. The horizontal load was .
removed entirely and the nozzle was operated for ten cycles. The

force required to operate the vertical cylinder decreased to 425 |b.

i
!

net, but did not decrease further. This increase from 33 Ib, net
at the start of the test to 425 |b. net at the end of the test is

attributed fto galling.

When the test was disassembled considerable evidence of galling

on both the nozzle and sleeve was evident (Figure |.19).

wA9e



Figure 1.19 Galling of 17-4 Ph nozzle (top) and 304 stainless steel
sleeve (bottom). Horizontal load of 165 |b was applied.
(N=-P Photos I8a-15, =16, =13, and =12).




Chrome-Plated 304 Stainless Steel Nozzle. The third nozzle tested

was chrome=-plated 304 stainless sieel of hardness BHN 870 and with
surface finish of I8 fo 25 x 107 in. rms. The 304 sleeve had a
hardness of BHN 153 with a surface finish of 20 to 32 x 107 in. rms.
The diamefrical clearance between nozzle and sleeve was 0.012 in.

The first test run consisted in 100 cycles without any horizontal
force applied. The pressure required to operate the vertical air
cylinder quickly leveled off fto 43 psi with the housing at 615 psi,
This resulted in a net downward force of 60 Ib.

The test assembly was disassembled for inspection. The nozzle
was not marred. The sleeve had only minute scratches.

The second test run consisted first in 50 cycles without a hori=-
zontal load. The operating force leveled off to 60 Ib. net with
615 psi in the test housing. A 155 Ib. net horizontal load was then
applied. On the first stroke thereafter, the operating load
increased to 575 |b. net downward load. On the second and third
strokes, the required force increased to 673 |b. net downward. From
the fourth through tenth cycles, during which the horizontal |oad
was decreased to 82 |b. net, The required downward force decreased
to 581 Ib. net. The horizontal load was then removed entirely, and
the nozzle was operated for ten cycles. The force required decreased
+o 60 |b. net downward, which is the same force required at the
beginning of the test.

When the test nozzle and nozzle sleeve were examined, no galling
was observed (Figure 1.20). The nozzle was not marred but the sleeve

was scratched.



Figure |.20 Chrome-plated 304 nozzle (top) and 304 sleeve (bottom)
after galling test with 155 lb. horizontal load.
(N-P Photo I8A-18, =19, =25, and -20).




Conclusions. Tests thus far show that chrome-plated 304 stainless
steel is a suitable material for the fuel elemenT nozzle. Further
tests will be conducted with chrome-plated stainless steel with

different surface finishes.

|.4.3 HIGH-ENRICHMENT SUPERHEATER FUEL ELEMENT

1.4.3.1 Prototype High-Enrichment Superheater Fuel Element. A pro-

gram to formulate fabrication techniques for the manufacture of high-
enrichment superheater fuel elements to Pathfinder specifications with
current technology is continuing. Martin Nuclear Division is conduct-
ing this study under subcontract to Allis-Chalmers. The program con-
sists of iwo phases: |) to fabricate cermet dispersion fuel fubes,
and 2) to develop a suitable method of assembling superheater elements

of the reference design.

Uranium Dioxide Powder. Specifications require that the uranium

dioxide powder used in making the cermet be high-fired spherical
particles of -2704325 mesh fraction with a density not less than
93 per cent of theoretical. At present, it is difficult to obtain
powder meeting these specifications. Davison Chemical Co. has agreed
to supply 20 Ibs, of which 2 Ibs have been delivered. Other possible
supp liers have been queried, but offer no guarantee of delivery.

In view of the difficulty in obtaining powder of a suitable
grade, the Martin Nuclear Division is experimentally preparing a

high-fired spherical powder by a jet-spraying technique. Although
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powder prepared initially showed infernal porosity, the fechnique
shows promise. Continued study of this Technique is being sponsored

by the Martin Nuclear Division.

Cermet Fuel Tubes. Several cermet strips were prepared using various

grades of uranium dioxide powder. Longitudinal views of three
strips are shown in Figure |.2l. The top strip was rolled from
Mallinckrodt Chemical Works' spherical grade powder. The powder is
very spherical in the larger particle sizes, but is similar o
regular high-fired powder in the size (-270+325 mesh fraction) desired,
The center photomicrograph is a view of a strip prepared from
Davison spherical powder. The superior quality of this strip is
easily apparent in less stringering and agglomeration of oxide particles
within the stainless steel matrix.
The bottom strip was fabricated from high-fired polygonal-shaped
powder.
Approximately four to six cermet fuel tubes will be made with
the 2 Ibs of Davison powder that has been received, and the fabrication

process and cermet quality will be evaluated.

Assemb |y of Fuel Elements. Fuel| fTubes made from high-fired polygonal

shaped oxide will be used for studying assembly operations. This
will be a study of assembling the entire fuel element including the
poison tube, two fue| tubes, and wire spacers to tolerances stated
in Pathfinder specifications.

Preliminary studies were made of three assembly methods by using

stainless steel tubes mocking up Pathfinder fuel tubes. The first

=




Figure 1.2l Final roll and sinter of uranium dioxide cermefs.
Longitudinal sections of strip d, strip j, and strip k (fop 1o
bottom) as-polished. Magn. 100 X. (Martin Nuclear Division).
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melhod sludled consnsfed in manually sllpplng one sTalnless‘sTeel Tube..'
_wnlhln anoTher )The specified spacer‘wnres were aTTached wnTh soft sole
der.” Lengths of only |2'+§ 24 in. could be put Togelher in Thls way..
In The second meThod sTudled The |n51de Tube was cooled wah
Iqu|d nITrogen whlle The outer Tube was. heated with hoT waTerl
- | .Uslng Th15~fechnlque it was posslbleilo‘assemble~+he fuel fubes and
4poison rod Only.wlfh conslderable galling beTween-spacer wires and
Tube surfaces | : | . A |
ln The Thlrd meThod, a V- block is used To press The ouTer Tube;
Aagalnsf a flaf bed flexnng The Tube within lTs elastic range‘lo |
approxnmafe a. Trlangular shape The lnnerlluhe wlTh lhe spaceriwlres
affached may Then be sllpped lnTo The ouTer Tube The ponson Tube
is belng assembled wnfhln The lnner Tube ln The same.manner .
l MeThods of aTTachlng The spacer vires over The entire lenglh of
The Tube were sTudled At presenT{ an ulTrasonlc weldlng Technlque

appears besT

|.4.3.2° Mechanical Design. Stress Analysis. The fuel Tubes have

A 1/4-in gap aT The center .and a l/2—|n lengTh at the ends’ that con-
Taln no fuel The Temperalure of These non- fueled porflons drops down
' To sleam Temperalure wahln a shorT dlsTance from’ The fuel bearlng
secllon, and causes axial TemperaTure gradnenls and Thermal sTresses
. The aXLal Temperalure gradlenT was'calculaled by conSideringAi
The_Tube wallflo.be a Thih, flat fin'wifhllwofdimenslonal heaT-flow :

by the equallon;}l

ll.A Blrd,lgiA .. "Notes on Transport Phenomenon", p. 162, 1959

_4_9..



(=]

‘9>.<,'y' =T -Ts ='72He°‘ y  cos _(%n”) cos hlotn (1-8)]
B P P - Biz + Hé)r- +-kﬂ cos (anr) cos h
' ‘ n-I .
where,. H =-hlL =,o'<1'ano(r'5 A
ro= c/L, = x/L,A '='y/L
h = surface heaf fransfer coeff:cnenf BTu/hr ffzoF
k= Thermal conducfwvnfy of tube, BTu/hr—ffoF '
L = IengTh of Tube in (x) dorecf:on, ft.
' Tw = consTanT wall Temperafure at the end of the fuel -

Ts % Temperafure of the steam surroundlng The end of the Tube
| Thts equaTnon gave an axnal +emperafure gradnenT for The honesT
'fuel elemenf of 560 F per in. aT the end of fhe tube, and 2400 F per
in. -at the cenfer fuel gap =

Assumang a | i hear Tempera?ure gradtenf which is c§nservafrve,

The maxnmum Iongufudnnal sfress was calculafed from the equaf:on,

v 2(0 329) X E- 1/ T

o, = ‘
| e ) 572 ,Az
where,. . & = | inear coetfpcuenf of expénsion,'Ln/WnQF
kB o= modu lus of;elastféity,lfb/;nzz
¥ = Poisson's ratio -
Rm = mean radius of the tube
t % WaiL~thickné$s~
. AT = Lrneab.témpenaturelgnadjeni

2. Timoshenks, "Theory of Plates and Shells,! p. 424, 1940

=50~

- (.1.24)
©n)
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The tangential stress due to the akfélvfempefafure:gfadiehf is
givéen by the equd?iqn, | |

o, ;-1;cé. . L | ' (1.26)

"There is also a radial fémperafure'gfadienf of 66 Fiafffhe end -

of the tube'and 50 F at The cenTer gap. .The sTress due to the radlal

Temperafure grad:en? is calculaTed by the equaflon,'g

o= o swEAT - . ... - . .
MR TH =) S | L

for the portion of the cy llnder ahay from'fhe-end..'AT fhegfree'ehd
of the cylinder, The'sfréss is aboquSO per cent higherls

Eqs. (1.25, 1.26, I. 27) gave The followung max i mum sfresses due

- to boTh the ‘radial and axual Temperafure gradlenTs

aT Tube end
c} = 21,100 psi-
o. = 16,350 psi .

%neld stress = 19, OOO ps| .
(316 SS -at IBOOF) S

af center gap

47,400 psi
21,400 psx

¥leld stress = 20,000 psi
(316 SS aT ||80F)

£ lI

Slnce These sTresses are in excess of The yneld sTrengTh of The
,maferlal There wxll be some plasflc deformaTnon Assuming free
.dtfferenflal expansuon, The maximum deformaflon is a reducTnon in The‘.

PR

tube dnameTer of O. OOI . at The end and O 003 in. at The cenfer gap.

13. C. H.-Kent, "Thermal. STresses in Thln-Walled Cylnnders“
APM-53-13, p.. 167, 1931
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. Thermal Falique The fuel. Tubes were checked for thermal: faflgue'

. due to cycllng of The stresses al The fuel gaps. The number of stress.

..cycles needed to cause fai lure was calculaled from The equa‘hon,14
l/2 =c___ . ‘ -'ﬁ“l AR . : ':."ﬁ"g :(l.28)
" where, .. I
'N_=.number‘of cycles‘#o.fallere ‘
C= /2=1/2 In 100___

“TO0=RA- » :
. where, RA is the percenfage reducTnon in area defermlned
in.a tensi le Tesf : o

'Aip“=~OMak '.chleld.sfress'
E ) . .

-.Eq (I 28) gave 1. 88 X lO6 cycles for The maxnmum sfress of 47 400 p5|

]

Thermal Shock Prellmlnary Thermal shock calculaflons lndlcafe ThaT

4The superheafer fuel fubes can w1ThsTand a. shock of 1000 F for:;

IOOO cycles |f the. Tubes refann lhelr orlgunal dUCTlllfy ' However,

o under reacfor operaflng COnleIOHS, it is known Thaf a brlTTle phase

kknOWn as sngma phase can occur in 316L sTannless sleel when held '

.at elevated temperatures. .The-number of sfreSS‘cycles Thaf a
- material can wlThsiandAis related to the ductility by Eq. (28, -
: since The eercenfage‘reducfion in area (RAl'is almeasure of duCliliTye
The plasTlc sTrann range is delermlned from stress calculaflons
Therefore, lf the percenfage reducflon in area is known for The glven o
| malerlal condnluons,‘fhe number of cycles fo fallure can be predlcfed
.WITh reasonable.accuracy.

| The reducfion,in ducTiliTy due. to sigma ehase;formafion’will

14. L F Coffln,.”De5|gn for Low Cycle Fallgue" SESA Deslgn Clinic,
OcTober {959 - ‘ o ‘

 sp-



be determined by heating.tensile test specimens of 316L sfainleég- |
steel in a furnace and measuring. the percehtage-feducfion in area }ﬁ
a .tensile test after various heating Timés.' It is expecfedAThaT;_
the reduction in ductility will level off after a period of Tlme,
allowing exTrapolaT|on tTo the - fuel elemenT lnfeflme With The '
maximum expected reducfion in ducTiliTy knOWn, IT.shéuld be pdssjble

to predict a safe therma! shock limit.

Plastic DeformaTion‘durinq Shut-Down. WHen‘TheAsubeEhéaTer is'floodéd

at shutdown, uneven flow patterns can causéipefmanehf.deforma+ionfof'

the. fuel element~aé.we|l'as fai.lure due'Tb-Thermal shock sfrésses.7

The spacers and other restraints wi'll effect The maxnmum sTresses and Co

deformations; therefore, a Thermal shock +es+ is planned |n whnch
the f looding conditions will be snmulafed u51ng q complefe fuel |
e lement assembly.. |

The maximum.femperafure gradienf ThaT §an be~+olératéd wifﬁoqf-
stressing the superheater tubes beyénd the elasfic,lihif wefé cal-
culated for various temperature -distributions.

A linear temperature difference (AT) across the Tube-diaﬁefeb '

would tend to cause bowing, which can beAéa16u1afedvby.+he eﬁqafion,
y = j’(ﬁA_T_) dx  + 55M__dx2, | _(I:.'2§)'
A dg . El o ‘ -
where, . | | '
.y = deflection, in.
do = outside diameter of tube, .in.
M = bending moment caused by spacers

I = moment of inertia of the tube cross section
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Since the defreciiondaf ‘the  spacers is’zero;:The~bendfng moment
and stress can.be deTermined,as a function of AT.. - With the tube
.compjefelyiresfrained-from bowing; }ne maximum stress is,given;by'fhe.
eqdafion; |

=o('EAT, Rt V-(ll,._so')

Caieulaflons show Thaflif a maxnnum femperefune'dafferenflal of |90 F.
is not exceeded the elasflc limit of the tube w:ll noT be exceeded
lf the tube is resfralned at nnfermnffenf pounfs along |+s
-_lengfh the maximum sfress.ls.hngher at ‘these. ponnfs
With The tube simply supporfed aT the cenTer and aT each end The
maxnmum sTress is given by the equaTnon,
| , = 3/4 XEAT o L '(1.31) :
-For Thns ‘case, the maximum Temperafure dlfferenfxal s 124 F.
In resTrlcTIng The bOW|ng, The wire spacers apply a radlal fonce }

on the tube wall ThaT can. cause radlal deformaTnon Assumtng ThaT

the tube is snmply supporTed at The center and at each ‘end, The maxumum

circumferenfial bending stress is given by the equation,

27%%1; (%\(gm;) o P _ -(|.32).

c

where, Rm meen radius of the tube

o .
il

o "ouTside'diameTer of tube

L
]

total length of tube.

Calculations then show. that if maximum linear.femperafure‘differenTiels
acrOse the tube diameter of 250 F -for the ouTer‘fuel‘fube orVEOOFF o
for the fnner fuel +ube,are.notle*ceeded, fne‘elasTEC'limiTsAef fhe

A tubes will not be exceeded..
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Collapsing stress- in poison rod cladding. The maximum stress in the.

'pqison rod cladding is due To - -the external bressure»(p) of approxi-
mately 600 psi. The equation for the critical collapsing pressure
(pcf) for a,perfeéfly round fube is given by the equaTionIﬁ,

- g3 (1.33)
Per = _ET - _ o (1.33)
4(1-92) RS -

which when calculated gives a'feqUired wall thickness of 0.0IO.iﬁ.
However,lfhere‘will be $bme initial ovality of the tube which
increases the req@ired wall Thickness. The ﬁaxfmgm sTress‘in a.Jongv
tube with an initial radial devialion from a circle (wo)'is given by

The'equa#ioh,l6

< - R Ry .
Gmax pm o+ 6p~m wo
. T T |- P/pcr ‘ ‘ (1.34)

Eq. (1.34) gives approximately the same sTress‘qs'an quaTion
Agiven by R. G. STuFmI71

Eqg. (1.34) was used To‘plo+ curves of maximum stress versus
wall thickness for various ovality tolerances. When the maximum
~ Temperature of the poison rod‘cladding-is determined, the allowable
stress at Thisvfemperafure can be used to deTerhineIThe,required

wall thickness.

"~ Stresses in the inner insuIaTind tube. The required wall thickness

. for the inner insuléfing Tube was calculated using the ASME Unfired-
-.Pressure Vessel code, Section VI, 1959, Par. UG-27. With a maxi-
'mumsfransiénf,bressuré drop of 180 psi through the superheater, a wall
15.- Timoshenko, "Theory of Elastic Stability"

6. Timoshenko, op. cit.

17. R. G. Sturm, YA Study of the Collapsing Pressure of Thin-Walled

Cylinders", University of |llinois Engineering.Experimental
Station, Bulletin No. 329, 1941.
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thickness of 0.,0064 is required using 304 stainless. With-a wall. .
thickness of 0.020 in. th2 maximum tangentlal stress is 4,100 psi. .
and‘fhe maximury tongitudinal stress is 2140 psi.

in the supporting section at the end of the fuel~eiemen+, fhe mmrl;::
mum tangential stress is 3000 psi tension and fhe maximum IonguTudlnal
stress is |500 psi compression., All aTrosses in Thp |nner tnsulaTIng
tube are 5e!ow'ThaT required for l per cenT creep in l0,000 hr.

for 304 stainless steel.

1.4.5.3  Superheater Container Tube Seal Test. A high—pressurevfesf

.of the superheafur container tube cnol is undpr consadcraT:un The =
seal that will be tested is a tupered aluminum sleeve in series WiTh
a stainiess stee! O-ring. Two seals were orderad and recéiQed} The
éeals will be testod in the test apparaTusltFig. 2.]O)Hfhut is:being
used to test a cold-rolled seal between Thg inner and outer cbnjéihor

Tube.



|.5 NUCLEAR HANDLING TOOLS

The objective of tThis project iéifo berform conceptual engineering
and experimental work as required for development of simplified but
~reliable fuel handling fools and special tools for repairing or re-

placing reactor parts. - :
|.5.1 BOILER FUEL HANDLING TOOLS

A preliminary layouT'of the boi ler éleménT-handling tool was

comp leted, and is shown!in Figure,l.22. -The redesign of the boiler

fuel element (see section 1,4.2)_elimina+éd the:need for underwater

box-changing equipment.

|.5.2 SUPERHEATER. FUEL HANDLING TOOLS
The prototype superheafef.e}éhéhfvhéndijhg“pole shown in the
last quarterly report (Fig. I.22; ACNP-6007) was constructed and tpésted

in the 40-f1 hahdling tank. 1t performed véry well.

1.5.3 CONT?OL RGD.HANDLING EQUIPMENT
A test was run to défermine fhe~féasibili+y of using an under-

water torch to cut irradiated cénTrol roas; The cutting operation
caused rapid Blaékening of the wafér, which was uhsafisfacfory.

| éome preliminary work was done on conceptual design of handling
tools for .both the boi ler ahd superheafer control rods. The superheater
confrol-rod po}son pins.will be de{afched from the yoke in the core,
ana picked-up with a ldng handled tool, and placed in a handling rack.
" This procedure is similar to that used in handlfng superheater fuel

elements.
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|.6 - LOW-ENRICHMEN| SUPERHEATER FUEL ELEMENT -

The ob jectives of This projec+ are as.follows: [) to pentorm_”.
calculations optimizing nuclear and thermal characteristics of a low-
enrichment superheater fuel element: 2) fo evaluate fabrication and.. ...
Testing techniques that will lead tco the lowest cost superheater fuel
possible within limits of Pathfinder Plant design and operating
reliability; and 3) to attempt to get as much information as is re-
quired for early insertion of a lowrenrichment superheater core.

1.6.1 CRITCAL FACILLTY FUEL

An order was placed with M & C Nuclear Corp for 1400, 3.5 per-
cent enriched and 400, 7-percent enriched sTainIeés sTeéf'cféd'fuél
rods for use in critical experiments. Fabficafion of these rodsA

is continuing on schedule. The container tubes and other hardware were

V designed. Detai | drawings are being made.

|.6.2 FABRICATION DEVELOPMENT -

1.6.2.1 Programmatic Data Survey. Published data on swage ‘compacting.
fuel is béihg collected and evaluated. This data includes valuable’
‘information on. equipment and techniques for cold and hot swaging,

cladding materials, fuel element properTies,-irradiaTion stability, etfc.

|.6.2.2 Ceramic Pellet Fabrication. Minor effort was confinueq én
uréniﬁm_dio%ide pel}éf fabricafion. Foﬁr 0.388;in dia. peliefs were
férmed of.ShéTTuck ceramic grade oxide ball milled fér 128 ﬁr wiTh‘
'2>Q/o Carbowax binder;lubricanf. The pellefs were pressea at 70 T;i.

The gréen densities of the pellets are givén in Tabie‘IJS'“




Table 1.5 Uranium Dioxide . . The pellets were placed in the
Pellet Density o
entry zone of a hydrogen furnace and.

Samp le Green oo :
Number Density were outrgassed at 250 to 420 C for
' (Per cent) o c o
o : 12 hr. Density measurements of the _
| .. 72.46 : S " -
AU . out-gassed specimens are being made.
2 72.52 R
The average green density of The
3 72.59 S 4
pe!lets was 72.50 per cent of theo-
4 . 72,43 : o : :
' retical.

Analysus of some.preVIously fabrlcafed pelIeTs was continued To
verlfy densnTy characTerICTICS Three of The peIleTs were prepared
from 64- hr balt-milled ShaTTuck ceramic grade oxnde using 2.0 w/o
Carbowax pressed aT—?O Tsi and sintered for I5 hr at 1700 C. Each
of these pellets wae sectioned ipTo four or.five wafers and individual
pycnometer depsiTies were made of each wafer. The results are
given in fable [:6.

ln'The Three specimens, densiTy variations befween | fo 3 per-- -
cent of theoretical, or 0.1}l fo 0.33 g/cc were found. The first two .
_samp les gave wafer density averages in good agreement With the gross
’ pellet denSIty. In the Thnrd sample, porosnTy in the Fop of The pelIeT -
ﬁay have reeulted in the measuremenf cof a hdgh grOSS»denS|Ty compared |

o the average water deneiTy.:

: Arc—Fused‘Urapjum Dioxide Powder. Three ditferent sets of uranium
dioxide pellets were prepared from'Spencer‘Chemieat Company’s-arc-

fused grade of oxide to evaluate pelleting characteristics. The
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TARLE [.6° DENSITY VARIATIONS IN Qo PELIETS

WAFER DENSITY

SAMPLE GROSS DENSITY
NUMBER " Per Cent of Per Cent of Theoretical (Pycnometer:)
Theoretical | 2 3 4 5 .
(Pycnometer) L e T o
0 = 92.35 94.81 91.52 91.62 90.90° - 94.90
Average = 92.75 + 2.15
49 ) 89.87 90.71 89.77 90.64 88.77 « -===-=v
Average = 89.97 1+ 1.20
59 A 80.39 86.06  89.49 .89.44 85.02 °89.33
Average = 87.87 + 2.85
TABLE 1.7 UC, PELLET PROPERTIES
Samp le Forming Green Density Sintered Density
Number Pressure (Percent of TheoreTicéﬁ) " (Percent of Theoretical)
(Isi)
e 70 81.83
2 70 86.57
3 -60 76.73
4 60 81.03
5 70 83.31
6 70 83.18
7 70 83.29
8 70 83.39
9 70 83.13
10 70 83.43 .
Ave. = 83.29 + 0.16
o 70 82.5 . - 95.72
12 70 82.4 95.53
13 70 82.4 95.81
.14 , 70 82.2 95.99
=82.4 + 0.2 = 95.76 + 0.23

Ave.
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pellets were made of .-400 mesh powder with an. average sub-sieve
particle diameter of 6 u. Applicable data is_giyen in Table 1.7.

The fiFsT four samples were prepared to eéféblish f§nming
préssﬁre. Tﬁe first ten specimens were'sinferedvih one pé%ghf All
of these sahp]és disintegrated in the furnace either due to over-
:preSSing or failure.To out-gas all organic binder.l Specimens 1]
Thfough |4 were sintered forAeigh+ hours at 1650 C in hydrogeﬁ
' afhosbhere. These specimens were c¢rack-free but surface character-
iéTics wefe inferior to sinféred pellets méde from ceramic-grade
powder. |

The automatic time-temperature program controller was installed
on the hydrogen furnace. A new series of pellets is being pressed
for an.evaiuaT]on of the Time-temperature sintering cycle on peIIeT.
characteristics. Results of this study should be available in the

‘next quarTérly report.

|.6.4.3 Swage-Compaction Studies. A major effort was continued

on swage-compacting uranium dioxide fuel rods. fhe ob jective is o
prepare a high-dénsify UO2 fuel rod wiTh.IimiTed'inTerconneCTed
pérosify for retention of fission-product gases, and wi+h good heat
transter properties. Primary emphasfs is directed ftowards a finished
diameter of 0.225 in. for assembly inTb tThe septafoil c luster design.
A density of 90 to 95 per cent of theoretical is desired.

Parameters under investigation include the following: grade of
oxide, péwdér pérTicIe size, parfiéfe sizé Qisfrjbufion,'parficlg
dens.ity, tap denszy'of pre-swaged powdéré, quantity and-schedule of

swaging reduction, and strength and ductility of clad material.
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The general procedure followed in fabricating the swage-cuoin-
- pacted fue1 rods .is as follows:

13 cut tube to length

2) clean inside and outside of tube
3) plug one end with steel wool

4) crimp plug end

5) fill tube with powder

6). vibratory pack for |5 min.

7) " plug open end of tube

8) crimp plugged end

9) weld crimp ends

I0) swage according to schedule -

During swaging, Thevpowder first acts as a éqmpressible maferiaf
After the powder achieves. a highek‘densify, the compacted powdet acts
as 'a mandre( within The Tubing. The cjadd(ng, Theréfore, incfease;
in thickness at %irsf and then decreases fn thickness as the ceramic
.material dénsifies. ‘The tube progressively elongates after the cerahjc

material becomes fully dense.

Effects of Power Particle Size, A series of swage-compacted rods
were made. To determine the effects of parT}cle size on the ultimate
swaéed density and on the conaifion of ‘the fuel rod cladding.‘ Spencef
Chemicél Co. arc—fuséd oxide of various mésh fractions, was used Té
load the rods. The 316L stainless steel tubing used in Tbe sTudy'.
was 0.325-in o.d. with 0.010-in thick wall. The loaaed Tubes Qeré
'redﬁced in Two:sqccessive passes in 0.250 and 0.225 in. dies. The .
éwaging opefafioh.is shoWn'in Figure [.23. CbmpacTed Tubes foiiowing
the last reduction pass are shown in Figure 1.24." The fabrication

variations and reéulfs of.swaging are given in Tablé i.8.
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TABLE 1.8

PROPERTIES OF SWAGE COMPACTED URAN[UM DI OXIDE !

JK-A Series ,

SAMPLE MESH TAP REDUCT ONZ PERCENT ~ FERCENT FINAL _ PERCENT  WALL PERCENT  SURFACES
NMBER SIZE DENSITY ~SCHEDULE ~ REDLCTION ELONG. ~DIAMETER OF THEO-  THICK. . VARIATION ~APPEARANCE

(PERCENT) IN AREA (N, RETICAL  (IN.X1073)
JK-A7 .-400 4B.1 L. 54l 38 0.220  86.5:0.5  10.120.9 8.9 V6
JK-A8  -400 48.1 ! 54,1 37 0.220  86.1:0.4  10.5:1.1 0.5 V6
JK-A9  -325+400 48.6 | 54.1 - 27 0.221  89.2:0.1  11.8+0.8 6.8 FE
JK-A28 -270+325 48.5 3 541 42 0.220  90.3:0.9 v6
JK-A32  -2304270+47.7 3 541 40 0.221  91.8%0.1 s
JK-A3 2004230 49,1 3 . sa 43 0.222  90.6:0.9 | s
IK-A27  -170+200 47.6 3 54,1 46 .  0.221  90.60.6 - VG
JK-ATD -170+4325 46.7 | 54, 1 31° 0.220 89.6+0.6  Il.1+L.1 9.9 FE
JK-AIT -170+325 46.7 - | 54. | 28 0.221  89.820.7 - 12.413,0  24.2 FE
JK-A33 -140+170 50.5 3 54,1 46 0.222  92.2¢0.5° 11.4%1.4 123 s
IK-AI2  -140+325 54,7 ! 54.1 30 0.220  89.820.8  I1.6t1.4 (2.1  _ ve'
JK-A13 1404325 54.7 | 54.1 . 29 0.221  90.3:0.1  11.2:0.4 : 3.6 CF-S
JK-A26 -120+140 50.4° | 54.1 50 0.221  90.6:0.1 - . vg
JK-A29  -100+120 51.2 - 54.1 47- 0,221 91.420.4 | o ve
JK-A5  -100+325 50.5 ! 54.1 - -x  0.219:  90.2:0.2- I1.1£.5 135 V6
JK-A6  -100+325 50.5 I 54 - 0.220.  89.6:0.2  10.9%¢1.0.  .9.2 VG
JK-Al4 -100+4325 50.5 | 54. | 32 0.221  89.1%0.8 . 10.3:0.9 8.7 ve
JK-A15 ~~100+325 50.5

| . 54.1 31, 0.221  90.6:0.3 ¢ 10.3%0.3 2.9 VG
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SAMPLE MESH TAP REDUCTIONZ PERCENT  PERCENT FINAL PERCENT WALL PERCENT SURF ACE-
NUMBER ~SIZE DENSITY SCHEDULE REDUCTION ELONG. DIAMETER OF THEO-  THICK. .  VARIATION APPEARANCE
(PERCENT) IN_AREA (IN,)  RETICAL (IN.X10™2)

JK-A25 -80+100  54.8 | 54. | 52 0.221  90.9+1.0 VG
JK-A20 -70+100  48.3 | 54. | 29 0.220  90.640.3  10.94 1. 10. | 7
JK-A21 -70+100  48.3 | 54. | 29 0.220  90.010.5  10.6%1.2 1.3 VG
JK-AIB ~-70+140  56.7 i 54. | 34 0.219  90.4+0.5  10.641.5 14.2 V6
JK-AIS -70+140  56.7 Z 54. | 30 0.220  91.7x0.3 VG
JK-Al6 -70+170  52.7 1 54. | 29 0.221  89.940. | 10.6+ 1.8 17.0 FE
JK-A17 =70+170  52.7 1 54. | 30 0.221  89.0:0.4  11.4:0.8 7.0 V6

1

o

U JK-A3  -704200 | 54. | 0,220 B9.540.5.  bLligal.3 1.7 VG
JK-A4  -70+200 | 54. | 0.220 86.3+2.5  10.7%l.| 0.3 V6
JK-A30 -70+80 50.2 3 54. | 52 05221 901zl VG
JK-Al  As-Rec'd 60.5 | 54. | 0.220  86.3+2.5 9.5+3.4 35.8 VG
JK-A2 As-Rec'd 60.5 : 54. | 0.219  90.3+1.3  10.2%1.2 1.7 VG

I All elements prepared from Spencer Fused UO2 using 0.325 in. o.d. tubing with a 0.010 in. wall.

2 Reduction Schedules |
using electric drill).

(.325:F0. 25010 .225); 2

n

228 0 J22BY5 3 =6 325 0 ;250 To. 225

3 Surface appearance VG = very good; F = folded; FE

ll
]

folded end; S = Scored.



Figure 1.23 Swage-compacting of uranium dioxide power in 3I16L
stainless steel tubes. (A-C Photo 210491).

-66-




'
b

Py IR e R R

TS - .«%—" suiin

Figure |.24 Swage-compacted, stainless steel clad, uranium dioxide
fuel rods. (A-C Photo 210492).

Effect of Powder Particle Size on Swaged Density. A correlation

of the powder particle size and swaged density is given in

Figure |.25. The highest swaged density of 92.2 per cent of

theoretical was obtained using -140+170 mesh fraction powder (sample
JK-A33). A density of 90.3 per cent was the highest obtained with
as-received powder, seventy per cent of which was -70 mesh (210 u

or larger). Four mesh fractions in the 400- fto 140- u (100 to 325 mesh)
range yielded swage-compacts of the higher densities. This result is con-
trary fo results obtained by other investigators who have reported the
higher densities with the larger particle sizes (125- to 500- u or 35
To 100 mesh), with other swaging variables constant. As was expected,
the finest particle sized powder (-400 mesh) had the lowest swaged
density. The fact that the points plotted do not construct a smooth
curve is attributed to the relatively wide range of particle sizes

within a given mesh fraction.

L
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DENSITY ( PERCENT THEORETICAL )
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PARTICLE SIZE (M)

Figure |.25 Swaged density vs. powder particle size.
A-C Dwg. 43-024-362)

Effect of Powder Particle Size on Cladding. Four views of as-received

316L stainless steel tubing supp’lied by the Trent Tube Co. prior to
swaging are shown in Figure 1.26. Views of cladding from several
swaged rods reported in Table 1.8 are shown in Figures |.27 through
139,

Figure |.27 shows the deformation in the cladding tube wall
resulting from the use of powder with larger U0, particles. The
specimen was swaged with as-received uranium dioxide powder.

Figure 1.28 and Figures |.36 through |.38 show that the magni-

tude of the deformation noticeably decreases as the size of the powder

-68-



1

-r--

Transverse view - 50X Transverse view = |50X

e o

-

Longifﬁainél Qie; ;.i50*. - C laddi
Figure |.26 As-received 316L stainless steel tubing 0.010 in. thick
used in swaging JK-A series rods. (Trent Tube Co.)
N=P Phetos |5A=9=4, =3, =6,1=5
particle size decreases. This is further shown in Figures |.29
through |.34.

Although the cladding tube containing the smal lest particle size
powder (-400 mesh), Figure |1.30, was deformed the least; the cladding
tube containing the next larger fraction is deformed very little
more. The deformation of cladding of the rod with the highest density
(Figure 1.35) is intermediate to that for rods containing the largest and

smal lest particle sized powders. (continued on page 79)
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Transverse view = 50X Transverse view - |50X

Figure |.27 Swage-compacted fuel-rod cladding from samples JK-Al and
-AZ containing as-received Spencer swageable grade uranium dioxide.

Transverse view - 50X Transverse view - 150X

Figure 1.28 Swage-compacted fuel-rod cladding from samples JK-A3 and
-A4 containing -704200 mesh Spencer swageable grade dioxide.

Transverse view - 50X Transverse view - 50X

Figure 1.29 Swage-compacted fuel-rod cladding from samples JK-A5 and
~A6 containing -100+325 mesh Spencer swageable grade uranium dioxide.
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Clad inside surface - 70X

Longitudinal view - 150X

I5A-14-2, and |5A~13-6).

I5A-14-1,

I15A-14-5,

(NP Photos

Clad inside surface - 70X

Longitudinal view - [50X

16-6) .

I5A-

I15A-16-2, and

I5A=16~1,

(NP Photos |5A-17-5,

Clad inside surface - 70X

50X

Longitudinal view =
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15A-7-1,

15A-19-3,

(NP Photos




Transverse view - 50X Transverse view - |50X

Figure 1.30 Swage-compacted fuel-rod cladding from sample JK-A7 and
-A8 containing -400 mesh Spencer swageable grade uranium dioxide.

Transverse view - 50X Transverse view - |50X

Figure |.31 Swage-compacted fuel-rod cladding from sample JK-A9
containing -325+400 mesh Spencer swageable grade uranium dioxide.

Transverse view - 50X Transverse view = |50X

Figure 1.32 Swage-compacted fuel-rod cladding from samples JK-AIO and
-All containing -170+325 mesh Spencer swageable grade uranium dioxide.
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Longitudinal view - 150X Clad inside surface - 70X

(NP Photos |5A-22-2, |5A-22-3, |5A-22b-1, and |5A-22-1).

¥

Longitudinal view - [50X Clad inside surface - 70X

(NP Photos I5A-23-2, |5A-23~1, |5A-23b~|, and |5A-23c-1).

Longifudinal view - [50X Clad inside surface - 70X

(NP Photos |5A~24-2, |5A-24-1, |IDA-24L-1, and |DA-24c-1).

o




Transverse view - 50X Transverse view - [50X

Figure |.33 Swage-compacted fuel-rod cladding from samples JK-Al2 and
=Al3 containing -140+325 mesh Spencer swageable grade uranium dioxide.

Transverse view = 50X Transverse view - |50X

Figure |.34 Swage-compacted fuel-rod cladding from samp les JK-Al4 and
=Al5 containing ~100 4325 mesh Spencer swageable grade uranium dioxide.

Transverse view - 50X Transverse view - 150X

Figure |.35 Swage-compacted fuel-rod cladding from samples JK-A16 and
-Al7 containing -70+170 mesh Spencer swageable grade uranium dioxide.
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Longitudinal view - 50X Clad inside surface - 70X

(NP Photos |5A-27-2, |5A-27-1, |5A-26b-1, and |5A-26c-1).

]

Longitudinal view - 150X Clad inside surface - 70X

(NP Photos 15A-29-2, |5A-20-1, |5A-28b-2, and |5A-28c~-1).

Longitudinal view - 150X Clad inside surface - 70X

(NP Photos |5A-31-2, I5A-31~1, |5A-31b-2, and |5A-3lc-1).

._?5_
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Transverse view = 50X Transverse view = |50X

Figure |.36 Swage-compacted fuel-rod cladding from sample JK-AI8
containing -70+ 140 mesh Spencer swageable grade uranium dioxide.

Transverse view - 50X Transverse view - [|50X

Figure |.37 Swage-compacted fuel-rod cladding from sample JK-Al9
containing -70+ 140 mesh Spencer swageable grade uranium dioxide.

Transverse view = 50X Transverse view - 150X

Figure |1.38 Swage-compacted fuel-rod cladding from samples JK-A20 and
-A2| containing -70+100 mesh Spencer swageable grade uranium dioxide.
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Longitudinal view - 150X

(NP Photos I15A-32-2, |5A-32-1, |5A-32b-1, and |5A-32c-1).

Longitudinal view = [50X Clad inside surface - 7

(NP Photos I15A-33-2, I5A-33-1,

Longitudinal view - [50X Clad inside surface - 70X

(NP Photos [5A-35-2, 15A-3 I5A-35-5, and |5A-35-4).




Transverse view - 50X

Longifudinal view - 150X

Figure [.39 Swage-compacted fuel-rod'cladding from samp le JK-A33
containing -140+ 170 mesh Spencer swageable grade uranium dioxide.
(NP Photos |5A=-53-1, |5A-53-2, |5A-53-4, and |5A-53-6)

Transverse view - 300X Longitudinal view = 300X

Figure |.40 Heavily worked cladding surfaces of sample JK-A33
showing deformation twinning. (NP Photos I5A-53-3 and |5A-53-5).
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Metal lographic examination of the cladding shows a difference in
the grain structure of the inside and outside surfaces from the
center of the clad. This is particularly noticeable in Figure 1.35 and
[.37. The surface grains show the largest degree of deformation as
is clearly evident by the deformation twinning shown in Figure 1.40. This
analysis of the cladding is being continued and will be reported in

the next quarterly report.

Effects of the Percentage ReducTion in Cross Sectional Area. Two

alumina-filled Tubes were swaged to determine the gross effects

of larger reductions in cross sectional area. One rod was made with
0.350-in o.d. stainless steel tubing with a 0.010-in thick wall.

The second rod was made wWith a 0.370-in. o.d. tube with a 0.010-in

thick wall. Both tubes were filled with the same batch of alumina used

in previous studies. After crimping the ends, vibratory tap packing,

and welding of ends, the tubes were swaged successively through

0.250-in and 0.225-in dies. The final diameter of the swaged tubes was 0.220
to 0.22| in. Further data for Tthe samples is given in Table [.9.

In addition To the alumina-filled rods, twelve uranium dioxide
filled rods 0.370-, 0.350-, and 0.330-in o.d. were reduced to a
standard size of 0.220 in o.d. The reductions corresponded to re-
ductions of 64.6, 60.5, and 55.5 per cent in cross sectional area,
respectively. The uranium dioxide powder was sized into various

mesh fractions. Variables and resulis are given in Table |.10.
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TABLE 1.9 PROPERTIES OF SWAGE COMPACTED AL20z RODS

Samp le Number JKI-1 JK -2

Mesh size as-recei ved as-received
Reduction in Area 64.6 per cent 60.5 per cent
Original Clad Tube Diameter 0.370 in. 0.330 in.
Final Diameter 0.220 in. 0.220 in.

E longation 49 .4 per cent 35.0 per cent
Surface Appearance VG VG

Views of The as-received fTubing are shown in Figures |.4] through
|.43. This tubing, which was supplied by Superior Tube Co., compares
favorab ly with the tubing supplied by the Trent Tube Co. (Figure 1.26).
The former, however, has a slightly larger grain size and a slightly
rougher inside diameter.

Four views of the 0.370-in o.d. tubing filled with alumina
and reduced to 0.220-in o.d. are shown in Figure |.44. The photfo-
micrographs show the clad to be heavily worked. Cracks appear in
the 150 transverse view. The inside surface of the clad is
relatively rough.

The first four samples containing -400 mesh uranium dioxide
were made to determine the effect of increasing the reduction in
cross sectional area. The first two samples, 64.6 and 60.5 per
cent reduction, had radial cracking, presumably due to The large

reduction. The second fwo tubes were satisfactory.
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TABLE 1.10 PROPERTIES OF SWAGE-COMPACTED URANIUM DIOXIDE

JKI-A & JKI-B SERIES

SAMPLE MESH TAP DENSITY REDUCT . | REDUCT. ELONG. FINAL DENSITY SURFACE
NUMBER S| ZE SCHEDULE IN AREA DIAMETER PERCENT OF APF'EARANCE2
THEORETICAL
(Percent) (Percent) (Percent) (in.)
JKI-AI -400 48. | 4 64.6 @ ==——- 0.22| 87.65+0. 15 TC
JKI -A2 =400 48. | 5 60.5 85 QL2 74.66+0.46 TC
JKI-A3 =400 48. | 6 55,5 60 0.221 74.5+3.2 VG
: JK| -A4 -400 48. | 7 558 56 0.221 89.3 VG
@
aJRIE-B =70+80 50.2 8 60.5 W mm=—- 0.221 87.940. | VG
JKI -B2 ~-80+ 100 54.8 8 60.5 17 0.220 88.0+0.5 VG
JKI-B3 -100+120 51.2 8 60.5 = =m=—- 0.220 86.3+0.7 VG
JKI -B4 -120+ 140 50.4 8 60.5 74 0.220 86.9+0.6 VG
JKI-B5 -170+200 47.6 8 60.5 66 0.220 86.3+0.4 VG
JKI -B6 -200+230 49. | 8 60.5 63 0.220 87.8+0.6 VG
JKI| -B7 -270+325 48.5 8 60.5 @ eme=- 0.221 87.0+0.8 VG
JK| -B8 =400 48. | 8 60.5 89 0,220 82.8+0.5 VG

| Reduction Schedules: 4(0.370 to 0.275 to 0.225); 5(0.350 to 0.275 to 0.225);
6(0.330 to 0.275 to 0.225); 7(0.330 to 0.225 electric drill
feed); 8(0.350 to 0.250, Annealed to 0.225).

2 Surface Appearance: TC = transverse cracking; VG = very good.



Transverse view - 50X Transverse view - [50X

Figure |.41 As-received 316L stainless steel tubing, 0.0l0-in thick
wall, 0.370-in o.d. (Superior Tube Co.)

Transverse view - 50X Transverse view - [50X

Figure |.42 As-received 316L stainless steel tubing, 0.010-in thick
wall, 0.350-in o.d. (Superior Tube Co.)

Transverse view = 50X Transverse view — [50X

Figure 1.43 As-received 316L stainless steel tubing, 0.010-in fhick
wall, 0.330-in o.d. (Superior Tube Co.)
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Longitudinal view - [50X

X

(NP Photos I5A-36-3b, |5A-36-3, |5A-36-3d, and |5A-36-3c)

Longitudinal view - [50X Clad inside surface - 70X

(NP Photos 15A-36-2b, |5A-36-1, |5A-36-2d, and |5A-36-2c)

1

Longifudinal view - 150X Clad inside surface - 70X

(NP Photos |5A-36-1b, |5A-36-2, |5A-36-1d, and |5A-36-Ic)

-3 5=
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Transverse view - 50X

Figure |.44 Swage-compacted fuel-rod cladding from specimen JKI-|
containing alumina and reduced 64.6 per cent.

Transverse view - 50X - Transverse view - |50X
Figure |.45 Swage-compacted fuel-rod cladding from sample JKI-Al
containing -400 mesh oxide swaged to 64.6 per cent reduction.

Figure 1.45 shows four magnifications of the effects on the
tube reduced 64.6 per cent. Although these photomicrographs do not
show any hoop stress or radial cracking, the inner and outer surface
of the clad is obviously heavily worked.

The series of tubes designated JKI-B contained uranium dioxide

of mesh fractions corresponding to the series JK-A reported in Table
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Longitudinal view - [50X Clad inside surface - 70X

(NP Photos |5A-37-2, 15A-37-1, |5A-37b-1, and |5A-37-4)

Longitudinal view - 150X Clad inside surface - 70X

(NP Photos |5A-38-3, |5A-38-2, |5A-38-7, and |5A-38-6)

|.8. The powder was vibratory packed in 0.350-in o.d. tubing and
reduced o 0.220 (60.5 per cent). Details of this series is also
given in Table 1.10.

Lower swaged densities were obtained with the larger reduction
in cross sectional area as is evident by comparing corresponding
mesh fractions in Tebles 1.8 and 1.10. Metallographic examination of

the tubes will be made during the next quarter.
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Figure |.46 Swage-compacted alumina-filled fuel-rod cladding reduced
from 0.325 to 0.250 o 0.225 in. o.d. (54.1 per cent) and straightened

in 5-roll (leff) and 6-roll (right) rofary sftraighteners. Top to boftom:
transverse 50X, transverse 150X, and longitudinal 150X. (NP Photos
24p-3-2, -1, -3 (left); and 24A-9-2, -I, and -3 (right).

-86-



Effect of Rotary Straightening-on Clad. Before-assembly into fuel -

elements, the fuel rods must be straightened. . The effect of rotaryl

" straightening on the clad was therefore evaluated. Eight swaged
alumina-filled rods were reduced 54. | pér cent. . Four were run through
a 5-roll rotary straightener; four were ruii through a 6-roli straight-
ener. Characteristic results are shown in Figure 1.46. Results with
the two sfréighfeners is comparable!. However, due to the work:
hardened condition of the cladding tubes following swaging, cracking
occurred on the inside clad surface. This indicates that an

ahnealing“heaf treatment may be neCesséry-prior to straightening. -

|.6.4.4. Rare Earth Burnable Poison. A minor effort was continued

on the study qf a raré earth burnablé poison material fér Tﬁg fow -
enriéhmehf superheater fuel element. Thé.objecf of the sTuéy is To’
deve lop a‘diépérsion of gadolinjum oxide of closely confrolied‘parficle
size in a ceramic matrix. The study is being conducted in three
phases:' ) a study of any bossible high-femperafure-reécfiéns’Befwéen
gadolinium.oxide and alumina matrix material; 2) fabricaTPon of |
gadolinium oxide of a closely controlied parfic]e size; aﬁd 3)

fabrication of ceramic alumina pellets.

Reaction between Gadolinium Oxide and Alumina. The high-temperature

reaction between aluminum oxide and gadolinium oxide is being studied |
to determine the suitability of using aluminum oxide as the ceramic

maTriQi During the ﬁuarTer two series of four pellets were pressed
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and sintered. The first series of four was'made from a 80-1o-20
:meighTaraTio mixture of gadolinium oxide and atumina. The mixture

was mixed with 2 w/o carbowax lubricant-binder and pressed ‘info pellets
-@at 26 tsi. The second series of pellefs was made of a layer of
@ado.l'tnium oxide with a layer of alumina. The relative amounts of
powder were 50:50. (Each powder was mixed with 4 w/o Carbowax.

The alumina was loaded into .a die, .and the gadolinium oxide was loaded
on “top. The composiite was pressed at 26 *si.

Both series of pellets were sintered in a hydrogen atmosphere
furnace. They were first oui-gassed at 250 fo 450 C for 12 hr. The
“temperature was then ‘increased 100 C/hr until reaching 1510C (2750 F)..
'Tth'Témpera#une was maintained for |7 hr. The temperature was
“hen .reduced by WOO C%Hf to 900 C (1652 F), at which #imé The pe11eTs
were ‘taken out of ihe~fﬁrnace,

Pellets in the first series were sound and of good strength.
Alumina had been used to cover the peilets in the sintering boat,:
and some of this alumina had.adhered-iO‘The:su}face of pellets. 'The
‘surface was el lowish-white in color.

The second series of pellets was of lower quality. The-
gadolinium-oxide half of the peilets shrunk much more than the
@aftumina.half. .Of the four peilefs, three were intact; but .one
pellet separated at the powder interface during subséquenf handlhqéJ

- ‘The possibi lity of.any mutual solid solubility or high-temperature
.reaction between the fwo materials will be determined by meTai!ographic

examinations during the next quarter.
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Fabrication of Gadolinium Oxide Powder of Closely Controlled Particle

Size. The object of this study is to.prepare.gadolinium oxide of
uniform particle size by pelleting as;receﬁved powder,  sintering,. “ 
'baIJ-milling,‘and sieve sizing the powder.. Two series of pellets ...
were prepared. The first series (6 peIIeTsjAwere pressed from as- .. i
received powder éonTaining 4 w/o-Carbowax.a+ 26 tsi. ~Green- pellets were
of hiéh quéliTylwiTh densities of 63.40 + 0.3 percent of .theoretical.
.Tﬁe'pe[iefé were sinTéfed according to the previously'given-schedule;
The;as—sinfered pellets had a yellowish deposit of alumina én:
The ouTside'surfaée. A large'amounf of.shrinkage as exhibitéd by
hbur-gjassiﬁg dccurréd. HMeTéllogréphic aﬁalysis is‘being-made.
The‘sécona séries (6 pelleTs) were made in .the same.way-except - :
Tﬁat 2'w/o Carbowax was used. Green denéify of 5 pef(efs averaged L
60.57 +0.53 ber cethof theoretical. . The-gfeen density of The sixth
pellet was 69.06 per cen+ theoretical, én@zin;rease for which there was

no apparent reason. These pellets will be sintered next quarter.

Fabrication of Alumina Pellets. Four series of alumina pellets

were pressed and sinTered...The first series (4 bellefs) wés hadé
of as-received alumina wah.Z.O W/o Carbowax, and présséd‘af 40:aﬁa
50 tsi. All four pellets disintegrated when eJecTéd from the dié
'or'in subseqﬁeﬁf héndling; . '

B Tﬁe second series were madé f;om as-received.powdef wi+h 2Uw/6
Carbowax. Three pellets were pressed at 40 Tsiglbné was pfessed~af
50 féi. fhé peTleTvpressed at 50 tsi disintegrated, but the three

préssed at 40 tsi remained sound. The green density was 61.23 + 0.08
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per cent. These three pellets were out-gassed for 12 hr at 250 to
450 C. The temperature was increased 100 C/hr to 1510 C (2750 F)
where the Témpera#ure was maintained for 17 hr. The Temberafure was
Then reduced slowly-To 900 C (1652 F), and the pellets were removed
from Tﬁe furnace. - |

Density measurements and metallographic analysis of these pellets
is being made. The as-sintered pellets were white in color with only
a small amount éf‘bubbled alumina from the sintering boat attached
to the surface.

A fhird series (6 pellets) were made of as-received alumina
powder with 4 w/o Carbowax. . Tﬁe pellets were pressed at 40, 50, 60,
and 70 tsi. Green densities fanged'from'62.2 to 65.0 per cent of
Theorefical, from the tower to higher forming pressures. The pellets
Qere sintered to the same cycle described above, and were sound.
Analysis is now beihg made .

A fourth series (4 pellets) was made of =325 mesh 99-percent
pure alumina powder. This powdér, which was retained by the 325 mesh
écféen, coésjsfedlof agglomerated powder. A sub-sieve aﬁalyéis\of
the péwder-gave én average pak%icle size of 3.0 p.

) The four pellets were pféssed»af 26 tsi using 2 w/o Carbowéx:
The appearance of ali green pellets was good. GEeen densities were .
about 63 per cent §f theoretical. These pellets will be.sinfered aﬁd

evaluated during the next quarter.
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2,1 VESSEL AND STRUCTURES

The objectives of this project are as follows: 1) to perform
extensive studies, concepfual engineering, design evaluations, and
tests relative to the reactor vessel and structures, so as to estab-
lish reliable, safe, and improved designs for the vessel and structure;
and 2) to perform investigations and Tests to insure proper hydraulic
design.

2.1.1 REACTOR VESSEL SHELL

Fabrication of the vessel shell is well along in the Allis=-
Chalmers shops. Results obtained to date from the full-scale closure
demonstrate the integrity of the closure design, This test is dis=

cussed in more detail below.

2.1.2 FULL-SCALE CLOSURE TEST

_Experimental Stress Analysis of Vessel Head and Flange,

Tesfs at Room Temperature, Test data for a stress analysis of the

vessel head and flange at room temperature was taken, The test

set-up is shown in Figure 2,1, Strains in the head and flange were
measured with electric resistance strain gages with the head bolted-up
without and with hydrostatic pressure applied.

Typical measured stresses are plotted in Figure 2.2, along with a
stress distribution previously calculated-using a digital computer., The
points show only a small portion of the data with the head bolted-up but
without hydrostatic pressure. Agreement beiween analytical calculations

and the data thus far analyzed is good.




Figure 2,1 Full-scale Closure test, (A-C Photo 210756)
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Stresses due 1o Bolt Load. The bolt load is applied using two

hydraulic bolt Tensioﬁers. These tensioners are suspended from a
handling rig and operated sihulfaneously on two bolts located 180°
apart. - The time required to make a complete pass, i.e. Tighfening
each'bo|+ once, is about 86 minutes, The number of -passes that are
heéessary depend on the accuracy with which the amount of pre-stress

for each stud can be predicted and the amount of deviation fhat js

. permitted, Typical variations in bolt stress which were obtained

durfng one of the early bolting-up operations aré shown in Figure 2.3,
The variation in 1oading may be reduced by changing the amount of

pre-stress for successive bolt pairs during a pass. The goal is to

"achieve a variation of ¥ 10 per cent of the desired bolt stress in one

pass.

- Gasket Leakage,. A set of two corrugated stainless steel gaskets with

a soft-iron core were used throughout the test. Leakage Throuéh The

-inner gasket was 1/4 cc/hr. of water at 1200 psig.hydros+a+jc pressure,

This test pressure is double the reactor operating pressure. To test

‘ the outer gasket, a pressure [ine connecting the intra-gasket channel

' to the inside of the vessel was installed. This subjected the outer

gasket to the pressure within the vessel, The vessel was then pressur-

ized in¥50%Ib increments, and the outer gasket was visually inspected

for leakage. The first sign of leakage was observed at 750 péig internal

pressure.
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2,1.3 VESS‘EL-TQ'-SHIAELD POOL CONNEGT |ON
Detal led des.ign calcuiaTioﬁs are béfﬁg féviéwed and preparéd
for a design report., A slight ref Inement was made on fhe reference

design, which will make it easier to install and remove the large

expan$Lon—jpln+ assembly. -Fabrication drawings for the ‘entire con-

nection are being made.

A thermal analyzer program was run on the computer to defermine
the temperature of the rubber O-ring seals and to determine the
thermal gradient In the Iarge'expansfon Joint support Eing. Both'
the thermal stress level resulting from The temperature gradient and
the seal temperatures are adequately low.

A new type of metallic Insulation for the vessel head is being-l*

'!nvesflgafed. A leak detection system that will notify the operator

should a I eak dévelop in the vessel-to-shleld pool ¢onnection was
designed.
| 2.1.4‘vSTEAM DRYERS
The reference design is-being modified to include mesh-type

steam dryers.to remove moisture from steam entering the superheater,

The dryers wil! be located in the neck of the pressure vessel, which is
about 4 fT above the water level,. Dryeré will be located over the core
only, and will be Inc]ined 15 deéreds with respecf to the horizontal to
facilifate draining. AThe‘mesh will be made of. a material such as lnconel,
which resists stress ééfrosion, aﬁd wirl bé fabficaTea SO TBaT Thé.&ire
will not fray,
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2.1.4.1 Tests on Separation of Water from Steam, A schematic diagram

of the 19-in o.d. test column used for these tests is shown in Figure
2.4, The test column is consTfucTed of steel pipe with welded fiTTings
~to accommodate calorimeter taps, sight-glass flanges, and manometer
taps. A perforated plate and a fine-mesh screen are supported in

the bottom of the test section to distribute the steam bubbles more
uniformly across the pipe. Throttling valves are located on either
'side of the test section to édjusf the steam flow and pressure, A

heat eéxchanger is Iogafed in a line parallel to the steam supply to
pérmi+ ad justment of the liquid level in the test column, Further

details of this test set-up were reported last quarter.

Natural Separation. Experiments conducted to date show that natural
sepérafion will preduce steam of 99 per cent quality or better, pro-

vided that the release rate is below a critical valué.|8

This critical
value is a function of system pressure,vfemperafure,'heigh+ above the

- L : ' l
interface, and up to a certain size, the diameter of the vessel. Sterman

provides an expression for determining the approximate diameter at

which entrainment is independent of vessel diameter:

y” 0.2

.
I e

18, J. Wjilson and M. McDermott, 'Moisture De-Entrainment Tests in
Two~ and Four=~Inch Diameter Test Sections! Allis~Chalmers Report
.ACNP-5921, 1959, '

- 260 2.1

19, L. Sterman, "On the Theory of Steam Separation', J. Tech. Physics,
(USSR) 28, 7.(1958).. o
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T

where, .

d.= vessel diameter

¢ = surface tension

Y = specific wt, of liquid
r= speCIflc w+ of vapor

Typlcal resulfs of an experimen+ carried out in a I9~in dla.'

-vessel’, whlch by STerman s'criterion is a large vessel, are shown in

Figire 2.5 Thls shows The relafionshlp between quallty measured

23 in, above *he in+erface and the steam release rate for different

" “system pressures,” The rapid.-rise in the quality of the steam after

‘.”break" poinf“ié reached is typlcal for all test sections, Thus, if

the release rate is below The crlTical value, very |ittle mechanical

“separation is reqU|red These resulTs conflrm results previously

obtained in tests with 2- and 4-in dia. fest columns, |8
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Mechanical Separafion: Tests were run on a mesh- and two centrifugal-

"Type dryers. As a reéulf of these tests, it was concluded that the

mesh~type dryer is best suited for use in Pathfinder. Parameters

_considered in making the selection were:

) separation efficiency, i.e. the ouTIeT quallfy compared
to the inlet quality;

2) separator operating. characteristics when overloaded;
35 most efficient use of reactor cross~sectional area;
4) mainfeﬁance and cleaning problems; and

.55 coéT;l

Separation Efficiency ~ Both the centrifugal and mesh-type dryers

. operate at very near IOO.per cent efficiency with the inlet moisture

varying from 1/2 to 7 per cent when they are not overloaded., Both
produce steam of 99.9 per cent quality at Pathfinder operaTingAcon-

ditions,’

~ Overload Chaqacferisfiés 7 Tests showed that as the steam flow Thrdugh

the separator is increased,‘an over load (“breakﬁ) point is reached.
With %he mesh~type dryer, thjs point is éﬁaracfé;ized by a gradual
decreaSé in outlet steam quality, so that the outlet steam quality
apﬁroéches The Intet qualiTy.A When ah overload point is reached

with fhe centrifugal-type dryer, water is sucked up through fhe drain
pipes;'which'ex+end below the two-phase inTerfa¢e. This overload
éondiTjoﬁ is very undesirable since additional WaTer'is added to The

outlet steam.
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The two types of centrifugal dryers tested are shown in Figure

2.6. The results are shown in Figure 2.7 for the Type A dryer. Results

obtained with the Type>8 centrifugal dryer were simflar, except that
the break point for 6OOVpsig occurred at about 22,000 Ib/hr.

The data on mesh-type separators was obtained with a 6-in thick
mesh with'a density of 5 Ib/ 12, RésuITs oflfhis test are presented
_in Figure 2.8. Inlet moisture varied from 1/2 to 7 per cent during
the Tesf1 In all caées below the break point, the outlet steam quality
was 99.9.per cent. Note the similarity To the curves obtained for

" both natural separation and the centrifugal-type dryer.

: Efficieﬁf Use of Reactor Cross—SecTiohal Area - In order to estatlish
a basis for cémparing efficient use of reactor cross-sectional area,
~an afea'requireménf was established for each cen%rifugél dryer.

T'Thé maximum flow rate before the overload point was reached was
divided by the area requirement to determine a permissible unit load

- factor. For the mesh-type dryer, this factor is 27,500 lb/hr—sz.

For the best centrifugal dryer, the factor is 10,100 Ib/hr-ft2.

Cleaning, Mainfénance‘and Cost —'NeiTher the mesh-type nor centrifugal
Type dryérApresenfs a difficult probiem in cleaning or maintenance. .
The mesh-type will have to be made of a material that resists stress -
corrosion. -Special precauTions‘wiIL have fo be made in fabricating
the mesh,To.insurenfhaT the wire does'nof fray. The wire mesh has

a cost advantage of approximately 10-fo-| compared to either cen%ri—

fugal=-type dryer.
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Conclusion. The reference reactor designris being modified to include
mesh in the néck of the vessel above the core only, The separator
.assembly will be inclined I5 degrees from the hdrizbn%af +6 ¥§c{if4
tate draining., This will allow over 4 ft of-heigh+ befweeﬁvfhe +wo-x
phase interface and the mesh. | N

Tests on natural separation indicates the permissible éfeam‘
reléaée, with this much height available for natural separation, is'
20,000 1b/hr—ft2. The actual release rate is only 6,900 Ib/hr=f+2."

The aVérage veiocify through the mesh will be approxiﬁaTé]y
3.8.fbs, whereas the tested capacity of the mesh dEyer is 5.8 fps.

This design, which is backed up by test results at reactor

preSsQre and temperature, should provide steam to the superheater at

99.9 per cent quallity or better.

Future Plans, More mesh-type spearators will be tested to determine

the effect of.fhickness and density of mesh on the operation of the -
dryer. These tests will be conducted up to the full capabilities of
-the TesT'Ioop.

A program to express the operation of the sepérafor in terms
.of dimensionless constants is underway, With the additional data
from future tests, this program can be completed,

Anofher program to correlate the déTa on nafural separation
using the methods of dimensional analysis is underway. This program
also uses dimensionless groups, which appear to more cioéely predict
the process of natural and mechanical separation, With these

equations, the cri+ical flow rates for any pressure should be predictable.
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2.1.5 BOILER CORE STRUCTURE .

2.1.5. l Boiler Core Grid Plate. The boiler core grnd plate is belng
fabricated at West Allns Works of Allls—Chalmers No dlfflCU|TleS
have been encountered in making the necessary welds.

2.1.5.2 Boiler Core Shroud. Fabrication drawings were sent to West

Allis Works. ’Mosf of the maTeFial for fabrication was received.

2.1.5.3 Feedwater Distribution Ring. The reference de;jgn of %uppOﬁT
members wés Eef}ned o pefmif éasief fi+up in the }eacfor vessel . |
The ring nbw will be gupporfed_from The.vessel by foﬁr.supporT members
that will be rigidly attached to the ring and bolted to pads weIdedA
to the vessel wall. The differential expansion between %he carbon
steel vessel wall and the sTainIeés'sfeel ring will.Bé éccomﬁodaTed by

flexure of the ring.

2.1.5.4 Steam Separator. Support Shelf. Fabrication -drawings were .~
sent to the West Allis Works. Material wés ordered. The final design
is shown -in Figure 2.9.

2.1.5.5 Uppér Baffle and Steam Dryers. This assembly is being re-

designed to incorporate the meshQType steam dryers. The assembly
will perform the four fol lowing functions:
1) suppéET the upper portion of the superheater manitold;
25 support the steam dryers;

35 direct the steam from the boiler core through the steam.
dryers and into the superheater; and

4) prOV|de final allgnmenT of the bouler core conTroI rods
to facilitate Iafchlng
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2.1.5.6 Boiler Element Hold-Down Structure. A hold-down structure

is needed to overcome the upward hydraulic force across the boi ler
core and to compress the boi]er element springs to hold them rigidly.
ITheSe two forces total approximately 65 Ibs.per element. In
addition, this sffucfure will support the upper conTrol‘rod guide
- tubes and any necessafy f low baffles;

Several meThSds»of holding down the elements were investigated.
The method selected is a grid which does not locate the element tops;
since this requirement is not necessary with the semi-permanent
quad-boxes. A layout of the final design Will be made during the

next quarter.

2.1.6 SUPERHEATER CORE STRUCTURE

2.1.6.1 Superheater Seal Test. The insula+ing gap between the outer

and inner superheater conTéjner tubes is éealed at the top grid plate.
The outer container tube is fusion welded to the grid plate. An
insert which mainféins the gap between the inner and ouTe} tubes
at the fop, iélfusion welded to the inner container tube. A seal
between the oﬁfef tube and insert is éccomblished by Eolling (éxpanding)
the inner tube and inseff info the outer container tube. TesTs were
conducfed to determine whether the rolled joint can be- made pressure
fighf (489 F at 70 psi) and still be readily disassembled.

Sealing austenitic stainless steel tubes in a tube sheet of the
same maxerial is difficult since fthe elastic limit of the tubes is
the same as that of the tube sheet. The tubes readily work harden from
rolling, and TighT joints are not easy to attain even when precise

Techniques are emp loyed.
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The TesT;apparafus:used in Thjs.experimenf is.shown in Figﬁre
2:I0.- It consists of a cylinder of‘6-jn schedule 40 s%ainless steel
wélded at both ends to 6-in 150-1b stainless steel flahges; 9
confafner Tubes_l.OBO}in. o.d. x 0.020 in. thick wall are. plugged
jéf one end.: Thé-sealing piece is fﬁsiOn_weidéd§+o the tubes at the

“other end. ' : N -

Tést Procedure. The inner tube assemblies were insérTed in the outer

container tubes and eﬁpanded with a.conventional condenser tube
roller. The Torqqe applied.oﬁ The'TQbeﬁroLfér was co%frolled~+o pro-
duce an obTimum radial pressure.on the sealing surface in order to
insure a pressure-tight seal that could easily be disassembled.
o Air pressure at 90 psi was applied on one side of the seal;
the seals were tested by immersing the Tes+ apparatus in water and
checkingEfor bubblés..
In order to simulate thermal cycles encountered in reactor start-
UE and shutdown operations, the test apparatus was heated to 500 F
and cooled at room temperature several times. After each thermal -
cycle. leakage through the seals were checked as described above.
The inTegriTy‘of the seals under.hofléondiTiOns was also .
invesfﬁgaTed._ The test appérafus was hea+éd To.SOO F. The IeakageA
.Through the seajs was checked by immersing the test apparatus in oil
at the same TemperaTure‘and applying air pressure at éO psi on one

side of each seal.
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Results. A torque of about- 150 ia~lb -on a.conventional tube roller

produced(presguke-fighf seéls.-'AdgquaTQ sealing‘was'refained ghder
simulated Pafh*iﬁder opeﬁafing.coﬁdi+ions; Tﬁé opTimum~T§rquelre-
quired for a given configuration depends on the amount of expansion
required, The‘modUPUS of elasticity, and the ‘moment of inertia bf the
sealing piece and the -inner tube.

Nine seals had the followjng average dimensions affef fesTiné:x

Outer tube’'= i.d. 1.044 in.

Insert - o.d.

1.041, i.d. = 0.928

inner tube - o.d. 0.926 in. i.d. = 0.886 in.

i

The aQerage éxpansion of the sealing piece outside diameter was
0.006 in. All seals were readily disassembled using a conventioral.

condenser® tube puller.




2.2 RECIRCULATION SYSTEM

The objectives of this bfojeéf'ére as fo+lows: “1) to develqpv;
reliable, efficient recirculation pumps that will require a minimum ‘
of maintenance; and 2) to develop an efficient shaft seal.

The prototype reéirculafidn pump and motor were completely
assemb{éd in July. |Initial cold tests were conducted to determine .
pump head cap@cify characteristics. The developed head at rated flow
of 20,000 gpm was 63 ft including The.drop'fhrough the suction elbow.
‘The safe NPSH at rated flow was 24 f+. - Available NPSH in the reactor
at operaTingAcondifions is 54 ft. Because of the pressure and
temperature difference between the éotd test and actual pump 6pera¢ing
conditions, the head capacity test w?ll_be'repea+éd'during h6+ tests.

The pump was set up in the hot test loop, (Figure 2.11) and hot
Teéts were started in Sepfember. This ftest will include a 200-hr proof
test with 5 temperature cycles between 200 and 4‘é6 F. The pump wi‘.H I
be run 48 hrs at design operating conditions. The*hbT locop test
aksé provides a thorough proot of the floaTing-fing,shafT seal.

The prototype pump trunnion mounting was fabricated and attached -
to the pump. When the hot loop test is completed the pump will
be mounted solely on the frunnions, and one end of the test loop
willl be rigidly anchored to simulate reactor piping conditions.
Temperature in the loop will be cycled as in hot ftests.

The specifié purposes of the ftest are as fol lows:

) +to observe the funcfioﬁing of the pump supports under

actual operéTTng conditions;

12



ProtoType recirculation pump being ftesiec
in the hot test loop at reactor ccnditions.
(A-2 Photo Z211586)




2) +to measure the thermal expansion of the pump and
piping loop. IThis would be done to determine whether residual stresses
due to welding, fabrication and erection of the loop piping would
affect the path of movement of the pump supports;

3) to determine the Temperature at various locations in the
pump support assembly, especially at the lubrite washer, bushing, and
expansion plafe;

4) +to determine the coefficient of friction of lubrite
expansion plate under actual operating conditions;

5) +to measure the natural frequencies and amplitude of
vibration of the test loop piping when a) Tthe pump supports are
externally restrained against lateral motion, and b) the pump supports

are restrained only by frictional resistance in the lateral direction.
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2.3 CONTROL RODS, GUIDE TUDCS, AND_CONTROL ROD DRIVES.,

The objective of this project is to perform investigations and
experimental work in regard to the control rods, control rod guide
tubes, and control rod drives leading to fabrication of effecflve
and economical components for the Pathfinder reactor.

- 2.3.1 CQNTROL RODS
2,35@.! Superheafer Con+rol Rods. Par+s for the superheaTer confrol

[y

rod +es+ descrlbed in the last quarterly progress repor+ were fabrncaTed,

and assembly is nearly comp lete.

Defai(ed design of the control rod has oeen_iqifia+ed. }Coofihov '
requiremen+s, fabricafiod, and aseembly probleme are beidgvooneidered;
'Prellmlnary anaIyS|s of coolant requirements for +he superhea+er codfrol

rods is belng made by calculaflng conTrol rod +empera+ures usung coolanf

flow rates of 100 and 125 Ib/hr-elemenf.

2.%.1.2 ‘Boiler Control Rods. -The boiler control rod was checked. for

thermal distortion and thermal and impact stresses using various pub-
| ished correlations. |[n all cases, the rod desigh proved to be conser-

vative.’

Coollnq Requlremenfs The cnrcun+ followed by con+ro| rod coolanT
water |s up Thr0ugh +he‘oon+rol rod coolan+ |n|e+ sleeve, ouf nnTo ‘>
the quad box boffom plafe plenum, Through +he holes in +he boffom
plate, through holes in the control rod s+ub ou+ |n+o +he con+rol
rod channel, pas+ +he |nser+ed con+ro| rod Vand flnally ou+ +hrough

slots indfhe_quad-box inner walls. The flow +o each con+ro| rod |s

PO . T
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metered by the size of the holes in the 'stub, which offer approximately
75 per cent 6f.The'ToTal flow resistance.

The criferién uéed to establish The requirea coolant flow was
that +he exit quality from the control rod chaﬁdel not exceed the
'average.qualify of the entire boiler. The maximum'average heat
.generation rate in a boiler confrol rod will not exceedrﬁ.o X 10°
Btu/hi-+13, which resulfs in a minimum required flow of 25,700 Ib/hr
per rod. The néﬁinal control rod coolant flow has, Thefe%oke, been set

% \b/hr) or

at 2.5 per cent of the total recirculation flow (24 x 10
37,600 Ib/hr to each of the 16 boiler control rods; B

fhe maximum heat flux on the contro! rod surface is 94,600
.Btu/hr-112, assuming heat flow olut one side only, which is less than
the average boiler heat flux; so the mode of heat transfer will always
be nuéleafe boi ling. The maxfmum control rod temperature is 668 F,‘
again with Heéf flow oQT one side bnly; and fhis Temperafure is ac-
Cepfable for the boron-stainless steel material.

Preliminary calculations have fndicafed that 25 holes in each
conffbl rod sTQb, 0.25 i.d. will deliver the required flow with
the réd inserted. |f a rod is fully withdrawn, the flow would in4_
crease by only about 20 to 25 ber cent. The actual hole size will
be established following a special hydrauiic test of a control rod .
coolant circuit.

Addinohal analyses were perforhed to establish the effect of

the control rod coolant flow on the time-displacement of the rod during

scram. The analyses treats the rod only to the time it is arrested
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by the dash pot. The calculated control rod velocities with and
without net coolant flow are shown in Figure 2.12. The coolant flow
is calculaféd to reduce the velocity at which the rod is moving as

ff'hifs the dashpot by about 8 per cent.

Boiler Control Rod Stub Test. A specTal +es+'Sec+ion‘was designed
in orderlfo experimentally determine the required hole size in +hev
control rod stub énd to study the effect of rod position.on +He
coolant flow. The test section is an exact mock-up of the inlet

: sleeve, quad-box bottom plate, stub, and é‘shorf section of a control
rod and control rod ;hannel.‘ Three stubs each containing 25 holeé
of 0.20, 0.25, and 0.3 in. i.d. respectively, will be tested; and .
the pressure-drop-iIowarelafionships will be deferhined. . The position
of +the control rod in the control rod channel will be varied and fhe
effect on pFessure drop determined. The reﬁuifed hole size will be
es+abl}shed by comparing the flow-preésure-drop relations for the
three hole sizes with the available pressure drops (cal@ula+ed)vin

the core.

2.3.2 CONTROL ROD DRIVES

2.3.2.1 Profofypé Control Rod Drive. An oil accumulator was designed

_and built from Plexiglas to pressurize the motor hqusing. A pressure
of 10 psig is applied using nitrogen, and any drop in oil leve!l can

be seen through the plastic housing.
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Prpliminary TesTing The drlve was placed |n a sTand and the accuracy
of the synchro- drlven posnfnon lndlcaflng sysTem was chccked .the
accuracy was wnThnn 3/8 in, usually within I/4—1n, WlTh one posl%]a;
recelver WITh Two posnT:on recelvers,.The accuracy waa ceduced +o
1/2 in and The ponnTer movement was erraT|c A aae-racenver sysfem
was therefore chosen for the hoT tests. » o -
Cold Tests. The drive was bolted into place on Thé hot test pressure
vessel, and the entire aasémBIy was' hydrostatic Tesfedfaf-706'psi~ The
leakage through the rotary shaft was 12 ‘Gc/hr.

" “When ¥he' drive was scrammed with-a solid water system with no
scram accumulator, the scram time was 3.5 sec.' Scram time is-reduced:
to 1.5 éc. by adding the scram accumulator.

Duringffhese tests, the 343/4-15 magnetic clutch began s1ipping,”
and'was'feplaced'by a 4-I/24in‘clu+chz‘ e T

"Thé'lfMiT‘swiTches and5posiTicn indicator dialireadings'became?"
erratic during tests. |t was found that a roll pin holding one of .
the gears had failed. This pin was replaced by a solid pin.

Latching and unlatching were performed many times. The rack
was locked in the up position several times. The drfve pérformed
these functions very well. When the control rod is latched or un-

fatched, a definite difference in drive motor current readings can

be observed.

Hot Tests. The test was brought up to 489 F, 600 psig. The drive ran'
very well. The speed was 62 in/min in the up direction and 75 in/min

in fhe down direction.
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Tﬁe +ime<requiréd'+o briﬁg'+he +es+'seTFup up fé %émbéfa¥0fe“ahd"
pressure had béén éxcessive, apparently becéﬁse of'excessivé.ﬁeaf foss
to +he simuléfed shield pool wa*ér.. Thié was apparenfly‘due'fo a leak
in the steam supply tube fof +he scram éccumulafor, since éopveC+Iod
currén?s We?e noticeable in the région whefe'fhis fﬁbé entered the
pinioﬁ housing. ' - |

When the drfve’wés scEamméd, the contfol'rod dropped for abou+
.36 inches and slowlquoésfed %he,resf of the sfroke. Thfs was a{so
probably due to the leaking éfeam suppIyA+ub¢._,Withuf the accumulator,
+ﬁe drive will only scram for‘abou+ 10 jh._before’siowing'doWn; The
scram times were aBOUf 5 sec. |

Leakage through the high-pressure rotary shaft sealibefween the .
pinion:housing and rack housing increased to 300 ;c/hr. Sodium sulfite
rﬁsf inhibitor in the pressure veséel began ¢0‘breék'd9wh, releasing
Hos énd 502, The test was shutdown to replace_Thgﬁsg!fi#e‘rus+ in-
hibitor wifh.phosphafe rust inhibitors. The set-up will be cycied .

several more times, before repairing the steam supply tube.
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3.1 _REACTOR PHYSICS (STATICS)

The ob jectives of this project are as follows: '|) to evatuate

- the characteristics of the reference core and optimize the design to .-
achieve safe, reliable, and economical performance; and 2) to opTimizé
- shielding designs so as to arrive at an adequate and economical design.

3.1.1 ANALYSIS OF CONTROL ROD WORTH -

Theorefiéal analysis of the worth of boron sfainless.sTeel con-
trol rods in several reactor configurations is in progress. Fast- and
Theﬁmal-group'equivalenf diffusion—fheory consfahfs were computed .
for the control rod using the o,8 technique deséribed in WAPD-2I8,u
This technique assumed diffusion theory outside the rod and:blaéknéss'
theory within. The pfobJem is assumed tTo be oﬁe—dimensfonai, which is
a very good appféximafion for. rods with a 5—in.Aspanl The brack;
ness-theory-corrected material absorpTion éfufhe rod is then avéraged
over a flux sbecfruﬁ‘characferisTﬁc‘Qf The reécforf fhe resung pEo-'
vide effective dfffusion—Théory Qroup constants for‘The rod; Yo}

“that when these constants are used in a dif%usianlfheory céde, such as
. PD@, The'same values of Ketf are yielded as would be yielded by the
actual physicél congfanfs of the rod used in a transport Theofy solution.

Table 3.1 lists a typical set of fast and thermal rod constants
for control rods of 2 w/o natural boron stainless steel.. Both
physical constants and effective diffusion theory constants are listed.
The physical -constants were obtained by averaging fhe,maferfal Cross |
sections over MUFT and SOFOCATE spectra. The effective con-

stants. were also corrected for no mesh points within the rod.
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TABLE 3.1 BORON STAINLESS o ~ These constants were used
STEEL CONTROL ROD CONSTANTS

v to calculate two core configurations
Physical Effective : : :

Diffusion measured in the critical .facility.
Theory S - .
Using PDQ, the core cross section was
by 0.281 0.969 :
described in two-dimensions with con-
al 0.811 0.0676

 TroI rod water channels as weil as the
D2 0.0568  0.0351
control rods represented explicitiy.

a2z 4.94 1.4
: ' The cross sections for the fueled re-

gions of the core were obtained using the ‘methods previously described
in this report. |

The first configuration examined was the 1.8 per cent enriched-
slab.described in ACNP 6006,;Sec1ion\3.3.6, in which oﬁe rod was
fully inserted. For this confégurafion, several control rod rep-
resentations wefe examined to develop confidence in the model. Using
the constants tabulated in Table 3.!, the rod worth was computed to
be,3,4 per'cen1' Ak, in exaéTAagreemenT with The measured value of -
3;4_pef cent in Ak.b

,The<seéondﬂconfiguréfion examined was the full core mockup with

. the superheater voided and |1.89 per cent enriched boiler fuel in the

lower and upper lattices of 81 and 64 pins, respectively.

Both -the IOWer,énd upper regions were represenféd in detai led

X=Y ermeTrY~wiTh all control rods either full in.or.fulr out. . For'

these X-Y‘prbbJehs, the axial buckljngé were obtained from the
results of an R-Z calculation. The calculated values for the control

Tod W6rfh were 13.9 per cent and 13.4 per cent in Ak for the lower
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andupper regions, respectively. Tliese 'values agrec well with ThHs
measured value of 13.6 per cent. -
;Curfen?ly the same techniques are being used to calculate the- .

control rod worth in Pathfinder:
3.1.2 NUCLEAR CONSTANTS FOR‘PATHFINDER

Prior to specifying the first core properTies of PaThfiﬁdér, a

‘comp letely new set of nuclear constants is being deve loped. The. con-
stants are being obtained at both cold and at operating Temperafurés.
The hot ‘data aré aliso being computed for void fractions up “to 50 per
cent.

" The method used is as follows: 1) The fast group constants are
computed by first volume weighting Togéfhéf the materials within a
4 givén régidn of the reactor, such as the lower boi ler fuel box. - With
"~ these homégenized inventories, nyclear constants er the région.are
'obféined using MUFT 1V and assuming experimentally measured Pgé and
Dobpigr Broaden{ng data. fﬁe axial wafér gapé»were‘flgx.weighfed
inTo'Thei{UeJed regions by uskng fésdlfs from.one—diﬁégéiéné]idjff%sipn
Theory (WANDA) calculations of +he neutron flux along a represen+afive
axial traverse. 2) Because of the shorter diffusion IehgTh ofifhér-
mal neutrons greater aTTenTiéﬁ is given to geomefric.deféil in ob—i

Téihing thermal nuclear constants.. The first step is fo obTain’an:
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initial thermal spectrum using the SOFOCATE code with the volume
weigh%ea inventories for given régiohé of the core. This initial
thermal spectrum is used for transport-theory cell caicu}afions
using.The P-3 code 6ver.The fuél ﬁin,,clad,_and immediately

adjacehT Wafer.SVThe results of the P-3 éélculafions-pfovide
%qu-weighfed cénéfanfsbfor the material interior to fhe‘zirconium
fuel boxes. The 2irconiﬁm boxes and éséociafed.infer—box water
channelévére‘flux weighfed.info the fuéled regién using résuljs from
,Two—dimensfohélvPDQ celi cafbu[éfions. ~Both the pin and box flﬁx .
wefghffng'faaforg éreAThén uéed,fb‘provfde'effecfive inventories for
a final SOFOCATE.

Table 3.2“pfesenfs a summary of nucleaf'dafa thusly computed for

the lower and upper boiler fuel. regions at cold anq hot operafing'

(no voids) ;ondifiohs.

TABLE 3.2 BOILER LATTICE CONSTANTS (2.2 PER CENT ENRICHMENT)

|- . Lower Lattice . - Upper paTTice
N : (Wafer-#o~Fuel = 2.056) _(Water-to-fuel = 2.931)
Parameter | cold _operating | . :cold. . | operafing
o | imie | 2w i.jos | 296
/27U T T B TR 22 . 146
p | 721 7032 8188 L7732
nty 1517 |.546 1.449 1.487
. 40.67 5. 17 . 38.33 53.42
2 2.98 5.76 3.09 6.24
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3.1.3 LOCAL FLUX PEAKING

Additional calculations on the FGAQCTIOH of powér peaks cauged
by non_fueled axial regions wnThln Tge b0|ler core were perfofméd
Buffer pelIeTs, I/2 in. long with fuel enrichments .ranging
from natural to the reference core enrichment énd.conTaining a bdrnéble
poison, were located adjacent to the non-fueled regions. To preven+ a
IargéAmis-maTch between fuel and pdison dep letion and consequent -
increase fn power peaking with core burnup, ‘dysprosium was selected
as the burnable poison. Eighty-fhree per cent of the effective
ppisoh‘crdss section ofbdysproéium is due Té'The {éofbbe by-f64
which has a 2800-b cross section at 2260 m/sec. - The poison depletion
is therefore due mainlleo the burnup of this isofopg. The effect
of irﬁédiafion on The peaking factor was analyzed in the same manner as
ouTllned in ACNP 6007 | | | |
The effec+s of burnup for several cases are shown in Table 3. 3
All Thfee cases'have The same amount of dysprosium oxide W|Th|n the
|/2-in. long buffer pellet. The only variation beTween‘Thé
casés is the enrichment of the fuel in that pélIeTi The amount
of poison used is-compaTible,wiTh fhe burnable poison requirements
for the boi-ler core. .The residual -poison at one year for these
cases is approximately 20 per cénTL
fT can be seen that with no reducfion of enrichment in the buffer
zone, the maximum power peaking is in the buffer. For an enrichment
of |.55.per cent, it is in the adjacent fuel. With an enrichment
of 1.8 per cent, the two factors become about equal and minimum. [T

should be kept in mind that these factors are superimposed on the
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TABLE 3.3 POWER PEAKING AT AXIAL GAPS.

Reactor 2.2 Per Cent Enr.* .85 Per Cent Enr. |..55 Per Cent Enr.

Operating Peaking Peaking Peaking =~ Peaking . Peaking Peaking

Time. (mo.) Factor |*¥¥Factor 2¥* Factor | Factor 2 Factor | Factor-2

(Full
Power). ’ » :
0 |.270. 1.068 - 1.117 :.090 . 0.957 1.115
2. |.385: .. 165 | .240: - 184 1.072 - 1.215
4 .. 448, |.230 |..284 1.250 l. 153 |.269
8 1,470 |.288 |.307 |.303. 1.221 1.328
12 I.440;  1.292. |.284 i 304. 1.212 -« " 1.321

% Fuel enrichment in buffer pellet. 2.2 per cent is reference enrich-
ment for core. ' : :

KK Peaking,Facfor-I = ratio of maximum power -in. buffer pellet to
: average power in. fuel.
Peaking Factor 2. = ratio of maximum power in. fuel To average power:
in fuel.
normal. axial flux distribution but the peak of this. disfribution
wou ld. not normally occur at the gap. location. Also, fthere is some

decrease in other hot-spoi factfors. before the Time this. gap peaking

reaches a maximum.

3.1.4 CORE BURNOUT -
" The superheater power fraction was calculated as. a ﬁunéfion
of the superheater fuel loading and. burnable poison: content. TFhese
calculations are extended over fhe.core,!ife. The: results are shown
in Fﬁgyﬁe 3;Ku‘ The:thfee curves in the figures represent different
concentfrations of burnable poison. w.ithin. fthe superheater. For all
ﬁhfee éur&es, the boi ler core had the reference enrichment with a

fixed burnable poisonvloading"
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It can be.seen that there are many combinations of superheater
fuel and poison loading.that will .satisfy the initial design require-
ments. However, the different burnout characteristics beTween. |
the boi ler and superheafef cores determine the acceptable range to
séfisfy the lifefime réquiremenfs;- |

In the lastT quarterly réporT, ACNP 6007, the flux distribution
in-an X-Y pfaﬁe with and without control rod insertion was given.
"With no supérﬁeafer éonfrbl rods inserted, the flux distribution in
the superheater }s relatively flat. Because of Tﬁmﬁ, iT would be
:aavaﬁfégéQUS'To operate the reaéfér with little or no control rod
insertion iﬁ»fhis:regfon. 'To do this, however, the mis-match between
_Thenburnodf of the sdperhéafer and boi ler coféfhusflbe minimiied. o
éécabéé the éupefheéfer core is highly enriched, most of the burnable’
poisén must be Iocafed here.

Using the Candle Il burnout program, oﬁerafion with no control
rod insertion in the superhgafer région’was analyzed for Pathfinder.
For this énaiysis.fhe option of a pofson éearch for criTicaIéTy was
luséd.WfTH onfylfhe Eoiler cbfé.éé the anform confrol regidﬁ. Résulfs
invFigure 3.2 show the infegral superheater power fraction as a func-
Tion of Féacfor'operafion. .lT can‘be ;een that Thére is'very little
chaﬁge in pqwerlféacfion during the tirst ﬁine months opérafion. This
correspénds +§ the desjgh lifeffhe for The.supgrheafer. The initial
conditions for fﬁis $uperheaTer core correspénd to those marked with

an X in Figure 3.1,
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3.1.5 SHIELDING

~The dose from the fuel sTorage pool pre -filters and demineralizers
‘was caIcuIaTed The dose could be near zero of as hlgh as 2 R/hr
depedding on the amount of crud collected on them. SufficienT room
will be left around these items sq'fhaf éhielding can be added later
}f it is needed. |
The ddse levels at Thejfuel'fransfer carriage access manhojes
was calculated assum@ng’a spent element in Tﬁe transfer tube. The
" dose at The 4*7;fTTeQinmenT manhole is | x 10% R/hr without shieldfné.
After Tﬁe edujpmenf is fn plaee, a concrefe slab will be placed dear.
~ the bottom of the manhole and covered wiTh.earTh fill. This will reduce
the above dose to a tolerable level.
“The dese at the Top'of the manhole used to gain access to the
.E equiphenf is 500 R/hr. This dose will be reduced by a 2-ft concrete f
) madhole cover,‘or‘by a sﬁab shield over the Transfer Tube iTseIf.“
| W:Th the shleldlng in place, The dose on Top of the manhole cover
is 5 R/hr, or 80 mr assumnng a Il-min fransit Tlme for the spent fuel.
Caleulafions show that due fto streaming of gamma rays,
four venti lation- duct peneTraTnons will require . shielding. The'pene-
trations will be shlelded by shadow shlelds p laced under the plug
f loor covering the peneTraTuon The dose at the peneTraflon near ‘the
'peripherylof The biological'ehield is | R/hr. A 2-ft concrete shadow
shield under Thie penefraTion'will reduce the dose to normal 1evele
on The'pldg floor. The dose'aT Tde oTheE fhree penetfrations near the

periphery of fhe reactor buildfng is 130 mr/hr. Twelve¥inch concrete
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shadow shields ahdér Tﬁeée péné+ﬁé%foﬁ§:Q}ﬁl Féﬁdéézfﬁé;dose to normal
levels ;n'The hﬂug tloor . L ; .:;i:;A~:" }' jf;;ﬁivi';'“r 
' .‘Gaméé a;d1neu+ron>sffeaming_aown.fﬁéﬁfnsf}umeﬁf %Qﬁgéfiﬁ'Théf&”
biological shielding result in a dose of 8 R/hr at +He“gﬁdnéf’16e fubes.
Thirty-six inches of concrete is needed to reduce this dose to 2 mr/hr.
A final sﬁfefdrng report to include all dose calcilafions for

Pathfinder is Being compi led.
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3.2 REACTOR AND SYSTEM DYNAMICS ANALYSIS
The objectives of this brojeéT are as>fo!lowé:'-l) to deTerﬁfﬁe
analytically the dynamic behavior of the reactor and related systems
" under normal and abnormal conditions, and 2) to determine the effec-

tiveness of the reactor control systems and.the nuclear. instrumenta-
tion requirements.

3.2.1 “SIMULATION OF PRESSURE CONTROL SYSTEM

The presgure control system described in the previous(quarferly?'
report (ACNP-6007) was simulated in déTaiI on the Pathfinder Transient
Simulafér. The vélfage levels, amplifier gains, proportional-plus-
reset controller and bias voltages correspoﬁd exactly to the actual
control éysfem. The electrical, pneumatic, and mechanical components
were simulated using the best information available. Ratfe limiters
and function generators weré used To simulate The,Turbjne inlet valves,
reguiating dump valve, and the Tu}bine stop valve. The computer can
thus simulate fturbine trip and turbine overspeed as well as normal

operation of ‘the plant.

3.2.2 SIMULATION OF TEMPERATURE CONTROL

A limited amount of experimenting with superheater temperature
control was done during the quarter. As was anticipated, some degree
of Teﬁperafure control greaT1y.feduces operational transients, especi-
ally the superheater hoft-spot temperature. Since~$uperhea+er temper-
-aTures.are.dLrecT]y related tTo the reactor power-to-flow ratio, the
temperature control system increases the response of steam flow

to reactor power. With the method fried, the superheater steam outlet
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temperature signal (Tp) is sent through a proportional-plus-rate am-
plifier, *This oufpﬁf_éignal is Then added to the exisfiﬁg steam
line'preSSQre sjgnal'(Pz),'and the sum is fed fo the existing control
system, Tﬁﬁs; this g{mpig T, contfrol sysfem'sends an additional con-
trol signél o the turbine inlet valves. More experimenting with

T2 coﬁ+rol wiil be done during the next 5uarfér, and its necessity

and practicality will be determined.

3.2.2 SIMULATION AND SELECTION OF REGULATING DUMP VALVE

Ex}gnsfye testing was done to determine the beét_flow character-
isfics for the regulating dump valve.. A linear.valvé Was selected
and its results were compared with those of a standard equal-percentfage
vélve for the two cases of turbine trip (turbine éfop va[ves close
in Q.§5iée§):énd Tdrbiﬁe ranaqk (Turbiné iq[éf ya(yes close in 0.6
sec.). Theée Transiéh+sfshould iﬁpgse;fhé mos+ demanding operation |
of Tﬁé dumb vél?e. Qompufér results are shown for bofh the linear
and equal-percentage dump valve operating during turbine. runback and
turbine trip with the turbine initially af full capacity. Tirbine runback
with an equal pefcenTage valve ié ;EéQn in Fﬂgure'3.3 w{ThAa P, rise -
of about 30 psi. Figure 3.4 shows that a turbine runback with a
linear'dump valve»éauses a.P, rise of about !5 psi. Turbine tripout
with an equal pe%cenfage valve is shown'in Figure 3.5 causing a 35-
psi drop in P,. Figure 3.6 shows that a turbine trip with a linear

dump valve ;ausesAa 55 psi drop in P,.
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Figure 3.3 Turbine runback when inlet valve is wide open and closes
in 0.6 sec. - aufomatic actuation of by-pass valve (equal
percentage). (A-C Dwg. 43-024-305) .
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Figure 3.5 Turbine frip when inlet valves are wide open -VéuféhéTic
actuation of bypass valve (equal percentage). (A-C Dwg. E§10214303)
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Some general comments can be made- as a cénsequence of these results:

1) A pressure drop will always occur in the steam I{ne fol low-
ing a Turbiﬁe frip. Any lags inherent in the control! system, however,
will tend to reduce the pressure change.

.2) A pressure rise will always occur during turbine runback
if The“inie% valve position is the controlling signal to the dump
valve. Any additional lags will Tend to increase the disturbance.

3) |f the dump valve were operated identically on turbine trip
and runback; a'P2 decrease'(inSTead of an increase) will also accompany
a furbine runback. This mode of dperafion would be more ‘desirable from
a safety-valve sTandboinT since too great a P rise would trip safety
valves. |

The computer résﬁlfs have thus shown That an edual chaéacTerisTic
ﬁay bé'desirable‘forﬁa Turbine tripout noT_éaused by overspeed but
would definitely be undesirable for all other modes of operation
because: |

) A linear characteristic is better from-a control and
stability s+andpoin+ fér norma | regulaTiné dump-vaIQe operation.

2) A linear CHarécTeriSTic is a better match for the
closiné inlet valvesAdurjng a turbine runback. - Thé rate.of change
of steam flow wifh‘sfroke {s lower than a_lingar va!yejaf smal l

opeﬁings but much higher at high flows.
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3.2.4 SIMULATION OF .RELIEF-SAFETY VALVES-..

The four rellef-safely valve characlernsllcs'were'also
includedlln The SImuIalor The valves were sumulaled WIlh dllferenl
openlng and closung cnaraclerlsflos (valve flow vs pressure a+ The
valve lnleT) and var|able popplng and reclosnng pressures

The purpose of Thns SImulallon is to l) sludy The superheafer '
lemperalure response tTo p0pp|ng of these valves under a varneTy of
cond|T|ons, 2) defermlne The largesf laq tolerable in The regulallng
dump valve durlng turbine runback and Trlp w:lhoulipopplng of The
safely valves, and 3) esTabllsh The opllmum closnng Tlme for the main

sleam isolation valve.

3.2.5 SIMULATION OF ISOLATION VALVE

An |sola+|on valve assembly in the steam line was proposed for
Palhflnder and W|ll have prlmarlly fwo funclnons | '
1) Fast closure for complele isolation of‘reaclor.bdildlng
upon reachlng a speC|f|ed hngh radlaluon Ievel |
2} Control valve for pressuraztng the reaclor vesse| and

‘admilling the steam fo the turbine (or main condenser) durlng ‘reactor

startup.
The isolation valve”assembly which was slmulafed, inoludedi
1) A 16-in main steam isolation valve to close in 15 sec
(nominal) after receiving a signal.
i 23 An isolalion bypass valve in parallel wiln‘lhe 16~in valve

to close in 2 min (nominal) after receiving a signal.
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An Allis=-Chalmers Roto-Valve was selected for the main sTeaﬁ
isolation valve, and its flow coefficienT vs. Time was snmulafed
The neolaflon bypass valve was assumed 1o receive its sngnal to close
|ns+an+aneously wnfh the main valve and Then close lnnearly in 2 min.
It was also decided that all mann-sfeam |sola+|on-valve closures w:ll -
|n+errup+ control rod magneT power, Thus auTomaTncally scrammlng
the reactor.
The simulation of the ftwo-valve assembly will then be used Te
evaluate the following: | | | |
1) Reactor iselaTion w}Th auTomaTic(scbam.
25 Reactor isolation without scrah wiTh‘subsequenT bloving.

of relief—sefefy valves.

3.2.6. SIMULATION OF BOILER HEAT TRANSFER

3.2.6.1 Transfer Function. The simulation of the boiler-fuel—elemenT

heat- Transfer Thermal lag was ‘revised to correspond o The new sTepped
(2-diameter) ercaloy-clad fuel pins. The heat capacnfy of the

' iircaloy cledding was neglected with respect to that of The uranium -
dioxide; but |fs thermal resisTence is included. An overall heat

transfer coefficient from thée edge of the fuel pellet to the coolant

channel was again used, and a method of analysis similar fo that of

Iriarte*!9 was used. The heat transfer coefficient was approximated

19‘ M. lriarte, ™An Accurate Transfer Function for the Dynamic Anélvsfs
of the Temperature ard Heat Release in Cylindrical Fuel Element,"
Nuciear and Science & Engineering, V.. 7, No. |, p. 26, Jan. 1960.
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.‘aT 2|0065+u/sec-F-fT2, and in the peliet the density is 636 Ib/f+3,.
the specific heat is 0.073 Btu/Ib-F, and the thermal conductivity was
éssumed at 0.9 BTu/sec—F-fT; Assuhing that 3 per cent of the power -
is gamma heating and‘apbears immediately in the coolant channels, the

revised transfer function becomes:

Ki 9B (s)=_0.766  + _0.144 + _0.06 4 0.03 (3.1)
noo. . | + 6.1s N +.I.25 | 4+ 0.48s
where,
bB = Boiler heat appearing at fuel pin'surface
n = neutron popqlaTion
s = Laplace variable
K = éppropriafe constant

3.2.6.2 Superheater and Boiler Heat Balance. The simulator was modi=-

fied to include the steam generated sépara+ely in the superheater
instead of lumping it with the boiler steam generation. The boiler
thermal power contribution to the Eecirculafioﬁ water at full power

was established ET 157.2 mw. The thermal power going To:heaf the super-
heafer moderator flow is 2.7 mw, and the superheater powervéoing to
superheating steam is 39.7 mw. The thermal lag associated with the
157.2 mw ishgiveh in Eq. 3.1. The transfer of the 2.7 mw is assumed
prompt (no lag), and the transfer function agsociafed with Thé-3§.7 mw

is still:

K2 =2 = L (3.2)
n . (1 F£0.953). (I % 0.15%)
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vhere,

Lo
n
"

superheater heat appearing at fuel surface

Ky = appropriate constant

3.2.7 DOPPLER COEFFICIENT

.Thé Doppler coefficienf, relating reactivity changes fo boiler fuel
temperature, dkp/dTg, was recalculated at 0.93 x 107> per cent Kp/©F ,
corresponding to the revisions in fhe boiler core. The coefficieh+
is linear over a wide range of operaTing~+emperaTureé; but will in-
crease by a factor of |.7 at reduced fuel- ftemperatures, 60 to 100 F.
This change in the coefficient will be Taken'info account in future

accident studies at low power.

3.2.8 -RESULTS ON SIMULATOR

Figufes 3.7, 3.8,.and 3.9 show further studies completed
on the simulator with the reference pressure control system. Figure
3.8 shows that superhgafer pressure drop increases rapidly to about
190 psi if the bypass (dump) accidentally opens at full power. The
annular 26-mi | superheéTer fuel tubes can easily withstand this in=
creased differential pressure, however, since test resulfs have shown

collapsing preésures to be about 800 psi.
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Figure 3.7 .Reactor scram from 100. per cent power: level with 10
doliars negative reactivity assumed in scram rods (A-C Dwg. 43-024-302)
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Figure 3.8 Accidental bypass vaive opening with no automatic
pressure controi. (A-C Dwg. 43-024-301).
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Figure 3.9 Pathfinder closed-loop frequency response.
(A-C Dwg. 43-024-298)
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3.2.9 SIMPLIFICATION OF PATHF INDER SIMULATOR

In order fo gain a clearer ﬁicfure_of the ef%ecTs %haf various

fsysfem parameters have on the system respoﬁse, the comp lex system
" mode! was linearized and simplified so that an analyfical study
wéuld be péssibﬂe. Suéh a simﬁlifled model~also aids sTabili+y studies.

~Figuré~3.lO shows the sygfém biock diagrah atter linearization
and seVeral.égsumprons. ~The closed- loop transfer function of Thi§
répresentation compares quife faQorably with that from fhe comp lex
simuld#or modeI;Aas is seen in figure 3.9. The discrepancy is due
to the fact that the transport lag in the reckftulafion loop was
| apb%oxiﬁafed‘as a first ordér.fag.

This approximate mathematical system model will be applied to
operaTing reacfors iﬁ an a}TempT to verify experimentally the ba%jc

model from which the Pathfinder simulator was built.

© '3.2.10 HAZARDS CALCULATIONS ’ o -

3f2fIO;I SQperheéfer Draining AccidénT. Thé.PaThfinder superheater
‘was designed with a posiTive'dréinfng_c;éfffc{enT of reactivity. AS.
atreSulT, Thére'is the possibility of an éxcursion upon accidenta’l
smperheafer'draining dﬁring sTérTup.' In order to invesTigaTe’The type -
of sfaffup aécidenT, the réacfivi%y as‘a funéfion of draining Tével -
in the superheater was found with a.Two—dimensibnal PDQ cafcuIaTions.
| 'Superhéafer draining ra+e.fs being calculated for several:dif—

ferent conditions: draining through the relief valves, draining via

..|48_
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the purificafion,sysfem, and draining through the main steam |iné

As soon as These calculaflons are complefed a
reacTuvnfy 1nserT|on raTe for superheafer dralnlng will be obtained.

|soIaT|on valve

-accident. -

(A-C Dwg. 43- 024 296)

3.2.10.2 Startup Accident.

postulated consisting of a

A generalized reactor startup accident was

targe positive reaéfivify addition

causing a rapid pressure and.power rise in the vessel,

1)

the reactor is initially critical,
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'“anure 3.10 -Linearized block d|agram of reactor core- dynamlcs

where:

~This vii I Then be used to invesTigaTé'fhe power excursion during the




2) reactor pressure is initially anywhere between aTmosphefic

aﬁd 615 psia,
' 3) reciréula%ioh pumps are forcing water through The core,
4) reactor vessel is bracfically filled with subcooled
‘water with é very small steam (gas) dome, if any,
5) reactor can scram oply due to high flux (low period
causes automatic rod runback only),_

6) if the reactor doésvno+ scram, relief safety valves at

superheater exit are assumed to blow at about 615 psia and pass water.

The analysis of this accident consisted mainly of deriving a
relation between the core heat release rate and the rate of pressure
rise, Assumptions are.being made regarding net steam genenaffon due

o subcooled boiling and‘fhé disTribquon of heat wifhin-fhe reactor

vessel . It is assumed that the Doppler.effect will be the only shut-

down'meéhanism present; i. e., the negaffve réacTiviTy due‘fo void
formation will be neglected.
3.2. || REACTOR PERFORMANCE AT REDUCED RECIRCULATION RATES

A éfudy was iniTiaTea during the quarter to determine the tran-
sient performance of the reactor over a wide range of operating and
startup conditions taking into account:

15 variable +Qo-phase friction factor using a modified-

Martinelli correlation,
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2) wvariable recirculation pump head using results of recent
hot loop pump tests.
3) Qér{able void reactivity coefficient at lower void volumes.

Results of 1) and 2) will yield a relation describing the recir-

D

culation flow as a function of time, while 3) will determine reactor

power as a function of +fmé.
'"3.2.12 TIME DEPENDENT NEUTRON FLUX DISTRIBUTION

Using-the void feedback model developed earlier for the simpie -
one—diménsionameOdeJ,-a_Tw0*node hand analysis and a five-node anélog
-,compu¥er anélysjs were made wﬁich=show,+ha+‘no oscillations in flux.shape will
occuyr Because of void formation and void transport up a coolant channel.
A hqrmphic analysis, wherein neutron dis+ribu+ion and void distribution
were expanded in a series of orthogonal functions, also showed that no

oscillations. of . flux shape will occur. in a boiling water reactor be-

cause. of void formation apd transport.
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3.5 CRITICAL EXPERIMENTS

The object of this project is to perform the necessary critical
experiments to check the theoretical!l calculations and provide a means
of correlating theoretical and experimental results.

3.3.1 CONTROL ROD WORTH MEASUREMENTS

The first part of the cénfrol rod worth measurement was diséussed
in the last quarterly report, ACNé—6007. In summéry, the core léadf
ing for this measurement consisted of 96 béiler elements with an
average enrichment of 1.89 per cent. The superheater was fully
loaded with 428 fuel elements, each element containing two fuel tubes but
no poison rod. The lattice was a *cold clean®™ mockup. |t was found
that 950 grams of natural boron, uniformly distributed ih.The boiler
core, was requiréggfq hold down the excess reactivity. The reacTivify
worth of this boron poison was deTerminedij be 10 perYCen+, by
incremental worth measurements and Two-draénsional diffusion calcu~
lations. o

Thé uniform boron poiéon'was then replaced with 2 w/o boron=
‘stainless steel control rods in a pattern as shown by Figure 3.11.
Cri%icalify was achieved with all rods either fully withdrawn or
fﬁlly inserted, aspﬁ§fed, except fof one regulating rod at about
core midplane. Théfé;ore, The'worfh of thé 13-1/2 inserted rods is .
|0 per cent Alg.: The ToTél control rod worth is the sum of this 10
' _per cent AK ahd The worth of the 6-=1/2 rods required out for crifical—A

ity. The worth of the 6-1/2 rods,ias measured by the rod drop

~ |52~
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Figure 3.1l Control rod pattern for rod drop experiment. Solid
rods denote full-in. White rods denote full out.

method described beiow, was found to be 3.6 per cent Ak, giving a
tota! control rod worth of 13.6 per cent Ak. This is the control
rod worth for the configuration cited, which was not an exact mock-

up of the Pathfinder cold clean core.

Using methods that are being applied to the calculation of the
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Pathfinder rod worth (refer To Section 3.1),. control rod worfh of 13.9
per cent AK and 13. 4 per cenT Ak for The 81 and 64 rod section,
respectively were calculaled for Thns core. ThlS‘lS in good agree-
ment with the 13:6 per cent Ak measured for the integral core of 8] rod

lower, and 64_rod;uppen‘laf+ices in this criTipaJ“experimenT.

3.3.2 ROD DROP EXPERHVENTS

This experiﬁenf was peﬁformed to deTermine-The reactivity worth
of 1/2 w?fﬁdraWh‘and 6 fully wiThdrawnAeodTrol rode’ikréyédfT core”
already containing 13 fully inserfed“ﬁodsfﬁéThe.rod confdgurafion is
shown fn Figure 3.12. Basically, the meesuremenf consi$+s of meaedring
+he neutron count rate before and lmmedlafely affef a rod drop
The reachvnfy assocnafed with +he dropped rods |s a func+|on of The
ratio of the two counT raTes (CounT raTe is here deflned as the
finite ratio AN/AI, noT the dn‘ferem‘nal dn/dT)

The apparaTus con5|sTed of a mnnnaTure fussnon.counfer pream-
plifier, amplifier, scaler, printer, starting circuit, and timer.
The miniature fission counter which was positioned at vafious loca~
tions within the core, was used fo detect the neutron flux at criti-
cality before the rod drop, and afTerVThe rode had been inserted.
“Prior to the drop with The reactor critical I5-sec counTing rates
were determined as a preedrop reference. vThe sTarTnng circuit was
Then seT (See Section 3.3.4) and the rods were scrammed. When the
rods reached the full-in'posifion (ebouf 0.7 sec after scram), the

starting circuit was energized, Triggering the scaler, and the post=
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Figure 3.12 Location of data points for rod drop experiment. D
denotes dropped; all other rods are stationary. Each point shown
was taken at an axial location of 40 in. above the bottom of the fuel.

The total fuel length is 72 in.

drop counting rate was measured. The counting of the post-drop flux
lasted for |5 sec, at which time the integrated counts for this

period was prinfed. This I5-sec counting rate was then the post-drop

reference.




To a very good appreximaTion, The nega+i;e reae+ivify inserTed
in a just criftical (K = I.OO)\reacfbr cah"be reﬁresenfed by p = C(R-1),
where C is a consTad+ and R is The ratio of pre-drop to post- drop
neutron count rate that is begun |mmed|a+ely afTer the insertion. The
time behavior of a crlflcal reactor fOIIOW|ng a negafr;e‘reacflvnfy
insertion is Theoref:ca!ly pred|cTed by The neutron balance equation.
The LaPlace fransform Technxque was used +o solve the equaTnon yielding
R as a function of p and AT For a AT of 15- -sec and sTathng with
reacTnvnTIes of The order to be measured The calculaTlons ylelded a
value of 0.002733 + 0.000003 for'. C for_-/o"ex-pressed in percent A k/k.

The ratio of Pre—droeﬂfo-posfedrqp'qeufron fldx caueed by,a dis-
creTe'absorber varres with The.eroximiTy of‘fhe meesuremenf location
to the absorber'becauee of changes in the flux:d}e+r{bu+{on. There-
fore, the measuremen+ of pre-drop to post-drop flux was made in 20
different reactor Iocaffons-chosen_}o give a represedfafive picture
of the tfotal behavior.‘:ThehdaTa point foceTiens are also shown in Figure
3.12 and the measured ve§Ue of p for'each'dare point is presenfed
in Table 3.4. To obtain a value for the reactivity worth of the
rodAdrop; these values of f9'were appropriately averaged over the
reactor core. A value of 3.6 per cenf ~ AK was obfeined as the rod
dirop worth. |

Not included in this tabulation are several measurements

of the reproducibility at a given reactor location and measurements
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TABLE 3.4 VALUES OF OBTAINED BY ROD DROP
(See Fig. 3.12 for location of data points)

Data K Data K
Point (Per cent) , Point (Per Cent)
x 403 I ~ 2.80
2 ’ 4.62 12 - 2.8l

3 | 3.76 13 2.94
4 3.63 14 - 3.56
:5 3.85 15 | 3.95
6 3.98 16 5.30
7 3.56 |7 , 3.70
8 . 3.17 R 3.45
9 3.47 19 2.8l
10 3.67 20 4.00

of the pre-drop to post-drop ratio at several axial positions of a
fixed X-Y location. The reproducibility of the measurements were
found to be within + 3 per cent. .No discernable variation in £ was

found between different axial positions of a fixed X=Y location.

3.3.3 MEASUREMENT OF CONTROL ROD DROP TIME

This experiment was performed to determine as accurately as
possible the time interval from the instant a reactor scram signal

is given until the control rods reach the full=-in position.
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Figure 3.13 Schematic of electrical circuit for drop tests. The
9-v battery (1) supplied scope signal and trigger power. The nor-
mally open contacts (4,5) were part of relay Sx4 in the control con-
sole and closed on scram.

Apparatus used in this experiment included a power supply, a
starting circuit, a micro-switch to indicate when the rod was in, and an
oscilloscope with attached pclaroid camera.

A schematic of the electrical circuit utilized for drop tests is
shown in Figure 3.13,

The rod drop time tests were performed in conjunction with the
rod dfop experiments. The reactor was brought fo power in a normal
operating manner and upén reaching criticality at a certain power
level and operating at this point for a short time, the reactor
scram bar was pushed dropping all rods (five safety rodsland two re-
gulating rods). Although the majority of tests were per formed under
actual opera+fng conditions with the rod dropping into a water-filled
core, Tesfs were also performed to determine the drop time in air.

For the latter, tests were performed at shutdown condition with but
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one rod (Safety 4) being raised and then dropped via the normal reactor
scram puéh bar roQTine.

Briefly, the tfechnique utilizing tThe scope is as follows: The ﬁﬁ
scope provides its own light signa! which will traverse the screen
10 cm in distance in any of several time settings. The beam iraverse
is initiated or triggered by an inéremenf of voltage applied to the
scope trigger Tgrminals.

This light beam is defiected vertically when an external voltage
is applied to the scope input Terﬁihals; the amount of vertical
deflection is proportional fo the voltage applied. _

For the drop time tests, the sweep time was set at O?I cm)sec
which then gave a total screen traverse time of | sec.

The sweep could have been Triggeréd by the 9;v signal‘fhe@insfan+
;%he séram push bar acTigafed_relay Sx4 but for clarity the sweep was
. triggered by closing a microswi{Ch (6) Sprlying approximately
I-v To the Trigger inpUT an'iﬁsfanf—béfore the scram bar was pusheq.

1] .
Referring To.Figure 3.14 the initial portion of the sweep

initiated by closiﬁg the microswitch (6) was deflected upward slightly
‘corresponding'+o‘+he apbfied Q—-v reduéed by the voltage drop acrbss
the 3.3 kohm resistor. The instant the scram bar was pushed, relay
Sx4 closed, shorting out the resistor and the light beam }s deflected
corresponding to the fuil 9=-v applied. This 9-v trace was sustained
until The rod dropped to its full=in posifion and actuated micro-

switch (3% opening the cichiT. The remainder of the sweep is the base

level beam originating in the scope.
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Drop Time: 0.64 Sec.

Drop Time: 0.63 Sec.

Drop Time: 0.68 Sec.

Drop Time: 0.68 Sec.

Figure 3.14 Measurement of control-rod drop time, safety rod No. 4,
Major divisions on abscissa equal 0.| sec.

experiment No. 24.
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Each large division on the photograph corresponds to 0.} sec
each smaltl division to 0.02 sec. The drop time could then be defermined
to within one hundredth of a second by counting the divisions fraversed
by the 9-v signal.

Drop time was obtained for |7 reactor scrams during the rod-
drop experiment. In |5 instances the measured drop time was 0.68
saec and the remainfng drop times were measured as 0.67 sec.

Four rod drops were made in air at shutdown conditions with

i rod drop time measured as 0.63 sec and three drop times in 0.64 sec.
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. INITIAL STABILITY AND PERFORMANCE TESTS '

The initial objective of this project is fo fabricate a special
oscillator control rod and drive mechanism together with suitable
instrumentation to measure the resuiting variations in neutron

- flux. This equipment will then be used to conduct oscillator tests

in Pathfinder to verify dynamic performance calculations and to
defermine experimentally the stability of the reactor system.

.1 - OSCILLATOR ROD-AND DRiVE

Layout of the oscillator rod was prepared, and the design is
continuing. Difficulty was encountered in selecting the neutron
poison. Boron steel was proposed, However, shaping and atfixing
it into the oscillator rotor is a problem; As a resulT, cadmium,
0.010 in. of which would be eduivalenf to 1/8 in of boron steel is
being consicered.

Since cadmium melts at 609 F, and since it will operate in The
core at about 500 F, a test was conducted to determine its behavior
at operating conditions. A stainless steel cylinder was pIéTed
with about 0.007 in of cadmium, placed in a furnace and held at 500
F for about a week. The objective was to determine.the stabilitfy
of cadmium af This temperature.

The resuits are'encouraging, and further tests were started.
These include the testing of a 0.070-in thick cadmium plate clamped
between two stainiess steel plafes mainTéined at 500 F for severél
weeké. Also, de cylinders with shaped cadmium plate are being
prepared for tests. Other poison materials are being investigated.

Another area that is being investigated is the oscillator rod

rotor support bearing. This bearing will have to support about 100
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pounds thrust load and operate at 490 F with water lubrication.
Avai lable bearing. test data was.obtained in tests at considerably
lower épeeds than are required (abouT 1/4 Pathfinder speed is

the max i mum avaflable‘dafa). A test program is therefore being

T (m

prepared to evaluate the various corrosion resistant water lubri-

cated bearings under expected Pathfinder conditions.

()

w
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