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FOREWORD -

This is one of a series of reports covering technical progress
on +he 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, late 1962.
plant will be the Northern States Power Company of Minneapolis,

Minnesota.

Owners and operators of the

The 'U.’S. Atemic Energy Commission, through Contract No.
ATC)1-1y-589, with Norfhern,sfaTes Power Company, and Central
Utilities Atomic Power Associates* (CUAPA), are sponsors of the

research -and development program.

‘Al lis-Chalimers Manufacturing Company of Milwaukee, Wichhs(h,

under contract with Northern States Power Company, is performing
the regearch,'deVelopmenT, and .design; and will construct the plant
including the réactor, which is designated the Controlled Recirculation

Boiling Reactor (CRBR) with Nuclear Superheater.
Enginéering Company of Chicago, lilino

engineer iservices to Allis-Chalmers.
particularly in connection with fuel development, have been subcontracted

by Al lis=Chalmers.

i

Pioneer Service and

is is providing the architect-
Portions of the R & D program,

*CUAPA; MEMBER COMPANIES:
ééﬁ%rélf&leqTric-aquGas.Company
Infersfafe¢P0weFICompany

|owa Power .and Light Company .

jowa: Southern ytilities Company

Madison Gas.and Electric Company

Northern States Power Company
Northwestern Public Service Co.
Otter-Tail Power Company ’
St. Joseph Light and Power Co.
Wisconsin Public Service Corp.



DESIGN' DATA X

CRBR WITH NUCLEAR SUPERHEATER

Plant e -

Power, BoTler region.. . vue.ieeir et inerneeroennensnns 157,200 kw
Power, --superheater region............ i erererear e aaais 42,400 kw
Steam flow-at rated power........ovvivnenenecninnns ee...616,125 Ibs/hr
TOta!l COrE POWE ettt ettt tnr e e tnneneenrnreennsnenns v.e...199,600 kw
Gross electrical capability...ovvviuiiiiiiiiiiiiieirieinenens 66,000 kw
Net electrical output............... et eeeeetaee e 62,000 kw
Net efficiency.....vviiiviniininernnnnensnns e 31.0 per cent
Steam cutiet pressure (reactor)......coveivieneednineennnnnane. 535 psig
Reactor operating PressuUr@. ....oeeeeererreenrnsenssssssnssecnes 600 psig
Temperature, boiler region.......... ettt ceeenns .. 489 F
outlet temperature, superheater region............. BN = V45 3 o
Gross heat rate. ...ttt 10,199 Btu/kw-hr
Reactor building size.......ocvvvnn. Ce et 50 f+ dia x 120 ft+
Reactor

Vesse!l size (overal ). e iniernnennns Il ¥+ 6 in o.d. 36 f+ | in
Total core dimensions......c,covuue. e it se et 6 f+ x 6 f+
Dimensions of superheater region......cocvvvvuivnn. ceeeen 6 ft x 30 in
Fue!l, boiler-(Zr-2 clad)......vvvv... approx. 2.2 per cent enriched W0,
Fuel, superheater. (5.5..clad)......... approx. 93 per cent enriched W0,
Fael, loading, boiler (U=235)....iciuiiiiiiiininnnenenenenns ..145.6 kg
Fuel, loading, superheater (Y-235)........ P 42 kg
Power. density .(boiler-core ceolant).......ovvvviiieinniinnn, 87 kw/liter
Average heat flux, boiler region................ v...128,000 Btu/hr-ft+2
Average heat flux, superheater region............ v...77,800 Btu/hr-ft+

Max imum heat flux, boiler region.......... teeene... 462,000 Btu/hr-f+2
Max imum heat flux, superheater region............... 245;000'B+u/hr-f+2
Recirculation rate....cviveneeeerennn. e hee e et ieenas 65,000 gpm
Recirculation pUmMP POWEr . ... ovvveeneneneeoeereononss G te et enes 823 kw
Neutron flux............ Creheeereeenes R approx. 5 x IOI-7> n/cm?-sec
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1. FUEL ELEMENT RESEARCH AND DEVELOPMENT
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1.1 FUEL MATERIAL CLADDING, BONDING, AND IRRADIATION TESTING

‘ 'The'Objecffvéé'of.+his'préjec+ are as follows: 1) to bér*oFm'Iébora¥ory
work on the material and thermal properties of boiler fuel elements in the
fol lowing two general areas: (a) fuel cladding tésting and investigations, as’
required, and (b) complete aluminum capsule irradiation proof-testing together
with pre- and post-irradiation examinations; 2) *o develop a high-enrichment
uranium-dioxide-stainless-steel-cermet fuel element clad with stainless steel
or a suitable alternate material, which includes development of means of main-
tainihg alignment and spacing of fuel bearing tubes and double-walled insulating
tubes, development of conceptual designs for the steam entry and exit section
supporting the element, evaluation of assembly techniques, and fabrication of
a steam corrosion-erosion test loop and testing of superheater fuel cladding
material; and 3) to develop means of inserting burnable poison in the reactor
core, as required, and to perform studies and research and development on in-:
core instrumentation for the boiler region flux and coolant flow distribution
and for superheater region temperature, flux, and coolant flow.
~1.1.1  STEAM CORROS ION-EROSION TESTS ON STAINLESS STEELS

The second phase of the erosion-corrosion test, a 3-month test of 304,
:BOAL;'SlG, and 316L stainless steels under simulated reactor conditions, is
in process. As described in ACNP-6123, test conditions in the superheated-
s+eam test section are as follows: 700 F, 670 psig, 2400 Ib/hr, and 250 fps.
Conditions in the saturated-steam test section are: 489 F, 600 psig, 99.5 to
99.9 per. cent quality, 2400 Ib/hr, 175 fps, and 30 ppm oxygen concentration.
Pérfodié blowdown of the test loop is used to maintain high-purity water condi-
tions.

. The test schedule calls for removal of 304L and 316L samples with replace-
ment by 304 and 316 samples- at 3-week intervals. This procedure has made
poséible a preliminary determination of the corrosion rate of 304L and 3I6L.
Similar information for 304 and 316 will be obtained at the conclusion of the
test when all remaining samples will be examined, weighed, descaled, reweighed,
and re-examined.

Preliminary test results indicate that corrosion of samples in the

saturated-steam section is greater than in the superheated-steam section.
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Furfhermore, surface penefrafion of 3I6t sfainless sfeel in +he'sa+qra+ed-
s+eam secf:on is S|gn|f|can+ly greater Than pene+ra+|on of 304L However, the
projected corrosuon rate, assuming a pessimistic Ilnear dependency, remanns
Iess +han fhe 0.l mil per year for stainless. sfeels under These conditions.
No characteristic sfreaklng or- erosive p|++|ng has . been detected on any samples
removed To da+e | |
.Tabulafions of +es+ resulfs for Three 3—week perlods are given in Tables
l I and I 2 Surface pene+raf|on in mlls (Table 1. ) is based on The dlfference

between sample weight after and before exposUre.'

TABLE !.| SURFACE PENETRATION OF STAINLESS STEEL IN SATURATED AND
SUPERHEATED STEAM
- SURFACE PENETRAT ION
PER | OD SUPERHEATED- STEAM T SATURATED STEAM
MATER I AL (3 wk) (mils) (mils)
3041 S .00l ©.002
2 , ©.0025 . .0035-
3 .0025 .005
36l ' | ' <.00! .007
2 V .00 . .009
3 .003 .015

TABLE 1.2 WEIGHT GAIN OF STAINLESS STEEL SAMPLES IN SUPERHEATED
AND_SATURATED STEAM

WE IGFT GAIN

| PERIOD SUPERHEATED STEAM SATURATED STEAM
MATERI AL (3 wk) (md) - (md)
3040 o 8 10
- 2 , 8 2
3 10 15
3] 6L _ - 22
2 . 5 26
3 10 40
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1.2 HEAT TRANSFER AND FLUID FLOW INVESTIGATIONS

_ Ob jectives of this project are to operate an experfmenfal apparatus
(heat transfer  loop) to measure heat transfer coefficients and two-phase

pressure drops for a full-sized coolant channel. Installed power capacity
of the test loop shall be such that it will allow testing of 1) one fuel
coolant channel at a heat flux of one million BTu/hr-f+2 or 2) one-half of a
fuel channe! at a heat flux of two mi'lion Btu/hr-f+2. The maximum desian '
pressure and temperature shall be 1500 psi and 596 F.

Tests will be performed to determine !) dimensional stability of fuel

elements by *thermal cycling, 2) pressure drop and vibration tendencies at
"various flow rates, 3) heat fransfer coefficients under simulated Pathfinder
operating conditions, and 4) the ability of a superheater element to cool
itself by radiation and convection under conditions equivalent to fission
product heating with no forced steam flow and with no steam flow.
1.2.1 HEAT TRANSFER LOOP

' Construction of an addition to the laboratory requires that the steam
condenser and coo!ing-water heat exchanger of the heat transfer loop be

‘movéd to the laboratory roof. This change with associafedAchanges in piping

will require about one month.

1.2.2 BOILER FUEL ELEMENTS

1.2.2.! _16-Pin Void Distribution. Gamma attenuation measurements on a
4 x 4 rod array were made to determine the void distribution at simulated

reactor conditions. Test conditions were nominally:

pressure €615 psia

mass velocity I x 10% 10 2 x 10® 1b/hr-f12
heat flux , 50,000 to 150,000 Btu/hr-ft2
steam quality " 0.005 to 0,032

The %esf was conducted and data were reduced by methods used for earlier air-
water and lucite-model tests, which indicated an experimental error no more
than 5 percent absolu+e-void fraction.

* Five sets of fraverses were completed. Two sets were carried out imme-
'diafely above a spacer in the lower half 6f the test section at mass veloci%ies

: 6 A :
of 2.18 x 10" and 1.23 x IO6 lb/hr-f+2 with steam qualities of 0.0053 and
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0.0082; respectively. Three sets were carried out immediately below a
spacer in the upper half at mass velociTieé of 1.92 x'I06, 1.06 x I06, and
1.08 x 106 with steam qualities b¥A0.0l63, 0,0208; éndf0;0354,'feSpecTively.
The manner in whfch the runs were made is indicated in Flgﬂrévl.l.“

Each set included four IOO-pdin+ﬂhorizon+al traverses as folJows} 1)
with the test section empty at zero power; 2) with the test section full of
saturated water at 489 F, 615 psia at zero péwer;'S) with the section full
of water at 489 F, 700 psia at the test power; and A) with the tést section
containing the two-phase mixture at 489 F, 615 psia at the Tes+ poWer.
Traverses | and 2 were made to calibrate the empty and water-filled test
section at zero power. Traverse 3 was made fto calibrate a liquid filled
section at test power. The latter calibration traverse was necessary since
a comparison of count rates for traverses 2 (zero power) and 3 (test power)
had shown small differences, which were a++ribu+able ToAThe effécf of the ’
magne+ié field on the shielded pho+omu|+iplief tube during traverses at
power, The difference in count rates never exceeded 3 per cent,

The count rates were plotted versus horizontal pesition, and the data
were ad justed horizontally to compensate for movement of loop piping between
successive traverses. (The gamma equipment could be posi+iohed exactly).
The largest shift for the five sets of traverses was 0.060 in. ’

‘Local void fractions were computed for each horizental position. These
Iocal:void fractions were plotted as a function of hor i zontal diSplacemén+
from the center line of the nearest row of pins, which resulted in eight |
separate regions, as shown in Figure I,1, The data for a typical run are
shown in Figures 1.2, 1.3, and !.4. Data representing the four central re-

gions of the bundle are superposed in Figure |.,2, Figure |.,3 shows the
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data representing The two regions jhé%‘inside the oufer rows of. pins.

Figure |.4 sﬁows the data representing the Twé regions adjacent to the inner
wa!ls‘éf The box. The curves éhow mean values for the data. Figure I.Sl
shows the data for a complete traverse without superposifién of regidns.

The data shown in Figure |.5 are ftypical of all runé with respect 1o
the general shape of the mean Qoid distribution. Figure |.5:indicaTes a
slight Tendeﬁcy of +he voids to be highest at the center of the complefg
'Tréverse. The data élearly indicate that the void fraction goe§_+o zero
‘QT the inner,ﬁnheafed walls ofhfhe.enclosure.‘ The data also indicate the

-higher void fracvions in the regions between the pins, which agrees with
‘the results reported earlier for an unheafed,‘air-wa+er sysTem.

Each point in Figure 1.5 represents a mean value for void fraction
through the +est section on the gamma'paTh. An explanéfion of +hevphysicai
sigﬁificance of the shape taken by these values when plotted as a function
of horirontal pési+ion would requfre paralliel analytical studies. Various
voi& distributions would be pésfulafed for a horizontal cross seqTioﬁ of
the test section in attempts to find a distribution +ha+<w§uld vield mean
values of the same relative magni+udes as Thése obféfned in the test. -

>The overall integrated void fractions for the five runs are shbwn in
Figure |.,6 compared to exisTipg models and correlations. Also shown aré two
boinfs for +he él-pjn‘fesf secfién. |

The‘dafa appear to exhibit appreéiaﬁle scatter; however. in |ight of
fhé-complicafed nature of the distributions within the bundle, this i; dif-

‘fjcglf fo.éssess. More0ver; an error of I'F in measuring the inlet +empera+urél
fsrpos$ib]é, which would~reSJif in an eérror.in the qual ity measurement of
0.0QI6h
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LOWER HALF

Ry= 0.278

X = 00082

G =123 X I0°

® = 158,500

Figure |.| Cross section of 16~

pin test section. Data was taken
at 100 points over the eight indi-

cated regions. (A-C Dwg 43-025-134) .

O
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It is felt that the 'data in Figure 1.5 tends fo support the homogeneous
mode! more THan any of the other three relations. The homogeneous model |
‘gives Void tractions slightly higher than the modified-Martinelli correlation
-used in the.Pathfinder pressure-drop design calculations. However, this
difference is well within the uncertainty !'imits assumed in making the cal-
culations, |

The enffre pressure-drop and void test program for the boiler fuel ele-
ménT‘has now been compieted, and the results will be presenféd iﬁ a for%h—

coming +opical'fepor+.

.2.3 SUPERHEATER FUEL ELEMENT

| .2.3.! Superheater Heat Transfer Tesfts., Heat transfer and pressure drop

tests havg beenleompléfed on two test sections that simulate the center

channel of the Pathfinder high-enrichment suﬁerhea+er fuel efemenT; The

heated test section provided an annular channel of 0.997 in. o!d. and 0.878 in.

o.d.. The section was heated by electrical resistance heating in bofh walls.
In addition to the heated section, an isothermal test section of the séme

dimensions was installed downs+Feam of the heated se¢+}oh. This section Qas

tested simultaneously to de+ermine'pressurevdrop.

The range éf test conditions were:

steam temperature. 489 to 1220 F 6
mass flow rates 0.13 x 10% +0 0.72 x 10° I1b/hr=f12
surface heat flux up to 125,000 Btu/hr-ft2

The;Tes+Ada+a were reddcedvfo conventional heat transfer and pressure
drop dimensionless parahefers. The heat transfer data were in good agreemen+
(+ 15 bercenf) wifh %he correlation of Heinéman (ANL-6213). Friction factors
for both The.heafed and iso+hermal.+;sf sections were accurately described |
(+ 10 percent) by the smooth Moody curve if fluid properties are evaluated
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at the film temperatures. These data, in dimensionless form, are compared
. with their réspecTive correléTions in Figures 1.7, 1.8, and 1.9. Also
shown fn Figure |.7 is the Pathfinder design equation for a fiim tempera-
ture of 800 F reduced by the I'.1 hot-spot factor. Comparison with déTaA

shows that the design relation is satisfactory without modification.

1000 — :
800 : o
LA INSIDE WALL THERMOCOUPLES ¢
600 . 7
‘ © OUTSIDE WALL THERMOCOUPLES L7,
// ///
O)- pd A
400 O——4-4—
© 7 //V/
S
7
200 - 5
- |<HEINEMAN’S CORRELATION | o
FOR L4, r P47 A paT N
e > 60 A 78 PATHFINDER DESIGN
(ANL-6213) LM 2 EQUATION FOR
G- Te=800¢ b4 >200
T €
S RN 4
~ A
80 pa ///
Ve
S
& 60 ), Y~ -
% ;>A A’/ o | :
o /// 5% L. SYSTEM PRESSURE -520-615 PSIA|
a0 7 2. STEAM PROPERTIES EVALUATED |
L T AT FILM TEMPERATURE
20— - : A :
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' ’ RE x 10-4 :

Figure |.7 Heat +rénsfer coefficients for a simulated R
Pathfinder superheater center flow channel. (A-C Dwg 43-024-974)
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FRICTION FACTORS FOR SUPERHEATED STEAM IN AN ,
' 0.08}———— ISOTHERMAL (UNHEATED) ANNULAR TEST SECTION
AT 600 PSI WITH A 60 MiL GAP
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~—~ - @ \O .
0.02}- : SO oY
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Figu}-e I.S Friction factors for superheated steam in an isothermal (un_h—é_a—‘l'_éd)
annular test section at 600 psi with a 60-mil gap. (A-C Dwg 43-024-975)

0.10 , : :
FRICTION FACTORS FOR SUPERHEATED STEAM IN A HEATED
© oo8l—— ANNULAR TEST SECTION AT 600 PSI WITH A 60 MIL GAP.
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"Figure 1.9 Friction fac+.c.>"r:~s-‘;.fnor .s.upé}'héafed steam in a heated annular test
section at 600 psi with a 60-mil gap. Steam properties evaluated at film
temperature. (A-C Dwg 43-024-976) '
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.‘F.4 FUEL ELEMENT MANUFACTURING RESEARCH AND DEVELOPMENT

" ‘Objectives of this project are:” 1) to develop or specify methods for
production of fuel assemblies for the reactor core; and 2) to fabriéate and
examine sample boiler and high-enrichment superheater flel assemblies (or
portions thereof) to evaluate their suitability for repetitive fabrication
to design specifications.

Development will include fuel fabrication, clad fabrication, fuel Iocad-

ing and sealing, assembly weldments, and intermediate and final inspection
procedures, as required.

l.4.1 HIGH-ENRICHMENT SUPERHEATER FUEL ELEMENT

{:4:{71 ‘ngrica+ion and Assembly. As‘reporfed fn +He last qgarfgﬁly’p[ogress
reporf,Afﬁe development of a hot rolling process for produging fge! Tybes was
éé%p];;éd. As previously reported, the greatest no+iceable‘difference-wi+h
n[sqs+afic pressing was an increase in density of approximately | per cent.
This'fur+her supports the conclusion that the hot rolling process is satis~
fac+ory for prodpcing the Pathfinder superheater fuel elements.

Work has been continuing on the dévelopmen+ of full-length fgel elemenf
éssembl?es using the hot rolling process. Natural uranium dioxide has been
processgd through the production powder facilities, and the powder waswfurfher
processed into ten large and ten small diameter fuel tubes. These tubes will
pe used for spacer wire welding, assembly and inspection studies, and develop-
ment of fabrication techniques. Excessive powder losses were encoupfered at
+he‘sfar+up of the production spraying operation. This was corrected by
adding two ap§orp+ion towers plus an addifiénal absolute filter to The sysfem.

~ The powder rolling mill was rebuilt to produce a full-width powder rolled
strip that can be hot rolled into satisfactory cermet strip.

.Bofh annealed and |/4: hard stainless steel tubing for cladding were
gvgluafed for draw-bonding characteristics. The 1/4 hard stainless steel tub-

ing will be used for the production of fuel elements.
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- The hemogeneity within a powder rolled batch and between the powder

'rolledAsTrip and offal material is being evaluated,

a vendor was selected.
. GE 8l.brazing alloy fér use in brazing the guide fin asseﬁblies was

studied, and was found to be satisfactory.

27 -



1.6 DEVELOPMENT OF LOW-ENRICHMENT SUPERHEATER FUEL ELEMENTS

The objectives of this’ prOJec+ are to determine the economic merit of
using low=-enrichment superheater fuel, to determine and select a promising’
fuel "élement design, and to develop a low-enrichment superheater fue! element
through applicable studies, fabrication expernmenTs, and testing.

At such a time as a promising fuel element concept has been selected, a
full~scale mock-up will be fabricated lncludung supports and steam entry and
exit section, and flow tests will be performed to determine pressure drop and
dimensional stability at simulated reactor opera+1ng condlflons

Heat transfer calculations will be performed. A test element will be
fabricated for insertion in the heat transfer loop to perform heat transfer
exper iments under simulated Pathfinder operating conditions. Physics calcu-
lations will be performed, such as the required computer programming and
operation, détermination of the critical mass, neutron and gamma flux and power"
distribution, enrichment, coefficients of reactivity, control rod effectiveness,
and conversion ratio.

A partial loading of prototype low-enrichment elements will be fabricated
and tested in the critical facility in conjunction with the remainder of’ the
supérheater section of the core containing high-enrichment fuel elements.
Safeguards reports will be prepared for the facility as required to meet the
licensing requirements of the AEC. Critical experiments will be conducted to
determine the nuclear characteristics of the prototype low-enrichment super-
heater fuel elements,

1.6.1 NUCLEAR DESIGN

I;6.l.l Superheater Power Disfribufion with Depletion. Section I.6.1 of
ACNP-6ZQOS déscribed results from a PDQ-RZ depletion study Qf allowf
enrichment superheater core. For this study, The superheater fuel element
was assumed to be a cluster of seven 0,235~in o.d., uranium dioxide fpe[ rods
of 4.5-a/o U-235 enrichment. The burnable poison, B~10, was homogeneously
distributed in the center fuel pin of the cluster.

During the guarter, more detailed studies were made of power peaking with
degle+i9n caused by the superheater control-rod channels‘and the corners of
the superheater-boiler interface. The calculations were performed as follows.

Two-dimensional XY calculations were performed for radial slices through
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the upper‘and Ipwgr regipns 9f the beginning-of-life core. The~te§qlfjng power
dj§+tib9figns were synfhesjzgd with compgrable szqaqulafjon§ using Techniques
des;rjb9d~jn ACNP-6]23. Results inqjcafed~+haf-+he superheafer\peak power is
in Themuppef coce'region. The RZ depleffon é+udies had indicated that the
§qp¢rh§a+§r power disfribu+é0n remains quite stable with cqre-llfe asgqming the
suPerhea+er qon+rol ro@sAremaim fully wifﬁdrawn'duripg core |jfe. Thus, XY .de-
pletion calculafion§ were'performed.on]y for the upper core rggion.

L The XY plane, the’ superheater was divided into four regions, three

fqejed regions and the contfol rod channels. A two-dimensional void distribu-

+i99 w?s"usgdAJn fh¢ boilér. Tﬁe average of +hese'vofds"wa5>equal to the
average void$ at The'axja| hejgh+ at which the superhea+er’peak péweCIOCgurs.
Tab!g 1.3 Iisfslfhe éuperhegfér average burnup and the XY peakaQ-ayerage'power
ratio from the upper core seéfion as a function of core fu[j—powgr days.
_::'Tﬁe XY and RZ results were synthesized to provide fhree-dimensionalupower

di§+rfpu+ions. These results are listed in Table 1.4 in terms of superheater
average burnup, peak bufnép, and peak-fo;average power ratio as a fdncfjonhof
_cofe,fu]l—power—days. The superheater beak-+o-ayerage power ratio decreases
by §ppfoxima+ely |0 per cent over the superheafer life (10,000 MWD/t). Axial
powek distributions for the hot channe! atthe beginning of life and at 400
.days arg-shown in Figure 1.,10. The small bumps at approXima+eJy 45 and']35 cm
from the core top are caused by the boiler axial gaps. fhe dip and sudden
rise from IOO‘+0 80 cm are caused by the éxial spacer plate in the superheater,
andifhe’change in baffle thickness and boiler lattice at the core axial mid-

plane.

~29~



TABLE 'I.3 SUPERHEATER XY DEPLETION STUDY -

' o AVERAGE BURNUP
FULL POWER DAYS MWD/T _

Upper Core Section

. 0 _
200 6,290
400 ‘ © 13,870

" Lower Core Section '
O -

'PEAK -TO-AVERAGE

POWER _RAT10

|
|
!

.530.
.405
.452

.170

TABLE !.4 SUPERHEATER BURNUP_AND_POWER DISTRIBUTION (SYNTHESIZED XYZ)

AVERAGE BURNUP - | PEAK BURNUP

FULL POWER DAYS MWD/t , MWD/t
0. ‘ - a -

200 ' 6,000 1,700 °

. 400 ' 12,200 22,300 -

PEAK ~TO-AVERAGE
'POWER RATIO

2.0l
1.94- -
.83

TABLE |.5  SUPERHEATER CHARACTERISTICS VERSUS - CONTROL-ROD_(SYNTHESIZED XYZ)

SUPERHEATER  PEAK-TO

In 0.9822 0.0188 640

_30_

0.1209

CONTROL ROD ~ : STEAM 4
BANK DISTANCE T TEMP, o POWER AVERAGE POWER
'FROM CORE_TOP  keff Bkeff (°F) ATTF FRACTION RATIO
All Out 1.001 " - .- 780 - 0.1924 2.00
18 in. | .000 0.001 765 15 . 0.1863 2.25
36 in. - 0.9955° ° 0.0055 720 60 0.1648 . 2.35
CAl 140 2.47




1.6.1.2 qugrheafer'ConTrolqud Inserfiqn. Synthesized XYZ power distribu-

tions for the beginning—of—}ifg fdll-power equiIibrIum-xenOnfgpgjsamarjum core
were performed assuming superheater control rods at varioqshin§erfi§p§f The
fpur rods were operated in a bank; withdrawn fully, and inserted 18 in,, 36 in.,
and fully.

bn XY geometry, the superheater rods were represenng expliq{fly by ef-
fective diffusion constants in the fast group and a curren+-+o-fluxMr§+io"iﬁ
Th? thermal group. In RZ geometry, homogeneous two-group- poisons were used. 1In
+helr§d§al direction of +he'RZ problems, the control rodlpojspn§ were algo
hpmqgenized but not into the outer row of superheater fuel elements. The supef—
heater Bo+ channel is in this row adjacent to the boiler,

'The all-rods-out condition is the zero full-poWer—day; case ]isTeq in
Tgblevl.4 and iIIusfrgfed on Figure 1,10, Additional calculations were
berformed for the Superheafer'rods inserted to 18 in., 36 in,,Aand fgll—in.

Table 1.5 lists the core multiplication constant, change in coré multi-
pli;a+ion constant (rod bank worth in A&k), bulk steam temperature, superheater
power fracfjon, and.peak—+o-average powef ratio as a function of control rod
HeighT. The superheater bulk steam temperatures and power fractions in Table
1.5 have been ad justed to core kgff values of 1.0,

The axial power distribution for the superheater hot channel wiTh the
rods banked at 36 in. is illustrated in Figure |.I1l. The éll-rods—ouf case

is the zero-days plot in Figure {.10.

1.6.1.3 Development of Low-Enrichment Superheater Analytical Model. During

the past two quarters, extensive measurements of the neutron flux distribution
within the Iow-enrichmeh+ element have been made in the Allis-Chalmers Critical

Experiment Facility (results are reported in ACNP-62005, Section !.6.2). For
~ “3|- ‘
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these measurements, the following element parameters were varied (Figure 1.12).
1) voided or flooded inside the outer stainless steel +ube,'
25 number of fuel rods per element (six or seven),

35 U-235 enrichment (3.5 or 7.0 w/oi,

45 radial location of +he oufer'six_fuel rods (rod centers located on
circles of radii of 0.2625, 0.2875, 0.325, and 0,375 in.) and

5) number of steel walls between fuel and moderator (one or two).

lAéTiyaTions‘were measured Qifh U;235 %oils{ Cadmium.rafios.were'mgaspred
fo provide a de+ermina+i§n of the epi+hermal'ahd fhermal'agfivafigns? resgecf—
ively, above and be}ow aAcu+off of 0.5 ev. Ac+iva+ionllevel§ were measured
in Thé-follPWing regions of the superheater fuel cell (Figufebl.IZ): |

Iy fuel and clad, .

2; ﬁoderafdrmwafer (wafér outside outer steel wail);

3) double sfeél-walj.region, and ‘

4) non-fueled region inside inner steel wall (this region is either
voided or flooded). : t

For compafison with +He measured data, the fiux distributiens in TheA
-supenﬁeafer_elemenf were computed by -a straight forward application of the

standard design model, as follows:

1) initial thermal spectrum calculation using SOFOCATE with volume-
weighted number densities,

2) cylindrical P-3 six-region calculation (center fuel rod, void, outer
fuel rods, void, double seal wall region, moderator), and

3) 'f}nall+hermal spectrum calculation with P-3 flux~wefgh+ed number
densities.

In the cylindrical P-3 calculations, the water outside the outer steel wall
was represented by an annulus. The outer fuel rods also formed an annulus one
fuel rod in thickness with inner and outer boundaries tangential to the fuel

rod surface. Fuel, clad, and void or water were homogenized together within

this region.
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The measured thermal activations were used to provide weighting factors
for *the materials-in the lattice. Thermal spectrum calcglafions were”performed
with SOFOCATE 1o a cutoff of 0.5 ev. As a comparison, between measured and
calcglafed lattice parameters, the thermal multiplication factors (nfz) with a
0.5-ev cutoff are lListed in Table 1.6. .

The ABCD no+a+|on refers to the radial jocafién'df +hé §u+er fuel ring,
radii of O 2625 0.2875, 0.325, and 0.375 in., respec+|vely ‘Thell anq_Z.npfa-
tion refers to the number of stee! walls between the fuel and moderaiQr.

The flopded cases in Table 1.6 use P-3 weighting in the outer fuel’ring
to weighf the fuel, clad, and water together. The use of volume weighting
wi+hin This annulua would increase the calculated nf2 values by approximafély
|.5 per cent,

Thé'qalcula+ed values of nf, average about 2% per cent higher than the
measufedAvalues. The uncertainty in the measured values has not yet been
calculafed. Of interest in Table |.6 are:

) the decrease in nfy with flooding,

25'-+he increase in nfp as the outer six fuel rods move outwardly de--
creasing their mutual shielding, and

3). the increase in nfy- resulflng from the removal of t+hé inner steel
wall.

Currently, several areas are being investigated. The spatial dependence

of the Thermal spectrum, especlally for the voided cases, is being computed
n

e using The SLO-P-1 . SLO-P-I wi]l provide the U-235 fission activation to a
] 0.5-ev cutoff. Thus, ambiguity W|Il not exist due to comparlsons be+ween in-

creased U-235 activities and calculated fluxes. Unforfunafely, since only a

' d\iffusion theory épproxima'l'ion is available in cylindrical geometry, the full
extent of the +herma|—spec+rﬁm effect on nf, will not be calculated.
(1y. "SLO-P-1 -- A Thermal Mulfigroﬁp Program for the IBM-704", WAPD-TM-188.
-35-
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The second area being investigated is the effect of cylindricization,

both of the moderator -outside the stee! wall and of the outer fuel rods plus

associated flooding water.

theory for both the voided and flooded lattices.

These cffects are to be examined using transport

TABLE 1.6 LOW-ENRICHMENT SUPERHEATER MEASURED AND CALCULATED THERMAL MULTI-:

LATTICE

7 Rod 3.5
A-1

B-1

c-1

D-1 .

B-2

Cc-2

.7 Rod 3.5
A-1
B-1
c-1
D-1
B-2
Cc-2

7 Rod 7.0
D~
B-2
CcC-2

7 Rod 7.0
D-1
B-2
Cc-2
6.Rod 3.5
D-1
.B-2
C-2

6 Rod 3.5
D-1
B-2
Cc-2

w/o

w/o

W/o

w/o

w/o

w/o

PLICATION FACTOR (nfz)

Voided

Flooded

Voided

Flooded -

Voided

Flooded

MEASURED ~ CALCULATED

.36
. 362

371

.374
.38l
.222

1,236

.222

.238

.262
.287
. 122
. 153

.630
.492
. 507

557
08
1430

. 349

. 182
. 192

254

.077
. 108
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.402
.407 . .
414
.422 -
. 267
.275

.250
. 262
.279
.298
. 150
. 169

.68l
.538
.550

.565
.406
.449

.389
.224
.234

.245
. 10l
121
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1.6.2 CRITICAL EXPERIMENTS

1.6.2.1 - Flux Measurements in gow~Enriched Supefheafer Cells. The measure-

ments of the regionwise thermal flux integrals for seven- and six-rod -
clusters of 5.57 and 7.Q-per-cen+ enriched fuel have been completed. These
cell measurements were performed.fo provide detailed data for’use in the
nuc lear analysis of the low enriched superheater. The description of. the .
exper iment was detailed in ACNP-6123, and only a brief review of this .
description will be. given here, along with a complete +abq|a+ion of results.
The average thermal -neutron activation flux in the following cell regions
was méde: :l) +he central fuel rod (for seven-rod clusters) or the central
space (for_sfx—rod clusters); 2) +he six Qufer fuel rods; 3) +he moderator
region exterior to the outer hoﬁsing +ube; and 4) seven concentric rings.
comprising the volume interior to the outer housing tube not occup}ed:by,
fuel tubes. The .dimensions of these cell regions are given in Table 1.7 for
the fuel_rod épacings wifhin the element gnder consideration. Each fuel rod

is. of 0.237-in o.d. with 0.214-in dia. fuel pellet and 0.010-in cladding."

The ‘fluxes given for the various rings TABLE 1.7 FUEL-RGD AND RING
POSITIONS o
in the fuel element represent the ring DR : Quter Radius
Regions (inches)
area minus whatever area is occupied by R
Center Fue! Rod 0.119
fuel rods in that ring. As the fuel Quter Fuel Rods i
- Lattice B (0.287)*
rod spacing changes from B to C to D Lattice C (0.325)*
Lattice D (0.375)%
lattice, the areas left in the rings Ring | 0.185
) Ring 2 0.236
vary, but their position with respect Ring 3 0.311
Ring 4 0.361
to the cell center remains the same. . Ring 5 0.410
' i Ring 6 0.460
The measurements were performed by Ring 7 : 0.552
L ' Moderator [0.705]%*

_irradfaTing U-A! foil positioned in :
' # (Rad]us of centers)
~37- % [Effective radius)



the test element such that the entire cell area less the housing tube,
which had to be kept intact, was represented by the foil. . Of course, the
plane of the foil was perpendicular to the axis of the fuel element.

‘Following irradiation, the positions corresponding ;o the fuel rods
were punched out of the foil. The remaining foil was then punched into
the seven ring-folls and the moderator foil. The gross beta fission-
product activity of the foil sections was counted and recorded. Following
a decéy of at least one week, the foil sections were re-irradiated such
that -they all received the same integral flux exposure, and recounted in
the same geometry and manner as before. This provided a calibration for
each foil section which allows correction for size differences, foil in-
homogenieties, and, for the most part, counting geometry.

After applying the results of cadmium-ratio measurements, the sub-
cadmium or thermal activation flux for each cell region was obtained.
These flux values are listed in Table 1.8 for voided and flooded lattices
of seven-rod fuel clusters. Variations. in the seven rod clusters are the
fuel enrichments of 3.5 and 7.0 -per cent and the fuel rod spacing of B, C,
or D. The errors assigned to these results are the ﬁosf probable errors as
determined from the amalysis of the repetitive counts obtained on each foil.
Repefgfive measurements- of several of the cases considered has established
.reprodﬁcibilify to be within these quoted errors. Some of the results
quoted heFe were given in ACNP-6123. They are repeated here for cbmplefeness
and, because of slightly better cadmium-ratio measurements, the values have
been. altered slightly.

Listed in Table}l.9 are similar results for six-rod lattices utilizing
a fuel enrichment of 3.5 per cent. For purposes of checking the calculations,

the fluxes for flooded case of the six-rod cluster were méasured with the
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~-Ring

TABLE |.B MEASURED THERMAL FLUX iN SEVEN-ROD CLUSTERS

Location’

- B

I. voided Lattice, 3.

Center Fuel Rod
OQuter Fuel Rods
Ring
Ring
Ring
Ring
Ring
Ring
Ring
Moderator

~NousWN —

l .

2. F'!ooded Lattice, 3.5 Per

' Center Fuel Rod
Quter Fuel Rods
Ring
Ring
Ring
" Ring

Ring
Ring
Moderator

~NOoOVMPEUWN —

3. Voided Lattice, 7

Center Fuel Rod
Quter Fuel Rods
_Ring
Ring
" Ring
Ring
Ring
Ring
Ring
Moderator

~NOoOUMPH NN —

I.

l.
f.
I.
i,
I.
I.
I
I.
i,

l.
I.
I.
l.
b,
.
.
I.
.

2.

'A4. Flooded Lattice, 7;0 Per

Center Fuel Rod
Outer Fuel Rods
Ring
Ring
Ring
Ring
Ring
Ring
Ring
Moderator

~Nowuvd UunN-—

.
I.
I.
I.
I.
l.
I.
l.
I,
2.

La++fce'
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C Lattice
5 Per Cent Enrichment
.0000 +..0063 - 1.0000 % ..005|
.0803 £ .006] |.0642 .+ .0084
.0394 = ,0035 [.0551 + .0040
.0682 + .0069 - 1.0492 £ .0044
L1107 £ .0081 1.0720 £ .0044
1796 £ .0045 1.1204 £ ,0068
.2281 + .0035 1.1614 £ 0037
.2760 £ .0062 |.1980 + .0056
.3229 % ,0076 |.2549 £ .0063
L6418 £ ,0062 |.5644 = ,0072
Cent Enrichment
0000 # ,0045 | .0000 % ,0070
1197 £ .0053 1.1185 £ .0068
0830 + .0035 [.1119 £ ,0063
1287 + .0057 1.1207 £ .0062
1730 + .0054 1.1587 £ .0069
2702 + .0062 [.2111 £ ,0072
3570 + .0054 .2767 £ .0062
4550 + .008] I.3145 £ ,0044
5301 + .0027 1.4032 £ ,0096
7420 = .0067 1.6274 = 0062
.0 Per Cent Enrichment
0000 * .0048 | .0000 + .0050
1521 £ 0061 .1009 * .0050
0642 £ ,0036 [.1010 £ .0043
0879 * .0095 1.0832 £ 0054
2053 * ,0060 I.1276 * ,0049
3245 = ,0071 1.2170 £ ,0056
4221 * ,0057 |.2845 * 0063
5238 £ ,0058 1.3513 £ ,0037
5858 £ ,0058 |.4469 * 0063
1235 £ ,0069 1.9505 * ,0030
Cent Enrichment = ..

0000 £ ,0042 |.0000 + .0048
1893 £ ,0052 1.1490 £ .0048
1119 £ ,0038 I.1316 £ ,0042
1509 %+ .0069 1.1413 £ ,0046
2851 = ,0075 |.2020 = 0052
4433 £ 0067 [.3163 £ .0065
5813 + .0057 1.4259 £ ,0055
7255 * .0044 1.5176 £ ,0073
9027 % .0062 1.6796 £ .0060
2577 £ .0073 2.0236 £ ,0069

D.Lattice
1.0000 % -.0051 -
1.0597 + .0062
1.0656 = .0037
1.0770 = .006!
|.0845 £ .0045
I.1107 £ .0070
l.1348 + .0069
1.1823 + .0043
1.2238 % .0045
|.5098 = .0071
1.0000 % .0052
}.0767 = .0063
|.1086 + .0056
[.1412 £ .0066
1.1449 £ 0047
I.1636 £ ,0079
}1.1919 + .0065
[.2427 % ,0067
1.2842 £ .0049
1.4629 = .0068
.0000 =+ ,0045
.0814 = ,0070
L1036 = .0044
L1176 £ ,0044
.1097 * ,0044
L1613 £ 006l
.2040 * 0057
.2612 £ ,0027
.3401 + .0047
.8116 £ ,0074
1 .0000 + .0038
1.1230 + .0054
1.1900 * .0057
|.2364 + ..0052
1.2367 + .003|
1.2642 £ .0044
1.3294 £ ,0044
|.4126 £ .0048
1.4897 + .0057
1.7976 £ .0075




TABLE 1.9 MEASURED THERMAL FLUX IN SIX-ROD CLUSTERS

Location B Lattice C Lattice D Lattice

l. Vvoided Lattice, 3.5 Per Cent Enrichment

Fuel Rods 0.9709 % -,0057 0.9518 + .0048 0.9439 = ,0064
Central Region | .0000 % ,0058 | .0000 £ .0036 1.0000 £ .0047
Ring | ' . 0.9649 * ,0049 0.9847 + .0039 0.9767 £ .0055
Ring 2 0.9637 = .0063 0.9607 + ,0068 0.9628 £ ,0062
Ring 3 1.0022 %= .CO9I 0.9774 + ,0086  0.9589 * ,0052
Ring 4 1.0423 £ ,0034 1.0115 + 0111 0.9769 £ ,0085
Ring 5 1.0973 + ,0057 1.0335 + 0066 0.9892 * ,0082
Ring 6 1.1164 £ 0078 1.0575 £+ ,0040 1.0211- £ ,0049
Ring 7 1.1559 £ ,0058 1.1003 £ ,0043 1.0438 * 0050
Moderator 1.4365 £ 0074 1.3780 + ,0065 1.3127 £ ,0076

2. Flooded Lattice, Central Rod Position Fldoded, 3.5 Per Cent Enrichment

Fue! Rods C.8418 £ 0066 0.8500 + ,0060  0.7956 + .0052
Central Region 1.0000 £ 0056 1.0000 + .0053 1.0000 + .0074
‘Ring I 0.8688 £ ,0033 0.9625 + .0038 0.9589 + .0045
Ring 2 0.8683 + .007S 0.9119 £ ,0048 0.9314 £ .0043
-Ring 3 0.8926 * .0029 0.8963 = .0076 0.8811 * .0045
Ring 4 0.9571 £ .0069 0.9203 + .008I 0.8759 £ .0082
Ring 5 1.0085 + 0060 0.9488 £ 0076 0.8731 £ .0065
Ring 6 1.0606 = 0047 0.9791 + ,0058 0.8995 + .0069
Ring 7 1.1146 £ ,0045 1.0264 + 0063  0.9261 * ,0054
Moderator 1.2517 £ ,0073 1.1763 + ,0063 1.0252 + .0066
" 3, Flooded Lattice, Central Rod Position Voided, 3.5 Per Cent Enrichment
Fuel Rods 0.9586 = ,0060 0.9076 = ,006! 0.8637 = ,0051
Central Region 1.0000 *.,0062 1.0000 * ,0065 1.0000 £ .0052
“Ring | 0.9722 * ,0043 0.9848 * ,0066 0.9972 = .0063
Ring 2 0.9607 = ,0041 0.9567 * ,0056 0.9606 £ ,005I
Ring 3 0.9863 = ,007I 0.9543 % 0074 0.9372 £ ,0040
Ring 4 }.0495 = .0058 0.9843 * 0080 0.9370 £ ,0073
Ring 5 1.1153 = 0047 1.0284 £ 0066 0.9512 * ,0054
Ring 6 1.1733 * ,0051 1.0050 T ,0049 0.9790 = ,0044
Ring 7 F.2411 = ,0047 1.1125 £ o076 1.0070 £ .0052
Moderator 1.4124 = ,0055 1.2718 ¥ .0066 1.1297 £ .0062
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central fuel-rod posif}on, f looded and voided. The results of these
measurements are shown. graphically by Figures ! through 1.19. Fach
figure shows the region average flﬁxesrfor the B, C, .and D lattice of
the test case represented. The points are ploned at the radial center
of the corresponding region.‘ Because it is difficulf to assign a region
“to Tﬁé‘du+ér fuel rods, their éverage flux value has been inclﬁded as a
separate point for each case. The flu% in the rods‘is apprecfably be low
that of the ring segments at the same radius, as expected, due TQ de~

pression in the fuel. Arbitrarily, the average flux at the center of the

cellwls +aken'+o be unity and al!l eother fluxes are normalized to this value.

1.6.2.2. §E8 Measurements in Low-Enriched Superheater Cells. The

measurement of p28 (epf-cadmium‘fo sub-cadmium'U-238 acTivaTion'Eano) was
confinued on’floode& and voided lattices of 3.5- and 7.0-per-cent )
erriched superﬁeafer cells. Since these fesulfé are not yet compleTe;
they will not be reported at this time. However, some alterations haYe
been made in the experimental procedure, which is described in ACNP-62005,
and'fheselare as follows.

As described in ACNP-62005, the measurement of 928 chsisf§ of deter-
mining the cadmium-covered and aluminum-covered U-238 activation rate of
a highly depleted uranium foil which is located in the fuel réﬁ. The
activity determination utilizes the U-239, 74-kev gamma ray, decéy; Pre-
vious measurements have- located -a-thin aluminum foil on each side of the
dep leted felil to catch fiésion'recoilhproducfs'WhicE”would'affecf the
measured activity of the depleted foil éfjerxirfédia+[§n{' Bgcause'fﬁe"fuel
. rods used in these experiménfs are'of‘fe1é+1véiy small diameter, 0.214-in
dia., any streaming of resonance neutrons through the aluminum, which would

B (Continued on page 49)
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~otherwise be absorbed on the surface of fhé uranium displaced by the
aluminum, would cause a higher U-239 activity. loreover, since The
qﬁanfify, p28, is formed by the ratio cadmium-covered activity to
aluminum-covsred- minus cadmium—covered activity, the excess activity
would'show up in The pumsrafgr but subtract cut in The.denomiﬁafor, sihce
neithsr the ;admium nor the aluminum will filter out these resonance eﬁergy
5neufrons.

This effect was measured by covering.several deplefed,ﬁranium_foils
with various thicknssses of aluminum, [nsérfing them fn a_pellef stack,
and e*posing theim to the same integrated flux. The resultant Ur239 activity
stheG an iacreass corraesponding to about | per cent per 0.00i-in Tﬁiékness
ot aluminuﬁ cover, i.e., if each side of the depleted foil'was coveréd by
.glo.OOl-ln thick aluminum foi!l, the resulfanf activity would be 2 per cent
hjgh; exirapolating back To zero increased activity with no alﬁmjnum cover.

Because of this-effect, and beéause of the possible difficulty in
. keeping close control of the separation of the fuel pellets aﬁd the deplefed
foi | when an intermediate material is Iocafed{in between, . subsequent méasure-
ments have been performed without the aluminum catcher foil. To do this,
measurements were made of the additional activity that would be contributed
by,ffssion prdducfs when the depleted foll was in intimate contact with the

fuel pellets. This was done by irradiating aluminum foil in contact with

. the fuel pellets and counting the resultant aluminum caught fission product

.activity as a_funcfion_of time ( both for cadmium covered and bare pellet
stacks) using the same spectrometer setup as is used for the U~239 counting.
Tﬁié aéflvify,is now subtracted as background from the measured activity

bf the Irradiéfed, unprotected depleted foils.
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1.6.3 HEAT TRANSFER AND FLUID FLOW

1.6.3.1 Air-F low Tests. Tests were conducted on several low-enrichmen+

superheater ferrule-spaéer designs to determine the effect of‘axial'inferval
between spacefs on the spacerlloss coefficient and to determine values of
the spacer loss coefticients. The tests were conducted in’aﬁ‘open flow

loop with air at approximately 100 psia and room +empera+ure.

The test section was built to the approximate dimensions of the fuel
element and procéss tube designed for Pathfinder. The seven-rod fuel element
c¢luster was fabricated from 0.249-in dia. ground stainless~steel rods 76-in
long held at each end by special fiTTinésl The centers of the six pefij
pheral rods were located on a circle of 0.593-in dia. The process Tube,ia
which also served as the pressure housing, was 0.944-in i.d.

Two spacers,.shown in Figure 1.20 wére studied with this fesf section.

"The first consisted of smooth ferrules of 0.343-in o.d. fitting over each
of six peripheral rods in positions on a spiral about the axis of the fuel
element. The second spacer consisted of a ring over the peripheral rods
which held the rods in contact with a 0.343-in o.d. ferrule on the center
rod.

" The resulfs of these tests are presented as loss coefficients versus
Reynolds numbers in Figure 1.22 and |.23. The loss coefficient represent the
average loss that may be attributed to a single spacef, i.e.'KR is +he loss
coefficient associated with one ring-and-center-rod-ferrule spacer, and K

F
. is the loss coefficient associated with an individual ferrule located on a
peripheral rod. These coefficients act on the average velocify Bead,of the
-gas in the unfesfricfed flow area.

Separate tests oflfhe ring-and-center-rod-ferrule spacer ;howed an

'average loss coefficient of 2.24.
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Figure 1.20 Peripheral ferrule spacer and ring-and-ferrule spacer for
the low-enrichment superheater fuel element.
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Tests of elements were then conducted to deTermine loss'qoefficienfs
of peripheral ferrules with the ferrules at axial intervals of 9 to 35 |
equivalent diameters (l.5, 3, and 6 in intervals).  The tests indicated
ne interaction befweeﬁ ferrules at these infervq]s. The average value of
the loss coefficienf'for the peripheral ferrule is 0.22. This loss coeffi-
cient is about 43 per cent greater than loss coeffi;ienfs bredicfed from
published values of confracfion,and.expansién lesses for concentric pipe.

Additional tests of a third spacer design were inifiafed.j'This sﬁacer
design consists of Thrge ferrules on alternate perlpheral‘rods at the same
axial location. lnjfiallfesfs showed a loss coefficient of about l.| for

‘Reyno lds numbers,30,000 to 70,000.
1.6.4" FUEL FABRICATION RESEARCH : L

Investigations are being conducTed_To.develop economical mefhéds

. ¢9f fa@ricaTing,high-densify uranium dioxide fuel rods with limited inter-
connected porosity for good heat transfer and retention of fission gases.
Work during this quarter has continued on fuel'elemenfs progucediby swage-
compacfion_and collapse cladding over sinfered_pelléfs.

1.6.4.1 Swage-Compacted Fuel Rods. Work reported in the last quarterly

report showed that 75 w/o‘arc-fuéed and 25 w/o ceramic grade powder wquld
swage to a maximum density of 88 per cent of theoretical. Fuel rods with
a minimum density of 90 per cent theoretical afe'fhe obJecTive.

‘Primary effort during the quarter was to obtain a swaged fuel-rod denszy
. of 90 bgr cent theoretical by using 100 per cent arc-fused -20 mesh as-received

powders. Preliminary work had indicated that this might be possible.
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Swaged-Density Characteristics of =20-mesh Arc-Fused Powders. Sixteen fuel

rods were fabricated of -20 mesh as-réceived arc=fused powder with all
processing variables kept constant except the amount of reduction, which
was variéd from 2| to 60 per cent. The literature had indicated that a
prefiring of the as-received arc-fiused powder would decrease comminution
during vibratory compaction and, therefore, prOdude:mOre control in the
preswaged rod density. Therefore, the -20 mesh arc-fused powder was
fired in a hydrogen atmospheré for 2 hr at 1700 C. The firing reduced
the particle size as shown in ‘Table 1.10. The claddingvused was 316L
stainless steel of 0.325-in o.d. with 0.010~in wall thickness. The rods
were~vibra+ed on a pneumatic air vibrator to 70.4 to 71.6 per cent of
theoretical density. The rods were swaged at a rofafipnal speed of 35 rpm
while being fed into the swager at 2.7 in/min.

Partial evaluation of the rods is shown in Table I.!l and Figure 1.23.
Standard -evaluation techniques described in previous reports were used for
" this work: The'vibrated density of rods produced with the prefired powder
varied 1.25 ber cenf.'"This was a great reduction in the variation of vi- '
brated rod density compéred to previous work. The prefiring of The'as-
received arc- fused powder apparently produced a more stable powdef for
vibratory compaction.

The maximum swagéd'densify‘of the rods was slightly less than 90 per
cent of theoretical. The rcd density is very uniform except for rods
- swaged to a reduction of 47 per cent.’ This varié+ion'in density is probably
" the result of a rapid density increase in this range. The data also shows
overswaging at reductions of 55 per cent or greater. The amount of ¢ longa-
. tion for the varieus reductions produced a very reliable curve for predicting
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TABLE 1.10 PARTICLE SIZE DISTRIBUTION OF ARC-FUSED UO2 POWDER USED FOR
SWAGING STUDY

Particle Size¥* As Received Fired**
w/o w/o
-20 + 70 68.8 53.6
-70 + 80 2.4 0.6
-80 + {00 5.6 7.0
-100 + 120 2.2 3.8
-120 + 140 2.9 5.7
-140 + 170 1.3 2.7
-170 + 200 2.2 3.8
=200 + 230 1.9 3.9
~230 + 270 1.0 1.9
=270 + 325° 2.4 3.1
~325 + 400 0.7 1.2
~-400 k 8.6 12.8
¥ U.S. Standard Sieve Size
*¥* Fired at 1700C for 2 hrs.
TABLE |.11 PROPERTIES OF VIBRATORY COMPACTED AND SWAGED UO2 FUEL RODS WITH
100 PER CENT ARC-FUSED POWDER C

Rod vibrated Vibrating SWAGE Swage Variation Elong.
No. Density Time Red. Density in Rod’ 9

(2 TD) (min.) (%) (%.70) Pensity

- - .. , (%)
] 71 .66 5 21.04 ====(2)  m=-m—- 7.53
2 70.73 5 21,04 memmmmee e 7.64
5 70.74 5% -30.47 88.75 0.56 19.34
6 70.41 6 30.57. 88.85 0.53 18.71
7 71.50 5 33.00 - 88.93 1.41¢3) 23.90
8 70.81 6 33,63 89.69 0.24 21 .69
11 71,18 6 40.20 88.89 0.07 44 .62
12 70.73 5% - 41,07 88.72 0.25 40.54
13 70.69 5 47,18 88.36 ] .10 :. 59.40
14 71.77 5 47 .29 88.83 2.19 60,60
15 70.61 - 5% 51.28 90.12 0.25 67.92
1.6 70.43 5% 51.33 89.67 0.56 70.45
{7 71.03 6 55.55 88.48 0.50 90.09"
18 70.76 6 54,35 88.51 0.05 86.67
19 70.87 .. 5o .. 59,52 87.14 0.84 [15.25
20 ©..70.89 6 ' 59,55 87.20 0.39 24

'*l

I=1/4 in..piston pneumatic vibrator operated

at 80 psi

2. Powder was loose and density could not be determined
3., Error made in cutting density specimens, therefore, results not too
accurate. ‘
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rod lengths for a given reduction.

More sfudy of.rédUCTions of this powder from 46 to 52 per'ceni is.
necessary to determine if the density of_90 per cent fheorefical can be
obtained. Such a study is advisable because of the cost savings +haf
would result if fractionation of the powders is not necessary. Completion
of the evaluafion on these rods, however, is the only work preSenle‘

planned for this project.

1.6.4.2. Clad-Bonding Studies. Investigations were continued during the

quarfer’fb determine optimum draw- and stretch-bonding parameters for
producing high-density fuel elémenfs using 0.0Iinn thick claddjng.
Sfudigs‘of'draw lubricants and draw speeds were performed fo deTermine‘
ifgpellet separation or damage could be reduced. The sTreTch~bonding
process was modified to permit application of méndfel pressure on éofh ends
of the pellet stack, and rods were sucessfully fabricafed using this modified S
process. Clad-bonding studies using 0.013~in thick clad, which is being con-

sidered for use in Pathfinder, were initiated.

Draw-Bdnding. 'IhifiallexperimehTs to determine the effect of draw sbeeds

and lubricants on pellet separation and damage were conducted. A series of
rods were drawn using various lubricants at draw speeds from 8 to 72 in/min.
X-ray and dehsiTy evaluation did not indicate any significant change in
pellet separation or damage.

" “lnvestigations of the draw characteristics of 0.013-in thick cladding
were initiated. Two rods weré,drawn to 2.7 and 4.2 per cent reduction in
area. The rod reduced 4.2 per cent exhibited severe pellet damage. At 2.7

per cent reduction in area, pellet damage was not significant. Density
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measurements are being made.
Work during the next quéﬁfer will involve use of a mandrel that will
apply an axial load to the pellet stack to ‘determine if the pellet separation,

damage, and réd density can be improved.

Stretch-Bonding. lInvestigations were initiated to study various gripping
end caps which wou]d'permif application of mandrel pressure to bqfh ends

of the pellet stack during stretch bonding. Analysis led to the use of

ho | low bu++4ﬁe]déd and shou lder-we lded gripping end caps. Both designs

were capable of reducing stress concentrations, hence brema+ure clad fai lure,
by providing’a transition zone for the stretch forces.

| Four 29-in long rods of 0.0i3-in thick cladding were stretched with

ho 1 low griﬁping fixtures and the double mandrel. The use of shoulder-we lded
enéwéapg (Figure 1.24) permitted sucessful stretching to the 1.5 per cent
éfongéffoﬁ‘requifed to attain pellet contact. Evaluation showed negli-
Qible pellef~sepérafion with intimate clad-pellet contact over fhe>enfire
length.

-An experiment was initiated to stretch 6-ft Iogg fuel rods. One 6-ft
Iomg rod Qas‘prepared4wifh;O,OIB-in thick walled tubing with ;houider we lded
grippjng end caps. The rod was stretched |-7/16 in, 2 per cent elpngafion,
to clad failure. Reducfion in area was not uniform over the 6-ft length.
Pellet contact was achieved at the draw end of the rod but showed a Q.OOOE-in
clearance at the .fixed end (Figure 1.25)., A 0.068-in differeace in e longa-"
Tion'per 5-in Increment wasaﬁofed between the fixed end and drew end of the
rod. Pgllef‘separafion was negligible.

Evaluation indicated that contact first occurs at the draw end and

that frictional resistance between the mandrel-fixed pellet stack and clad
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Figure |1.24 Typical shoulder-weld end cap for
stretch bonding.
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increased as more contact was achieved toward the fixed end. Failure
occurred at the draw end before complete contact was made, (Fig. |.26)due
to clad reduction between the gripping end cap and the first pellet.

A second 6 ft long rod was prepared. The rod was stretched I3 in.
at one end, and the elongation and diametral change was noted. The rod
was then reversed in the fixture and stretched. Subsequent dimensional
analysis (Fig. 1.25) indicated that intimate contact over the entire

6 ft rod length was achieved. Evaluation of clad integrity and grain

size is being made.

Future work will involve studies of a mandrel with a collapsible
end that will size +he end of the tube for the fuel rod end cap, and
that will be éasily removable. Performance of a reproducibility run

using the collapsible mandrel and the improved strelch-bonding methods
is also planned.

1.6.4.3. End Cap Welding. Investigation of the effect of end-cap design

on weld quality and reproducibility was continued. Successful runs were
made with cup and reduced shoulder caps on both fueled and non-fueled tubes.
Work was initiated to determine weld parameters for 0.013 in. walled tubes.
The recessed cup cap selected for use had an integral assembly attach-
ment stub (Fig. 1.27). The cup wall was 0.020 in. thick for use with
0.010 in. walled tubing. Eight welds were made on empty tubes using a
straight torch approach at 9 amp, 12 v, and surface speed of |4 in/min.
All welds were externally satisfactory, however, tube ovality resulted
in slight variations in puddle width. Destructive evaluation showed average
penetration of 0.020 in. with minimum penetration equal to wall thickness.

No evidence of porosity was observed, but significant quantities of finely
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Figure |1.26 Typical premature fracture observed at
draw end of 6-ft long fuel rod during stretch bonding
operation.

e R R AR

Figure |.27 Schematic Figure |1.28 Typical weld zone on recessed
of recessed cup-cap. cup-cap.

e



dispersed ferrite were observed in the heat-affected zone (Figure 1.28).

Four tubes containing swaged UO2 were prepared for welding by leaching
and reaming the rod ends. Welds were made at the same conditions used for
empty tubes. An external chill was used, however, to reduce ferrite preci-
pitation and control puddle geometry. Evaluation indicates that These
welds would be satisfactory. Penetration averaged 0.018 in. with a minimum
equal to the tube wall. Weld puddle geometry and microstructure were
satisfactory (Figure 1.29).

A similar experiment was performed using an end cap designed with a
reduced shoulder cap, (Figure 1.30). The initial design selected had a
shoulder measuring 1/16 in. across the face. Preliminary studies showed
that shoulder width and mass were too éreaT resulting in a poor heat
balance during the weld. Consequently, an end cap with a |/32-in wide
shoulder was used in subsequent welds.

Six weld samples were made on empty tubes with 0.010-in wall using
an external chill. Welds were made using 19 amp, 12 v, at 14 in/min.

All welds appeared satisfactory. Average weld penetration was 0.026-in
with minimum penetration equal to wall thickness. No evidence of porosity
or ferrite was observed.

Four tubes containing swaged UO2 were prepared for welding in the
manner used for cup caps. Parameters used were the same as for empty

tubes except for amperage, which was increased to 22 amp. Evaluation

indicated that the welds were also acceptable. Penetration averaged 0.024 in.
with a minimum equal to wall thickness. Microstructure was free of porosity
and showed no evidence of contamination. (Figure |.,31).

These experiments indicate that a combination of weld parameters and
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Figure 1.29 Typical weld zone on recessed cup-cap
using external chill to reduce ferrite formation.

Figure |1.30 Schematic Figure 1.3l Typica! weld of reduced shoulder cap
of reduced shoulder cap. to 0.010 in. tube wall
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end-cap design can be selected to produce consistently sound welds for
Pathfinder. The tentative reference process will use a redﬁced shou | der
cap at the lower end of the assembly and a recessed cup cap at the upper
end. This approach is consistent with designs for the upper and lower end
fittings, and methods for spacing fuel pins in the assemblies.

In a preliminary experiment, three recessed cup caps and tThree
reduced shoulder caps were welded 1o 0.013 in. walled tubing. Weld speed,
voltage, and chills were identical to those used for 0.010 in. walled
tubing. Amperages used were 9, ||, and |3 amp for recessed cup caps,
and 21, 23, and 25 amp for reduced shoulder caps. ExXternal appearance
of all welds was satisfactory. Optimum amperage was |2 amp for the
recessed cup cap and 23 amp for the reduced shoulder caps.

A reproducibility run of six recessed cup caps and six reduced
shoulder caps was performed on empty tubes. External appearance of all
welds was satisfactory. Destructive tests showed all welds were free of

porosity and contamination. Dimensional results are as fol lows:

Type Penetration Minimum Clad Tube Diameter
(in.) thickness is at Weld Bead
weld zone (in.)

Gitae)
Average Range

Cup 0.020 0.017-0,024 0.013 0.257
Shou lder 0.025 0.020-0.030 0.013 0.259
The success of the above work indicated that the thicker clad should

present no problems. During the next period the end-cap welding program

will be directed toward optimizing weld parameters for 0.013 in. walled
fuel bearing tubes. Reproducibility runs will be made. Additional welds
will be made, as required to provide fuel tubes for experimental programs.
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The reference process will be established, and a final report of the

program will be written.

1.6.5. FUEL BUNDLE ASSEMBLY

|
1
1.6.5.1. Fabrication Development. This investigation is being performed
+o develop methods for producing accurately spaced high-integrity seven-
rod bundles for Pathfinder. Work during the last period included installa-
+ion of a 3-ft long furnace for high-temperature brazing studies. Tee-
joint samples were brazed to study effects of time and braze quantity.
A fuel bearing assembly was brazed using swaged-compacted fuel rods.
Wwork was initiated to braze mock-up test assemblies. Work on high
frequency welding was continued.
Evaluation of tee-joint samples that were prepared using Nicrobraze
30, GE8!, and Coast Metals 60 was completed. Results indicated no signi-
ficant difference is any of the samples. A static corrosion test of samples
of the three braze alloys is being conducted in I000F steam.
A series of tee-joint samples were prepared To é+udy interaction of
braze quantity and braze time on joint integrity and microstructure. The
primary objective was to produce brazements with a minimum of undiluted
braze alloy in the interface and a minimum grain size in the base material.
Preliminary runs have been made at 30 min. using braze quantities ranging
from sufficient fil! to three-times fill. Results thus far show all braze-
ments to be excellent with no major difference in microstructure. Erosion, |
as expected, was more severe as braze quantity increased. Grain size in all
samples was very large ranging from ASTM | fo 3. The amount of undiluted |
|

braze alloy in the brazements varied within samples and seemed more a
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function of braze quantity than time (Figures 1.32 and 1.33). -

Components are now ready for brazing 5 min. at temperature. The
shorter time at temperature should reduce base material grain size but
would leave more undiluted braze material in the braze joint. Consequently,
several samples will be annealed for 4 hr at |750F to promote braze alloy
diffusion.

Two 6-ft long seven-rod bundles and five 3-ft long bundles are being
brazed. Fabrication will be performed by brazing 30 min at 2I50F in dry
hydrogen using Coast 60 alloy, Nicrobraze 30, and GE8!. These samples
will be used for studies of dimensional stability, physical properties,
and metal lurgical characteristics using the various materials.

A 3-ft long fuel assembly was prepared using swage-compacted fuel
rods. Brazing was performed in vacuum at 2150F using Coast Metals 60
alloy. Due to a furnace malfunction, only half of the assembly was
satisfactorily brazed. Evaluation indicated that dimensional quality was
very poor. Braze integrity, based on external appearance, was excellent
in the uniformly heated zone. An attempt will be made to repair this
assembly by hanging it vertically in a vacuum retort and allowing the fuel
rods to straighten themselves during a rebrazing cycle.

1.6.5.2. High-Frequency Welding Study. The new high-frequency welding

equipment was installed. The equipment was used to make satisfactory welds
of sheath thermocouple wire to 7/8-in dia. tubing (high-enrichment super-
heater fuel element), and spiral spacer wires to small diameter tubing.
Equipment. A generél view of the welding equipment is given in Figure 1.34.

This equipment includes the following features.
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Figure .32 Typical tee-joint brazement using

Coast Metal 60 at temperature for 30 minutes.

Undissolved braze may be observed at the braze
interface.

Figure |.33 Typical tee-joint brazement using
Coast Metal 60 at temperatue for 30 minutes.
braze interface is clean with complete grain growth.
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An autotransformer is used to provide close control of voltage with good
reproducibility.

An electrical filter is included which reduces the 120-cps ripple
voltage from the full-wave rectifier, from a factor of 48 per cent to a
factor of 2 per cent. Reduction of these voltage fluctuations eliminated
a stitching pattern (Figure |.35) that had been obtained with the previous
equipment.

All controls for the equipment are centralized so that the various
operations during the entire weld cycle may be controlled independently
or simultaneously.

The equipment includes a weld fixture (Figure 1.36) in which tubing
from 0.200 to | in. 0.D. and in lengths to 6 ft+ may be welded. The fixture
provides accurate control of alignment and weld pressure. A fixed copper
weld shoe is incorporated in the fixture. This shoe provides a more stable
weld current because good conduction is less dependent on alignment and good
wiping contact-surface as was the case with the wheel-type contact used on
t+he previous equipment. Uneven contact between the wire and wheel had
resulted in fused spots on the wire surface due to excessive current

density. The shoe eliminated this problem.

Welds between Sheath Thermocouple Wire and Large-diameter Tubing.

Experiments were run to determine the feasibility of welding straight 0.040
and 0,062 in. dia. sheath thermocouple wire to tubing ranging from /2 to 7/8
in. 0.D. This weld if satisfactory would be used to instrument high-enrich-

ment superheater fuel elements. A continuous weld is desired.



Figure |.34 General view of high- Figure |.35 Stitching pattern in
frequency welding equipment. welds made without adequate control
of ripple voltage.

Figure 1.36 Weld fixture for high Figure 1.37 Unsymmetrical weld
frequency welding equipment. puddle obtained between thermo-
couple wire sheath and 0.035 in.

tube wall.
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The following welds were made:

a) 7/8 in. dia., 0.035 in. wall, 304 SS tubing to 0.040 in. dia.
316L SS sheath thermocouple wire,

by 5/8-in. dia., 0.035 in. wall, 304 SS tubing to 0.062 in. dia.
316l SS sheath +hehmocouple wire.

The weld presents a problem with heat balance between the sheath and tube,
which results in a strong but unsymmetrical weld puddle, as shown in Figure
1.37. The presence of a strong metallurgical bond is illustrated in Figure
.38, which shows a transverse section of the weld and the ductile shear
failure after the wire had been pulled away. Work is continuing to obtain

a more symmetrical weld.

Welds between Spiral Spacer Wires and Small Diameter Tubing. Experiments

were conducted to determine prime variables affecting penetration and
distortion when welding spiral wire spacers to small diameter tubing.
Variables investigated included wall thickness, wire lead, weld speed, and
power output. Both empty and filled tubes were investigated.

Solid spacer wires 0.036 in. dia. were welded to the following 316L SS
tubing.

a) 0.220 in. dia., 0.010 in. wall, empty and full,

b) 0,228 in. dia., 0013 in. wall, ‘empty.

¢) 0.255 in. dia., 0.013 in. wall, empty.
Spiraluleads of 3,6, and |2 in. were used.

Experiments are complete but evaluation is continuing. Preliminary
evaluation indicates that good welds can be consistently made. Figure |.39
shows a typical transverse section, and Figure |.40 shows a section of tubing

after the wire has been pulled off.
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Preliminary evaluation also indicated that axial distortion increases
as the wire lead increases. The spiral wire wrap results in very little
tube bowing. Radial distortjon is held within 0.0015 in. when welding a
wire with a 3-in lead to 0.013 in wall empty tubing, and the radial dis-
t+ortion is less with filled tubing. Weld strength is satisfactory for

reactor use.

|




Figure |.38 Transverse section of tube wall and
weld after thermocouple sheath has been pulled
away .

Figure 1.39 Transverse section of | .40 Macrograph ot tube after
weld between spacer wire and tube acer wire has been removed.
wall, .
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. 2.4, CONTROL RODS, GUIDE TUBES, AND CONTROL ROD DRIVES

. The objectives of this project are to fabricate and test a full-
scale prototype control rod drive unit to experimental ly.determine the
rate of movement, mechanical reliability, accuracy of position indi-
cators, and scram operation under simulated Pathfinder operating con-
ditions. {incident to these objectives are the development of a shaf+—
seal to minimize leakage of water or steam from the drive housing,
fabrication and testing of a rack and pinion to operate in steam or
water, fabricatlion and testing of a dashpot capable of repeated oper-
ation under the impact of the control rod under simulated reactor con-
ditions, fabrication and testing of a submersible drive mechanism to
drive the rack. and pinion, and testing the mechanical operation to
drive the rack and pinion, and testing the mechanical operafnon of -
the. superheaTer control rod.

-2.4.1 CONTROL ROD DRIVE

The prototype control rod drive was éssembled with the H-1100-F
heat-treated |17-4PH s+ainless steel ﬁack-ahdvpinion. The pinfon wés“
not chrome-plated and the hardness of both pieces was 32 Rc. After
100 cycles, the rotary shaft seal began leaking badly, the clutch
began s!ipping, and, for the first time during tests of the prototype
drive, the drive failed to scram.

Thé drive was dismahfled.' The rack and pinion were both worn
pad[y, Wh?ch caused jamming and the fai lure to scram. The pinion
teeth were worn half through, and large burrs surrounded the contact
area. The rack teeth wére substantially rounded on the edges. The
clutch slippage was due to overloading resulting from the worn geers.
Chips caused the failure of the rofafy shaft seal.

: A test of a chrome-plated H-900-F heat-treated I7—4PH~pinion

(reference design) is planned. An identical_pinion with chrome-

blafing that did not cover the teeth entirely was previously tested

-75-

1

N e

-~



with an inaccuréfe1y macﬁined rack. ‘The test had indicated that Thé
pinibn would have been safisfacfory‘if'ghromejp]afjhg had édhered s;fis—
factorily and if the raék had_beén,propéf}y‘machihed. The chrome- |
plating on the pihibn..fhaf'wi Il be tested covers the teeth entirely,

and shbuld not peel.

The pinion will bé tested with a.spare 300-series s+ain|e$s steel
rack since a 17-4PH rack is not fmmediéfely available. The hardness
of the 300-series rack is 22 Rc, which is sufficiently close to the
hardness of the H-1100-F .17-4PH rack to provide a valid +es+~of the
pinion. |f the pinion should fail_In this test, it would definitely
show that the chrome-plated pinion is not satisfactory.

A seal baffle was added to The drive to keep the chips and dirt
out of the rotary shaft seal.

Transformer oil has been used in the drive. .Since rust has
formed on bear§ngs, Two oils wifh rust jnhibifors were fesfed; with
Mobil DTE 797 Turbine“oil, +he motor ;peed decreased and the current
increased. This oil was considered unsatisfactory .for these reasons.
Wi+h}Mopjl Vglocife No.'6-ojl, which has the same viscosity as the

+ransformer «oil, the drive operated satisfactorily.
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. . ..3.1 REACTOR PHYSICS (STATICS)

‘The objective of this projecf:is‘To pérform physiés calculations ‘such
aé'édmpufér programming and operafion, and +o'de+eﬁmine the crificél mass,

reac+|V|+y, control-rod effectiveness, and convérsion ra+|o with respect to
a Pathfinder core with an integral high-enrichment superheater region. An
additional objective is +o determine shielding requirements for the Path-
finder plant.

' }

3.01.1 QONTRQL ROD PROGRAM DURING REACTOR STARTUP
: »

Th§‘effec+ of boi ler co%frol rod configurations on the superhea+er:p9r—
formgﬁce during reac+or‘s+ar+pp was discussed in the last +echniqal progrgss
repor+ ACNP-62005. Superheater power fractions and the radial peak—fo-average
power ratio werevshown for three spécific control rod éohfigura+ions. During
the last quarter, further anaTysjs was performed on confrol rod insér+jqn:ahd
superheater performance during low power conditions.

‘Frior to the calculations for partially inserted control confidura+ions,
the expected critical con+fq| rod positions were generated as a func+ibn_of
reactor startup condition. This was done using the calculated excess reactiv-
ity values as a function of reactor condition shown'in Table 3.1, the calculated
control }od worths per control rod group for different core conditions shown
in Table 3.2,\and aﬁ fhfegrél control rod worth curve as a function of core .
height.

The excess reactivities were obtained from PDQ-RZ calculations normalized
to include specific XY geometric effects. The control rod worths shown in
Table 3.2 were obtained from XY calculations with control rods represented
explicitly. Fast-group constants for the control rods were similar to those
discussed in technical progress report ACNP-6012. A black boundary condition
was used for the thermal group constants. - The worth curve was obtained from
the Allis-Chalmers Critical Experiment Facility for the full core Pathfinder

mock up.
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TABLE 3.1 REACTOR.EXCESS REACTIVITY DURING STARTUP CONDETIONS

REACTOR CONDIT ION o . o Pex
Cold, clean, spperheafér fully flooded o NERr:
qud, clean, superheater steam paéSages voided .iI60 
Hot (Tmod = Tfyel = 489F), clean, superheater fully flooded .098|
Ho+'(ThOd = Tfuel = 489?5, clean, superheater steam passages
yoided o S . . .]030
Hot, 20 per cent reactor power, clean, reactor pressure at ‘
300 psia, exit void of 28 per cent by volume .0834
Hot, 20 per cent reactor power, clean, reactor pressure at
600 psia, exit void of I8 per cent by volume - .0934
Hot, 20 per cent reactor power, equilibrium Xe, reactor ‘ A ,
Pressure at 600 psia, exit void of 18 per cent by volume - .0807
Hot, 50 per cent reactor power, clean, reactor pressure at
600 psia, exit void of 3| per cent by volume .0795 ;
Hot, 50 per cent reactor power, equilibriim Xe, reactor : :
pressure at 600 psia, ‘exit void of 3| per cent by volume - .0589
Full power, c]ean, exit void of 43 per cent by volume .0690

Full power, equilibrium Xe, exit void of 43 per cent by
. volume . , A .0388

Full power, equilibrium Xe and Sm, exit void of 43 per cent
by volume .0314
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TABLE 3.2 PATHFINDER CONTROL ROD WORTH FOR DIFFERENT CORE CONDITIONS

4 Supefheafer control rods-—-—---=---mm-om e oo s e Group |
*4 Boilercontrol rods immediately adjacent to superheater core (#5,‘8,
. 9?.'2)";“7_—"'—;_"'_'—f‘;——7';"—"'"'"__——7"'_—'""-""""é';;“"'" Group |1
%4 Boi!eF control ‘rods at 5uperhea+¢r core corners (#4, 6, |1, [3)=—r-== Group [11
) Boiler control rods at outer edge of core (#!, 2, 3, 7, 10, 14,15,
P6) === o o e e Group 1V
Control rod identification is given in ACNP-6117, Figure 3.I.
CORE COND!TION AND CONTROL CONTROL ROD WORTH
CONF IGURAT I ON GROUP Ak /K
Cold (68F) - CRG. I, Il, 111, IV, Inserted All control rods . 1430
Cold (68F) - CRG I, Il1, IV, Inserted 1 0713,
Cold (68F) - CRG I, |1, IIl, Inserted v .0671
Hot (T,oq= 489F), Unvoided - CRG I, I1, III,
IV, Inserted . All control rods . 1860
Hot (Toq= 489F), Unvoided - CRG I, [11, 1V, :
Inserted 11 .0925
Hot' (Tpog= 489F),. Unvoided - CRG I, 11, IV, el . 1004
Inserted ' :
Hot (Tpoq= 489F), Unvoided - CRG I, i1, LI, = :
Inserted v .0870
Hot (Tpoq= 489F), Unvoided - CRG I, IV, Inserted 111 .0472
Hot (Tpog= 489F),. Unvoided -.CRG I, I, Inserted 111 .0644
Hot (T 4= 489F), Unvoided - CRG I, IV, Inserted | 0172
Hot (Tm a: 489F), Unvoided - CRG 111, 1v,
Inser?ed t .08l
Hot (T 489F), Unvoided - None Inserted v .0325

mod=~

* For the
Section

hot voided condition some control rod worths are given in.ACNP-6117,

3.0,
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Theuexpecfed critical confrol rod configurations are shown in{Ta@le 3.3.
Théseiconfro}_rod gqnfigqra+ions‘are described to 20 per:cenf of reactor power .
The_superheafer_confrol rods.are'fééer+ea +Hr§ughdu+,+d sdbbresé THevéuperheaTerA
bower duringvfhe'non-furbulenf low-steam-f iow, low-power condifion,. |

To aid in determining which control rods or control rod groups shou[d be
wifhdrawn first, the effec+Aof the control configurafion on the radia! peak—
+o-ayer§ge.power ratio and the superheater power fraction was inves+iga+ed:
Table 3.4 summar izes the results obtained for The lowet core section fn the hof
anfyoi¢ed core condition. Some calculations were also made for the upper core
sec+§on.“ The peak-to-average radial powerAvaIues for the superheater shown in
#he‘+ab|e represent results taken direc+ly'from the XY calculations.

The results shown in Table 3.4 are separated into two main groups; +hose
control rod configuraTions'wi+h outer boiler control rods inseFTed, and those
with outer rods withdrawn. For the latter cases, the superheater power féac-
tion is lower, a1+h0ugh the radial peak-+o-avera§e power ratio is somewhat
higher. For the one case in which two of the Group-1| control rods are with--
drawn, the severe tilt devéloped across the core resulfs.in a high radial peak-
+o—5verage power factor. This indicaTés that the withdrawal of control rod
grqﬁpsiwould be the preferfed mode of control rod motion for the two inner
boiler contro! rod groups. Withdrawal of the outer boiler control rods has
less of an effect on the radial peak-to-average power for the superheater. Con-
sequénfly, these could be withdrawn individual ly or preferentially in paired
.groups.

In all of these calculations, the boiler.core was void-free.. For the
voided cpndifion, the radial peak-To-average factor wouid be reduéed because

of the better match between the boiler and superheater cores and also because
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TABLE 3.3 CRITICAL CONTROL ROD CONFIGURATION AS A FUNCT ION OF .REACTOR
OPERATING CONDITION

REACTOR CONDIT|ON

(<]

e

Cold, clean supérheafer f looded
Hot (Tm= 400F), superheater flooded

Hot (Tm= 400F), superheater steam
passages voided :

Hot (T e 489F), 20 per cent power
Ho Xe, Vpx = 28 per cent, reactor
pressure 300 psi

Ho*_(Tm: 489F), 20 per cent power
No Xe, Vgx = 18 per cent, reactor
pressure 600 psi

CRITICAL COMTROL CONF IGURATI{ON WITH-
DRAW]NG INNER BOJLER RODS F|RST

CRITICAL CONTROL CONFIGURATION WITH-
ORAW|NG OUTER BOJLER RODS FIRST

Cale. Pgx

I, tit, v fully inserted
None withdrawn
I{ pertially withdrawn 28 in.

I, 111, 1v fully inserted
None, withdrawn
Il partially withdrawn 5! in,

I, H1, tv fully inserted
None withdrawn .
Il pa~tially withdrawn 46 in.

1, 1V fullv inserted
Il fully withdrawn
111 partially withdrawn 22 in.

I, IV fullv inserted
1l fully withdrawn
{tl partially withdrawn IS5 in.

TABLE 3.4

Calc., °E¥

1, t, 111 fully inserted
None withdrawn
v partially withdrawn 26 in.

I, U, bl fully inserted
None withdrawn -
Iv partially withdrawn 58 in.

I, I, 1L} fully inserted
None withdrawn :
IV partiatly withdrawn 51 in,

1, 11 fully inserted ~

Iv fully withdrawn
Itl partially withdrawn 21 in.

I, 11 fully inserted
IV tully withdrawn :
11l partially withdrawn 17 in.

EFFECT OF CONTROL ROD CONFIGURATION ON SUPERHEATER OPERATION (POWER FRACTION
AND RADIAL' PEAK/AVG POWER) DURING_STARTUP (XENON FREE)

. : SUPERHEATER RADTAL POWER
CONTROL CONF IGURATION POWER FRACTION PEAK/AVG
All contro! rods inserted A L1331 1.89 |
Contro! rod group I, 11, 1v, inserted - .0954 2.48
Control rod group 11, IV, inserted 1617 .62
Contro! rod group I, IIl, IV, inserted 1094 2.15
Contro! rod group- 111, v, inserted . 1780 1.37
Contro! rod group I, Iv, inseffed ;0923 2.18
Contro! rod group , 11, |11, inserted .0696 2.i8
Control rod group I, II, inserted .0639 2.53
Control rod group I, I, and 2 ofl

Group 11 .0670 .27

-83-



of the void.redisfribu+ion re;ulfing in power flattening. Al! of these calcu-
lations were performed for the Xe and Sm free condiTiOﬁ.n IR
Investigation of partially iﬁser+ed control fod configurations was made
usingAa quclear'moﬁel very similar to that described in the core burnup secfigp
of Technica! progress reporf‘ACNP—éIi?. _The boiler cére was divided into three
annufar regions, in which specific boiler control rods were located as a
homoggnized poison. The preservation of XY core power distribution and core
reactivity was obtained by the proper selection of homogenized poison. Fast
and Thermal control absorptions were accounted for by fast and thermal values
of homqgenized poison. The adequacy of this representation was determined by
comparing one-dimensionaf radial results to the two-dimensional XY Fesulfs in
which the control rods had been represented explicitly.
Using the radial model as descr ibed above, RZ-PDQ calculations were made
for the following par+fally inserted control rod condi+ions:(2)
l. ZOIper cen+ reactor power, 300 psi reactor pressure, 28 per cent exit
voids, clean:
Control -rod groups | and 4 fﬁlly inserted’
Control rod group 2 fully withdrawn
Control rod group 3 withdrawn |9 inches
2. Same reactor conditions as above,
Control rod groups | and 4 fully inserted
Control rod group 2 fully withdrawn
Control rod group 3 withdrawn 30 inches
3. Same reactor conditions as above,
Control rod groups | and 2 fully inserted

Control rod group 4 fully withdrawn
Control rod group 3 withdrawn 30 inches.

(2) Control rod groups are defined in Table 3.1.
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.. The first fwo cases represent probable critical configurations if the
outer_boiler control rods were not withdraun first, and the latter case, the
configqra+j9n“+ha+ wou}d_exis+ under The:pres¢n+ program of Fon+rol rod with-
draw¢15 These cases were selecfed becausg They represent fﬁe pnobaplelh;‘4.
parfialy;onfrol fod_inéerTion configuration that would have +h9 mos+,§dverse
effe;+"on superheaTer performance. Partial control rod insertion to two
differenf core hejghfs, problems | and 2, were performed to obtain inforﬁafion
on the crifjcél height which yields the max imum til+t in tThe axial power )
disTrIbufion. ‘These problems also provided a separate eyaluafion forLThe
integral control rod worth curve as a function of core height discussed
earlier.

'r'b Tablg 3.5 épd Figures 3.1, 3.2, and 3.3, axial power djsfribufions
for the hoffés+ superhéafer channe! summarize the effect of the partial con-
trol rod“inser+ioﬁ on the superheater performance. Tﬁe disTribu+i§ns shown
in Figures 3.1, 3.2, and 3.3 were obtained by :synthesizing explicit XY
distributions obfaiﬁed for specffic'core slices with the overall RZ distribu-
tion. This technique is discussed in some detail in section |.6.1 of
+e¢hnical progress‘reporf ACNP-6123. The average power in the superheater
has been normalized to 1.0 in those figures. From these distributions and
superheater power fractions, a thermal analysis is being performed on the
superheater. |

Fuffher worklon the effect of partial control rod inserfibns, bofhmboiler
and superheater, at higher power conditions on the superhéafer and boiler

core performance will be done next quarter.
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 TABLE 3.5 EFFECT OF PARTIAL CONTROL ROD_INSERTION ON REACTOR PERFORMANCE

(20 per cent power, 28 per~cén+,e%i+ void, 300 psi, clean) ' -

REACTOR CONDITION AND

SYNTHES IZED

CONTROL ROD- CONF IGURATION AX 1AL POWER SUPERHEATER OVERALL P/A
Contro! Rod Position - DISTRIBUTION POWER POWER IN
Group (Fiqure) Koff FRACTION ~ SUPERHEATER
I, 1V inserted | .992 L1283 2.95
It withdrawn ' '
PHl withdrawn. 20 in,
I, 1V, inserted 2 | .004 1233 3.05
1l withdrawn . ‘
11} withdrawn BQ in.
I, 1l inserted 3 [.004 L0872 4.29
1V withdrawn
111 withdrawn 30 in.
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Figure 3.1 High-enrichment superheater' hot-channel axial power distri-
bution with Groups | and IV fully inserted and Group Il withdrawn 20 in.
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3.2 REACTCR AND SYSTEM DYNAMIC ANALYSIS

The Objeéffves'of this pfbjecT are to perforh reéchr.Tfénéiénf'ahalysis
under normal operation and after credible or hypothetical accidents involving
equipment failure or reactor misoperation, as well as a system stability
analysis using an analog simulator or digital computer, '

3.2.1 MULTI-SECTION SUPERHEATER

More réfjned studies on the detailed multi-sectioned superheafer‘haye
shown that the 10-section (axial) analog mode! yields hot-spot superheater fuel
+empera+ures abouf 2 per cent IoWer than a lumped, single-section médel,for a
specia! sfpck dump-valve accident.

“Figure 3.4 shows maximum superheater fuel hot-spot temperature versus
npmbeé of axial sections for this steam flow disturbance. On this figure the
resu!fs are ghown for 10-, 6—,'3~; 2-, and |-section fuel models that received
idenTJcal power and steam fiow inputs. [t can be seen that the lumped, one-
secfjon model is conservative in that it predi¢ts higher temperatures than the
|0-section model .

Thfs curve and other data lead one to conclude that about 6-sections are
suffiéienf +o‘yield accurate éxial spatial temperatures during a transient.
The ART—O4 results for a I0-section (digital) model agfee very closely with the
iO—éec+ion_anang mode! for an identical steam flow disturbance.

Another, more severe transient, a step increasé in power, showed that the
one-section model yielded temperatures about 5 per cent lower than the 10-

section analog model.

3.2.2 XENON INDUCED INSTABILITY
An analysis was undertaken to determine whether uneven xenon buildup In

Pathfinder could cause oscillation of the flux shape, the total reactor power
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‘“iremafning conﬁfanf. Included iﬁ +he study Qasf+he_effecf of the power coeffi-

' cient of reacTIV|Ty on the OSCIlIa+|ons Using'én aﬁalyfical me+hod pre-
viously pr0ved 3 and a +wo-group, Two-dnmens:onal fwo-reglon, analog
model it was demonsfrafed +ha+ a core with Pa+hf|nder characferusfucs (|nclud|ng'
adJacen+ superhea+ervand bonler secflons) would not.be subJec+ to xenon oscnl-'
Alaflons nf |+ is Iess than abou? Ll f+ in lenofh and/or abou+ 12 £t in duamefer
Thus, +he 6 X 6 ft+ Pafhflnder core wIII not be subJec+ to fhls phenomenom ‘of

flux shape OSC|Ila+|ons

) "Spaée~ & Time-Dependent.Flux Oscillations (and Instability) in Thermal
Reactors Due to Nonunlform Forma+|on and Deplef:on of Xenon", R. S. Wick,
WMmﬂMISS ' . .
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