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In 1956, sn irradiation progran was Mthtedupartcrthe
assistance contract between the Atomic Energy Commission and the Fower
Reactor Development Gompany. Under this program, Enrico Fermi prototype
fuel pins vere irrsdiated in the Argonne Research Resctor (CP-5) under
tenmperature oond:l.tim and to burnups simulating those expected in the
Enrico Ferml Atomic Power Plant. The object of the program was to proof= -
test the sirconium clad uranium-10 w/o molybdsmm fuel pins and to verify
‘the predicted allowable burmup of this alloy, based on previous MIR
oapsu}.e muon tests. The first specimen was placed in CP-5 on
July 1, 195T.

To da'ho, tests of three full-length pins have been completed
with burnups ranging from 0.3 to 1.0 a/o. Results of. these tests have
¥erified predicted high-temperature allowable burmups and showed that,

under certain conditions, excesaive swelling could occur at low teuper-
aturea, B

The pins were individually irrediated in finned capsules that
were cooled by circulating air. The original CP-5 air cooled loops were
designed and operated by ANL. The facilities used in this program were
essentially the same with same modifications. The inlet and ocutlet air
temperatures, the temperatures at the root of the fins on the ‘capsuled,
and the air flow rate were contimously monitored to provide an sccurate
method for determining fuel pin heat generation and the temperature of the
fusl pin., The advantages of this type of irradiation facility are (1) the
ability to control fuel pin temperature by controlling air flow, and (2)
the accuracy with which the pin temperature can be calculated from the
temperature measurements that are made.

The metallographic work reported herein was performed at Argonne
Yational Iaboratory and at Aattalle Memorial Institute. All photographs
vere taken by Argouns National Iaboratory, and consultation and advice on
this progran was given by several members of the staff at ANL.



- IRRADTATION TRSTS

GENERAL

: To date, three full-length fuel pins have been tested in the
CP-5. These pins, identified as CP-5-1, OP-5-2 and CP-5-3, were irradi-
‘ated to buraups renging from 0.3 to 1.0 a/o*. Bach specimen was fabricated
by an identical coextrusion and cold swagging process, then heat treated
1 hour at & temperature of 1475 F. The end-caps of each spepimen vere
somevhat different, as described under TEST RESULTS of this report.

‘The principal statistics of these tests are given in Table I.
TABIE I
FRINCIPAL m;cs OF CP-i-lbl-e (M-'z mn'frm

Test Pin Mumber CP-5-1 CP-5-2 CP-5-3
Date placed in Reactor July 1, 1957  Jan. 26, 1958 Muly 3, 1958

Date removed from Reactor April 21, 1958 Mar. 17, 1958 Oct. 13, 1958

Reactor Thimble Fumber vr-27 VI-23 VT-2
Reactor Kilowatt Hours 10,937,520 1,965,Tk0 3,902,495
Measured Pin Power at

Caleulatod average 8/o burnup 0.85 0,27 0.58 .
Pin Enrichment 19.35 ), 9.49 10,54
TRRADIATION HISTORY \

CP=~5~1 Test

As shown in Fig. 1, the CP-5-1 pin was irradiated st a low
temperature for the first 1-1/2 months. After that period, the air coolant
flov wvas decreased and a typical temperature profile; as shown in Fig. 2,
prevalled for the remainder of the test whenever the reactor was at the
rated 2 Ms pover. The abrupt reductions in tesperature, as shown in
Pg. 1, indicate reactor shutdowns. At each of the 6Tk resactor sorams,
the capsule temperature was reduced rapidly to about 150 ¥, as shown in
rg. 1.

CP=5-2 Test

Irradiation temperatures of CP-5-2 are showm in Fig. 3. Temper-
atures during the first 10 days of the irradiation were higher than desired
even with the maximm air flow and recirculation of moist air from the
blover exhsust. During the reactor shutdowm in February 1958, corrective
measures wvere taken to lower the fuel pin temperature by increasing the

* Burnup is given as percent of total atoms fissioned in the fuel allay.
6
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cooling capacity of the system. Imsediately following the shutdown period,
the reactor was operated at half power, 1 Mw, for a period of about 6 .days,
resulting in the lov temperatures shown. When full power operation (2 Mv)
vas resumed,using the lmproved c , the typical temperature profile
of the pin vas as plotted in Pig. b.

CP-5-3 Test

. Irradiation temperatures of CP-5-3 are shown in Fig. 5. When
first charged into the reactor on July 3, 1958, the maximum recorded cspsule
fin-root tempersture was 1250 F, vhich represented a‘maximm fuel centerlins
temperature of about 1460 P, 100 degrees higher than desired. After :

roximately 8 hours of operation, the reactor pover was reduced from 2 to
1.8 My, resulting in the reduction in temperature to desirable limits, On-
July 21, the position of the pin vas adjusted to be in a slightly lower
flux, vhich then permitted reactor power to be restored to 2 Mvs The
temperature profile, shown in Fig. 6, vas typical of the period from
July 21 to the completion of the test on October 13, 1958, ‘

 During each of the 170 reactor scrams, as during the nine major
shutdowns, the capsule temperature decreased rapidly to about 150 F.

TEST RESULTS
CP=5-1 ‘Ihlt

The CP-5-1 pin was irradiated to an average burmip ot 0.85 a/o
The range over the length of the pin was 0.68 to 0.93 a/o. The fusl
centerline temperature ranged from 575 to 11LO ¥, as shown in Pig. 2.

Pre- and post-irradiation diameter measurements, shown graph-
ically in Fig. 2 and numerically in Table II, showed rather severe '
svelling of the pin, particularly in ths 800 to 1050 F teaperature range,
The general appearance of the pin was good throughout its length, with no

evidence of cracking or rupturing. A photograph of a typical region of
the pin is shown in Fig. 7. '
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The end-caps on this pin were orabutbmmdw As showm
in the pre~-irradiation photographs, Fig. 8, the welds vere somevhat
defective., Bince both end-caps vere npmm from the pin upon removal
from the capsule, it 13 not known at what stage of the test the caps

broke off. Poat drradiation photographs of the bottom end of the pin and
the severed end-cap m -hovm in m. 9

Tvo apeclmna vere tnhn from the pt. t the location shom
on Fig. 2, for radiochemical burmp aralysis. sis of RC-1 showed
a burmup of 0.87 /o, which is within experimental precision of the
caloulated value of 0.89 afo. Bemple RC-2 wes reported to be 1.33 a/o,
vhile the calculated value was 0,93 a/o. From the analyses received on
OP-5-2, which effectively confirmed the calculated burnup profile, the
experimentally-deterained value for RO-2 is believed to be in error. The

results of the radio-chemical n.mlyua are -hown in Table IIT for both
the -CP-5-1 and CP-5-2 pins.

1Ivo specimens vere taken for metallographic examination. A
dotailed discussion of the results of the exsmination is included under
IVAMTIG or uars WB 01‘ thil ‘eport.

Table III

Pusl Specimen " Tadiochemionl Caloulated
Pin o, b0 y hm“ /[o "
CP-5-1 RO-1 0.07 0.89

RC-2 1.33 0.93
oP-5-2 Be-3 0,28 0.29
gp-5-2 _at,
, The CP-5-2 pin was ‘Arrediated to an ‘aversgs | or 0.21 do.
"morwmmthnhngthofthopmmo.wtoa.ao mmx.
centerline tempersture rarged from T80 t0 1320 ¥, as nhmm {a Mg. b,
Pre- l.ud. ~irrsdistion dismeter measuvemsnts, shown graphically m
Flg. 4 and muerically in Table 11, lhowl uuntmlv no dlame rie nhanlt'

rouultins from mmdhtim.

The mrm Wm& ofth:pinm good, as shown m m. 1.0,_
& typioal section of the pin.

This pin wves equipped with nodified svaged and-caps; a umuhn
steel cap, vith s sirconium plug, was irredimted on the hot end of the pin
and sirconium oap on the cold end. ‘Thess caps differ from ths Enrico Fernd
reference tmed oapn in t.hnt. thnhnit\nl pinm-:o:poinm prier to

L )



THE DEFECTS
AT THE WELOED
JOINT SHOULD
BE NOTED.

BOTTOM END-CAP TOP END-CAP

FIG. 8 PRE- IRRADIATK)N PHOTOGRAPHS OF BUTT-WELDED
END-CAPS ON CP-8~I TEST
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BOTTOM END OF PIN SHOWING FRACTURE AT WELD

THE WHITE IN PHOTOGRAPH I8 PAINT
BOTTOM END-CAP BOTTOM END-CAP

'F16.9 BOTTOM END AND END-CAP OF CP-5-| PIN AFTER IRRADIATION
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FIG.10 TYPICAL APPEARANCE OF CP-8-2 PIN AFTER IRRADIATION
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epplying the reference caps, where the ends on the CP-5-2 pin ere square.

. Pre= and post-irradiation photographs of the stainloss steel ’
-end-cap are shown in Fig. 1l. Although, externally, the end-capped appeared
unaffected by irradiation, the post-irrad.iation examimtion 414 reveal
hairiine cracks at the internal corners of the stainless stesl. It is
not known if these cracks developed during irradiation or if they were
present prior to irradiation es a result of fabrication. There was no

apparent affect of irradistion on the zirconium end-caps, as showm in
l‘ig. 12.

Two specimens vers taken from the pin, at the locatlons showm
in Fig. 4, for radiochemical burmup snalysis. The results of the analyses,
as shown 1n Table III, confirmed the calculated hurnup.

Tvwelve specimens were taken from the pin, at locations shown in
Fig. 4, for metallographic examination. The metallographic examination,
which is discussed in detall under EVALUATION (F TEST RESULIS of this
report, cleerly showed that the gamma phase had transformed to the
thermally~-stable alpha-plus-delta phases.

CP=5-3 Test

The CP-5-3 pin vas irrediated to an aversge burmp of 0.50 afo
with the range over the length of the pin between 0,37 amd 0.67 a/o. The
fuel canterline temperaturs ranged from 950 to 1360 P.

Pre~ and post-irrediation measurements, shown graphically in
Pig. 6 and numerically in Table II, indicate a maximum swelling of about
<0032 inch, which is approximately 2%. The general appearance of the pin
was good, although the clad was somewhat discolored. The discoloration
vas not detected in the aress under the girconium spacer wire and the
nickel-cobalt dosimeter wire, as shown &n Flg. 13. It is beliaved that
the discoloration was dus to oxygen plckup from the NaX.

This pin was equipped with an Enrico Fermi reference sirconium
cap at the hot end and m swaged steinless steul cap on the cold end, Pre-
and post-irrediation photographs of the rirconium and steinless stesl caps,

Figs. 14 and 15, respectively, show no apparent irradistion affects on the
Qnﬂ"e&p’c

In sddition to the conventional post-irradiation exmmination,
sinple beam deflection tests were mades on the CP-5-3 irralisted specimen
‘and on the control pin., The cbaerved pin daflections and calculated modulil
of elasticity eve shown in Teble IV. While the results indioate & dscrease
in the modulus resulting from irrediation, the measured decrsass, approx=-
imately 4%, is within the limits of experimsntal acourscy of the defisction

messurement, that is, if the acoursay of meesurements was 1/32 inch, the
uncertainty wowld be 5 to. 108

Analysis of the cobalt-nickel dosimeter wire, vhich had been
holically wound on the pin during iruahti.on, conﬁ.md the shape of the
unperwrbod flux profile, as shown in Mg, 6
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SPACER WIRE END-CAP

PRE~IRRADIATION PHOTOGRAPH OF END-CAP

1

STAINLESS STEEL”

ZIRCONIUM CLAD NOTE CRACKS AT

INTERNAL CORNERS OF
U-10%0 Mo ALLOY ~= SYANLEES STEEL

'POST-IRRADIATION PHOTOORAPH OF LONGITUDINAL SECTION OF END-CAP

FIG 1| PRE- AND POST-IRRADIATION PHOTOGRAPHS OF
STAINLESS STEEL END-CAP ON CP-8-2 PIN




PRE -~ IRRADIATION PHOTOGRAPH OF END-CAP

o —y
ZIRCONIUM. CLADS

POST-IRRADIATION PHOTOGRAPH OF LONGITUDINAL SECTION OF END-CAP

FIG. 12 PRE- AND POST-IRRADIATION PHOTOGRAPHS OF
ZIRCONIUM END-CAP ON CP-8-2 PIN
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NOTE GENERAL DISCOLORATION OF PIN EXCEPT IN AREAS UNDER
ZIRCONIUM AND NICKEL~COBALT WIRES

'FIG I3 SURFACE APPEARANCE OF CP-5-3 PIN AFTER IRRADIATION




FIG. 14 PRE- AND POST-IRRADIATION PHOTOGRAPHS OF
ZIRCONIUM END-CAP ON CP-5-3 PIN
&




PRE - IRRADIATION PHOTOGRAPH OF END-CAP

FIG. 15 PRE- AND POST-IRRADIATION PHOTOGRAPHS OF
STAINLESS STEEL END-CAP ON CP-5-3 PIN
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EVALUATION OF TEST RESUINS

Pu'd.m to the prototype CP-5 tests, approximatsly 100 mei.nm
mmmmmlbmuuhumm Variables, such as

burnzp, redistion temperature, alloy composition, and post ra.briution
heat-treatment, were studied. The radiation stability curves, shown in.
‘Figs. 16 and 25, were dravn on the basis of the results of these tests.
The following conclusions were meds for U-10 w/o ¥o ellay irrediated at
fission rates in excess of 8 x 1013 fissions per cc/sec.

1. For irruuation telweramrn 1sss than 1100 F, swelling
increases linearly with burmp up to sbout l.é afo.

2, There is little or no effect of radiation temperature on
“swelling up to about 1100 F for burmups less t!anl.a a/o.

3. ‘At radiation; tewperatures in excess of 1100 F, there ie a
‘strong depem!ance on burnup and radiation temperature.

k. The burnup dependence at radiation temperatures in excess

ornoorisnntlinu.rtmamaretobeapmr function
of burpup.

e \ﬂthi.n the limits smd.ied, bhuraup and umdiation temper~

ature were the only variables that showed significant
affacts,

For the purpose of evaluating the CP-5 test results and comparing
them with the MIR results, it is best to consider the high and lov temper-
ature irradiations separately.

As previously stated, there was s linear effect of burnup on
svelling to burnups of 1.8 a/o at temperatures less than 1100 F in the MIR
tests., This effect is shown in Fig. 16 1in vhich the MTR curve represents
the maximum diameter increase observed under the stated irrediation
conditions. Values from the three CP-5 pin tests for irradiation temper-
atures less than 1100 F are also shown. Ry comparison, it can be seen that,
wvhile (P-5-2 and CP-5-3 were essentlally within the dismeter increase limits
predicted by the MIR tests, the CP-5-1 pin swelled considerably in excess
of that predicted. And since no fabrication or materials defects have been

voted, the only plausible explanation for this discrepancy is based on the
transformation kinetics of the U-10 v/o Mo alloy.

# Iseser, D.O., Rough, ¥.A. and Bauer, A:A., “Radiation Stability of Muel
menenta for the Enrico Fermi Power Reactor", 2nd Conference on Peace-

ful Uses of Atomic Energy (Geneva, 1558) Paper ¥o. 15P-622.
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The lovw temperature portion of the phase for the UM
system is showm in Pig. 17% owmwhmcom and for the
U-10 w/o Mo allcy, the alpha-plus-delta phases are stable below 1045 ¥,
-pmmmmbnummsmmsor,m "1s #tabls
ubowloéor. hothemltrmrmtionaftMmmphautod -

plus-delta, the e" of the Tims Teuperature Transfarmation curve appears
at about 900 ¥, and transformation 1s initiated after 10 to 20 hours,
depending on thn fabrication history and ,writy of the a.uoy.

It was shown by several imstiptora"ﬂnt, vhile under
irrediation, the high-temperature gamms pbase becomes thermally stable at
low temperatures, and it vas believed that the stabilization of the cubic
gamma phass scoounted for the good radiation stability of the allay.
Thearies based on the displacement spike cmceptvmpropoaedtogﬂhin
this effact, but no quantitative evaluation could be made. Thomas and
others at BAFD proposed that thers existed a temperature dependent critical
fission rate required to maintain the gammm phase, and that if this
eritical rate waa not achieved, the alloy would revert to the thermally
astable f&aes. Because the fission rates of the CP-5 tests renged from
2.5 to b x 1013 fissions/cc/sec vhile the MIR tests were at a minimm of
8 x 1013, 1t vas felt that perhaps trensformation had occurred snd resulted
in mmp_um» increase observed on tha CP-5-1 test. To ascertain
vhether the alloy had transformed, post-irradistion examination of sections
from ths CP-5-1 and CP-5-2 pins was perforwed.

Tvo specimens of the.CP-5-1 pin, teken from the locations showm
in Mg. 2, vere examined. The etching characteristics of the section
taken from the 980 F region of the pin indicated transformation had
occurred, but the structure was not resolved metallographically, therefors
identification of transformation products was not wade. The structure
exhibited a mottled or spheroidal appesrance, as shown in Fig. 18, rather
than the lamellar appearance normally associated with transformation of
this alloy. It is belleved that the swelling and fission gas bubble
STormation affected the microatructure. There was no indication of gross
‘defects, such as creacks or clad non-bonds.

The second specimen, taken from a portion of the pin which
normally operated at about 1 F, showed a coarse precipitate, aa shown
in Fig. 19. Although the precipitate was not identified, it is believed
the structure represents the beginning of transformation to the thermally

stable phases since this portion of the pin operated at about 950 F during
the last month of irradiation.

*  Justin E. Dwight, "The Uranium-Molybdenum Bquilibrium Disgram Below
900C", Journal of KNuclear Materials, March, 1960,

#*  Koncbeevsky, S. T., Praudyuk, 4. P. enl Kutzitseu, Proceeding of the

Iiternational Confereuce on the Peaceful Uses of Atomic Energy, 7,
k33-440 (1956).

Bleiberg, M. L., "A Kinetic Study of Irradiation Induced FPhase Changes
in Uranium-9 w/o Molybderum Alloy”, Fuclear Science and Engineering,
v.5, Febe 1959, P T8-87.

%+ Momas, D. C., and Fillnow, R., Private Commnication.
30



FIG. 18 MICROSTRUCTURE OF CP-5-1 SPECIMAN
IRRADIATED AT 980 F TO 0.39% BURNUP

250X HEAT ETCHED

FIG. 19 MICROSTRUCTURE OF CP-5-1 SPECIMAN
IRRADIATED AT 1080 F TO 0.92% BURNUP
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v rapi ottch-Sdpinmemdlmughutitm
not offer eouolmiw ‘evidence that transformation had ocmrm Howevar,
the work on CP-5-2 414 offer such evidence. As shown in Fig. 4, spscisens
mwmnmmtmmormpmmmmaammm
mmaoraaommor. ‘na gl -np.zoweh,

twamme. The patches of vhite are believed to de untransformed’

gemom grains. Fig. 21 shows that the lamella transformation products are
considerably coarser for material irrediated s 1060 ¥, and that the smount
of transformation has decreased at this temperature. Evidence of a.nw
inhomogeneity is spparent from the striatsd transformstion structure.

Pig. 22 shows that at higher irradiaticn temperatures, 1125 P, lesser amouats
of lamellar-type transformation occurred. Pig. 23 shows that at an irredia-
tion temperature of 1165 P, an unidentified grein-boundary precipitate was
present. :tnbeummtw.-commnpmmmm

A panoramic view of the microstructures observed on the CP-5-2
pin are shown in Pig. 2k. Compering the microstructures, the calculated
central-metal temperatures, and available U-Mo diagrams, it would
seen that the calculated central-metal temperatures are on the order of
25 to 100 F on the high side. Assuning the g'ain-bmnda.ry precipitate
shown in Pig. 23 is not representative of transformation, the highest
temperature at which the lamellar-type tranaformation occurmd was 1135 1,
This corresponds to a ¥ *=+3 phase transformation temperature of 1065 ¥,
as shown in Pig. 17. The diagram reported by Rough & Beuer® tndicates
this temperature to be 1110 F. In the event that the structure shown
1n Pig. 23 does represent transformation,. the highest temperature at
which this vas obsmd was about 1165 F.

On the ba.ais' of the metallographic examination end the test
results, the following conclusions were drewm:

1. The svelling observed on the CP-5-1 pin was not due to
any gross defects, such as cracks or clad nonbonds 1in the
fuel specimen.

2. The swelling apparently was associated with the trans-
formation to the thermslly-stable «+8 phases. The
extremely large amount of swelling that accompanied the
transformation can not be satisfactorily exphi.ned at
this time.

3. The CP=5-1 pin undervent & large mmber of thermal cyclu
due to reactor acrams. Out-of-pile therwal cycling tusts™*
on unirradiated~transformed material resulted ia only very
slight dimensional changes, therefore this is discounted
as an explanation of the mlling, although the combination
of thermal cycling and irradiation mey have an effect.

# PF.A. Rough and A.A. Bauer, "Constitutional Diagrams of Uranium and
Thorium Alloys", Addison-Wesley Publ. Co., Inc., (1958)

#% Unpublished Data, APDA.



250% " HEAT ETCHED 230% HEAT ETCHED

FiG. 20 MICROSTRUCTURE OF CP-5-2 PIN FIG. 21 MICROSTRUCTURE OF CP-85-2 PIN
IRRADIATED AT 900 F TO 0.28% BURNUP IRRADIATED AT 1060 F TO 0.29% BURNUP
8
| )

280X HEAT ETCHED 280X HEAT ETCHED
FiG. 22 MICROSTRUCTURE OF CP-5-2 PIN FIG. 23 MICROSTRUCTURE OF CP-5-2 PIN
IRRADIATED AT 1125 F TO 0.29% BURNUP IRRADIATED AT 1165 F TO 0.3% BURNUP
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‘b, The aritical fission rate for maintaining the metastable
phase during radistion over the temperature range of 925
to 1100 F appesrs to be scmewhere between 4 x 1013 r1
oc/sec, the fission rate of the CP-5-2 pin, and 8 x 1 ol
the ainimm fission rate otthalﬂ!ls;ecimm

’ KIGH-W nmmmm

At temperatures in excess of 1100 ¥, swelling appeared to show
‘s rather strong temperature burmup dependence. Although the data wers
rather weager, being based on four temperature-controlled NIR capsules,
‘an attempt was made to develop curves showing dismeter increase as & .
function of burmup for the temperature range of 1130 to 1165 F and for a
temperature of 1320 F. These curves are shown in solid lines in Fig. 25.
Included in Fig. 25 are the results of the three CP-5 pins covering a
buaz;npmdge mo.aswo.sea/osm.mmemnmnwto
1360 F.

The CP-5-2 and CP~5-3 pins shovw swelling well within the limits
predicted from the MIR data, while the CP-5-1 pin showed swelling approx-
inately the same as, or slightly greater than, predicted by the MIR data.
The reason for the apparent discrepancy is not knmown at the present time,
However, there appears to be several variations in the irrgdiation history .
that may explain the variance.

In the CP-S-]. test, the pin temperature was considerably lower
than that shown in Fig. 2 for the first 2-1/2 months of operation
(8ee Fig. 1). This could have resulted in transformation to w4+ 3 of
that portion of the pin that nominally operated in excess of 1100 F.
The burnup achieved during this time would be about 0,27 a/o. On raleing
‘the temperature, the alloy would have retransformed, thus csusing an -
adverse effect on swelling.

The ave fission rates across the cross section of the three
pins was 2.5 x 1013 fissions/sec/ce for CP-5-1 and 4.2 and 4.8 x 1013
for CP-5-2 ard -3, respectively. If ome considers high temperature

swelling to be similar to or & functlon of creep, then swelling would be

a time dependent function and one would predict greater swelling for lower
fission rates.

A third variation in the irradiation histories of the three pins
is the mumber of thermel cycles to which the pins were subjected -
674, 100, and 170 for CP-5-1, -2, and -3, respectively. The role of
thermal cycling on high tempersture irrsdiation is not known but it could
have an effect.

3H
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IRRADIATION YACILITIES AXD OPERATIONS

GENERAL DSCRIPTION

. The pins were irradiated in longitudinally finned stainless
steel capsules similar to those used earlier by ANL for irradiation of
Experimental Bréeder Reactor II fuel pins®, The heat generated by fis-
sion vas removed by a stream of air floving axially along the capsule
at a maximum flov rate of 340 lb/hr, which vorresponds to a linear vel-
ocity of about 275 ft/sec. The pins were NaK bonded to the capsule vall
with a hélically-vound 0.010-inch sgirconium wire preventing contact of
the pin and the wall., - P

, The capsule surface temperature was monitored by 10 thermo-
couples located at the fin roots eand positioned in a spiral pattern at
intervals of about 3 irches along the capsule. Two additional thermo-
couples were used to mmitor the inlet and outlet air temperatures.

~ Ar vas dravi past the capsule by a 25hp Roots blower located
dovmstresm from the in-pile portion of the loop to assure the presence
of a negative pressure in the thimble, In the first irradiation, an
open loop vas used, while in the CP-5-2 test, the air was recirculated.
Control problems encountered in the latter prompted the reuse of once-
through air flow in the third experiment.

REACTOR FENETRATTONS

Vertical thimble holes, designated VI-23 and VI-27, vere
-assigned for the irradiation of Enrico Fermi prototype fuel pins during
the 2 Mw operation of the CP-5. Fig. 26 shows the location of the ver-
tically-oriented thimble penetrations. CP-5 is scheduled to begin
‘operation at 5 Mw power level in 1960. In anticipation of this power
increase, the loop installed in VT-23 vas moved to VI-26. Because the
neutron flux at 2 Mv was about 2.5 times greater in VI-23 than in VI-26
“and VT-27, the two air cooled facilities to be used for the remainder
of the program will be comparable to the high-flux thimble used in the
earlier irradiations. Additional irradistion facilities of a "water-
_boller" type will be installed in the CP-5 fuel positicns VI-16 and VT-17
for Enrico Fermi fuel pin irradiations following the 5 Mv start-up. These
latter facilities will be described in a later report of this series.

IRRADIATION CAPSULES

_ The finned capsules were machined from solid bar stock of Type
304 stainless steel, having the pin cavity closed at each end with helium
arc-velded stainless plugs. Fig. 27 shows an assembly drawing of the
shield plug, the thimbles which channel the coolant flow, and the capsule.
Figure 20 snows a cutaway view of the capsile. A central hole 0.200 inoh
in diameter contains the '0.158 inch diameter fuel pin with its helically
¥

ANL-5371, Quarterly Report of Reactor BEngineering Division,
Oct-Dec, 1954, P. 18k, '

k1
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FIG.26 VERTICAL IRRADIATION HOLES IN CP-5
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FIG.27 THIMBLE ASSEMBLY FOR HOLES 26 & 27
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wound 0.010-inch diameter spacer wire and NaX bonding fluid, Tvelve
fins, 32 inches long and 0.030 inch thick, conduct heat to the cooling
air. An expansion chamber is located above the finned portion of the
capsule to acccuodnto mc expansion during high temperature opemtion.

'I'ha tvo ﬁnned capaulen uud for the CP-5-1 and CP-5-2 irradias-
tions had an overall finned diamster of 1.05 inches, and a circunferenti-
ally=finned spacer separated the capsule from the inner thimble wvall.

The capsuls used for the CP-5-3 irradiation and those prepared for the
remaining irradiations of this type are 1.3l inches in diameter and have a
fin thickness of 0.045 inch. The increased overall diamster leaves no
room for a spacer between the fins and the inner thimble vall., No sub-
stitute {or the spacer was provided vith CP-5-3, but in succeeding instal-
lations a magnesium-oxide-filled insulating sleeve will be secured

around the outside of the inner thimble opposite the finned capsule.

The increased heat transfer ares pmvidnd by the longer fins, and the
improved fin efficiency resulting from the increase in thickness, allow
higher heat generation rates without raising the fuel temperatures at

any given value of coolant flow,

COOLTNG SYSTEM

Inlet and discharge air linel connect to the manifold fitting
at the top of the thimble. Air pnsses down through helical slots in
the thimble shield plug and is chunneled along the capsule fins by the
inner thimble wall. The heated air exits through holes in the bottom
6 inches of the inner thimble and passes upward between the imner apd
outer thimble valls, About 856 of the heat generated is transferred to
the reactor heavy water coolant through the outer thimble wall and the
remainder is carried away by the capsule cooling air.

Afr is circulated through the cooling loops by Roots vacuums
pumps rated at 369 cfm at 20 inches mercury vacuum. A peir of 3 inch

pipe lines comnect each assembly at the top of the reactor to the base-
ment location of the blowers. Arrangement of the piping is such that fresh
air may be drawn from the basement area and exhausted through filters and
the blower cooling-water spray to the reactor-building ventilating syse
tem. Provisions are also made for recirculation and for throttling of

the air in any desired proportion. The air metering orifice is installed
in the line between the reactor and the vacuum blower. The loops are
shown pictorislly in Fig. 29 and achematically in Fig. 30. Figure 30

also shows the booster blower and external equipment for tha "water-
boller" series to be used in the 1960 progran.

Air flov resistance of the thimble shield plug is such that the
air cooling system used for the 1957-1959 pro cannot be expected to
reduce the peak operating temperature of a 1 enriched fuel pin below
1350 F when the reactor operates at 5 Mvpower. The adiitional booster
blowers, rated at 157 cfm at 5 psi, should make possille a reduction in
the maximm specimen temperature without reducing tho)opeoi.mn enriche-
ment during 5 Mv operation.

b



FIG. 29 EQUIPMENT FOR AIR-COOLED IRRADIATION EXPERIMENTS
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IHOTRUMENTATION

Ten thermocouples are installed on the finned capsule, and two
additional thermocouples are positioned to measure the air temperature
entering and leaving the finned area. Fig. 31 shows a close-up of a
typical thermocouple installation masde by spot welding the thermocouple
wires to the capsule tube at the base of the fins. The thermocouples
consist of 28 gauge asbestos and glass insulated chromel-alumel wire
sheathed in 0.095 inch OD stainless steel tubes. The exposed ends of
the wire are protected just above the junction by a two hole ceramic in-
sulator. Thermocoupls leads from the finned capsule pass up through the
aluwinuwa suspension tube, along one of the helical slots in the shield
plug, and out through a pressure tight electrical connector in the inlet
air line, Thermocouple terminal strips are provided at the top of the
reactor and extension leads connect with recorders in the basement. A
12-point strip chart potentiometer and a single pen circular chart po-
tentiometer provide a temperature record for each installation. The
hottest thermocouple is connected to the circular chart recorder to pro-
vide a continuwous fast-response reading.

During 1957 and 1958 operations a differential pressure and a
static pressure manometer provided information for air flow through the
netering oriiice, and a thermometer was used for the orifice air tem-
perature. Recently, a three-pen circular chart meter was installed to
record the orifice pressure and temperature data. FPFurthermore, the man-
ometers formerly used for air flow metering were connected to measure the
differential pressure across the finned tube and the static pressurs in
the reactor thimble. For this purpese, pressure probe tubes will be in-
stalled in ‘the thimble, along with the thermocouples.

Interlocks between the pressure and vacuum blowers prevent pres-
surizing the exhaust air line leaving the reactor thimble, A pressure
swvitch installed on the exhaust air line is set to shut down the reactor
on loss of vacuum in this line. A scram relay is also connected to the
oircular chart recordsr to shut down the reactor on abnormal increase in
temperature or thermocoupls failure. A waming light notifies the
resctor operator of high temperatures approaching the scram setting.

BPEOIMER HANDLING PROCEDURES

Capsule Assembly and Specimen Losding

The capsule arrives from the shop with the bottom end-plug welded
in place and leak tested. Thermocouples are then installed, as shown
in ¥ig. 21. Thermocouplas are spaced at about 3 inch intervals along
the axis of the tube, one to a groove to form a helical pattern. On
capsules fabricated for future tests, dumay protecting tubes will extend
along the grooves from the thermocouple junction downward to make the
croas section for air flov identical in each groove.

After installation of the thermocouples, the entire assembly is
placed in a dry box containing an cxygen- and-moisture-free atmosphere
of either helium or argon. Buccessive evacuations and f£illings are used
to purge the dry box. A small quantity of sodium-potassium eutectic



TYPICAL THERMOCOUPLE INSTALLATION AT FIN ROOT

FIG. 3i
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. alloy (lax) 1s placed in an open vatch 5hu. Hben the bright surface
does not ternish, a clean atmosphexre is aumeqmn .: lnngt::be gnl:x 1.n
hypodermic syringe is used to place a predste quantity o

the tube; approximately 6-1/2 cc of NeK is used to bond a full-size fuel
pin. The Juel pin is then carefully lovered into the capsule and an
electric continuity probe is used to check the NaK level. The top end-
plug is then installed and velded into place. In the case of CP-j-1, the
velding wvas completed in the dry tox, but CP-5-2 and CP-5-3 were velded
after removal, Helium is introduced through the gas sample tube in the
top end-plug and the weld is leak tested. The gas sample tube is then

sealed and the top sssembly 1s teuted tor helium mlntion under high
vacuum,.

After the final capsule seal is tested, the installation of the
aluminum exteasion tube and thermocouple extension lead is completed.
The capsule 1s next placed in a vertical muffle furmace and heated for
8 to 12 hours at a temperature of 1000 F to promote wetting of capsule and
pin surfaces by the NaX, and to check the operation of all thermocouples.
The time range of 8 to 12 hours was selected on the basis of published
isothermal-transformation curves vhich indicatéd that transformation of
the gamma phase would not occur under these conditions., However, subse-
quent study on the as-fabricated fuel pins showed that a slight amount
of transformation had occurred (about 5h); theratoro bonding temperatures
for future tests vill not exceed 650 F.

At the reaotor, and Jnat before charging, the extension tube is

attached to the thimble shield plug, and the assembly 1s lowered into the
dnsi_.gmm vertical thimble.

R mvnl rron Reuetor and Cave gggrations

‘Upon completion of the irradiation, the capsule is raised from
the reactor into a lead-lined transfer cask containing a chamber Lk inches
long with gates at both top and bottom. A cable is attached to the shield
plug and threaded through the cask centersd over the opening. The entire

- assembly is withdrewn from the reactor until the capsule is in the cask
_and the lower gate can be closed. A ceble is attached to the capaule,
‘and the aluminum tube is sheared oft above the position of the attachment
.80 that, when lovered to ths bottom gate, the capsule and tubing stub
vill permit closing the top gate of the cask. A small offsst notch is
provided for the cable in the top gate jamb, This cable arrangement
facilitates subsequent. handling of the capsule. The capsule is stored for

nporiodorlto3mkspriortoominntiontnomotmmmghlml
caves.

_ In the cave,the capsule is opened by severing the wmm
‘ohamber with a tubing cutter. The ReK is carefully destroysd inia beaker
of isobrityl slcohol. The fuel pin specimen is them removed, avd the re-
paining NaX is vashed from the pin vith alcohol, PFinal clesning aud dry-
ing of the fuel pins with o,cetom vill preceds the post-irradistion ex-
eminations, vhich include dimensional measurements, radiochenical burnup
analyses, and metallographic exsmination.



Flux mu\n'-mtl

Flux measurements, taken prior to the irradiations, vere made
by exposing gold foils seoured on & wooden stick inserted in the inner
thimble, Thermal flux was determined by subtrecting the neutrom flux

‘calculated from foils enclosed in cadmium envelopes from that caldulated

from foils enclosed in thin aluminum euvelopes. Flux measursments taken
in V7-23 mu-zrmmung. 32 and in Table V.

TABLR V
NEUTRON FLUX MEASUREMENTS
-7
_Inches Deceaber 11, 1957 . June 1
Of Inner In In
Thimble Gold. cthim '!lnr*nl Oold Olhim Thermal
0 51821033 ,0ox10M  .52x10M3 h68u1013 08x108  k7xa013
6 073~ 029 t73 og .69
12 93 67 093 -377 o 07
18 1,09 1.30 1.08 1.03 1.87 1.02
2k 1.12 1.85 1.10 1.05 2.35 1,03
ko) 1.07 1.93 1.05 97 1.90 .g‘j
g 095 1-69 09 085 1.&6 » 3
15 1.29 , T 66 1.06 o
38 052 .30 -52 lus 035 .
52 07
L a1, ] o v “June 6, lﬁe .
0 96x1013  L197x1012  .ghx1013 931083 125x1012 g.m“
6 .57 .78 1.h9 1.52 .ﬁ 1.
12 £2.03 2.4 1.79 2.06 2.0k 1.86
18 2.70 k.53 R.25 2.63 .56 2. &
a 303 . 058 20,‘9 3909 6011 20, '
3 3.4 %7 2,69 3. 2-36 2950
Eg 2.64 2.67 2.37 2.7 01 2.&
: 1.85 87 1.76 2.03 1.67 1.
]‘8 1.10 019 1.03 1025 om 1.21
52 .62 0876 N
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FIG. 32 THERMAL NEUTRON FLUX AT 2 MW
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_I_x_:g_a__ustion u-m nnn gmr_t‘ ' tnu ct'louhtiou
' =ue history of the irredistion consists of & continuous record
of temperstures measured at the fin roots, inlet end outlst air streem

tqmtms, and the temperature, pressure, and pressure 4drop at the

flov orifice. Specimen power gemneration is calculated from the t-uhr
‘hut mmc cqmtiom

q =W, (b 1)

‘Where q = heat muonwmttm, nw/hr
W = mass velooity of the coolant, 1b/hr
Oy wpecific heat of the coclant, Btu/bP
o= outlet temperature P
tg= inlet mt\m 4

mmnmmtmatw.mmmmmao.sm
lpnhnunmbymmtm: '

Vhere q'y = local hest generstion rete, Btu/hr ft

X = ratio of Loosl flux 0 avers
' %6” plotted in Figs. 8,

;Q.

The centerline fuel temperature at w elevation u oqm to: the
texperaturs measured at the fin root (at the smms elevation), plus the

::1 of the temperature drops across the capsule, NeX, sirconium slad, asd

)



A cne-quarter cross uationotth.cmuh is shovn in the
sketch below.

Referring to the ndi:l noted in the axe'hch, the centerline
fuel temperature is calculated as follows:

'ht:m+""lh—-l-(1 et (e t2o( Aoy Lo

. 'y Ky t2 kp 1 ¥y X .
‘where ki) is the thermal conductivity of the material between r3 and )
10‘., ! .. ‘t“l’ atco

Usually & maximum fuel temperature is epecified in these irra-

:uttom Ideally, the procedm for achieving this temperature is as
0llows:

1. Irndiation begins with a greater than necessary coolant-
flow rate.

2. The hottest thermocouple is identified, and the ;am :
calculation is made for the @ x/fA utio existing at the
elevation of thia thermocouplé.

3. Coolant flov is gradually reduced to bring the caloulated
centerline fuel temperature opposite tha hottest tham
couple to the specified value,



This thermoocouple is connected to the single pen recorder,
and it is set to scran the reactor at sbout 30 F above the normal operat-

ing value, All the other thermocouples are comnected to the multi-point
recorder.
EVALUATION OF TEST FACILITY

Capsule mmm&u ars classified as outlined below,
Temperature Unmonitored aiid Uncontrolled

Thess cipsules can be of simple design, und are by far the
cheapest type, They are often used in irrediation programs designed to
screen several fuel material candidates and in prograss involving a large
nusber of tests where the characteristically wide data outtar can bs
resolved by statistical analysis.

re Nonitorsd but Uncontrolled

These capsules are often selected as the be.t compromise be-
tween the more expensive types involving temperaturs control and the less
technically attractive, but cheaper, unmonitored type. ‘As in the pre-
vious type, specimen temperatures are determined only by the size and
composition of the specimen, the neutrom tlwr., end e dasign of the
capsuie. Without a means of contiol, specimen temperatures change as the
reactor fiux changes and as burnup proceeds. With temperaturs monitoring,

however, one has the data with vhich to mnalyse the results of the test in
viev of these changes,

Controlled capnuleo are more expensive than the two previons
types, but the adventage of maintaining constant temperature conditions

by compensating for changes in reactor characteristics and burnup often
warrants the sdded cost,

Awdliary ’y Heaters
. Auxiliary heaters are probably the most common means of
temperature control. Externsl cquipment ia held to a minimum, and automatic
control is conveniently provided. The principal dissldvantage is that
the heaters often fail during the test, and the failures are irrepairable.

Adjusteble Theraal Barrier

Capsules baving ad.juatable hhoml barriers are used by
some experimenters and are being developed by many others. A gas-filled
annulus with control over the gas composition is an exsmple of this type.
Generally speaking, this type of facility requires more external equip-

. ment than the capsules controlled with auxiliary heaters, dbut failwres

can usually be repaired., Bince a gas annulus or a similarly effective
thermal barrier is usually utilized, this type of capsule is generally
applicable only for experiments in which the heat gensration per unit
 length is relatively low (perbaps < 0.3 kw/inch),



ture _m_

~ .Control over the hut sink tmt\m offers another means of
.opoctun tqm'mm control. The resctor coolant is usually the ultimate
hest sink, ‘but & controllabls intermediate hest linkembopmvuod.
The Lnt-uduto otnkmln ctatieorMu

An sxaiple of the static type hest 3!!.0111#“-
mwmmmmmamorm-nmxmu.- It employs &
nmnnaammmmmmwmmmmmum
veactor coolant. The pressure in this amnulus can be controlled over a
wvide rangs. Nucleste boiling occurs in the water annulus, thus the inter-

mediate heat sink tqtmtm u the utmtion temperature at the applied
mm. ‘¢

... The fmmty mm-a m mn report is an example of the
lowving intermedists heat sink alauiﬁcntim It probably involvass mors.
external oquimtthmawottuabovetml, therefore, :ltmbothn
most expansive facility to set up. However, tm advantages are:

"1, Pailures, other thm in thernoeouples on the capnule,
be repaired.

2, § Specimen heat geaeratiod can be accurately calculated
‘thermodynamically and crrrelated with the reactor kwhr
meter which then serves as a bnrmw integrator. '

‘3. Uncertainties in specimen temperstures are small (see |
ucﬂMNMBISOFW PACTORB mm
CALCULATIONB).

ke A wide renge of temperatures can be studied vith a single
w.-ad.i.aﬁan of & long apeciaen

 Wuber b 1s probably the most vnlmbla feature of this facinty.
In all otm types listed above, the temperature range is determined by the

flux range, therefore temperature and bwmup camot be studied independ-

" antly in the same specimen. The temperature profiles in the three pins.
described in this report are quite similar to the caloulated profiles of

pins in the Burico Fermi reactor. A pin 30 inches long is felt to be the

techmical oqunleat of ten 3-inch specimens successfully irrsfiated in
contmnoa capsules.

\)

¥R, Bonilts, et 8, Pacliity for the Trrelietion of EAVIL Fusl
Klemsnts, ANL-5940.



In calculating the fuel centerline tesperatures from tha tesperatures
measured at ths capsule surface (fin roots), conventicnal equations for
conduction in cylindrical geomstries were used. Fuctors to accoumt for
deviations from nominal dimensions, instrumemtation errors in ‘the deter-
mination of pin power, uncertainty associated with the true meaning of
the recorded surface temperatures, and uncertainty in the thermal conduct-
ivities of the materials should be considered in an effort to evaluate the
probable error in this calculation. Since it is extremely unlikely that
all deviations would occur simultaneously, an overall uncertainty factor
based on the deviation of each individual factor by two standard deviaticns
(2 0°) was calculated by statistical methods.

Using the CP-5-3 data as an example, Table VI shows the method
of determining the uncertainty in .the temperature at the center of the fuel
pin. The colum I 2 o gives the temperature difféerence dua to ‘two stas-
dard deviations of each wncertainty in question. The over-ell temperature
uncertainty is obtained from the square root of the sum of the aquare of ¥
2 0., The application of two standard deviations represents a probability
of 95% that the centerline temperature will lie within the calculated limits.

As shown st the bottom of Table VI, these limits are £ 56F from the cal-
culatad 13719 .

3



TABLE VI
ONCERTAINIY ANALYSIS OF CENTRAL METAL TEMPERATURE CALCULATION FOR CP-5-

Yactor for Capsule  Factor for Bond  Pactor for Clsd  Factor for Fuel
" Temperature Drop - Temperature Drop -~ Temperature Drop T

emperature
- A Tggn103°F A tbm A ‘rc-lsor A! ‘!g-69°r
Uncertainty r 2 ¥__ 20 ¥ . 20 X (ac) [8(2.)12
a7 sions ' |
a. Length 1,02 1 21 1.02 0.8 1.02 o.g 1.02 1.k k.6 21
N . . , . -
Instrumentation } 1.10  10.3 1.10 k.2 110 1.5 1.10 :6.9 2.9 52k
Calowlations . ,
Teap. Ihlmuent , .
¥ a: Thermocouple 1.5 16,3 k.3 2150
~location - ‘
b. Thermocouple 113 13.k . , 13.h 180
errors .
Thuml Conductivities
&, BStainless Bteel 1.05 5.2 i 5.2 4
b' “K 1.10 ’hE . , . » “.2 IB
6. Zirconius S " 1.0 1.5 o 1. e
TOTAL- nm
‘Bquare Koot (95% Contidence) 56

Gentral fuel, beuperature = 1150 + 103 + b2 + 15 + 69 = 1379 4 567



As a genersl check on the validity of the measured capsule
surface temperatures, a similar analysis can be made in which the
capsule temperature can be calculated starting with the air inlet temper-
ature (200 ¥). The hottest point on tbe capsule surface (CP-5-3) was
measured as 1150 F. This point is located 18 inches from the top of
the fins, Assuming first a linear coolant temperature rise along the
capsule, and then correcting for the flux profile, the coolant tempersture
rise from the inlet to this point 18 inches below the top of the fins, 1is
290!. The film coefficient was calculated from the empirical correls

tion™:
-0.055 1  =0.2
B‘b - 000“ e RQ

vhere n 1is the nwber of longitudinal fins (12 in this case).

The value of the film coefficient calculated at a flow rate of
440 1b/hr is 32,4 Btu The fin efficiency caloulated by the method
br ¥ £6e ° | |

presented in McAdams*™ 1s 0,612, and the effective heat transfer surface

area caloulated from this fin efficiency and the dimension of the capsuls
is 0.685 £t2/ft. The average power generation per foot of pin is 14,750

Btu/hr, and the @ x/$A at the hot opot is 1.05 (see Pig. €). Therefore,

the film temperature drop is:

AT = %&!_
- Ly (.09
0.685 (32.

- 6% r

From these orude calculations, the measured surface temporature
at the point in question should be 20042504698 = 1148 ¥, vhich is remavk.
ably close to the measured temperature of 1150 ¥. An uncertainty analysis
vas mado on these calculations and is presented in Teble VII. The 20
uncertainty is large (217 F) due chiefly to the large film temperature
drop and the relatively great uncertainty (20%) associated with its calou-
lation. Obviously, the excellent sgreement between the caloulated temper-
ature and that actually measured is good fortune. The real valus of this
latter analysis is appreciated in the planning of irradiations wvhen the
location of the specimen in the flux is specified to obtain the desired
tauparature profile. ‘ ‘

*P. Portescue and W, B. Hall, Journal of British Nuolear Bngineering
Conference, Vol. 2, No. 2, p 83 - 91, Aprid 1957. RS i

%, H, MeMams, Heat Trarsmission, Third EAition, p 271, MoOraw Hi1L
Book 00., Ino. (1954). n, Third Bdition, p 271, .

+]
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UNCERTAINTY ANALYSIS OF CAPSULE SURFACE
TIMPERATURE CALCULATION IN OP-5-3 SPECIMEN

Factor for Coolant Factor for Mila
} Temperature Rise Temperature Drop
Uncertainty AT =250F ATe =60 ¥ Buzmation
y 20 r o (2)  (x(er)?
Ooolant Flow . .
a. Orifice Error 1.10 25 1,10 69.8 o%.8 8,950
b, Bonuniformity
Dimensions
&, Llength 1.02 5 1.02 k. 19, 36
‘be Perinater ow 55-8 5508 3,110
Fower
‘ae Flux Variation _ ‘ .
b. Instrumentation | 1.10 25 1.0 69.8 9.8 8,950
¢. Calculations
Fln Coefficient 1,20 10 140 19,600
Temperature Measurement . .
8. Thermocouple Location | 110 €9.8 69.8 k,850
b. Thermocouple Errors 1.04 10 1.03 20.9 30.9 950

Total h6,T11

Square Root (9% Oonrulnco) 17
C|psule surface temperature 18 1inches belov top of fins = 200 + 250 + 698 .

uhaimr
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