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DP-10C2, FUEL SPACER DEVELOPMENT

by G. W. Richardson

This report describes the results of the development work
that was done at the Savannah River Laboratory in an effort teo
provide a reliable method for centering fuel tubes inside Zircaloy
housings or within other fuel tubes in the program for development
of power reactor fuel elements. The spacers that proved most
reliable for providing sufficlent support to minimize damage to the
fuel were full-length ribs integral with either the fuel cladding
or the housing ftubes,

Other spacers that were investigated showed possibllities for
successful application; however, the terminatlion of the power fuel
development program at SRL prevented a complete study of their
sultability. Some of the alternate spacing methods that are
described may be of interest to others for additlonal development
and application in the maintaining of uniform coolant channels
between concentric tubes.
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E. C. Nelson, Research Manager
Reactor Engineering Division

30



R

o 28

DP-1002

Reactor Technology
(TID-4500, 45th Ed.)

FUEL SPACER DEVELOPMENT

by

George W. Rlchardson

Approved by

E. C. Nelson, Research Manager
Reactor Engineering Division

November 1965

E. 1. DU PONT DE NEMOURS & COMPANY
SAVANNAH RIVER LABORATORY
AIKEN, SOUTH CAROLINA

CONTRACT AT(07-2)-1 WITH THE
UNITED STATES ATOMIC ENERGY COMRMISSION

-



g : W - _ >
-

ABSTRACT

Full-length Zircaloy ribs, permanently attached %o
Zircaloy-clad fuel or to Zircaloy housing tubes and sized
te produce minlmum clearances, provide the most relisble
proven method of spacing large, concentric nuclear fuel
pieces to ensure thelr integrity during power resctor

operation.
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FUEL SPACER DEVELOPMENT

INTRODUCTION

One of the principal objectives of the Du Pont program on heavy-
water-moderated power reactors was the development of low-cost, masslve,
Zircaloy-clad fuel elements, Efforts were concentrated on fuel tubes
that could be assembled in & concentric array; a sultable spaclng method
for the tubes was a critical requirement for an assembly of this type.
This report discusses the various spacing concepts that were evaluated
in flow and irradiation test programs during the development of the
nested tube fuel assembly.

SUMMARY

The most reliable proven spacing concept for malntaining the flow
annull of concentric fuel tubes in test irradiatlions conducted by the
Savannah River Laboratory consisted of full-length longitudinal ribs,
on the outside or inside surfaces of the various tubes, to provide
maximum feasible bearilng surface and to minimize the danger of vibration
damage to the fuel. The ribs were either extruded as an integral part
of the tubes or were attached by electron beam Welding.tl’ Flow tests
and irradiation tests indicated that clearances between the mating
components of the fuel assembly should be kept to & minimum. Diametral
clearances of 0,030 inch were ample with longitudinal ribs extending
the full length of the concentric tubes.

The major disadvantage of full-length extruded or welded ribs 1is
high fabrication cost. During the fuel development progrem at the
Savannah River Laboratory, a concerted effort was made to reduce the
total cost through development of & more economical spacing technlque.
Although several spacing concepts were tested with varying degrees of
gsuccess, none were proven to have the relliabllity of full-length ribs,

It did appear possible that with sdditlonal effort a satlsfactory
alternate could be developed, but it is unlikely that the alternate

would be as conservative s design as full-length ribs. The other spacing
schemes Iinvestigated were, 1in chronologicsal crder:

e Twisted Ribbons - long bands of Zircaloy about 1/% inch wide and
¢.030 inch thick were twilsted, then spirally wrapped around the
Zircaloy cladding of a fuel tube and welded to the tube at each
end. This concept was unsuccessful because the ribbons vibrated
in the turbulent coolant flowing down the annull, causing severe
vibration damage to the cladding on the fuel tubes.




Ribbed Washer - a stainless steel lnvestment casting comprising

a 1/8-inch-thick washer, with four equally spaced ribs (~2-3/8
inches long) attached. This type spacer was used only on short
fuel fubes of natursl uranium. A standard sssembly contalned ten
short fuel tubes in & singlie column with a rivbed washer at one
end of each fuel tube to space 1t concentrically within the outer
housing. Thils concept was unsuccessful because the tight fit of
the washer ribs on the fuel tubes loosened during the test and
allowed the ribbed washers to vibrate and rotate, causing con-
siderable damasge to the fuel and housing components.

Ribbed Spacer - four ribs about 2-3/8 inches long were welded to
a 1/2-inch-long ring whose wall thickness was equal to the wall
of the fuel tube. This spacer differed from the "ribbed washer”
in that 1t was attached to one end of esath short fuel plece by
four cap screws. An assembly contalning seven short fuel tubes
(~15 inches long) of UQp spaced in this manner was successfully
flow tested for 57 days. However, a second assembly contalning

a full-length cuter fuel tube and three short dummy lnner fuel
tubes (~40 inches long), with ribbed spacers attached, was
severely damaged after 97 days of testing. Further investlgation
of this spacing concept was planned to utllize increased rib con-
tact area and decreaged clearance between the ribs and the
adjacent component, but the development program was termlnated
prior to actual testing.

Clamped-Rib Spacer - four ribs, 2-1/2 inches long, were welded to
a split sleeve {1-inch long x 0.050-inch wall) so that the ribs
projected from both the inside and outside surfaces of the sleeve.
The sleeve was posltioned on the fuel tube, clamped snugly, and
the split in the sleeve wall was welded. The lnner diameter of
the rib clrele was thus clamped to the outslde surface of the
fuel tube, and the outer dliameter of the ribs was agalnst the
ingide of the housing which contained the tube. A flow test
asgembly contalning a 10-foot-long fuel tube wlth four of these
spacers along its length was successfully tested for 97 days.

A second test assembly ¢ontaining two full-length fuel tubes in
an unribbed housing and using clamped rlbs to provide the spacing
was flow tested for 125 days without damage to the fuel surfaces
or to the housing tube., Continued testing of the clamped spacer
concept was cancelled because of termination of the program.




DISCUSSION

BACKGROUND

The over-all goal of the Du Pont development program on heavy-
water-moderated power reactors was to advance the technology of those
reactors go that thelir use 1n large nuclear statlons would permlt
generation of electricity at competitive costs. The principal phases
of the program were: (1) irradiation of candidate fuels and other
reactor components under power reactor conditions in the Heavy Water
Components Test Reactor (HWCTR), (2) development of low-cost fuel tubes
for use in large D,0-moderated reactors, and {(3) technical and economic
evaluation of varlous D,0-reactor design concepts.

To demonstrate low fuel cycle costs, Du Pont elected to develop
relatively large tubular fuel elements 1.5 to 3.5 inches in dlameter
with wall thicknesses ranging from 0.15 to 0.30 ilnch. The core
material in the fuel tubes was either uranium oxide or uranium metal,
clad with 0.015 to 0.025 inch of Zircaloy. The aesembly deslgns had
two or three fuel tubes arranged concentrically withln a Zircaloy
houging or pressure tube, depending on the reactor concept. An
important feature of this arrangement was the spacer system used to
separate the fuel tubes from each other and from the housing or pres-
sure tube.

The development of the nested-tube fuel assembly was concerned
with the metallurgical evaluation of uranium metal and uranium oxlde
fuels for various operating parameters, This program required several
different designs of test irradiation assembllies. Table I describes
the types of fuel assemblies and thelr hydraulic conditions. Tables II1
and IIT 1list the results of visual examination of fuel assemblies after
irradiation and after hydraulic tests.

irradiation ond Flow-Testing Focilities

The various fuel assemblies described in thils report were
irradiated or flow tested in facilities avallable at the Savannah River
Plant. The irradiation tests were performed in the Heavy Water Com-
ponents Test Reactor (HWCTR) and the flow tests 1in the Power Flow
Loop (PFL).

The HWCTR 1s a pressurlzed reactor that 1s cooled and moderated
with heavy water.'2)  The design conditions for the reactor were
1500 psi at a temperature of 315°C and a maximum power estimated to be
about 70 MW. The core consisted of a central test reglon, with 12 test
fuel positions for assemblies with fuel columns up to 10 feet long,
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TABLE I

Detalls of Test Acsemblies

Zirceloy-Clad Fuel Tube

Fugl Coolant Annulus
Lsmembly oD, ID, Length, Weight, Tubesa/ Flow, Velocity, ft/mec
Type Core in. in. in. 1b Assembly _ gpm Quter Inner

80T-1-X(P)  Enriched U0, 2.06 1.47 14 4.7 7 240 13.4  20.6
50T-2-X Natural Uc, 2.13 1.16 14 8.1 B 180 12.9 18.6
Bor-5-% Netursl U0, 2.13 1.08 14 7.9 7 200 16.5 - 20.3
S0T-6-X Natural U0, 2.54 1.83 14 8.2 7 100 6.0 6.6
S0T-T-X Natural and 2,13 1,08 1k 7.9 T 200 16.5 20.3

enriched UQ,
s807-8-X Enriched U0, 3.67 2.99 14 9.0 7 265 18,4 -19.3
80T-9-X Enriched UO, 2.5% 1.83 1y 8.2 7 100 8.4 9.2
sMT-1-X¢?  Natural 1.7 1.2% 213 6.5 10 80 6.1 7.9

U Metal
07-1-x'4"  Enriched Us, 2.06 1.47 120 45 1 240 13.1  21.3
TWNT-X{€"  Natural :

U Metal

Quter tube 2.06 1.70 120 60 1 100 9.4 10.7'®’
Inner tube 1.02 0.66 120 25 1

mo-1-X'T!  Natural 2.06 1.70 120 60 1 110 10.5 10.7

U Metsl
2ETWO-X &' 2.1% Enr 2.06 1.70 120 60 1 300 21.%  20.3

U Metal
mMT-1-X M Natural 2.07 1.57 120 60 1 100 6.5 6.5

U Metal
3eMr-x (1) 3% Enr 2.06 1.70 60 20 1 100 20.4 21.0

U Metal :
mr-1x{d' - 124U 2.5 i.84 121 30 1 100 8.1 138.5

{a) Intermediate, annulus veloelty was 9.6 ft/sec.

(b) SOT-1-X through 80T-9-X: Seagmented Oxlde Tubes - Fabrication Series 1-9 - Assembly No. X
{e) SMT-1-X: Segmented Metal Tubes - Fabricatlon Series 1 - Assembly Neo., X

{(d) oT-1-X: 10-rt-long Oxide Tubes - Fabricatlon Series 1 - Assembly No. X

(e) TWNT-X: Thin-Walled Nested Tubes - Assembly No, X

(f) T™WO-1-X: Thin-Walled Outer metal tube - Fabrication Series 1 - Assembly No. X

(g] 2ETWO-X: 2.1% Enriched Thin-Walled Quter metal tube - Assembly No. X

(h) RMT-1-X: Restraint Metal Tubes - Fabrication Serles 1 - Assembly No., X

(1) 3EMT-X: 3% Enriched Metal Tubes - Assembly No, X

(1) TMT-1-X: Thorium gptal gpbe - Fabricatlon Serles 1 - Asgembly No. X



TABLE II

Irradiation Tests

Opereting Spacing
Assembly Time, Concept

Type days Used Postirradiation Inepection
50T-1-2 460 (a} Successful irradiation.
50T-1-3 215 (a) Minor wear on two upper tubes of

column due to contact with houslng
ribs (~5 mils).

SOT-1-4 275 [a} Succeasful irradiation.

80T-2~2 110 {a) Failed due to fuel tube sheath
collapse - no significant wear.

s0T-2-3 g8 (et Falled {ssme se SOT-2-2).

S0T-5-2 BO {a) Falled due to sheath defect - no
pignificant wear.

S0T-6-2 182 {a} Succeasful irradiation,

80T-6-3 89 {a) Successful irradiation.

8QT-7=-2 27 (a) Failled due to sheath defect - no
algnificant wear,

S0T-B-2 85 (v Successful irradistion.

S50T-8-3 85 (b} Succassful irradiation,

80T-9-2 jo1 {a} Successfyl irradiation - no
significant wear.

0T-1-2 328 (a) Grooves in cladding caused by
vibration due to inlet orifice.

OT=1-3 101 {a) Falled - cause unknown.

OT-1-4 186 (a) Grooves in cladding caured by
vibration due to inlet orifice,

0T-1-5 122 (al Deep grooves in cladding caused
by inlet corifice,

0T-1-6 113 ta) Falled - not inspected.

0T-1-7 222 {a) Successful lrraediation,

{a) Integrally ribbed Zircaloy housing tube.
{v) Welded-rib Zircaloy housing tube.



TABLE II {Continued)

Operating Spacing
Assermbly Time, Concept !
Type days Used Pogtirradiation Inspection

TWNT-5 63 (e) Test ter@inated ~ moderate wear
due to vibratlon of twisteg
ribbon spacer.

TUNT-T 4y {c) Falled -!not inspected,

TWNT-9 63 (e} Same as ?WNT-5.

TWNT-11 52 (¢) Test ter¢inated = mlnor wear due
to vibration of twisted ribbon
gpacer,

TWNT-12 63 (c) Test terminated - severe wear

due to vibration of twisted
rivbon spacer.

TWNT-13 18 {c) Test terminated.
TWNT-14 63 (c) Falled - not ingpected.
TWC=-1~2 63 (¢) Test terminated - superficlal

wear on housing ID.

2ETWO-2 126 (a} Successfyl irradiation - no
significant wear.

2ETWO-3 102 (a) Successfﬁl irradlation - no
slgnificgnt wear.

SMP-1-2 223 (da) Test termlnated - severe wear
marks on fuel and housing due to
vibration and rotation of
unattached rib washers,

SMT-1-3 214 (d) Same as SMT-1-2 except wear marks
less severe,.

RMT-1-2 121 (b Sucdcessful irradiation - no
signiflcant wear.

3EMT-2 84 {b) Successful irradlation - no
significant wear.

TMT-1-2 85 {a) Successful irradiation - no

slgnificant wear,

TMT~1-3 85 (&) Succesgful irradiation - no
significant wear,

(a) Integrally ribbed Zircaloy housing tube.
(b) Welded-rib Zircaloy housing tube.

(c) Twisted-ribbon spacers.

(d) Ribbed-washer spacers.
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TABLE ITT
Flow Tests

Operating Spacing
Assembly Time, Concept I

Type days Used Postlrradlation nggection

SO0T-1-1 161 (a) Buccessful flow test - nF gignlficant wear.

S0T-4-1 57 (e) Successful flow test - no slgnificent wear,

80T-6~1 200 {a) Sue¢cessful flow test - :L gignificant wear.

SOT~7~1 83 (a) Successful flow test - n& significant wear.

SOT-8-1 97 (bl Successful flow test - n% significant wear.

SO0T-9-1 171 {a) Successful flow test - nb glgnificant wear.

0T-1-1 241 fa) Successful flow test - nﬁ significant wear.

OTC-1 66 (£) Successful flow test - ro slignificant wear.

QT-1 a7 {e) Outer fuel tube failed { cansed by penetra-
tlon of inner cladding by ribbed spacer.

TWO~1-1 112 {c} Succeasful flow test - nilnor wear on
houaing tube ID. :

2ETWO-1-1 23 (a} Flow test terminated -~ éo slgnificant wear.

TWNT-1 195 {c) Successful flow test - ﬂinor wear caused by
ridbons at upper end of |assembly.

TWNT -2 115 {3 Succeesful flow test - ﬂo significant wear.

TWNT-3 109 (£ Successful flow test - ho gignificant wear.

TWNT-LL-1 17 (e} Quter fuel tube falled - ceaused by pehetra-
tion of inner cladding by twisted ribbon.

TWNT-LL-2 14 ()  Same a8 TWNT-LLwl:

3EMT-1 183 (b} Successful flow test - no significant wear,

SMT-1-1 185 {d) Severe vibratlon damage - rige penetrated
houslng tube,

TMT-1 a7 {a} Successful flow test - no significant wear.

(a} Integrally ribbed Zircaloy housing tube,
(b) Welded-rib Zircaloy housing tube.

(e) Twisted-ribbon spacer.

{da) Ripbed-washer spacer.

(e} Ribbed-spacer,

(f) Clamped-ring spacer.

=11~




gsurrounded by a ring of driver asgemblles chtaining enriched uranium
fuel. Heavy water, which 1is pumped 1nto the top part of the reactor
vessel at a rate of about 10,000 gpm, flows down through the fuel
asgsemblies, 1nto the moderator space, and i returned to the coolant
pumps.

The PFL is a pressurized, closed loop facility for flow testing
up to nine HWCTR-type fuel assemblies in fi#tered and delcnized water
of pH 7, or filtered water at pH 10, and a maximum temperature of 260°¢.
Downflow or upflow coolant can he supplied fio test assemblies with a
maximum length of 17 feet. The loop 1s opeﬁated at 1000 psig internal
pressure with a total flow of 2800 gpm. |

Inspection

Irradiated assemblles were disassembled in the underwater facili-
ties at the Recelving Basin for O0ff-381te Fuel at Savannah River,(a) and
each component was visually examined for indications of damage during
test. Suspect locations were photographed dnd, in many cases, were cut
from a fuel plece for closer examlnation 1n|the High Level Caves to
evaluate possible damage.

Flow test assemblies were disassembledfby hand at periocdic
inspection intervals of 30 to 90 days and edach component was visually
examined for hydraullc or mechanlcal damage,

SPACING TECHNIQUES

Previous experience with the performance of fuel assemblies in
the Savannah River reactors showed that full-length ribs, which were
formed as an integral part of either an aluminum houslng or the aluminum
cladding on fuel pleces, were dependable for spacing fuel pleces to
provide sufflcient support without danger of mechanical damage because
of vibration during operation. The high cost for providing Zircaloy
housings, or fuel cladding with Integral ribs for use in the power
reactor program prompted the investigation of simpler and cheaper
gpacing methods which might be sultable.

The spacing techniques considered for tubular components were
divided into two basic groups; both were utilized during the fuel
development program: (1) full-length spacers that positively positicn
one tube wlth respect to the other over the entire mating length, and
(2) short spacérs positioned intermittently on a long tube or at one
or both ends of short tubes.
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These groups were further divided according to the method by
which the spacer was attached to the fuel or housing component: metal-
lurgical attachment such as welding, and the extrusion of integral
ribs; and mechanical attachment, which included the use of cap screws
and spring lcading.

FULL -LENGTH SPACERS
Straight Longitudinel Ribs

Straight continuous ribs along the full length of a housing or
fuel piece provide a minimum of disturbance for hydraulic flow while
allowing the maximum bearing area for contact with the adjacent com-
ponent.. Irradiation and flow testing of more than 50 assemblies of
Zircaloy-clad UQO, and uranium metal fuel tubes in integrally ribbed
Zircaley hougings, and from which only minor vibration damage was seern,
indicate that thig is a satisfactory method of minimizing vibration
damage in tubular fuel assemblies,.

A Zircaloy housing tube, in which the ribs were extruded as an
integral part of the tube, 1s shown in Figure 1. Extrusion character-
igtics of Zlrcaloy necessitated the slight rib projection on the CD
oppesite each rib, but this did not affect the design applicaticn for
this housing.

FIG. T INTEGRALLY RIBBED ZIRCALOY HOUSING TUBE

-1%-




The use of electron beam welding to attach four ribs to either the
inner or outer surfaces of unribbed Zircaloy tubing produced reactor
quality housings, as shown in PFigure 2. This weldlng technigue was
also successful in attaching full-length ribs to fuel tubes, as shown
in Figure 3.

FIG. 3 FUEL TUBE WITH RIBS ATTACHED DIRECTLY TO CLADDING

Some vibration damage occurred in three irradiation assemblies,
which utilized the extruded housings of Figure 1 (QT-1 series, Table I),
ag the result of hydraulic turbulence in the reactor pesitions Upstream
from the three assemblies; the type of spacing was not the cause of
damage.(4) In this case, the vibration of the fuel tubes resulted from
eddles caused by a single 2-inch-diameter orifice through which the
coolant passed Jjust before 1t entered the top of the fuel assembly.

The downstream jet from this large crifice impinged directly on a
gripper fitting at the top of each fuel tube with sufficient force %o
vibrate the fitting and fuel tube., The damage to the outer cladding

at the upper ends of the fuel tubesg, resulting from contact with the
ribs of the housing during 100 days of reactor operation, 1s shown in
Figures 4, 5, and 6, The marks at the deepest penetration varied from
7 to 22 mils deep; in most cases each fuel tube was heavlly worn by Lwo
zdjacent ribs of the housing tube while the other two ribs contacted
the fuel only lightly. Two other design features of these assemblies
favored vibratory movement of the upper ends of the fuel tubes:

14~




FIG. 4 DAMAGE TO FUEL TUBE OF ASSEMBLY OT-1.2

R

FIG. 5 DAMAGE TO FUEL TUBE OF ASSEMBLY OT-1.4

FIG. 6 DAMAGE TO FUEL TUBE OF ASSEMBLY OT-T1-5

(a) insufficient lateral support of the stainless steel fitting at the
top of the fuel tube, and (b) excessive dilametral clearance between
the fuel and the rib circle of the housing (6OAQO mils instead of the
standard 30 mils ) .

Twisted Ribbons

Long bands of Zircaloy about 1/4 inch wide were twisted into
ribbons and then spirally wrapped around fuel tubes, as shown in
Figure 7. The ribbongs were welded to only the upper and lower ends
of the fuel tubes. The advantages of this spacer were simplicity in
fabrication  and flexibility in service, because the fuel could swell
with minimum stress on the ribbons. The disadvantage was that the
ribbons vibrated in the turbulent coolant flowing down the annulil,
causlng severe wear of the ribbons and serlious damage to the fuel tubes
hoth in flow tests and in the reactor.
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FIG. 7 TWISTED RIBBON SPACERS ATTACHED TO FUEL TUBES
OF TWNT ASSEMBLY

Six pairs of natural uranium fuel tubes with twisted ribbon spacers
were irradiated in the HWCTR. 1In the flow test of a duplicate assembly
which operated less than two months, the ribbon con the lnner fuel tube
wore through the inner cladding of the adjacent cuter fuel tube, as
shown in Figure 8. Almost simultaneously, two of the assemblies in the
reactor failed prompting removal of all six assemblies. Postirradiatlion
examination showed that in several assemblies there had been excessive
motion between the spacers and the fuel tubes which produced wear
patterns, shown in Figure 9, similar to those found in the failed flow
test assembly. In a later flow test, the twisted ribbon was welded at
§_ineh intervals to the surface of the inner tube; however, after 30
days of hydraulic testing the same wear patterns were on the ribbon and
Inside the fuel tube. As a result of these experiences, twisted ribbons
were not considered further. ‘

SHORT SPACERS

The major portion of the fuel development program was concerned
with the metallurgical aspects of uranium metal and uranium oxide.
Short fuel tubes were fabricated for irradiation to expedite the evalu-
aticn of such variables as alloy, heat treatment, cladding thickness,
temperature, exposure, density, and scurce of supply. The usual fuel
assembly for test irradiation consisted of from six to ten short fuel
tubes stacked Iin a single column inside a Zircaloy housing tube. The
housing tubes were elther extrusicns with integral ribs or were unribbed.
In unribbed housings, the coaxial alignment of the fuel column was pro-
vided by short stainless steel ribs that were attached to a washer
located at one end of each fuel plece, Two variations in this spacer
were tested.
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Ribbed Washers

The first, & ribbed washer shown in Figure 10, consisted of a
stalnless steel investment casting comprising a 1/8-inch-thick washer,
with four equally spaced ribs (~2-3/8 inches long) attached. The
ingide diameter cof the rib circle was machined to provide a tight fit
on the fuel tubes, and the rib cirecle 0D provided a maximum dlametral
clearance of 0.030 inch, or less, with the mating diameter of the
adJacent tube.

FIG. 10 RIBBED WASHER USED IN SMT ASSEMBLIES

Three assemblles were prepared: one for hydraulic test and two
for irradiation in the HWCTR as the SMT-1-X assembly type described in
Table I. Each contalned a fuel column of ten short fuel tubes wlth
ribbed washers. During the 185-day flow test, the ribbed washers
rotated around the axis of the fuel, apparently caused by the force of
the coolant flowlng down the annulusg, The result was a loosening of
the fit betwesen the ribs and the fuel which allowed the ribbed washers
to move more freely inside the housing. The damage caused by the
unrestrained washers is shown in Figures 11 through 13. The ribs
penetrated the 0,035-inch wall of the Zircaloy houslng tube at several
locations and the rotation of the washers caused wear bands on the
housing and fuel pleces at all locations. The irradlation testing of
the two simllar assemblles was continued for several months following
the flow test failure with intermittent examination of the assemblies
to determine 1f similar damage was occurring in the reactor. The
irradiation of assembly SMT-1-2 was terminated when evldence of washer
rotatlion and rib wear into the housing indicated the possibility of 2
housing break which might endanger the fuel or reactor operation.
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Ribbed Spacers

The second variatlon was a stainless-steel-ribbed spacer firmly
attached to one end of each short fuel plece to eliminate the possl-
bllity of rotation or vibration of the spacer with reference to the
fuel.

A typical ribbed spacer, shown in Flgure 1¥, consilsted of a
l/?-inch-long ring, with OD and ID equal to those of the fuel tube, to
which four equally spaced ribs (~2-3/8 inches long) were welded. The
rib circle QD provided a maximum diametral clearance of 0.030 inch, or
less, with the mating dlameter of the agjacent tube. FEach ribbed spacer
was firmly attached to a fuel tube by four socket-head cap screws. A
portion of the typical fuel column is shown in Flgure 15.

§oan 4R 2

FIG. 15 PORTION OF FUEL COLUMN WITH RIBBED SPACERS ATTACHED

An assembly of seven short fuel pieces with ribbed spacers was
examined after 57 days of flow testing in an out-of-reactor loop; there
was no sign of wear on the fuel or housing components. Another assembly,
consisting of an integrally ribbed outer housling tube of Zircalioy, a
9-foot-long U0y outer fuel tube, and a three-piece dummy inner fuel
column, was flow tested for 97 days. The dummy inner fuel column ls
shown 1n Figure 16. Ribbed spacers similar to those used in the first
assembly, shown in Figure 17, were attached to each end of the top and
bottom segments of the three-piece inner column. In this test the
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FIG. 16 DUMMY INNER FUEL COLUMN

&

FIG. 17 RIBBED SPACER ATTACHED TO DUMMY FUEL PIECE

Zircaloy inner cladding of the outer fuel tube was penetrated by one
of the ribs. The damage to the ribbed spacer, shown in Figure 18, may
be compared with the damage to the inner cladding of the outer fuel
tube, shown in Figure 19. The U0, core is vigible as the black material
through the opening which is about 1/8 inch wide and 2 inches long.
The large area of severe wear on the rilb corresponds to the mating
surface of the fuel cladding that was not completely penetrated. The
mode of failure appears to be that the relative motion of the rib to
the inner cladding in both vertical and horizontal directions caused
the lower end of the rib to penetrate the claddipg first. Continued
motion then allowed the remainder of the rib to wear through the clad-
ding until a relatively soft area of the rib at the upper end began to
wear in preference to the somewhat harder ¢ladding. Another rib,
located 90° from the failure, made a visible lndentation estimated to
be 5 mils deep, as shown in Flgure 20. Two other ribs, located 90°
apart and at the next lower Joint of the three-piece column, also
produced visible indentations approximately 3 to 5 mils deep.

This test emphasized the importance of two requirements for ribbed
spacers on an articulated fuel column: (1) the area of contact between
the bearing surfaces of the ribs and the adjacent fuel surfaces must be
as large as is practicable; and (2) the clearance between rib circle
and adjacent component should be as small as practicable with allowance
for sufficient loading clearance.

-21-




FIG. 18 DAMAGE TO RIBBED SPACER THAT PENETRATED CLADDING

FIG, 19 FUEL TUBE FAILURE CAUSED BY RIB PENETRATION

FIG. 20 CLADDING INDENTATION CAUSED BY RIBBED SPACER
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Clamped-Rib Spocers

The ultimate goal was the development of an assembly of nested
full-length fuel tubes. The high cost of full-length ribs provided
the impetus for the study of short spacer concepts which might be
used for long tubes. Clamped-rib spacers were hydraulically tested
on two fuel assemblies containing full-length nested fuel tubes.

The clamp-type spacer, shown 1n Figure 21, consisted of a
one-inch-long sleeve and four equally spaced ribs. The sleeve was
approximately ©.050 inch thick with 1ts mean dlameter corresponding
to that of the flow annulus it was to maintain. The ribs were notched
to filt the slieeve and welded in position to provide an inside dilameter
egual to the nominal OD of the fuel tube on which 1t was to be clamped.
The outslde diameter of the rib cirele then provided the required
clearance within the bore of the next outer fuel tube. The spacer
sleeve was split at one locatlion to allow easier positioning on the
outslde of the fuel tube. The ribs of the spacer were fltted snugly
agalnst the fuel tube with a standard hose clamp, and the split in the
sleeve was welded. BShrinkage of the weld metal produced enough hoop
tension in the sleeve to clamp the ribs tightly to the fuel tube.

FiG. 21 CLAMPED-RIB SPACER

An sssembly containing a 10-foot-long fuel tube with four clamped-
rib spacers along its length, shown in Figure 22, was flow tested for
97 days with no indication of damage to the fuel surface or to the bore
of the Zircaloy housing. A similar assembly was flow tested for 125
days without vibration damage.
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FIG. 22 CLAMPED-RI!B SPACERS POSITIONED ON FUEL TUBE

STATUS

Ag previously mentioned, termination of the fuel development
program at Savannah River Labcratory prevented further testing that
was necessary to fully evaluate the various ideas for short spacers,
The development program, though not completed, showed that intermittent
gpacing of fuel and housing components was feasible. The concepts for
ribbed spacers and clamped-rib spacers were successful in maintaining
annular spacing of fuel components during out-of-reactor flow test
studies. The ribbed spacers are applicable to short fuel tubes stacked
in a single cclumn, whereas the clamped-rib spacers are applicable to
long fuel tubes., It ig possible that both types of spacers may be
required in certain applications depending on the lengths of the fuel
tubes to be used. Complete evaluation of both concepts will requlre
not only additional cut-of-reactor flow tests but also irradiation
tesets under the reactor conditions for which the applicaticons are
intended.

EFFECT OF HIGH BEARING LOADS AND VIBRATION

Although short-length ribs, such as those in the spacer schemes
just described, are applicable for an assembly of nested fuel tubes,
thelr major limitation is the high unit bearing load to which the
cladding of the adjacent fuel tube will be subjected if vibratior occurs.

Examples of the effect of high unit bearing loads and vibration on
Zircaloy components are shown in Figure 11, 12, 13, and 19, A more
gtriking example of the damage resulting from the combinatlon of these
conditions was the failure of the boiling locp bayonet in the HWCTR
(Figure 23).

The bolling loop bayonet, an isolated test loop 1n the HWCTR,
consiste of an upper section of stainless steel jolned to a lower section
of Zircaloy, The lower section is in the core portion of the reactor
and houses the fuel assembly during irradiation. The fuel assembly is
supported by the 15/16-inch-thick bottom end cap of the lower section.
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To investigate the hydraulic characteristics of the bayonet loop
and alsc the possibility of vibration, an empty fuel element housing
tube was charged to the bayonet. The housing was an integrally ribbed
Zircaloy tube with a flare at each end to which stainless steel
fittings were attached. The fitting at the lower end was a stainless
steel cross, which supported the housing on the bottom end cap of the
bayonet. The components of this fitting are shown 1in Figure 24.

Stainless Steel Nut

Flare on Housing |

Zircaloy Housing

Housing Rib
(4 total)

Stainless Steel Cross

FIG. 24 COMPONENTS FOR BOTTOM FITTING OF EMPTY HOUSING
iIN HWCTR BAYONET

Fallure of the bayonet loop was due to vibration and apparently
developed as follows: the flare at the bottom of the Zircaloy housing
tube sheared off due to the vibration. The Zircalcy housing tube then
moved downward until it contacted the upper end of the support cross,
Vibration caused the four legs of the cross to cut slots through the
wall of the housing, allowing the housing to contlnue 1ltes downward
movement as four separate pleces. These pileces flnally contacted the
bottom end cap of the bayonet. As pleces of the housing subsequently
broke coff, the housling continued to move dowhward. Concurrently with
the above events, the bottom fitting cross was also wearing a mating
groove in the bottom cf the bayonet, The Inside surface of the bayonet
bottom end cap is shown 1ln Figure 25, Visible in thils filgure are a
creoss-shaped groove, which was estimated to be 5/8 inch deep, and a
hole extending through the remalning 5/16-inch thickness of the bayonet
bottom end cap. The hole in the cap was caused by a housing tube rib
that projected below the bottom of the cross and acted as a cutting
tool. Presumably, the rib was energlzed by the vibratlon and was forced
downward by the weight of the housing (~20 1b). The lower end of the
stainless steel cross and the projecting housing rib are shown in
Figure 26. Although the cross was severely worn, its length decreased
by only 1/8 inch. However, the Zircaloy housing tube was 20 inches
gshorter than when originally charged into the bayonet.

26~



i Hole Through Bottom

;Cross Shgped.Groove | l Forging (15/16 in.thick)

FIG. 25 DAMAGE TO BOTTOM END CAP OF HWCTR BAYONET

FIG. 26 HOUSING TUBE THAT PENETRATED BOTTOM OF HWCTR BAYONET
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