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1.0 SUMMARY

Wire wrap fuel bund]e-cbmpression tests were performed on 217 rod assemblies
in a speciaT test fixture which allowed the determination of the bundle
across-flats compression spring constant and fuel rod 1atera1‘diSp1acemeht :
characteristics. Five bundle configurations were tested; the reference
FFTF/CRBR straight start (0°-0°-0°), and four advanced designs selected to
‘provide softer bundle compression characteristics, the straight start with
distributed wireless rods, 0°-30°-60° staggered start, 0°-45°-90° staggered
start, and the locked-wrap bundle. The relative bundle compression

spring constants were determined to be approximately as,fb}lows:}

straight start (0°-0°-0°) 1.0
0°-0°-0° with distributed wireless 0.7
0°-30°-60° staggered start "0.2
0°-45°-90° staggered start 0.1

Tocked wrap 0.01

Dispersion of the rod displacements from pinch planes and rod-to-rod nesting
displacements in the softened bundles, demonstrated that bundle-to-channel
interference considerably in excess of one wire diameter can be accommodated
before edge row fuel rods contact the channel wall. The bundle-channel )
interferences which can be accommodated are approximately as follows:

straight start (0°-0°-0°) ~ 140 inch (3.6 mm)
0°-0°-0° with distributed wireless

0°-30°-60° staggered start : ~ .250 inch (6.4 mm)
O°—45°~90° staggered start

locked-wrap .  >> .250 inch (6.4 mm)

The "wireless" bundle has been identified for near-term development, haVing
exhibited favorable compression characteristics, but particularly for its
potential economic incentives. The bundle pressure drop will decrease
because approximately 25% of the rods are wireless for 217~ and 271-rod
assémb?ies. “Because of the bundle simplicity, a minimal degree of assembly
and irradiation experience is required for verification of this design.

The Tocked-wrap bundle has been identified for longer range development.
Extremely favorable bundle compression characteristics were exhibited.
Prior to irradiation testing, additional work is required toyimprbve the
method of bundle assembly and handling and to establish the bundle's
hydraulic characteristics. '



2.0 INTRODUCTION

2.1 Background and Justification

The objective of the wire-wrap program is to deVe]dp a wire-wrap fuel rod
assembly capable of meeting LMFBR performance goals. To achieve this,
significant effort is being directed towards the investigation of wire-wrap
fuel assembly response to relative bundle-to-channel growth and towards the
development of advanced assembly designs which will minimize the effect of

relative agrowth on bundle performance during operation.

The wire-wrap assembly of a target LMFBR may be required to operate to a
peak burnup of approximately 150,000 MWd/Te and a peak fast fluence of 2.5 to
3.0 x 702311/cm? With the present reference core structural material {316 SS-
20% CW), these operating conditions can, as presently predicted, result in
significant (up to 30% aV/V) irradiation growth of the assembly and signifi-
cant growth of the fuel rod bundle relative to the channel. This latter
phenomenon is of particular importance in the design of the fuel assembly.

Excessive growth of the fuel rod bundle relative to the channel. results in

a number of potential problems of a design limiting nature, which must be
investigated. These include: 1) potentially damaging pinch loads along the
channel; 2) inter-bundle dispersion and‘displacement’of the fuel rods
resulting in increased cladding hot spot temperatures; and 3) for the case
of channel crowth relative to bundle, vibration and fretting.

The driving force which eventually results in relative growth is the bundle-

to-channel temperature difference. This can be minimized through the use of

reduced edge spacing. This reduction in edge spacing has shown excellent

promise in analytical studies, both in reducing relative bundle~to-channel
growth and in increased fuel rod performance, by reducing.the bypass flow
around the exterior of the bundle. Since, however, it does reduce the edge
cléarance, it also 1imits the amount of overall bundle distortion which can
be accommodated. Also to be considered is the fact that the reduction in
bundle-to-channz1 interference is the net result of increased channel growth.
This increase must be considered in relation to the design and berformance

of the core restraint system.



: End—of—1ifé loads and bundle interference can be decreased by increasing

the amount of as-built porosityd This is a direct method for providing
“room” for ke?ative growth. However, recent in-pile data on 37- and 61-rod
assemblies have indicated that an upper 1imit exists at or near the reference
FTR design to preclude excessive’fretting. The effects of large clearances
on the overall thermal-hydraulic behavior of the sssembly are also uncertain

with this approach.

The most promising method of reducing the effects of interference is~thirough:
the use of improved spacing techniques and other bundle assembly advances.
The principal advantage of this approach is the abi?ity of an assembly

to accommodate swelling internally without the negative aspects of large
as-built porosity. It would thus be possible to construct a tight bundle
(reduced porosity) for improved vibration control while still providing room
for relative growth. Such improved spacing techniques as staggered starts,
wireless fuel rods, etc., are being considered.

The bundle-to-channel interference can be simulated in a test fixture where
external displacements are applied to the bundle at positions of normal contact
between the channel and the bundle. This report summarizes a series of bundle
compression tests conducted on a number of advanced fuel assembly designs and
compares their performance relative to the reference, straight-start wire-wrap

bundle.

2.2 Phase I Compression Test Objectives
Compression tests were conducted on various LMFBR wire-wrapped assemblies to:
1. Determine load and displacement characteristics of the fuel rods to

allow accurate analysis of in-pile mechanical and thermal-hydraulic
behav%ﬁr which require knowledge of these characteristics. ‘

2. Deterine an optimum design for an LMFBR fuel assembly with respect
to accommodation of bundle-channel interference at high fluences and

burnup.

3. Determine input data for effective design of hydraulic and irradiation

teSté.



The bundle configrations tested included the current FTereférence desfgn;
which consists of uniform diameter wire, a constant wrap start angle and a
12-inch wire-wrap pitch, and the following variations on this design:

1. Bundle with 55 wireless (non-wrapped) rods
2. 0°-45°-90° staggered wire start angles

3. 0°-30°-60° staggered wire start angles

4. Locked=-wrap configuration

These designs are. described in Section 4 below.

_ The following measurements were obtained on each bundle:

1. Displacements at all load pads
2. Loads at load pads, six load pads located in a helical
| array at the mid-length region of the bundle
3. Individual rod displacements across a characteristic
plane of the bundle



3.0 DESCRIPTION OF TEST EQUIPMENT

An elevation view of the test equipment is shown in Figure 1. The test rig
is located in the fuel assembly test pit of BTF-III and is rigidly supported

on all sides to assure stability between the test rig and the optical dis-

placement equipment located above the compression fixture.

-The fixture itself consists of six rigid vertical beams positioned radially
around the test bundle in a hexagonal configuration. Each beam is equipped

with horizontal borings spaced along its length which provide the locations
for-the load screw assemblies. An incremental loading generated by rotation
of the.1oad screws is transmitted to the bundle through a load pad support
system. The load pads provide the same constraints on the bundle as would

the actual channel.

Calibrated load cells monitor the force applied by the Toad screws and
dial indicators, located between the beam and the load pad, measure

the amount of bundle deflection. The load deflection data then yields the
spring constants of the various bundles tested.

Rod dispersion - the geometric distribution and scattering of rods within

the channel confine, the spacing between the rods and the spacing between

the edge rods and the channel - is measured using the optical displacenent
equipment incorporated with the test fixture. Relative movement of an axially

" Tocated target within each dummy fuel rod is monitored using a reflex

optical mirror in conjunction with a dual-axis coordinate cathetometer.
ITlumination of the targets is accomplished by axial diffusion from a single
light source located at the bottom of the test assembly.

The repeatability of the measurements was observed to be consistently within
+0.002 inches (.05 mm). Repeatability is the significant instrumentation

- parameter, as the readings are used only to obtain displacements of each rod,

as opposed to determining rod-to-rod measurements. The rod displacements
measured between any two degrees of bundle compression are considered accurate
to within approximately +.004 inches (.10 mm) due to possible error accumulation
This possible error is independent of the degree of bundle compression and

rod displacement.
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4.0 DESCRIPTION OF TEST BUNDLES

The comp]éted Phase I test matrix is summarized in Table 1. Tests 1.0

were on the reference, state-of-the-art wire-wrap fuel rod bundle (straight
start, CRBR design) and are intended to provide a base reference point for
future comparison as well as data on the response of this bundievconfiguration.

Tests 2.0 are of a straight-start bundle with 55 distributed wireless fuel
rods, as illustrated in Figure 2. It should be noted that the pattern has

been set in such a way as to insure that no two adgacent rods are wireless,
“that no edge “rods are wireless, and to most effectively d1srupt the load path.

This wireless array is completely symmetric about all flat-to-flat and corner-
to-corner diagonals, resulting in a hexagonal fuel rod bundle with an equal
distribution of wireless rods in each of its six triangular segments. Other
wireless arrays are conceivable, however, none exhibit the unique properties
of the selected wireless array. ‘

Test series 3.0 and 4.0 are tests of staggered start bundles. Two such arrays
are included (the 0°-45°-90° and 0°-30°-60°) to confirm and quantify the
expected improvements in bundle flexibility predicted with increased relative
rotation of the wire wrap start locations.

Tests 5.0 are ‘compression and displacement investigations of the locked-wrap

design.

The Tocked-wrap, 0°-120°-240° staggered start array significantly differs
from other staggered-start designs that have considerably less staggering.
With previous staggered-start designs the upper bound staggered-start limit

-was approximately 0°-60°-120°, as greater rotations caused the wires to

interfere with«ach other. Attempting a 0°-120°-240° stagger would cause
the wires to interfere with each cther in clusters of three, making fabrication
with normal wire dimensions impossible. The locked-wrap design reduces the

wire diameter so that there is no interference, and the three wires act together
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TABLE 1

BUMDLE COMPRESSION AND DISTRIBUTION TESTS

Maximum Expected

Test . o Mechanical Specific
Number Test Conditions Interaction Objective
S _in (om) _of Test
1.0 Straight start (current reference) ~ 0.10 (2.5) Tec cbtain data on
v : current reference
design; provide basis
for future comparisons
2.0 Bundle with uniformly distributed 0.20 (5.0]  To obtain data on rod
wireless rods response and disper-
sion in softened array
3.0 Bundle with 0°-45°-90° staggered 0.20 (5.0)  To obtain data on
wire-wrap start angles ’ ' response and disper-
sion in arrays.
Softened by wire-wrap
staggering :
4.0 Bundle with 0°-30°-60° staggered 0.20 (5.0)
wire-wrap start angles
5.0 Locked-wrap bundle, 0°=120°-240° 0.20 (5.0) To obtain ‘data on
starts this unique staggered-

start design



..A to' sbace the rods as desired. See Figure 3. This reduced wire diameter
also reduces the edge spacing and channel size for the same'rod-t0~rod
spacing. The manner in which the three wires engage each other tends to
lock the rods together at each of the wire cluster Tocations. As one of the
three clustered wires tries to escape the locked position, a section of that
“wire immediately above or below the'1ocked plane is blocked by the wire of |
“one of the other two rods which pass’ﬁhrough the same rod-to-rod clearance
flow channel. This extended blockage of a wire from escaping the locked
position is readily observed on a model -of the configuration.

The locked-wrap design has a number of inherent advantages over other designs.
These are:

1. The contact between rods is a wire-to-wire contact. This
prevents point loading on the rods; instead the load will
be distributed aiong a helical line. This is preferred for
bundle-to-channel differential expansion-induced contact
loads. However, it may be far more significaht in terms of
fretting and wear considerations of the fuel rods which are
caused by sliding, rolling, or impacting betwcen a cladding
surface and a neighboring fuel rod's wire wrapper. Most
{conceivably all) of the fretting and wear may be restricted

to wires only.

2. There is a reduction in the steel volume fraction compared to
conventional wire-wrap spacing designs. This is because a
smaller wire diameter is required to produce the same rod-to-

rod spacing.

3. With the smaller wire-wrap diameter, a reduction in edge spacing
occurs reducing edge coolant bypass flow and thereby improving
the overall bundle thermal-hydraulic performance. ’

A patent disclosure (GE No. 24-AD-B4049) describing this unique wire-wrap ‘
design in detail has been prepared and submitted to GE and US-ERDA leaal service

‘ organizations.
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Pad

A1l bundles use the CRBR rod dimension$; that is, 0.230 inch (5.84 mm)

“diameter cladding and 0.056 inch (1.42 mm) diameter wire, exCept-for

the locked-wrap bundle which uses0.0465 inch (1.18 mm)’djameter wire
to achieve the same rod-to~rod spacing of 0.286 inch (7.26‘mm);



5.0 TEST RESULTS

As presented in Table I, it was originally anticipated that approximately

.10 inches (2.54 mm) across-flats compression would be applied to the

straight start test and approximately .20 inches (5.08 mm) cross-flats
compression would be applied to the various softened bundles. The straight
start test was terminated at .070 inch (1.78 mm) bundle compression, as a
predetermined 1imit of approximately 500 pounds (226.8 kg) per load pad was
reached. This limit was determined to assure that no local permanent set
would be imposed on the rods. The softened bundles, with the exception of the
locked wrap bundle, were loaded to approximately .160 inch (4.06 mm) inter-
ference. This limit was selected when it was observed that optical data would
be somewhat limited beyond this compression due to rod bending displacements.
The locked wrap bundle was compressed to approximately a .210 inch (5.34 mm)
interference. The corresponding across-flats dimension represented the
1imiting testing machine compression as limited by load pad bridging.

5.1 Bundle Load-Compression Characteristics

Due to "shakedown" problems involving the operation of the compression
testing machine and its instrumentation, the first test on the straight-
start bundle was performed four times, tests 1.1.1, 1.1.2, 1.1.3, and 1.1.4.
Of these four tests, the load vs. across-the-flats displacement measurements
(i.e., bundle compression spring constant data) were measured for tests 1.1.2,
1.1.3, and 1.1.4. The data for the displacements of the rods, which were
optically measured across a plane at approximately the bundle mid-height =
and at the same elevation as a loading pad, are available only for test 1.1.4.

Figure 4 shows the load-bundle compression displacement data. The data .

points represent the average load calculated from six load cells located in

a helical array about the approximate mid-length of the bundle. Initially

1t was p?anﬂea to 1oad the bundie with approximate1y‘07100 inches (2.54 rm)
across-the-flat compression, anticipating a load of approximately 450 to 500
pounds (204 to 227 kg) per load pad to attain ihat degree of compression. The
limit was set at a load of approximately 50 to 60 pounds (22.7 to 27.2 kg) per
rod {nine edge rods are loaded by each load pad) so as to have ample margin
against local permanent deformation of a rod. The anticipated load-displacement



. was based on the pfedicted stiffness using the s‘emi—empir’ical equation of

Reference 1.

| el 120 £1 &
W= 129 Aor K= 3
p p
where
W = Tload per side per pitch, pound »
K = spring constant, pound per pitch per inch
E = pmodulus of elasticity, psi
I = rod moment of inertia, in.
N. = number of fuel rods
P = wire-wrap pitch, inch
& = flat-to-flat compression, inc.

where the factor 6, alternately referred to as CD the dispersion coefficient,
is an experimentally determined constant based on tests on 37-, 127-, and
217-rod bundles. This equation resulted in a predicted spring constant of
4486 pounds per pitch length per inch (80,1 kd_DeY mm) of across-the-flats
compression. ' ’

As shown in Figure 4, the load is not Tinear with displacement; rather it
can be approximated by a bilinear curve. In the range of 4.280 inches
(108.71 mm) to 4.22 inches (107.19 mm) across-the-flats dimension (the
nominal tight bundle being 4.301 inches (109.24 mm)), a spring constant of
8730 pounds per pitch length per inch (155.9 kg per mm) occurs, which s
approximately double the predicted spring constant.

The semi-empirical expression for the bundle across-flats compression
stiffness was developed using test data reported from Reference 2 for
bundle~to-channel. interaction testing of a 217-rod FFTF prototype assembly. .
Figure 5" shows the test data as reported in Reference 2 with the current GE
test data superimposed. The current data closely approximates-the earlier
. data over the low compression range. However, for higher degree of bundle-
to-channel interaction, the bundle stiffens by approximately a factor of two.



Load/Flat/12" Length ~ Lbs (Ka.)

o

STRATIGHT START (0 -0 -0°%)

COMPRESSION DATA

Bundle Spring Constant
(Corrected for Testing
Machine Compliance)

~ 8730 #/In. (15529 kg form )
From ~ 4.28" to ~ 4.22"

(10931 M1 4o 107, Mnm).

/”//// | ; i . 1 : !

30 . 4.28 4.26 4.24 4.22

{1o9.22) {1e%.31) {1ow.20) {1e1.70} (107.49)

Distance Across Flats ~ Inches ([m.m:)

FICURE 4
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Figure 6 shows 1oad displacement data for the various bundle conflgurat1ons
tested, the data be1ng the average compression measured in the six hex flats.
. “wo.. As in Figure 4, the data include the comphance of the test fixture, wh1ch
adds .002 15&£Nk0 5 mm) of across-flats displacement for each 100 pounds
(45.4 kg). Thus, for example, of the .160 inch (1.06 mm) across-the-flats
compression for the 0°-30°-60° staggered-start bundle which occurred at
approximately 300 pounds (136.08 kg), .006 inch (.15 mm) is caused by the
test fixture compliance and .154 inch (3.91 mm) is due to bundle compression.
Similarly, for the straight-start bundle, .010 inch (25 mm) of the .080 inch
(2.03 mm) displacement is due to the test fixture compliance and .070 inch

(1.78 mm) is the bundle across-flats compression displacement.

The stiffness of the 0°-30°-60° staggered start and the wireless bundle are

both approximately 20% that of the straight start. The 0°-45°-90° staggered-
start bundle is approximately half as stiff as the 0°-30°-60° and the wireless
bundles. The locked wrap bundle is two orders of magnitude less stiff than

the constant start bundle. The approximations to the relative bundle stiffnesses
are being considered pending further interpretation of the data. No explanation
is apparent for either the sudden change in the compression characteristics

of the wireless bundle or the manner in which all bundles display greater
flexibility in the low compression range.

The 0°-45°-90° bundle was compressed twice, with the test designated 3.1.1
. (not shown in Figure 6) being terminated at approximately .070 inch (1.78 mm)
.\__compression beyond the tight bundle dimensions. The test was terminated as it was

s observed that an edge rod was rotated 180° from its proper position. The
bundle was disassembled and the assembly error corrected. A1l other rods
were observed to have been properly positioned. The load-displacement data
for the two compression tests on the 0°-45°-90° bundle are shown in Figure 7
over the displacement range obtained for test 3.1.1. The closeness of fhe
curves Tends confidence to the repeatability of the résu1ts.

-

45 .2 Interpretation of Rod Displacement Data

’Before presenting the rod displacement measurements, it is useful to discuss
the manner in which the test data are to be interpreted for in-reactor and
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mechanical test characteristics is that, for in-reactor behavior, the bundle-
to-channel differential growth is generated by restraining the bundle radial
displacement to zero at the helical array of lTocations where the bundle is
spaced from the channel by thé Wire wrappings; whereas the test fixture imposes

a radial displacement at these same locations.

Figure 8a shows that the initial and final bositions of the load pads impose,
in a helical manner, a radial displacemant of one-half of the across-flats
compression. The Toad pads simulate the portion of the fuel assembly channel
which contacts the bundle wires along the edges. Figure 8 shows the bundle
cross section at a load plane, the plane at which the edge wires contact the
"0 o'clock" hex flat, assuming that the bundle deflects in a helical manner
with no dispersion. (DBispersion is defined as internal rod-to-rod displacement
mechanisms which distort the bundle cross section and result in decreasing
the bundle outer across-flats dimension.) The difference between the load
. pad inner envelope in Figure 8aand the compressed bundle envelope in
Figure 8b represents the relative motion at the plane between the edge rods
and the channel of the in-reactor bundle. Thus at the 10 o'clock flat
where the wires space the bundle at that‘p]ane, no_relative motion occurs
between the bundle and channel. At the opposite (4 o'clock) flat, the.
relative displacement between the bundle and the channel is SA/F (i.e.,
5 SA/F + ‘56A/F)' CAt this plane the 4 o'clock hex flat is located midway
between the two planes at which the wires space this flat of the bundle
from the channel. For a wire diameter of .056 inch (1.42 mm) (FFTF and CRRD),
wien the burdie-to-channel differential growth exceeds .05 inch (1.42 mm)
across-flats (after the initial bundle assembly clearance is closed due to dif-
ferential growth) the bundle will contact the channel at this location if no
dispersion occurs. If dispersion occurs, as shown in Figure 8c, the relative
bundle-to-channel displacements for the in-reactor condition are found by the
difference between the inner envelope of the pads at the compressed bundle
as shown in Figure 8a and the compressed bundle envelope as shown in Figure
8b. Thus for a .056 inch (1.42 mm) diameter wire spacer, the bundle will
contact the Thannel when |

0.5 ¢

AJF T § = 0.056

where § is positive as shown in Figure 8c.



INITIAL ENVELOPE
AT TIGHT BUNDLE

: INNER ENVELOPE AT
/ COMPRESSED BUNDLE

<

/
N

0.5 6A/F {TYPICAL)

§asp = ACROSS FLATS
BUNDLE COMPRESSION

 NOTE:

(a} LOAD PAD ENVELOPES

AY

COMPRESSED BUNDLE
ENVELOPE

LOAD DIRECTION AT PLANE

0.5 dA,F

: 0.5 5, /5
INITIAL BUNDLE ENVELOPE

\

(b) BUNDLE DISPLACEMENT AT PLANE, NO DISPERSION

ST T, '

COMPRESSED BUNDLE
/ ENVELOPE

O

{¢} BUNDLE DISPLACEMENT AT PLANE, DISPERSION

Test Bundle Compreesion Characteristics

pron oo oo indie e RE g o

FIGURE &




Rod-to-rod clearance data for the in-reactor bundle-channel interference

which is being modeled in the compression test is'directly obtained from

the compression test as the relative rod-to-rod centerline displacement

data. In order to obtain the in-reactor rod-to-rod centerline displacements
~from the compression test data, the radially integrated bundle swelling p}us
thermal expansion (minus that of the channel) must be added to those from

the compression test. For example, consider a hypothetical bundle spaced

such it behaves in a homogeneous manner. As a more visualbexamp1e, consider
the bundle to be a plane consisting of 217 rigid rings with each ring radially
spaced from its neighbors by radial springs. When subjected to bundle-to-channe]
interaction, the in-reactor version of the bundle will result in no relative
motion of the ring centers, but clearance between rings will be diminished

by the combination of ring radial growth and sprﬁng radial compression. The
test fixture version of the bundle will have disp1atement of the ring centers
toward the bundle center and rod-to-rod clearance decreases, with the latter
being the same as for the in-reactor bundle. |

5.3 Rod Displacements

Figure 9 is a computer-generated output of the rod disp1acements‘for the
straight-start (0°-0°-0°) bundle at an across-flats compression of .070.inch
(1.78 mm). (The nominal applied compression was .080 inch (2.03 mm), however,
.010 inch is due to test fixture compliance.) The plot is constructed by the
computer output "printing" a 217-rod array designated by + characters and
simultaneously printing * characters at vector-determined positions for the dis-
placements. The + and * are connected by hand and the + characters are circled
for clarity. The magnitude of the displacement vectors can be approximated by
considering that the rods along the 10 o'clock hex edge have components normal
to the edge of approxéméte?y .5 6A/F’ f035»inch (.89 mm). The spacings

between adjacent rods, which are a different linear scale, are approximately
.286 inch (7,26 nm). At 21 locations, indicated by darkened rings, no optical
targets were available and the data shown in Figure 8 for these locations are
obtained by interpolation. The effect of the dispersion mechanism is apparent
as‘evidenced by the varied magnitude of the displacements and the manner in
which the 4 o'clock flat displaces inward rather than approximately .035 inch
(.89 mm) outward.
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. From Figure 9 some general observations are apparent. It fs noted that the corner

rods displace erratically compared to the other rods. This erratic behavior

is believed to occur over the entire bundle axial length based on observations

made, while the bundle was compressed, alonq the complete outer "surface"

of the bundle. The erratic displacements. are associated with movement of

the wirelwrap. This movement occurs even though the wires are pretensioned
according to typical FTR/CRBR‘specificatiohs. (Between tests the bundles

were disassembled and the wires were manually adjusted to return the rods to
as-fabricated condition. HNo wire "loosening" was detected. It is believed
that all rods were in a newly fabricated condition prior to each test.) The
corner rods at 9 and 11 o‘c]ock,'which were in contact with the load pad at the
plane shown in Figure 2, shouid both exhibit approximately .035 inch (.89 rm) dis-
placements normal to the 10 o'clock hex adge. The variance in the 11 o‘c]ock
rod is probably due to the wire contact shifting. Similarly the 1 o'clock
corner rod, which displaces very erractically, may ref}ect wire movement at

“above and/or below wire-to-load-pad contact. In fact it appears that'the

displacement of this rdéd may be associated with, or may be the cause of, the
unpredictable displacements all along the 2 o'clock hex fiat.

It should also be considered that at the corner rods the nonprototypical
feature of the testing fixture, whereby the 1oad pads move into the bundle
rather than the bundle bearihg out radially against a fixed position boundary
could result in a rod sliding 1ateria11y. Ideally this should not occur due
the mannar in which 2 corner rod is cradles in the corner. Howéver,
considering that the Toad pads are displaced individually rather than
simultaneously, and considering that the sometimes erratic nature of

friction may be a factor, may explain the observed behavior.

Another general observation is an apparent row-to-row nesting mechanism
occurring at the rows in the vicinity of wire-to-pad contact, i.e., the 10
0'clock flat ®here a pad occurs, and the & and 12 o'clock flats where the

pads are 2 inches (50.8 mm) above and below the b]ane of Figure 9.

Considering the discussion earlier with respect 0 Figure 8, and using

that as a hasis to approximate the bundle-to-channel contact which would occur



at the 4 o'clock hex flat, it is calculated that for the .070 inch (1.78 mm)
across-flats bundle-to~channel intefference, the bundle maintains a minimum
clearance from the channel of approximately .025 inches (.64 mm) for a .056
inch (1.42 mm) diameter wire spacer. ' '

The nature of the displacements of Figure 9 as well as Timited visual
observation of all edge and corner rods for the length of the bundle leads
to the conclusion that variations will occur from plané to plane and test
to test. This variation is expected to be greater for the constant start
where .dispersion results from an unstable loading along pinch planes than
for softened bundles where the more stable nesting mechanism is present.

A further discussion of rod displacements is provided in Section 6 where a
comparison of rod-to-rod displacement data is made among several bundle

designs.

Figure 10 shows the displacements for the 0°-45°-90° staggered-start bundle
configuration. The across-flats bundle displacement is .069 inch (1.75 mm)
.070 inch (1.78 mm) nominal, with the .001 inch (.02 mm) being in the test
fixture. A1l the rods had optical targéts and all displacements represent
direct test data. A scale can be approximated for the displacement vectors
by considering that the radial displacements along the 10 o'clock flat are
approximately .035 inch (.89 mm).

The 45° rods contact the load pads at the optical target level, with the 0°
and 90° rods contactihg the load pads 1.5 inches (38 mm) above and below the
displacement plane. The greater uniformity of the inward radial edge rod
displacements is the direct result ofvthe bundle softening mechanism provided
by rod-to-rod nesting in conjunction with rod deflections induced by the
staggered starts. Considering the discussion earlier with respéct to Figure 8,
and using thdt as a basis to approximate the bundle-to-channel contact which '
would occur at the 4 o'clock hex flat, it is calculated that for the .069

jnch (1.75 mm) across-flats bundle-to-channel interference, the bundle
maintains a minimum clearance from the channel of approximately .040 inch
{1.02 mm) for an .056 inch (1.42 mm) diameter wire-wrap spacer.

Figure 11 shows the displacements for the 0°-30°-60° staggered start bundle
configuration. The across-flats bundle displacement is .068 inch (1.73 mm),
.070 inch {1.78 mm) nominal minus tna .002 inch (.05 mm) deflection of the
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test fixture. The 30° rods contact the load pads at the optica1 target Tevel,
with the 0° and 60° rods contacting the load pads 1.0 inches (25 mm) above and
below the displacement plane. The greater uniformity of the inward radial

edge rod displacements is the direct result of the bundle Softening mechanism
provided by rod-to-rod nesting in conjunction with rod deflections induced by
the staggered starts. Considering the discussion earlier with respect to Figure
8, and using that as a basis to approximate the bundle-to-channel contact which
would occur at the 4 o'clock hex flat, it is calculated that for the .068 inch
(1.73 mm) across-flats bundle-to-channel interference, the bundle maintains a
minimum clearance from the channel of approximately .040 inch (1.02 mm) for an
.056 inch (1.42 mm) diameter wire-wrap spacer.

Figure 12 shows the displacements of the straight-start bundle softened by

55 wireless rods (indicated by bold circles). The greater uniformity of

the inward radial edge rod displacements is the direct result of the bundle
softening mechanism provided by rod-to-rod nesting in conjunction with rod
bending induced by the disruptions to the straight start pinch plane. For the
.068 inch (1.73 mm) across~flats bundle-to-channel interference the bundle
maintains a minimum clearance from the channel of approximately .040 inch
(1.02 mm) for a .056 inch (1.42 mm) diameter wire-wrap spacer.

" Further discussions of rod displacements is provided in Section 6 where a
comparison of rod-to-rod displacement data is made among several bundle designs.

" Included is the presentation of displacement results for a bundle across-flats

compression of approximately .155 inches (3.94 mm).for the softened bundles.

Figure 13 shows the displacements of the Tocked wrap bundle. The maximum
degree of wire wrap staggering, 0°-120°-240°, results in near similar loading
- on all hex flats. The schematic bundle depicted in Figure 3 shows that the
2,6, and 10 o'clock hex flats are identical with respect to rod-to-channel
contact 10cat;bns, as are, also, the 4,8, and 12 o'clock hex flats. At the
target level of the bundle, contact between the edge rod wire and the loading
pad occurs at three rods on each flat of the 2,6 and 10 o'clock group. Thus
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these nine rods will have normal-to-the-flat displacements equal to one-half

of the across flats compression. At all othervedge rods, the displacement -
measurements are made at either 2,4, 0r6 inches (50.8, 101.6, or 152.4 mm)
from the loading pad contact. To quantitatively determiné the decrease in

the edge rod-to-channel clearance, the difference in displacements from the
edge is calculated between the rods being contacted at the target level and
those being contacted 6 inches (152.4 mm) from the target lTevel. Qualitatively
it can be seen in Figure 13 that the difference is small relative to the
magnitude of the edge rod dﬁspTacements. This small difference is obscured
somewhat due to the round-offs used in the plotting routine. The results

for Figure 13 are for an across flats bundle compression of .100 inches (2.54 mm)
which has been applied to the bundle after an initial bundle across-flats
compression of .030 inches (0.76 mm) had been applied to the bundle. Thus
Figure 13 representsbdisplacements occurring as the bundle is compressed

from an initial compression of .030 inches (0.76 mm) to a compression of .130
inches (3.30 mm). For the .100 inch (2.54 mm) across-flats bundle-to-channel
interference, the bundle maintains a minimum clearance from the channel of
approximately .038 inches (0.97 mm) for a .046 inch (1.17 mm) diameter wire.
This is consistent with the value obtained by considering the rod helical
bending displacements which lead to the rod-to-rod nesting. Based on that
consideration, the maximum deflection of an edge rod into the bundle-to-channel -
edge clearance occurring mid-way between wire-to-channel contact, should be

~ approximately -equal to the across-flats compression divided by the number of

" rows in the bundle, i.e., .100 inches (2.54 mm) divided by 17 rows.

A further discussion of locked wrap bundle rod displacements is provided in
Section 6 where a comparison is discussed among several bundle designs, and
in Section 7 where a discussion is presented of the handling and testing of
the Tocked wrap design. That discussion assesses the effect of handling
problems encountered with the locked wrap bundle and discusses the advantages
and the pcten%ia? problems associated with the design as observed through
handling and from the test data.

5.4 Verification of Optical System

For the straight-start test, a partial verification of the optical system
capability was attempted by physically measuring the edge rod displacement



components normal to the hex flats. This was done by measuring the distance
between the bundle and the test fixture vertical beams as shown in Figure 14.

. Tight bundle and compressed bundle measurements were made using the telescoping
gage and a micrometer. The difference, corkected by .005 inch (.13 mm) deflection
of the test fixture beam, are shown in Figure 15. The procedure is difficult

as the operator must "feel" the displacement while holding the gage at a proper
attitude. Particular difficulty is encountered at the 8 o'clock and 12 o'clock
faces where the wire §pacers traverse the rod near the measurement Tocatioh.
Comparison of the results with the vector-indicated displacements of Figure 8
provides confirmation that the optical system measurement technique is reliable.



Figure i Hand Measurements of Bundle Edge Rod Locations



Ao NOTE:
A 1. VALUES ARE IN MILS AND/OR -
URITS OF 0,28 mm,

2. {3B) INDICATES APPLIED DISPLACEMENT,
MOT A MEASURED VALUE




6.0 COMPARISONS OF BUNDLE DESIGNS

Comparing thé data for the various bundle designs, it appears that, for
static contact load and rod displacement considerations, the softened
bundles provide superior characteristics compared to the reference straight
start. The significantly Tower contact loads and superior bundle-to-channel
spacing are readily observed. Less apparent is the observation that the
‘softened bundles provide superiod rod-to-rod clearances than.occurs for the
straight start bundle. ' | o

The locked wrap bundle design test data demonstrated the desirable mechanical
characteristics anticipated at the time of its inception: extreme softness,
relatively uniform rod-to-rod spacing variation, and a re?ative1y'}ow decrease
of the bundle-to-channel edge clearance. Experience gained during the handling
and testing of this assembe indicates that further development is necessary.
This is discussed further in Section 7.

O0f the other three softened bundles tested, the straight start softened by
wireless rods is preferred. This bundle showed favorable characteristics

during the mechanical testing, however its choice as an advanced wire-wrapped
spacer design is primarily based on its potential overall plant operation
economic incentives: bundle assembly simplicity, a bundle pressure drop decrease
of 10 to'15% associated with approximately 25% of the rods being wireless,

< and a slight gain in breeding ratio associated with the slight decrease in steel
volume. Furthermore, in-reactor test verification can be approached in a . ;
conservative "boot strapping” manner in that the bundle need not be-committled {
“in its entirety, but that irradiations can progress from using a limited number
of wireless rods to the maximum possible. Of the two staggered start bundles,
the softer 0°-45°-90° bundle displayed somewhat superior displacement char-
acferistics than the 0°-30°-60°. A moreAin-depth comparison between the two
bundle arrays &r an assessment of staggering that lies between the two arrays
has at this time been precluded by the preference for the bundle with

distributed wireless rods.

Figures 16,17,18 and 19 schematically show the relative rod-to-rod displacements
for the straight start, the straight start with wireless rods, the 0°-45°-90°



oF av) et (orsypmm,’
CLEARANCE umrese + Sigu

DisseacEmeaTe ’E ‘,u L{.J;T'S

Dutracempuns IONGIE DEcREAL

2
‘

Y 7
)

\

o

N7

47
R

-

X

Ro\
\
N
/

ava

XO
2 N2
> fiz

\{7

2

4

©
7N/

7/ X
-~

0N
7N

B>

————

\“’2

ORC

.z
N/ X
6

N/
)

BcicERot

X/

4300 70 4,230 Afg

OO“OO\Q ~ EqUDLE A

AN

=

3. 0= 2 3
4
[«
< Z o

\
/

/-

2 o
<

\
7.

4

-

N

L

7 XN YN
< !’.@L !
s ¥ Lt
rd

N
/X




DrackmeatTs A’lw ‘fdrr:{

OF gu jades (ng\}MM’) :

\’ / ‘e @/
=

yy%

DLSN-J%L)’;:ME“T& WA e DEC}:—{*’QED

CLELRANCE tutese 4 $I16 a3

+SiGa DEATE TES jroc fEase

PR
{ » (RELESS Rop

T ® Q@@ 'ifoqgk
»\iywy\ ;\/\{\/}/\/y/x}%

03 e
O*jva

XﬁAe’O*% >

2fxy’¢\f'w7\/\/“4 VAY
@ngbzgmgé’CQ ;~ofb OO0
AT B0 & 88 A AIAAA:

ﬁ/&/w7w7\7§{\7V7Nv¥/ﬂ3\

0= &)

3 \(3 k ::7/ Y = » \?— - -
/’OA@’T @/C{\/ /\;K/\

g O-=C @
(%(YY\/\/YVYV\Ak%YZXW

@fp ) -2 (3)-2 @'G |

\ 7/*Y.4/.3/\37/\r7 \07/\'0/\0/\7\7/\572 ZQDD/,’LAoEMEA! ,

) LD 2 Q=) = O O™ 0 <5 >
VV%;\/\/%g\/E{\V\

‘,QH“"/\/YV\VVV\/\/\ SR
| = (=) S, : O, Q e |
\fmf\ﬁf' W \{ f N /7 \° / 4\ \f \Q/ , . Fi&. 17

g" - 'f\ L

£

43¢0 7o 4230 /?/p

000wt VIIRELES



‘mtg) Z'O @ Disseactmru s '“Hdrrs
~. " ;\*z ‘:1/[0\%%/‘,/4\/\ 7\‘3/ ki{ \f/e /5/;)\ 5/\ o oF m};d&f(lgqmm)'
DR pa® LR -
‘ \ j/ (4}/ 27/3\\7\4)/¥ }/\/\/\2,/ ﬁg/ \; D“””‘M*“ﬁ/“”w!‘b&us;fo |
@.&-O—_ﬁ.o . “--‘._._... OWO ..,,._ a7 ! ARAME & vmiEss 4 Siga,
~\\vxvxyyvyyv/ky\y\y\/\y\{ e
Q@O0 ©- @\ @\.
| \@/l“y\'vr\o 5. \./\“/\./\3/\6.7/,”/\107/@ |
VAN Yﬂ&%ﬁV\/cy&/\ 7N N
e 7/”(;/(/ @ OO+ /@ .Z\.
| Y7YV\f\L/VV\/\¥Q\7Y/\V\u/\WYV\<
R R o R G R G RO Ga O e O S ¢ o g SR (N S D R
~ \Q/ \O/ \/ *}’3&3\@/ \/\7 N7 N \@/ \é/\/ \@ .
AYRYAYS ij\g/\/\;/w \7}) X

W

PO,

By

0

N
vQ

X
N 0

ww

\i
s
N

N

2.

e
oy,

oot ,
BATAYATATAYRAYAY 55

Yo e b g 0 =82 <
SO
07/ \ . /Z\@/ {\63/0\/ N /_é_u_\‘/ 7 N / -8 %__“\ /\ /f
V/\]ﬁf\g\gY{E;%%\/\V\/\/\/\ﬁ
N S\z 7?\077\'/4&& ASAYA A \./ WA /Ciﬁ/. .
/- / \3/\"/,\' N%WWWV} i EQMWM;

QTATivATAT

@
C

/6
@
@

W

N

@
\

@@ H—O+O--G Chan Gl .
4 4/qu \/\Cg < \:7\59 \7. ’ kf‘f_,Qv‘}S ﬁO’.KVMD‘LF
e
q \O/ \7 \/ N7 \O% 3\07/ \*f. S e
‘4\‘;3"7\/\3/9\3”\1*7\’/?’- CFIG. Y

) 2 () 2 (D)) T 2 ()2 (N L )




OF  gu} rad i KQL&“VM&.‘

CLBARANCE Ltpse S5«
o+ S vEg
(TG DENITES e peace ,

DB“LA;E*'% 4TS s DECREA

ﬁu?ucfﬁ:o?ﬁ’g 140 ‘»!*Jr:rs :

+2

®

3

ﬂég

G

9

N X
o
7N

9

@2

+

7

o’

0. @ 7 @ Iy
ATe

Y

fa )1
NV
)

\4 3
N

10

A Y
=)
s

VAR

€

®

&

+1

\{; -

D@

\\?_‘ 0
Pt

1’«/\{{/{\‘!

<25>

4

7/
\@

9

7
fo!

)

7

N
+ Q 1"

VA

\

7

15

R ————

SN
@Vz w\u@? 39
C @) As.\\@ M
@ O] D
) ‘v,®v<.ﬁ, ‘7@..‘\n

FUANAF TN

9

1/37

/
8

o

X7
-©

:

7/

{

)
S
|

/o

5@

Ho
\

+7 32 :?/ \‘i¢3 -

14
LA

=@

3

Ny
©
@

©
\

/p/

\7\,
=)
77

/
X

\§\+
=)
4

2

& %

{0

)

AW
¥

S
X

AVYAN,
0*@;

4

N7

N/ N\
DN .271(.
A

..LL@ 1

N7 N7

4

\

N
-6
7

AY
t
7 \

Y

X

4

D
/.

5 4

+1 L
X

%

9

©
7 N7 X

Y
A
\7 o

H
, '
Z

Yz
4 @

v
,

Ed

-
[;/.3

N

3

D

| (%)

¢ Dt

YN NN
P [T 3 N
LR s o) i3 i

3/ \ f
15'\ &

A
@
1/

S@
N for

/
‘(é/"{—‘

\e o

&/4

42

N7

/N7

/

W

7

X
.._..*
\/

3

o

()

RN ok - m/q \u\q
pogPedBPeé
i [ ~” * o~ e ] ’5 -

7
(-
7\

i
1‘7’

W4
@
s/

/%

2 i
meF
NS
MBI
NI
.9 el Y
ate | T
B
Q 8
813
olal o
wt -
& o ¥

t7

(;
\l;?

1\52
7

\T@
7 . ‘.’ !5

Y
()

X
@)
4

X
\s

~cy 4

z

4.5,

c<@
\ 7
3@‘4
7/ XY

\1 7
ok
%

<2 .
1f1L

7

[

7N

s
WA

N\

< &

3
i

A4
2

N7 X

AN

N7

£

f?\ i

2 {“\ 12

s
2

x\!

A}

N

ved



staggered start, and'the Tocked wrap, respectively, with the unitskon.the
diagram representing increments of .001 inches (.0254 mm). 'Figures 16, 17

and 18 are for approximately .070 inch (1.78 mm)- across-flats interference
which has been applied to the nominal tight bundle. Figure 19 is for an
additional .100 inch (2,54 mm) across-flats interference which has been
‘app]iedkto a bundle with an initial across-flats interference of .030 inch

(.76 mm). Thus to quantitatively compare Figure 19 with Figures 16, 17 and 18,
the displacements on Figure 19 should be decreased to 70% of the values shown.

‘The rod-to-rod displacement compariSOns show that the softened bundles

distribute the bundle compression displacements in a more uniform manner

across the bundle. This is due to the.nestfng mechanism. Much of the straight
start overall bundle compression displacement occurs in the region more immediate
to the locations where the bundle edgekwires contact the channel, Also several
gross displacement patterns can be detected where a row-to-row relative motion

is observed. These straight start bundle displacements are considered to be
consistent with postulated dispersion mechanisms of Reference 3, which defines
the dispersion mechanism of the straight start bundle to be the result of mech-
anically unstable load paths associated with punch planes, and that the pinch
plane loads are a maximum near the bundle-to-channel contact region causing
‘greater dispersion displacement at these locations. The nesting mechanism of the

" wireless bundle and the manner in which the mechanism is distributed across the
bundle can be observed in Figure 17 and is particularly apparent when consideration
is given to the manner in which the pinch plane is disrupted at the lTevel of

the optical targets in the rods. In the following sketches for the optical

. target level of the bundles the wires are at the plane where,thehwire spacer
contacts the channel at the 10 o'clock flat. The wires are thus midway between

o ~
ne.noune with wireless rords



two‘pinch planes, one pinch plane lying 1 inch'(25.4 mm) above and the other 1
inch (25.4 mm) below. Thus, at the optical target level, groups of thre& r0ds

can deflect toward each other, the groups being characterized by a wireless rod
and the two rods at 9 and 11 o'clock with respect to the wireless rod. In Figure
17, the rods numbered 47,60 and 61 are a typical example of three such rods. |

~ Figures 20 and 21 are additional vector plot and rod-to-rod displacement _
results for the wireless bundle, for a bundle across-flats compression of .155
inches (3.94 mm). In comparing Figures 12 and 20, it should be considered that
‘different vector scales are used, with the basis for a scale being to consider

the normal components to the 10 o'clock flat as being one-half of the across-flats
compression. In comparing the rod-to-rod displacements between Figures 17 and 21,
those of Figure 21 should be approximately 2.3 times as great as those of Figuré
17 for linear behavior. The fact that those of Figure 21 are, in general, smaller
than the expected increase is partially attributed to the errors in readings

(which are compounded by taking small differences of large values) being independent
of magnitude, and that a limited but random amount of displacement is associated
with compaction and shifting due to "imperfections" such as tolerance, run-out -

on wires and rods, etc.

At the maximum compression of the wireless bundle, at various irregularly

located places along the outer periphery of rods, several locations were observed
where edge rod to edge rod spacing was decreased to minimal values of approximately
. .010 to .015 inches (.25 to .038 mm), as measured using a feeler gageQ Numerous
assorted gap sizes were seen elsewhere. At the optical target elevation no
clearances as small as .010 inches (.25 mm) were observed, as indicated in Figure
21. (The .049 inch (1.24 mm) closure between rods 10 and 20, as identified

in Figure 21, could not be observed because of the presence of the load pad.)

At some locations the large closures of clearance will be attributed to the
proximity of wireless rods in the adjacent interior row, however some large
closures were gbserved which were not immediately adjacent to a wireless rod.
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Large variation of edge rod spacing was not as readily observed with the
\straight start bundle because of the 1imited degree of bundle compression

to which it was subjected. However,scaling the closure between rods 31 and .
43 of Figure 16 by the bundle compression relative across-flats displacement

yields a comparable closure.

The staggered start bundles displayed small rod-to-rod clearances at the

edge rods, irregularly located throughout the bundie. The minimum observed
were approximately .005 inches (.13 mm) greater clearances than were observed
during testing of the wireless bundle, which preceded testing of the staggered
start bundles. | '

Figure 22 is a photograph taken of the wireless bundle at maximum compression.
A nonuniformity,of‘the displacements results in the shadow variation is readily
observed along the left half. The axial mid-point between load pads is located
by isometrically traversing from the hole in the metal strip to the bundle.

The variation shown, which was typical at all faces of the wireless bundle,
occurred in other bundle configurations also, but not to the extent as in the

wireless.

Figures 23 and 24 are additional vector plot and rod-to-rod displacement
results for the locked wrap bundle for a bundle across-flats compression of
.180 inches (4.57 mm). These exhibit a continuation of the behavior observed
~ for the lesser degree of compression, .100 inches (2.54 mm). ‘



Figure 22 Wireless Bundle at .160 Inch Across-Flats Compression
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7.0 LOCKED WRAP BUNDLE EXPERIENCE

In Sections 5 and 6, a discussion of the compression test results was
presented for the five bundle configurations tested. From the evaluation

“of the data it appears that the static mechanical behavior of the locked

wrap bundle is superior to the others tested in terms of providing displace-
ments associated with optimum fuel rod bundle in-reactor performance. Exper-
ience with the assembling, handling, and personal observation of the design
indicates the necessity of a continued development program to prove the locked

wrap a viable design.

During the procedure of loading the locked wrap bundle into the compression
testing fixture, handTing problems arose which necessitated modifying the

final steps of the Toading procedure. The occurrence of rod-to-rod clearances

of the order of a wire diameter within the bundle during handling could disturb
the Tocked configuration. It has been described in Section 4 that the manner

in which three wires engage each other, tends to lock the rods together at each
of the wire cluster locations. As one of the three clustered wires tries to
-escape the locked position, a section of that wire immediately above or below the
locked plane is blocked by the wire of one of the other two rods which pass
through the same rod-to-rod clearance flow channel. Thus to insure that locked
wires do not escape, the bundle should be assembled and handled such that excessive
clearances (of the order of a wire diameter) do not develop and allow wires to
“;escape the clusters. It is not to be inferred that temporary clearances will
result in wires escaping the clusters, but only that the locked wires cannot
escape unless the clearances occur. Clearances which could have allowed locked
wires to escape may have occurred during the loading of the test bundle, aithough
no evidence of this was observed.

A special handling fixture was fabricated to assist in assembling the locked-wrap
bundle, transﬁarting it to the test fixture, and Toading it into the fixture.
Associated procedures were also specified. Preliminary to assembling the 217-rod
test bundle, a 169-rod trial bundle was assembled and loaded into the compression
test fixture. The 169-rod bundie was assembled from the rods previously used

for the other four test bundles, following the completion of the tests on

these bundles. These rods were used so as to minimize the possibility of damage
to the test bundle rods. As the tria! bundle rods are .056 inch (1.42 mm)



diameter wire and the test bundle rods use .0465 inch (1.18 mm) diameter
wire to obtain the same rod-to-rod spacing, the trial bundle was limited to
169 rods to allow it to be loaded into the test fixture. The samekhand]ing'
fixture was used for both the 169 and 217 rod bundles by affixing sh1ms to
account for the slight across flats dimension differences.

Figure 25 shows the bundle partially assembled in the rigid handling fixture.

(The 0-120°-240° staggered starts can be seen on the exposed rod layer.)

It was determined through experience that the handling fixture was fequired

~ to have a slight across-flats interference to keep the extremely soft bundle
~from flattening due to the nesting mechanism which provides the bundle

compressionlcompliance. Although the bundle weight is not high with the

hollow rods, it must be recognized that the bundle can be extremely soft for

a one-directional Toad as compared to the multi-axial Toading during compression

in the test fixture. It was also thought that the bundie would be more stable ~

~ during handling if it were compressed.

Figure 26 shows the fully assembled bundle in the future, looking at the

top end. At the top of each rod is placed a rubber o-ring of 1/16 inch

(1.58 mm) thickness. The o-rings are slightly staggered across the bundle so
as not to contact each other. To the right of the bundle is a combination
1ifting device as well as a centering device for when the bundle is in the

. test fixture. The rubber o-rings provide a compliant rod-to-rod and rod-to-
Tifting device spacer as well as providing high friction for axial load shear
transfer across the bundle. Figure 27 shows the 1ifting device in place and
the bundle ready to be transferred by crane to the compression test fixture.
Figure 28 shows the test bundle being lowered into the compression test fixture.
The handling fixture, which is disassemblicable, has just had a second section
removed, and the exposed section of the bundle is about to be Towered into the

test fixture.d

At this time it is useful to consider the prcceduré being followed as the
bundle is lowered into the test fixture. The individual load pads in the
test fixture have all been aligned and form a hexagonaT’Ehambe#lwhose across
flats dimension is 4.400 inches (111.76 mm). The chamber walls consist of



FIGURE 25
PARTIALLY ASSEMBLED LOCKED WRAP BUNDLE

FIGURE 26
FULLY ASSEMBLED LOCKED WRAP BUNDLE



FIGURE 27 '
LLOCKED WRAP BUNDLE READY FOR TRANSPORTING

FIGURE 28
LOCKED WRAP BUNDLE BEING LOALED INTO TEST FIXTURE



alternate load pads of 3-inch (76.20 mm) and 6-inch (152.40 mm) lengths with

a 1.5-inch (38.10 mm) opening between the pads. This near continuous coverage
of the bundle by the load pads is'necessary because of the extreme staggering

of the wire wraps. Although the test bundle across-flats dimension (outer

wire surface to outer wire surface) is 4.270 inches (108.46 mm), the 4.400-~inch
(111.76 mm) across-flats spacing is needed to allow ample clearance for the rod
support rails and the rail Tocking pins (which can be seen in Figure 25). As the
bundle is slowly lowered into the test fixture the rails and locking pins are
manually guided past the load pads. As the upper load pads are cleared by the
rails they are then moved inward to a corresponding across-flats dimension of
4,280 inches (108.71 mm), providing a simulated bundle to channel clearance of
.010 dinches (.25 mm). The procedure was implemented to minimize the chance of
Targe rod to rod c1earances'occurring, which could potentially lead to unlocking
of the locked wires.

With the bundle in place the Toad pads were moved to the tight bundie
across-flats dimension of 4.270 inches (108.46 mm). At this time the

bundle was examined by manual manipulation of the exposed edge rods. A
Toose feeling of the edge rods was observed. In an effort to assess this
further observation, compression of the bundle was initiated prior to the
procedure of taking the optical measurements. The bundle compression

spring constant exhibited during this loading was approximately two-thirds
of that anticipated from the pretest predictions, the pretest prediction
*’being an extrapolation to a 217-rod bundle of NASTRAN computer code results
for a 37-rod bundle. It was observed that with 0.030~inch (6.75 mm) across-
flats compression the edge rods continued to feel loose in response to
manual manipulation in the lateral direction. At approximately 0.100 inch
(2.54 mm) across;f1ats compression, the Tooseness observed earlier no longer

existed.

A possib]e‘exﬁﬁanation for the lower spring constant and the relative looseness
of the edge rods is postulated and can be explained using the schematic repre-
sentation of Figure 3. Figure 3 shows that two types of edge row rod supports



occur, one type occurring a1ong the 2,6, and 10 o'clock flats and the other
along the 12,4 and 8 o'clock flats. At the 2,6, and 10 o'clock flats, the

edge wire which spaces the bundle from the channel is normally bart of a triple
point cluster, but the cluster is incomplete due to its being at an edge row.

At the 12, 4, and 8 o'clock flats the triple point cluster is also incomplete
but the bundle-channel clearance is provided at a wire position which is axially
midway between triple point axial positions. At the 12, 4, and 8 o'clock flats,
the lateral support provided by the two contacting wires is not fu!Ty effective
because of not being locked by the third wire. The resulting two wire contact
is relatively unstable and slight relative movement of the wires could be -
observed when these rods were normally displaced laterally. At the 2,6, and

10 o'clock flats, the friction between the wire contact and the loading pad
apparently provides negligible lateral support compared to a triple point cluster,
and hence the lateral looseness at these rods.

Figure 29 is the bundle compression data for the three tests in which the

bundle was subjected to a high degree of compression. The maximum compression

was limited by the bridging of the loading pads. After the bridging was

detected (by a sudden hard contact at a location away from the six load cell
Tocations), close inspection of the load pads showed that pad-to-pad contact

had been made at many bundle locations, including several at the load cell
locations, but were at pad corners and were due to very slight cocking or

rotating of the pads. Upon manually adjusting the rotation to eliminate the

“ s1ight bridging, the "apparent" bundle compression decreased to the value indicated

on Figure 29.

Because of the loose feel of the bundle at ]ow‘compression and the bundle
softness throughout its compression, it was decided to record optical data
at the subsequent unloading and to compare these data with the original
optical data. ~For a fully elastic bundle, which is expected of the locked-
wrap bundle because of its complete rod-to-rod nesting capability, the rods
would return to initial positions (except for displacement components

associated with imperfections).
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The initial Toading and the fina]yunloading data were taken at 4.240 inches
(107.70 mm) across-flats dimension, which represents a 0.030-inch (0.76 mm)
across-flats bundle compression from the tight bundle dimension. The
maximum across-flats bundle compression was 0.180 inches (4.57 mm) greater
than that at the initial data compression. The difference between the
initial loading and final unloading position coordinates of the rods, calcu-
lated as a standard deviation so as not to average positive and negative
differences, was approximately 3.5 mils (0.09 mm). The variation in individual
rod differences was randomly distributed throughout the bundle. As these
differences are considered small, it is concluded that the bundle recovery
at unloading was fully elastic. (Due to the extreme bundle softness, at the
tatter stage of unloading it was necessary to manually assist moving the
load pads after relieving the loading screw. However, this in no manner
should have affected the rod displacements.)



8.0 FUEL_ROD BURNUP LIMITS FOR ADVANCED DESIGNS

LMFBR fuel rod burnup limits are dependent on the complex interaction of
several mechanisms. It is convenient to investigate the burnup Timit by the
following assembly parameters:

1. Channel-to-Channel Contact

Irradiation~induced sweliing and creep in the presence of the channel
wall differential pressure cause the channels to dilate and eventually
touch. For the CRBR fuel assembly design; adjacent channels are
separated by two load pad thicknesses of 0.085-inch (2.16 mm) or
0.§70-inch (4.32 mm) total. :

2. Interior Rod Clbsure

A previous study has shown that when two interior rods approach
within 12-15 mils (0.3-0.4 mm) of each other the probability of
cladding failure is increased significantly (% 15%) due to the

hot spot which occurs. 12-15 mils rod—to»fod spacing represents a
threshold below which sealed plenum fuel rod performance is

seriously degraded.

3. Edge~Rod-to-Channel Contact

Another threshold 1imit for fuel rod performance is set by the
contact of an edge or corner rod with the channel.

Various wire-wrap assembly designs can be compared in terms of these limits
and the resulting maximum fuel burnup. A truly advanced design would be one
permitting the achievement of the CRBR targét burnup goal of 150,000 MWD/Te
(approximately 25 x 1022 n/cm2 fluence). For this study, CRBR assembly design
values are used, including 34 mils (.86 mm) clearance between the rod bundle
and the channel, at beginning-of-life (provided to allow easy assembly).

Table 2 pbesents the core parameters and temperatures used in the study.

The material properties are those of reference 4.

Figure 30 is a plot of the observed maximum bundle-channel gap reduction with
across-flats interference, taken directly from the Phase I test data. The
across-flats interference is the differential bundle-to-channel growth after



Table 2

CRBR CORE PARAMETERS

Peak Axial Fast Fluence 2.5 x 102
Peak Axial Fast Flux 3.5 x 10> n/em-sec
End of Life Time 20,000 hr (est.)
AP Across Channel Wall-bot 38 psi
- core top 25 psi
Temperatures Channel Bottom 722°F
Channel Top 965°F
Core Length 36"
Channel Wall Thickness .120"
Channel Across Flats Width - 4,335"
Bundle-Channel Assembly Gap .034"
Material 20% CW 316 SS
CRBR BUNDLE AND CHANNEL TEMPERATURES
Axial Location Channel Temperature Bundle Temperature
0 722°F 783°F
6 752°F v 840°F
12 790°F 917°F
18 835°F 992°F
24 ' 883°F 1060°F
30 927°F C1112°F

36 965°F 1148°F
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the 34-mil (.88 mm) assembly clearance has cTosed._ If dispersion o% rod-to-rod
nesting did not occur, the .056-inch (1.42 mm) gap (i.e., wire diameter) would
have closed at an across-flats interference of .056 inch (1.42 mm) because of
the bundle helical bending without relative rod-to-rod displacements. The
curves were extrapolated to determine the 1im1ting interference, that is,

where the minimum bund?e-chahne? gap becomes zero. The 1o¢ked wire wrap
exhibits the best clearance behavior of all the bundle configurations tested.

Similarly, Figure 31 is a plot of maximum interior rod-to-rod gap reduction
with cross-flats interference, taken from the test data. Had there been no
dispersion, the rod-to-rod spacing would not have changed for the straight
start bundle. The interference. corresponding to a minimum residual gap of

15 mils (.4 mm) for each design is indicated. The large increase in aT1owab1e
interference between the locked wrap bundle and the reference straight-start
bundle is significant. It should also be noted that these two plots are quite
conservative as the absolute minimum gaps have been plotted, rather than
attempting any statistical evaluation of the data. '

The five designs were first compared using the CRBR structural material, 20%
cald-worked Type 316 stainless steel for both cladding and channel. Results

for the reference straight-start bundle are presented in Figure 32. The axial
distributions of cross-flat interference are shown for four cases: (1) the

target end-of-1ife fluence (ZSX*EO22 n/cmz), (2) the interior rod-to-rod limit
w4(conservat$ve1y chosen as being 15 mils or .4 mm), (3) the edge-rod-to-channel
1imit (the point at which the fuel rod touches the channel), and (4) the channel-
to-channel contact limit. The limiting constraint on this basis is seen to be

the 15-mil1 rod-to-rod minimum a??owab?e gap which occurs af 18.5x1022 n/cm2 fluence
or 110,000 MWD/Te burnup. This is somewhat less than the channel-to-channel

contact Tlimit, 20.5x1022 n/cmz. '

When the advanced designs are employed, the bundle interference Timits are
extended and channel-to- ¢hannel contact is Timiting in every case. Thus,

all the advanced designs for 20% CW Type 316 stainless steel are predicted to

reach fluences of 20.5 x 1022 n/cmz, 10% greater than the reference design,

but still 18% less than the CRBR target goal.
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Since the critical Timit with stainless steel channels is channel-to-channel
contact, the use of PE-16 (with its relatively low swelling and creep) for
the channel material was investigated. Calculations show that the use of
PE-16 extends the channel-to-channel contact limit well beyond the target
fluence of 25 x 1022 n/cmz. It should be noted that, in addition, many
core restraint system problems are alleviated by a Tow swelling channel

material,

However, the use of a PE-16 channel and cold-worked 316 SS cladding does
increase the problems of bundle-channel interference. For the reference,
~straight-start design, the Timiting constraint (considered here to be a

15 mil or .4 mm minimum rod-to-rod gap) now occurs at 16.9x1022 n/cmz; 8.6%
lower fluence than when a cold-worked 316 SS channel is used. Similarly,
the edge-rod-to-channel closure 1imit is also reached sooner.

The effect of using the various advanced designs is summarized in Table 3.
When PE-16 is used as the channel material, the limiting constraint for each
design is the minimum allowable gap between interior rods. This limit occurs
with PE-16 at fluences slightly lower than when 20% CW 316 stainless stee]
channels are used. For example, the wireless bundle now reaches 19.7x1022
n/cm2 fluence and 118,000 MWD/Te burnup and the 0-45-90 staggered-start
bundle achieves 19.8x10°% n/cm® fluence and 118,000 MAD/Te. These designs
show approximately an 8% burnup gain over the current reference (with 316 SS

-~ channel) but fall short of the target goal of 150,000 MWD/Te.

Additional area to accommodate bundle-channel interference may be provided
by channel ballooning. That is, in addition to dilating, the channel dis-
torts into a more circular form, Table4 shows that approximately 7000
MWD/Te additional burnup is possible with each design if this entire area
is effective in accommodating interference. (This will be experimentally
determihed i the Phase II tests to be conducted later this fiscal year.)

The best design, in terms of achievable fuel Tifetimes, is clearly the Tocked
wrap. This design reaches 142,000 MWD/Te, 95% of the target goal. When cred-
it is taken for channel ballooning, the locked-wrap design achieves 152,000
MWD/Te burnup. Thus, the Tocked wrap is truly an advanced desfgn worth fur-

ther development.



Design
Straight Starts
0-30-60
0-45-90
Wireless
Locked Wrap

Straight Starts
0-30-60
0-45-90
Wireless

Locked Wrap

TABLE 3

Burnup Comparison of Designs

Channel

Material

20%
20%
20%
20%
20%

CW 316 SS
C 316 SS
CW 316 SS
CW 316 SS
CW 316 SS

PE-16
PE-16
PE-16
PE-16
PE-16

Critical Limit

Int. Rod-Rod

“Channels touch

Channels touch
Channels touch
Channels touch

Int. Rod-Rod
Int. Rod-Rod
Int. Rod-Rod
Int. Rod-Rod
Int. Rod-Rod

TABLE 4

Burnup Comparison of Designs

Max.**
Fluence
gn/cmz}

18.5 x 1022
20.5 x 10%2
20.5 x 10%2
20.5 x 1022
20.5 x 1022
16.9 x 1022
19.0 x 10%
19.8 x 1022
19.7 x 10%2
23.7 x 10

Assuming all additional space provided by ballooning
of channel can be utilized to relieve interference.

Desian

Straight Starts
0-30-60
0-45-90
Wireless'
Locked Wrap

Straight Starts

0-30-60
0-45-90
Wireless
Locked Wrap

20% CW 316 SS
CW 316 SS
CW 316 SS
CW 316 SS
CW 316 SS

20%
20%
20%
20%

Channel*
Material

PE-16
PE-16
PE-16
PE-16
PE-16

Max. Fluence™*

(n/cm?)
22

20.5 x 10
20.5 % 10%%
20.5 x 10°2
20.5 x 1022
20.5 x 102
22
22

10

10
1022
22

10
1022

18.
20.
21.
20.
25.

W W O N o
xOX X x X

* A11 fuel rods are 20% CW Type 316 SS.

**Based on 150,000 MHD/Te at 25 x 10°2

n/cmz.

Max. Burnup™™
MWD/Te)

(

122,000
122,000
122,000
122,000
122,000

108,000

© 121,000

126,000
125,000
152,000

22

Rk
‘Max.

Burnup

(MWD/Te)

110,000

122,000
122,000
122,000
122,000

101,000
114,000
119,000
118,000
142,000



~The following conc}usions can be drawn from the analysis performed in this

section:

(1) For the reference straightwstart wire-wrap fuel assemb]y‘studies,
the internal rod-to-rod gaps are predicted to be reduced to be
equal to 15 mils prior to channel-to-channel touching, i.e., the
primary burnup limit is rod-to-rod gap reduction.

(2) For 20% CW 316 SS fué] assemblies the use of any of the proposed
advanced wire-wrap concepts would improve the bundle compression
behavior such that channel-to-channel touching becomes the

primary burnup limit.

(3) The use of a PE-16 channel in conjunction with 20% CW SS fuel
rods minimizes channel ballooning at the expense of internal
rod-to-rod gaps. In the case of the proposed advanced wire-
wrap designs the locked-wrap concept with its low stiffness
and uniform displacement behavior exhibits, by a sfgnificant
margin, the best burnup capability (142,000 MWd/Te).

The above conclusions are based on the analysis of a typical CRBR fuel
assembly. These results indicate that with near-term technology (a
20% CW SS Tocked-wrap fuel rod bundle with a P-16 channel) burnups

. approaching 150,000 MWd/Te are possible. This represents a 30% gain

in burnup over the reference CRBR design. Additional gains in burnup
may be possible for an optimized design where the channel-to-channel

gap is traded off against channel wall thickness and the parameters -
of the fuel rod bundle.



. - 9.0 RECOMMENDATIONS

Two advanced wire-wrap bundle designs are identified for further development;
the wireless-rod-softened straight-start and the locked wrap designs. The
wireless is thought of as near-term in that a minimal development program fs,
required. The Tocked wrap is thought of as Tonger term or subsequent genera-
tion as a much more extensive development effort is required. Ultimately
the superior design will depend considerably on further teChno]ogica1 develop-
ments involving both core components behavior and overall plant operating
economics. As examples, if a high degree of bundle-channel interaction must
be accommodated, the locked wrap design potentially may be very superior;
if Tower fuel assembly pressure drop is the determining factor than the wire-
Tess bundle may be superior. (It is not known that the wireless bundle will
have a lower pressure drop than the locked wrap, but the wireless bundle is
predicted to have a lower pressure drop than the straight-start bundle.)
The following recommendations are made for further development of these bundle

designs.

Wireless

Plans to irradiate wireless bundles in FFTF should be considered. For
immediate consideration a modification to standard FFTF bundles should be
implemented by either using a maximum number of wireless rods (55) or a
boot-strapping scheme which uses several combinations of wireless rods.

‘ It should be noted- that one "wireless" bundle is currently undergoing

irradiation in EBR-II (see Appendix).

Hydraulic testing of the wireless assembly should be considered to determine
pressure drop characteristics and to examine the flow induced vibration effects.
This may be particularTy useful if coupled with a fabrication program directed
at reducing the bundle assembly porosity.
Fabrication development, other than exclusion and fnspection features to insure
‘proper positioning of the distributed wireless rods, should address the

, possibility of utilizing the softer bundlie compression characteristics to

. minimize the bundle clearance at assembly, decreasing fretting problems
associated with bundle porosity.



Locked Wrag“

Further development of the locked wire-wrap concept is required in the

following areas
1)  bundle assembly procedures
2}  handling and shipping procedures
3)  bundle hydraulic (including vibration performance).

The major concern for all the above development areas is that the much
reduced stiffness (2 orders of magnitude as compared to straight Start)
of the locked-wrap bundle will lead to significantly different behavior.
Satisfactbry completion of the above development tasks should precede
irradiation of experimental fuel assemblies.
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APPENDIX

WIRELESS ROD IRRADIATION IN EBR-I1 WIRE~WRAPPED BUNDLES

In discussing "wireless" bundles, it should be noted that such a fuel
assembly design is currently being irradiated in EBR-II. The test vehicle
is a reconstituted high-cladding-temperature experiment including irradiated
fuel rods from the subassembly X141. These rods had reached approximately
5 atom % burnup with a maximum cladding temperature of 1300°F (704°C) at the time
X141 was removed from the reactor. F11A, the reconstituted test, includes
34 of the X141 rods (with a 6-~inch wire pitch) in a new MKJ 37 subassembly
and three spare FI9E wireless fuel rods. The wireless rods are installed

two rows from the central rod, one row in from the hexagonal channel, and
spaced between the wrapped rods, thereby.providing adequate support by the
six adjacent rods.

At present F11A has been removed for inspection at approximately 6-7 atom %
due to cladding failure of one rod. This failure occurred in a wire-wrapped
fuel rod away from the wireless rods. Hence, rod failure is not attributed
to the wireless rods. Continued irradiation is scheduled in the near future
with plans to increase the number of wireless rods {up to a maximum of seven
rods), thereby offering further irradiation experience with a bundle including

< wireless fuel rods.

An inspection of the wireless rods provided evidence of obscure, incipient
rod wear.* However, the wear was no more severe than that for standard wire-
wrapped rods. Rod fretting and wear is, in general, caused by interactions
between the rod cladding with neighboring rod wire wrapping rather than by
interactions between the fuel rod cladding and its associated wire wrap.
Removal of wije wraps does offer the potential of less rod wear and fretting
because of the fewer contact Tocations.

*Hilbert, R. (GE), and Keys, R. (ANL), "Hot Fuel Examination Report (HFEF),"
EBR-II anub11shed inspection report January 14-15, 1976.



F11A provides encouraging evidence of satisfactory bundle performance

during irradiation with some wireless rods. The total burnup of these

wireless rods to date is Tow. Additional irradiation time is needed to
assess fully the performance of wireless rods in EBR-II wire-wrapped bundles.



