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'WIRE-WRAP COMPRESSION CHARACTERISTICS STUDY
PHASE I

1.0 SUMMARY

An analytical computer comparison was made of the compression characteristics
of proposed wire-wrap bundles. The study included analysis of 7-.and 37-rod
straight-start bundles (base configuration), and softened 37-rod cbnfigurations.
The softened configuration analyzed were: straight-start with distributed wire-
less fuel rods, and the staggered wire-wrap start angles of 0°-30°-60° and ,
0°-45°-90°. The compression of the bundle simulates the bundle-to-channel inter-
ference at end-of-life conditions at which high differential swelling between
the channel and bundle has been predicted. The computer results do not include
the so-called "dispersion” effects. (See discussion of dispersion in Section
4.4,) The effects of other variables such as pitch length, creep, axial varia-
tions in swelling, and degree of swelling were not studied. These analytic
studies give an indication of trends only. No credence should be given to
specific quantitative load or deflection results quoted in this report.

The computer solutions provide analytical data 6n bundle loads and deflec-
tions and also provide displacement vector plots of important bundle planes.
These provide a good visual aid to evaluate bundle behavior and rod deflection
trends of interest. The key results of this preliminary evaluation are:

L The softening technique of distributed wireless rods produces local-
ized deflections.

L A special edge rod wire-wrap support configuration may be needed to
accommodate deflections indicated for the staggered-start design.

(] The need for mechanical testing is affirmed, particuiarly the need
for deflection measurements. These measurements should be made over
a range of interference levels.

L] The need for continued effort to develop low-swelling fuel rod
cladding materials has been emphasized.

9 The need for development of an improved wire-wrap assembly design
configuration that can adjust the distribution of rod deflections
within the bundle, so that clearances between rods and between edge
rods and the channel remain within acceptable limits, has been
highlighted. -



2.0 OBJECTIVES

The wire-wrap assemblies of a target LMFBR will be required to operate
to a peak burnup of approximately 150,000 MWD/T and a peak fast fluence of
2.5 to 3.0 x 1023 NVT. With the present reference core structural material
(316 SS 20% CW), these operating conditions can, as presently predicted,
result in significant irradiation growth of the assembly and significant
growth of the fuel rod bundle relative to the channel. Excessive growth of
the fuel rod bundle relative to the channel will result in distortion of the
fuel rod bundle with nonuniform displacement of fuel Ebd spacing and reduction
of the rod-to-channel edge spacing.

This computer study of wire-wrap compression characteristics was made in
to help evaluate the relative worth of the proposed bundle softening tech--
niques of distributed wireless rods and staggered wire-wrap start angles, -
to gain a better understanding of bundle behavior due to relative bundle-to-
channel growth, and to assist in formulating a successful wire-wrap mechanical-

test program.

Prior experience, testing and analysis have indicated that a possible
method of reducing the effects of interference is through the use of distributed
wireless rods and staggered wire-wrap start angles. A mechanical test program
has been proposed which will test bundle softening techniques. As originally
planned, distributed wireless rods and staggered-start arrays of 0°-30°-60° and
0°-45°-90° were to be tested. The rationale behind these various bundle soft-
ening techniques, as solutions to the end-of-1ife bundle-to-channel interference
problem and their selection as test configurations, is explained in Reference 2.
These test configurations are analyzed in this study.



3.0 METHOD AND RESTRICTIONS

The étudy was made by use of computer mode]s'using the NASTRAN structures
computer program (References 5 and 6). The models are of current design
configuration of .230"-diameter rods,.015"-thick cladding, with .056" wire
spacing and a wire-wrap pitch of 12 inches. Bund]eAggie'was limited to 7 and
37 rods due to high running times and cost for large bundles. The models con-
sist of beam elements for the rods and axial compression members for the wire
contacts between rods and between edge rods and the channel. The axial member
extends from rod center line to rod center line or channel wall and is sized
to include rod radial stiffness (see Appendix B).

The models are of the smallest repetitive section with the ends connected
by tying equations so as to simulate a full bundle. The repetitive sections
are of 1/6 pitch length for straight-start bundles, and 1/3 pitch length for
staggered-start bundles. By stacking 6 straight-start repetitive sections on
top of each other and rotating each 60° relative to the one preceding it, a
full bundle pitch is.achieved. For this study, uniform axial compression was
assumed, as it provides adequate information for a relative comparison and is
a simpler and smaller problem to analyze. For uniform axial compression, each
repetitive section acts identically, thus only one need be analyzed to determine
full bundle behavior.. This repetitive section technique permits a minimum
model size to be used. The tying equations tie together the ends of the rods
with the opposite rod ends which would connect to them if a rotated section
were stacked on top of the section being analyzed.

With the wireless and staggered configurations, some wire contact locations
separate; this causes tension in the axial elements representing these contacts.
Deflection checks of rod spacing were made and tension elements were removed
by trial and error.

The analysis was made for a unit compression of 10% with results later
factored to the currently predicted differential'swe1ling interference. The
worst case interference as currently predicted is 4.36% of the original bundle
dimension. This is due to bundle swelling of 8.19% less 0.70% clearance, less
3.13% channel growth. The actual behavior is the superposition of the free
8.19% swelling and the 4.36% mechanical compression. This means that the
spacing and original clearance between rods to which deflection data are to

be compared is .056" x 1.0819 or .0606".
3



The configurations analyzed are:

7-rod straight start

37-rod straight start

37-rod straight start with 7 wireless rods
37-rod 0°-30°-60° staggered-start angle
37-rod 0°-45°-90° staggered-start angle.

Sketches of the models showing the element node points.of the model for the
different axial planes are shown on pages 6 through 9. For the straight-start
models, nodes are at planes Z =0, Z=1, and Z = 2. For the staggered-start
models, planes are fromZ = 0 to Z = 4 with planes needed an inch apart for
the 0°-30°-60° stagger and a half-inch apart for the 0°-45°-80° stagger.

There are major 1imits to which an analytical solution can predict bundle
behavior at this time. The hexagonal bundle behavior is very complex, particu-
larly the effects of ‘bundle size and "dispersion." The expected behavior from
these -effects has been indicated, based on judgment. The effects of creép, while
accounted for in the interference used, are not used in the analysis as far as
they affect load data.

We do not claim that the results of this work characterize the expected
quantitative behavior in a 217-rod LMFBR assembly under prototypical conditions,
nor that any of the quantitative values given in this report represent what
will really happen in a core. This report is a first step in a rather long,
iterative analysis/test data process to reach an understanding of how to design
and predict the end-of-1ife performance characteristics of a wire-wrap assembly
based on present material properties expectations for 316 SS 20% CW.

As tempting as the prospect may be to try to deduce conclusions from the
quantitative results given in this report, the reader is cautioned.not to draw
any such conclusions. - This report does, however, flag many areas that should be
subjects for further study and test, based on the sensitivity of these areas to
design parameters and material properties characteristics,
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4.0 RESULTS

4.1 Data .Summary

Loads and def]ectidﬁ data adjusted to 4.36% bundle-channel . interference are.

summarized in Table 1 below.

planes, with important dimensions displayed, are presented in Appendix A.

Summary of Computer Results ,
Adjusted to 4.36% Bundle-Channel Interference

Table 1

The displacement vector plots of important bundle .

e
[

Bundle Size (No. of Rods) 7T 3 37 37 37
. Straight
Start
With 7
Straight| Stratght| Wireless | 0°-30°-60° |0°-45°-90°
Bundle Configuration Start’ | Start Rods Stagger Stagger
Max. Load on Channel Flat Per Pitch (1bs) 24.3 223.1 12.7 97.3 64.1
% fof Straight Start ' 100.0 50.6 43,6 28.8
Max. Rod-to-Channel Load (1bs) 12.2 60.7 41.0 38.2 23.4
% of Strafght Start 100.0 67.6 62.8 38.5
Max. Rod-to-Rod Load (1bs) 9.1 59.6 31.7 18.5 11.9
% of Straight Start 100.0 53.0 31.1 19.9
Max. Increase Rod-to-Rod Spacing (in.) .0089 :0]51 .0270 .0496 " .0442
% of Straight Start 100.0 178.8 328.2 292.7
Max. Decrease Rod-to-Rod Spacing (in.) ~.0098 .0198 .0472 -.0817 0478
% of Straight Start 100.0 238.7 210.7 241.7
Max. Increase _‘ ’
Rod-to-Channel Spacing (in.) 0 - 0 .0019 .0081 . .0045.
Max. Decrease' | -
Rod-to-Channel Spacing (in.) .0353 .0721* .0634* .0464 ~.0470
% of Straight Start 100.0 88.0 . 64.4 65.2

*These would cause rod-channel contact (Note: wire spacing after 8.19% expansion

for EOL conditions would be .056 x 1.0819 = .0606").
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4.2 Correlation of Loads to Previous Test Data

From previous analysis of straight-start bundles, the bundle across-flats:

compression spring constant was derived as:

F_1 129 EIN
A ¢ P3

where:

= An experimentally determined constant.

= Bundle across-flats spring constant of ithe
total line load per flat divided by the
across fiats length.change, 1b/inch.

= Total line load per flat, 1b.

Bundle-channel interference expressed as
across-flats length change, in.

= Young's modulus of elasticity, psi.

= Moment of inertia of a fuel rod, in.4.
Number of fuel rods.

= Wire-wrap pitch, inches.

[
"

0 = = m
1]

. Previous test data indicates good correlation using a value of 6.0 for C
(Reference 2) for large bundles of 127 and 217 rods. Using this relationship
for 7- and 37-rod bundles with 4.36% compression, the load on a flat would be
4.8 1bs for a 7-rod bundle and 55.7 1bs for a 37-rod bundle. The computer
analysis gave 24.3 1bs and 223.1 1bs which is higher by factors of 5 and 4,
respectively |

It was previously thought that the value of 6 for C was mainly due to
rod "dispersion" (see Section 4.4). The computer data indicates, while dis-
persion is the main effect of this softening, the combined effects of the
hexagonal shape of the bundle (causing a discontinuity of the load path at
the boundary and causing nonuniform and out-of-phase rod deformation) and rod
radial compression (ovaling) are contributors to bundle softening. If two
constants were used for C in the above equation, one for dispersion and one
“for hex and ovaling effects, the va]des would be 4.0 and 1.5, respectively,
for the 37-rod bundle. '

n

(See Reference 2) (Eq. 1)

i
v
p



Figures 6 through 9 are a reproduction of test data-for 37-rod bundles
from Reference 2. The NASTRAN results (Table 1), of load on channel flat,
show the distributed wireless configu}atgon loads to be 50.6% of the straight- - '
start loads and the 0°-30°-60° stagger ¢§nfiguration loads to be 43.6% of
the straight-start loads. App]yiﬁ@ the§§ﬁratios to the straight-start

2o

ble correlation to the 37-rod test

relationship of Equation (1) shows reas
data. '
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4.3 Extrapolation of Data to Larger Bundles

Wire-wrap bundle behavior is dependent on the wire-wrap design configuration.
In order to make a relative judgement, an understanding of how bundle size affects
different configurations is necessary. This extrapolation diséussion is made
to aid a relative worth determination; but as this analysis does not include all
bundle variables or design solutions, it should not be used to make a design
adequacy judgment of wire-wrap bundles any more than the quantitative 7- and 37-
rod results given in this report should be used to make such judgments.

The wire-wrap bundle behavior can bé considered a superposition of five
different behaviors. These are:

(1) Bundle helical bending.

(2) Rod 1ateral dispersion.

(3) Rod nesting due to staggered wire supports.
(4) Geometric effects of hexagonal loading.

(5) Rod radial compression (ovaling).

Of these five effects, (4) and (5) are relatively small (see Section 4.2),
(2) is not included in the analytical computer solution, and (3) would be
present only in the staggered or wireless configurations. The analytical
straight-start bundle behavior is primarily bundle helical bending. (In

this context, analytical behavior means behavior without dispersion effects.)
The analytical staggered bundle behavior is primarily a combination of bundle
helical bending and rod nesting due to the staggered wires. For a full
stagger (0-120-240) ana]ytiba1 bundle behavior would be mainly due to rod
nesting. This indicates that analytical bundle behavior of other staggered
configurations can be bound by pure bundle helical bending and pure rod
nesting.

Bundle growth relative to the channel is physically restrained due to the
wire-wrap on the edge rods. This physical restraint occurs only at axial
locations at each flat where the wire wraps of the edge rods contact the
channel. For a straight-start wire-wrap bundle, this occurs along a single
Tine at each flat. These lines of displacement restraint are axially displaced
from one hex flat to an adjacent hex flat by a distance equal to 1/6 of the

17



wire-wrap pitch distance. Thus the bundle deflects into a helical
configuration. Figure 10 schematically shows the helical manner in which

the contact loads are applied to the straight-start bundle due to the -
restraint of the channel. For the staggered configurations, the edge rod- .
to-channel contact is over a band of axial length. As the stagger is

increased, this band widens and the axial positions of the bands on the
different flats start to overlap. This reduces the bundle helical bending.

At a full stagger of 0-120-240 there is complete overlapping and there is no
bundle helical bending (see Figure 11).

The analytical straight-start and 0-120-240 staggered-start bundle behavior
listed in Table 2 can be used for the upper and lower bounds, respectively, for
analytical bundle behavior. Table 3 shows upper and lower bounds of loads
without creép and deflection data extrapolated from a 37-rod bundle to a
- 217-rod bundle based on bundle variables in Table 2.

18
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Table 2

Analytical Rod Behavior

- Straight Start
Analytical Bundle Bending

0-120-240 Staggered Start
Analytical Rod Nestling

Tota] Toad on channel flat

Average edge Toad rod to channel

Rod deflection

P
(130 EIX)_N_D
p3 /N

e
(X) D

{ 325 E1xX
ANV
(. P )
»(324 EIX)_D_.
T3

Ne

(x) X

Ne

where

E = Young's modulus of elasticity, psi.

I = Moment of inertia of a fuel rod, in.4.

D = Flat-to-flat bundle size, in.

X = Channel-to-bundle interference; as ratio of bundle across flats size.

P = Wire-wrap pitch, in.

N = Number of fuel rods.

N = Numbef of edge rods.

N, = Number of rows of rods.
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Table 3

Extrapolated 217-Rod Bundle Data
(Dispersion Effects Not Included)

. Straight | 0°-30°-60°| 0°-45°-90°
Bundle Configuration Start Stagger | Stagger
- Upper Bound | 373 235 144
Max. Rod-to-Channel Load (1bs) ‘ ‘
Lower Bound NA* 40 24
Upper Bound 366 114 73
Max. Rod-to-Rod Load (1bs)
} Lower Bound NA* 19 12
: Upper Bound .0466 .0982 L1126
Max. Decrease Rod-to-Rod Spacing (in.) :
Lower Bound NA* .0404 .0464
. : Upper Bound .1698 .1093 1107
Max. Decrease Rod-to-Channel Spacing (in.)
‘ ‘ Lower Bound .0450 .0456

. *Not applicable.

NOTE: Creeb effects are not included in Toads data.

22

NA*



4.4 Dispersion Effects

As stated previously, the bundle compression constant, expressed in
Equation 1, correlates well with test data when a value of 6 is used for C.
If rod deformation were uniform (and there was no dispersion), C would equal
1.0. The analytical value of 1.5 from the NASTRAN analysis can be attributed
to hex and ovalling effects. (See Section 4.2.) The experimentally
determined value of 6 implies the existence'of more complex behavior. The
behavior called "dispersion" was postulated to account for this extra bundle

softening.

As an explanation of dispersion, consider the following. In a wire-wrap
bundle the rods are loaded by compression (pinch loads) between rods, at
axial planes where the wire wrap contacts two rods. Figure 12 shows a loading
across 3 rods (1, 2, and 3) in a straight-start bundle, at .a pinch plane. If
P] is greater than Pz, the rods will deflect in the X direction. There is
space at this plane for movement in the Y direction. A load component in this
“direction will cause Y direction deflection restrained only by rod bending.
The colinear loading across the rods is initially unstable, as any initial
irregularity will cause a load component in the Y direction; this load
component will cause deflection which will increase the Y direction component
of the pinch Toad. As the pinch load decreases due to'the associated bundle
softening, a balance is achieved. This behavior is called dispersion. In the
NASTRAN analysis there are no initial irregularities,and with small deflection
theory this type of analysis is not possible, as the effect from the deflections
cannot be accounted for.

To consider the effects of dispersion, consider a straight-start bundle
plane with one edge of the bundle separated from the channel by the wire
wrap and the opposite edge free to move toward the channel. The loads and
deflections are imposed at the bundle channel contact. If the imposed
deflection is accommodated at the free edge, all the rods in the load path
between the two edges will be deflected the full amount. Alternately, if some
imposed deflection is accommodated between rods, rods farther down in the load
path need not be deflected as much and less load is required. The free edge
deflection toward the channel is also reduced. Greater dispersion would occur
at the higher loaded rods near the bundle channel contact. Loads and deflection

23
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decrease across the bundle from the contact to the free edge. This effect-
would have a magnifying effect on bundle softening and'account for the 1arge.
softening constant discussed above. The effects of dispersion would be to
lower loads, decrease rod-to-rod clearance,and increase rod-to-channel
clearance. These dispersion effects would be greater for straight-start
bundles than for softened bundles due to the higher loads with the straight-
start configuration. *

Table 4 shows 217-rod bundle extrapolated loads data with dispersion
included by dividing the values in Table 3 by a factor of 4 (see Section 4.2).

Table 5 shows deflection results followed by pluses and minuses to
indicate the effects of dispersion.

In order to obtain a quantitative understanding of.dispersioh,an
analytical solution was made of dispersion deflection vs. pinch load.
Consider a straight-start bundle as shown below. Rod A is initially out of
Tine with the B rods. B

Fy =2 Fy TAN 0 Eq. 2

The kick load:
is constrained by rod bending where: .
Fy = KaY = K(Yrorar = Yinitial) Eq. 3
and |
Fy = *Tota1 ~ Vnitial) Eq. 4
2 TAN-©

o where.K is the rod bendihg stiffness and FX is the pinch load.

25



If there were no initial imperfections and the rods were in line, the .
critical loads could be calculated as:

.
= . Total Ea. 5
K\(I'otal ZFXCR R a

F
Yer

FX‘=_R Eq. 6
CR 2

which for any given initial geometry is strictly a function of the rod
bending stiffness K. Figures 13 and 14 are plots of pinch load versus rod.
lateral dispersion deflection. The adjusted pinch loads in Table 4 show a
maximum value of 93 pounds. Using this value in Figure 13 and 14, the
lateral dispersion deflection is small in Figured3 and critical in Figure 14.
The difference between the two curves is the rod-bending stiffness used. |
For a 12-inch pitch, 2 inches above and below a pinch'plane, there exists
restraint in the lateral direction, and a beam-stiffness model as used in
Figure 13 could be assumed. The random nature of dispersion would indicate
the lateral movement bou]d be positive or negative. As the rod support comes’
from other rods that are also bending from dispersion, the support rigidity
is questionable. Figure 14 shows that the effect of changing the rod support
greatly affects the dispersion deflection. The implication is that mechanical
tests are necessary to determine whether critical dispersion deflections exist.
For staggered-start bundles the 1ikelihood of critical dispersion deflections
is greét]y reduced compared to straight-start bundles. This is from two
effects:

(1) The significantly Tower pinch loads.

(2) As the stagger is increased, the mechanism causing dispersion
" changes so that, with a full stagger (0-120-240), the rods are
stable and there is no dispersion.

A load reduction achieved by using a larger pitch would not have a primary
effect an dispersion, as the reduced rod-bending stiffness cancels out the
reduced loads effect for the model assumed here.
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Table 4

Extrapolated 217 Rod Bundle Loads Data with Dispersion

Stratght | 0°-30°-60° | 0°-45°-90°
Bundle Configuration Start Stagger Stagger

Upper Bound 93 59 36

Max. Rod-to-Channel Load (1bs)
Lower Bound NA*. 10 6
) Upper Bound 92 29 18

Max. Rod-to-Rod Load (1bs)

NA* 5 3

Lower Bound

*Not applicable.

NOTE: Creep effects aré not included.




Table 5

Extrapolated 217-Rod Bundle Deflections with Dispersion

Straight | 0°-30%-60°| 0°-45%-90°

Bundle Configuration Start Stagger Stagger
Upper Bound | .0466 *D| .0982 fo | .1126 *D

Max. Decrease Rod-to-Rod Spacing (in.) + +
- Lower Bound | NA¥* .0404 D 0464 D
Upper Bound | .1698 "D .1093 D .1107 D

" Max. Decrease Rod-to-Channel Spacing (in.) _ L
. Lower Bound | NA* .0450 D .0456 D

" *Not applicable.

D Dispersion effects will increase this va1ue

D Dispersion effects will decrease this value

NOTE: The effects of dispersion are greater with the straight-start configuration

than with the staggered configurations.

Total clearance before compression is .056" x 1.0819 = .0606".
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4.5 Load Results

The proposed softening techniques of distributed wireless rods and
staggered wire-wrap start angles do soften the bundle. . This is shown by the
Jower loads in Table 1 for the softened configurations. This is true for
total load on flat, maximum rod-to-channel load, and maximum rod-to-rod load.
The load reductions are as much as 80.1% for the 0°-45°-90° case relative to
straight start for maximum rod-to-rod load. The magnitudes of the loads do
not appear to be a critical problem. Maximum rod-to-rod extrapolated load
with dispersion is 93 1bs and with creep effects added, this would be greatly
reduced. We expect that the loads could be kept below the maximum allowable
rod contact loads predicted in Reference 3 by a change in the pitch length.
The curve of maximum allowable contact load versus temperature from Reference
3 is reporduced here as Figure 15. The loads could also decrease, with an
improvement in bund]e-to-channe1‘interference, through the use of low-swelling
alloys. ’
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4.6 Deflection Results

The deflection results show that all bundles have nonuniform deflections.
This can be seen by looking at the vector plots in the Appendix and the spacing
data in Table 1. ' P

An important behavior of the staggered configurations, shown in the vector
plots, is the large localized deflections at the edge relative to the interior.
With the hexagonal bundle, if the edge rods have the same wire-wrap configuration
as the interior rods, they will have a different loading pattern than the interior
rods. This change in the loading pattern at the edge causes localized deflections.
To avoid this weak 1ink, the edge rods should have a special wire-wrap treatment,
different from the rest of the bundle, so as to achieve a loading pattern similar
to the interior rods. This might be achieved by a double wrap, possibly in the
reverse direction. With the improved edge rod design, the staggered configurations
should be more favorable. The data in Table 5 show an improvement in rod-to-
channel spacing with the staggered configurations. Table 5 also shows a possible
improvement in rod-to-rod spacing. As the critical rod-to-rod spacing is affected
by the edge rod deflections,.a reduction in the localized deflections at the edge
would improve the rod-to-rod spacing. This would result in a better distribution
through the bundle of the imposed deflection,

The vector plots show that where there are wireless rods, the surrounding rods
deflect towards them (see page A7). These localized deflections, if true in magni-
tude, would indicate that the use of wireless rods is of questionable value.

Since all bundle variables or design solutions were not investigated, a
design adequacy judgement of wire-wrap bundles cannot be made; but, none-the-
less, the high magnitudes of the deflections indicate insufficient separation
or contact could exist with high swelling.

To indicate the sensitivity to rod clearance, the curve of cladding
temperature versus P/D from Reference 4 is reproduced here as Figure 16.
Temperature values for reduced edge clearance would be Tower as this is a
cooler region; therefore, clearance limits at the edge could be smaller than
between rods.
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APPENDIX A

DISPLACEMENT VECTOR PLOTS
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APPENDIX B

CALCULATION OF ROD RADIAL STIFFNESS
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