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ABSTRACT

Fuel plate deflections in the High Flux Isotope Reactor fuel element
have been investigated experimentally by subjecting a single plate to
thermally induced displacements and to pressure differentials. Of
particular interest were the plate's mechanical stability characteristics
when subjected to longitudinal loading along the two edges of the plate,
a condition that is encountered when a temperature difference exists
between the fuel plate and side plate.

The results of the experiments indicate that under HFIR operating
conditions the fuel plates will always deflect toward the convex side
of the involute over the central portion of the plate and toward the
concave side close to the ends. A plate was also subjected to a dif-
ferential strain almost three times as great and a temperature 200°F
higher than expected in HFIR; the same deflection characteristics were
observed. In neither case was there any indication that the plate had

buckled longitudinally, that is, that the critical load had been
achieved.
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Pressure deflections were found to be the same as predicted with
calculations.

NOTICE This document contains information of a preliminary nature
and was prepared primarily for internal use at the Ook Ridge National
Laboratory. It is subject to revision or correction and therefore does
not represent a final report.



— e e e — LEGAL NOTICE —— - o

This report was prepared as an account of Government sponsored work. Neither the United States,

nor the Commission, nor any person acting on behalf of the Commission:

A. Mokes any warranty or representation, expressed or implied, with respect to the accuracy,
completeness, or usefulness of the information contained in this report, or that the use of
any information, apparatus, method, or process disclosed in this report moy not infringe

privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the use of
any information, apparatus, method, or process disclosed in this report.

As used in the above, ‘‘person acting on behalf of the Commission'’ includes any employee or i
contractor of the Commission, or employee of such contractor, to the extent that such employee \
or contractor of the Commission, or employee of such contractor prepares, disseminates, or

or his employment with such contractor.

provides access to, any information pursuant to his employment or contract with the Commission, ‘



) CONTENTS

- Page
INtrodUCtion eeeeccevessscesesssssecccssossscasscsasassasansssnscss 5
Method Of ANBlySiS sesseaccesosscnscnscnsocosnsacasoonsassnccnosnss 6
Description of Apparatus and ProcedUreS cececssessecsescsscsscscss 16
Discussion Of RESULLS seevesnesasersccecascassascssaccssoccosncnnne 28
Base Case O 8 5 8 9 5 08 6O O O 8 S B0 PH OO0 S PE SN N G OO S O0O0O 00 OGS S e0DO SO 52
Cold- Ends I’.....‘.......I.O....'O.....I........Q...l.l"..... 52
Different Edge ResStraint sececcecscesscescsssaosssssnsansnssne 35
Split a.l’ld Non-split Base COH@&I‘iSOn ------- ® 6 & 00 900 PO OGS SBSNOS 58
Maximum Differential Expansion TeST eseeesccscccncssesccssnans 39
Plate Temperature as a Variable cceeseecssesccescosssccscnccnses U4l
Initial Shape Of Plabte ceeeeseccccoccssescccsssscsossesencace 13
Creep and Thermal Cycling ...... cectcececesesocecsssasnsesnce  UD
Pressure DefleCtions eeeecesescscescscscoscssosessscoscacssne U6
Comparison of Measured Pressure Deflections with
Calculation ® O 0 00 0 P8O L LSOO RSN PO O NSO SE S SO S 0080 55
Application of Data to HFIR DeSigN sseeeececcorcocosnscscscsasanns 53
Acknowledgements eceoeecss et eescecscsssesssseseescssesoscesccasan s 57
AN

LOCKHEED MARTIN ENERGY RESEA| AR

AT

3 445k 0513131 8







~

EXPERIMENTAL INVESTIGATION OF HFIR FUEL PLATE DEFLECTIONS
INDUCED BY TEMPERATURE AND PRESSURE DIFFERENTTIALS

R. D. Cheverton W. H. Kelley

INTRODUCTION

HFIR fuel plate deflections caused by differential thermal expansion
are perhaps of greater concern than those in other research and testing
reactors because of the unusually high power density in the HFIR. The
deflection of greatest interest is that associated with the differential
longitudinal thermal expansion, which results from a difference in fuel-
plate and side-plate temperatures. When this temperature difference be-
comes large enough the fuel plate longitudinal stress will exceed a
critical value, and the plate will buckle in the form of a complex sine
wave. The critical stress value depends on the plate temperature
(material properties), the initial geometry, the means of edge attachment
and the temperature distributions in both the fuel plate and side plates.
Also affected by these parameters is the wave length.

Evidence of the above type of buckling in a fuel element has been
observed in some of the SPERT' destructive tests, and perhaps it was
these observations more than anything else that prompted an investigation
of steady-state conditions in the HFIR design.

Farly in the HFIR program a rather simple calculation® was made in
connection with fuel plate stability; results indicated that under HFIR
operating conditions the plates would probably buckle, the deflection
would be significant in terms of hydrodynamics, and the wave length

would be about 2 in. To support this investigation experiments were

1A. H. Spano and R.W. Miller, SPERT I Destructive Test Program Safety
Analysis Report, ID0-16790, Phillips Petroleum Co., June 15, 1962.

®R. N. Lyon, Remarks on Thermal Buckling of Columns, Plates and
Shells with Initial Sinusocidal Distortion (HFIR Fuel Plates), USAEC Report
ORNL-TM-1482, Oak Ridge National Laboratory, April 7, 1966.
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conducted which seemed to verify the calculational results, although
there was some question concerning the accuracy of the data.

The results of the above calculations were incorporated in the over-
all heat transfer analysis® to the extent of assuming that two "bumps"
appeared directly opposite each other (opposite sides of a coolant channel),
but 180°deg out of phase, at the outlet end of the hot channel. It was
further assumed that these "bumps" would have no effect on total flow rate
through the channel even if several of them occurred along the length of
the channel and remained 180 deg out of phase. The validity of this latter
assumption depends upon the shape of the curve across the width of the
plate. In a comparatively recent review? of the heat transfer analysis
it was "discovered" that if the shape across the width were essentially
square, and if the waves in the longitudinal direction were 180 deg out of
phase, a rather drastic reduction in flow rate would occur in the partic-

" ular channel. At about this same time fuel plate deflection experiments
~being conducted in connection with the ATR® indicated that the critical
stress would not be achieved in the HFIR, although here again there was
some doubt regarding the accuracy and applicability of the experimental
results. These developments provided the necessary incentive for re-
investigating the stability problem and the part it plays in the HFIR

heat transfer analysis.
METHOD OF ANALYSIS

An analysis of fuel plate buckling is complicated by the fact that
temperatures in the fuel plate and the side plates are not uniform. This
of course results from the variations in power distribution throughout
the core, even though the distribution is essentially symmetrical. An
isometric view of the assembled HFIR fuel elements is shown in Fig. 1,

and typical longitudinal and radial (across the plate width) temperature

SN. Hilvety and T. G. Chapman, HFIR Fuel Element Steady-State Heat
Transfer Analysis, USAEC Report ORNL-TM-190%, Oak Ridge National
Laboratory, December 1967.

“H. A. Mclain, Letter to T. E. Cole, November 11, 1965, Effect of
Sinusoidal Buckling of the HFIR Fuel Element Coolant Channels.

°R. E. Deville, Differential Thermal Expansion Tests on Advanced Test
Reactor Fuel Plates, ID0-24L461, National Reactor Testing Station, Phillips
Petroleum Co., October 15, 1963.
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Fig. 1. HFIR Fuel Assembly.



distributions for the fuel plates are shown in Figs. 2 and 3. No% only
do these distributions suggest complications in determining actual de-
flection curves, but the means by which such information could be used
precisely in the heat transfer analysis is certainly equally complicated.
Thus, before designing an experiment it was necessary to determine what
type of information would be useful in the heat transfer analysis.

It appeared that about the most complicated data that could be
handled in the heat transfer calculations was a rather general description
of the axial and transverse deflection curves. This type of information
could be obtained easily and conservabtively, if it were assumed that the
actual temperature distribution curve could be replaced with a step curve
such as the upper curve shown in Fig. 3. Certainly, if this latter curve
is drawn through the maximum of the actual curve in the fuel region and the
minimum of the actual curve in the side plate region, the deflection
assumed in the calculations would be conservative. However, the experi-
ment referred to does not necessarily impose this restriction since the
designer is at liberty to select his own "best" average step curve. In
the axial direction the same type of averaging can be resorted to, or the
length of the plate can be divided up into effectively infinite lengths,
each at a different temperature.

The experiment alluded to above is one in which a fuel plate and an
attached set of side plates, which has a coefficient of thermal expansion
smaller than that of the aluminum fuel plate, are slowly brought to a
uniform temperature, thus providing a differential expansion at scme
particular absolute temperature. By using different side plate materials
(different coefficients) a family of curves can be obtained that will
provide different combinations of differential expansion and fuel plate
temperature. This feature can be important because in the heat transfer
analysis fuel plate deflections provide feedback that® changes plate
temperatures and thus deflections. The appropriate combination of dif-
ferential expansion and temperature are never known until the iterative
procedure in the heat transfer analysis has converged.

Such a simple experiment as that mentioned above becomes somewhat

more complicated when relative rotation of side plates, fuel plate "cold
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ends", edge attachments, side plate structural characteristics, dif-
ferential pressure and initial shape effects are simulated.

The relative rotation of the side plates was designed into the HFIR
fuel elements so as to minimize stresses resulting from the radial dif-
ferential expansion between the fuel plates and side plates. As shown
in Fig. 1, the inner side plate of the inner element and the outer side
plate of the outer element support the elements, leaving their counter-
parts free to rotate as a difference in average temperatures between the
fuel plates and side plates is generated. Of course this scheme does not
completely eliminate "radial" stresses in the fuel plate because the
axial temperature distribution is not uniform. Near the center of the
core, where the plates are hottest, the plates will be subjected to a
compressive edge load, and near the ends the load will be tensile, thus
constituting a restrictive force to side plate movement.

A further restraint is applied to relative rotation of the side
plates by the moments generated at the tab weld attachments. However,
the resulting bending stresses are small compared to those eliminated
by "free" rotation of the side plates.

The experiments discussed herein included both fixed and "free"
side plates. However, the "free" side plate condition did not exactly
reproduce the actual reactor condition because it was not possible to
completely reproduce the variations in axial temperatures and temperature
differences. Furthermore the small edge moments discussed above were not
the same. This latter discrepancy is considered to be insignificant, but
the lack of appropriate axial temperature distributions can introduce some
difficulties in terms of application of test results. In an effort to
at least partially simulate the actual case "cold ends" were added to
some of the test plates.

The "cold end'effect in an actual fuel element is the result of
having a significant nonfueled portion of the fuel plate at both ends of
the fuel plate. Since the differential expansion between the side plates
and "cold ends" is small, the cold ends act as restraints at the ends of
the "hot" plate. Most of the experiments were conducted without this

restraint; however, in a few cases an attempt was made to simulate the
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"eold ends" by attaching plate end extensions made of a material similar
to that of the experimental side plate. Thus, the fuel plate effectively
had a uniform temperature over the mid-20 in. of its length and a lower
but uniform temperature over a 2-in. length at each end. This arrange-
ment gave some indication of the axial restraint associated with "cold
ends."

The degree of end fixation is also influenced by the existence or
nonexistence of combs in the ends of the fuel element. In the original
design of the HFIR element combs were included mainly as a safety pre-
caution against possible inaccuracies in predicting inlet and outlet
hydrodynemic effects on plate deflection and also against damage in
handling. Because of the difficulties associated with installing combs
it was intended that the need for combs would be investigated in greater
detail at a later date. Thus, it was desirable to examine both cases
during the deflection experiments. Actual combs were not included in
the experiments, but the degree of end restraint was varied in such a
way as to give some indication of the effect.

Fuel plate edge attachment is also an important parameter because
in the process of transmitting the forces resulting from the differential
expansion it can "absorb" some of the differential and thus reduce the
buckling tendency. However, in the process the attachment might fail, or
in the experiment the attachment might slip, resulting in erroneous data.
In the present HFIR fuel element design the attachment is made by welding
the fuel plate to the side plate at l1-in. intervals, the weld being
~0.12-in. long (see Fig. 4). This was simulated in the experiment by
clamping edge tabs close to the effective edge of the plate. Since the
restraint depended to a large extent upon frictional forces that might
vary during the experiment it was necessary to prove that slippage would
not occur, and this was done.

Longitudinal extension of the side plates resulting from the attach-
ment forces provides some relief for the differential expansion. This
condition was not simulated in the experiments because of mechanical
complications. Had the results from the tests indicated excessive fuel

plate deflections, a separate experiﬁent was to be conducted to determine
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appropriate equilibrium conditions between the side plates and fuel
plates.

Coolant flowing through the core creates pressure differentials
normal to the fuel plate surfaces because of nonuniformities in coolant
channel thickness. These differentials are not uniform along the plate
length, nor are they necessarily similar from channel to channel. Thus,

a realistic simulation was not achieved. However, the effect of the dif-
ferential pressure was investigated by uniformly pressurizing a fuel

plate in the differential expansion apparatus while at the maximum temper-
ature. In the process of achleving leak tightness around the edges of

the plate, edge attachment conditions were probably altered to some extent.
Thus, there is reason to question the validity of the data; nevertheless,
it is believed that the trends were properly indicated.

Initial deviations from the perfect fuel plate shape were considered
important, particularly if a true instability condition existed. Since
it was not possible to install plates in the experimental side plates
with the same degree of straightness as could be achieved in an actual
fuel element the experiments were plagued with "excessive" initial de-
viations. In addition to somewhat random deviations over most of the
plate surface, there was a regular sine-wave-type curve immediately ad-
Jjacent to the edge of the plate that was induced by the attachment
technique. (This same sort of condition with about the same amplitude
(~0.001 in.) is produced in an actual fuel element as a result of welding.)
There was also a way of purposely varying the longitudinal deviations.
Thus, within reasonable limits the effects of shiape deviations could be
investigated.

As shown in Figs. 1 and 5, the HFIR hastwo different fuel plates;
they are the same length and thickness, have approximately the same
width, are both of involute geometry, but have different involute gener-
ating circles. The plates are located in two annular fuel elements, which
make up a complete core loading, as shown in Fig. 1. Fuel plates in the
outer element are flatter than those in the inner element because of the
larger involute generating circle for the outer element. Thus, the outer

element plates tend to be less stable against axial buckling. For this
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reason,and because the peak power density in the outer element was at
least as great as that in the inner element, it appeared sufficient to
investigate the deflection characteristics of the flatter plate only.
During the early part of the experimental program the effects of
creep and thermal cycling on fuel plate deflections were investigated.
The results indicated that all deflections were essentially instantaneous
with changes in temperature, and that thermal cycling, consistent with
normal reactor operation, had no significant effect on the results.
Therefore, most of the experiments were of short duration and consisted

of Jjust one heating and cooling cycle.
DESCRIPTION OF APPARATUS AND PROCEDURES

The basic apparatus for investigating fuel plate deflections resulting
from differential expansion between fuel plates and side plates and dif-
ferential pressures consists of a base to clamp a fuel plate to, a device
for measuring the relative deflection between fuel plate and base, and
an oven in which to heat the assembly isothermally.

The fuel plates for these experiments were essentially identical in
shape to actual HFIR outer fuel element plates. To simulate the inter-
mittent weld attachment between the fuel plate and side plates, the fuel
plates were provided with edge tabs, as shown in Figs. 4 and 6, which were
clamped to the base. Various checks were made to insure no slippage of
tabs during thermal cycling.

For most of the tests the tabs were spaced on l-in. centers and were
slightly over l/h-in. in width. Since the actual effective width of the
weld attachment now appears to be somewhat less than l/h in., more recent
tests have been conducted with effective tab widths of 1/8 in.

Two basic types of "fuel” plates. were used in the experiments. One
was an actual fuel plate containing fuel, while the other was all aluminum
(sheet stock). The length of the plates in all tests was 24 in., which
is equal to the actual HFIR tetal plate length but which is 4-in. longer
than the active (heated) length. In several cases the "cold end" effect

was simulated by adding 2-in. steel ends to a 20-in. length of an all-
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aluminum fuel plate. The joint between the aluminum and steel was achieved
using a 1/b-in.-lap joint and epoxy cement.

In order to achieve the differential expansion between the aluminum
fuel plate and the base with both at the same temperature, the base was
made of a material having a lower coefficient of thermal expansion than
that of the fuel plate. By changing base material the combination of
differential strain and absolute temperature could be varied. In these
experiments bases were made from carbon steel, Monel and Invar. The
linear differential expansion between each of these bases and a fuel
plate was determined by differential expansion measurements in the oven
using a "loose' plate on the base. Differential expansion curves for the
carbon steel and Invar bases are shown in Fig. 7. Difficulties in ob-~
taining the desired Monel alloy resulted in the Monel and carbon steel
curves being closer together than desired. Thus only a few experiments
were conducted with the Monel base for the purpose of extending the range
of achlevable strain.

The complete experimental assembly is made up of several parts as
shown in Fig. 8. The base, which has the proper involute edge angles
machined on it, is shown positioned on the seprate track. Two bars,
equipped with numerous adjustment screws, are used to secure the tabs on
the edges of the fuel plate to the base. As shown in Fig. 9, the larger
screws in the bars hold the bars in place while the smaller adjustment
screws and inserts are used to actually apply pressure tc the plate tabs.
The inserts depress a portion of the tabs into a shallow spherical cavity
in the base. Different inserts result in slightly different initial plate
shapes after tightening. With a set of modified bars 1t is also possible
to pull the bars down hard against the fuel plate, creating a fixed edge
condition.

As indicated in Figs. 8, 9 and 10 the base is mounted on a track,
which is used as a reference surface for making plate deflection measure-
ments. The mounting was such that edge parallelism was maintained be-
tween the two, and yet the two were allowed to move freely with respect
to each other so as to accommodate differential expansion without inducing
significant stresses. Intimate contact between the base and track was

achieved with spring loading.

(4
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Uncertainties regarding dimensional stability of the base and track
during thermal cycling were minimized by carefully stress relieving the
components during fabrication and by making relative measurements at
temperature between the base and track and between the track and an out-
boarded precision straight edge. While at temperature the straight edge,
which was supported at only two points on the track, was turned over so
that measurements could be made from both sides, thus eliminating any
dimensional instability in the straight edge from the measurement. After
thermal cycling, all components were checked on a surface plate. In all
cases straightness was within 0.001 in.

The base and track components were designed to be adequately rigid
against the forces generated by the differential expansion between the
fuel plate and base and the friction forces resulting from differential
expansion between the base and track. An experimental check on the
adequacy was obtained by making relative measurements between these com-
ponents and the outboarded straight edge during typical thermal cycles.

Auxiliary base-track equipment included involute positioning end
blocks, end stop-blocks, stepped involute standards and a modified micro-
meter for measuring "free plate” differential expansion.

The base was used both as a single piece and as two separate pieces.
In the latter case the base was cut into two pieces,as shown in Fig. 11,
and then held together in a precision manner with three aluminum bars.
This "split" design allowed the aluminum fuel plate to expand transversely
without restraint, thus simulating the rotating side plate condition
discussed elsewhere in the text.

Plate deflection measuring instrumentation consisted of seven dif-
ferential transformers and appropriate read-out equipment. As shown in
Figs. 10, 11 and 12, the differential transformers were mounted on a
bridge that traveled on the precision ways of the track. Styluses, which
are extensions of the transformer cores, were supported and lightly spring
loaded against a fuel plate by means of parallel leaf springs. Positioning
of the transformers was such that the longitudinal axes of the styluses
were normal to the true involute curve at the theoretical points of con-

tact. Thus, for all practical purposes the measurements represented









26

changes in coolant channel thickness. The theoretical positions of
contact as measured in arc length from the involute generating circle are

given in Table 1.

Table 1. Theoretical Positions of Contact for
Differential Transformers (R = 5.873)

Arc length from

Transformer Generating Circle

0.125

0.575
1.025
1.475
1.925
2.275
2.825

1 O\ WY

Complete involute arc length = 2.94k

Each differential transformer was calibrated at room temperature, at
which time the amplifier gains and zero settings were adjusted, and at
elevated temperatures by means of calibration blocks located at one end
of the base (see Fig. 10). The accuracy with which the relative height
of a calibration block point could be determined with the differential
transformers was better than 0.0005 in.; for points on the plate it was
better than 0.001 in.

The limiting temperature for sustained operation of these particular
transformers was about 400°F. This limit was consistent with the maximum
temperatures desired for the experiments, with the exception of a final
run to 600°F. During this brief high temperature run the transformers
functioned satisfactorily.

During an experiment the complete assembly, as shown in Fig. 13, was
located in an oven and was brought to temperature slowly so as not to
create significant temperature differences within the bulky parts and
between the fuel plate and base assembly. A suitable number of appropri-
ately located thermocouples was used to establish the correct heating and

cooling rates.
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A set of deflection readings could be taken at any time during a
thermal cycle. Each set consisted of simultaneous and continuous plots
of the seven transformer outputs plus calibration data from each trans-
former. A typical set of data with two transformer outputs recorded is
shown in Fig. 14.

In several experiments different degrees of end and edge fixation
were investigated. Edge clamping could be accomplished by pulling the
bars down hard against the plate so that contact was made along the full
length Jjust inside the tabs. Using only the tabs, the number of re-
strained tabs could be varied.

At the ends of the plates the normal distance between the involute
end blocks and the plate could be varied, and in some cases the plate
ends were cemented to the blocks to provide complete fixation. In other
cases stop blocks were used to restrain longitudinal movement without
imposing a large end moment. During pressure tests it was necessary to
seal the plate around the entire perimeter. This was done with a
material that remained quite elastic at temperature. However, there is
some question concerning the effect this material had on edge restraint.

Pressure differentials across the fuel plate were achieved by pumping
a vacuum in, or pressurizing with bottled gas, the cavity between a
mounted and sealed fuel plate and the base. Since some leakage always
occurred the bottled gas was fed through a coiled tube in the furnace so

as not to introduce temperature variations.

DISCUSSION OF RESULTS

All of the significant plate tests that were conducted are listed in
Table 2 with a brief description of the test conditions. Not all of these
tests are discussed in detail herein because several were used only as a
check on reproducibility. (The first nine plates were used primarily for
checking out experimental techniques.) For purposes of discussion the
tests have been grouped in accordance with specific parameters of interest
8o as to establish trends associated with each. Finally an effort is made

to apply the bits of information to the analysis of the HFIR fuel element.
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Table 2. Experimental Parameter Conbinations

Type Type
Test End End . Thermal Creep
No. Fuel Base Attachment Attachment Pressurized Cycle Test Date
Plate Plate
10 A E L 0 3/25/66
12 A E N 0 3 days 3/25
13 A E N 0 15 days  4/5
h c E N 0 5 days  4/21
15 c F N o) 5/2
16 A F N&,P 0 5/b
17 A F J P 5/5
18 A F Je 0 3 days 5/6
19 A F NP 0 % cycles L days 5/12
20 A r Nb o} 2 cycles 2 days 5/18
21 A T J 0 5/23
22 A F xd 0 5/2k
23 A F M o 5/26
2L A ¥ M P 5/e7
25 A F M o€ 5/%1
26 A P K 0 6/6
27 ¢ F K o) 3 days 6/8
29 o I M U Concave 7/15
30 o I M U Concave 7/19
31 o F N P 7/21
32 C I M T Concave 7/22
33 C T M T Concave 7/26
34 C I M T Concave 7/27
35 ¢ F N P 7/29
36 c G J 0 8/18
37 c G J 0 8/19
38 C F N 0e 8/2k
39 c F N oe 2 cycles 8/25
40 B F N 0 9/1
L1 B F N 0 9/2
4o ¢ H N 0 of7
43 c H M 0 9/9
Ly B F ¥°(0.010") o 5/16
45 B F J 0 9/20
L& B H J 0 9/21
L7 B H J 0 9/26
48 o H J 0 9/28
) C H J 0 10/5
50 o F J 0 10/7
51 ¢ T M 0 10/10
52 C H M 0 10/1%
53 B H N(0.010") 0 10/17
5L o F J o} 10/2k
55 o H J 0 10/26
56 C F J P 10/31
57 c F J 0 11/3
58 o F Jo Q 4 cycles 2 days 11/7
59 C F J R 4 cycles 11/16
60 c I M uf Concave 12/7
60 psi

61 C I M Qf Concave 12/21
62 c I M of Concave 1/6/67
63 C T M of Concave 1/11
ol ¢ I M pf Concave 1/16
65 c I M vi Concave 1/18
66 c H J 0 2/1

aPlate corners cemented.

bBack involute block removed.

®plate corners pinned.

dFiller between involute block and plate.

eAlternate cup and ball.

£

Edges sealed with Scilastic.



-

21

Table 2 (contd.)

Fuel Plate Types

[wRoNec i g

Type Base Plate

Him QA

End Attachment

el ol s

Edge Attachment

<cHnHYOH YO

Mounting and Plate Conditiong

Aluminum

Aluminum with steel ends
Fuel

Fuel with steel ends

Steel, not split
Steel, split
Invar, not split
Invar, split
Monel, not split

Free

Involute blocks snug

End stops snug, involute blocks free
Involute blocks snug and cemented
Involute blocks slightly below plate

Every tab (1/4 in.)

Every other tab (1/% in.)

Every tab (1/8 in.)

Every other tab, special (1/8 in.)

Every tab (1/4 in.), corner dowels

Every tab (1/h in.), bars tight against plate

Every tab (1/% in.), bars tight against plate and cemented
Every other tab, special (1/4 in.)
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Base Case

The base case is defined as an assembly consisting of an aluminum
plate with l/h—in. tabs, a carbon steel split base and all tabs secured
with cups as opposed to balls. The degree of end fixation was a variable.
When uniformly heated to 400°F, the plate took on the shape indicated in
Fig. 15. Although the shape is not that of a multiple node sine wave as
might have been expected for these particular conditions, the deflections
are significant in analyzing fluid flow and heat transfer. For the
purposes of such an analysis the deflection curves can be characterized
by the deflection read-out at transformer No. 4 near the longitudinal
center of the plate and at the plate ends. This sort of information is
presented in Fig. 16 as a function of different degrees of end restraint.
As indicated the deflection of the center of the plate tends to increase
with increasing degree of end restraint while the deflection of the ends
mist of course decrease. The actual degree of partial end restraint
achieved in each test is now known very accurately, and this situation
probably accounts for some of the scatter in the data. However, initial
shape of the plate before and after installation and uniformity of edge
attachment have some small effect. It might also be that there is some
difference between fueled plates, which are included in Fig. 16, and
aluminum plates, although specific tests for comparing the two types of
plates indicate that the difference is small (tests 26 and 27).

Some improvement in scatter can be achieved by using end deflection
as an indicator of degree of end fixation rather than aligning cases by
what was intended in the way of end restraint. However, in terms of
application to fuel-element design the indicated scatter does not appear

to be significant.

Cold Ends

A type of end restraint not included in the above group is that
referred to as the "cold end" condition, a condition that exists in the
reactor as a result of not having fuel in the last 2 in. of each end of

the plate. This condition was simulated in the experiments by adding
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2 in. of carbon steel plate to each end of a 20-in.-long aluminum plate,
the attachment being made by means of a l/M-in. overlap, epoxy-cemented
joint. The results of these tests are shown in Fig. 17, and indicate that
the mid-span deflection for a "cold end" plate is significantly greater
than for a regular free ended plate and somewhat more than that for a
regular plate with fixed ends. Furthermore, the end deflection was about
the same as for the free ended plate, thus resulting in a swmation of
end and mid-span deflections greater than for any other combination.
Since the steel is stronger than the aluminum (some plastic flow appears
to take place in the aluminum),and since the modulus of elasticity of the
steel is greater,it is expected that for an actual aluminum plate with an
axial temperature discontinuity the mid-span deflection would be somewhat

less.

Different Edge Restraint

The actual degree of edge restraint is another unknown insofar as
the actual HFIR core is concerned. Therefore several degrees of edge
restraint were investigated. The greatest degree of edge restraint was
achieved by pulling the clamp bars down tight against the edge of the
plate. However, this condition was used only for pressurization tests
and thus cannot be compared with the other data. The next highest degree
was achieved with all 1/k-in. tabs being secured with the cupped set-
screw without the bar bearing against the plate. The least degree of
edge restraint was achieved with 1/8-in. tabs, in which case only every
other tab was secured, and in one area two tabs were skipped to simulate
a missed weld.

Results from these tests are shown in Fig. 18. As indicated there
is very little difference in deflection, but there is a trend for de-
creasing deflection with decreasing edge restraint. This would be
expected because the smaller and/or fewer the number of tabs the higher
the stress and thus strain in the fixed tabs, a primary consideration in
determining what size and how many attachment welds must be used in an

actual element.
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Split and Non-Split Base Comparison

Another edge attachment variation involves the freedom or lack
thereof of an edge of the plate to move "radially” relative to the other
edge. As discussed previously, freedom for this type of relative move-
ment is incorporated in the design of the HFIR element and was simulated
in the experiments by splitting the base longitudinally and then attach-
ing the two pieces with aluminum blocks. Before splitting the base,
experiments were conducted so as to superimpose the radial differential
effect on the longitudinal. A comparison of deflections obtained with
the split and nonsplit Invar base is shown in Fig. 19. As indicated the
general shape of the deflection curve is the same for the two cases, but
the radial restraint nearly doubles the mid-span deflection. One im-
portant aspect of this increased deflection is that since the stresses
in the plate are higher there tends to be more creep and less resistance
to differential pressure loads. These effects are discussed in the

following sections.

Maximum Differential Expansion Test

The differential transformers used for measuring deflections were
limited to a sustained temperature of about 4LOO°F, but were able to
function satisfactorily for a brief period of time at a temperature of
at least 600°F. The LOO°F limit in conjunction with the carbon steel
base was high enough for HFIR operating conditions, but we were curious
to find what temperature and differential expansion would be required
to result in plate buckling (attainment of critical load conditions).

In an attempt to satisfy this curiosity a plate (No. 66) having 1/L4-in.
tabs was installed on the split Invar base with all tabs secured and the
ends unsupported and was subjected to a slowly increasing temperature

up to 600°F. The differential strain for this case was 2.8 times what it
was for a steel base assembly at 400°F, the latter combination being
typical of HFIR conditions, and still the plate did not buckle.

The deflection curve for the above extreme case is shown in Fig. 20.
It is noticed that after reaching a temperature of about 300°F the shape

and deflection of the plate remained nearly constant, indicating that
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relief (plastic flow) at the tabs prevented further deflection of the
plate and thus perhaps prevented the plate from buckling. A plate having
greater edge restraint might actually have buckled during such a test.

On the other hand, reducing the degree of edge restraint to reduce plate
deflections and the buckling tendency would eventually lead to failure of
the attachment.

Plate Temperature as a Variable

In order to include plate temperature as a variable it was necessary
to use at least two bases having significantly different coefficients of
thermal expansion. For this purpose carbon steel, Monel, and Invar were
used. (The particular Monel obtained for the experiments had a coef-
ficient very nearly the same as that for carbon steel and thus was not
of much value for the purpose at hand.) Differential expansion curves
for the steel and Invar bases are shown in Fig. 7. These curves were
obtained by actually measuring the difference in unrestrained axial ex-
pansion between a plate and a base as the oven temperature was raised in
increments.

As indicated in the above figure an all-aluminum plate was used with
the steel base, while a fueled plate was used with the Invar base. Since
the fueled plate is basically an aluminum plate, its coefficient, as
determined by experiment, is for our purpose the same as that for the
all-aluminum plate.

Figure 7 shows that above aboub 300°F the difference in temperature
required between the two assemblies to achieve the same differential
strain is 100°F or more. It appeared that in terms of plate deflection
such a temperature difference would be important because of sensitivity
of aluminum strength properties to temperature. A comparison of plate
deflections versus differential strain for the two assemblies is shown in
Fig., 21. It is observed that the colder assembly produces slightly
greater deflection, presumably because the tabs retain greater strength
at the lower temperature. However, considering the accuracy with which
data was obtained and the accuracy generally required in applying the

data to design, it is concluded that over the range of temperatures
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involved in the experiments there is essentially no effect of plate

temperature on deflections for a given differential strain.

Initial Shape of Plate

Deflection and the tendency toward buckling are presumably influenced
by the initial shape of the plate. This factor was investigated to some
extent in two ways: ‘'accepting"” tolerances in shape associated with
fabrication and with installation, and purposely inducing perturbations
in plate shape by various techniques.

One way of inducing a shape perturbation was to use alternate cup
and ball force applicators on the tabs, in which case the greater de-
formation of tab metal under the ball created an inward membrane displace-
ment of the plate relative to the adjacent tabs secured with cup-shaped
applicators. The effect on initial plate shape is shown in Fig. 22, which
is an axial trace of transformers 4 and 7 for the room temperature and
LOO®F conditions. As indicated, the alternate cup and ball initial attach-
ment produced an axial sine wave near the plate edge with a wave length
of about 2 in. Upon heating the assembly to 4OO°F the net deflection was
essentially the same as for a plate installed in the usual manner.

The shape of a plate after installation was determined by comparing
the shape, by means of the transofmers, with the involute standards
at one end. Typical comparisons are shown in Fig. 23, which shows the
plus and minus deviations from the standards. As indicated, the center
portion of the plate tended to be flatter than the standard (larger radii
of curvature) while the ends in some cases tended to hump up. From the
standpoint of HFIR design the tendency toward larger radii of curvature
introduces conservatism with respect to buckling since a flatter plate
is more likely to buckle.

Variations such as those in Fig. 23 are probably responsible for
some of the spread in deflection data, but as mentioned earlier the
spread is really not very large from the standpoint of application of
data to core design. Thus it is concluded that initial plate shape had
little effect on the results.
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Creep and Thermal Cycling

Creep tendéncies were looked for up to 4OO°F in several tests, in
which case the maximum temperature was maintained for as much as 15 days.
There were no signs of significant creep, and thus it was concluded that
creep was not an important factor in the design and analysis of the HFIR
plates.

Thermal cycling effects were also investigated, and it was determined
that thermal cycling between room temperature and LOO°F for up to four
cycles had essentially no effect on plate deflection relative to the

initial cold shape.

Pressure Deflections

Pressure deflections were investigated to some extent to determine
what effect they might have on the thermal deflections and buckling
tendencies. These experiments were necessarily restricted to the non-
split bases, but it was possible to apply pressure to either side of the
plate, a vacuum being used in the cavity to achieve "external" pressure.
The vacuum tests were of course limited in pressures; however, the
achievable differential was greater than that expected in an actual HFIR
fuel assembly during reactor operation. Results from these "external”
pressure experiments showed no tendency toward buckling, and the de-
flections were very small. It was assumed that the deflections per unit
pressure were essentially the same as for the case with "internal” pres-
sure (over a reasonable range of pressures), and thus most of the
pressure experiments were conducted with "internal" pressure.

Internal pressure tests were conducted with five different plate
edge attachments: completely clamped edge, l/h-in. tabs all secured,
every other 1/4-in. tab secured, every other 1/4-in. tab secured (special),
and l/8—in. tabs all secured. In order to maintain pressure in the
assembly the plate ends had to be snug against the involute blocks and
cemented.

Results of the tests are shown in Figs. 24 through 28. Figure 2L
shows the results for two assemblies that were first brought to temperature
with no pressure differential. Upon reaching a maximum temperature of

4OO°F the pressure was applied and increased in increments to 30 psi. As



b7

ORNL DWG. 68-1160
TS : . -
T - / 5 Wi 33
R /™ \ . T
T A -l |
L | L X - "
[T « y.d. N4
L g L} yd ‘
[ 1 [ 9‘ M ’/ B‘ T
1T 8 L\ H
M 1
R <
] A A i
mE ;
T
/ it
L I
Involute Arc Length from Generating Circle, in. L]
%
|
1
; !
i
2 i~ ! i
A T i
i T
[ ATE
'/ N
ol R TS DR,
7/ NS i
N\ Perssl LJ
\ 1
/ / N
T &) / Je - - {
A \ \ =] !..JQ e ol
V. File o O O IO
4 !
/] \ =)= | b= Ly 3 # i
~ Sy 1 i T: &
L
\ [ — T , ‘
B ] ; ‘ i
T i 1 1 ' v i

Involute Arc Length from Generating Circle, in.

Fig. 24, Plate Deflections Caused by Temperature and Pressure.




Deflections X 105, in,

L8

T | ORNL DWG. 68-11609 i
!
¢ 1T A A C ey ty B/ %
~ t] =
1 ITZA ﬁﬁr 2k, i
o > =] T R, r-YI7e i? 4 £~ E
3 Ve () AN r T
8 t
!
LA "4 4 '
; )] -
|
L1 1]
2Rpd ‘
L B
5] y P~ i Plate No. 60 )
4ND d - Pressure on Concave Side
7 3
— / = 1ne
T { * 9
f !
Pz i ;
u =
A L
S g
- ] .
~J ] i
Ty
N i
- ~§
[
L
= b {
|
1 1 L i -

Pressure Differential, psi

Fig. 25. Effect of Temperature and Pressure Cycling on Plate
Deflection.




49

TTT T ! n | | L | |
T T !
IRE 1
ORNL DWG. 68-11610
i e
H
. | Plate No. 60
F Fixed Edges
Pressure on Concave Side
‘ Temperature = 4OO°F
TT Reference Condition:
(P =0 psi, T = 4OO°F)
N X = 9 In.
o) Ho T
i \ L
N}; 5
~ 0 L ¥ o
X | AEmEmN eam S T
W X ! 1 I
s} I i ! ! B
94 [ L ‘ | i T ! 55‘
+ = T L - I e
o ot N
3 . | e
8 ‘\ I o L! I i l_‘
| L I
; i | NRANSEEEEENEEE AR
/ | ]\ ; ‘ \ ! ;’] VJ_LL +\] ‘;J;‘i ll
! U CLe |
} J T
J t | AR |
S T | 1 i MY Fr A Sa s :

Involute Arc Length from Generating Cirele, in.

Fig. 26. Plate Deflections at LOO°F with 60 psi Pressure on Concave
Side Following Several Pressure and Thermal Cycles.



50

1 ORNL DWG. 68-11611
Vs ] <
’ i
I . 4 i
v o Tx 7 [
ll T - ‘-—
I B
. ] P A \
5 g ey o 7 :
7/
- p b | e 1] 4 [N
N\o 7 = ]14_
P % T J
X
g
[e) i
ot LA
)
© /4 1
(0]
|_|
& ,
SR s Soman
h ™
J -~
L | -
Pressure, psi N |
‘ B
| | ; L |
1 ] ! T 1 T |
11 i i Pt T T

Fig. 27. Deflection for Initial Pressurization Versus Type Edge
Attachment.



51

T T T T T T T TTT T T T

ORNL DWG. 68-11612
ui

Deflection X 105, in.

i

Pressure, psi

TN T

NN NN T

Fig. 28.

Plate Deflections for Three Pressure Cycles.




52

would be expected the application of pressure tends to change the in-
volute shape to that of a cylinder and thus produces negative deflections
in the regions of relatively small radii of curvature. The results for
two plates are shown so as to show the reasonably good agreement and thus
establish some confidence in the results. In both cases the edges of

the plate were clamped along the full length with the clamp bars (fixed
edge condition).

Figure 25 shows the effect of thermal and pressure cycling on the
shape of deflection~pressure curves. The zero deflection point in this
figure is arbitrary since at the end of at least the first pressure cycle
there is some permanent displacement. A plot of pressure deflection at
LOO°F and 60 psi versus position across the plate is presented in Fig. 26.
This data corresponds to the fourth cycle in Fig. 25.

Figure 27 gives some indication of the effect of different degrees
of edge restraint on pressure-induced deflections at room temperature.
(In each case the pressure deflections at 4LOO°F were about 25% greater.)
For pressures below about 20 psi the pressure-deflections curves are
essentially linear, indicating no plastic deformation. Above this pres~
sure plastic flow definitely takes place at least in the case of 1/8 in.
and every other 1/L-in. tabs.

Figure 28 shows the effect of pressure cycling on permanent set.
Because of the way in which the test was run the permanent set of a
specific point can only be inferred from data obtained from two very
similar points. In Fig. 28 the comparison is made between mid-span
points x = 9 in., 12 in., and 15 in. The x = 12 in. and x = 15 in.
curves should, in a more general case, be the same. However, in this
particular test excessive tightening of the tabs in the vicinity of
x = 12 in. weakened these tabs relative to the others and permitted the
plate to bulge in this area. Even so, the results indicate a rather
large permanent set at 30 psi, typical work hardening of the material
and probably some significant change in geometry. Table 3 lists ap-
proximate values for maximum deflection versus pressure curves for

pressures less than 10 psi.
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Table 3. Pressure Deflections for
Different Edge Restraints

. 5/4p
Plate No.
ate No Edge Restraint (mils/psi)
60 Continuous edge clamp 0.10
63 1/b-in. tabs 0.20
61 1/8-in. tabs 0.22
3 Every other 1/4-in. tab 0.22

The other edge condition examined consisted of every other 1/h-in.
tab with one additional tab left out to represent one missed attachment
weld. In this case the maximum deflection in the area of the missing
tab was about 50% greater than in the unaffected areas, the affected

area extending several inches in the longitudinal direction.

Comparlson of Measured Pressure Deflections with Calculation

Earlier in the HFIR program, Chapman® calculated plate deflections
resulting from uniformly applied pressure differentials for fixed edge
and pinned edge conditions. His results have been compared with these
experimental results, and agreement between fixed edge conditions is very
good. There was not a true pinned edge case represented in the experi-
ments, but it is of interest to note that the calculated pinned edge
results agree well with the 1/L-in. tab results.

Chapman's calculations also show that the pressure deflections for

the HFIR inner element fuel plates are about twice that for the outer.
APPLICATION OF DATA TO HFIR DESIGN

Thermal and pressure deflections of the fuel plates can have an

effect on coolant flow and thus heat transfer if the deflections are not

®T. G. Chapman, Thermsl Expansion and Pressure Differential Induced
Stress and Deflections of HFIR Involute Contoured Fuel Plates, USAEC
Report ORNL (to be published).



4

the same for each channel. If the coolant channels were perfectly uni-
form in the cold condition, and if thermal deflections of all plates

were identical, then there would be no differential pressure across the
plates and the flow would be uniform throughout. Of course there are
initial variations in coolant channels and heat generation rates and

thus nonuniform flow and channel dimensions. In the actual case these
variations are not uniform along the length of the channel, and it be-
comes necessary to use a numerical method of analysis to represent the
actual case precisely. The data obtained in these experiments are not
strictly applicable for a case with axial gradients. However, reasonably
good results should be obtained by using the average temperature over the
heated length for determining thermal deflections. Of course a similar
assumption must be made regarding the side plate temperature so that an
appropriate temperature difference will be obtained.

In recent HFIR core heat removal calculations” the plate thermal de-
flection curve was represented by a sine curve across the width of the
plate, by a sine curve in the longitudinal direction near the ends of the
plate and by a straight line between these ends. The origin of the
longitudinal sine curve was at the end of the plate so that thermal de-
flections did not result in a change in channel inlet and outlet
dimensions.

The assumption that the inlet and outlet dimensions of the HFIR
channels do not change is a reasonably good assumption since the elements
have combs at both ends. Furthermore, since the plates do not actually

buckle in such a way as to produce a multinode curve, the effect of plate

deflection is quite small, making an accurate selectéon of end con-
ditions reasonably unimportant.

Preliminary calculations” associated with HFIR fuel plate and side
plate temperatures indicated that the "hot plate" plate temperatures and
the corresponding side plate temperatures were consistent with the use

of the carbon steel base in the experiments up to a uniform temperature

"H. A. Mclain, HFIR Fuel Element Steady-State Heat Transfer Analysis,
Revised Version, USAEC Report ORNL-TM-1904%, Oak Ridge National Laboratory,
December 1967.
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In principal an iterative procedure should be used to arrive

at the proper combination of plate temperature and differential expansion.

~ However, as indicated in Fig. 21, if the plate temperature is not above

v about LOO°F and if the differential strain falls somewhere between that

achieved with the carbon steel and Invar bases, then the iterative process

would appear to be unnecessary.

Another

by the side plates.

factor of interest is the degree of axial restraint provided

In the experiments the base, which took the place

of an actual side plate, was very rigid relative to the fuel plate and

thus did not

of being extended by these forces.

significantly reduce the axial interface forces as a result

On the other hand, in an actual

element the fuel and side plate materials are the same and the cross

gsectional area of the fuel plate is about twice that of the side plate.

If the fuel plate were attached continuously along its length and if it

did not bend under load, the strain in the side plate would be appreci-

able and the

where

strain in the fuel plate would be determined from

"hot plate” fuel plate longitudinal strain induced by

differential expansion between fuel plate and side plate,

effective fuel plate cross sectional area,

= effective side plate cross sectional area,

circumferentially averagedfuel plate temperature for fuel

element,

circumferentially averaged side plate temperature for fuel

element,

experiments, then As

"hot plate" fuel plate temperature,

o = linear coefficient of thermal expansion.

If the side plate is "infinitely" rigid as was the case in the

= o gnd



€p = (Tf - TS) o . (2)
H hl
For the HFIR, Af/AS =2, T, ~T = 100°F, and TfH — T, = T0°F. For these
conditions the fuel plate strain from Eq. (1) is about 61% of that from ‘.
Eq. (2). 1If T, = T, the percentage would be 3%%.

The above gnalysis is not really valid for the HFIR because the
plates do bend (deflect normal to their original surface), and the
attachment is not continuous. Both of these conditions reduce the force
that can be generated between the fuel plate and side plate, and this
situation was well represented in the experiments. The net effect is a
reduction in the side plate strain as calculated above. Thus, as a first
approximation it was assumed that the experimental results, as applied
to the HFIR, did not need to be corrected for side plate strain.

Pressure deflections for the HFIR fuel plates appear to be very
small since the maximum pressure differentials are calculated to be only
about 5 psi, indicating deflections of no more than 0.00L in. In the
reactor the pressure differentials are not uniform over the plate; thus
the actual deflections would be considerably less than those measured in
the experiments for the same maximum differential pressure.

During the early stages of fuel element design it was believed that
the pressure differentials across a fuel plate would be larger than now
calculated, and furthermore there was some question regarding the accuracy
of the plate deflection calculations. For these reasons it was decided
to insert combs in each end of an element, where the largest differential
potential exists. Since that time the inlet ends of the fuel plates have
been beveled to reduce the potential differential, and there is now
greater confidence in the deflection versus pressure curve as a result

of these recent experiments and the good agreement between these results

and Chapman's® calculations. Thus, in order to reduce fabrication costs
and the potential for element damage during comb installation, a proposal® .
was made to build future cores without combs. It is of some interest to 2

8R. D. Cheverton, Oak Ridge National Laboratory, personal communi-
cation with ORNL HFIR Operations personnel, 1967.
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note that two core loadings without combs have now been operated at
full power for the normal 1life of the elements without any indications

of difficulties attributable to the omission of combs.
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