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METAL SWELLING EFFECTS ON FTR CORE COMPONENTS

R. J. Jackson, C. L. Wheeler,
G. R. Waymire, and W. W. Little

ABSTRACT

An elastic analysis which considered neutron-induced
metal swelling was performed on each typical component in the
Fast Test Reactor (FTR) core. The dilatation and duct bending
resulting from the swelling and the swelling gradients are
predicted for each component. Component interactions resulting
from these dimensional changes are predicted, and duct-to-duct
contact between supports during operation is proposed as a
potential burnup limitation. Other potential burnup limita-
tions from refueling considerations are discussed.
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METAL SWELLING EFFECTS ON FTR CORE COMPONENTS
R. J. Jackson, C. L. Wheeler,

G. R. Waymire, and W. W. Little

INTRODUCTION

The purpose of this study was to develop an understanding
of the major interaction between core components of a fast
breeder reactor, caused by fast neutron induced metal swell-

ing,(l’z) and to identify the most severe potential problem
areas.
1. (¢. Cawthorne and E. J. Fulton. "Voids in Irradiated

Stainless Steel,” Nature, vol. 216, p. 575. 1967.

2. J. J. Holmes, R. E. Robbins, J. A. Brimhall, and
B. Mastel. "Elevated Temperature Irradiation Hardening
in Austenitic Stainless Steal," Acta Met. vol. 16, p. 955.
1968.
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SUMMARY

A summary of the results is tabulated below. It may be
noted that swelling induced interactions between all major
core components are predicted.

Component

Effect of Metal Swelling

General 1.

Driver Ducts 1.

Control Rod 1.

Closed Loops 1.

More swelling is predicted for solution-
treated 304 than for cold-worked 316 SS.

Lowering the temperature, shortening the core,
and rotating the ducts at intervals amelior-
ate the swelling effects.

Dilatation is the primary cause of ductto duct
contact between Rows 1, 2, and 3.

Duct-bending is largest in Rows 5 and 6.

Based upon elastic stress analysis duct top
deflection is almost entirely restrained by
the relatively straight reflectors in

Rows 7, 8, and 9 during refueling.

Duct-length increase can be accommodated
by minor design changes in the instrument
tree.

Large diametral clearances are required
between the guide tube and the inner duct
for control rod life greater than six
months.

Large volume increases are predicted for the
closed loop components, based upon ultimate
operating temperatures.

The dilatation and bending associated with
the 316 cold-worked closed loops cause duct
to duct contact between driver ducts in
Rows 5 and the closed loop in Row 6 at about
280 days (~40,000 MWd/tonneM in Row 5 at
this time).

A .crushing interference between the flow tube
and the flow tube liner is predicted because
of differential metal swelling of these two
coaxial components in the core region.
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GUI DELT NES

The guide lines used during this study were as follows:
The FTR design shown in Figure 1 was used as reference.
The emphasis was on establishing the swelling-induced
distorted shape of individual components and then esti -
mating the effects of interactions with other components.
Thermal stress and distortion were determined to be small
in comparison to metal swelling distortion. Only metal
swelling was considered for this study.

The forces between components and the stresses within
individual components depend greatly upon the creep rate.
Because analytical tools are not presently available to
determine the importance of these effects in statically
indeterminate beams, no values of force or stress are
reported.

Nominal predicted values for swelling were computed from
row-averaged values of temperature and flux. More extreme
conditions exist within the core.

A core lifetime consisting of four 100 day reactor cycles
was assumed. This time period causes Row 1 fuel assembly
to reach about 100,000 MWd/tonneM peak while the Rw 6
fuel assemblies only reach about 50,000 MWd/tonneM burnup
at their core midplane. The Row 1 fuel assembly reaches
its goal burnup (80,000 MWd/tonneM at about 300 days). The
Rov 6 fuel assemblies would reach the same goal burnup in
about 600 days but would probably reach a burnup limiting
distortion earlier. Thus, a 400 day core life with no
fuel replacement is a compromise between over-exposure

of the center fuel assemblies and under-exposure of the
outer fuel assemblies. This compromise permitted a first
analysis of the swelling induced core component
interactions.
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ENVIRONMENT

The axial and radial distributions of the neutron flux
and metal temperature in the core components are essential
to the calculation of their performance.

NEUTRON FLUX

The distribution of total flux is of the form

¢(Z,R,t) = 9 £(Z) g(R,t)

where £(z) is a universal axial profile applicable to all
core components, given in Figure 2 along with the functional
form used in the swelling analysis. The constants in the
assumed functions are determined by a two point fit to pre-
viously calculated flux distributions. Figures 3 and 4
illustrate the axial fluence distribution for specified times
on the two opposite sides of a Row 6 duct.

The radial profile g(R,t) is given in Figure 5 for the
start and end of a typical FIR loading cycle. This profile
was obtained from the output of a 2 dimensional diffusion
code, 2DB, by averaging the flux over the subassemblies in
each row. The time dependence of the radial profile is assumed
to vary linearly over each 100 day loading cycle (Figure 6).

The fraction of the total flux with energies greater than
0.1 Me/ is assumed to be a constant 65%at all radial locations.
This percentage is slightly higher at the interface of the two
core zones and slightly lower at the core periphery.

WALL TEMPERATURE

The axial duct wall temperature distribution on the oppo-
site sides of a row averaged duct was calculated for each
component.
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6(Z,R,t) = of(Z) g(R,t)

T | | 1

0 100 200 300 400
TI ME, days

g{R,t) ROW 2, HOT SIDE

FIGURE 6. Typical Time Dependence of Flux Factor, F,

Driver Fuel Assemblies

A linear temperature gradient was assumed between hot and
cold sides of the driver ducts. The axial wall temperature pro-
files were calculated, neglecting heat conduction through the
duct wall to the bypass coolant. The bulk temperature of the
coolant in the peripheral channels is then used as the duct
wall temperature. The coolant temperature profiles are computed
by the COBRA Computer code based upon orificed coolant flow
rates. The radial power distributions are determined from the
same 2DB runs and in the same manner as the radial flux
profiles.

Figure 7 presents the row average wall temperatures at
27 in. for the six rows containing driver elements. The func-
tional form of the axial temperature distribution, which fits
the computer axial profile, is:
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T(Z) = 600 - [T(27) - 600] (0.59478) [C°S“ (§7f50’75) - 0.99803]

This expression is used in the computation of temperature for
all driver elements. The resultant axial temperature distribu-
tions are shown in Figures 8 and 9 for the hot side and cold
side of Row 6 respectively.

Control Rods

The coolant temperature in the control rod guide tube
prior to its passage through the poison section is the coolant
inlet temperature. The small amount of energy carried away by
the coolant flowing between the guide tube and inner duct walls
is neglected for purposes of calculating duct temperature. Also
for this study, the control elements are orificed so that the
mean outlet coolant temperature is 800 °F or less. All of the
control elements are typified by two types: (1) the in-core
control rods located in Rows 4 and 5, and (2) the periphery
control rods located in Row 7. The in-core rods are assumed to
remain cocked above the core except when the reactor is down.
This infers the reactor control is handled completely by the
peripheral control rods. W also assumed that these rods move
as a bank with a uniform velocity from the fully inserted
position at the beginning of each cycle to the fully withdrawn
position at the end.

The axial temperature distributions for both the inner
and outer walls are given by the following functions.

When:

14
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When:
X < X < L
o)
X + e
_ X +e 0
T - TO = ‘A[COSH f—_'_—zg Cosl m}
When:
XO <L <X
X + ¢€)
_ _ (L + e) _ _( o]
T-T, = A[Cosr[ T+ 3¢ -~ Cost =
- plee L) ]
When:
L < XO < X < XO + L
T- T, = e a (XL gme(X L) ]
L < XO, and X > Xo + L
T- T, = -B[e-a(xo) - e“a(xo‘L)]
Where

T = the temperature at the axial location X,

°F
T, = inlet temperature, taken as 600 °F
X, = the distance from the bottom of the

active core region to the bottom of the
active poison element, in.

X = the distance from the bottom of the
active core region to the point at which
T is computed (may be <0), in.
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L = the length of the active core and the length of
the poison element, taken as 36 in.
constants determined by a curve fit of the data.

A,e,B,a
Numerical values are given in Table 1.

TABLE 1. Coefficients of the Control Rod Axi al Wall
Tenper at ure Functi ons

Row Side A e B o
4 Hot 65.12 0.75 98.0 0.1268
4 Cold 60.12 0.75 93.0 0.1268
5 Hot 71.64 0.75 108.12 0.1264
5 Cold 58.11 0.75 87.203 0.1192
7 Hot 86.16 0.75 132.49 0.1312
7 Cold 43.58 0.75 65.16 0.1227

Closed Loops

The closed loop wall temperatures were computed by using
a finite element computer code for one representative case. The
design analyzed consists of two concentric tubes surrounding
the test tube. The other two tubes consist of a tube and a
liner. The assumed operating conditions are 4.0 MW test with
a 1200 °F outlet temperature and 400 °F temperature rise. The
computed wall temperatures, as well as the fitted curves used
in the swelling calculation, are shown in Figure 10.

Reflectors

The reflectors were assumed to be orificed in such a man-
ner that the bulk mean coolant outlet temperature from each
reflector row was 25 °F lower than its inner neighbor. This
probable distribution was to prevent thermal shock on the instru-
ment tree components due to high temperature differences between
coolant from the driver fuel assemblies and coolant from the
shield ducts. The reflector wall temperatures axial distribu-
tions were scaled from the driver fuel assembly results. Flux
values were obtained from the 2DB runs (discussed under Neutron
Flux in the Environment Section).
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SWELLI NG DI STRI BUTI ON

By use of the available swelling data, swelling distribu-
tions were calculated for the following components:

Driver fuel assembly ducts Rows 1 to 6
Control rod Rows 4, 5, 7
guide tubes
inner duct
Closed Loop Rows 2, 6

pressure tube
pressure tube liner
flow tube

flow tube liner

test tube
Reflectors Rows 7, 8, 9
Shield Ronv 10

DRI VER DUCTS

The resulting volume increase in the Row 6 driver ducts
is shown in Figures 11 and 12. Note that the peak value of
swelling occurs 6 in. above the core midplane. At this ele-
vation after 400-days full-power exposure (approximately
50,000 MWd/tonneM, there is a 4.6% volume increase on the
ducts cold side. An average of these two values is used to
calculate the increase in dimension across the flats of the
duct, with one half of this value reported as the radial
dilatation (AR). The average swelling value is also used to
calculate the increase in duct length (aAL). The axial swell-
ing distribution of all driver fuel assembly ducts is similar
in shape to Figures 11 and 12. After 400 days, the swelling
is predicted to be about 10%for solution-treated 304 and
about 3 1/2% for cold-worked 316 SS, Rw 1, driver ducts.

21
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CONTROL RODS

The swelling distribution for all control-rod guide tubes
and the cocked control-rod inner ducts located in Rows 4 and 5
is similar in shape but lower in magnitude than a driver duct
in the same location. The peak occurs at an elevation corre-
sponding to the core midplane. For these components, the maxi-
mm calculated swelling is about 2% for solution-treated 304 and
about 1 1/2% for cold-worked 316. Because the Row 7 control
rod inner ducts are assumed to be shim rods, the swelling dis-
tribution is spread along more of their length. The peak
swelling value occurs at a point about 4 in. above the bottom
of the poison pins. In this component, the maximum calculated
swelling is 1 and 1/2% for 304 solution-treated and 316 cold-
worked stainless, respectively, after 400 days exposure. For
all control rod components, the increase of dimension with time
increases monatonically similar to Figure 12.

CLOSED LOOPS

Large values of swelling were calculated for the closed
loop components having the same axial distribution shape as
for the driver fuel assembly ducts. These larger values result
from the high metal temperature in the closed loop components.
In Row 2, after 400 days, the maximum swelling was predicted
to be about 20%in 304 solution-treated and to vary from 6 to
12% in the different closed loop components for cold-worked
316 stainless ducts. This variation in the predicted 316 swell-
ing is a result of the increased sensitivity to temperature of
cold-worked 316 stainless in the operating range of the closed
loops. Somewhat similarly, in Row 6, the predicted swelling for
304 solution-treated closed loop components at 400 days is
about 8% and is from 2 to 4%in 316 cold-worked components.

24
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INDIVIDUAL COMPONENT SWELLING

The impact of swelling upon the FTR core performance
results from axial length increase (a%), radial dilatation
(aR), and radial motion of the fuel (6). The radial motion
of the fuel is caused by inward duct bending (toward the
core center) in the absence of creep. The inward bow is
caused by the difference in swelling between two opposite sides
of the duct. Average swelling values are used to predict the
radial dilatation and the axial length increase of core com-
ponents. The radial dilatation is reported as one half the
increase in dimension across the flats. The magnitude of this
swelling are discussed in this section, while the effect of
these distortions will be discussed in the next section (Inter-
action of Core Components During Operation).

DRIVER DUCTS

The predicted radial dilatation from metal swelling is
graphically shown in Figure 13. Similar relationships are
applicable for 316 cold-worked material.

Because the reference nominal clearance between FTR ducts
is 0.100 in., contact between adjacent straight ducts is
expected when each has experienced 0.050 in. radial dilatation.
Examination of Figure 13 (304 SS) indicates that Rows 1 and 2
will contact after about 300 days exposure. This is erroneous
because an elastic analysis indicates that Row 2 duct bends
inward from differential swelling instead of remaining straight
and contact will occur sooner than 300 days because of this
duct bending.

Duct bending is calculated by first deternining the moment
that would cause the same curvature of an unrestrained duct as
is caused by the difference in swelling on the two opposite
sides of the duct. This moment is considered to be the applied
moment to the restrained duct. Applied moments for a Row 6



9¢

0.090

0.080

0.070

in.

0.060

0.050

0.040

0.030

RADIAL DILATATION,

0.020

FIGURE 13

ROW 1

ROW 2

ROW 3

1 ]
100 200 300 400
TIME, days

Radial Dilatation of 304 Driver Ducts, at 6 in. Above Core Midplane

98¢ T-1MN4



BNWL-1286

driver duct are shown in Figure 14. The resulting deflections
are then calculated with the MIT STRESS computer code which
uses elastic theory. Figure 15 displays the deflection results
for a duct after 200 days exposure which was supported as indi-
cated in Figure 16. Note that the maximum deflection occurs

in the core region about 6 in. above the core midplane--the
same elevation where the maximum swelling and the maximum
applied moment occurs. Corresponding maximum in-core deflec-
tions for the other rows of ducts are tabulated in Tables 2 and
3 for solution-treated 304 and cold-worked 316, respectively.
Figure 17 illustrates the relationship between these predicted
core deflections for the various driver ducts as a function of
time. Note that Row 6 has the highest deflection values.

Effect of Creep

The duct top deflection during refueling is caused by the
nonrecoverable deformation of differential swelling and the
elastic recovery of bending stress. Any creep strain occuring
during operation will reduce the elastic recovery of bending
stress and will, thereby, reduce the amount of duct top deflec-
tion. The duct wall temperatures are too low for thermally
activated creep mechanisms to be effective. However, crude
calculations indicate that the amount of in-reactor creep at
these low temperatures is still sufficient to reduce the duct
top deflection substantially (by a factor presently believed
greater than 2). Computer codes are required to study this
in detail.

Effect of Temperature on Swelling

Figure 18 indicates a significant reduction of swelling
occurs for a relatively minor temperature decrease. For exam-
ple, if the metal temperature at the core top were reduced
50 °F below the value for the reference FTR core (somewhat
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TABLE 2. 304 Driver Duct Deflection Based upon
Elastic Analysis

Component In-Core Deflection, in. Duct Top Deflection, in.
Driver 200 300 400 200 300 400
Ducts Days Days Days Days Days Days
Rov 1 0.000 0.000 0.000 0.000 0.000 0.000
Rowv 2 0.035 0.072 0.119 0.887 1.781 2.918
Rowv 3 0.065 0.130 0.214 1.602 3.212 5.260
Rowv 4 0.085 0.172 0.254 2.099 4,211 6.263
Rowv 5 0.094 0.189 0.308 2.311 4,633 7.584
Rowv 6 0.104 0.206 0.336 2.537 5.071 8.292

TABLE 3. 316 Driver Duct Deflection Based upon
Elastic Analysis

Component In-Core Deflection, in, puct Top Deflection, in.
Driver 200 300 400 200 300 400
Ducts Days Days Days Days Days Days
Rov 1 0.000 0.000 0.000 0.000 0.000 0.000
Rowv 2 0.010 0.021 0.034 0.263 0.523 0.852
Rowv 3 0.018 0.038 0.062 0.479 0.951 1.548
Row 4 0.024 0.050 0.081 0.617 1.228 2.000
Rowv 5 0.028 0.056 0.091 0.695 1.381 2.248
Rowv 6 0.034 0.067 0.109 0.833 1.651 2.685

equivalent to a 50 °F decrease in bulk outlet temperature) , the
maximum swelling for this lower temperature case, would be only
83%of the value for the reference core. Because the maximum
swelling location is below the core top, the corresponding tem-
perature decrease associated with the maximum swelling location
is only 33 °F. Similarly, a 100 °F decrease at the core top
would result in only 68%of the swelling predicted for the
reference core.

CONTROL RODS

The radial dilatations and the duct length increases for
the control rods are tabulated in Table 4. The values are all
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TABLE 4. Predicted Swelling, 316 Cold-Worked Control Rods
Peak Maximum
Fluence, AV/V, Duct Length

Component 1022 nvt 3 Dilatation (AR), in. Increase (AL), in.
Control 400 400 200 300 400 200 300 400

Rods — Days Days. Days Days Days Days Days Days
Rowv 4:
Guide Tube 13.3 1. 0.003 0.006 0.010 0.088 0.108 0.134
Inner Duct 13.3 1. 0.003 0.006 0.009 0.077 0.094 0.116
Rov 5:
Guide Tube 11.5 0.002 0.005 0.008 0.065 0.080 0.099
Inner Duct 11.5 0.002 0.004 0.007 0.057 0.069 0.085
Rowv 7:
Guide Tube 5.7 0.4 0.001 0.001 0.002 0.021 0.025 0.032
Inner Duct 5.7 0.3 0.000 0.001 0.001 0.016 0.019 0.024

-TMNG
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lower than for the corresponding material and location of a
driver fuel assembly duct because of the lower temperature in
the control rod ducts.

In all cases, the inner duct is predicted to swell less
than the surrounding guide tube. This provides additional
clearance to prevent binding of the control rod during opera-
tion. The required diametral clearance between the control
rod guide tube and the inner duct to prevent binding of these
two components is determined by their swelling distortion.
The major effect is the bending of the inner duct (Table 5).
The required clearance is the sum of the increased envelope
of the inner duct and the decreased envelope inside the guide
tube. This change in envelope is largely determined by the
bending deflection from differential swelling. The guide tube

TABLE 5. Control Rod Deflection Based upon Elastic Analysis

Component In-Core Deflection, in. Duct Top Deflection, in.
Control 20 300 400 200 300 400
Rods Days Days Days Days Days Days
Rov 4:

Guide Tube 0.013 0.025 0.043 0.228 0.452 0.735
Inner Duct 0.067 0.133 0.218 - - -

Ronv 5:
Guide Tube 0.015 0.031 0.050 0.269 0.534 0.869
Inner Duct 0.078 0.156 0.258 - - -

Rowv 7:
Guide Tube 0.008 0.016 0.027 0.204 0.415 0.685
Inner Duct 0.062 0.124 0.202 - - -

deflection of concern is that associated with the duct when
supported as indicated in Figure 16. The inner duct is sup-
ported only at the top; any additional supports would create
a binding situation. The required clearances are shown in
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Figure 19. The required clearance depends upon the fixity

of the top support. As presently designed, the required diame-
tral clearances are about 1 1/2 and 3/4 in. for 304 solution-
treated and 316 cold-worked, respectively, at 400 days exposure.
If the life of the control rod is restricted to 2 1/2 months
because of fission gas pressure limitations, the corresponding
required diametral clearances are about 0.100 and 0.030 in.

All of these values can be reduced to about 1/2 their stated
value by proper design of the inner duct upper support

(Figure 19).

CLOSED LOOPS

The radial-dilatation and axial-length increase for 316
cold-worked closed-loop components is tabulated in Table 6.
Values for 304 solution-treated stainless are higher by a fac-
tor of about 1.7 for the closed loop temperatures. At these
higher closed-loop temperature, about twice the swelling occurs
compared with corresponding driver ducts.

The flow tube liner is predicted to expand 0.053 in.
radially while the flow tube surrounding it is predicted to
swell only 0.030 in. The effect of this crushing type of
interaction on the insulation separating these two concentric

components must be investigated in detail. The flow tube liner
is predicted to increase in length by 1.057 in. while the flow
tube is predicted to expand axially only 0.570 in. In princi-

ple, this difference in axial expansion has been provided for
with metal bellows connecting the bottom of these two compo-
nents. However, the restraint to axial movements, which results
from the crushing interaction of these two components, will
reduce the effectiveness of thisbellows connection. Therefore,
the effectiveness of the bellows feature must be analyzed in
detail. The in-core deflection of the closed loops is predicted
to be about twice the deflection of corresponding driver ducts.
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TABLE 6. Predicted Swelling in 316 Closed Loop Components (316 20% CW Ducts
Orificed)
Peak Maximum
Fluence, AV/V, Duct Length
Component 1022 nvt % Dilatation (4R), in. Increase (4L), in.
Closed 400 400 200 300 400 200 300 400
Loop Days Days Days Days Days Days Days Days
Row 2
Pressure Tube 15.2 7.4 0.017 0.033 0.054 0.4453 0.547 0.679
Liner 15.2 7.3 0.014 0.029 0.047 0.452 0.559 0.693
Flow Tube 15.2 6.0 0.009 0.019 0.030 0.372 0.459 0.570
Liner 15.2 12.1 0.016 0.033 0.053 0.696 0.859 1.064
Test Tube 15.2 12.1 0.015 0.030 0.049 0.692 0.853 1.057
Row 6
Pressure Tube 9.1 3.1 0.005 0.010 0.016 0.131 0.162 0.200
Liner 8.9 2.9 0.004 0.009 0.014 0.136 0.168 0.208
Flow Tube 8.5 2.3 0.003 0.006 0.009 0.112 0.138 0.171
Liner 8.4 4.4 0.005 0.010 0.016 0.209 0.258 0.320
Test Tube 8.4 4.4 0.004 0.009 0.015 0.207 0.256 0.317

98¢2T-"TMNd
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All components within each closed loop assembly have similar
deflection curves; thus, they nest together and no interaction
from bending is predicted.

REFLECTORS

Because the reflectors operate at a lower temperature
and in a lower flux environment, they swell much less than
fuel assembly driver ducts. The swelling decreases very
rapidly with radial position as indicated below.

Relative Swelling

Rov  No. and Bending
6 1
7 1/4
8 1/12
9 1/36

10 1/360
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INTERACTION OF CORE COMPONENTS DURING OPERATION

The fast-neutron-induced dilatation and distortion can
cause the clearances between ducts to disappear. When this
happens structural interaction between components occurs at
locations between the support pads. These interactions can
cause reactivity or thermal changes, component malfunction or
rupture of components. It is necessary to predict the reac-
tivity and thermal changes during and after operation. To
insure against component malfunction or rupture, it is also
necessary to understand the mode of interaction and to be
able to analyze it.

INTERACTION BETWEEN DRIVER DUCTS

Rigorous analysis of the interaction between ducts
requires simultaneous consideration of all driver, control-
rod, closed-loop, open-test, reflector, and shield ducts.
Although computer codes are not available to do this, an
assumed symmetry of the core permits analysis of the interac-
tion between only 6 driver ducts, one in each row (Figure 20).
Much insight into component interaction can be gained by this
simpler analysis.

To determine when interaction between driver ducts will
occur, it is necessary to determine the clearance between
ducts as a function of time. This requires consideration of
both the radial dilatation and the bending deflection. The
relationship between duct clearance, radial dilatation, and
bending deflection is illustrated in a scale representation of
the axial distribution of duct clearance (Figure 21). The
horizontal scale is greatly expanded, and the vertical scale
has been greatly contracted. Interaction between duct Rows 1
and 2 occurs about 6 in. above the core mid-plane. Illustrating
the clearances and duct deflection shapes in the core region
only, Figures 22, 23, and 24 represent times corresponding to
just prior to initial duct interaction, shortly after initial
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FIGURE 20. Location of Driver Ducts Analyzed
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ROW NoO. 1 2 3 4 5 6

FI GURE 22. Effect of Metal Swelling on Duct Behavior -
200 Days, 304 Solution-Treated Orificed Core
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ROW NO. 1 2 3 4 5 6

FIGURE 23. Effect of Metal Swelling on Duct Behavior -
225 Days, 304 Solution-Treated Orificed Core
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duct interaction, and after much duct interaction, respectively.
This elastic analysis predicts that all ducts, except Rw 1,
bow inward prior to interaction. Because of symmetry, Row 1
remains straight even after duct-to-duct interaction. There-
fore, except in Row 1, any additional dilatation after duct-
to-duct contact causes a reverse or outward bending movement

of all contacting ducts. As illustrated, this reverse bending
is predicted to start occurring at about 220 days in Row 2.
After this exposure, the material will have a fluence of approxi-
mately 1 x 1023 nvt total, a very limited ductility and, thus,
a very limited ability to accommodate this reverse bending
without rupture of the duct walls. Therefore, duct-to-duct
contact appears to be tantamount to duct failure. 1t can be
noted that dilatation is the major problem in the central ducts.
In contrast, bending deflection is the major problem in the

peripheral ducts. This indicates duct rotation will be helpful
in Rows 5 and 6 to straighten these ducts during operation but
will be ineffective in the center rows.

Figure 25 shows the predicted clearance between ducts as
a function of time, with the clearance between Rows 1 and 2
going to zero in 220 days (indicating a burnup limitation) and
Rows 2 and 3 to zero in 240 days. However, if the swollen
Rov 1 duct were still in the core, it would cause an outward
movement of the Row 2 duct after 220 days. Such a movement
would cause the clearance between Rows 2 and 3 to close faster,
and the clearance would go to zero in 228 days (as indicated by
the dashed lines). Figure 25 indicates that Rows 1, 2 and 3
would have to be replaced after 200 days to prevent failure
before 300 days. Rows 4 and 5 would need to be replaced in
300 days because they are predicted to interact in 380 days at
which time they have burnups of about 50,000 to 60,000 MWd/tonneM.
Obviously, duct rotation would change these relationships to
increase the burnup limitation in the outer rows.
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No duct-to-duct interactions are predicted for 316 cold-
worked driver fuel assembly ducts shown in Figure 26.

INTERACTION BETWEEN DRIVER DUCTS AND CONTROL RODS

Figure 27 illustrates the predicted clearances if cold-
worked 316 control-rod guide tubes are substituted for cold-
worked 316 driver-fuel assembly ducts in Rows 4 and 5. The
predicted clearances resulting from control rods in these rows
is larger than if driver ducts were in these rows.

INTERACTION BETWEEN DRIVER DUCTS AND CLOSED LOOPS

Figure 28 indicates that interactions occur if cold-worked
316 closed loops are substituted for the cold-worked 316 drivers
in Rows 2 and 6. The Row 2 closed loop causes a closed-loop
driver duct interaction in about 320 days. Independently, the
Rov 6 closed loop causes a similar interaction in 280 days
(about 40,000 MWd/tonneM). Thus, even though these closed
loops are not in the same radial row (as is assumed in this
analysis), the predictions of interaction are still valid
because the interactions are independent. These duct-to-duct
interactions are a result of the large swelling induced bending
in the closed loops.

INTERACTION BETWEEN DRIVER DUCTS AND INSTRUMENT TREE

The 304 solution-treated driver-fuel assembly ducts are
predicted to increase in length approximately 0.8 in. at goal
burnup. The 316, 20%cold-worked ducts are predicted to
increase 0.334 in. Although the instrument tree is not presently
designed to accommodate these length increases, the appropriate
modifications to the design will probably be simple to accomplish.

INTERACTION BETWEEN DRIVER DUCT AND REFLECTORS

Relatively straight ducts in Rows 7, 8 and 9 result from a
minimal swelling and bending in the reflector ducts. Contact is
not predicted in these components until after 1,000 days. Duct-
to-duct contact between a driver duct in Row 6 and a reflector
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in Row 7 depends upon the fuel management scheme in Row 6;
thus, no meaningful prediction is presently practical.

EFFECT OF CREEP ON COMPONENT INTERACTION

Analysis of the creep effect on in-core duct deflection
requires a computer code presently under development. Creep
is expected to have a minor effect upon the slow in-core deflec-
tion values resulting from differential swelling.

REACTIVITY CHANGE DUE TO CORE DISTORTION

During operation, the fuel expands axially. Simultaneously,
the fuel is moved radially inward toward the core center (prior
to duct contact, at leastj by duct deflection from differen-
tial swelling. These two effects tend to offset each other
with respect to reactivity change; however, a net reactivity
increase of about 0.5% is predicted.

EFFECTS OF CORE LENGTH

One method of reducing the magnitude of in-core deflec-
tions is to reduce the core length. Figure 29 indicates that
a 30 in. core would have only 0.78% as much deflection as a
Reference 36 in. core. An indication that the deflection ratio
decreases faster than the core length ratio is based upon a
first assumption that the core is centered between its imme-
diately adjacent supports (Figure 29). The required location
of these supports depends upon the axial flux and temperature
distribution. Although the supports are located as far removed
from the core as practical to reduce swelling of the support
pads, they still must be located reasonably close to provide a
negative temperature coefficient. Further analysis might indi-
cate that the lower core support could be moved closer to the
core which would reduce the predicted in-core deflections.

Any reduction of core length would decrease the magnitude
of the interaction between all core components.
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EFFECT OF DUCT ROTATION

Rotating the ducts 180° at intervals during their life
greatly reduces the predicted elastic bending deflection, as
illustrated in Figure 30 which compares the predicted displace-
ment for a rotated and nonrotated cold-worked, 316 stainless,
Row 6 driver duct. This figure presents the duct movement in
terms of displacement instead of clearance because some assump-
tion regarding fuel management is necessary before clearances
can be calculated. |If the adjacent duct wall is assumed as a

fixed straight wall, the clearance can be considered as 0.100-
displacement.

The duct wall displacement results from the combined effect
of duct deflection (§) and radial dilatation (AR) as previously
discussed in this section (Interaction Between Driver Ducts).
The magnitude of these individual contributions to duct wall
deflection is shown as dashed lines in Figure 30. The solid
lines represent the combined effect of bending and radial dila-
tation. It may be noted that the rotated duct is predicted
by elastic analysistohave about 0.040 in. maximum displacement
over the 600 day period compared with about 0.250 in. dis-
placement for the nonrotated duct. Also, after 600 days, radial
dilatation becomes significant in Row 6. This particular case
IS not optimum because very little reduction in deflection is
gained by the rotation at 200 and 400 days. Obviously, addi-
tional study to determine the trade off between reactor down
time and extending the burnup life of core components is
required.
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COMPONENT | NTERACTI ON DURI NG REFUELI NG

Prior to insertion or withdrawal of the in-core assemblies
from the core, the core clamping system must be released to
provide sufficient clearance. With the restraint mechanism
released, the in-core component distortions result in an out-
ward displacement of duct tops. |If the total core were made
up of driver assemblies, with no creep occurring, the result
would be a " petalled”™ deformation pattern similar to that
shown in Figures 31 and 32. The introduction of control rods,
safety rods, and closed loops, results in a nonsymmetric pat-
tern because 1) the control and safety rods have less deflection
than the drivers and 2) the closed loops have more deflection
and are stiffer than the drivers.

The prime uncertainty with the released array concerns
the ability to insert and withdraw a duct without damaging
the adjacent elements remaining in the core. Present fuel
handling requirements specify that the In-Vessel Fuel Han-
dling Machine (IVHM) must be able to locate a fuel element
within a 1/2 in. radius of the predetermined end of life
position. By use of calibrated swelling and creep formula-
tions, the theoretical position can be established within this
1 in. diameter range. Therefore duct top locations for VHMV
attachment do not appear to be the controlling criterion;
instead it may be the ability to insert and withdraw, the
IVHM grapple. For purposes of this study, however, the
ability to insert the instrument probe of the instrument tree
has been selected as the controlling criterion.

The present reference duct has a diametral opening of
4.185 for inserting the instrument probe. The radius of 0.06
on the nose of the pilot blades of the instrument probe allows
a maximum duct top displacement of about 2 1/8 in. and this
value (for purposes of this study) has been selected as the
limiting case for allowable duct top deflection during
refueling.
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Other potential limiting deflections include limita-
tions imposed by the ability to reinsert reliably the new,
straight assembly into the hole pattern. (The duct, restrain-
ing its neighbors prior to removal, springs back.)

Another major concern involves the bridging of assem-
blies during reassembly of the core just prior to startup.
With the nonuniform pattern of ducts and the potential for
bridging at one in every seven positions, the potential for
noncompaction may be high.

DUCT TOP DEFLECTION ANALYSIS

Duct top deflections based upon no interaction with adja-
cent ducts are shown in Figures 31 and 32 as a function of
exposure time for 304 solution-treated ducts and for 316, 20%
cold-worked material; fuel handling and instrument probe
problems are negligible based on the criterion chosen above.
For 304 solution-treated ducts, the 2 1/8 limitation is
imposed upon Kov 6 drivers at about 280 days exposure; Rows 5,
4 and 3 driver ducts at 300, 320, and 380 days, respectively.
By rotation of ducts in these rows, these deflections could
be reduced. It should be noted the total deflection shown
is based upon no interaction between components. The actual
duct top displacements of the driver ducts is limited by the
relatively stiff closed loops and by the control and safety
rods whose deflection is significantly less than the driver
ducts. In addition, the three reflector rows tend to create
a "fence" around the active core because of their reduced
deflections. The resultant deflection of ail ducts in this
partially restrained array was approximated by using an itera-
tive graphical technique. 1Two patterns of assemblies were
considered: SK 3-14715 assumes that the shield row was spaced
0.8 in. from the outer reflector row, and SK 3-14716 assumes
that the outer reflector row was able to achieve an unrestrained
equilibrium condition with the remaining in-core assemblies.
The general assumptions applicable to both cases were:
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e Closed loop stiffness was infinite in comparison to
the remaining assemblies

e All remaining assemblies have the same stiffness.

e Deflections, shown in Figures 31 and 32, are always
radially directed away from the core centerline.

These sketches represent a 1/3 sector array of the duct
tops. |t may be noted that the duct tops are limited in their
radially outward motion when the radial restraint mechanism
is released, initially by the reflectors and ultimately by
the shield. Certain driver ducts in the core interior are
restrained by closed loops and control rods. The closed loops
are much stiffer than the driver ducts and are still supported
at their top during refueling. Therefore, the driver duct
top location during refueling is largely determined by the
closed loop location for those ducts near the closed loop.
That this closed loop driver duct interaction is independent
of the restraint at the core edge may be observed by comparing
the postulated driver duct locations around the closed loops in
K 3-14715 and X 3-14716.
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BURNUP LIMITATION CRITERIA

The limitation on fuel lifetime may possibly be determined
by the structural performance of core components instead of
fuel behavior. Therefore, it is necessary to evaluate poten-
tial burnup limiting criteria.

REACTIVITY CHANGE

The net reactivity change appears to be positive. If this
reactivity increase is predictable, it will not be a burnup
l[imitation.

REFUELING

The limitation of fuel burnup life associated with refuel-
ing may be related to a maximum permitted distortion which is
presently undefined.

DUCT CONTACT

Duct-to-duct contact is considered as a burnup limitation.
Immediately after duct-to-duct contact, a reverse bending
begins--occurring in a duct having a fluence in the 1022 range.
Since its ductility is immeasurably small, duct-to-duct con-
tact between support pads is undoubtedly a burnup limitation.
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CONCLUSI ONS

The major conclusions from the study are listed below:
Burnup limiting duct-to-duct contact is predicted by
this elastic analysis to occur before goal burnup in
either a 304 solution-treated core or a 316 cold-worked
core. The dilatation effects are the primary cause of
duct-to-duct contact in Rows 1, 2, and 3. Duct rotation
or fuel shuffling will nat extend the burnup limit
appreciably in these rows. The duct bending effect,
primary cause of duct-to-duct contact in Rows 5 and 6,
could be reduced by duct rotation.

Duct top displacement during refueling is very uncer-
tain. Driver ducts are predicted to move radially out-
ward, but are prevented from reaching their stress
free location by control-rod guide tubes, closed loops
and reflectors. The relatively stiff closed loops play
a dominant role in determining the driver duct top
locations.

Because of the large clearances required between the
control-rod guide tube and its inner duct, a balanced
design is essential for either 304 or 316 SS. This
balanced design would reach end of life in the fission
gas plenum simultaneously with the end of interduct
clearance.

Rov 6, cold-worked 316 closed loops are predicted to
swell such that they make contact with adjacent driver
ducts in Row 5 at 280 days--a peak burnup of about
40,000 MWd/tonneM. Rotation of the closed loop would
increase this life limitation. The testing potential
for a Rw 6 closed loop needs analysis.

Because the prediction of swelling is very sensitive
to temperature. A metal temperature decrease of 50 °F
lowers the predicted swelling by 17%in the driver ducts.
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