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ACRONYMS AND SYMBOLS

Advanced Neutron Source

inner support cylinder radius

area that supports the tangential and shear loads
cross sectional area of inner support cylinder

cross sectional area of outer support cylinder

cross sectional area of plates

modulus of elasticity

modulus of elasticity of inner support cylinder
modulus of elasticity of outer support cylinder
modulus of elasticity of plates

average axial force in the inside support

average axial force in the outside support

average axial force in the plates

channel thickness

area moment of inertia

length of inside support cylinder

length of outside support cylinder

length of plate

moment in plate

plate outer boundary moment due to pressure load
plate outer boundary moment due to thermal load
plate inner boundary moment due to pressure load
plate inner boundary moment due to thermal load
tangent load in plate

plate tangent load due to pressure load

plate tangent load due to thermal load

average pressure difference across a plate
temperature of inside support boundary

temperature of outside support boundary
temperature of plates

strain energy

coolant flow velocity

plate outer boundary shear load due to pressure load
plate outer boundary shear load due to thermal load
plate inner boundary shear load due to pressure load
plate inner boundary shear load due to thermal load
the y-coordinate projection of plate

inside support longitudinal deformation from thermal load
outside support longitudinal deformation from thermal load

plate longitudinal deformation from thermal load

plate thermal load, plate temperature minus the boundary temperature

coolant kinematic viscosity
involute angle

involute angle to outer boundary
coolant density

longitudinal principal stress

ix



ACRONYMS AND SYMBOLS (continued)

span principal stress at the outer boundary from pressure load
span principal stress at the outer boundary from thermal load
span principal stress at the inner boundary from pressure load
span principal stress at the inner boundary from thermal load



ABSTRACT

The thin aluminum-clad fuel plates proposed for the Advanced Neutron Source reactor are stressed
by the high-velocity coolant flowing on each side of the plates and by the thermal gradients in the
plates. The total stress, composed of the sum of the flow stress and the thermal stress at a point, could
be reduced if the thermal loads tend to relax when the stress magnitude approaches the yield stress of
the material. The potential of this occurring would be very significant in assessing the structural
reliability of the fuel plates and has been investigated through experiment. The results of this
investigation are given in this report.
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1. INTRODUCTION

The proposed fuel plates for the Advanced Neutron Source reactor (ANS) reactor consist of
uranium silicide fuel encased in aluminum. The plates are cooled by flowing heavy water in narrow
channels on each side of the thin involute-shaped plates. Figure 1.1 illustrates how the involute plates
are arranged and cooled in the reactor. Thin fuel plates with different shapes such as flat or circular
and with cooling through narrow channels have been used in reactor design since the 1940s. Structural
failures of some of these plates have occurred and have always been cause for concern. However,
calculating the structural response of these thin plates to the imposed loads has proven to be a very
difficult task, mostly because of the difficulty in predicting the loads imposed by the coolant flow. The
coolant flow is highly turbulent, and the flow in each channel is different, loading the plates by the
different pressures generated on each side of each plate. In addition to the flow or pressure load on the
plates, a thermal load is developed by the plates’ being at higher temperatures than the support
cylinders.

A considerable amount of effort has been expended to test and analyze the structural response of
the ANS fuel plates.'> The work done indicates that potential yielding resulting from the induced
stress in the plates is more of a concern than elastic deformation is. Therefore, an assessment of the
induced stress is the principal consideration in evaluating a given plate design. However, evaluating
the plates structurally by superimposing the stresses caused by the thermal load onto the stresses
caused by the flow pressure load and comparing the result with the material yield stress is not
necessarily the best design practice because the stresses caused by the different loads produce different
effects on the plates. If a plate is loaded by pressure and starts to yield, it tends with a steady load to
continue deformation until failure. However, if a plate is thermally loaded and starts to yield, only
slight deformation may occur before the thermal load relaxes. Depending on the application, it is
common design practice to assign different “weights” to these different load types in the design
evaluation. What weights to assign the different load types is always an experience or judgment
problem and is best answered through experimentation.

The ASME pressure vessel design code illustrates one example of assigning weights to different
load types in design practice. The code defines primary and secondary stresses, which are best
delineated by the loads that induce them, and assigns different design weights to these stresses.
Primary stresses are subdivided into membrane and bending stresses and are induced by loads like
pressure, which are steady or continuous even if the vessel material yields. Such loads can cause
catastrophic failures. Loads that induce secondary stresses, such as some thermal loads, tend to relax
when the material yield stress is reached. Assigning design limits for combinations of primary and
secondary stresses in pressure vessels is based on a rather long history of experience and has proven,
for the most part, reliable. However, such an experience base does not exist for reactor fuel plates;
thus, experiments are needed to establish these limits. '

Tests have been set up to help establish design limit combinations of pressure and thermal loads
for reactor fuel plates, and the results are presented in this report. A pressure load corresponding to a
specific flow velocity was established using the results reported in Refs. 3 and 5, and the
corresponding stresses were calculated. A thermal load developed by heating the plates and cooling the
support boundaries was superimposed on the pressure load, and the corresponding stresses were
calculated. Data collection from the tests included the pressure load, the boundary temperatures, the
plate temperatures, the strain at different points on the plates resulting from the loads, and the
permanent strain at different points on the plates resulting from the superimposed loads. After each test
the data were examined to see if a plate had sufficient permanent set to alter significantly the channel
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cross-sectional area between plates. In an operating reactor, the channel cross-sectional area between
plates is the coolant flow channel, and if this area were restricted, the plate temperature would rise and
could result in plate failure.






2. PLATE CALCULATIONS

When this test was being set up, it appeared that the design of the reactor was going to change
from a two-element core operating at a coolant velocity of 25 m/s (82.0 fps) to a three-element core
operating at a coolant velocity of 20 m/s (65.6 fps). In addition, it was estimated that the average plate
temperature would be reduced from 218°C to 170°C (338°F). The support boundary temperature was
estimated to remain the same, 52°C (125°F). With this anticipated change, the involute plate from the
outer fuel element of the three-element core was selected for the test. Calculations indicated that this
plate would have the highest operating stresses resulting from the combined stresses from pressure and
the thermal load. Specifications for this plate include the following:

Inner support radius, mm (in.) 231 (9.094)
Outer support radius, mm (in.) 281 (11.063)
Involute angle, radians 0.6926

Arc length, mm (in.) 55.41 (2.181)

Plate stresses resulting from the coolant flow and from the thermal load for design considerations
are calculated as follows.

To estimate the pressure load on the plates from the coolant flow, the formulation based on
experiment and reported in Refs. 3 and 5 was used:

0.177
A _ oo YVE|T o))
pv? v

where
Ap = average pressure difference across a plate,
V = average coolant velocity,
h = channel thickness,
p = coolant density,
v = coolant kinematic viscosity.

Equation (1) relates the average pressure load on a fuel plate to the coolant flow velocity.
Equilibrium loads in a plate, which are required to resist the pressure load, induce stresses in the plate.
An analytical solution based on energy concepts was developed to evaluate the required equilibrium
loads for determining the plate stress values. Referring to the free body diagram of the involute plate
shown in Fig. 2.1, the equilibrium loads needed are

M =M, +N,a(sing - ¢cosp) + V_a(l - cosd - ¢sind)
+ Apa®(1 + %2_ - cosd - ¢sing) and 2
N = Vopsin(b + Nopcosq) - Apa($ - sind) ,
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Fig. 2.1. Free body diagram of fuel plate with Ap load.
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where

M = moment at any section for a pressure load,
M, = boundary moment at ¢ = O for a pressure load,
N = tangent force at any section for a pressure load,
N,, = boundary tangent force at ¢ = 0 for a pressure load,
a = involute radius and inside support radius of plate,
V., = boundary shear force at ¢ = 0 for a pressure load,

¢ = involute angle.

The unknown boundary loads at ¢ = O were determined by utilizing strain energy (U) and
Castigliano’s theorems where three equations are developed to solve for the three unknowns. The three
equations include

4
aU M oM
=0 = addd 3
o, JET M, b0

because the change in slope at the origin is zero as load is applied, then

oU M oM N oN
Y _o0-= o d C))
oN,, JEToN,, a0 + ¢ ¢

because the deflection at the origin in the tangential direction is zero as load is applied, and

oU M am TN N
=2 =0-= == 9 apdo )
v, JET aV v JAE 0V, b

because the deflection at the origin in the normal direction is zero as load is applied,

where
¢, = total involute angle,
E = plate material modulus of elasticity,
A = area that supports the tangential and shear loads,
I = moment of inertia for area A.
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When Egs. (3-5) are expanded using Egs. (2), three equations are realized that can be solved for
the three boundary loads at ¢ = 0. The three boundary loads at the outside boundary can be found
from equilibrium as

M, =M, + Nopa(sin(b, - ¢gcosd) - V a(cosh, + ¢sing, - 1)

2
+ Apa(1 + _(];_ - cosd, - ¢;sind) ,
N, = N, cos¢, + V,_sing, - Apa(¢, - sin¢) , and

6

V, = N, sin, - V,,cos0, + Apa(l - cosd) ,

where

M), = the boundary moment at the outer boundary support,

N,, = the tangential load at the outer boundary support,

V), = the shear load at the outer boundary support.

Having the moment load and tangential load at any section of the plate allows the plate stresses to
be calculated. There is a singularity at the origin of the involute where the radius of curvature for the
involute is zero. Theoretically, this produces an infinite stress because of the curvature effect.
However, the region where the curvature is significant is very small (less than 2 mm), and a zero
curvature cannot realistically be fabricated, suggesting that this effect should be neglected in assessing
design limits. Neglecting the effect of curvature, the plate stresses are determined using straight beam
theory involving the involute moment load and the tangential load. Finally, it was determined that the
maximum plate stresses occur at the intersection with one of the support boundaries. The dimensions
of the involute plate will dictate which support boundary intersection has the maximum stress.

For the plates used in this test, the stress calculations show 6, /Ap = 137, the maximum principal
stress magnitude per unit pressure at the inner support, and G,/Ap = 264, the maximum principal stress
magnitude per unit pressure at the outer support.

To evaluate the stresses resulting from the thermal load, an average plate temperature and a
different average boundary temperature are assumed. The difference in expansion between the side
walls and the plates will induce plate stresses in the longitudinal and in the transverse (span)
directions. The stresses in the span direction were minimized in the reactor design by letting one of the
boundaries float; however, significant thermal stresses in the span direction still exist. The stress
magnitudes resulting from the combination of the span thermal stresses with the stresses from the
pressure load present potential problem areas that must be considered in an evaluation of the plate
design. There is no thermal stress minimization in the longitudinal direction, and the resulting large
longitudinal stresses produce potential problem areas that also must be considered in an evaluation of
the plate design.

To calculate the thermal stresses in the span direction, an energy solution was used. The boundary
conditions were assumed to be such that one support cylinder could rotate relative to the other support
cylinder. The radial distance between the support channels essentially remains constant and forces all
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of the deformation to occur in the plates. First the inner support is removed to let the plate
expand in the N, direction (see Fig. 2.2) by

oy, AT

where
AT = average temperature difference between plate and side walls,
o = plate coefficient of thermal expansion,
¥, = the y-coordinate projection of the plate.

Next, the inner support is replaced, in effect removing the plate expansion that was initially
allowed in the N,, (radial) direction and is expressed as

&, &,
oU M oM N oN 7
—— = —-aVAT = | = -— , ( )
N, t[EiraNo,"q[’d"’ il ‘[AEa ~addé

where
N,, = the plate tangent boundary load at ¢ = 0 for thermal loading and

where M and N have the same format as in Egs. (2) with Ap = 0. The plate deflection in the

tangential direction is expressed both in terms of rotation (3U/aM,,) times the radius (a) and as
(aU/aV,,) or

&, % 4

_(MaM _ (MM N oN (8)
a ‘[ Emaw‘ﬁ lﬁﬁ’;ad)dd) + ‘[Emad’dd’ )
where
M,, = the plate boundary moment load at ¢ = 0 for thermal loading,

V. = the plate shear load at ¢ = 0 for thermal loading.

In developing this solution, equilibrium with the inner support cylinder is required:
Vya+M,=0 )

Expanding Eqgs. (7 and 8) with the type of equations shown in Egs. (2) and solving
simultaneously with Eq. (9) yields a solution for evaluating M,, N, and V. Equilibrium yields the
boundary loads at the outer support cylinder as
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Fig. 2.2. Free body diagram of fuel plate with AT load.
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M, =M, + N a(sing, - ¢cosp) - V a(cosh, + ¢sing, - 1) ,

N, = N cosd, + V sing, , and (10)

Vlt =N otsmq)l - VwCOS(I)’ ?

where
M, = the plate boundary moment at the outer boundary for thermal loading,
N, = the plate tangent load at the outer boundary for thermal loading,
V,, = the plate shear load at the outer boundary for thermal loading.

Neglecting any curvature effects, the largest span thermal stresses occur at the intersection of the
plate with the inner support or at the intersection of the plate with the outer support. The most
convenient way to determine which location has the highest stress is to compare the results.

Calculations for the span thermal stresses for the test plates show ©,/AT = 0.143 MPa/°C
(11.5 psi/°F), the maximum magnitude of the principal stress at the inner boundary per degree
temperature difference from a thermal load, and 6,/AT = 0.234 MPa/°C (18.9 psi/°F), the maximum
magnitude of the principal stress at the outer boundary per degree temperature difference from a
thermal load.

Calculations for the longitudinal plate stresses are approximated by using the average stresses
developed in the longitudinal direction that result from the average temperature difference between the
support cylinders and the plate. Referring to the free body shown in Fig. 2.3, equilibrium requires

F,+F,,+F,=0, 1n
where
F,, = the average axial force in the plates,
F,, = the average axial force in the outside support,

F,, = the average axial force in the inside support.
Geometry requires
(12)
where

d,; = average axial deformation of the plates,
9, = average axial deformation of the outside support,

0.

8, = average axial deformation of the inside support.

The force-deformation relations for a uniaxial structure are
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Fig. 2.3. Free body diagram of longitudinal thermal forces.
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where '
I = length of element,

A = cross-sectional area of element,
T = average temperature of element.

Noting that the plates and support cylinders have the same length, the same modulus of elasticity,
and the same coefficient of thermal expansion, Eqgs. (11, 12, and 13) are solved to yield

(Ao.s. + Ai.s.)
(Apl * Ao.s. * Ai.s.)

3

F, = -EqA AT

b

A
F, = EoA, AT L , and (14)
' - (Apl + Ao.t. + Ai.r.)

A
F, = EoA, AT L ,
) ] (Apl + Ao_v. + Ai.s.)

where AT is the average temperature difference between the plates and supports. The average
longitudinal principal stress is found by using Eqgs. (14) and dividing by the appropriate cross-sectional
area. The longitudinal (axial) average principal stress for the test plates is 0, /AT = —0.575 MPa/°C
(46.3 psi/°F)

To get an appreciation for the significance of these stress calculations, assume the planned
operating conditions of the three-element core:

V =20 m/s (65.6 fps)
AT = 170 ~ 52 = 118°C (212.4°F).

Using these conditions, the following results were calculated:
Ap = 0.0960 MPa (13.9 psi), the plate pressure load,

0,, = 13.1 MPa (1910 psi), that part of the span principal stress that develops at the inner
boundary because of the pressure load,
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0, = 25.4 MPa (3680 psi), that part of the span principal stress that develops at the outer
boundary because of the pressure load,

G, = 16.9 MPa (2450 psi), that part of the span principal stress that develops at the inner
boundary because of the thermal load,

G, = 27.6 MPa (4010 psi), that part of the span principal stress that develops at the outer
boundary because of the thermal load,

0, = —67.8 MPa (-9840 psi), the principal stress that develops in the longitudinal direction from
the thermal load.

To facilitate further discussion, the stresses occurring because of the pressure load are designated
primary stresses and the stresses occurring because of the thermal load are designated secondary
stresses, which are similar to the designations used in the ASME pressure vessel code.® If the pressure
load is on the concave side of the plate, the critical primary stress is tensile. If the pressure load is on
the convex side of the plate, the critical primary stress is compressive. The most critical primary stress
location is at the intersection of the plate with the outer support cylinder on the concave side of the
plate. The most critical secondary stress occurs at the intersection of the plate with the outside support
cylinder, as in the case of the most critical primary stress. However, the most critical secondary stress
occurs on the convex side of the plate and is always compressive because the plates are always at a
higher temperature than the support boundaries.

Further examination of the calculated results shows that, if the primary and the secondary stress at
design operating conditions are superimposed at the most critical location, the magnitude is 52.3 MPa
(7590 psi). The yield stress for this material is 55 MPa (7980 psi). At the design operating conditions,
calculations show that the maximum principal stress in the span direction is slightly below yield and
indicate that the plate will not fail under these conditions. However, the rationale of giving the same
design weight to the primary stress (pressure stress) and to the secondary stress (thermal stress) is
lacking experimental support; hence, the need or purpose for the tests herein reported. Further, it
should be noted that the secondary stress in the longitudinal direction calculates to be —~67.8 MPa
(-9840 psi). The magnitude of this stress is above the yield point, and it is important to determine
experimentally the response of the plate to this secondary stress.



3. DESIGN AND EVALUATION OF THE EXPERIMENTAL SETUP

A cross-sectional view of the test section is shown in Fig. 3.1. Each of the two involute plates was
made by pressing a flat aluminum 6061-O plate, which had a thickness of 1.27 mm (0.050 in.),
between two stainless steel mandrels that had been machined to the specified involute dimensions
(Fig. 3.2). Each plate was heated to 385°C (725°F) while pressed between the mandrels, held for
two hours at this temperature, and then slowly allowed to cool to room temperature for removing
residual stresses that developed during the forming of the plates. On removal from the mandrels, the
test plates conformed without any detectable variation to the mandrel pattern. When assembled, the test
section was heated in a digitally controlled convection oven while the support boundaries were cooled
by flowing water through the support boundaries. The support boundaries were overlaid with insulation
to get a temperature difference between the heated plates and the cooled boundaries more efficiently.
The temperature of each plate was monitored with a sensor. The inlet cooling water temperature and
outlet cooling water temperature were also monitored with sensors. The boundary temperatures were
controlled by adjusting the coolant flow rate through the boundaries with needle valves.

The inside support boundary was designed to float, that is, to rotate about the design centerline of
the support cylinder; but the plate boundary was constrained from a radial displacement. This test
design feature was intended to simulate the floating support cylinder (boundary) of the ANS fuel
element. The “flow channel” between the plates had three small tubes inserted at the top to apply
pressure between the plates for simulating the flow load. All openings and boundaries were sealed
with a silicone rubber sealant to prevent leakage of the coolant and the pressurizing air. Sealing the
entrance and exit of the fuel plate coolant channel was a compromise in that the operating reactor
would have open channels, but simulating the reactor flow load with a static load required sealing the
entrance and exit to contain the pressure. The effect of this compromise was to have a plate closer to a
plane strain condition in the longitudinal direction rather than to a free end condition.

The test section before the support boundary insulation was applied is shown in Fig. 3.3. In this
picture some of the test sensors can be seen. Twelve strain gauges (six on each plate) were mounted
on the plates to monitor the plate strain and to help determine yielding of the plates from the tests.
Data from the strain gauges will allow for calculation of the primary and secondary stresses at the
selected test points. The locations of the gauges are shown on Fig. 3.4. One pair of gauges is located
near each support boundary where maximum stresses occur, and the other pair is located at the point
that had maximum deflection when the plates were loaded with pressure. For later data reference,
gauges located on the convex side of a plate have a suffix 0, while gauges located on the concave side
of a plate have a suffix i. The longitudinal location of each pair of gauges was varied so that if there
was significant variation in the stress field near the central length of the plate, the gauge readings
would signal that effect. The gauges were mounted in pairs so the strain in the span direction and that
in the longitudinal direction at a point could be determined. Knowing the strain in two principal
directions allowed the principal stresses to be calculated. Thus, the stress at three points on each plate
could be monitored for the relation of the primary and secondary stress to yield. A temperature sensor
was mounted at the midpoint of each plate to assess the temperature of each plate during the tests. The
assembled test section is shown in Fig. 3.5. In this figure the manifold for regulating the coolant flow
to the boundaries and the digitally controlled oven can be seen. Note also the pressure regulator on top
of the oven for controlling the pressure load and the strain- and temperature-reading system.

After everything was assembled, an evaluation of the experimental setup was made. It was
determined that the maximum difference in temperature achievable between the plates and support
boundaries was on the order of 24°C (43°), which corresponded to a plate temperature of 54°C
(129°F) and a 30°C (86°F) boundary. Such a large thermal resistance as represented by a convection
oven temperature of 260°C (500°F) and a plate temperature of 54°C (129°F) was not anticipated, and
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Fig. 3.1. Cross section of the test section.
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Fig. 3.2. Forming involute plates.
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Fig. 3.3. Test section.
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the result lowered the magnitude of the secondary (thermal) stress that could be realized in the test.
However, it was also determined that the “floating boundary support” did not function as designed.
The strains that were found at the test points were closér in magnitude to a fixed-boundary condition
than to a floating-boundary condition, indicating that the floating boundary was not functioning as
designed. The result of this design variation increased the magnitude of the secondary stress and offset
the effect of the lower than expected temperature difference between the plates and boundaries.







4. TEST DATA

The correspondence of the data taken to a specific plate sensor is given in Table 4.1. Each test
consisted of taking data first with a pressure load only, next with the thermal load only, and last with
the pressure and thermal loads combined. The same thermal load was used in each test while the
pressure load was increased with each test. Temperature compensation was accomplished by having
the compensating gauge mounted on a 6061-O aluminum piece that was unrestrained and located in
the oven. The aluminum piece also had a temperature sensor mounted on it. The compensator wires
and the active strain gauge wires were all of the same length and had the same environment for
compensation purposes. However, the strain gauges on the plates, which were cooled through
conduction to the boundaries, were not at the same temperature as the compensating gauge and
required correction of the strain readings using the manufacturer’s temperature curve for the active and
compensating gauges supplied with each gauge lot. In addition, reading strain information and
temperature information from the same strain indicator made it more convenient to set the strain
indicator with a gauge factor of 2.000 for all readings and then adjust the strain gauge readings later
for the actual 2.090 gauge factor. Tables 4.2-4.7 list the recorded data.

4-1
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Table 4.1. Data identification with instrument readout

Channel Sensor’

Balance box I

(S

10
20
30
40
50
60
1i
2i
31
4

O 00 ~N N W A W

—
o

Balance box I
5i
6i

Cooling water inlet temperature (°F) times 10

AW N =

Cooling water outlet temperature (°F) from inner
boundary times 10

5 Cooling water outlet temperature (°F) from outer
boundary times 10

6 Temperature (°F) times 10 of the test plate with the
concave surface being exterior

7 Temperature (°F) times 10 of the test plate with the
convex surface being exterior

8 Compensator gauge temperature (°F) times 10

Sensor suffix O designates gauges that were mounted on test plate with the convex
surface being exterior. Sensor suffix i designates gauges that were mounted on test plate
with the concave surface being exterior.
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Table 4.2. Strain gauge readin;gs from test at 68.9 kPa (10 psi)®

Temperature® Temperature Final,
Initial,  Pressure Initial only plus pressure no load
Channel no load only (8:30 am.) (9:15 am.) (9:23 am.) (1:20 p.m.)
Box 1
1 -1 -99 2 -200 -305 =5
2 1 -6 2 -332 -325 18
3 4 186 1 —40 137 22
4 2 -10 1 —473 —472 21
5 2 -123 0 =276 —-402 7
6 2 2 1 —298 -286 19
7 4 -143 1 -141 =275 27
8 3 35 4 -179 -146 21
9 3 155 -2 -120 43 18
10 3 0 -2 -268 =270 18
Box 2

1 -1 -172 -1 -80 —240 -13
2 1 6 -4 -218 =212 -9
3 808 809 785 803 808 818
4 808 809 784 870 875 815
5 808 809 786 884 890 814
6 811 811 786 1120 1100 844
7 812 812 788 1267 1275 845
8 803 802 780 4916 4930 819

“Readings from strain gauges are in microstrain. Readings from temperature sensors (box 2, channels 3-8) are
°F times 10, Instrumentation set up with a gauge factor of 2.000.
*Set temperature = 500°F; oven temperature = 500°F.
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Table 4.3. Strain gauge readings from test at 137.9 kPa (20 psi)*

Temperature’®  Temperature Final,
Initial,  Pressure Initial only plus pressure no load
Channel no load only (8:30 a.m.) (9:15 am.) (9:25 am.) (1:30 p.m.)
Box 1
1 -1 -211 2 -195 ~-503 =54
2 1 -15 1 =313 -305 22
3 4 355 6 -38 426 128
4 2 21 4 —465 —468 20
5 2 -250 -1 274 -594 =30
6 2 1 5 —286 -268 22
7 4 =272 4 -139 -385 50
8 3 62 -2 -185 -115 21
9 3 316 1 -118 291 52
10 3 -8 1 -268 -268 21
Box 2

1 -1 -308 =2 78 =367 40
2 1 8 0 -213 -211 -13
3 808 809 804 812 814 824
4 808 809 804 876 881 825
5 808 809 805 894 898 898
6 811 811 804 1124 1084 846
7 812 812 806 1273 1285 847
8 803 802 796 4914 4922 834

“Readings from strain gauges are in microstrain. Readings from temperature sensors (box 2, channels 3-8) are
°F times 10. Instrumentation set up with a gauge factor of 2.000.
tSet temperature = 500°F; oven temperature = S00°F.
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Table 4.4. Strain gauge readings from test at 172.4 kPa (25 psi)°

Temperature’? Temperature Final,
Initial,  Pressure Initial only plus pressure no load
Channel no load only (9:06 a.m.) (9:51 am.) (10:00 am.)  (2:00 p.m.)
Box 1
1 -1 -261 2 -180 =505 -6
2 1 -18 -1 =302 =307 11
3 4 448 2 =54 420 38
4 2 =26 0 —450 —462 14
5 2 =312 1 -280 —652 —44
6 2 2 0 =281 -268 11
7 4 =344 3 -153 —438 0
8 3 80 4 -185 -160 16
9 3 394 2 -113 370 41
10 3 -8 4 -264 -330 28
Box 2

1 -1 -394 -1 ~68 -410 40
2 1 9 0 =212 =216 -7
3 808 809 810 819 822 825
4 808 809 811 885 892 826
5 808 809 811 900 905 827
6 811 811 811 1132 1182 851
7 812 812 812 1283 1298 852
8 803 802 802 4909 4913 837

“Readings from strain gauges are in microstrain. Readings from temperature sensors (box 2, channels 3-8) are
°F times 10. Instrumentation set up with a gauge factor of 2.000.
’Set temperature = 500°F; oven temperature = 500°F.
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Table 4.5. Strain gauge readings from test at 206.8 kPa (30 psi)”

Temperature”  Temperature Final,
Initial,  Pressure Initial only plus pressure no load
Channel no load only (8:50 a.m.) (9:35 a.m.) (9:45 a.m.) (2:00 p.m.)
Box 1
1 0 -350 0 -195 =520 -38
2 2 -28 -1 -296 —295 11
3 3 512 2 -60 466 37
4 4 =37 0 —446 —450 16
5 3 -355 3 =267 -661 =25
6 0 -9 0 -276 =257 12
7 0 =373 -1 -145 —440 10
8 -5 80 -3 -168 -160 11
9 1 514 1 -118 380 -19
10 -2 =22 -1 —268 -351 2
Box 2

1 0 -344 2 =79 -504 -11
2 0 8 0 =210 =208 -3
3 819 819 819 824 827 837
4 821 821 820 890 899 838
5 821 821 820 903 910 839
6 821 821 821 1120 1126 858
7 823 822 822 1290 1305 859
8 813 813 813 4911 4918 848

“Readings from strain gauges are in microstrain. Readings from temperature sensors (box 2, channels 3-8) are
°F times 10. Instrumentation set up with a gauge factor of 2.000.
bSet temperature = 500°F; oven temperature = 500°F.

T AT B - LN AT ALY
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Table 4.6. Strain gauge readings from test at 275.8 kPa (40 psi)*

Temperature’® Temperature Final,
Initial,  Pressure Initial only plus pressure no load
Channel no load only (8:35 a.m.) (9:25 am.) (9:35 am.) (1:30 p.m.)
Box 1
1 3 -389 3 =200 -599 =75
2 3 -2 2 —285 283 21
3 3 528 -1 —68 625 133
4 3 -10 3 —439 —442 26
5 1 -381 3 =275 =702 -23
6 1 15 1 =275 =243 22
7 2 -383 -3 -158 —466 9
8 0 84 1 -173 -166 15
9 -1 539 1 -122 513 3
10 2 -18 3 -260 -358 9
Box 2

1 0 —-469 4 -85 -638 —43
2 -1 9 -2 -218 -220 -10
3 810 810 810 819 822 842
4 810 811 811 882 892 843
5 811 811 812 909 917 845
6 810 811 811 1120 1127 869
7 811 811 811 1285 1300 870
8 803 803 804 4908 4918 857

“Readings from strain gauges are in microstrain. Readings from temperature sensors (box 2, channels 3-8) are
°F times 10. Instrumentation set up with a gauge factor of 2.000.
£Set temperature == 500°F; oven temperature = 500°F.
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Table 4.7. Strain gauge readings from test at 344.7 kPa (50 psi)”

Temperature” Temperature® Final,
Initial,  Pressure Initial only plus pressure no load
Channel no load only (8:45 am.) (9:30 a.m.) (9:40 a.m.) (1:30 p.m.)
Box 1
1 1 -532 0 -226 -295 -135
2 1 -2 1 -286 -238 67
3 3 598 1 —68 1358 1384
4 1 =5 -1 —435 -459 6
5 2 —418 1 -276 -205 20
6 1 22 0 =270 —245 40
7 3 -~406 -1 -117 ~7363 -7151
8 0 84 4 -165 314 437
9 1 756 -1 -102 8037 7854
10 2 =30 2 -262 -338 =52
Box 2

1 -1 =553 1 95 -5517 -5335
2 1 13 2 -205 -36 132
3 826 826 827 824 826 845
4 826 826 827 888 891 844
5 826 827 830 913 919 848
6 826 827 827 1120 1130 869
7 827 828 828 1298 1306 873
8 818 819 821 4913 4916 857

“Readings from strain gauges are in microstrain. Readings from temperature sensors (box 2, channels 3-8) are
°F times 10. Instrumentation set up with a gauge factor of 2.000.

bSet temperature = 500°F; oven temperature = S00°F.

“When the pressure load was applied on top of the thermal load, at about 310.3 KPa (45 psi) an abrupt jump
occurred in gauge 10, which was being monitored while the pressure was being applied. The jump was attributed
to a plate failure, which was obvious when the oven cooled and the plate was inspected. Thus, the data recorded
with pressure and temperature loads were combined and have no significance for use in calculations.



5. INTERPRETATION OF THE RESULTS

The objective of these tests was to examine the possibility of assigning different design weights to
primary and secondary stresses, the rationale being that loads producing secondary stresses will relax
as material begins to yield and will result in a lower final stress state than if no yielding had occurred.
Strain values after temperature compensation and adjustment for the gauge factor are shown together
with calculated stress values in Tables 5.1-5.6.

To examine this weighted potential, the stress in the span direction as determined by the strain
from the gauges (gauges 50 and 60) on the convex side of one of the test plates and near the outside
support boundary are shown for each test in Fig. 5.1. This test point had the largest stress magnitude
of all the test points. The stresses from pressure load only, from temperature load only, and from
combined pressure and temperature loads are shown. It should be noted that when a pressure of
344.7 KPa (50 psi) was applied between the test plates with the thermal load already in place, the
plates failed. The plates held the pressure load, but each plate had a large bulge outward from the
channel between the plates and extending the length of the plate. Had this deformation occurred in the
assembled reactor core, some fuel plates would have made contact and plate burn out would be
expected. Examining Fig. 5.1, it can be seen that adding the stress produced only by the pressure load
to the stress produced only by the thermal load yields essentially the same stress value as realized
when the loads are combined and the stresses evaluated. The secondary stress load is not relaxing as
the combined stress level approaches yield. Also it is noted that when the pressure load of 344.7 MPa
was applied between the plates that had no thermal load, no failure was evident. However, when this
pressure load was applied to the plates that already had a thermal load, plate failure occurred. Thus,
the thermal load does not relax sufficiently (if at all) during material yield to prevent failure. As a side
note, it can be observed that the plates failed when the test point that had the largest stress magnitude
was at approximately 65 MPa (9428 psi), which is above the material yield stress of 55 MPa
(7980 psi). It should be recalled that 6061-O aluminum does not have a well-defined yield stress point,
but instead the yield stress is based on a strain offset that is somewhat arbitrarily assigned. Further,
yield stress is usually based on tensile stress data, and the value would not necessarily be the same if
the material were in compression instead of tension.

The next stress point considered is represented by gauges 5i and 6i. This point is located with the
same span plate coordinates as gauges 50 and 60, but gauges 5i and 6i are mounted on the other test
plate and on the concave side or exposed side of the plate. There is another difference in the test
points on each plate. The pressure load is on the concave side of the plate, on which gauges 50 and 60
are mounted, while the pressure load is on the convex side of the plate, on which gauges 5i and 6i are
mounted. These differences obviously are reflected in the gauge readings of each point and make it
impossible to get a one-to-one comparison between gauges that have the same span coordinates but are
on different plates. The span stresses as calculated from gauges 5i and 6i are shown in Fig. 5.2. In
examining the stress from the pressure load, there is an abrupt shift between the readings for pressure
loads of 172.4 MPa (25 psi) and 206.8 MPa (30 psi). This was the only point that showed such an
abrupt shift. Had this change resulted from something happening in the plate structure, a similar abrupt
change would have occurred in gauges 1i, 2i, 3i, and 4i during the pressure-only load, but such a
change was not evident. The abrupt change appears more likely to have occurred because of an errant
contact resistance change that would cause a shift in the readings of the strain indicator for that
channel. This is not an unusual effect to experience in strain gange work. However, independent of
this abrupt shift, the relation of the primary and secondary stress on plate failure as described with
gauges 50 and 60 is repeated in the information from gauges 5i and 6i.
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The stresses in the span direction as calculated from the gauge pairs 10, 20 and 1i, 2i are shown in
Figs. 5.3 and 5.4. These points are close to the inside support boundary. The results show the same
effect as summarized from the previous analysis using gauge pairs 50, 60 and 5i, 6i.

The stresses in the span direction as calculated from the gauge pairs 30, 40 and 3i, 4i are shown in
Figs. 5.5 and 5.6. These points are located where the maximum deflections of the involute plates were
anticipated. It is of interest to note that the stresses at these points from the thermal load tend to
reduce the stresses from the pressure load. These points actually had larger strains in the final
deformed shape after failure than did the points near the boundaries. It appears that “plastic hinges”
formed on the boundaries and resulted in the central portion of the plate’s reacting more like a plate
with pinned boundaries with very large strains occurring in the central part of the plates.

If only the pressure loads, which are equivalent to coolant velocity flow loads in the reactor, are
considered, all of the stresses at the test points were below yield stress up through a pressure load of
344.7 MPa (50 psi). This pressure is equivalent to a coolant flow velocity of 36.0 m/s (118 fps).
However, when the thermal load was included in the plate load, failure did occur.
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6. CONCLUSIONS

The purpose of this experiment was to examine the rationale of weighing the secondary (thermal)
stresses, which result from the fuel reactions in the plates, less than the primary (pressure) stresses,
which are related to the coolant flow velocity between the plates. These tests indicate that, for this
application of thin aluminum fuel plates, cooled through narrow cooling channels on both sides of a
plate, the primary and secondary stresses should be weighted the same.

These structural tests with the proposed ANS fuel plates are the last ones scheduled, since the
ANS project is ending; therefore, for possible future reference, a summary status statement for this
work is offered.

1. For the type of fuel plates proposed for ANS, there was no evidence of a collapse flow velocity as
proposed by Miller’ in a coolant velocity range from 0 to 50 m/s.'**

2. There was no evidence of any significant plate flutter in the proposed plates with a coolant
velocity range from 0 to 35 m/s.'**

3. The most critical design variable in the plates is the stress value, and, as reported herein, the
stresses produced from thermal loads should be given the same weight as the stresses produced
from the flow loads.'*

4. The coolant flow load on the plates can be determined using the techniques reported in Ref. 3 with
the load variation reported in Ref. 5. Having defined the flow load, the plate deformation and
stress values can be approximately calculated using standard solution schemes such as numerical
or analytical techniques.

5. The structural deformation and stress values of the plates resulting from thermal loads can be
approximated using the standard solution schemes as noted above, if a reasonable temperature
distribution in the plates is available.

6. Calculations using a creep model for the ANS plates indicate that creep is not a limiting variable
within the coolant flow rates and temperatures considered for the ANS Project.*
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