
6.3.4.2 Waste Package Slap Down Accident Analysis

A corner drop can be separated into two individual drop events: initial impact and slap down. For
impact angles near horizontal, the slap down phase dominates and the assembly response resembles
the condition of a side drop (SNL 1992a). Initial impact is analyzed in Section 6.3.4.1. The
hypothetical slap down accident condition analyzed here is that of a WP striking a flat, essentially
unyielding horizontal surface. The models described and the analysis results given in this section
are taken from Finite-Element Analysis of Slap Down of Uncanistered Fuel Waste Package Designs
(CRWMS M&O 1996i).

6.3.4.2.1 21 PWR Uncanistered Fuel Tube Design

6.3.4.2.1.1 Description of Finite-Element Model for Waste Package Slap Down

A one-half symmetric, three-dimensional finite-element model of a 21 PWR WP has been previously
developed for the WP 2-m drop analysis. The slap down event is simulated by making use of the
same model with a few modifications. The previously mentioned assumptions and discussions on
the 21 PWR finite-element model are the same for the slap down event, see Section 6.3.4.1.1.1.

The initial WP orientation is with its axis at an angle of 300 with respect to vertical. In theory, the
maximum impact velocity is obtained if the WP is released from the angle at which slap down is
impending, 16.98°. However, to obtain a finite-element solution, a larger initial angle is required
to begin the process. Therefore, an angle of 30° was chosen because it satisfied both computational
and theoretical requirements. Potential energy calculations indicate that the energy lost due to the
use of 30° instead of 16.980 is less than 3.7 percent, leading to a difference in the stresses of less
than 1.9 percent. Because this is likely to be smaller than the accuracy of the solution, this difference
is neglected. See Figure 6.3-47 for the initial orientation of the WP in the model.

The WP is initially in contact with the impact surface. Constraints placed on the WP at the point it
contacts the impact surface cause the WP to experience a fixed axis rotation. The rotation is initiated
by the moment about the contact point caused by the weight of the WP. The subsequent impact
begins with a line contact between the WP and the flat surface.

To define a contact surface between the WP and the flat surface, contact elements have been defined
along the two surfaces where the impact is expected to occur. The same contact stiffness value has
been attributed to these contact elements as in the case of the WP 2-rn drop finite-element model.

6.3.4.2.1.2 Containment Barrier and Spent Fuel Assembly Basket Responses

A fixed axis rotation of the WP is followed by an impact on the flat surface. Since the WP is
initially at rest, having an angle of 30° with respect to vertical, the potential energy is converted into
kinetic energy before the impact, and the kinetic energy is transformed into strain energy by elastic
and plastic deformations on the WP after the impact. Deformation on the flat surface is negligible
when compared to the WP response at the impact region because the stiffness value assigned to the
flat surface is much greater than the WP stiffness. The maximum stress is located on the inner
surface of the inner barrier, approximately halfway along the length of the WP, see Figure 6.3-48.
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The inner barrier is plotted separate from the rest of the WP in Figure 6.3-49 in order to observe the
maximum stress location and magnitude and to compare with the allowable stress value. As can be
seen in the same figure, the magnitude of the maximum principle stress in the inner barrier is 410
MPa, which is less than the ultimate tensile strength of the inner barrier material (662 MPa).
Therefore, there is no material failure in the inner barrier due to the slap down event.

Stress patterns for the outer barrier are similar to those for the inner barrier, but with different
magnitudes of stresses. Figure 6.3-50 provides a sectional view of the upper end of the 21 PWR WP.
The location of the maximum stress (334 MPa) is in the same area as the peak stress in the inner
barrier and is less than the ultimate tensile strength of A 516 carbon steel (380 MPa). Thus, it can
be concluded that the slap down accident will not result in a breach of the outer barrier.

The maximum first principal stress in the UCF basket for the slap down accident is 235 MPa, see
Figure 6.3-5 1. This is above the yield strength of the basket material, 172 MPa, but less than the
ultimate tensile strength (482 MPa). This indicates that some localized plastic deformation will take
place in the walls of the basket.

6.3.4.2.2 44 BWR Uncanistered Fuel Tube Design

6.3.4.2.2.1 Description of Finite-Element Model for Slap Down

Because the mass and area moment of inertia characteristics for the 44 BWR are similar to those for
the 21 PWR, one finite-element model has been considered to represent both WP concepts.
Qualitative comparisons are made in Section 6.3.4.2.2.2.

6.3.4.2.2.2 Containment Barrier and Spent Fuel Assembly Basket Responses

Since the mass is slightly less for the 44 BWR than for the 21 PWR configuration, deformation
patterns and stress distributions obtained for the 21 PWR are considered to be the limiting results.
Worst case containment barrier stresses are presented in Section 6.3.4.2.1.2.

The size, mass, and area moment of inertia are all very close between the 21 PWR and the 44 BWR.
Therefore, the loads on the tubes of the basket assembly during slap down will be nearly the same.
However, the 44 BWR basket assembly has a larger number of tubes that have a smaller side length
than the tubes for the 21 PWR, but also have thinner walls. Smaller side length increases tube
strength while the. thinner wall reduces tube strength. The overall effect is that the strength of an
individual 44 BWR tube is slightly less than the strength of an individual 21 PWR tube. However,
the load is distributed on approximately twice as many tubes in the 44 BWR as in the 21 PWR.
Therefore, the basket of the 44 BWR will be able to take more load than the basket of the 21 PWR.
For this reason, the basket stresses of the 21 PWR are considered limiting for the large UCF Tube
Designs, see Section 6.3.4.2.1.2.
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6.3A.2.3 12 PWR Uncanistered Fuel Tube Design

6.3.4.2.3.1 Description of Finite-Element Model for Slap Down

A one-half symmetric three-dimensional finite-element model of the 12 PWR WP has been
previously developed for the WP 2-m drop analysis. The slap down event is simulated by making
use of the same model with a few modifications. The previously mentioned assumptions and
discussions on the 12 PWR finite-element model are considered the same for the slap down event,
see Section 6.3.4.1.3.1.

The initial WP orientation is with its axis at an angle of 300 with respect to vertical. In theory, the
maximum impact velocity is obtained if the WP is released from the angle at which slap down is
impending, 13.67°. However, to obtain a finite-element solution, a larger initial angle is required
to begin the process. Therefore, an angle of 300 was chosen because it satisfied both computational
and theoretical requirements. The angular velocity of a WP at 30°, which started from 13.670 is
very small compared to the final angular velocity at impact, so the use of 300 as the initial orientation
has almost no effect in the results. Potential energy calculations indicate that the energy lost due to
the use of 300 instead of 13.67° is less than 5.3 percent, leading to a difference in the stresses of less
than 2.7 percent. Because this is likely to be smaller than the accuracy of the solution, this difference
is neglected. The initial orientation of the WP in the model is the same as that for the 21 PWR and
is shown in Figure 6.3-52.

The WP is initially in contact with the impact surface. Constraints placed on the WP at the point it
contacts the impact surface cause the WP to experience a fixed axis rotation. The rotation is initiated
by the moment about the contact point caused by the weight of the WP. The subsequent impact
begins with a line contact between the WP and the flat surface.

The finite-element models of the small and large WPs are similar in terms of the simulation process.
However, the size of the WPs and basket internal structures are different, which plays an important
role in the structural response of the WP to the slap down accident condition. The results of the
small UCF tube design analyses are included in the following sections.

6.3A.2.3.2 Containment Barrier and Spent Fuel Assembly Basket Responses

A fixed axis rotation of the WP is followed by an impact on the flat surface. The barrier response
mechanism is similar to the barrier response explained previously in the analysis of the 21 PWR WP,
whereas the stress distribution results are different due to different mass and geometry
characteristics. The maximum stress location is in the skirt and has a magnitude of 466 MPa, see
Figure 6.3-53. The ultimate tensile strength (380 MPa) is less than the maximum stress on the skirt,
thus, the skirt of the outer barrier fails due to ductile rupture of the material.

Figure 6.3-54 illustrates the first principal stress distribution on the inner barrier. The maximum
stress magnitude in the inner barrier is 367 MPa, and is located on the outer surface of the inner
barrier below the lid. The maximum tensile stress is less than the ultimate tensile strength of the
inner barrier material (662 MPa), so it can be concluded that the slap down accident will not result
in a breach of the inner barrier. The stress results obtained for the outer barrier are similar to those
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for the inner barrier. The maximum stress (326 MPa) is located on the inner surface of the outer
barrier, near the point of maximum stress in the inner barrier, see Figure 6.3-55. Since the
magnitude of the maximum stress is less than the ultimate tensile strength of the outer barrier
material (380 MPa), there is no material failure on the outer barrier, other than in the skirt.

The maximum first principal stress in the UCF basket for the slap down accident is 239 MPa, see
Figure 6.3-56. This is above the yield strength of the basket material (172 MPa) but less than the
ultimate tensile strength (482 MPa). This indicates that some localized plastic deformation will take
place in the walls of the basket.

6.3.4.2.4 24 BWR Uncanistered Fuel Tube Design

6.3.4.2.4.1 Description of Finite-Element Model for Slap Down

Because the mass and area moment of inertia characteristics for the 24 BWR are similar to those for
the 12 PWR, one finite-element model has been considered to represent both WP concepts.
Qualitative comparisons are made in Section 6.3.4.2.4.2.

6.3A.2.42 Containment Barrier and Spent Fuel Assembly Basket Responses

Since the mass is slightly less for the 24 BWR than for the 12 PWR configuration, deformation
patterns and stress distributions obtained for the 12 PWR are considered to be the limiting results.
Worst case containment barrier stresses are presented in Section 6.3.4.2.3.2.

The size, mass, and area moment of inertia are all very close between the 24 BWR and the 12 PWR.
Therefore, the loads on the tubes of the basket assembly during. slap down will be nearly the same.
However, the 24 BWR basket assembly has a larger number of tubes that have a smaller side length
than the tubes for the 12 PWR, but have thinner walls. Smaller side length increases tube strength
while the thinner wall reduces the strength. The overall effect is that the strength of an individual
24 BWR tube is slightly less than the strength of an individual 12 PWR tube. However, the load is
distributed on approximately twice as many tubes in the 24 BWR as in the 12 PWR. Therefore, the
basket of the 24 BWR will be able to take more load than the basket of the 12 PWR. For this reason,
the basket stresses of the 12 PWR are considered limiting for the large UCF Tube Designs, see
Section 6.3.4.2.3.2.
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Figure 6.3-47. 21 PWR UCF Design Slap Down Model
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6.3.4.3 Analysis of Rock Fall onto Waste Package

The large multibarrier WP is designed to be drift emplaced and thus may be subjected to a tunnel
collapse or an individual rock fall. The rock load could be the result of rock expansion and rock fall
or by rock instability caused by a phase transformation in the rock.

A rock fall could potentially occur in the starter tunnel or main drift while the WP is in transit, or
in the emplacement drift after the WP has been emplaced. The main difference between these cases
is the height from which the rock falls. The starter tunnel height is greater than either the
emplacement drift or main drift height, so the starter tunnel rock fall is considered to be limiting.

The following conservative assumptions are made for the rock fall analysis in the starter tunnel:

* A rock fall in the starter tunnel gives the highest fall height.

* The WP is assumed to be sitting on the invert of the starter tunnel. It will actually be on
a transporter, raising it some distance above the invert, thus reducing the fall height.

* The WP is assumed to be completely unprotected. It will actually be inside a shielded
transporter, which may be expected to provide some impact protection.

The probability of a rock fall onto the WP in the starter tunnel is low for the following reasons:

* The WP is not stored in the starter tunnel, but rather, just passes through. Therefore, the
WP spends very little time there, reducing the probability of an accident.

* Rock bolts and shotcrete are used to support the roof of the starter tunnel, decreasing the
probability of a rock fall.

The models described and the analysis results given in Section 6.3.4.3 are taken from Finite-Element
Analysis of Rock Fall on Uncanistered Fuel Waste Package Designs (CRWMS M&O 1995au).

6.3.4.3.1 Correlation Method for Large and Small Uncanistered Fuel Tube Designs

To develop a correlation factor between the UCF tube WPs, an analytical solution is needed for the
same problem. A quasi-static approach can be used to simplify the dynamic load into a static,
concentrated force applied at midspan on the outer and inner barriers. Figure 6.5-66 illustrates the
WP, applied force, shear force, and bending moment diagrams.

In the analytical model it is assumed that the n6rmal stress varies linearly with the distance from the
neutral surface. A compressive normal stress state is active above the neutral axis, and a tensile
normal stress state is active below the neutral axis. Furthermore, the magnitudes of maximum
compressive and tensile stresses are identical due to the symmetric geometry of the WP cross-
sectional area with respect to the plane passing through the center of the WP.
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The finite-element evaluations are based on a slightly different mechanism of impact and proceeding
stress distribution on the finite-element model. Plastic deformation in a material leads to a nonlinear
stress profile across the material thickness. The impacted region of the WP experiences high stress
concentration due to localized plastic deformation. Thus, the analytical formulations will be used
only for correlating between WPs of similar size, the 21 PWR with the 44 BWR and the 12 PWR
with the 24 BWR.

The potential energy of the rock is converted into kinetic energy by the time it falls to the top surface
of the outer barrier. Assuming that all of the kinetic energy of the rock is spent deflecting the
containment barriers, which is a conservative approach, strain energy stored in the barriers will be
equal to the kinetic energy of the rock. Derivation of the strain energy relation in terms of applied
force and stiffness of the material is provided in Finite-Element Analysis of Rock Fall on
Uncanistered Fuel Waste Package Designs (CRWMS M&O 1995au).

Kinetic Energy = Strain Energy

1 2 _P
2L'

2 96E1 (Equation 6.3-1)

where: m = mass of rock
v = velocity of rock
P = force on barriers
L = length of basket assembly
E = modulus of elasticity of barrier materials
I = area moment of inertia of barriers

The magnitude of the force calculated from these formulations has been used to obtain the maximum
value of the bending moment and the bending stress on the surface of the barrier. When the
maximum stress magnitudes of analytical and finite-element solutions are compared, a difference
is expected because the finite-element model uses an elastic-plastic approach while the analytical
solution is purely elastic.

The input parameters of this analytical model are the modulus of elasticity, length of the basket
assembly, impact velocity and mass of the rock, and area moment of inertia of the WP. The modulus
of elasticity and length are constants for each UCF WP, and the impact velocity of the rock varies
little. The correlation is made by entering the force, P, which causes the critical bending stress in
the WP, which has been modeled and the area moment of inertia of the WP of interest. The
analytical solution for the critical rock mass of the WP of interest is then obtained.

6.3.4.3.2 21 PWR Uncanistered Fuel Tube Design

6.3.4.3.2.1 Description of Finite-Element Model for Rock Fall Accidents

A three-dimensional finite-element model of the 21 PWR UCF tube WP (including inner and outer
barriers) has been developed in accordance with the WP conceptual designs. The SNF basket
assembly is not included in the model in order to use an increased number of elements through the
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thicknesses of the containment barriers, to keep the ANSYS run times down, and to increase the
accuracy of the finite-element solution. Since no structural credit is taken for the basket assembly,
the results are considered to be conservative. The response of the basket assembly is analyzed in a
separate model, which is discussed in Section 6.3.4.3.2.3.

In the model it is assumed that all of the kinetic energy of the falling rock is imparted onto the WP
as mechanical energy (i.e., the rock does not shatter, no heat is produced) and the deflection of the
rock is negligible compared to the deflection of the WP. Another important assumption is the
modeling of the impacting rock as a sphere. This geometry was selected because the impact of a
sphere will result in a global distribution of stress onto the WP, whereas a sharp wedge geometry
would deform the pointed region of the rock as a result of the high stress concentration at the impact
point. The rock deformation would result in the sharp wedge geometry being less damaging to the
WP than would the spherical geometry. It should be noted that ANSYS cannot model a perfect
sphere because element surfaces are flat. In the modeling of the rock, there are small points at node
locations, but their effects are minor.

The simulation of the rock impact on the WP includes both elastic and plastic deformations.
Material behavior is approximated by incorporating bilinear stress-strain curves, including both
elastic and plastic regions, into the ANSYS WP material properties. A transient dynamic analysis
solution is produced, with gravitational acceleration as the only load on the system. Displacement
constraints at support locations prevent vertical motion and horizontal motion normal to the axis of
the WP. There are two support locations at each end, along the length of the WP. Outer supports
are at the extreme ends of the outer barrier, which in this model includes the skirt. Inner supports
are located one element length inside of the outer supports. The combination of kinetic-strain energy
and linear bending stress relations reveals that the stress on a beam is inversely proportional to the
square root of the beam length. In other words, if the volume of the beam is increased, more kinetic
energy can be absorbed in terms of strain energy in the beam. Since the inner supports provide a
smaller unsupported length than the basket assembly length, the finite-element model is considered
to be conservative.

6.3.4.3.2.2 Barrier Response to Rock Fall Accident

At the instant contact is reached between the rock and the WP, the top surface of the WP deforms
elastically (deformation is based on the elastic modulus) until the yield strengths of the containment
barrier materials are reached. The materials then begin to deform plastically (deformation is based
on the hardening modulus). The UCF WP response to the impact indicates that there are large local
deformations in the impact region and that global deformation is minor.

The maximum-normal-stress theory is based on a comparison of the ultimate tensile and compressive
strengths of the materials with the maximum values of tensile and compressive stresses they
experience during an impact. The critical stresses in the barriers during a rock fall accident are
tensile stresses due to local bending. The maximum first principal stress magnitude occurs on the
inner surface of the inner barrier where large local deformation occurs in the region of impact. The
maximum first principal stress magnitude in the inner barrier is 556 MPa, see Figure 6.3-57. When
the ultimate tensile strength of the inner barrier (662 MPa) is compared to the first principal stress
value (556 MPa), it can be concluded that there is no material breach around the region of impact
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in the inner barrier. A similar comparison between the maximum first principal stress (288 MPa)
and ultimate tensile strength (380 MPa) of A 516 carbon steel shows that there is no failure in the
outer barrier due to the impact of a 6,000 kg rock falling from the starter tunnel height, see
Figure 6.3-58.

Having evaluated the results of the finite-element analysis of the 21 PWR UCF in accordance with
the maximum-normal-stress theory, it is determined that the WP is able to withstand the maximum
dynamic loading from the fall of a 6,000 kg rock through 8.1 m without breaching of the containment
barriers.

6.3.4.3.2.3 Spent Fuel Assembly Basket Response to Rock Fall Accident

A two-dimensional static finite-element model is developed in order to analyze the 21 PWR basket
assembly. The plane passing through the center of the impact region was used as the basket
assembly cross-section in the two-dimensional model. The fuel assembly weights were not included
in this model. Since the impact load is much greater than the static load of the fuel assemblies, this
assumption has negligible effect in the results. Displacements at the inner barrier-basket assembly
contact points are obtained from the three-dimensional dynamic containment barrier model results
and applied as specified displacements on the basket assembly. Since the basket was not included
in the three-dimensional model, the displacement magnitudes taken from that model provide a
conservative approach to the analysis.

The stresses in the 21 PWR basket for the rock fall accident are read from the results of the ANSYS
analysis. The first principal stress (229 MPa) is above the yield strength of the basket material, 172
MPa, in the region of maximum deflection, see Figure 6.3-59. This indicates that some localized
plastic deformation will take place in the walls of the basket. It is assumed that plastic deformation
of the basket material is permitted as long as there is no rupturing of the material (see Section
6.3.4.6). Since the maximum stress is well below the ultimate tensile strength of the material, it is
concluded that there is no breach in the basket assembly, and the separation of the SNF assemblies
is maintained after a 6,000 kg rock fall on the 21 PWR WP.

6.3A.3.3 44 BWR Uncanistered Fuel Tube Design

6.3A.3.3.1 Barrier and Spent Fuel Assembly Basket Responses to Rock Fall Accident

Beam theory is used in analytical correlations between 21 PWR and 44 BWR WPs. This correlation
is made by assuming that the kinetic energy of the falling rock is converted entirely into strain energy
in the containment barriers, see Section 6.3.4.3.1. The results of nonlinear finite-element analyses
show that there is local deformation in the region of impact. To minimize the error introduced by
the local deformation, these analytical relations are used only to compare WPs with similar area
moments of inertia and masses. When the results of the analytical relations of the 21 PWR are
compared to the 44 BWR, it is observed that the maximum allowable rock mass decreases as the area
moment of inertia of the WP becomes smaller. Because the difference in the moment of inertia
values between the 21 PWR and the 44 BWR WPs is small, the difference in the calculated critical
mass values is also small.
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The area moment of inertia of the 44 BWR containment barriers (including inner and outer barriers)
is calculated as 0.1619 i 4. The rock drop height is conservatively assumed to be the same for the
44 BWR as it is for the 21 PWR: 8.1 m. Having the modulus of elasticity, WP length, and impact
velocity of the rock substituted into the conservation of energy equation, the critical mass of the rock
is determined as 5985 kg.

The size, mass, and area moment of inertia are all very close between the 21 PWR and the 44 BWR.
Therefore, the loads on the tubes of the basket assembly during rock fall will be nearly the same.
However, the 44 BWR basket assembly has a larger number of tubes that have a smaller side length
than the tubes for the 21 PWR, but have thinner walls. Smaller side length increases tube strength
while the thinner wall reduces tube strength. The overall effect is that the strength of an individual
44 BWR tube is slightly less than the strength of an individual 21 PWR tube. However, the load is
distributed on approximately twice as many tubes in the 44 BWR as in the 21 PWR. Therefore, the
basket of the 44 BWR will be able to take more load than the basket of the 21 PWR. For this reason,
the basket stresses of the 21 PWR are considered limiting for the large UCF Tube Designs, see
Section 6.3.4.3.2.3.

6.3.4.3.4 12 PWR Uncanistered Fuel Tube Design

6.3.4.3.4.1 Description of Finite-Element Model for Rock Fall Accident

A three-dimensional finite-element model of the 12 PWR UCF tube WP (including inner and outer
barriers) has been developed in accordance with the WP conceptual designs. The SNF basket
assembly is not included in the model in order to use an increased number of elements through the
thicknesses of the containment barriers, to keep the ANSYS run times down, and to increase the
accuracy of the finite-element solution. Since no structural credit is taken for the basket assembly,
the results are considered to be conservative for a rock fall accident condition. The response of the
basket assembly is analyzed in a separate model, which is discussed in Section 6.3.4.3.4.3.

The assumptions used in the 12 PWR UCF tube design are the same as the assumptions and
considerations made for the 21 PWR in Section 6.3.4.3.2.1.

6.3.4.3.4.2 Barrier Response to Rock Fall Accident

At the instant contact is reached between the rock and the WP, the top surface of the WP deforms
elastically (deformation is based on the elastic modulus) until the yield strengths of the containment
barrier materials are reached. The materials then begin to deform plastically (deformation is based
on the hardening modulus). The UCF WP response to the impact indicates that there are large local
deformations in the impact region and that global deformation is minor.

The maximum-normal-stress theory is based on a comparison of the ultimate tensile and compressive
strengths of the materials with the maximum values of tensile and compressive stresses they
experience during an impact. The critical stresses in the barriers during a rock fall accident are
tensile stresses due to local bending. The maximum first principal stress magnitude occurs on the
inner surface of the inner barrier at the lower section of the WP. The maximum first principal stress
magnitude in the inner barrier is 391 MPa, see Figure 6.3-60. When the ultimate tensile strength of
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the inner barrier (662 MPa) is compared to the first principal stress value (391 MPa), it can be
concluded that there is no material breach around the region of impact in the inner barrier. A similar
comparison between the maximum first principal stress (301 MPa) and ultimate tensile strength (380
MPa) of A 516 carbon steel shows that there is no failure in the outer barrier due to the impact of
a 13,000 kg rock falling from the starter tunnel height, see Figure 6.3-61.

Having evaluated the results of the finite-element analysis of the 12 PWR UCF in accordance with
the maximum-normal-stress theory, it is determined that the WP is able to withstand the maximum
dynamic loading from the fall of a 13,000 kg rock through 8.4 m without breaching of the
containment barriers.

6.3.4.3.4.3 Spent Fuel Assembly Basket Response to Rock Fall Accident

A two-dimensional static finite-element model is developed to analyze the 12 PWR basket assembly.
The plane passing through the center of the impact region was used as the WP cross-section in the
two-dimensional model. The fuel assembly weights were not included in this model. Since the
impact load is much greater than the static load of the fuel assemblies, this assumption has negligible
effect in the results. Outer barrier displacements are taken from the three-dimensional dynamic
containment barrier model results and applied as specified displacements in the region of impact.
Displacement constraints are then placed on the bottom edge of the two-dimensional model. This
provides a conservative approach to the analysis since no deflection of the bottom surface is
permitted.

The stresses in the 12 PWR basket for the rock fall accident are read from the results of the ANSYS
analysis. The first principal stress (285 MPa) is above the yield strength of the basket material, 172
MPa, in some localized areas at the point of contact between the basket assembly and the inner
barrier, see Figure 6.3-62. This indicates that some localized plastic deformation may take place in
the walls of the basket. It is assumed that plastic deformation of the basket material is permitted as
long as there is no rupturing of the material (see Section 6.3.4.6). Since the maximum stress is well
below the ultimate tensile strength of the material, it is concluded that the basket assembly can
withstand the fall of a 13,000 kg rock and still function properly.

6.3A.3.5 24 BWR Uncanistered Fuel Tube Design

6.3.43.5.1 Barrier and Spent Fuel Assembly Basket Responses to Rock Fall Accident

Beam theory is used in analytical correlations between 12 PWR and 24 BWR WPs. This correlation
is made by assuming that the kinetic energy of the falling rock is converted entirely into strain energy
in the containment barriers, see Section 6.3.4.3.1. The results of nonlinear finite-element analyses
show that there is local deformation in the region of impact. To minimize the error introduced by
the local deformation, these analytical relations are used only to compare WPs with similar area
moments of inertia and masses. When the results of the analytical relations of the 12 PWR are
compared to the 24 BWR, it is observed that the maximum allowable rock mass decreases as the area
moment of inertia of the WP becomes smaller. Because the difference in the moment of inertia
values between the 12 PWR and the 24 BWR WPs is small, the difference in the calculated critical
mass values is also small.
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The area moment of inertia of the 24 BWR containment barriers (including inner and outer barriers)
is calculated as 0.0714 m4 . The rock drop height is conservatively assumed to be the same for the
24 BWR as it was for the 12 PWR: 8.4 m. Having the modulus of elasticity, VNP length, and impact
velocity of the rock substituted into the conservation of energy equation, the critical mass of the rock
is determined as 12,500 kg.

The size, mass, and area moment of inertia are all very close between the 12 PWR and the 24 BWR.
Therefore, the loads on the tubes of the basket assembly during rock fall will be nearly the same.
However, the 24 BWR basket assembly has a larger number of tubes that have a smaller side length
than the tubes for the 12 PWR, but have smaller wall thickness. Smaller side length increases tube
strength while the thinner wall reduces the strength. The overall effect is that the strength of an
individual 24 BWR tube is slightly less than the strength of an individual 12 PWR tube. However,
the load is distributed on approximately twice as many tubes in the 24 BWR as in the 12 PWR.
Therefore, the basket of the 24 BWR will be able to take more load than the basket of the 12 PWR.
For this reason, the basket stresses of the 12 PWR are considered limiting for the large UCF Tube
Designs, see Section 6.3.4.3.4.3.
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6.3.4.4 Buckling Evaluation of Basket Assembly Fuel Cell Walls

The buckling of the basket assembly due to the WP 2-m drop
and slap down accident conditions is analyzed in this section.
The basket assembly fuel cell walls are assumed to buckle in
accordance with the critical buckling load relation derived for
a frame. Since most of the basket assembly tube peripheral
surfaces face each other, and the rest of the surfaces are
supported by structural angles, the horizontal tube walls are
rigid enough that the vertical walls may be treated as columns
with elastically built-in ends. The reactive moments exerted
by the horizontal tube walls resist buckling of the vertical
walls. The frame buckling equation provided in
Timoshenko's "Theory of Elastic Stability" (Timoshenko and
Gere 1988) is modified to include the stiffness of the
horizontal fuel cell walls of adjacent cells (Figure 6.3-63).
Therefore, the following equation is used to determine the
critical buckling load of the basket assembly fuel cell walls:

20.96EI
cr 12

Figure 6.3-63. Frame Buckling of
Fuel Cell Walls

Equation (6.3-2)

where: PC, = Critical buckling load
E = Modulus of elasticity
I
I

= Area moment of inertia of fuel cell wall
= Height or width of square tube

Dividing the critical load from the above equation by the cross-sectional area, A, of the wall and
letting t = wall thickness, the critical value of the compressive stress is:

20.96E
cr 12(1/t)2 Equation (6.3-3)

As can be observed from the above equation, the stress depends only on the modulus of elasticity
of the material and on the length-to-thickness (slenderness) ratio of the fuel cell wall. After all
parameter values are placed into this equation, the critical value of compressive stress is calculated
as 170 MPa.

The absolute value of the third principal stress will be used throughout this section to avoid the use
of negative signs or the term "compressive" before the stress magnitudes. Thus, the term "maximum
value of the third principal stress" will be used instead of "minimum value of the third principal
stress."
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6.3.4.4.1 Buckling Load Due to Waste Package 2-m Drop Accident Condition

6.3A.4.1.1 21 PWR Uncanistered Fuel Tube Basket Assembly Walls

The results of the WP 2-m drop accident analysis were used to compare the maximum allowable
compressive stress due to buckling load with the maximum third principal stress (S3) magnitude on
the 21 PWR UCF tube basket assembly. The results show that the maximum compressive stress
magnitudes in the basket assembly are observed in the impact region. The maximum compression
is located in the structural support, close to the point of impact between the WP and unyielding
surface. The magnitude of the maximum third principal stress is determined as 50 MPa. Since the
allowable buckling stress (170 MPa) is higher than 50 MPa, it is concluded that the basket assembly
walls do not buckle due to the 2-m drop accident scenario.

6.3.4.4.1.2 44 BWR Uncanistered Fuel Tube Basket Assembly Walls

Loads on the tubes of the basket assembly during a WP 2-m drop will be approximately the same
for the 44 BWR as for the 21 PWR due to similar mass and inertia values between the two WPs.
However, the 44 BWR basket assembly has a larger number of tubes that have a smaller side length
than the tubes for the 21 PWR, but also have thinner walls. Since dynamic impact load is distributed
over a larger number of basket assembly walls in the 44 BWR compared to the 21 PWR, the
resulting deformation pattern will also be less critical in the 44 BWR. Therefore, the basket of the
44 BWR will be able to take more load than the basket of the 21 PWR. For this reason, the
allowable buckling stress of the 21 PWR is considered limiting for the large UCF tube designs, see
Section 6.3.4.4.1.1.

6.3.4.4.1.3 12 PWR Uncanistered Fuel Tube Basket Assembly Walls

The results of the WP 2-m drop accident analysis were used to compare the maximum allowable
compressive stress due to buckling load with the maximum third principal stress magnitude on the
12 PWR UCF tube basket assembly. The results show that the maximum compressive stress
magnitudes in the basket assembly are observed in the impact region. The maximum compression
is located in the structural support, close to the point of impact between the WP and unyielding
surface. The magnitude of the maximum third principal stress is determined as 72.4 MPa. Since
the allowable buckling stress (170 MPa) is higher than 72.4 MPa, it is concluded that the basket
assembly walls do not buckle due to the 2-m drop accident scenario.

6.3.4A.1.4 24 BWR Uncanistered Fuel Tube Basket Assembly Walls

Loads on the tubes of the basket assembly during a WP 2-rn drop will be approximately the same
for the 24 BWR as for the 12 PWR due to similar mass and inertia values between the two WPs.
However, the 24 BWR basket assembly has a larger number of tubes that have a smaller side length
than the tubes for the 12 PWR, but also have thinner walls. Since dynamic impact load is distributed
over a larger number of basket assembly walls in the 24 BWR compared to the 12 PWR, the
resulting deformation pattern will also be less critical in the 24 BWR. Therefore, the basket 6f the
24 BWR will be able to take more load than the basket of the 12 PWR. For this reason, the
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allowable buckling stress of the 12 PWR is considered limiting for the small UCF tube designs, see
Section 6.3.4.4.1.3.

6.3.4.4.2 Buckling Load Due to Waste Package Slap Down Accident Condition

6.3.4.4.2.1 21 PWR Uncanistered Fuel Tube Basket Assembly Walls

The results of the slap down accident analysis were used in a comparison of the maximum
compressive stress magnitude in the vertical direction (SY) with the maximum allowable compressive
stress based on the critical buckling load on the 21 PWR UCF tube basket assembly. The reason for
using the stress in y-direction instead of the third principal stress is that the basket assembly fuel cell
wall columns are aligned in y-direction at the instant of impact with the flat surface. The WP
response to the slap down accident scenario is more severe than for the WP 2-m. drop case. The
reason for different responses is the damping effect of the skirt in the WP 2-mr drop scenario. The
WP does not benefit from any damping of this sort in the slap down accident. Therefore, the WP
containment barrier experiences a direct impact on the cylindrical surface in a slap down event. The
buckling load on the basket assembly is also affected in the same way by this impact scenario,
therefore, higher stress magnitudes are expected as a result of the slap down event than the 2-mr drop
case.

The structural angle that is closest to the impact region is excluded from the model for the stress
distribution result plots since the basket assembly walls are of interest in this analysis. The results
show that higher compressive stress magnitudes are observed at the upper end (opposite end to the
pivot) of the basket assembly. The maximum compression is located in the fuel cell wall at the
upper end of the basket assembly. The magnitude of the maximum stress (SY) is determined as 119
MPa. Since the allowable buckling stress (170 MPa) is higher than 119 MPa, it is concluded that
the basket assembly walls do not buckle during the slap down accident scenario.

6.3.4.4.2.2 44 BWR Uncanistered Fuel Tube Basket Assembly Walls

The size, mass, and area moment of inertia are all very close between the 21 PWR and the 44 BWR.
Therefore, the loads on the tubes of the basket assembly during slap down will be nearly the same.
However, the 44 BWR basket assembly has a larger number of tubes that have a smaller side length
than the tubes for the 21 PWR, but also have thinner walls. Since the dynamic impact load is
distributed over a larger number of basket assembly walls in the 44 BWR compared to the 21 PWR,
the resulting deformation pattern will also be less critical in the 44 BWR. Therefore, the basket of
the 44 BWR will be able to take more load than the basket of the 21 PWR. For this reason, the
allowable buckling stress of the 21 PWR is considered limiting for the large UCF tube designs, see
Section 6.3.4.4.2. 1.

BOOOOOOO-01717-5705-00027 REV 00 Vol. III 6.3-127 March 1996



6.3A.4.2.3 12 PWVR Uncanistered Fuel Tube Basket Assembly Walls

The considerations mentioned in Section 6.3.44.2.1 also apply to this section to explain the
mechanism of impact and the differences between the slap down and the 2-m drop scenarios.

The results show that higher compressive stress magnitudes are observed at the upper end of the
basket assembly. The maximum compression is located in the fuel cell wall at the upper end of the
basket assembly. The magnitude of the maximum stress (SY) is determined as 141 MPa. Since the
allowable buckling stress (170 MPa) is higher than 141 MPa, it is concluded that the basket assembly
walls do not buckle during the slap down accident scenario.

6.3.4.4.2.4 24 BWR Uncanistered Fuel Tube Basket Assembly Walls

The size, mass, and area moment of inertia are all very close between the 12 PWR and the 24 BWR.
Therefore, the loads on the tubes of the basket assembly during slap down will be nearly the same.
However, the 24 BWR basket assembly has a larger number of tubes that have a smaller side length
than the tubes for the 12 PWR, but also have thinner walls. Since dynamic impact load is distributed
over a larger number of basket assembly walls in the 24 BWR compared to the 12 PWR, the
resulting deformation pattern will also be less critical in the 24 BWR. Therefore, the basket of the
24 BWR will be able to take more load than the basket of the 12 PWR. For this reason, the
allowable buckling stress of the 12 PWR is considered limiting for the small UCF tube designs, see
Section 6.3.4.4.2.3.

6.3.4.5 Conclusions Drawn from Structural Evaluation

WP 2-m Drop Accident

The 2-m WP drop accident scenario results in a localized material failure around the region of
impact in the skirt. However, there is no material failure in any region of the inner or outer barriers
other than in the skirt. It is also concluded that the maximum principal stress in the basket assembly
is below the material yield strength. Therefore, the overall WP response reveals that there will be
no breach of the containment barriers due to a WP drop from a height of 2 m.

WP Slap Down Accident

The slap down accident scenario does not result in material failure in any part of the containment
barriers other than in the outer barrier skirt where material failure does not result in a breach of the
containment barriers. The first principal stress magnitude is above the yield strength of the material
in some localized areas of the basket assembly. This indicates that some localized plastic
deformation may take place in the walls of the basket assembly, but no rupturing of the material will
occur because the ultimate tensile strength is not exceeded. The magnitudes of the plastic
deformations in the basket assembly are small, so basket performance is deemed acceptable.
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Rock Fall onto WP

The maximum allowable rock mass for each UCF WP is determined. The limiting UCF tube design
is the 44 BWR with a critical rock mass of 5,985 kg. It should be noted that this is lower than the
critical rock masses of the MPC WPs. The MPC WPs have the added stiffness of the MPC shell,
which allows them to withstand higher rock loads. The first principal stresses in the basket assembly
are above the yield strength in some areas. This indicates that some localized plastic deformation
will occur in the walls of the basket assembly, but no rupturing of the material will occur because
the ultimate tensile strength is not exceeded. Therefore, the performance of the basket is deemed
acceptable in accordance with the maximum allowable rock mass determined for the barriers of each
UCF WP. The analysis of maximum allowable rock mass for UCF WPs is independent of the
maximum credible rock mass evaluations. The maximum rock size which can fall onto the WP is
being determined.

Buckling of Basket Walls

The 2-m WP drop and slap down accident scenarios do not result in buckling of the basket assembly
fuel cell walls in the UCF WP designs. The allowable compressive buckling stress magnitude is
higher than all of the third principal and y-directional stress magnitudes in the UCF basket
assemblies. Therefore, based on buckling calculations, the performance of the UCF basket assembly
walls is acceptable during WP 2-m drop and slap down events.

6.3.4.6 Future Work

Determination of Basket Assembly Structural Requirements

The structural requirements for the UCF basket assembly have not been defined as they were for a
canistered fuel container. The requirements will not be the same since the UCF WP will not have
to meet the transportation requirements which must be met by a canistered fuel container. The
internal structure requirements indicate only that the internal structure must provide separation of
the waste forms to prevent criticality, provide mechanical stability of the waste form, and withstand
handling, emplacement, and retrieval loads (YMP 1994b). For the analyses performed for this
report, the requirement is assumed to be that the tubes of the basket assembly must remain intact (no
material rupture) to maintain fuel assembly separation. Future studies should be performed to
determine the structural importance of the basket so that the current assumption may either be
updated or justified.

Determination of the Structural Value of Welds on Borated Stainless Steel

The current tube design calls for a weld along a seam on the side of the tube. Details of this weld
have not yet been determined, but American Society of Mechanical Engineers Code Case N-510
concerning similar borated stainless steels states that welding of this material is not permitted for that
case. If the same rules are set for the use of the borated stainless steel proposed for the basket
assembly tubes, it would have to be assumed for structural analyses that there is no weld on the
borated stainless steel. With this requirement, the strength of the basket would be drastically
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reduced, possibly to the point that the basket tube will require either a change in design or,
preferably, the implementation of a weld development program to obtain data for a new code case
submission to take structural credit for the welds. Thus, future weld testing to develop a new code
case for this material appears to be essential, although this will depend on the structural requirements
placed on the basket assembly. Future detailed analyses of the basket assembly including the effects
of the welds will be required to determine what grades of materials and manufacturing techniques
will be acceptable or required.

Design and Analysis of In-drift WP Support Structures

Future work will require the detailed design and analysis of support structures to hold the WPs in
the emplacement drift. Present rock fall analyses assume two structural supports, one at each end
of the WP, and that the shape is one that conforms to the shape of the WP. The widths of the
supports have been assumed such that application to an individual model was convenient (constraints
were placed where nodes already existed). For the rock fall analyses, the main area of interest
structurally was the impact area of the rock. Specifics of structural supports were not critical to the
stress outputs in the impact area, so they were given little attention. The issues that must be given
attention for the structural supports are as follows:

1. Emplacement Method. The design and analysis of the structural supports will depend on
the emplacement method chosen: pedestal or railcar. The stiffness of the supports could
be significantly lower for railcar emplacement than for pedestal emplacement.

2. Materials. The materials used for fabrication must be selected, and their interactions with
the WP outer barrier materials must be determined.

3. Shape. The shape of the supports and the areas of contact each will have with the WP must
be determined.

4. Support Spacing. The spacing between supports must be selected. For rail cart
emplacement, the two supports would probably be spaced such that a small length of the
WP would hang over at each end. For pedestal emplacement, the spacing may be at regular
intervals along the drift such that the WP will be resting on a minimum of two supports
regardless of where it is placed.

Transport of WPs in the Drifts

The current method of transportation of the WPs in the drifts is discussed in Volume II. This work
will include determination of the loads experienced by the WP during transportation in the drifts,
including loads caused by potential accident scenarios, and the response of the WP to those loads.
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WP Emplacement in the Drift

The current method of removing the WP from the transporter and emplacing it in the drift is
discussed in Volume II. Handling loads on the WP and the response of the WP to those loads must
be addressed. The handling loads and potential accident scenarios will depend on the emplacement
method chosen: railcar emplacement or pedestal emplacement.

WP Retrieval from Emplacement Drift

The current method of WP retrieval is discussed in Volume II. In the design of a retrieval method,
consideration must be given to the effects that time and radiation have on the WP and support
materials (radiation creep). Handling loads and the WP response to those loads must be addressed.
The handling loads and potential accident scenarios will depend on the emplacement method chosen,
railcar emplacement or pedestal emplacement.

6.3.5 Criticality Analysis

The UCF designs analyzed are established in this report. The UCF conceptual designs incorporate
boron neutron absorbers in the form of borated stainless steel (316B6A) control panels in fuel
baskets to provide a criticality control function. The use of the borated stainless steel provides the
capability to adjust the neutron absorber concentrations over a wide range to allow for burnup, or
it may be decreased for a basket intended to hold low enrichment first core fuel assemblies. The
borated stainless steel is also corrosion resistant, allowing for credit to be taken for it in criticality
analysis for long time frames.

Functions of the UCF WP basket are criticality control, fuel assembly structural support, and aid in
heat conduction. The criticality control design for the UCF baskets is provided using stainless steel
alloyed with natural boron. Precedence for using material of this nature has been established by way
of American Society of Mechanical Engineers Code Case N-5 10, approved 12/9/93, for materials
conforming to American Society of Testing and Materials A 887-89. This Code Case covers several
types of 304 stainless steel-boron alloys (Types 304B4, 304B5, and 304B6, Grade A). Extension
of the Code Case to include several lower boron alloy compositions was being considered.

Although Code Case N-510 is cited herein, as was stated in the previous section, the disposal
containers including basket will not be designed and built to American Society of Mechanical
Engineers pressure vessel codes. Basket materials selected will conform to American Society for
Testing and Materials standards and may be specified to be American Society of Mechanical
Engineers Code Case materials, but there will be no blanket requirement to use American Society
of Mechanical Engineers Code Case materials.

The stainless steel-boron alloy Grade A material is manufactured by powder metallurgy, and
presumably that technique would be equally applicable to 316L stainless steel, resulting in new
additional types of stainless-boron alloys (Types 316B6, 316B5, 316B4, and 316B3, Grade A). The
316L stainless steel is the preferred composition to provide for basket long-life corrosion resistance.
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Corrosion resistance is essential to maintaining the long-term spatial distribution of the criticality
control material within the WP for the disposal periods being considered. As discussed herein, use
of 316L stainless steel-boron alloy will not require American Society of Mechanical Engineers Code
Case approval.

Earlier analyses of PWR WPs, based on properties of 304B6A alloy (containing 1.6 percent by
weight natural boron), have indicated that 10 mm material thickness between adjacent PWR spent
nuclear fuel assemblies is adequate for long-term criticality control. The analysis included
25 percent additional boron to allow for material depletion (loss/migration) due to leaching, isotopic
conversion, and uncertainty in initial boron loading (thus, the useful boron loading was 1.6
percent/1.25 = 1.28 percent). The primary factor for criticality control is the quantity of boron
present between adjacent spent nuclear fuel assemblies (i.e., constant areal density; kg/m2 ); for
example, 20 mm thickness of 304B3A alloy with 0.8 percent boron would have approximately
equivalent effectiveness compared to 10 mm of 304B6A alloy with 1.6 percent boron. Actually,
secondary factors make the 20 mm 304B3A alloy more effective.

At the time of preparation of the BWR UCF WP conceptual designs, analyses of BWR WPs had not
been performed; however, providing criticality control for a BWR WP was presumed to be less
taxing and to require less boron than for a PWR WP of equivalent size. Comparing basket designs
for the equivalent-sized 21 PWR and the 44 BWR WPs, the 316B6A alloy basket tube wall thickness
was reduced by 30 percent (from 5 mm to 3.5 mm), to achieve roughly equivalent total boron content
within each of the two WP designs. It was expected that when BWR analyses were performed, the
required boron percentage loading would be found to be substantially less. Reducing the amount of
criticality control material to the extent possible is important, as the high cost of the material tends
to result in basket cost being a major fraction of total UCF disposal container cost.

Recent analyses of both the 21 PWR and 44 BWR UCF WPs now indicate that, for basket member
thicknesses of 5 mm and 3.5 mm respectively, boron percent loading (included 25 percent additional
boron) may be reduced from the previously assumed 1.6 percent to approximately 1.25 percent for
the PWR case, and to less than 0.1 percent for the BWR case. These new boron loadings do not
account for any leaching (dispersion) of the boron, or corrosion of the boron carrier material leading
to spacing reduction. The impact of these findings could impact basket design in several ways, such
as

* It is most cost effective to use higher boron content and correspondingly reduced alloy
material thicknesses, thus

* Basket member (tube wall) thicknesses should be reduced to the minimum acceptable for
structural needs, and boron content adjusted accordingly, although

* Boron content should be limited to less than 1.75 percent to avoid significant degradation
of material structural properties, i.e., Type 316B6 Grade A or lower.

* Examine the cost effectiveness of Grade B wrought material (with coarse boron dispersion)
versus Grade A material.
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* Consider alternative means of BWR criticality control, thus eliminating boron from the
BWR basket members altogether.

Aluminum-boron alloys and copper-boron alloys have been considered previously, but these alloys
would not provide adequate long-term performance in acidic solutions (such solutions could possibly
occur in the repository environment following breach of the containment barriers). All basket
materials must have adequate corrosion resistance necessary to ensure that spatial distribution of the
criticality control material is adequately maintained for the period required.

6.3.5.1 Codes, Biases, and Isotopic Inventory Generation

The analysis method employed to ensure criticality control for disposal in the MGDS uses the MCNP
computer program, version 4.2, developed by Los Alamos National Laboratory (ORNL 1992).
MCNP is a three-dimensional Monte Carlo particle transport program with a generalized geometry
capability that allows the development of detailed, accurate models of the systems of interest.
MCNP is used to calculate the effective multiplication factors (kff) for the various designs and
configurations of interest. MCNP has been thoroughly benchmarked against criticality experiments
and other criticality computer programs. MCNP, version 4.2, has been approved for quality
assurance criticality work according to the CRWMS M&O Quality Administrative Procedures.

An associated continuous-energy cross-section set based on the Evaluated Nuclear Database Files,
ENDF/B-V, is used by MCNP. This library provides much more detail than multi-group cross-
section sets. The continuous-energy cross-section library is not spectrum weighted (biased) so it is
not limited in its applicability.

There are biases and uncertainties associated with a criticality calculation. How these biases and
uncertainties are treated in criticality calculations is covered in the American National Standard
Criticality Safety Criteria for the Handling, Storage, and Transportation of LWR Fuel Outside
Reactors (ANSIIANS-8.17). The fresh fuel bias and uncertainty for MCNP stated in terms of the
difference in k.ff is approximately 0.015 and the preliminary SNF bias and uncertainty is
approximately 0.06 (CRWMS M&O 1994i). The SNF bias and uncertainty is higher because of
additional factors such as isotopics and axial effects.

The SAS2H sequence of SCALE, Version 4.2 (ORNL 1993a) was used to provide SNF isotopic
composition information. The SAS2H sequence of SCALE4.2 has been approved for quality
assurance criticality work according the CRWMS M&O Quality Assurance Procedures. A
benchmarking and result biasing methodology is in the process of being developed for SAS2H. The
bias and uncertainties indicated above for MCNP are applied to the MCNP results, which are based
on input from SAS2H.
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6.3.5.2 Uncanistered Fuel Modeling Assumptions

The reference PWR fuel assembly selected for conceptual UCF development is the B&W 15xl5 fuel
type, which has been established as one of the more reactive PWR fuel designs under intact fuel
assembly geometry conditions (CRWMS M&O 1994k). The reference BWR fuel assembly is the
General Electric 8x8 fuel type, which has been established as one of the more reactive BWR fuel
designs under intact fuel assembly geometry conditions (CRWMS M&O 1994k). In the case of the
BWR assembly, credit is taken for the shroud (channel) being in place.

Credit is taken for the inherent neutron absorption capability of fixed structural components within
the UCF internal basket array. No credit is taken for irradiated control rods or burnable absorbers;
only approved, fixed, full-length supplemental neutron absorbers are assumed present. The stainless
steel basket material is modeled with and without boron to demonstrate the worth of boron. In
addition, the time for which credit for the boron can be taken has not been established, and the pair
of curves generated will allow the evaluation of the criticality potential at all times up to 1 million
years, with and without boron.

Without long-term material tests to confirm the removal rate of boron, some initial engineering
estimates have been made for the loss rate of B-10 from the 316B6A. These evaluations indicate
that approximately 20 percent of the B-10 could be removed from the 316B6A over the 10,000 years
of disposal isolation due to burnup and corrosion. Therefore, the borated stainless steel used in the
cases is based on a nominal 1.6 weight percent boron in stainless steel in which 20 percent of the
boron has been removed (1.28 weight percent remaining).

Each fuel assembly is treated as a heterogeneous system with the fuel pins, control rod guide tubes,
instrument guide tube, and assembly shroud (BWR only) modeled explicitly. One-quarter of the
UCF disposal container is modeled laterally and the assemblies and container are modeled from the
centerline up (reflected on the centerline) axially. A sketch of the typical modeling detail is shown
in Figure 6.5-67.

For SNF, the isotopes were reviewed and the isotope importance was determined by generating
macroscopic neutron absorption cross-sections in both the thermal and fast/resonance ranges for each
of the isotopes being examined. Based on the results of the long-term isotope importance
evaluations, an updated list of "Principal Isotopes" for long-term criticality control was determined
(CRWMS M&O 1995av). The 30 principal isotopes are shown in Table 6.3-7. The KIDMAN
cross-section library, which includes several fission product isotopes not previously available, was
provided by Los Alamos National Laboratory to facilitate running with the full set of principal
isotopes for the UCF analysis. Cm-245, which was in the previous list, has been eliminated.

The criticality evaluations have been performed for the disposal design basis SNF characteristics,
which are 3 percent U-235 enrichment, 20 GWd/MTU burnup for PWR and BWR designs, as
established by the M&O and discussed in Section 5. A reference decay time of five years is used to
determine the effects of parameter variations. The five-year decay time has been shown to
conservatively bound the assembly reactivity for all later times. Cases were run for 3 percent U-235
enrichment fresh fuel to demonstrate the effects of burnup credit. The assembly axial and radial
burnup variations and differential loading effects have not been accounted for in the models. These
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effects are accounted for conservatively with the bias for PWR models, but could be more significant
for the BWR models. The axial effects will be examined in detail in the future.

Table 6.3-7. Updated Principal Long-Term Burnup Credit Isotopes

0-16 Mo-95 Ru-101 Tc-99 Rh-103

Ag-109 Nd-143 Nd-145 Sm-147 Sm-149

Sm-150 Sm-151 Sm-152 Eu-151 Eu-153

Gd- 155 U-233 U-234 U-235 U-236

U-238 Np-237 Pu-238 Pu-239 Pu-240

Pu-241 Pu-242 Am-241 Am-242m Amr-243

During the containment phase, the basket structure is likely to fail. The time at which significant
failure becomes credible has not yet been defined. To evaluate the effect of collapsing the basket
structure, and because no time range for collapse has yet been defined, time effect curves with and
without boron in the stainless steel for a credible collapsed geometry have also been generated. This
collapsed geometry is the most reactive credible geometry found in preliminary analysis. More
detailed parametric analyses will be performed in the future to verify the conservatism of this
geometry or identify a more appropriate geometry.
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6.3.5.3 Large Uncanistered Fuel

This section provides the results of the analyses for PWR and BWR configurations. The 21
assembly PWR design requires both burnup credit and 316B6A control panels to meet acceptance
criteria. The 44 assembly BWR design does meet acceptance criteria with burnup credit and
316B6A containing a very low boron loading. The BWR design also meets acceptance criteria with
control panels alone (no burnup credit). The time period in which credit for the control panels can
be taken must be defined.

The inner and outer barriers of the UCF disposal container are shown in sketches located in
Appendix B.

6.3.5.3.1 21 PWR Uncanistered Fuel

The 21 PWR fuel assembly basket is formed by 21 tubes stacked in an irregular array on a nominal
23.35 cm (9.19 inches) center-to-center spacing. The fuel cell opening provided is 22.35 cm (8.80
inches). The fuel cell tubes are formed from 0.5 cm (0.20 inch) thick borated stainless steel plates
(316B6A). The assembly array is interrupted by 4 aluminum thermal shunts 1 cm (0.39 inches) thick
running on all 4 sides of the central assembly position across the inner diameter of the inner barrier
(cruciform pattern).

The cross-sectional view in the X-Y plane of the physical MCNP model for the intact geometry was
generated with the MCNP plotting capability and is shown in Figure 6.3-64. The cross-sectional
view in the X-Y plane of the physical MCNP model for the collapsed geometry is shown in
Figure 6.3-65.

6.3.5.3.1.1 Standard Evaluation

Calculations were performed for intact and collapsed geometries, with and without boron in the
stainless steel, for the fresh and design basis SNF (3 percent U-235 enrichment, 20 GWd/MTU) at
five years decay. The Kff (±2a) values calculated for the different cases are as follow (CRWMS
M&O 1996j):

Design Basis SNF, Intact, No Boron 1.0086 ± 0.0034
Fresh Fuel, Intact, No Boron 1.1907 ± 0.0029
Design Basis SNF, Intact, With Boron 0.8730 ± 0.0037
Fresh Fuel, Intact, With Boron 1.0245 + 0.0041
Design Basis SNF, Collapsed, No Boron 1.0180 0.0037
Fresh Fuel, Collapsed, No Boron 1.2081 ±0.0029
Design Basis SNF, Collapsed, With Boron 0.8784 ± 0.0033
Fresh Fuel, Collapsed, With Boron 1.0231 ±0.0043
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The burnup credit reactivity worth f (k2 - k1) / (k, * k2) I is shown below for the four sets of cases
along with the reactivity worth for comparisons between sets with the design basis SNE

Intact, No Boron -0.152 ± 0.004
Intact, With Boron -0.169 ± 0.006
Collapsed, No Boron -0.155 ± 0.004
Collapsed, With Boron -0.161 ± 0.006
Intact, Boron vs. No Boron -0.154 + 0.006
Collapsed vs. Intact, No Boron 0.009 0.005
Collapsed vs. Intact, With Boron 0.007 ±0.006
Collapsed, Boron vs. No Boron -0.156 0.006

Note that both boron and burnup credit are required to meet limits. With biases applied (0.06), the
two cases with boron and burnup credit narrowly meet the 0.95 value limit established in 10 CFR
60.13 1(b)(7). Bumup credit appears to be slightly enhanced with the addition of boron. The boron
worth for the intact and the collapsed cases is the same within the 95 percent confidence interval
(+2O). The worth of collapsing the array is the same within the 95 percent confidence interval
whether or not boron is present.

To demonstrate the effect of fission products, two additional calculations were run corresponding
to the intact, design basis SNF cases with and without boron for only actinides (CRWMS M&O
1996j). The kff values for the Actinides Only cases are 1.0707 + 0.0039 and 0.9274 ± 0.0045 for
the no boron and boron cases, respectively. The corresponding reactivity worths for the Actinides
Only cases are 0.058 + 0.005 and 0.067 ± 0.007.

Changes were made to the assumptions used and the calculation of isotopics between the MPC
analysis and the UCF analysis. To indicate the reactivity change due to altering the isotopes included
in the "Principal Isotopes" list (by using SAS2H rather than the Characteristics Database to provide
isotopics and including the KIDMAN fission product isotopes) an intact, no boron case was run
using the approach indicated in Section 6.5.5 for the MPC analysis (CRWMS M&O 1996j). The
kff value for this case is 1.0096 ± 0.0036, and the corresponding reactivity worth of the changes is
less than the standard deviation in the results.

6.3.5.3.1.2 Moderator Density Effects

The reactivity effect of reducing the moderator density was investigated by running a series of cases
and plotting the results (CRWMS M&O 1996j). The intact, unborated stainless steel basket case was
used as a base and 10 cases were run with water densities ranging between 98 percent and 0 percent.
The curve generated from these cases is shown in Figure 6.3-66. The values used to generate the
curve are kCff + 2a. The kff is shown to drop with the moderator

density. To demonstrate that borated stainless steel or collapsing of the array have no effect on this
trend, the 98 percent, 95 percent, and 0 percent cases were repeated for the intact, borated case and
the borated and unborated collapsed cases. The results are shown on the same curve and are
identified on the legend.
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Figure 6.3-66. Moderator Density Effect on Criticality Potential for the 21 PWR Assembly UCF
WP

6.3.5.3.1.3 Time Effects

The long-term time effects on the criticality potential of SNF in a WP are a criticality concern unique
to the MGDS. To calculate the time effect on criticality, isotopic composition information at
different time steps was required. The required isotopic compositions for the fuel characteristics at
27 selected decay times were generated using the SAS2H sequence of SCALE4.2. Outputs of the
isotopic composition of the fuel at the 27 times were generated from the SAS2H, and then used to
generate number densities that were entered into MCNP model input files. Each time step for the
fuel characteristics represents an MCNP model input file. The results from the MCNP runs are
consolidated to form a plot of the change in the criticality of the UCF WP (lff) over time. The
results (keg + 2O) are shown in Figures 6.3-67, 6.3-68, 6.3-69, and 6.3-70 for the 3 percent U-235
enrichment, 20 GWd/MTU DBF in the different models, as indicated in the titles (CRWMS M&O
1995aw).

Each of the four curves generated have the same basic behavior. For the first approximately 200
years after discharge, the criticality potential of SNF decreases as the Pu-241 (13.2-year half-life)
fissile material decays. From approximately 200 years to approximately 10,000 to 20,000 years, the
criticality potential of the SNF increases as Pu-240 (6,580-year half-life) and the medium half-life
neutron absorbers decay. After the approximately 20,000-year local peak, the criticality potential
of the SNF decreases again as the Pu-239 (24,400-year half-life) fissile material decays. In all cases
the reactivity at five years decay is conservatively higher than the reactivity at all later times.
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Figure 6.3-67. Time Effects on Criticality Potential, 21 PWR UCF WP, Intact Array, SS Panels
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Figure 6.3-68.
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Figure 6.3-69. Time Effects on Criticality Potential, 21 PWR UCF WP, Collapsed Array, SS Panels

Time Effects on Criticality Potential - Collapsed/ with Boron
21 PWR UCF Waste Package Design

a)

4-.

a)
.64-

0.90

0.89

0.88

0.87

0.86

0.85

0.84

0.83

0.82

0.81

0.80
1 10 100 1000 10000 100000 1000000

Decay Time (years)
Time Effects on Criticality Potential, 21 PWR UCF WP, Collapsed Array, SS-B
Panels

Figure 6.3-70.
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6.3.5.3.1.4 Criticality Control Methods

A. Control Panels

The stainless steel base used for fabrication of the baskets can contain up to 2.25 percent
boron by weight in the stainless steel 316B (SS-B) material (Carpenter Technology Corp.
1993). To retain near peak mechanical properties, boron contents • 1.75 weight percent
are preferred. This corresponds to a 316B6A grade with a nominal boron weight percent
of 1.6.

Without long-term material tests to confirm the removal rate of boron, some initial
engineering estimates have been made for the loss rate of B-10 (CRWMS M&O 1994i).
These evaluations indicate that approximately 20 percent of the B-10 could be removed
from the 316B6A over the 10,000 years of disposal isolation. Based on this estimate and
the materials considerations listed above, the previous calculations that contained 316B6A
were performed for a nominal 1.6 weight percent loading minus 20 percent of the boron.

To demonstrate the effect of changing the boron loading in the 316B6A, a series of
calculations were performed varying the loading from 0.4 to 2.0 percent of natural boron
using the intact array model (CRWMS M&O 1996j). The curve generated from these
results (keff + 2O) is shown in Figure 6.3-71. The concentration indicated on the x-axis is
the actual loading; these concentrations have not been reduced by the 20 percent loss
factor for 10,000 years. The change in reactivity that can be determined from this curve
would be equally applicable to the collapsed array cases, as indicated by the results
presented in Section 6.3.5.3.1.1. Based on this curve, approximately 1.2 weight percent
natural boron is required in the stainless steel basket material for the collapsed array model
to meet the 0.95 limit when the bias and uncertainty is applied. This indicates that a
minimum initial loading of 1.5 weight percent is required for the 21 PWR assembly UCF
WP when the 20 percent loss margin is applied. Note that this analysis was performed for
an intact 0.5 cm tube thickness (1 cm 316B6A between assemblies). Future analysis will
need to account for loss of the stainless steel as well as the boron.

B. Control Rods

The use of new reactor control rod assemblies, spent reactor control rod assemblies, and
disposable control rod assemblies made especially for WPs have been examined (CRWMS
M&O 1995ax). The disposable control rod assemblies are the leading candidate and
provide reductions in kff in the range between 0.06 and 0.35. Preliminary results are
shown in Table 6.3-8 for full-length disposable control rod assemblies in all fuel
assemblies of the 21 PWR UCF bumup credit conceptual design. Control rods are
modeled in all guide tubes of the B&W 15x15 assembly containing 3 percent enrichment
U-235, 20 GWdIMTU fuel. The reductions in k., reported in Table 6.3-8 are the
differences between a case without control rods (water filled guide tubes) and cases with
the listed types of control rods. Note that these results do not include the reduction in
effectiveness due to long-term degradation and neutron absorber depletion.
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Figure 6.3-71. Control Panel Boron Loading Effect on Criticality Potential, 21 PWR UCF WP

Because the control rods are needed most after the boron has leached/corroded from the basket
material and after the basket array has collapsed, the MCNP model corresponding to this
situation was used as the base for these calculations with an SNF composition corresponding
to the secondary reactivity peak (14,000 years decay data point used).

Control rod worths calculated with different models for comparison are designated as such. The
"enriched boron" descriptor used in the table designates that 95 weight percent of the boron is B-10.

Table 6.3-8 shows that disposable control rod assemblies are an excellent method of criticality
control. However, there is a difficulty in that not all fuel assemblies are capable of accepting control
rods. Information from the Waste Acceptance Group and Edison Electric Institute projections
indicates that there are approximately 2400 PWR assemblies (approximately 2 percent of total
number) that will be unable to accept disposable control rod assemblies.

6.3.5.3.2 44 BWR Uncanistered Fuel

The 44 BWR fuel assembly basket is formed by 11 tubes stacked in a square array in each quarter
of the WP on a nominal 16 cm (6.30 inches) center-to-center spacing. The array is interrupted along
the center line on the X and Y axes by an aluminum thermal shunt 2 cm (0.79 inches) thick. The fuel
cell opening provided is 15.3 cm (6.02 inches). The fuel cell tubes are formed from 0.35 cm (0.14
inch) thick borated stainless steel plates (316B6A).

The cross-sectional view in the X-Y plane of the physical MCNP model was generated with the
MCNP plotting capability and is shown in Figure 6.3-72. The cross-sectional view in the X-Y plane
of the physical MCNP model for the collapsed geometry is shown in Figure 6.3-73.
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Table 6.3-8. Criticality Control Potential of Disposable Control Rod Assemblies in a 21 Assembly
UCF WP

Control Rod Material Decrease in k.,

Unborated Stainless Steel (SS 316L) 0.06

Zr clad Borated Stainless Steel (316B6A, 0.40% natural boron) 0.12

Zr clad Borated Stainless Steel (316B6A, 0.87% natural boron) 0.15
- 5-year decay, intact basket 0.14

Zr clad Borated Stainless Steel (316B6A, 1.60% natural boron) 0.18
- 5-year decay without boron in basket 0.17
- 5-year decay with boron in basket 0.16
- 5-year decay without boron in basket, intact array 0.16
- 5-year decay with boron in basket, intact array 0.16

Zr clad Borated Stainless Steel (316B6A, 1.60% reduced by 0.16
20% natural boron)

Zr clad Borated Stainless Steel (316B6A, 1.60% enriched boron) 0.24

Unclad Borated Stainless Steel (316B6A, 1.60% natural boron) 0.21

Unclad Borated Stainless Steel (316B6A, 1.60% enriched boron) 0.28

Boron Carbide (BC pellets, natural boron) 0.28

Boron Carbide (B4C pellets, enriched boron) 0.35

Borosilicate Glass (Code 7740, Pyrex) 0.20

Borosilicate Glass (enriched boron) 0.26

Zircaloy clad 30-70 Zr-Hf (70% Hf) 0.20

Zirconium Alloy 702 (4.5% Hf) 0.06

Spent Ag-In-Cd control rod (77% Ag, 11% In, 9% Cd, and 3% Sn representing 0.22
approximately 3.5 x 102 nvt fluence over the entire rod length)

BOOOOOOOO-01717-5705-00027 REV 00 Vol. III 6.3- 145 March 1996



I
-J

-J

I,;

-J

06/29/93 14:34:49
0-5 hA ngsS. 4 As ieLr

3. DOu/21 0/9/ 5 VIS
(swfd4b) O Borent

preoad - 0/29/95 14:34:19
bail:

..000000, .000000, .0O000)

.000000. 1. 000000, .OO0)
origin:
( 49. 00. 49.00, S. 00)
extint - ( 50.00, 50.00)

ON

Figure 6.3-72. MCNP Cross-Sectional View of the 44 BWR Assembly UCF WP

( (,



(-

Iz
-J

LA

-J

0

071/0s/95 08:$:d2
OE-5 *M Xd, U ALr 3. 00'/21
OMf/NWJ/$ yr (vcx4O)
cva1psed Ia' s ets\

pmbid - 07/05/95 08:45:21
bis:\

( 1. 000000. .000000. .000000)

( . 0 , 1.000000. .oooo 000000)

origin:
( 75.00. 00, 5.00)
exteit - ( 100. 00, 100. 00)

Figure 6.3-73. MCNP Cross-Sectional View of the 44 BWIR Assembly Collapsed Array UCF WP



The assembly axial and radial burnup variations and differential loading effects have not been
accounted for in the models. These effects could be significant for the BWR models and will be
thoroughly investigated in the future. The axial effects will be examined in detail in the future.

6.3.5.3.2.1 Standard Evaluation

Calculations were performed for intact and collapsed geometries, with and without boron in the
stainless steel, for the fresh fuel and design basis SNF (3 percent U-235 enrichment, 20 GWdIMTU)
at five years decay. The Kff (±2o) values calculated for the different cases are as follow (CRWMS
M&O 1996j):

Design Basis SNF, Intact, No Boron 0.8622 ± 0.0033
Fresh Fuel, Intact, No Boron 1.0575 ± 0.0032
Design Basis SNF, Intact, With Boron 0.6774 ± 0.0039
Fresh Fuel, Intact, With Boron 0.8335 ± 0.0048
Design Basis SNF, Collapsed, No Boron 0.9114 ± 0.0024
Fresh Fuel, Collapsed, No Boron 1.1273 ± 0.0038
Design Basis SNF, Collapsed, With Boron 0.6895 ± 0.0043
Fresh Fuel, Collapsed, With Boron 0.8582 ± 0.0043

The bumup credit reactivity worth (((k2 - kl)/(kI * k) ) is shown below for the four sets of cases along
with the reactivity worth for comparisons between sets with the design basis SNF.

Intact, No Boron -0.214 ± 0.005
Intact, With Boron -0.276 ± 0.011
Collapsed, No Boron -0.210 ± 0.004
Collapsed, With Boron -0.285 + 0.011
Intact, Boron vs. No Boron -0.316 ± 0.010
Collapsed vs. Intact, No Boron 0.063 ± 0.005
Collapsed vs. Intact, With Boron 0.026 ± 0.012
Collapsed, Boron vs. No Boron -0.353 ± 0.009

Note that some boron credit is required with bumup credit to meet limits for the collapsed arrays but
only one or the other is required for intact arrays. Burnup credit is not required with full boron credit
in either the intact or collapsed arrays. With biases applied, (0.06) the two cases with boron and
bumup credit meet the 0.95 value limit established in 10 CFR 60.13 1(b)(7) by a significant margin.
Burnup credit appears to be slightly enhanced with the addition of boron. Collapsing the array
appears to slightly enhance the effectiveness of the boron. The worth of collapsing the array appears
to be reduced by 50 percent with boron present.
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The change in reactivity in going from the 21 PWR assembly to the 44 BWR assembly design for
each of the four models with the DBF is indicated below.

Intact, No Boron -0.168 + 0.006
Intact, With Boron -0.331 + 0.010
Collapsed, No Boron -0.115 ± 0.005
Collapsed, With Boron -0.312 ± 0.010

To demonstrate the effect of fission products, two additional calculations were run corresponding
to the intact, design basis SNF cases with and without boron for Actinides Only (CRWMS M&O
1996j). The Kff values for the Actinides Only cases are 0.9139 ± 0.0035 and 0.7122 ± 0.0034 for
the no boron and boron cases, respectively. The corresponding reactivity values for the Actinides
Only cases are 0.066 ± 0.006 and 0.072 + 0.011.

The assembly channel (Zircaloy-2) was included in the models. The reactivity effect of the channels
was investigated by running a set of additional cases for the design basis fuel at five years decay with
the channel replaced by water. For the collapsed models with and without boron, an additional case
was run in which the basket was collapsed into the space that would normally be occupied by the
shroud. The results for each of these cases is indicated below (CRWMS M&O 1996j). Within the
95 percent confidence interval of the data, the results are essentially the same with the exception of
the intact, no boron case. The most significant difference is between the intact, no boron cases where
the change in reactivity is approximately - 1.5 percent.

Intact, No Boron 0.8509 ± 0.0031
Intact, With Boron 0.6753 ± 0.0034
Collapsed, No Boron 0.9103 ± 0.0027
Collapsed, With Boron 0.6950 ± 0.0039
Collapsed, No Boron, extra collapse 0.9134 0.0026
Collapsed, With Boron, extra collapse 0.6905 ±0.0044

6.3.5.3.2.2 Moderator Density Effects

The reactivity effect of reducing the moderator density was investigated by running a series of cases
and plotting the results (CRWMS M&O 1996j). The intact, unborated stainless steel basket case was
used as a base and 10 cases were run with water densities ranging between 98 percent and 0 percent.
The curve generated from these cases is shown in Figure 6.3-74. The values used to generate the
curve are kff + 2O. The Kff is shown to drop with the moderator

density. To demonstrate that borated stainless steel or collapsing of the array have no effect on this
trend, the 98 percent, 95 percent, and 0 percent cases were repeated for the intact, borated case and
the unborated and borated collapsed cases. The results are shown on the same curve and are
identified on the legend.
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Figure 6.3-74. Moderator Density Effect on Criticality Potential for the 44 BWR Assembly UCF
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6.3.5.3.2.3 Time Effects

The long-term time effects for the design basis BWR fuel are similar to those described in Section
6.3.5.3.1.3 for the 21 PWR assembly UCF WP. The design basis U-235 enrichments and burnup
are the same, and only neutron spectrum effects will contribute to differences, producing slightly
higher plutonium inventories in the BVWR. The required isotopic compositions for the fuel
characteristics at 27 selected decay times were generated using the SAS2H sequence of SCALE4.2
and used in MCNP cases to generate the results. The results (kff + 2a) are shown in Figures 6.3-75,
6.3-76, 6.3-77, and 6.3-78 for the 3 percent U-235 enrichment, 20 GWdJMTU DBF in the different
models, as indicated in the titles (CRWMS M&O 1996j).

Each of the four curves generated have the same basic behavior. For the first approximately 200
years after discharge, the criticality potential of SNF decreases as the Pu-241 (13.2-year half-life)
fissile material decays. From approximately 200 years to approximately 10,000 years, the criticality
potential of the SNF increases as Pu-240 (6,580-year half-life) and the medium half-life neutron
absorbers decay. After the approximately 10,000-year local peak, the criticality potential of the SNF
decreases again as the Pu-239 (24,400-year half-life) fissile material decays. In all cases the
reactivity at five years decay is conservatively higher than the reactivity at all later times. The
curves, in general, follow the trends identified for the 21 assembly PWR design with the exceptions
of a narrower, slightly earlier, secondary peak and a slight rise in keff from 100,000 year out to
1,000,000 years. The troughs in the BWR curve are not as pronounced as those in the PWR curve,
and the BWR local peaks are slightly closer to the five-year decay value than those for the PWR
design.
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Figure 6.3-76.
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6.3.5.3.2.4 Criticality Control Methods

A. Control Panels

To demonstrate the effect of changing the boron loading in the 316B6A, a series of
calculations was performed varying the loading from 0.4 to 2.0 percent of natural boron
using the intact array model with design basis fuel (CRWMS M&O 1996j). The curve
generated from these results (keff + 2a) is shown in Figure 6.3-79. The concentration
indicated on the x-axis is the actual loading; these concentrations have not been reduced
by the 20 percent loss factor for 10,000 years. The change in reactivity that can be
determined from this curve would be equally applicable to the collapsed array cases, as
indicated by the results presented in Section 6.3.5.3.2.1. Based on this curve,
approximately 0.08 weight percent boron is required in the stainless steel basket material
for the collapsed array model with design basis fuel to meet the 0.95 limit when the bias
and uncertainty is applied. This indicates that a minimum initial loading of 0.10 weight
percent is required for the 44 BWR assembly UCF WP when the 20 percent loss margin
is applied. The 0.10 weight percent boron is less than 10 percent of that required for the
21 PWR design.

B. Control Rods

BWR assemblies do not have the control rod guide tubes to allow the insertion of control
rods, prohibiting the use of this criticality control option.

6.3.5.4 Small Uncanistered Fuel

This section provides the results of the analyses for PWR and BWR configurations. The calculations
performed for the small UCF designs are a subset of those for the large designs. The basket arrays
and materials are the same between large and small design, so the size of the package is the most
significant effect. Changes to parameters such as boron loading in the basket, control rods,
moderator density, or burnup credit would cause a similar change in reactivity in both the large and
small packages.

The 12 assembly PWR design does meet acceptance criteria without additional criticality control
measures beyond burnup credit and 316B6A control panels. The 24 assembly BWR design, like the
44 assembly BWR design, meets acceptance criteria with control panels alone. However, boron
loading in the control panels is not required to supplement burnup credit to meet acceptance criteria
for the 24 BWR design.

The inner and outer barriers of the UCF disposal container are shown in sketches located in
Appendix B.
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Figure 6.3-79. Control Panel Boron Loading Effect on Criticality Potential, 44 BWR UCF WP

6.3.5.4.1 12 PWR Uncanistered Fuel

The 12 PWR fuel assembly basket is formed by 3 tubes stacked in a square array in each quarter of
the WP on a nominal 23.35 cm (9.19 inches) center-to-center spacing. The array is interrupted along
the centerline on the X and Y axes by an aluminum thermal shunt 1 cm (0.39 inches) thick. The fuel
cell opening provided is 22.35 cm (8.80 inches). The fuel cell tubes are formed from 0.5 cm (0.20
inch) thick borated stainless steel plates (316B6A).

The cross-sectional view in the X-Y plane of the physical MCNP model for the 12 assembly PWR
UCF WP was generated with the MCNP plotting capability and is shown in Figure 6.3-80. The
cross-sectional view in the X-Y plane of the physical MCNP model for the collapsed geometry is
shown in Figure 6.3-81.

6.3.5.4.1.1 Standard Evaluation

Calculations were performed for intact and collapsed geometries, with and without boron in the
stainless steel, for the design basis SNF (3 percent U-235 enrichment, 20 GWdIMTU) at five years
decay. The kff (±2o) values calculated for the different cases are as follow (CRWMS M&O 1996j):

Design Basis SNF, Intact, No Boron
Design Basis SNF, Intact, With Boron
Design Basis SNF, Collapsed, No Boron
Design Basis SNF, Collapsed, With Boron

0.9706 + 0.0037
0.8513 ± 0.0048
0.9828 ± 0.0039
0.8488 ± 0.0056
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The reactivity worth 4 (k2 - k,)/(k1 x k2) } for comparisons between sets is shown below.

Intact, Boron vs. No Boron -0.144 ± 0.008
Collapsed vs. Intact, No Boron 0.013 ± 0.006
Collapsed vs. Intact, With Boron 0.003 ± 0.010
Collapsed, Boron vs. No Boron -0.161 ± 0.009

With biases applied (0.06), the two cases with boron and burnup credit meet the 0.95 value limit
established in 10 CFR 60.131(b)(7) by a significant margin. The boron worth for the intact and the
collapsed cases is the same within the 95 percent confidence interval (±2o). The worth of collapsing
the array is approximately the same whether or not boron is present. The reactivity worths indicated
above are consistent with those presented for the 21 assembly PWR UCF WP. The change in
reactivity in going from the 21 assembly to the 12 assembly design for each of the four models is
indicated in the values listed below.

Intact, No Boron -0.039 ± 0.005
Intact, With Boron -0.029 ± 0.008
Collapsed, No Boron -0.035 ± 0.005
Collapsed, With Boron -0.040 ± 0.009

6.3.5.4.1.2 Moderator Density Effects

The reactivity effect of reducing the moderator density was investigated for the 21 assembly UCF
WP in Section 6.3.5.3.1.2. The results are applicable to the small package as well.

6.3.5.4.1.3 Time Effects

The required isotopic compositions for the fuel characteristics at 16 selected decay times were
obtained from the same SAS2H calculations used for the 21 assembly WP analysis and were used
in MCNP cases to generate the results. The results (kff + 2u) are shown in Figures 6.3-82, 6.3-83,
6.3-84, and 6.3-85 for the 3 percent U-235 enrichment, 20 GWd/MTU design basis fuel in the
different models, as indicated in the titles (CRWMS M&O 1996j). These curves are smoother than
those presented for the 21 PWR assembly UCF design because fewer decay times were used for the
12 assembly design. The purpose of these curves is to demonstrate the same basic behavior shown
for the larger UCF design.

Each of the four curves generated have the same basic behavior. For the first approximately 200
years after discharge, the criticality potential of SNF decreases as the Pu-241 (13.2-year half-life)
fissile material decays. From approximately 200 years to approximately 10,000 to 20,000 years, the
criticality potential of the SNF increases as Pu-240 (6,580-year half-life) and the medium half-life
neutron absorbers decay.

After the approximately 20,000-year local peak, the criticality potential of the SNF decreases again
as the Pu-239 (24,400-year half-life) fissile material decays. In all cases the reactivity at five years
decay is conservatively higher than the reactivity at all later times.
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6.3.5.4.1.4 Criticality Control Methods

The use of control panels containing boron has a similar percentage effect on kff as that reported for
the 21 assembly PWR UCF in Section 6.3.5.3.1.4 Part A and as shown in Figure 6.3-71. The use
of control rods would have a similar percentage effect on kff as that reported for the 21 assembly
PAVR UCF in Section 6.3.5.3.1.4 Part B.

6.3.5.4.2 24 BWR UCF

The 24 BWR fuel assembly basket is formed by 6 tubes stacked in a square array in each quarter of
the WP on a nominal 16 cm (6.30 inches) center-to-center spacing. The array is interrupted along
the center line on the X and Y axes by an aluminum thermal shunt 1 cm (0.39 inches) thick. The fuel
cell opening provided is 15.3 cm (6.02 inches). The fuel cell tubes are formed from 0.35 cm (0.14
inch) thick borated stainless steel plates (316B6A).

The cross-sectional view in the X-Y plane of the physical MCNP model for the 24 assembly BWR
UCF WP was generated with the MCNP plotting capability and is shown in Figure 6.3-86. The
cross-sectional view in the X-Y plane of the physical MCNP model for the collapsed geometry is
shown in Figure 6.3-87.

6.3.5.4.2.1 Standard Evaluation

Calculations were performed for intact and collapsed geometries, with and without boron in the
stainless steel, for the design basis SNF (3 percent U-235 enrichment, 20 GWd/MTU) at five years
decay. The kff (±2o) values calculated for the different cases are as follow (CRWMS M&O 1996j):

Design Basis SNF, Intact, No Boron 0.8290 ± 0.0028
Design Basis SNF, Intact, With Boron 0.6519 ± 0.0042
Design Basis SNF, Collapsed, No Boron 0.8714 ± 0.0031
Design Basis SNF, Collapsed, With Boron 0.6625 ± 0.0038

The reactivity worth { (k2 - k,)/(k, x k2)) for comparisons between sets is shown below.

Intact, Boron vs. No Boron -0.328 ± 0.011
Collapsed vs. Intact, No Boron 0.059 ± 0.006
Collapsed vs. Intact, With Boron 0.025 ± 0.013
Collapsed, Boron vs. No Boron -0.362 ± 0.010

With biases applied (0.06), all the cases with burnup credit meet the 0.95 value limit established in
10 CFR 60.131(b)(7) by a significant margin.

BOOOOOOOO-01717-5705-00027 REV 00 Vol. III 6.3-160 March 1996



(

I
-.1

0

,;A

07/06/95 16:10:44
GE-s AM Ox# F . 24 AnrnPLY
3. 00t/21 M/IMYJ/S yew
(ucf24b) Ab Dan,

prabid - 07/06/95 16:07:37
bai.:

( 1. 000000. . 000000. .000000)

( .OOOWO, 1. 000000. .000000)

origin:
( 35. 00. 3S. 00. 5. 00)
extnt - ( 36. 00, 36. 00)

>~~ ~ ~ ~ I I

3;, a3 OC;3 I I+ S

0

'0
%O,_
aN

Figure 6.3-86. MCNP Cross-Sectional View of the 24 BWR Assembly UCF WP



I
0

81

CD

t.oE

7/1071S 01:34:15

#i-S W Sl. 24 Awu tr 3. 00O/21
a*/laV/5 yAr (Wzxj4b)
collaod /nIo .mtst\

prc~id - 07/07/95 08:32:04

( .000000, ..ooooo, .OOOO)
( .000000 1.000000 .00000)

origin:

( SO. 00. 00. 5. 00)
Oxtft-( 60. 00, 60.00)

Figure 6.3-87. MCNP Cross-Sectional View of the 24 BWR Assembly Collapsed Array UCF WP

r.

9-

(



The worth of collapsing the array appears to be higher with no boron in the stainless steel. The
reactivity worths indicated above are consistent with those presented for the 44 assembly BWR UCF
WP. The change in reactivity in going from the 44 assembly to the 24 assembly design for each of
the four models is indicated below.

Intact, No Boron -0.046 ± 0.006
Intact, With Boron -0.058 ± 0.013
Collapsed, No Boron -0.050 ± 0.005
Collapsed, With Boron -0.059 ± 0.013

6.3.5A.2.2 Moderator Density Effects

The reactivity effect of reducing the moderator density was investigated for the 44 assembly UCF
WP in Section 6.3.5.3.2.2. The results are applicable to the small package as well.

6.3.5.4.2.3 Time Effects

The required isotopic compositions for the fuel characteristics at 16 selected decay times were
obtained from the same SAS2H calculations used for the 44 assembly WP analysis and were used
in MCNP cases to generate the results. The results (kff + 2a) are shown in Figures 6.3-88, 6.3-89,
6.3-90, and 6.3-91 for the 3 percent U-235 enrichment, 20 GWd/MTU DBF in the different models,
as indicated in the titles (CRWMS M&O 1996j). These curves are smoother than those presented
for the 44 BWR assembly UCF design because fewer decay times were used for the 24 assembly
design. The purpose of these curves is to demonstrate the same basic behavior shown for the larger
UCF design.

Each of the four curves generated have the same basic behavior. For the first approximately 200
years after discharge, the criticality potential of SNF decreases as the Pu-241 (13.2-year half-life)
fissile material decays. From approximately 200 years to approximately 10,000 to 20,000 years, the
criticality potential of the SNF increases as Pu-240 (6,580-year half-life) and the medium half-life
neutron absorbers decay. After the approximately 20,000-year local peak, the criticality potential
of the SNF decreases again as the Pu-239 (24,400-year half-life) fissile material decays. In all cases
the reactivity at five years decay is conservatively higher than the reactivity at all later times.

6.3.5.4.2.4 Criticality Control Methods

The reactivity effect of the varying the boron concentration in the control panels is expected to be
similar to those discussed for the 44 BWR UCF disposal containers.
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6.3.6 Shielding Analysis

The UCF Disposal Container provides some direct shielding function. The UCF containers are
designed primarily for containment with materials that also provide shielding. No materials whose
only purpose is shielding are located in the UCF disposal containers.

A basic property of the WP is high radioactivity. Because limiting the dose to workers is a major
radiation protection goal (as low as reasonably achievable), two methods for limiting the dose rate
to workers have been devised: shielding and remote handling. An emplacement transport shield will
provide the required shielding during transportation and emplacement in the repository. The target
dose rate has been set to 10 mrem/hr at 2 m. This dose rate is the same as that specified by the
transportation regulation from 10 CFR 71 and would provide a lower bounds for application to
repository operations.

6.3.6.1 Codes, Isotopics, and Source Terms

One-dimensional shielding analysis has been performed using the ANISNBW computer program
Version 4.5HP on HP 9000 730/735 workstations. ANISNBW is a B&W Nuclear Technologies
version of the ANISN-W one-dimensional discrete ordinates transport program developed at Oak
Ridge National Laboratory (BWNT 1993a).

Two dimensional shielding analysis has been performed using the TORT-DORT Version 2.12.14
computer program. TORT-DORT is a two-dimensional or three-dimensional discrete ordinates
transport code developed at Oak Ridge National Laboratory (ORNL 1995).

Multi-group neutron and photon cross-section data was provided by the BUGLE-80 (ORNL 1980)
library or BUGLE-93 (ORNL 1994).

SNF radionuclide inventories and multiple energy group photon and neutron source terms have been
calculated with ORIGEN2 (BWNT 1991).

A preliminary time effects study was performed using the SAS2H sequence of the SCALE 4.2 code
system (ORNL 1993a).

6.3.6.2 Modeling Assumptions

This analysis is concerned with emplacement and disposal in the MGDS. The internal area of the
UCF is homogenized in the shielding model into four zones: fuel/basket, outer basket ring,
spacer/support ring, and a gap ring. The applicability of this scheme was validated through use of
a detailed R-theta model (CRWMS M&O 1996f). In the one-dimensional cases, the WPs are
modeled as infinitely long, and doses are conservatively overestimated. In the two-dimensional
cases, axial zones are modeled for fuel, end fittings, etc., and the actual radial and axial WP
dimensions are used. A uniform fuel burnup was used for the entire active fuel length. Future
calculations will investigate the effect of multiple axial fuel zones with a conservative burnup
distribution.
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The shielding analyses have been performed for the design basis SNF characteristics including the
MGDS PWR design basis of 4.2 percent U-235 enrichment, 48.1 GWd/MTU, 10 years cooling; and
an MGDS BWR design basis of 3.74 percent U-235 enrichment, 49 GWd/MTU, 10 years cooling.

6.3.6.3 Large UCF

This section provides the results of the shielding analysis for the BWR and PWR configurations of
the large UCF disposal container. The dose rates are approximately the same outside the disposal
container for both configurations. Supplemental shielding is required for handling or for performing
operations in the proximity of the emplaced containers to meet a preliminary target dose rate of 10
mrem/hr at 2 m which provides a lower bounds for application to repository operations. The BWR
WP establishes the bounding transporter shield thicknesses.

The inner and outer barrier of the disposal container are shown in Appendix B. The "High Thermal
Load" design was used as the basis of the analysis. The inner barrier is 2 cm (0.79 inches) thick
Alloy 825. The outer barrier is 10 cm (3.94 inches) thick A 516 carbon steel.

6.3.6.3.1 21 PWR Uncanistered Fuel

6.3.6.3.1.1 Disposal Container Outer Barrier

Based on two-dimensional calculations, the dose rates at the WP surface and at 2 m for the 21 PWR
assembly UCF disposal container with 10 cm (3.94 inches) outer barrier thickness are shown in
Table 6.3-9 (CRWMS M&O 1996k). Figures 6.3-92 and 6.3-93 illustrate the curves for dose rates
at various distances from the axial and radial centerline of the container for the PWR package.

Table 6.3-9. 21 PWR Assembly UCF Disposal Container Dose Rates - Two-Dimensional
Calculations

Dose Rate (remlhr)
Axis

Surface 2 m

Radial 16.1 5.2

Axial 28.9 3.6

A preliminary time effects study was performed using the SAS2H sequence of the SCALE 4.2 code
system to demonstrate the rate at which the dose rate drops off as a function of time (CRWMS M&O
19961).
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Figure 6.3-92. UCF 21 PWR WP Radial Dose Rate Profile, MGDS DBF - Two-Dimensional

21 PWR UCF AXIAL DOSE RATES
From Waste Package Centerline

+ Gamma Dose A Neutron Dose 0 Total

w
0
LU

0
cc
A>
0o

100000

10000

1000

100

10

1

0-1
0 50 100 150 200 250 300 350

Distance from Centerline (cm)

400 450 500

Figure 6.3-93. UCF 21 PWR WP Axial Dose Rate Profile, MGDS DBF - Two-Dimensional
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The results of this study are illustrated in Figure 6.3-94 at the surface of the WP. To provide results
suitable for application to materials radiolysis studies, the results are shown in absorbed dose rate
units (rad/hr) in Figure 6.3-95. As shown in these figures, during the decay period out to about 100
years, the gamma source predominates and the exposure and absorbed dose rates are about equal.
For later periods, neutrons predominate and while the curves have a similar shape, the neutron
factors applied to obtain exposure dose rate cause the exposure dose rate to be higher than the
absorbed dose rate. These results indicate that the shielding requirements discussed in the following
section could be significantly reduced if an "aging" requirement were implemented in acceptance
of fuel in the repository of 20+ years. The surface dose rate at 10 years calculated by the SCALE
4.2 simplified method is approximately 50 percent higher than that calculated in the two-dimensional
DORT calculations. Based on the different methodologies coupled with the different cross sections
sets used by the computer programs, this difference is not judged significant.

6.3.6.3.1.2 Emplacement Transport Shield

The emplacement transport shield strategy, conceptual design, and material selection are discussed
in Section 6.5.4.3.1.2 for the 21 assembly MPC WP.

Two-dimensional calculations were performed to determine the minimum shielding thickness in both
the axial and radial directions for the transport shield (CRWMS M&O 1996k). The radial transport
shield thicknesses required to meet the target dose rate of 10 mremnlhr at 2 m for a 21 PWR assembly
WP with the shielding design basis fuel, are 6.5 cm (2.56 inches) of lead in the first gamma shield,
10.5 cm (4.13 inches) of 5 weight percent boron-polyethylene in the neutron shield, and 1 cm (0.39
inches) of lead in the second gamma shield. In the axial direction the thicknesses are 10 cm (3.94
inches) of lead for the first gamma shield, 10 cm (3.94 inches) of 5 weight percent boron-
polyethylene for the neutron shield, and 1 cm (0.39 inches) of lead for the second gamma shield.
The transport shield weight is 61 tonnes (67 tons).

Previously, one-dimensional calculations were performed for the metallic multibarrier WP design
(CRWMS M&O 1994i), which was a direct predecessor of the UCF design discussed above. The
transport shield thicknesses required to meet a dose rate of 20 mrem/hr at 2 m for a 21 PWR
assembly WP with 3.92 percent U-235 enrichment, 42.21 GWdIMTU, and 22.48 years cooling time
(MGDS PWR average), are 3.5 cm (1.38 inches) of lead in the first gamma shield, 4.5 cm (1.77
inches) of 5 percent boron-polyethylene in the neutron shield, and 1.25 cm (0.49 inches) of lead in
the second gamma shield. This transport shield weight is 34 tonnes (37 tons). The substitution of
depleted uranium for lead reduces the weight by approximately 8 percent and the substitution of steel
increases the weight by approximately 29 percent.
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Figure 6.3-94. UCF 21 PWR WP Surface Dose Rate as a Function of Time, MGDS DBF
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Figure 6.3-95. UCF 21 PWR WP Surface Absorbed Dose Rate as a Function of Time, MGDS DBF
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6.3.6.3.2 44 BWR Uncanistered Fuel

6.3.6.3.2.1 Disposal Container Outer Barrier

Based on two-dimensional calculations, the dose rates at the WP surface and at 2 m for the 44 BWR
assembly UCF disposal containers with a 10 cm outer barrier thicknesses are shown in Table 6.3-10
(CRWMS M&O 1996k). Figures 6.3-96 and 6.3-97 illustrate the curves for dose rates at various
distances from the axial and radial centerline of the container for the BWR package.

Table 6.3-10. 44 BWR Assembly UCF Disposal Container Dose Rates - Two-Dimensional
Calculations

Dose Rate (rem/hr)
Axs

Surface 2 m

Radial 11.9 4.4

Axial 26.7 10.3

6.3.6.3.2.2 Emplacement Transport Shield

Two-dimensional calculations were performed to determine the minimum shielding thickness in both
the axial and radial directions for the transport shield (CRWMS M&O 1996k). The radial transport
shield thicknesses required to meet the target dose rate of 10 mrem/hr at 2 m for a 44 BWR assembly
WP with the shielding design basis fuel, are 6.5 cm (2.56 inches) of lead for the first gamma shield,
11 cm (4.33 inches) of 5 percent boron-polyethylene for the neutron shield, and 1 cm (0.39 inches)
of lead for the second gamma shield. In the axial direction the thicknesses are 11.5 cm (4.53 inches)
of lead for the first gamma shield, 10 cm (3.94 inches) of 5 percent boron-polyethylene for the
neutron shield, and 1 cm (0.39 inches) of lead for the second gamma shield. The transport shield
weight is 62 tonnes (68 tons).

6.3.6.4 Small Uncanistered Fuel

No calculations have been performed for the small UCF BWR and PWR configurations. The dose
rates are approximately the same outside the disposal container for both configurations. The dose
rates for the small UCF disposal container should be approximately 20 percent lower than those for
the large container, consistent with the MPC results.

The inner and outer barrier are shown in Appendix B.
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Figure 6.3-97. UCF 44 BWR WP Axial Dose Rate Profile, MGDS DBF - Two-Dimensional
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6.3.6.4.1 12 PWR Uncanistered Fuel

6.3.6.4.1.1 Disposal Container Outer Barrier

The dose rates for the 12 PWR assembly UCF WP are expected to be approximately 20 percent less
than those for the large package consistent with the results for the MPC WP reported in Section
6.5.4.4.1.1.

6.3.6.4.1.2 Emplacement Transport Shield

The transport shield thicknesses required to meet the target dose rate for the 12 assembly PWR UCF
disposal container will be slightly less than that for the 21 assembly PWR case.

6.3.6.4.2 24 BWR Uncanistered Fuel

6.3.6.4.2.1 Disposal Container Outer Barrier

Like the 12 PWR assembly WP design, the 24 BWR assembly UCF design will have approximately
20 percent lower dose rates than the corresponding large package.

6.3.6.4.2.2 Emplacement Transport Shield

The transport shield thicknesses required to meet the target dose rate for the 24 assembly BWR UCF
disposal container will be less than that for the 44 assembly BWR case.
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6.4 DEFENSE HIGH-LEVEL WASTE DISPOSAL CONTAINER

This section addresses HLW from domestic fuel reprocessing plants, both commercial- and defense-
related. Since the majority of this form of HLW is from the DOE defense-related programs, the
MGDS organization has historically referred to this category of waste as DHLW. DHLW is defined
as the highly radioactive material resulting from the reprocessing of SNF. This includes liquid waste
produced directly in reprocessing any solid material derived from such liquid waste that contains
fission products in sufficient concentrations, and other highly radioactive material that has been
determined by the Nuclear Regulatory Commission, consistent with the law, as requiring permanent
isolation. As used in this section, DHLW is defined to include commercial and DHLW from
reprocessing operations and not the SNF itself Note that the 10 CFR 60 definition of HLW includes
SNF.

The waste forms to be delivered to the repository for disposal are individual canisters of immobilized
DHLW, which are characterized by site of manufacture, by radionuclide composition per canister,
and by a year-by-year schedule of the number of canisters produced at each site. Currently, all of
the DHLW produced to date is in interim storage at the West Valley Demonstration Project,
Savannah River Site, Hanford Site, and Idaho National Engineering Laboratory. The storage waste
forms vary from site to site and include liquids, sludges, salt cake, slurry, loaded zeolite resins,
calcine, and encapsulated strontium fluoride and cesium chloride. These forms of HLW have been
produced as a result of a number of treatment and separation operations (e.g., neutralization,
precipitation, decantation, evaporation, and calcination) carried out on the effluent streams from fuel
reprocessing. Their volumes and compositions have changed as a result of these operations as well
as the natural processes of radioactive decay. Further changes in form, density, and composition will
take place when the interim forms are converted to borosilicate glass or other solid form for
shipment to the repository for final disposal. Detailed descriptions of the waste composition,
volume, heat generation rates, glass manufacture process, etc. are given in DOE studies and reports
(DOE 1992b; LLNL 1994c).

These waste forms contain very small amounts of fissionable material, since these materials were
separated out by reprocessing. The waste is considered HLW due to the fission products that remain
in the waste and have a high level of gamma and neutron emissions. The waste at the West Valley
Demonstration Project is the result of commercial operations during 1966 to 1972, and consists of
both alkaline and acidic wastes. The alkaline waste was generated by the reprocessing of
commercial power reactor fuels and some Hanford N-Reactor fuels. The acidic waste was generated
by reprocessing a small amount of commercial fuel containing thorium. The waste at the Savannah
River and Hanford sites is the result of reprocessing defense reactor fuel. The wastes at Idaho
National Engineering Laboratory are the result of reprocessing SNF from naval propulsion reactors,
test reactors, and research reactors. The waste streams from each of these sites will be vitrified into
borosilicate glass and placed in pour canisters to cool. The pour canisters will then be shipped to
the MGDS repository and placed into disposal waste packages (WPs) for emplacement.

Table 6.4-1 summarizes the estimated dimensions and weights of the canisters for the four
manufacture sites (DOE I 992b). Each of the sites plans to use a stainless steel pour canister filled
with borosilicate glass to about 85 percent of the canister volume. The 85 percent figure refers to
the glass volume at filling temperature, which is approximately 8250 C in the canister as filled.
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Table 6.4-1 Dimensions, Weights, and Radioactivity of Canisters (Summary Data)

West Valley Idaho National
Parameter Demonstration Savannah Engineering

Project River Plant Hanford Site Laboratory

Outside 0.61 0.61 0.61 0.61
Diameter, m

Overall 3.00 3.00 3.00 3.00
Height, m

Nominal Wall 0.0034 0.0095 0.0095 0.0095
Thickness, m

Weights, kg
Canister 252 500 500 500
Glass 1900 1682 1650 1825

Total 2152 2182 2150 2325

Curies per 114,700 234,400 298,000 109,000
Canister

Watts/Canister 342 709 869 339

Observations at the Savannah River Site have shown that cooling the canister to ambient temperature
does not reduce the glass level in the canister appreciably. These canisters are then to be placed in
an MGDS WP, shown in Figure 6.1-3. Detailed figures for the pour canister and MGDS WP are
provided in Appendix B. The current MGDS WP will contain four pour canisters that will be
encased in a 20-mm shell of Alloy 825 and 50-mm shell of C71500 copper/nickel.

6.4.1 Thermal Analysis

The method for WP thermal evaluations involves a two-model approach, similar to that described
in Section 6.3.3 for UCF, to determine the time-dependent WP thermal behavior. A three-
dimensional transient finite-element model of the WP emplacement based on the repository thermal
loading provides the drift wall surface temperature history for use as a boundary condition in a
detailed DHLW WP model. For the purpose of the evaluations in Section 6.4.1, the drift wall
surface temperatures predicted by the large WP SNF (see Section 6.2.1.1.1) emplacement model can
be assumed to be representative of the drift wall temperatures that the DHLW WP will experience
if it is placed at the mid-point between two SNF WPs. Section 6.2.1.1.2 also addressed smaller-
capacity SNF WPs. The evaluation results for the small WP compared to the large WP indicate
lower near-field temperatures. The lower drift wall temperatures will result in lower DHLW WP
temperatures. Thermal evaluation of the DHLW WP with the drift wall temperatures based on the
smaller SNF WP was not performed for this reason.

The three-dimensional finite-element model of the DHLW WP uses these drift wall temperatures
as a boundary condition along with the heat generation rate of the glass (DOE 1992b). The thermal
environment of the WP in the repository will change with time and is affected by the heat produced

BOOOOOOOO-01717-5705-00027 REV 00 Vol. III 6.4-2 March 1996



in the WPs. Therefore, the repository and WP thermal evaluations must be transient analyses that
take into account the time varying heat load of the WP. The detailed three-dimensional DHLW WP
model assumes that the DHLW WP will be placed at the mid-point between two SNF WPs. This
provides the highest drift wall temperatures that cab be applied to the DHLW WP since the DHLW
WP has an initial average heat of 3.2 kW and an SNF WP has an initial average heat rate of 10.2 kW.
Thus, given a repository areal loading limit such as 100 MTU/acre, the SNF will control the
repository rock temperatures. Also, if the DHLW WP were to be emplaced in a section of the
repository isolated from the SNF WPs, a similar repository areal loading limit would likely be
applied to the DHLW section of the repository. The entire repository is limited by the same rock
temperature goals as specified for the SNF WP and these temperature goals apply to any other WP
emplacements. Since the DHLW WP has a smaller long-term heat generation rate and the initial
repository heat loading will be no greater than that for SNF WPs, the repository rock wall for the
DHLW section will be slightly cooler over time than the section of the repository containing the SNF
WPs. The cooler drift walls would dictate cooler DHLW WP surface and glass center line
temperatures. Thus, the analysis performed by placing the DHLW WP between SNF WPs should
be representative of the highest expected temperatures the DHLW WP could experience.

The three-dimensional finite-element thermal model of the DHLW WP conceptual design was
developed from design drawings (supplied in Appendix B). Model detail included the partially filled
pour canister, spacing gaps between all sides of the pour canisters and the inner surface of the WP,
the spacing gap between the inner and outer barrier upper lids, and the drift wall surface. Intimate
contact was assumed between the stainless steel pour canister and the glass waste form. The DHLW
model did not model fill gas in any of the spacing gaps. Thus, only radiation heat transfer was
assumed across any gaps. This modeling approximation will conservatively over predict glass
temperatures.

The finite-element code ANSYS was used to model the three-dimensional DHLW WP. Time- and
position-dependent temperatures for the drift wall surface were exported from the emplacement
model, described in Section 6.2.1.1.1, and applied as time-varying boundary conditions. The other
time-varying conditions used in the model were the design basis glass waste form decay heat outputs
applied as volumetric heat generations to the glass volumes of the pour canisters. The heat
generation rate is assumed to be homogeneously distributed through the glass waste form. The heat
loads for the glass volumes are based upon the data supplied in Table 6.4-2. The heat load will
decrease logarithmically with time as the fission products decay.

To capture a majority of the DHLW, the WP must be designed and evaluated to accommodate the
bounding or limiting case, which has a thermal output much higher than average. Thus, a design
basis DHLW heat load can be determined, which can be considered the hottest DHLW that could
be loaded and emplaced in that WP. The detailed Engineered Barrier SegmentlWP evaluation would
then represent the hottest WP in the repository at a given thermal loading with average DHLW and
SNF. While all of the WPs will collectively influence repository temperatures (average
characteristics), every WP must meet thermal goals (design basis characteristics).

The choice of a design basis DHLW heat load is important because it could limit the number of pour
canisters that can be loaded into a WP without exceeding thermal goals for disposal. The limiting
thermal goal for DHLW WPs is a temperature of no more than 500'C anywhere in the glass waste
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form (CRWMS M&O 1995n). Design basis thermal loads have been established for DHLW WP
design based on the data supplied by the glass manufacturers (DOE 1992b). Three different design
basis heat loads have been used in the following thermal analyses to demonstrate compliance with
requirements. The DHLW thermal heat loads used are summarized in Table 6.4-2.

Table 6.4-2. Defense High-Level Waste Thermal Analysis Design Basis Heat Loads

Idaho National West Valley
Manufacture Savannah River Engineering Demonstration

Location Hanford Site Site Laboratory Project

Time Since
Emplacement WattslPour Watts/Pour Watts/Pour Watts/Pour

(Years) Canister Canister Canister Canister

0 869 709 339 326

1 683 627 267 319

2 595 586 230 311

5 502 527 185. 290

10 439 467 157 258

15 391 418 138 230

20 349 374 123 205

30 279 301 97 164

50 181 198 61 105

100 67 75 20 37

200 19 17 2.6 8.9

300 12 7.2 0.67 5.4

500 8.7 2.7 0.24 3.7

1000 3.9 1.1 0.11 1.9

2000 0.86 0.72 0.06 0.7

5000 0.08 0.54 0.04 0.33

10000 0.06 0.43 0.03 0.26

Design basis DHLW heat loads will impact the timing of peak temperatures, as well as the
magnitude of the peak. The repository host rock temperatures will peak between 10 and 500 years,
depending on the thermal loading, but will be largely independent of the individual WP design. The
WP itself will experience its peak temperature before the rock temperature peaks. The WP peak
temperature and its timing will depend on the design basis DHLW heat load and the types of
conduction paths incorporated into the internal WP design. The current design analysis assumes the
mode of heat transfer between the pour canisters and the WP is entirely radiative. To be
conservative, no conduction paths were modeled. Realistically, two or more of the pour canisters
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will be in contact with the WP (disposal container), which will result in lower temperatures than
those reported here.

The use of filler material could also affect the determination of WP internal temperatures. The
thermal effects of adding filler material to the WP have previously been investigated (CRWMS
M&O 1994i). While the addition of material to fill the void space within the WP may be beneficial
to containment by inhibiting corrosion and radionuclide release, the thermal effects depend entirely
on the type and conductivity of the material used. Iron shot was found not to have a significant effect
on peak temperatures in an MPC WP. Iron shot placed in DHLW WPs should reduce temperatures
internal to the pour canisters. However, other less conductive materials could seriously affect
internal temperatures and lead to temperatures that can approach maximum thermal goals.

The boundary conditions and heat loads were applied and solved out to 1,000 years for each of the
five thermal loading scenarios described in Section 6.2.1.1.1. The high thermal loading case #1 was
analyzed for three of the DHLW design basis glass types described in Table 6.4-2. The peak
temperatures and the time of occurrence for each of the cases analyzed are summarized in
Table 6.4-3. The thermal loading scenarios indicated in Table 6.4-3 are defined in Table 6.2-1, and
the design basis SNF descriptions are provided in Table 6.4-2.

Table 6.4-3. Defense High-Level Waste Waste Package Thermal Analysis Results

Design Basis Peak Pour
Thermal Heat Load Peak Glass Canister Peak WP Peak DriftK> Load Center Line Surface Surface wall

C yrs C yrs C yrs C yrs

High #1 Hanford 192 40 188 40 179 60 178 70

SRP 193 40 189 40 180 60 178 70

WVDP 185 50 183 50 179 60 178 70

High #2 Hanford 167 30 164 40 153 60 151 70

Low #1 Hanford 135 0 125 0 84 30 78 50

Low #2 Hanford 140 0.4 132 0.6 103 20 96 20

Low #3 Hanford 158 8 152 9 125 10 119 20

Note: SRP = Savannah River Plant, WVDP = West Valley Demonstration Project

Figure 6.4-1 displays a comparison of maximum WP surface temperatures for the five thermal
loading scenarios on a logarithmic time scale. As expected, low thermal loading #3 actually has
higher near-field temperatures than the high thermal loadings for the first year due to the use of
smaller SNF WP spacing. However, by 500 years, the three low thermal loading temperatures have
nearly converged to a single temperature, which is much lower than that for the high thermal loading.
Peak DHLW WP surface temperatures occur in 40 years for the high thermal loadings and in about
20 years for the low thermal loadings. The figure demonstrates a significant difference in short-term,
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near-field temperatures between short and long WP spacings. If the goal of a low thermal loading
scenario is to maintain low near-field temperatures, a low areal mass loading and a long WP spacing i

are needed.

Figure 6.4-2 compares maximum drift wall temperatures for the five loadings. These drift wall
temperatures are at the mid-point between SNF WPs, as presented in Section 6.2.1.1.1. Just as for
the WP surface temperatures, the peak temperatures occurred earlier for the low loadings than for
the high thermal loading. Figure 6.2-19 (in Section 6.2.1.1.1) compares the drift-to-drift midplane
temperatures and demonstrates that the WP spacing has little effect on temperatures half-way
between drifts. At the drift-to-drift midplane, temperatures are primarily a function of thermal
loading in MTU/acre. For all of the thermal loading scenarios, the drift wall temperature limit of
200'C was not exceeded; however, the TSw2/TSw3 interface reached 1 180C (greater than the limit
of 115'C) at 1,000 years for the highest loading.

The thermal history for the Hanford thermal heat load at 83 MTU/acre is presented in Figure 6.4-3.
The temperature profile across the DHLW glass, pour canister, and disposal container for the time
of peak internal temperatures (30 years) is presented in Figure 6.4-4. The peak conservative estimate
for glass temperature was 1670C for high thermal load #2.

The thermal history of the DHLW and WP at 100 MTU/acre (24.7 kgU/m2) for the Hanford,
Savannah River Plant, and West Valley Demonstration Project thermal heat loads, respectively, are
presented in Figures 6.4-5, 6.4-6, and 6.4-7. The Hanford and Savannah River Plant thermal heat
loads result in nearly the same temperature history. Based on this, it is assumed that the West Valley
and Idaho National Engineering Laboratory thermal heat loads will also produce similar results; _
therefore, only the West Valley thermal heat load was analyzed. The hottest glass temperature the
DHLW WP experienced was 193°C, which is less than the thermal design goal (limit) of 500'C.

Peak temperatures inside the WP occur between the time of emplacement and the time of peak drift
wall temperatures. At emplacement the thermal heat load is at its highest, but the drift is still cool,
and by the time of peak drift temperatures, the heat load has decayed so that internal temperature
gradients are lower. As indicated in Table 6.4-3, the time of peak temperatures varies depending on
thermal loading, WP spacing, and the time-dependent WP decay heat.

Figures 6.4-8, 6.4-9, and 6.4-10 display the thermal history of the DHLW WP in the low thermal
loadings #1, #2, and #3 for the Hanford design basis thermal load. Because the WP spacing is
similar to the high thermal loading case, similar temperatures are predicted for the first few years of
emplacement. However, as thermal loading effects emerge, all of the low thermal loading results
converge to similar long term temperatures. The highest internal temperature for all cases occurred
where the WPs have the shortest WP spacing (16.2 in), which defines the thermal loading. Even
though the thermal loading is low, the peak temperatures occur before drift-to-drift effects emerge
such that WP spacing drives the peak near-field temperatures.

Figure 6.4-14 displays the temperature contours in the DHLW and WP at the time of peak
temperatures, 40 years. The thermal loading for this case was 100 MTU/acre (24.7 kgU/m2) and the
Hanford design basis heat load was assumed. Figures 6.4-11, 6.4-12, 6.4-13, 6.4-14, 6.4-15, and 6.4- <2
16 display the temperature contours for the same case at 0, 5, 10, 40, 50, and 100 years, respectively.
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By 100 years, the temperature drop across the WP (from center to edge) has dropped to less than
10C and the WP is essentially in equilibrium with the drift wall.

The thermal evaluation of the DHLW WP conceptual design with respect to the repository has
considered a number of thermal loading scenarios and design basis heat load types. The repository
thermal loading has not been specified and will not be finalized for years. Therefore, the WP
thermal behavior has been analyzed for a range of thermal loadings. For each repository thermal
loading scenario, a three-dimensional repository emplacement to set drift wall boundary conditions
and three-dimensional detailed WP evaluation were performed. The results of the thermal
evaluations indicate that the DHLW with WP design easily satisfies the thermal limitations for
disposal in the MGDS.
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Figure 6.4-1. -DHLW WP Surface Temperatures
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Figure 6.4-3. DHLW WP, High Termal Loading (#2), Hanford Heat Load
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Figure 6.4-9. DHLW WP, Low Thermal Load (#2), Hanford Heat Load
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Figure 6.4-10. DHLW WP, Low Thermal Load (#3), Hanford Heat Load
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