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ABSTRACT

Using the HYDRA-II computer code, Pacific Northwest Laboratory (PNL)

researchers analyzed the thermal performance of two model spent fuel assem-

blies. The numerical simulations were based on information from offsite lab-

oratory tests conducted previously on an unconsolidated and a consolidated

rod assembly. The objectives of the PNL effort were to examine the thermal

characteristics of the consolidated rod assembly and to validate the predict-

ive capability of the HYDRA-II code for application to such analyses. When

compared to the physical test data, the predictions generated by HYDRA-II

were in excellent agreement for all temperature comparisons. These analyses

provided further validation of HYDRA-II's capability to accurately predict

thermal performance of spent fuel storage system components. Results

obtained for the consolidated rod assembly lend strong support to the value

of further investigations of this option for dry storage of spent fuel.
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SUMMARY

Pacific Northwest Laboratory (PNL) researchers analyzed the heat

transfer performance of two model spent fuel assemblies, using the HYDRA-II

computer code developed earlier at PNL. The analyses extended previous

research on systems for dry storage of spent fuel being conducted for the

U.S. Department of Energy by PNL's Commercial Spent Fuel Management Program.

The objectives of the analyses were to examine thermal characteristics of

consolidated fuel rod assemblies and to validate the predictive capabilities

of the HYDRA-II code for use in consolidated assembly evaluations.

The HYDRA-II simulations were based on data from previously conducted

laboratory tests of two model spent fuel assemblies. Both assemblies (one

unconsolidated, the other consolidated) contained electrically heated rods

simulating fuel from 8 x 8-rod boiling water reactor (BWR) assemblies. The

unconsolidated assembly comprised 64 rods, 63 of which were heated, arranged

on a square pitch to simulate a typical BWR assembly. This assembly was con-

tained in a stainless steel tube simulating a boral fuel tube from a dry

storage cask. The consolidated assembly consisted of 126 rods (the equiv-

alent of two 8 x 8 BWR assemblies with 63 active rods each), arranged on a

triangular pitch. The rods were confined within a canister that fit inside

the stainless steel tube previously used in the unconsolidated tests. Via

strategically placed thermocouples, temperatures were measured in these test

sections under varying conditions of fill gas (helium and air), equivalent

BWR assembly power level (400 W and 800 W), and rod-to-rod gap (0.0 in. and

0.01 in).

Information on the test section configurations, material properties, and

boundary conditions from the physical tests was used by PNL to construct the

input file for the HYDRA-II simulations. The thermal performance predictions

generated by HYDRA-II were then compared to the physical test results.

Upon comparison, the HYDRA-II-computed temperatures were found to be in

excellent agreement with the temperatures measured during the physical tests.

This overall result provides a basis for establishing an acceptable and
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verifiable level of confidence in the HYDRA-II code's predictive capabil-

ities. Other significant conclusions drawn from this analysis effort

include the following:

* The thermal conductivity of the backfill gas has a significant

effect on rod temperatures. The peak rod temperatures in helium

were approximately 0.4 times those measured in air. This rela-

tionship held steady for rod-to-rod gaps of both 0.0 and 0.01 in.

* The increase in temperature of the rods above the external fuel

tube is approximately proportional to the power dissipated in the

assembly. The temperature difference would be exactly proportional

to power in the absence of nonlinearities such as temperature-

dependent thermal conductivities, radiation, and natural convection

(if present).

* The effect on temperature of varying rod-to-rod gaps in the con-

solidated assembly was predictable but relatively small. When the

rod-to-rod gap was increased from 0.0 to 0.01 in., the difference

between peak rod temperature and fuel tube temperature increased by

about 20%, regardless of fill gas type.

* An assembly in contact with its fuel tube or support structure may

have a reduced peak temperature relative to that of a symmetrically

located assembly. The reduction in temperature is relatively

small, however, compared to the temperature difference between the

assembly centerline and fuel tube.

* The effectiveness of consolidation on heat dissipation was substan-

tial. The effective thermal conductivity of a consolidated rod

assembly was approximately twice that of an unconsolidated assem-

bly. A consolidated rod assembly that generates twice as much heat

as an unconsolidated assembly will therefore have nearly the same

temperature rise above the fuel tube temperature. However, the

absolute temperatures of the fuel rods contained in storage systems

are dependent also upon heat transfer paths from the fuel tubes to

the exterior environment.
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* The HYDRA-II computer code's capability to predict consolidated rod

assembly thermal behavior is excellent. The mean deviation between

HYDRA-II predictions and physical test data for all temperature

comparisons was ±0.03*C. The standard deviation of ±2.5*C is com-

parable to the experimental uncertainty reported for the physical

tests. The results for the unconsolidated rod assembly were also

excellent.

Based on this analysis effort, two recommendations are offered:

* Assessments of the rod consolidation alternative for dry storage of

spent fuel should continue. No significant heat transfer defi-

ciencies were noted in this study. In addition, the reduced volume

achieved by consolidating spent fuel rods is a positive feature.

* The HYDRA-II computer code should continue to be considered for use

to obtain best-estimate predictions of thermal performance of spent

fuel storage systems containing either consolidated or unconsol-

idated assemblies.
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COMPARISON OF HYDRA-II PREDICTIONS TO TEMPERATURE DATA FROM

CONSOLIDATED AND UNCONSOLIDATED MODEL SPENT FUEL ASSEMBLIES

1.0 INTRODUCTION

Implementation of spent fuel dry storage systems is required in the late

1980s because several at-reactor storage basins will attain maximum capacity,

according to U.S. Department of Energy (DOE) sources (1986). The Nuclear

Waste Policy Act of 1982 (NWPA) assigns DOE the responsibility for assisting

utilities with their spent fuel storage problems. The NWPA specifies further

that DOE shall provide generic research and development of alternative spent

fuel storage systems to assist utilities in their licensing activities.

The Commercial Spent Fuel Management (CSFM) Program at the Pacific

Northwest Laboratory (PNL)(a) currently supports DOE efforts to meet its

NWPA mandate. Through the CSFM Program, various methods for increasing

storage capacity are being evaluated. Among the alternatives being

considered is consolidation, in which a spent fuel assembly is disassembled

and the individual rods are repackaged in a closely-packed array. Two spent

fuel assemblies can be consolidated into a space approximately equal to that

of one original assembly. The repackaged consolidated spent fuel may then be

placed in a dry storage system (e.g., metal cask, concrete silo, or vault).

Regardless of type, all spent fuel dry storage systems must dissipate

heat while maintaining the temperature of the stored fuel rods below estab-

lished limits. A storage system's thermal performance can be assessed by a

comprehensive testing program. However, such testing programs are typically

time-consuming and expensive. Analysis tools (e.g., computer codes), while

not intended to entirely supplant tests, can help reduce those costs.

(a) Operated by Battelle Memorial Institute for the U.S. Department of
Energy under Contract DE-ACO6-76RLO 1830.
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Appropriately qualified computer codes can provide predictions of

thermal performance as a function of system design and operating conditions.

Moreover, when tests are to be performed, computer codes can help select test

conditions, spent fuel decay heat generation rates, and instrumentation

placements, as well as aid in interpreting test data. The qualification of a

code for a given application generally involves comparing the code predic-

tions with results of relevant tests. The credibility of a code is propor-

tionately increased by the number of favorable comparisons that can be

provided.

This report documents heat transfer analyses of two electrically heated

model spent fuel assemblies. One model assembly represented a typical uncon-

solidated boiling water reactor (BWR) fuel assembly; the other represented a

consolidation of two BWR assemblies into a closely-packed hexagonal array of

rods. Pacific Northwest Laboratory researchers used the HYDRA-II computer

code to numerically simulate the assemblies' thermal performance. The

objectives of this effort were to determine the thermal characteristics of

the consolidated rod assembly and to validate the predictive capabilities of

the HYDRA-II code for use in future studies of the consolidated fuel

alternative. HYDRA-II predictions were compared previously to two sets of

unconsolidated assembly data (McCann 1986) and two sets of multiassembly

storage cask data (Wiles et al. 1986; Creer et al. 1986).

The conclusions and recommendations drawn from the results of these

analyses are presented in Section 2.0. A brief overview of the HYDRA-II code

is presented in Section 3.0. The experimental test sections for the uncon-

solidated and consolidated rod assemblies are described in Section 4.0.

Modeling uncertainties are discussed in Section 5.0. In Section 6.0, the

computational methodology is documented, followed by the comparisons of

HYDRA-II predictions to experimental data for the two model assemblies.
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2.0 CONCLUSIONS AND RECOMMENDATIONS

The HYDRA-II computer code was used to predict the thermal performance

of two electrically heated model spent fuel assemblies. One rod assembly

represented a typical unconsolidated BWR spent fuel assembly; the other

represented a two-to-one consolidation of rods in a hexagonal array. Compar-

ison of the computed temperatures with those obtained from experimental tests

provides a basis for establishing an acceptable and verifiable level of con-

fidence in the code's predictive capabilities. Important conclusions and

recommendations established from the work described in this report are

presented in this section.

2.1 CONCLUSIONS

Six principal conclusions were drawn from the work described in this

report:

* The thermal conductivity of the backfill gas has a significant

effect on rod temperatures. Helium and air backfill gases were

used in the consolidated test section. The thermal conductivity of

helium is approximately five times higher than that of air at the

test temperatures. The peak rod temperatures in helium were

approximately 0.4 times those in air. This relationship held for

rod-to-rod gaps of 0.0 in. and 0.01 in.

* The temperature differences between rods and the external fuel tube

were, in all cases, approximately proportional to the power dis-

sipated in the assembly. The temperature differences would be

exactly proportional to power in the absence of nonlinearities such.

as temperature-dependent thermal conductivities, radiation, and

natural convection (if present).

* The temperature effect of varying rod-to-rod gaps in the con-

solidated rod assembly is predictable but relatively small. As the

rod-to-rod gap was increased from 0.0 in. to 0.01 in., the
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difference between peak rod temperature and fuel tube temperature

increased by approximately 20%. This was true for both helium and air

in the simulated test section.

a An assembly that is in contact with its fuel tube or support struc-

ture may have a reduced peak temperature relative to a symmetri-

cally located assembly. The reduction in temperature is relatively

small, however, compared to the temperature difference between

assembly centerline and fuel tube.

* The effectiveness of consolidation is substantial. For illustra-

tion, a comparison may be made between the unconsolidated test sec-

tion with air backfill to the consolidated test section with air

backfill and a rod-to-rod gap of 0.01 in. This comparison shows

that, for equal power, the difference between peak rod temperature

and fuel tube temperature is approximately 1.4 times higher for the

unconsolidated rod assembly. If both test sections had equal end

heat losses (as would be the case for full-length rods), it is

estimated that the temperature rise for the unconsolidated rods

would be about twice that of the consolidated rods. Stated another

way, an assembly consolidated two-to-one would have about the same

peak temperature (relative to the fuel tube) as an unconsolidated

assembly, provided that the heat generation rate per rod is the

same. However, the absolute temperature of fuel rods contained

within a spent fuel storage system (i.e., cask) also depends on

the hydrothermal performance of the system, from the fuel tubes to

the exterior environment, for the total amount of heat generated.

* The HYDRA-II computer code's predictive capability for consolidated

rod assemblies was excellent. The mean deviation between predic-

tions and data for all temperature comparisons was ±0.030C, with a

standard deviation of +2.5*C. This standard deviation is compar-

able to the reported experimental uncertainty in this data. The

results for the unconsolidated rod assembly were also excellent;

however, the good agreement between predictions and data was
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largely fortuitous. Unavailability of test documentation renders the

unconsolidated assembly data set unsuitable for code validation.

2.2 RECOMMENDATIONS

Recommendations based on the results of, and conclusions drawn from,

this work are:

* The rod consolidation alternative for spent fuel dry storage should

continue to be investigated. No significant heat transfer defi-

ciencies are apparent from the results of this study. The reduced

volume acquired per assembly, by itself, is potentially attractive

in an appropriately designed spent fuel storage system.

* The HYDRA-II computer code should continue to be considered for use

to obtain best-estimate predictions of the thermal performance of

spent fuel storage systems containing either consolidated or

unconsolidated spent fuel assemblies.
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3.0 HYDRA-II COMPUTER CODE CAPABILITIES

This section provides an overview of the current capabilities of

HYDRA-II that are of special interest to spent fuel storage system analysis.

HYDRA-II is a fully three-dimensional hydrothermal computer code that solves

the equations of fluid motion, continuity, and heat transfer by finite-

difference techniques. HYDRA-II is constructed with reasonable generality

and therefore has considerable applicability beyond storage system

applications.

HYDRA-II has been assessed extensively using applications ranging from

model problems with known analytic solutions to full-scale spent fuel storage

casks with experimental data. Results of these previous assessments are

summarized in McCann and Lowery (1987). The analyses of unconsolidated and

consolidated assemblies reported here continue the series of applications

intended to broaden the verifiable level of confidence in the code's

predictive capabilities.

The time-dependent conservation equations of momentum and mass for com-

pressible fluids are used as the basis for calculating single-phase flow

fields. The time-dependent conservation equation of energy with convection

and heat sources is the basis for calculating the temperature field. These

conservation equations are as follows:

Momentum

=(m) pg - Vp - D0 + V.(g0;) -v.(vM) (3.1)

where t = time

m = mass flux

p = density

g = gravitational vector

p = pressure

D = Darcy and orifice drag

A= viscosity

v = velocity.
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Mass

jt (P) = - v-(m) (3.2)

Energy

a(PCT) = V-(XVT) - v(C ;T) + (3.3)

where Cp - specific heat

T - temperature

A = thermal conductivity.

The source term, q, in Equation (3.3) represents heat generation and thermal

radiation transport. The latter is given by an expression of the form

H.. (T1 - Ti) (3.4)Arad i-j 1J 1i I

where H.. is an exchange factor based on geometry and emittances. A thermo-

dynamic state relationship of the form

p = f(p,T) (3.5)

is required, as are other relationships needed to define temperature-

dependent material properties.

The conservation equations are converted to finite-difference equations

using the locally one-dimensional philosophy embodied in Spaulding's Hybrid

scheme [see, for example, Patankar (1980)]. Both the energy equation and

the three linear momentum equations are solved using an alternating-direction

algorithm described by Douglas and Gunn (1964). The momentum equations are

linked with the conservation of mass equation in a manner consistent with the

spirit of the CTS SIMPLE algorithm described by Raithby and Schneider (1979,

1980). The numerics incorporated in HYDRA-II are described in detail in

McCann (1987).
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HYDRA-II uses a Cartesian coordinate system for the computational mesh

in the interior of casks. A cylindrical coordinate system is available for

convenience in calculating the temperature field in an exterior cask body.

When both coordinate systems are invoked to model a single application, the

code will automatically align the two systems and enforce conservation of

energy at their interface.

HYDRA-II is designed to provide a user-oriented input interface that

eliminates the need for internal code changes. Any application for which the

code is an appropriate choice can be completely described through the con-

struction of an input file. The user may optionally request a formatted

echo of the input file to confirm that the intended parameters are actually

those used by the code. A selectable commentary monitoring the progress of

the code toward a steady-state solution is available, as is a summary of

energy balances. Finally, a tape may be written at the conclusion of a run,

in the event that the user might wish to restart the solution from its most

recent point. McCann, Lowery, and Lessor (1987) contains code flow charts,

discusses the code structure, provides detailed instructions for preparing an

input file, and illustrates the operation of the code by means of a model

problem. The modeling capabilities available in HYDRA-II are summarized in

Table 3.1.
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TABLE 3.1. HYDRA-II Modeling Capabilities

IGeometry and
Numerics

Fluid Solution 4

! fully three-dimensional

* variable grid spacing in both Cartesian and cylindrical
grids

* several multi-grid schemes available to speed convergence
of the momentum and energy solutions

* several iterative schemes for use, alone or in combination,
in obtaining solution for the fluid pressure field

* time" advance to steady state

* finite-difference on a cartesian grid

* modeling a closed system

• compressible, ideal gas

* orifice- and Darcy-flow models

* user-specified, orthotropic fluid permeabilities and
subgrid scale obstructions

* user-specified, temperature-dependent viscosity

* fixed system-pressure or total-mass operation conditions

r finite-difference on a Cartesian grid and, if desired, an
enveloping cylindrical grid

* modeling an open system

• conduction, convection, and radiation heat transfer modes;
correlation for natural convection heat transfer to the
environment

* user-specified, temperature-dependent and orthotropic
conductivity

* user-specified, spatially-dependent energy-source terms

* several models for radiation heat transfer

Thermal Solution

Program and Input/
Output Control

I .
B

L

variably-dimensioned arrays (required core size specified
by the user through PARAMETER statements)

restart and post-processing dumps

echoed Input

user-specified convergence history monitoring
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4.0 LABORATORY TEST DESCRIPTION

To assess the HYDRA-II code's validity for use in characterizing the

thermal performance of consolidated spent fuel assemblies, PNL researchers

used information from tests conducted previously by Ridihalgh, Eggers &

Associates (REA) and Eggers Ridihalgh Partners, Inc. The test conditions and

resulting measurements reported in Eggers (1985a, 1985b) provided the respec-

tive bases for the HYDRA-II input file created by PNL to generate predictions

and the measure against which to compare those HYDRA-generated predictions.

Because of their importance to the PNL effort, details of these previous

tests are provided in this section.

4.1 UNCONSOLIDATED ASSEMBLY

The 24-in.-long unconsolidated assembly test section comprised 64 rods

oriented horizontally on a square pitch, simulating a typical 8 x 8 BWR spent

fuel assembly. Sixty-three of the rods were electrically heated to simulate

the fuel. The overall assembly was installed in a stainless steel tube to

represent a boral fuel tube of an REA 2023 dry storage cask.

A cross section of the geometry of the unconsolidated assembly is shown

in Figure 4.1, with relevant dimensions marked in inches. The dimensions

closely approximate the geometry of an 8 x 8 BWR fuel assembly, with

0.500-in.-diameter electrically heated rods and a pitch-to-diameter ratio of

1.3.

The electrically heated rods were tubes of black-anodized aluminum,

filled with an insulating material. A heater wire centered in the tube gen-

erated an axially uniform power profile along the length. The anodized alu-

minum surface was reported to have an emittance ranging from 0.8 to 0.9,

simulating the expected emittance of Zircaloym fuel rods after prolonged

irradiation and pool storage. The emittance of the stainless steel fuel tube

A zirconium alloy manufactured by Westinghouse Electric Corporation,
Specialty Metals Division, Blairsville, Pennsylvania.
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FIGURE 4.1. Unconsolidated Assembly Test Section

containing the assembly was assumed to be in the range of 0.2 to 0.3. The

reported emittance ranges were based on vendor-supplied data or published

values.

Figure 4.1 also indicates the radial locations of the thermocouples with

which the measurements were taken. Three of the four sides of the fuel tube

were instrumented, as were six of the heated rods. The thermocouples on the

fuel tube were brazed to the outer surface of the plates, and those on the

rods were inserted in holes drilled in the aluminum. The aluminum was

pinched around the thermocouple wires to ensure good mechanical and thermal

contact. Thermocouples were located at the radial positions indicated in

Figure 4.1 at three axial levels along the assembly heated length. Plane A

was 2 in. from one end of the assembly, Plane B was the midplane of the

assembly, and Plane C was 2 in. from the other end of the assembly, as shown

in Figure 4.2.

The unconsolidated test section was operated at two power levels equiv-

alent to decay heat rates of 400 W and 800 W for an actual BWR spent fuel
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FIGURE 4.2. Axial Locations of Thermocouple Measurement Planes in the
Consolidated and Unconsolidated Test Sections

assembly. The 400-W decay heat rate is approximately that generated in a BWR

spent fuel assembly with a burnup of 33,000 MWd/MTU and a cooling time of

5 years. Neglecting the effect of axial peaking encountered in an actual BWR

fuel assembly, this translated into an operating power of 400/6 W, or 66.7 W,

for the 24-in.-long test section. The desired boundary temperature was

imposed on the test section by means of an electric heater tape wrapped

around the outer surface of the fuel tube.

Six tests were conducted on the unconsolidated assembly test section, as

summarized in Table 4.1. Four of the tests were conducted with air at atmo-

spheric pressure; the other two were conducted in vacuum. The pressure for

the vacuum tests was reported as less than 10 2 mm Hg. A pressure suffi-

ciently low to permit the mean free path of the gas to exceed any significant

dimension was not achieved. This is supported by test data (Eggers 1985b).

The test matrix was thus essentially one with two power levels and fuel tube

temperatures that ranged from 156'C to 205'C.
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Test

Ul

U2

U3

U4

b- US
U6

Internal
Atmosphere(a)

Air

Air

Air

Vacuum(f) (air)

vacuum(f) (air)

Air

TABLE 4.1. Unconsolidated Assembly Test Matrix

Equivalent
Decay Heat
Level Per Rod-to-Rod Rod-to-Wall Emittance(e)

Unconsolidated Gap, Gap,(d) Inner Canister
Assembly. Watts Inches(c) Inches'' Fuel Rods Surface

400 0.15 0.30 to 0.35 0.8 to 0.9 0.2 to 0.3

400 0.15 0.30 to 0.35 0.8 to 0.9 0.2 to 0.3

800 0.15 0.30 to 0.35 0.8 to 0.9 0.2 to 0.3

400 0.15 0.30 to 0.35 0.8 to 0.9 0.2 to 0.3

800 0.15 0.30 to 0.35 0.8 to 0.9 0.2 to 0.3

400 0.15 0.30 to 0.35 0.8 to 0.9 0.2 to 0.3

(a)
(a)
(b)

(c)

(d)
(e)
Mf)

Atmosphere at atmospheric presure (-760 mm Hg) unless otherwise noted.
Assumes constant decay heat generation rate over active length of BWR fuel assembly; nominal
value.
Rod diameter is 0.500 ±0.001 in.; actual rod-to-rod gap dimension has a tolerance of
±0.005 in.
This gap is uniform on all four sides with tolerance of ±0.010 in.
Emitlance ranges bajed on vendor-supplied data or published values.
<10- mm Hg or <10- Torr.



4.2 CONSOLIDATED ASSEMBLY

The consolidated assembly consisted of 126 rods (equal to two 8 x 8

assemblies with 63 active rods each), arranged on a triangular pitch. The

rods were confined within a canister that fit inside the same stainless steel

tube used to contain the unconsolidated assembly. The test section was

24 in. long overall.

A cross section of the geometry of the consolidated assembly is shown in

Figure 4.3. The rods were of 304 stainless steel tubing (unlike those in the

unconsolidated assembly, which were anodized aluminum tubing), with a nominal

outside diameter of 0.500 in. and a 0.035-in.-thick wall. The tubes were

Spacer
(304 SS)

Outer Canister
Which Simulates
Basket or Tube in
Storage System
(304 SS)

Direct Contact
Between Rod and
Container

Rod-to-Rod Gap
=0 and 0.01 in.

WI

Electrically Heated
Fuel Rod (304 SS) with
0.8 Emittance Coating

Consolidated Assembly
Container (304 SS) with
Surface Emittance
0.2 to 0.9

.i . . . I

f
.I

II_; _
'1

I{XXXXXXXXX)
�cxxxxx�xxxxxj�1

I

I

ir-

I
I

1-W 4

�(XX}�XXXXXX)YI
iC ~X CX )F~UL)U U USpacer _

(304 SS)
III I..- I1 >.4. T 4- .- . - - - - - -
r .,§'1 IW9 -0
U

Refers to Thermocouple Locatioo I

FIGURE 4.3. Consolidated Assembly Test Section
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filled with two-hole ceramic insulators containing Nichromew heater wire to

provide a uniform heat generation profile along the full 24-in. length. The

insulator material was mullite, an aluminum silicate (3A1203-SiO 2). Wire

wraps at each end of the tube centered the mullite in the tube with a nominal

gap of 0.050 in. between the ceramic and the inner surface of the tube. The

emittance of the outer surface of the stainless steel tube was altered by

black nickel plating. This produced a surface emittance reported to be

approximately 0.8 (Eggers 1985a), a value consistent with the emittance of

actual spent fuel rods.

The radial locations of the thermocouples used to measure the tempera-

tures in this test section are also shown in Figure 4.3. The boundary tem-

perature was measured only on the top surface of the test section (E) and at

the center of each end of the test section (thermocouples H2 and H3, not

shown in Figure 4.3). Thermocouples were located at the radial positions

indicated in Figure 4.3 at three axial levels along the assembly. The bound-

ary temperature thermocouples (labeled E in Figure 4.3) were located at

Planes A, B, and C (the same locations used in the unconsolidated test sec-

tion; see Figure 4.2). The thermocouples on the rods were located at three

different axial positions in one half of the test section. Plane 1 was the

midplane of the test section, Plane 2 was 9 in. from the end of the test

section, and Plane 3 was 6 in. from the same end of the test section. Fig-

ure 4.2 shows the relative axial locations of these measurement planes.

The test matrix for the consolidated rod tests is shown in Table 4.2.

The first seven tests (1, 2, and 4 through 8) used rods that were in contact

with a nominal zero rod-to-rod gap. Air and helium atmospheres were used

with equivalent power levels of 100 W, 400 W, and 800 W. The actual power

levels for the 24-in. test section were 1/6 of the equivalent assembly power

levels. Another five tests (designated as 11, 12, 14, 16, and 18) used rods

that were separated by 0.01 in. using shims at each end of the test section.

The gaps (W1, W2, W3, and W4) between the inner canister and outer fuel tube

M Special nickel chromium alloy used for resistance wire and strip,
manufactured by Driver-Harris Company, Harrison, New Jersey.
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TABLE 4.2. Consolidated Assembly Test Matrix

Equivalent
Decay Heat

Level Per
Emittance (b)

Rod-to-Rod

Internal Consolidated Gap,
Test Atmosohere Canister. Watts Inches

Annular Gap. Mla "

W¶ 2 3 W4

Canister

Fuel Outer

Rods Surface

1 Air

2 Air
4 Air

5 Helium

6 Helium

7 Helium

8 Hetium

11 Air

12 Air

14 Air
16 Helium

18 Helium

100
400

800

100
400

400

800

100
400

800

400

800

400

800

400

800

400

-

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.01
0.01
0.01
0.01
0.01

0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

20-40

20-40

20-40

20-40

20-40

20-40

20-40

30-50

30-50

30-50

30-50

30-50

80-100

80-100

80-100

80-100

20-40

20-40

20-40

20-40

20-40

100-120

100-120

100-120

100-120

100-120

100-120

100-120

70-90

70-90

70-90

70-90
70-90

240-260

240-260

240-260

240-260

100-120

100-120

100-120

100-120

100-120

100-120

100-120

100-120

100-120

100-120

100-120

100-120

70-90

70-90

70-90

70-90

70-90

20-40

20-40

20-40

20-40

100-120

100-120

100-120

100-120
100-120

20-40

20-40

20-40

20-40

20-40

20-40

20-40

30-50
30-50

30-50

30-50

30-50

20-40
20-40

20-40

20-40

20-40

20-40

20-40

20-40

20-40

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.7-0.8

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.8-0.9

0.8-0.9

0.8-0.9

0.8-0.9

Fuel Tube

Inner

Surface

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.2-0.3

0.8-0.9

0.8-0.9

0.8-0.9

0.8-0.9

S-1
S-2

S-3

s-4

S-5

S-7

S-8

S-9

S-10

Air
Air

Helium

Helium

Vacuum

(air)

Air

Air

Helium
Helium

400

800
400
800

(a) Annular gaps varied between high and low values due to bow and bend of canister and storage tube;
aluminum shim plates were used to attempt to maintain gap size In similar range.

Cb) Emittance ranges based on vendor-supplied data or published values.



(refer to Figure 4.3) were somewhat different because of the increased gap

between rods. The results of these tests are documented in Eggers (1985a).

Nine additional tests were performed to assess the effects of an

assembly that is eccentric to the center of the fuel tube and to study the

effect of increasing the emittances of the outer canister surface and inner

fuel tube surface. Tests S-1 through S-4 used an eccentric assembly with air

and helium atmospheres and equivalent power levels of 400 W and 800 W.

Tests S-5 and S-7 through S-10 used increased emittances for the canister and

fuel tube but were otherwise similar to tests 1 through 8 as indicated in

Table 4.2. This series of tests and the resulting data are discussed in

detail in Eggers (1985a).
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5.0 MODELING UNCERTAINTIES

Typical spent fuel storage casks and canisters containing spent fuel

assemblies are complex hydrothermal systems, and some uncertainty about how

best to construct an accurate overall model will always be present. These

uncertainties lead inevitably to approximations, some of which may be dif-

ficult to quantify. Most uncertainties may be placed within one of three

broad categories:

1. basic information that is application-specific and measurable

(e.g., container dimensions, heat generation rates, ambient

conditions)

2. information generic to most applications (e.g., property values,

correlations)

3. decisions about how to achieve the best match between a particular

code and the application (e.g., computational mesh, internal

algorithms).

Some of the more important factors falling within these categories are:

* The information shown on the furnished drawings may be incomplete

or may not accurately reflect the as-built structure.

* Dimensional tolerances may be particularly significant when they

influence small gaps with important thermal resistances. The input

to HYDRA-Il specified dimensions falling within the estimated

range.

* Potential eccentricities, such as the actual placement of the fuel

rods within the container, are a source of uncertainty. The input

to HYDRA-II specified eccentricities within the estimated range.

* The total heat generation rate and the generation rate spatial

profiles have a direct impact on predicted cladding temperatures.

* All material property values possess a range of uncertainty,

although the range for most well-characterized materials is usually

not significant. Exceptions include the emittance of some

5.1



materials, especially if the surface has been altered by some

process (e.g., cladding corrosion or basket structure sandblast-

ing). The HYDRA-II input file specified values believed to be

typical. The potential consequences of a range of values on the

temperature field have not been investigated.

* Some boundary conditions may be difficult to determine. An example

is sparse temperature data for the external canister body.

* Some uncertainties are inherent in the use of discrete solution

methods. An example is the trade-off between mesh coarseness and

accuracy. The conservation equations have been formulated within

HYDRA-II in an entirely consistent fashion. Basically, this means

that any desired numerical accuracy may be achieved by using a

sufficiently large number of computational cells. The practical

trade-off is between accuracy and computer time and costs. The

optimum is difficult to determine a priori.

* Another source of uncertainty results from limitations of models

constructed internal to the code. Thermal radiation models are a

good example. All radiation enclosures within a cask, assembly, or

canister are three-dimensional. Two-dimensional radiation models

are used extensively within HYDRA-II for practical reasons. The

errors associated with this approximation can be reduced, but not

eliminated, by careful selection of a computational mesh.

Finally, there is a fourth category of uncertainty not mentioned pre-

viously--human error. The internal coding or input specifications intended

may not be what is actually present. This situation is at its worst when the

offending mistake results in an error that is both significant and unobtrusive.
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6.0 COMPUTATIONAL METHODOLOGY AND RESULTS

Input models were constructed for the HYDRA-II code to describe the test

sections containing the unconsolidated and consolidated rod assemblies.

These input models consisted of geometric descriptions of the test sections,

parameters modeling the heat transfer due to thermal radiation and conduc-

tion, and specification of the boundary conditions. The computational meth-

odology and results for the unconsolidated rods and consolidated rods are

discussed, respectively, in Sections 6.1 and 6.2. Section 6.2 concludes with

the results of a simulation showing how temperatures might be affected for a

consolidated fuel assembly that touches one side of a fuel tube.

6.1 UNCONSOLIDATED ASSEMBLY

The test section for unconsolidated rods was described in Section 4.1.

The computational mesh and material properties used to model the physical

test section are described here. Section 6.1 concludes with a discussion of

predictions compared to experimental data.

6.1.1 Computational Methodoloov

A transverse cross section of the unconsolidated assembly was shown in

Figure 4.1. Figure 6.1 shows the corresponding computational mesh employed,

and indicates the alignment of mesh with various physical features of the

assembly test section. A single layer of computational cells in the trans-

verse plane was used to model the test section midplane.

The HYDRA-II code generally computes a temperature and three mass fluxes

(if convection is present) corresponding to each computational cell. How-

ever, in this application, convection was insignificant compared to conduc-

tion and thermal radiation heat transfer, so mass fluxes were not computed.

The shape and location of each cell were selected, insofar as practical, to

coincide with physical structures or boundaries of the fuel tube and its con-

tents, because the accuracy of predictions is influenced significantly by how

well the computational mesh is aligned with the physical structure.

Thermophysical properties were obtained from Eggers Ridihalgh Partners

(Eggers 1985b) and Touloukian and Ho (1970). The properties used for all
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a:. . . Rod Assembly

~Fuel Tube

FIGURE 6.1. Transverse Computational Mesh and Its Alignment with
Unconsolidated Test Section Physical Features

simulations are listed in Table 6.1. Effective thermal conductivities were

computed for those computational cells containing more than one material. In

the simulation denoted as vacuum, the actual backfill was air at low pres-

sure. However, the pressure was high enough so that the mean free path of

the gas was less than any significant lengths (gaps). The properties used

for the vacuum simulations were therefore those of air.

The effective thermal conductivity in the axial direction of the rod

assembly was greater than 60 times that in the transverse direction. The

ratio of axial to transverse length of the test section was approximately 4

(24 in./6 in.). This relatively high thermal conductivity in the axial
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TABLE 6.1. Thermophysical Properties Used in Unconsolidated
Assembly Simulations

Material

Aluminum

Mullite

Air

Rods

Fuel tube

Thermal
Conductivity. W/cm*K

1.779

5.0 E-2

0.688E-4 + (0.634E-6)T

Emittance

0.85

0.25

direction allows the potential for substantial heat loss from the ends of

the test section. A heat transfer coefficient accounting for convection and

thermal radiation from the ends of the test section was assumed in the

simulation because this information was not provided in the test documentation

(Eggers 1985b).

6.1.2 Predictions Compared to Data

Two test cases were selected for simulation: 1) case U1, air atmo-

sphere, 401 W decay heat rate, and 2) case U5-A, vacuum (air) atmosphere,

809 W decay heat rate. These two test cases include the two nominal decay

heat rates (400 W and 800 W) used in the experiments. Other test cases had

slightly different boundary temperatures and therefore provide little addi-

tional information.

The HYDRA-II predictions were then compared to the actual test data.

The results are shown in tabular form in Table 6.2 and graphically in

TABLE 6.2. HYDRA-II-Predicted Temperatures Compared to Test-Measured
Temperatures for Unconsolidated Assembly Test Section

Case

Ul

Internal
Atmosphere

Air

Equivalent Decay Heat
Level per Unconsolidated

Assembly. Watts

401

Temperature. *C
Fuel Rod Location
Tube 1 2 3

180 200 194 189
180 204 195 189

Data
Predictions

U5-A Vacuum (air) 809 Data
Predictions

196 246 230 221
196 245 227 216
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Figure 6.2. Overall, the predictions and data are in generally good agree-

ment. The largest discrepancy between predictions and data is 5C, approx-

imately the same as the average scatter in the experimental data. Despite

the good agreement between predictions and data, the results may be subject

Data S Predictions
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3.2
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Assembly Position

HYDRA-II-Generated Temperature Predictions Compared to Test-
Measured Temperature for Unconsolidated Assembly Test Section

FIGURE 6.2.
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to question. The reason is that rod temperatures are very sensitive to the

substantial heat loss from the ends of the test section. The test

documentation provided no information to ensure that the heat losses assumed

in the simulations were those that actually occurred.

6.2 CONSOLIDATED ASSEMBLY

The consolidated rod test section was described in Section 4.2. The

computational mesh and material properties used to model that test section

are presented in the following paragraphs. The HYDRA-II-generated predic-

tions are then compared to experimental data. Predictions for a rod assembly

that is eccentric within a fuel tube conclude this section.

6.2.1 Computational Methodoloav

The consolidated assembly test section was shown in Figure 4.3. Fig-

ure 6.3 depicts the corresponding computational mesh employed and indicates

its alignment with various physical features of the test section. A single

layer of computational cells in the transverse plane was used to model the

midplane of the test section.

As with the unconsolidated assembly simulation, mass fluxes were not

computed because convection was insignificant compared to conduction and

thermal radiation heat transfer. Again, each cell's shape and location were

selected, insofar as practical, to coincide with physical structures or boun-

daries of the fuel tube and its contents, to enhance prediction accuracy.

Thermophysical properties were obtained from Eggers (1985b) and

Touloukian and Ho (1970). The properties used for all simulations are listed

in Table 6.3. Effective thermal conductivities were computed for those

computational cells containing more than one material.

6.2.2 Predictions Compared to Data

Six test cases were selected for simulation; they include two decay

heat rates (400 W and 800 W), two backfill gases (air and helium), and the

two rod-to-rod gaps (0.0 in. and 0.01 in.). The HYDRA predictions were then

compared to the measured temperatures obtained in the tests.
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FIGURE 6.3. Transverse Computational Mesh and Its Alignment with
Consolidated Test Section Physical Features

The results of the comparisons are shown in Table 6.4. The rod loca-

tions referred to in Table 6.4 are shown graphically as part of Figures 6.4

through 6.6. The agreement between predictions and data is very good. The

mean deviation for the 30 temperature comparisons is ±0.03°C; the standard

deviation (root-mean-square error) is ±2.50C. The largest discrepancy is

5*C. The test documentation (Eggers 1985b) indicates uncertainty limits of

±2.10C for measured temperature differences as well as other sources of

uncertainty, some of which are difficult to quantify. If there are any

trends in the discrepancy between predictions and data, they cannot be

separated from data scatter.
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TABLE 6.3. Thermophysical Properties Used in Consolidated
Assembly Simulations

Material Thermal Conductivity. W/cmOK

Stainless Steel 0.9215E-1 + (0.1465E-3)T

Mullite 5.OE-2

Air 0.688E-4 + (0.634E-6)T

Helium 0.52E-3 + (0.32E-5)T

Emittance

Rods 0.8

Canister 0.25

Fuel tube 0.25

There are, however, clearly discernible trends that relate to different

test parameters. The separate effects of changing power levels, backfill

gases, and rod-to-rod gaps are illustrated, respectively, in Figures 6.4

through 6.6.

Figure 6.4 shows the effect of doubling the equivalent power level from

400 W to 800 W (backfill gas and rod-to-rod gap held constant). Doubling the

power approximately doubles the temperature rise above the fuel tube temper-

ature. The temperature rise would be exactly proportional to the power

level, were it not for temperature-dependent thermal conductivities and the

nonlinearity of thermal radiation. If significant convection were present,

then an additional nonlinearity would be introduced.

Figure 6.5 shows the effect of helium and air backfill gases. The

thermal conductivity of helium is about 2.OE-3 W/cmK, and that of air is

about 3.7E-4 W/cmOK at the test temperatures. The temperature differences

are smaller for the helium backfill gas (compared to air), but not by a fac-

tor of 5 because the thermal conductivities of the assembly material

components remain relatively unchanged.

Figure 6.6 shows the effect of varying the rod-to-rod gaps from 0.0 in.

to 0.01 in. The two gaps are nominal due to slight bowing of the rods and

the difficulty of stacking rods in a precisely hexangular array. The assem-

bly centerline temperature difference (temperature above the fuel tube) is
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TABLE 6.4. HYDRA-Predicted Temperatures Compared to Test-Measured Temperatures
for Consolidated Assembly Test Section

Internal
Case Atmosphere

2 Air

4 Air

8 Helium

12 Air

14 Air

18 Helium

Equivalent Decay Heat
Level per Consolidated Rod-to-Rod

Assembly, Watts Gap, Inches

400 0.0

800 0.0

800 0.0

c

Data
Predictions

Data
Predictions

Data
Predictions

Data
Predictions

Data
Predictions

Data
Predictions

Temperature. 'C
Fuel Rod Location
Tube A B _C D G

195 207 204 201 201 202
195 209 206 202 204 206

195 224 216 211 214 215
195 222 216 210 212 216

191 206 201 198 199 199
191 202 198 194 196 198

197 213 208 205 204 202
197 214 207 203 205 207

192 225 214 209 207 210
192 225 213 205 210 213

193 206 201 197 194 195
193 206 199 195 198 199

400 0.01

800 0.01

800 0.01
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Figure 6.4. HYDRA-II-Predicted Temperatures Compared to Test-Measured
Temperatures for Two Power Levels

27C for the 0.0-in. gap case and 33*C for the 0.01-in. gap case. This is

approximately a 20% increase in centerline temperature for a 0.01-in. gap

increase. Note that this result applies to an air backfill and the specific

test section conditions. Also note that the gaps between the canister and

fuel tube were not identical for cases 4 and 14, as shown in Table 4.2. In

any event, it appears that no severe penalty is associated with a loosely

packed assembly of rods.

6.2.3 TemDerature Predictions for Assembly Eccentric to Fuel Tube

The results presented thus far have been for a rod assembly symmetri-

cally positioned within the fuel tube. The effect, if any, on rod tempera-

tures when a rod assembly is displaced to one side of a fuel tube was also

examined in this analysis. An eccentric assembly is the usual case in prac-

tice, whether the rods are unconsolidated or consolidated, even when the

assembly axis is vertical.
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FIGURE 6.5. HYDRA-II-Predicted Temperatures Compared to Test-Measured
Temperatures for Two Backfill Gases

Four experimental tests (Tests S-1 through S-4 shown in Table 4.2) were

conducted with an eccentric consolidated assembly (Eggers 1985a). Unfor-

tunately, dissimilar boundary conditions and data scatter make it difficult

to discern any trends. However, it is easy to simulate an eccentric

assembly.

Case 14 previously simulated was selected for a different HYDRA-II

simulation that introduced eccentricity. This case had an air atmosphere,

800 W of power, and a 0.01-in. rod-to-rod gap. The space between the can-

ister and fuel tube was 0.08 in. at the top and bottom of the canister (W2

and W3 shown in Figure 4.3 and listed in Table 4.2). In the eccentric case,

the bottom space (W2) was reduced to 0.005 in. and the top space (W3) propor-

tionally increased to 0.155 in. All other parameters remained unchanged.

Results for the centered and eccentric cases are compared in Figure 6.7.

The temperature profiles shown are along the vertical centerline of the
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FIGURE 6.6. HYDRA-II-Predicted Temperatures Compared to Test-Measured
Temperatures for Two Rod-to-Rod Gaps

transverse cross section. The centered case exhibits a symmetric temperature

profile with temperatures in the lower half of the assembly, mirroring those

in the upper half. The eccentric case shows generally lower temperatures in

the lower half of the assembly compared to those in the upper half. The peak

cladding temperature is 3-C (approximately 10%) lower for the eccentric case

compared to the centered case.

The fuel tube temperature is the same for both cases. Under this condi-

tion, more heat leaves the eccentric assembly across the narrow space at the

bottom than at the top. In practice, the fuel tube (and rod assembly) is

part of a larger structure, and excess flow of heat to a portion of the fuel

tube would tend to raise the temperature. The two curves shown in Figure 6.7

can be regarded as limiting cases.

. A
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