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ABSTRACT 

Three dimensional simulation capabilities are currently being developed at Oak Ridge National 

Laboratory using COMSOL Multiphysics, a finite element modeling software, to investigate thermal 

expansion of the High Flux Isotope Reactor (HFIR) low enriched uranium fuel plates. To validate 

simulations, 3D models have also been developed for the experimental setup used by Cheverton and 

Kelley in 1968 to investigate the buckling and thermal deflections of HFIR’s highly enriched uranium 

fuel plates. Results for several simulations are presented in this report, and comparisons with the 

experimental data are provided when data are available. A close agreement between the simulation results 

and experimental findings demonstrates that the COMSOL simulations are able to capture the thermal 

expansion physics accurately and that COMSOL could be deployed as a predictive tool for more 

advanced computations at realistic HFIR conditions to study temperature-induced fuel plate deflection 

behavior.  

1. INTRODUCTION 

The primary mission of the Global Threat Reduction Initiative (GTRI) [1]—a program of the U.S. 

Department of Energy (DOE) National Nuclear Security Administration—is to reduce and protect 

vulnerable nuclear and radiological materials located at civilian sites worldwide. Under one of the GTRI’s 

subprograms, the Reduced Enrichment for Research and Test Reactors (RERTR) [2], research reactors 

and isotope production facilities around the world are being converted from their use of highly enriched 

uranium (HEU) fuel to low enriched uranium (LEU) fuel. To date, 80 of 129 such reactors have been 

converted or shut down worldwide, resulting in a significant reduction of the use of and need for HEU in 

civilian applications. This includes 23 conversions (16 international and 7 in the United States) since 

2004. All of the U.S. research reactors that can be converted with the existing LEU fuel (uranium silicide, 

U3Si2 fuel) have already been converted. Seven U.S. research reactors that have recently been converted 

are from: 

Texas A&M University (2006),  

University of Florida (2006),  

Purdue University (2007),  

Oregon State University (2008),  

Washington State University (2008),  

Idaho National Laboratory (2009), and  

University of Wisconsin (2009).  

Five U.S. high-performance research reactors (HPRRs) still need to be converted to LEU fuel (see 

Table 1); however, using our present silicide-based LEU fuel will not yield the same level of performance 

for those reactors, and therefore options for an ultrahigh-density LEU fuel are currently being explored. 

High-density LEU fuel should be able to withstand high to very high heat fluxes (fission rates) and high 

burn-ups (fission density). Two very high-density LEU fuels are currently being developed by the GTRI 

conversion program: U-Mo dispersion fuel (U density limit ~8.5 g/cc) and U-Mo monolithic fuel 

(U density limit ~17 g/cc); the latter is the most suitable for HPRR conversions [3–5]. 
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Extensive research and development is currently under way at the Oak Ridge National Laboratory 

(ORNL) High Flux Isotope Reactor (HFIR) to convert it from its present HEU fuel core to an LEU fuel 

core [6-16]. Because HFIR is the highest-flux reactor-based neutron source for condensed matter research 

in the United States, its conversion to an LEU fuel should not impact its current neutron flux 

performance. Furthermore, cost, budgetary, and availability issues have dictated that minimal changes be 

made to the overall HFIR facility. Therefore, the goal is to only substitute the fuel type in the existing fuel 

plate design, retaining the same number of fuel plates, with the same physical dimensions, as in the 

current HFIR core. 

HFIR was designed and constructed in the mid-1960s. At that time, its thermal safety analyses were based 

on an in-house code named the “Steady State Heat Transfer Code” (SSHTC) [17]. The SSHTC used results 

from several experiments and validation exercises performed with HEU fuel plates during HFIR’s original 

design stages. It is still in use at HFIR and has changed very little since its original development. However, 

several of its empirical correlations may not be applicable to a U-Mo LEU fuel core, and in the absence of 

an extensive experimental effort to revalidate SSHTC for the LEU fuel design, the focus now is on adopting 

the best available multiphysics simulation technology to answer the needs of the conversion process. 

COMSOL Multiphysics, a commercial finite-element-method-based modeling and simulation software, 

[18], has been identified to support these needs and to eventually replace SSHTC. 

In SSHTC, thermal structural interaction (TSI) physics is incorporated via empirical correlations derived 

from the experimental thermal deflection data produced by Cheverton and Kelley in 1968 [19] (called the 

“Cheverton-Kelley” tests). The correlations were developed for the HEU fuel plate in a convectively 

heated environment and may not be directly applicable for the U-Mo LEU plate. To assess the need for 

redesigning, rebuilding, and repeating the Cheverton-Kelley tests for the LEU fuel plate, three-

dimensional (3D) COMSOL simulations were first performed for the selected experiments that involved 

the aluminum test plate. Simulation results showed a reasonable agreement with the test data and 

demonstrated COMSOL’s ability to accurately capture the temperature-induced deflections observed in 

the Cheverton-Kelley tests. In addition to validating COMSOL for TSI physics, the simulation results 

also confirmed that duplication of the Cheverton-Kelley tests would not be required for TSI analyses of 

LEU fuel plates.  

Table 1. Five U.S. high-performance research reactors in line for 

conversion to low enriched uranium fuel
a
 

Reactor HEU core 

power (MW) 

Primary use Regulator
b
 

Massachusetts Institute of Technology Nuclear 

Reactor 

5  Mixed NRC 

University of Missouri Research Reactor 10 Activation, isotope production NRC 

National Bureau of Standards Reactor (NBSR) 20 Beam science NRC 

Advanced Test Reactor (ATR) 

 

100–250 Fuel and material irradiation DOE 

High Flux Isotope Reactor 85 Beam science, isotope 

production, fuel and material 

irradiation  

DOE 

a
Source: Adapted from J. G. Stevens, “Technical Challenges for Conversion of U.S. High Performance Research Reactors,” 

Presentation to NAS/RAS committee on conversion of research reactors available at: http://dels.nas.edu/resources/static-

assets/nrsb/miscellaneous/StevensPresentation.pdf, 2010. 
bU.S. Department of Energy (DOE); Nuclear Regulatory Commission (NRC). 

 

http://dels.nas.edu/resources/static-assets/nrsb/miscellaneous/StevensPresentation.pdf
http://dels.nas.edu/resources/static-assets/nrsb/miscellaneous/StevensPresentation.pdf
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2. IMPORTANCE OF PREDICTING TEMPERATURE-INDUCED STRUCTURAL 

DEFLECTIONS OF HFIR FUEL PLATE 

HFIR is one of the highest neutron flux producing research reactors in the world. It was designed and 

built in the early 1960s and has been in operation since then. HFIR is a compact flux-trap reactor with a 

very-high-power-density fuel core (e.g., for operation at 100 MW, HFIR’s power density is 2 GW/m
3
). As 

shown in Figs. 1 and 2, HFIR’s 50 L core consists of two 24 in. tall cylindrical fuel elements (called the 

inner and outer fuel elements) built from 540 uniformly spaced thin involute-shape aluminum fuel plates 

(171 inner and 369 outer plates). The inner and outer fuel plates are of the same thickness (50 mil, 1 mil = 

0.001 in.) and height (2 ft); however, they slightly differ in their radial width (~3 in.) and radial fuel 

distribution contours. The involute of the outer fuel plate is relatively flatter than that of the inner fuel 

plate because of the larger radius of its base circle of involute. HFIR plates have a radially contoured fuel 

meat distribution with reduced fuel density (by decreasing thickness of meat) near each plate’s side edges 

to minimize radial power peaking caused by a water (moderator) gap in the side plates.  

 

Fig. 1. A dimensional sketch of HFIR fuel assembly and its cross-sectional plane. 
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Fig. 2. Several photographs of a mock HFIR fuel element showing geometrical complexity of HFIR core. 

The involute-shaped fuel plates in HFIR are uniformly spaced so as to provide an equal coolant flow area 

for each plate within each element. To remove the heat generated in the fuel plates, light water coolant is 

forced through the gaps between the plates at an average inlet velocity of 15.8 m/s. A total of 13,000 gal 

of water passes through the HFIR core every minute. Even then there is a possibility of developing 

unwanted hot regions within the HFIR fuel elements [17, 19, 20] for the following reasons: 

  

manufacturing tolerances in fuel plate dimensions,  

thermal expansion of plates due to radially and axially varying time-dependent heat generation rates,  

possible local segregation of fuel and nonbonds with cladding,  

extension of fuel-bearing material beyond its nominal boundaries,  

pressure- and turbulence-induced structural deflections,  

buildup of oxide layers on the plate surfaces, etc. 
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Thus a reasonably accurate prediction of the hot regions becomes necessary to ensure the safety of the 

reactor when it is converted to use LEU fuel. 

In the core region, HFIR’s thermal performance requirements are very close to their operational limits. 

Thermal safety margins are especially lower in the bottom few inches of the core because of the reduced 

heat transfer between fuel plates and the downward flowing coolant, which, by the time it reaches the 

lower part of the core, is at a higher temperature, resulting in a lower temperature differential between the 

clad surface and the coolant. In addition, a lower coolant pressure in the bottom region of the core further 

reduces the margin between the clad surface temperature and the saturation temperature corresponding to 

the local pressure. Unwanted incipient boiling (void generation and its subsequent feedback to neutronics) 

could lead to hot-spot burnouts and/or subsequent flow instabilities/excursions [20]. Many physical 

processes—including turbulent coolant flow, conjugate heat transfer, thermal-expansion-induced 

structural deflections (thermal structural interaction), and deflections due to a pressure differential across 

a fuel plate (fluid-structure interaction)—can play significant roles in dictating the HFIR core’s overall 

thermal safety limits. 

In HFIR’s fuel elements, both the inner and outer longitudinal edges of each fuel plate are attached to an 

inner and outer cylindrical side plate (see Fig. 1) through tightly fitting in grooves and welding at 1 in. 

intervals (the welds being 0.12 in. long). Because of (i) absence of direct heat source (from fuel) in side 

plates other than gamma absorption and (ii) additional coolant flow through its gaps, the aluminum side 

plates stay significantly cooler than the fuel plates and therefore undergo a lower thermal expansion than the 

fuel plates. That, along with the nonuniform heat generation in the fuel plates (with top and bottom peaks), 

gives rise to a nonuniform thermal expansion of the fuel plates relative to the cooler side plates (differential 

thermal expansion). 

In an ideal case, where each plate in the HFIR fuel elements was identical to the other, and where there 

were no mechanical (channel thickness, fuel loading or fuel homogeneity) or operational perturbations, 

we could have a scenario where azimuthally symmetric neutron flux distribution would produce a 

uniform deflection pattern for each plate. Each plate would bow in the same direction by the same amount 

and would have no significant impact on the thickness of the adjacent coolant channels. However, such 

idealism is not possible in engineering practice, and one has to allow for off-nominal fuel distributions 

and mechanical tolerances within a controlled range. Such perturbations, along with the nonuniform heat 

sources in the plates (in axial, radial, and azimuthal directions), could cause partial closure or significant 

narrowing of the coolant channels due to possible unequal deflections of adjacent plates and may lead to 

safety issues. Therefore, it is necessary to assess a plate’s maximum thermal deflection after 

conservatively accounting for various perturbations.  

In addition, if the temperature difference between a fuel plate and a side plate becomes large enough, and 

if the subsequent longitudinal thermal stresses in a plate exceed a critical value, the fuel plate may buckle 

during operation. The critical buckling stress depends upon several system parameters, including plate 

temperature (material properties), initial geometry, the means of edge attachments to side plates, and 

temperature distribution in both the fuel plate and the side plate. Due to this possibility, in 1968 

Cheverton and Kelley experimentally investigated [19] the differential thermal expansion of a HFIR fuel 

plate with a viewpoint that it could buckle under HFIR operating conditions. However, buckling was 

never observed in their tests and has not occurred at any time during HFIR’s long history of operation. In 

addition, several separate-effect experiments conducted for Idaho’s Advanced Test Reactor development 

during the same time indicated that the buckling stress would not be achieved for HFIR plates under its 

operating conditions. Considering that in LEU plates, only the fuel meat is being replaced with 

approximately same contour shape as the HEU plates, buckling may not be an issue if the steady state 

temperatures in the LEU fuel plates would be in the same range as in their HEU counterparts. 
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Furthermore, because U-Mo fuel material is going to be inherently stiffer than the HEU, it would be less 

prone to buckling when subjected to the same conditions as the HEU fuel.  
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3. SUMMARY OF PAST EXPERIMENTAL INVESTIGATIONS BY CHEVERTON 

AND KELLEY IN 1968 

To investigate the possibility of buckling in HFIR fuel plates, Cheverton and Kelley designed an experiment 

[19] in 1968 to generate thermal stresses in a HFIR fuel plate and measure its differential thermal expansion 

(see Figs. 3 through 6). In their experiments, an involute shaped HFIR test plate attached to a base was 

slowly brought to a uniform temperature in an oven (i.e., it underwent convective heating), and temperature-

induced deflections were measured. Involute shape of the outer fuel plate was chosen for the experimental 

test plates to provide conservative measures because the outer plate is relatively flatter than the inner plate 

and therefore is more prone to longitudinal buckling. The base material was chosen to have a lower 

coefficient of thermal expansion than the fuel plate to allow differential thermal expansion of the fuel plate. 

By choosing different base materials (different thermal expansion coefficients), a family of curves in the 

plate’s longitudinal (axial or along the length of the plate) and transverse (radial or along the width of the 

plate) directions were obtained to quantify the effects of different side plate materials on the fuel plate 

deflections at different temperatures of the fuel plate. Thermal deflection data were collected 

 at several temperatures (ranging from 100°F to 400°F);  

 for several base materials (carbon steel, Invar, and Monel);  

 for different base types (solid base, split base—to mimic rotating side plates in HFIR);  

 for different test plates (fuel plate, aluminum plate, aluminum plate with steel ends—“cold-ended”); 

and  

 for several different edge and end attachments (at different intervals and with different widths of 

attachments).  

Note that Invar is a 36% nickel-iron alloy with a thermal expansion coefficient approximately one-tenth 

that of carbon steel up to 200°C. Invar was chosen to increase the differential thermal expansion of the 

plate relative to the base and thus to provide conservative estimates of temperature-induced deflections of 

the HFIR plate. In contrast, Monel is a 63% nickel-copper alloy with high strength and excellent 

corrosion resistance, and a thermal expansion coefficient very close to the carbon steel. In Table 2, 

several thermophysical properties of different base and plate materials at room temperature are compared.   

Table 2. A comparison of thermophysical properties of different base and plate materials at room 

temperature
c
 

Material Coefficient of 

thermal 

expansion 

(μm/m-K) 

Thermal 

conductivity 

(W/m-K) 

Density 

(kg/m
3
) 

Specific heat 

capacity 

(J/kg-K) 

Modulus of 

elasticity 

(GPa) 

Poisson’s 

ratio 

Al-6061 23.6 167 2700 896 69 0.33 

Carbon steel 12.9 47.4 7850 477 203 0.29 

Invar 1.3 10.15 8050 515 141 0.3 

Monel 13.9 21.8 8800 427 169 0.295 

c
Source: Material property data from www.matweb.com.  

 

http://www.matweb.com/
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Figure 3 shows an involute-shape HFIR test plate constrained to a solid steel base through artificial tab 

attachments at regular intervals (to simulate intermittent weld attachments in a HFIR fuel element) on the 

plate’s longitudinal sides. The plate is held in place on the base using two steel bars and several screws 

(see Fig. 4). Large screws hold the bars to the base, while smaller adjustment screws secure the tabs of the 

plate to the base. The base, which has proper involute edge angles machined on it, is mounted on a track 

that is used as a reference surface for deflection measurements. Plate deflections were measured by a 

differential transformer unit consisting of seven measurement styluses distributed across the width of the 

plate. The transformer unit is able to move in the longitudinal direction on the track’s guideways to allow 

deflection measurements at different heights of the plate. In the experiments, test plates were convectively 

heated to uniform temperatures, unlike the actual HFIR core, where the plates are heated nonuniformly 

(in both the radial and longitudinal directions) from the inside.  

Note that the HFIR fuel plates (both inner and outer) do not carry any fuel in the top and bottom 2 in. of 

its longitudinal ends, resulting in a significantly lower temperature in those regions (called the “cold-end” 

effect). Because the differential expansion between the side plates and fuel plate’s cold ends remains 

small, the unfueled ends act as restraints at the ends of the fuel plate. In an attempt to get closer to the 

realistic HFIR conditions, some experiments were performed with cold ends where the top and bottom     

2 in. of aluminum test plate were cut off and replaced with the same length involute end extensions taken 

from a mock steel test plate. The steel ends were attached to the test plate by means of 0.25 in. overlap 

epoxy-cemented joints. Steel was chosen for the cold ends because it has a lower thermal expansion 

coefficient than the aluminum, and therefore can mimic the effects of relatively cooler top and bottom     

2 in. of HFIR fuel plates. 

On the same experimental setup, Cheverton and Kelley also did some experiments to measure the 

pressure-induced deflections (separate effect tests) and combined pressure- and temperature-induced 

deflections (integral effects). Simulation of pressure-induced deflections in the Cheverton-Kelley setup is 

not part of this investigation and therefore was not modeled and is not discussed in this document. Efforts 

that are independent of this study are underway at ORNL to capture pressure-induced deflections through 

simulations of fluid-structure interactions of HFIR fuel plates.  
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Fig. 3. Experimental setup designed and used by Cheverton and Kelley [19] to measure temperature-

induced structural deflections of a HFIR fuel plate.  

 

Fig. 4. Different components of the experimental thermal deflection measurement apparatus. Involute shape 

end blocks on the top left and right of this photograph are used to constrain the top and bottom ends of the 

fuel plate in some of the experiments [19]. 
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Fig. 5. A dimensional comparison (in inches) of the HFIR outer fuel plate and the test plate used in the 

Cheverton-Kelley experiments. The 2 in. long region in the top (and bottom, not shown here) portion of 

the fuel plate do not contain fuel. Tab attachments are shown on the longitudinal sides of the test plate. The 

test plate was clamped by bars and screws to remain tightly attached to the base [19]. 

 

 

(a) (b) 

Fig. 6. (a) Seven styluses (numbered) of the differential transformer units are shown mounted on the bridge 

that travels on the track’s guideways. Styluses are supported from the bridge and are lightly spring-

loaded against the test plate by means of parallel leaf springs. Positioning is such that the axis of each 

stylus is always normal to the true involute curve at its point of contact with the plate surface. (b) Positions 

of contact are measured in arc length from the involute-generating circle (radius = 5.873 in.) of the outer 

plate: (1) 0.125 in., (2) 0.575 in., (3) 1.025 in., (4) 1.475 in., (5) 1.925 in., (6) 2.375 in., and (7) 2.825 in. 

[19]. 
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4. PRIMARY FINDINGS FROM THE CHEVERTON-KELLEY EXPERIMENTS 

The Cheverton-Kelley experiments indicated that (i) the central portion of the HFIR fuel plates would 

always deflect toward the convex side of the involute, (ii) close to its ends, the plate will deflect toward 

the concave side for a split base experiment (designed to mimic rotatable side plates in HFIR) and toward 

the convex side for a solid base. Typical plate deflections along the longitudinal direction and at several 

cross sections at different heights are shown in Fig. 7. 

One of the test plates was subjected to a 600°F oven temperature—representing three times larger 

differential strain than for a plate at 400°F (typical of HFIR conditions). However, the plate did not 

buckle longitudinally (i.e., the critical buckling load was not achieved). Furthermore, above a temperature 

of 300°F, the shape and deflection of the plate remained nearly constant. 

Experiments to account for the effects of creep (retaining a maximum 400°F temperature for up to 

15 days) and thermal cycling (up to four cycles between room temperature and 400°F) indicated that they 

do not have a significant impact on HFIR’s fuel plate deflections.  

Experiments with solid and split bases resulted in deflections with the same shape in most of the plate; 

however, the magnitudes of deflections were almost two times larger for a plate attached to a solid base 

than a split base of the same material. Furthermore, top and bottom end deflections were found to be in 

the direction opposite to the convex curve of the involute for a split base. A comparison is shown in Fig. 8 

for the outer fuel plate attached to a solid and a split Invar base.  

Several types of edge restraints (different tab widths, fixing intervals, and methods of fixation) were used 

in the experiments. The deflection at the center of the plate tends to increase with an increasing degree of 

side edge restraint. Similar observations were made for the experiments with different degrees of end 

restraint on the top and bottom ends.  

To identify the effects of a plate’s initial shape on its deflections, experiments were conducted by 

purposely inducing perturbations in plate shape by alternate cup-and-ball force applicators on the edge 

tabs. Measured deflections were found to be very close to that of the regularly shaped plate. Therefore, it 

was concluded that the small perturbations in initial shape of the plate do not significantly affect the 

thermal deflections. 
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Fig. 7. Experimental results for a fuel plate on a split steel base constrained at its longitudinal edges through 

0.25 in. tab attachments (the negative deflections at the top and bottom ends are due to the split 

base). Transverse (or radial) deflections follow a parabolic profile with peak deflection occurring in mid-

span of the plate. As shown, longitudinal deflection (along the direction of plate’s length) retains its 

uniform parabolic shape throughout the plate’s length with steep gradients at the top and bottom ends [19].  
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Fig. 8. Experimentally measured transverse deflections (across the plate’s radial width) for the outer HFIR 

fuel plate attached to an Invar base. The instrumented apparatus is heated in an oven from 80°F initial 

temperature to 400°F. Two transverse profiles at different heights of the plate (in inches) represent 

deflection results with a solid and a split base of the experiment. In both the experiments, all the tabs (0.25 

in. thick) of the fuel plate were attached to the Invar base. Transverse deflections follow a parabolic profile 

with peak deflection occurring at the center of the mid-plane of the plate (at 12 in.). Maximum deflection in 

this experiment was about 37 mil for the solid base (conservative case) and 20 mil (almost half of the solid 

base experiment) for the split base experiment. Transverse end deflections are relatively minute (5–8 mil) 

compared with those for the rest of the plate on a solid base; however, on a split base, they tend to be in the 

opposite direction and are larger in magnitude (16–18 mil). In the figure, triangle markers represent results 

for the solid base and circles for the split base [19]. 
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5. COMSOL SIMULATIONS OF THE CHEVERTON-KELLEY EXPERIMENTS 

COMSOL Multiphysics is a finite-element-based simulation software whose multiphysics 

implementation of structural mechanics is based on the principle of virtual work. For stationary 

simulations, a thermal linear elastic model is used which solves a linear elastic equation for the 

displacements and the heat conduction model for the temperatures. More details on the governing partial 

differential equations and their finite element implementation in COMSOL Multiphysics can be found in 

its theory manuals [18].  

In this study, COMSOL is used to perform two sets of simulations for the Cheverton-Kelley experiments. 

They involved a single test plate constrained along its longitudinal side edges (first set) and a single test 

plate attached to a solid/split base with a zero displacement boundary condition at its bottom surface 

(second set). Simulations in the first set provided conservative deflection estimates because of the 

assumed inherent zero deflection for the base or side plates, whereas those in the second set assessed the 

qualitative and quantitative accuracy of simulation results as compared with the experiments. Simulations 

are also performed for the “cold-ended” test plates. 

Individual details of the simulations and their results are provided in the following sections:  

5.1 SIMULATION OF SINGLE PLATE WITH CONSTRAINED SIDE EDGES 

A 3D model of HFIR’s outer fuel plate is developed in COMSOL Multiphysics, and simulations are 

performed for the convective heating of the plate—while fully constrained at its side edges—to predict 

displacements induced by thermal expansion and thermal stresses in the plate. Two scenarios are 

modeled: (1) an outer test plate made of aluminum and (2) an outer test plate with top and bottom steel 

ends (a “cold-ended” plate).  

5.1.1 OUTER TEST PLATE MADE OF ALUMINUM 

A 3D model of the HFIR outer test plate is built in COMSOL Multiphysics and shown in Fig. 9. The 

model plate is made of a single material (aluminum). As a model simplification, the HFIR fuel plate’s 

internals—contoured fuel meat and poison—are not explicitly modeled. However, the model does take 

into account the straight extensions of the test plates that fit into the side plate grooves.  

In the model, the plate is fully constrained at its longitudinal side edges where they meet the side plates 

(i.e., zero displacement boundary condition at the edges). A convective heat transfer coefficient equal to 5 

W/m
2
-K is assumed at all of the plate’s surfaces to represent its slow heating in an oven. The bulk oven 

temperature is assumed to be 400°F; the initial temperature of the plate is assumed to be 80°F.  

Results for the steady-state deformation of the aluminum test plate are shown in Fig. 10. The test plate 

tends to deform toward the convex side of the involute. Deformation follows a parabolic (or sinusoidal) 

profile over most of the plate except at its top and bottom ends, peaking in the central region of the 

involute arc. Deformations at the bottom and top ends are relatively minor compared with that for most of 

the plate. Figure 11 shows unscaled deformations at several cross sections of the test plate. 
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(a) (b) (c) 

Fig. 9. (a) Cross-sectional face of the involute plate sketched on a 2D work-plane in COMSOL Multiphysics. 

(b) 2D involute surface is extruded in the z-direction to generate the outer test plate in 3D. Fixed 

constraints (all the displacements are restricted to be zero) are applied at both longitudinal edges of 

the plate. (c) A nonuniform mapped mesh is generated for the plate. Distribution of elements can be 

individually controlled in the direction of plate thickness, width, and length.  

 

  
(a) (b) 

Fig. 10. (a) Deformation in the HFIR outer test plate due to thermal expansion caused by its convective 

heating from 80°F to 400°F. The plate is fully constrained on both of its longitudinal sides. 

Deformation is in units of mil and is scaled up 20 times for ease of viewing. (b) Fuel plate deflections 

at the bottom end (z = 0 in.) and mid-span (z = 12 in.) of the plate. The highest deflection occurs at the 

mid-span of the plate; deflections are considerably smaller at the bottom and top ends (not shown, same as 

the bottom end due to symmetry). Unlike the longitudinal midplane, the plate at these ends may not deflect 

symmetrically across the involute width. 
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Fig. 11. Temperature-induced deflections—with no viewgraph scaling—at different cross sections of HFIR’s 

outer test plate in the COMSOL Multiphysics simulation results. Deflections are highest at the mid-

span of the plate. 

In Fig. 12, longitudinal variation of thermal deflection is shown for the location of stylus no. 4 

(approximate middle of the plate’s radial width) in the Cheverton-Kelley experiment. Variation is found 

to be uniform along most of the plate’s length except its top and bottom ends. A steep gradient of 

deflection is seen in the top and bottom two inches of the plate.  

  

 

Fig. 12. A plate’s deflection in mil along its length at its longitudinal center plane (1.54 in. arc length from the 

left edge of the plate). The deflection profile is almost flat (uniform) in most of the plate except its top and 

bottom ends.  
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5.1.2 COLD-ENDED OUTER TEST PLATE 

To simulate the cold ends of the Cheverton-Kelley experiments, the 3D model of the plate discussed 

earlier is modified to include a 2 in. long steel section at the top and bottom ends of the plate. A 

convective heat transfer coefficient of 5 W/m
2
-K with 400°F bulk temperature is applied to all surfaces of 

the plate, and the plate is modeled to be fully constrained along its longitudinal edges. A 3D model along 

with the meshing used is shown in Fig. 13. 

 
 (a) (b) 

Fig. 13. (a) COMSOL Multiphysics model of HFIR’s outer test plate with cold (steel) ends. An aluminum 

plate with 2 in. long steel ends attached to its top and bottom was simulated in COMSOL 

Multiphysics for convective heatup and resulting temperature-induced deflections. (b) A user-

controllable mapped mesh is shown for the cold-ended plate. 

Deflections are shown in Fig. 14, which is a 20× scaled viewgraph. The magnitude and shape of the 

deflections for most of the plate do not vary much from the results presented in Sect. 5.1.1; however, at 

the top and bottom ends, the gradient of deformation in longitudinal direction is relatively steeper due to 

the constraints imposed by the lower thermal expansion of the steel ends. The magnitude of maximum 

deflection remains almost the same as that for the regular aluminum plate. The resulting deflections are 

plotted in Figs. 15 and 16 for different cross-sectional planes. Steep variation of deformation at the plate’s 

ends is better observed in Fig. 16, where longitudinal variation is plotted. In most of the plate away from 

its ends, the shape of deflection across the plate’s involute remains constant.  
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Fig. 14. Deformation in the cold-ended outer test plate due to thermal expansion caused by convective 

heating from 80°F to 400°F. The plate is fully constrained on both of its longitudinal sides. Deformations 

at the top and bottom ends are considerably smaller than those of the test plate with no cold ends (see Fig. 

10 for comparison). (Deformations in the viewgraphs are in units of inches and are scaled up 20× for the 

ease of viewing.) 

 

Fig. 15. Deflections at the bottom end (z = 0 in.), cold end interface (z = 2 in.) and at mid-span (z = 12 in.) of 

the cold-ended outer test plate. Maximum deformation at the mid-plane is almost same as it is for its 

counterpart in Fig. 10(b); however, deflections at the top (not shown) and bottom ends are almost half that 

of the regular test plate with no cold ends.  
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Fig. 16. Cold-ended plate’s deflection along its length at its longitudinal center plane (1.54 in. arc length from 

the left edge of the plate) (in mil). The deflection profile is almost flat (uniform) in most of the plate 

except its top and bottom ends. Also, slope of the deformation at the ends of the plate is relatively steep, 

compared with that shown in Fig. 12. The steeper slope is due to restraints caused by the steel ends. 

5.2 SIMULATION OF TEST PLATE ATTACHED TO A BASE 

In order to capture the experimental details more accurately in simulations, the base to which the plate 

was attached in experiments is modeled explicitly in COMSOL Multiphysics. Drawings for the base 

design were obtained from ORNL Research Reactor Division’s Drawing Database (Drawing nos. 

E49928, E49929, E49936, E50152, E50158, E50165, E50166 and E50167) and approximate computer-

aided design (CAD) geometry was developed. Key geometric features of the base that affect differential 

thermal expansion of the plate are modeled accurately (e.g., involute edges of the base in contact with the 

plate’s longitudinal side edges and the base geometry—solid or split). Figure 17 shows the drawing for 

the cross-section of the base used in experiments. Figure 18 shows the modeled CAD geometry and the 

meshing used in the simulations. Notice a restraining bar attached to the base at its top and bottom ends. 
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Fig. 17. Drawing for the base geometry (dimensions in inches) used in the Cheverton-Kelley tests (source: 

drawing no. E50166). 

  
(a) (b) 

  
(c) (d) 

Fig. 18. CAD geometry and meshing developed for the simulation of differential thermal expansion in 

Cheverton-Kelley experiments.  
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Two types of simulations are performed: (1) an aluminum plate attached to solid/split steel and Invar 

bases and (2) cold-ended aluminum plate attached to a solid/split Invar base. Choice of these simulations 

is dictated by the available experimental data. In all of the simulations, a zero-displacement boundary 

condition in the y-direction is applied at the bottom of the base, restricting its displacement perpendicular 

to the base surface. All the other surfaces are free to deform in any direction depending on their thermal 

stresses. Similar to models discussed earlier, a convective heat transfer boundary condition is applied to 

all the surfaces of the plate and the base. Details of the individual simulations are provided in the 

following sections. 

 

5.2.1 ALUMINUM PLATE WITH SOLID/SPLIT STEEL AND INVAR BASES  

Deflection results for the aluminum test plate attached to a solid and a split steel base are shown in Figs. 

19 and 20, respectively. Contours in 3D as well as deflections at selected cross-sectional edges (bottom 

end, mid-span and longitudinal center plane) are provided. Corresponding simulation results for an Invar 

base are shown in Figs. 21 and 22.  

  
(a) (b) 

  
(c) 

Fig. 19. Aluminum plate attached to a solid steel base. (a) y-direction component of the deformation field 

(approximately representing the plate’s deflection perpendicular to its convex surface); (b) the plate’s y-

deflection at its bottom end (z = 0 in.) and at its mid-span (z = 12 in.); (c) the plate’s y-deflection along its 

length at its longitudinal center plane (1.54 in. arc length from the left edge of the plate). 
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(a) (b) 

  
(c) 

Fig. 20. Aluminum plate attached to a split steel base. (a) y-direction component of the deformation field; (b) the 

plate’s y-deflection at its bottom end (z = 0 in.) and at its mid-span (z = 12 in.); (c) the plate’s y-deflection 

along its length at its longitudinal center plane. 
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(a) (b) 

  
(c) 

Fig. 21. Aluminum plate attached to a solid Invar base. (a) y-direction component of the deformation field; (b) 

the plate’s y-deflection at its bottom end (z = 0 in.) and at its mid-span (z = 12 in.); (c) the plate’s 

y-deflection along its length at its longitudinal center plane. 
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(a) (b) 

  
(c) 

Fig. 22. Aluminum plate attached to a split Invar base. (a) y-direction component of the deformation field; 

(b) the plate’s y-deflection at its bottom end (z = 0 in.) and at its mid-span (z = 12 in.); (c) the plate’s 

y-deflection along its length at its longitudinal center plane. 

5.2.2 COLD-ENDED ALUMINUM PLATE WITH SOLID/SPLIT INVAR BASE  

Deflection results for the cold-ended aluminum test plate attached to a solid and a split Invar base are 

shown in Figs. 23 and 24, respectively. Contours in 3D as well as deflections at selected cross-sectional 

edges (bottom end, mid-span, cold-end interface, and longitudinal center plane) are provided.  
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(a) (b) 

  
(c) 

Fig. 23. Cold-ended aluminum plate attached to a solid Invar base. (a) y-direction component of the 

deformation field; (b) the plate’s y-deflection at its bottom end (z = 0 in.), at its interface with steel end  

(z = 2 in.) and at its mid-span (z = 12 in.); (c) the plate’s y-deflection along its length at its longitudinal 

center plane. 
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(a) (b) 

  
(c) 

Fig. 24. Cold-ended aluminum plate attached to a split Invar base. (a) y-direction component of the deformation 

field; (b) the plate’s y-deflection at its bottom end (z = 0 in.), at its interface with steel end (z = 2 in.) and at 

its mid-span (z = 12 in.); (c) the plate’s y-deflection along its length at its longitudinal center plane. 
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6. COMPARISON OF SIMULATION RESULTS WITH EXPERIMENTAL DATA FOR 

VALIDATION 

Simulation results presented earlier are in good qualitative and quantitative agreement with findings from 

the Cheverton-Kelley experiments. Considering several differences between the COMSOL models and 

the actual experiments (e.g., simplified CAD geometry in simulations, fuel plate represented by a 

homogenous material in simulations, tab attachments at the longitudinal sides of the plate in experiments, 

and best estimate material properties used in the models), simulation results show a very good 

quantitative agreement (within engineering limits) and a very accurate qualitative behavior (variation of 

deflection profile with changes in material or physical constraints) with the experimentally acquired data.   

Detailed measurement data are only available for two of the experiments (see Figs. 7 and 8) in which the 

outer fuel plate is constrained to the base with tab attachments. The data were compared with the 

simulation results for the aluminum plate firmly attached (bonded) with the solid and split base. Figure 25 

shows a comparison of mid-span deflections of an aluminum plate attached with Invar base. The 

comparison shown in Fig. 26 is for an aluminum plate attached with a split steel base. Deflection data for 

the mid-span (z = 12 in.) and across the plate’s longitudinal length show a very good agreement with the 

experiments. Qualitatively, simulation results are able to capture the plate’s deflection behavior 

accurately. 

Several peak deflection measurements in experiments are compared with their best-estimate simulation 

model results in Table 3. Amid a large scatter of these experimental measurements with slight changes in 

plate’s attachment to the base [19], these comparisons demonstrate a good engineering agreement 

between the experiments and their best-estimate simulations. 

  
(a) (b) 

Fig. 25. Comparison of mid-span deflections of an aluminum plate attached with Invar (a) solid and (b) split 

bases with experimental results in Fig. 8. Detailed results for these simulation cases are shown in Figs. 

21 and 22. 
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(a) 

 
(b) 

Fig. 26. Comparison of mid-span and longitudinal deflections of an aluminum plate attached with split steel 

base with experimental results in Fig. 7. Detailed results for the simulation is shown in Fig. 20. 
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The following qualitative behavior, as observed in the experiments, is also apparent from the simulation 

results: 

 For a plate attached to a solid base, the whole plate tends to deflect toward the convex of the 

involute when heated and has a uniform deflection in the longitudinal central portion of the plate 

except for its ends, where the deflections are relatively minor.  

 For a plate attached to a split base, the top and bottom ends tend to deflect in an opposite 

direction from the rest of the plate (negative deflection).  

 Because their differential thermal expansion is lower than that for aluminum plate, cold steel ends 

tend to have a restraining effect and as a result, yield significantly lower end deformations for the 

solid base and about the same maximum deformation for the rest of the plate.  

The above qualitative and quantitative comparisons show that the COMSOL simulations are able to 

capture the physical reality within engineering limits and therefore could be applied for predictive 

calculations in determining thermal expansion behavior of HFIR fuel plates. 

Table 3. Comparison of peak deformations at the longitudinal midspan and top/bottom ends of the plate with 

experimental data 

Plate-base 

combination 

Plate type Base type Location Experimental 

peak deformation 

(mil) 

Simulated peak 

deformation  

(mil) 

Al-Steel  Regular Solid Midspan (z = 12 in.) n/a 25 

   Ends (z = 0 or 24 in.) n/a 13 

  Split Midspan 12.5 14.2 

   Ends -10.5 -6.3 

Al-Invar Regular Solid Midspan 37 39.6 

   Ends 7 16 

  Split Midspan 17.5 19.2 

   Ends -18 -23 

Al-Invar Cold ended Solid Midspan n/a 40.6 

   Ends n/a 7.5 

  Split Midspan 26.5 19.7 

   Ends -16.5 -27.6 
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7. CONCLUSIONS 

In 1968, Cheverton and Kelley designed an experimental setup to investigate temperature- and pressure-

induced deflections of HFIR’s outer fuel plate. The study was performed with the intention of 

determining whether the HFIR fuel plate would buckle at the steady-state reactor operating conditions and 

to estimate temperature- and pressure-induced deflection magnitude and profile for the HFIR plate to be 

included in the SSHTC code. The experiment was a greatly simplified representation of the HFIR’s 

steady-state conditions with uniform convective heating, cold (steel) ends, controlled pressure deflections 

at the surfaces, and a split base to mimic rotatable side plates; however, it was able to identify some key 

qualitative features very accurately (e.g., thermal-expansion-induced deflection profiles in the radial and 

longitudinal directions and the absence of buckling even when heating the plate to a higher-than-normal 

temperature.)  

Simulation results in Sect. 5 and their good agreement with experimental data (both qualitative and 

quantitative) confirm that the finite-element-method-based 3D COMSOL simulations are able to 

accurately predict these structural behaviors, precluding the need for repeating Cheverton-Kelley tests for 

the LEU plates. Furthermore, COMSOL simulations will be able to provide detailed assessments of more 

realistic scenarios—with better predictive capability than the Cheverton-Kelley experiments for the HFIR 

core—using turbulent flow, conjugate heat transfer physics, and structural mechanics. 
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