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James D. Freels- Rao V. Arimilli - Kirk T. Lowe

- Isaac T. Bodey

The Role of COMSOL Toward a Low-Enriched Uranium Fuel
Design for the High Flux Isotope Reactor

Abstract Design and safety analyses are underway to conhas been made toward development of benchmark valida-

vert the High Flux Isotope Reactor (HFIR) at the Oak
Ridge National Laboratory (ORNL) from a high-enriched
uranium (HEU) fuel to a low-enriched uranium (LEU)

fuel. The primary constraint for the project is that the ever

tion models of the existing HEU inner-element fuel plates.

Keywords nuclear fuel, heat transfer, fluid flow, struc-
tural mechanics, COMSOL

all fuel plate dimensions and the current neutron flux per-
formance must remain unchanged. This allows minimal
impact on the facility and cost for the conversion, and
provides transparency to the HFIR customer base and ret Reésearch Goals

search projects that depend on the facility for isotopes . ) )

and neutron flux. As a consequence, the LEU design deA primary constraint on HFIR operations is the thermal
mands more accuracy and increased definition and foculimit obtained from design and safety analyses. The present

on safety margin in the analysis efforts than the originallimitations at a power level of 85Mw using HEU fuel is

design.

Several technical disciplines are required to complet
this conversion including nuclear reactor physics, heaisty
fer, fluid dynamics, structural mechanics, fuel fabricatio

and engineering design. The role of COMSOL is to pro-

vide the fully-coupled 3D multi-physics analysis for heat

transfer, turbulent flow, and structural mechanics of the

fuel plates and flow channels. A goal is for COMSOL to

simulate the entire fuel element array of fuel plates (171
inner, 369 outer). This paper describes the progress thal
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based on steady-state analysis using the SSHTC [1] code
and transient analysis using the RELAP5 [2] code. RE-

€LAP5 remains under active maintenance by the NRC and

DOE (depending on which version used) and the HFIR
facility will update their RELAPS models when the LEU
design is committed. The current set of calculations that
provide the RELAPS5 portion of the safety basis will likely
require repeating. Much of the input into the RELAPS
models depends directly on the results from the design-
ased SSHTC.

The SSHTC code was developed at the time HFIR was
originally designed and constructed in the mid-1960s and
has changed very little since. The basis for the thermal
limits include a strong validation history of testing and
experiments. The HFIR has operated safely since approx-
imately 1966 and is now on HEU fuel cycle #423 (about
6-10 cycles per year) and counting. The code documen-
tation and design/structure are not convenient for chang-
ing the code to accommodate an LEU design change; i.e.,
classic '60s vintage FORTRAN along with difficult docu-
mentation and few embedded code comments. Further, in
order to meet the design goal of achieving an equivalent
neutron flux performance within the same overall external
dimensions, the analysis must be carried out well beyond
the capabilities of the present SSHTC code. Therefore, in
order to perform an equivalent design and safety analysis
for LEU fuel using the legacy codes, a major code devel-
opment effort would be required if the SSHTC were to be
retained as the basis code.

The major item of analysis improvement required to
achieve a new HFIR LEU design is a significant reduction



in the “hot spot factor” (HSF). The HSF is a direct ac- acceptable; primarily due to the inexperience of the re-
counting for the uncertainty in manufacturing tolerancessearchers in using COMSOL causing many fundamental
and defects such that a reduction in heat transfer capabilitflaws in the analysis.

(increase in thermal resistance) occurs. The resulting in- A new research team has been formed composed of
crease in temperature causes a reduction in the safety maindividuals with extensive COMSOL experience. The first
gin and therefore restricts the operating range of HFIR.task of this team has been to check and review the initial
Based on present 1-D SSHTC analysis, the hot spot is verfindings. This work is approaching the completion stage
ified to be acceptable by X-ray scanning during the man-and will result in a revised or new report. The tasks nearing
ufacturing process if the defect area is less than approxicompletion are:

mately 0.25-inch square.

This same HSF is also used in the 1-D transient anal-
ysis carried out by RELAP5S. The HSF is implemented in
RELAPS5 by modeling a separate host spot area, and im-
posing a power distribution increased by the HSF. Several
hot spots are modeled in this manner with the worst case
being at the core exit. A “hot streak” is also modeled in
RELAPS in a similar manner.

The application of the HSF is made in a single direc-
tion normal to the fuel plate; also the same direction as the
main convection between the plate and the coolant. The
dominant mode of heat transfer by conduction in the fuel
plate is not credited in the other two dimensions. In uti-
lizing a modern analysis code, such as COMSOL, on this
problem, heat transfer by conduction and convection is ac-
counted for in all three directions of space. Furthermore,
additional physics are also fully coupled to the problem in and | | . |
full detail including structural mechanics. It is expected overlay COMSOL results against SSHTC results.
that the enhanced analysis will significantly reduce the  After completion of these tasks, several additional tasks
HSF and a companion increase in the margin of safetyare to be completed while still focused in the 2D solution
It may also be possible to improve the performance levelmode. These tasks include
of the HFIR.

The essential research goals are:

— verify the models and results from the prior report,

— document and verify SSHTC inputs required for input

into COMSOL,

verify finite-element accuracy by energy-norm meth-

ods as compared to graphical solution results,

— develop a COMSOL material library for HFIR-specific
materials including water that is temperature and pres-
sure dependent,

— develop a 2D non-isothermal turbulent model of the
HFIR HEU fuel plate,

— verify proper boundary conditions to be used in the
modeling with particular attention to the entrance and
exit regions,

— develop a COMSOL-fitted nuclear fuel power distri-
bution curve and verify proper integrated power levels,

— developing proper boundary layer meshing and deter-
mine valid ranges foy™ andT™ mesh dependence,
— Validate COMSOL results for the existing HEU fuel - investigate options for turbulent Prandtl number pro-
plate in pseudo-1D/2D against the SSHTC and com-  vided by COMSOL,
panion test/experiment data taken during the era of the — develop a consistent local hot-spot model revision,
HFIR core design, — develop a consistent entrance and exit model revision,
— Develop a detailed, realistic 3D COMSOL model of — accommodate a fitted-curve power distribution func-
a single HEU fuel plate and coolant channel for flow, tion provided by separate nuclear physics calculation,
heat transfer, and structural mechanics coupled multi- and
physics, and demonstrate the improvement in HSF and — compare and document the final, best-estimate 2D rep-
safety margin, and resentation generated by COMSOL against equivalent
— Develop a companion LEU fuel-plate model (signif- SSHTC and/or RELAPS results.

icantly different internals) at the proposed 100 Mw . .
power level and compare performance. It is anticipated The lessons learned from these 2D studies are directly

that a test program will be conducted to validate theapplicable to the 3D models. An efficient transition to the
LEU model results much more complex and computationally-intensive 3D ex-

tension can be achieved with minimal waste with this type
It is also proposed that an “enhanced HEU” HFIR core of geometric representation of a HFIR fuel plate. For ex-
will be tested to demonstrate the improved safety marginample, the near-wall mesh requirements will have been
realized prior to testing of an LEU-fueled HFIR core. established, all the material-property libraries devethp
and power distribution methodology verified. Four addi-
tional areas of development have been identified and started
in the 3D framework:

2 Tasks Currently Underway or Identified

— development of 3D geometry and meshing extruded
An entry-level study[3] was conducted by a separate re- from a 2D working plane,
search group to evaluate the fundamental capabilities of — in parallel, develop the 3D geometry wiSlolidworks
COMSOL on this problem. The results were only marginally and generate the mesh with COMSOL using the “live



connection” capabilities of the two codes (early resultscus is on the accuracy and proper application of the given

with this approach show the additional benefit of a re- turbulent models and changing these models should it be-

duced number of surfaces to specify for boundary con-come necessary.

ditions), Early results from the 3D model solutions have found
— application of consistent boundary conditions upon thethat a single fuel plate and adjacent coolant channel can be

increased number of surfaces now present in the 3Dsolved with a reasonable level of accuracy with about 100

model; including the application of extrusion coupling axial mesh spacings yielding approximatelx 30° de-

to provide for symmetry to the coolant channel, and grees of freedom (to be solved). The resulting multigrid-
— development of the 3D iterative solution methods re- based iterative solution method requires about 40 GB of

quired to obtain a converged steady-state solution withimemory and takes about a cpu-week to solve on a single

the computing environment. 8-core, shared memory, dual-processor, 64-bit AMD clus-

These 3D tasks are well underway and some preliminar ter node. We are interested in solving the entire HFIR core
y P Xyhich consists of 171 inner fuel plates and 369 outer fuel

results are presented here and in the conference present&—ate& Needless to say, we are most interested in the po-

tion material. tential gains to be obtained from the upcoming release of
the COMSOL distributed parallel processing. We expect

this to be a difficult goal to achieve and will occupy much
3 Areas of Intense Focus of our research focus.

The HFIR fuel plate is designed with a very thin (0.050-
inch) thickness across which is the predominant direction
of heat transfer by convection from the nuclear-heated fueft Current Status and Results
to the coolant. In the span-wise direction, the scale is a few

inches (3.6” for the inner element, and 3.2” for the outer). 2D Results

The length-wise direction, which is the predominant di- ) . )
rection of the coolant flow, is 24-inches. Therefore, the The 2-D, vertical cross-section, non-isothermal HEU fuel

aspect ratio isv 74— 72 in the span-wise direction and Plate model exhibits a strong dependence on the chosen
~ 480 in the length-wise direction. To compound the situ- Meshing scheme. The mesh must be sufficiently dense at
ation, because the Reynolds number, based on the channiéie solid-fluid boundary in order to produce the required
width, is approaching 0 a fine mesh is required near the range ofy™ for the turbulent boundary layer simulation.
wall in the coolant region in order to capture the turbu- OUr first approach was to utilize the free mesh (FM) ca-
lent boundary layer profile and produce a reasongble Pabilities of COMSOL for all domains in the geometry.
range. Therefore, the aspect ratio demands on the finité quality analysis of the model revealed large relative er-
elements are extremely large in the length-wise directiorfors in the energy balance of the fluid domain, while the
in order to be able to obtain a solution. Fortunately, ex-&€nergy balance in the gO“d retained very good agreement,
perience has shown that because the flow is dominant i®" the order of  107°%. The large errors in the fluid
the length-wise direction, large aspect ratios are acceptdomain were obtained regardless of the number of mesh
able for consistent solutions. Therefore, even though thdefinements conducted. Utilizing the COMSOL adaptive
COMSOL mesh generation tools will show a poor quality mesh feature brought no improvement in this error.
element resulting from these large aspect ratios, a careful Mapped meshes (MM) are recommended by COM-
study of the axial (or length-wise) mesh spacing caused bysOL for thin structures such as the HFIR fuel plate. The
the mesh extrusion process should reveal solutions consighesh was changed to a MM approach for those regions
tent with the available test data. Hence, a primary researckhat did notinvolve a curvature in the geometry. This change
focus is the maximum acceptable mesh spacing in the axallowed a suitable mesh to be generated in the fluid do-
ial direction. main adjacent to the fuel plate. Also, the number of ele-

The HFIR was designed to provide the highest neutronments decreased significantly with the MM relative to the
flux in the world for the production of neutrons and iso- FM. While the mesh was visually acceptable in terms of
topes. As a consequence, the demands for heat flux margufficient density at the solid-fluid boundary, the large rel
agement are high, hence, the high Reynolds number flovitive error in the energy ba!ance of the fluid remained.
mentioned earlier. Therefore, it is possible that the range A boundary layer meshing (BLM) approach was then
of applicability of the COMSOL turbulence models pro- investigated. One advantage of the BLM is suitability along
vided by the heat transfer and/or chemical-engineering apthe curved leading edge of the fuel plate. With minimal re-
plication modes; i.ek— £ andk — w, may be deficientin ~ finements, the large relative error in the energy balance of
accuracy for this range of heat and momentum flux. If thisthe fluid was reduced below 4%. The trade off for this ac-
turns out to be the case, COMSOL provides the tools to beceptable model quality is the increase in CPU time and
able to modify these models by either a better model ob-RAM consumption. While the number of eleme(its2 x
tained from literature and/or industry or by derivation of 10°) in the BLM was less than the FM, the total degrees
a new model. Hence, another primary area of research foef freedom was still significant at 2 x 10°
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Fig. 1 Preliminary 2D Results: Velocity Profiles at flow channel en- Fig. 3 Preliminary 2D Results: Coolant surface temperature along
the turbulent flow wall interface. Note: left to right indiea exit to
entrance of the flow channel.

trance (red), start of heated section (blue), end of heatetion
(green), and exit of the flow channel (black).
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Fig. 2 Preliminary 2D Results: Clad surface temperature along the
turbulent flow wall interface. Note: left to right indicatesit to en-
trance of the flow channel.

Some preliminary 2D results in Figure 1 demonstrate

the classic development of the turbulent boundary layer

profile in the coolant channel. The high Reynolds number
and narrow channel width is apparent.

Close examination of the temperature profile at the *
solid and fluid interface is shown by Figures 2 through 4

inclusive. The coolant entrance isat0.6096 meters (24

inches) above the core exit and temperature increasing tc .

ward the exit (left). A near constant temperature diffeeenc
of ~ 20K is shown in Figure 4.

A typical 2D result obtained in an earlier study of the

total temperature of the fuel and coolant system overlayec*

with velocity contours is shown by Figure 5 demonstrat-
ing the importance of the entrance and exit effects on the
velocity. Note that the velocity contours are of non-zero
slope at the exit which implies that not all the convection
heat transfer is complete in the system as it is currently
modeled. The dominant mode of heat transfer is by con-
vection in the wall-normal direction perpendicular to the

coolant flow direction. However, since the goal is to credit

Temperature Difference between Clad and Coolant Along the Heated Surface

20

15

10

Ts-Tf [K]

v

0

-0.1 0

0.1 0.2 0.3 0.4 0.5 0.6
heated length (m)

Fig. 4 Preliminary 2D Results: Clad-Coolant Temperature differ-
he turbulent flow wall interface. Note: left @htiindi-
entrance of the flow channel.

ence along t
cates exit to

all heat transfer mechanisms in this system, we anticipate

an extension in the exit flow recovery length just as the
actual HFIR core is designed.

Fig. 5 Preliminary 2D Results: Total temperature overlayed by
constant-velocity contour lines.
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Fig. 8 COMSOL Boundary Elements of the HFIR Inner Fuel Ele-
ment.

Fig. 6 COMSOL Cross Section Meshing of the HFIR Inner Fuel

Element.

The number of boundary elements is determined by the
construction method, i.e. constant arc length or constant
angle between construction points. This type of geome-
try construction results in at least 126 boundaries. Even
more boundaries or construction points would be needed
to refine the curvature of the involute. In contrast, a simi-
lar Solidworks model would result in only 11 boundaries
because each face is imported as a boundary.

Constructing the 3D model in Solidworks provides a
straight-forward implementation of boundary conditions.
However, more effort is required upfront to construct and
repair the CAD model so that it will mesh successfully.
In the draw mode, the imported geometry may look dis-
jointed, but applying a mesh will refine the curvature in
COMSOL so that it better resembles the initial solid model.
Once meshing is completed, the assignment of boundary

conditions and extrusion coupling variables is greatly-sim
Fig. 7 Mesh Details of the HFIR Inner Fuel Plate COMSOL Model. plified.

A typical result of the simulation is shown in Figure 9
for the metal surfaces. This model solves the non-isotherma
form of the Navier-Stokes equations, along with khe e
turbulence model. This set of equations results in 8 in-
The geometry of the HFIR fuel plates is an involute shape dependent variablgs, v, w, p,1ogk,logd, Ts, T f) to be si-

This basic shape and fuel internals are modeled with COMmultaneously solved in 3D steady-state. The present model
SOL tools to yield the following mesh as shown in Figure ytilizes a geometry without the entrance and exit regions
6. (the importance of which was demonstrated in Figure 5),

A closeup of the meshing details showing the side platesnd creates the 3D mesh by simple extrusion of the working-
coolant, clad, filler, and fuel regions is in Figure 7. Trou- plane mesh shown in Figures 6 and 7. The most-detailed
blesome areas near the coolant corners required extra meaRial spacing solved thus far using this simple extrusion
density to resolve. method was 96 element%-(nch spacing) using linear-

This cross-section mesh was then extruded in the axbasis elements for all the variables and resulted in approx-
ial (z) direction to provide a full 3D simulation of the fuel imately 5x 10° degrees of freedom to be solved. Even at
plate and adjacent cooling channel. The computational rethis resolution, it is not clear that a sufficient level of mes
guirements are extensive due to the large aspect ratio afefinement (particularly in the axial, or length-wise, dire
the actual geometry (24" high , 0.050" fuel plate thick- tion) is sufficient for this model (to be determined).
ness) and the boundary layer mesh requirements of the Even on our 64-bit AMD64 computer with 64GB of
variable-density Navier-Stokes equations. memory, this model is prohibitively large to be solved us-

Figure 8 shows the boundary segments used to proing the COMSOL direct solvers. Therefore, the recom-
duce the outer limits of the fuel plate and flow channel. mended approach, based on the GMRES iterative solver, is

3D Results



utilized. The problem is first split into three groups by us-
ing the segregated stationary solveyv, w, p) , (logk, logd)
, (Ts, Tf). Each group uses the GMRES iterative solver
with the multigrid preconditioner. The multigrid meshing i .
is set up manually by creating, and saving the mesh tc il M S
file, mesh spacings of 12, 24, 48, and 96 axial element: i
and naming the sets mesh case 4, 3, 2, and 1 respectivel ‘ ,,
Mesh case 0 is identical to mesh case 1 with the elemen UL !
basis increased to quadratic everywhere (but has not bee m
solved yet). S ‘

Within each preconditioner iteration, all mesh cases Ny
are both used and assembled. 4 outer preconditioner iterz ’
tions are performed using the V-cycle multigrid cycle. For | ...
all the segregated set, a blocked SOR presmoother is pe
formed at 4 iterations and a relaxation factor of 0.8. The
postsmoother is set up identically as the presmoother. Thc
coarse solver is solved directly using the PARDISO Solvergig g metal Surface (non-coolant) Temperature for a Typical
(mesh case 4). COMSOL Simulation of a HFIR Inner Fuel Plate.

Within each segregated step, a constant damping fac-
tor is set at 0.5 and 2-3 iterations are performed with min- _
imal Jacobian update. The iterations are stopped at eithey Ridge National Laboratory, 1967.

> Morris, D. G. and Wendel, M. W., “High Flux Isotope Reactor
step numbers 2.-3 or tolerance abXx 10~ <. The overall System RELAPS Input Model” Tech. Rep. ORNL/TM-11647,
convergence criteria for each segregated step was set at Oak Ridge National Laboratory, 1993.
1.0x 104 3. Tschaepe, L., Reuggles, A. E., Freels, J. D., and PrimmRIIT.,

With these settings, the model took about a week of ~‘Evaluation of HFIR LEU Fuel Using the COMSOL Multi-
clock time to converge using 8 cpu shared-memory pro- §Z¥EEZ|TZESQQ)J?§36§E‘)' ORNL/TM-2008/188, Oak Ridge
cessors on a 64-bit AMD64 Debian/Gnu-Linux machine
using version 3.5 of COMSOL. The memory required was
about 40 GB of the 64 GB available during this time. On
average, about 6 load factor was constantly used indicat-
ing only 75% utilization of the processors available. The
model could be stopped and restarted, and the new plot
while solving feature was nice. We have not tried version
3.5a, having the new SOR enhancements, on this problem
yet, but hope to do this soon. Our main goal was to demon-
strate that we could solve the problem in a reasonable time
frame and obtain a meaningful solution. We anxiously an-
ticipate further improvements in solution time with the
distributed parallel processing capabilities of COMSOL to
be released soon.

5 Conclusions

It is early in the COMSOL model development for this
project, but these preliminary simulations look very premi
ing. The challenge will be to determine the number of ax-
ial mesh levels and boundary layer resolution such that a
good match with early test data on the fuel design is suffi-
ciently matched. With confidence gained from validation
of the HEU fuel simulations, extended simulations of the
LEU fuel redesign will be forthcoming.
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