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CIPS Simulation Capability Implemented in VERA

During FY'15, CASL significantly advanced VERA’s capability to mod-
el the CRUD Challenge Problem to predict the occurrence of CRUD
Induced Power Shift (CIPS). VERA has been modified to include the
space and time dependent deposition of CRUD onto the fuel, along with
boron capture and its effects on local rod power and thermal hydraulic
conditions. Early in CASL’s program, coolant chemistry subcompo-
nents (MAMBA and MAMBA-BDM) were developed to describe local
CRUD deposition. Since then the coolant chemistry subcomponents
have been integrated within VERA’s subchannel thermal-hydraulics
and neutronics subcomponents. Most recently all three subcomponents
have been coupled within VERA, allowing VERA to simulate multiple
cycles of operation to simulate CIPS. Figure 1 illustrates a VERA-
predicted CRUD thickness distribution using 3-physics coupling.

VERA’s chemistry component, MAMBA, is used to simulate CRUD
growth in the radial direction (1D) above a specified surface area of a
fuel rod.

The primary physics and chemistry associated with CRUD formation
currently treated in VERA include:

¢ Solving for the radial temperature drop across the CRUD layer,
while accounting for localized heat sinks due to internal (chimney)
boiling within the CRUD layer;

¢ Prediction of CRUD growth which is governed by the time evolv-
ing coolant concentration of particulates, surface erosion due to
fluid flow, the cladding temperature, and the sub-cooled nucleate
boiling rate on the cladding surface;

¢ Time evolving coolant chemistry at the CRUD surface and inside
the pores of the CRUD;

¢ Mass transport of soluble boric acid into the interior of the CRUD
due to boiling induced Darcy flow;

¢ Modeling the diffusion of soluble boric acid inside the CRUD due
to the flow induced concentration gradients within the CRUD lay-
er;

¢ Mass evaporation in the form of steam vapor due to internal
(chimney) boiling with the CRUD layer; and

+ Boron hideout (i.e., the precipitation of soluble boric acid into solid
lithium tetraborate) within the CRUD layer.

The time dependent coolant chemistry is supplied by the calling routine
and consists of the following parameters:

+ Boron concentration;
Lithium;
nickel ferrite (particulate);
nickel (soluble);
iron (soluble);
dissolved hydrogen;

core coolant pressure;
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¢ coolant inlet temperature;
¢ local bulk coolant temperature above the cladding surface element;
+ surface area of the given cladding surface element;

+ surface heat flux at the cladding surface element;

+ temperature of the cladding surface element;
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turbulent kinetic energy in the fluid element above the cladding
surface element;

outer radius of the fuel rod.
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Each of the physical processes have a direct feedback to the others, e.g.,
a locally high power causes higher surface temperatures which cause a
larger local steaming rate, causing more CRUD deposition, which in
turn suppresses the power. The coupling approach using in VERA, with
the parameters exchanged, is shown in Figure 2.

To model the CRUD
in the neutronics cal-
culation, a representa-
tion of the CRUD
layer must be included
in the neutronics sim-
ulation mesh. In order
to prevent the need to
modify the simulation
mesh as the CRUD
grows, a fixed concen-
tric mesh was generat-
ed on the surface of
the fuel and the pre-
dicted CRUD was
homogenized onto the
mesh using volume
homogenization. To
understand how sensi-
tive the results were to
the degree of homoge-
nization of the CRUD,
parametric studies
were completed for
the expected range of
CRUD thickness. In all
cases, the effect on the
meshing was consid-
ered minimal. Extreme
CRUD cases show the most sensitivity but it is considered comparable
to the error introduced by other meshing choices. The results of the
sensitivity studies suggested that a single 150-200 micron thick region
can provide sufficient accuracy to simulate the CRUD layer in the neu-
tronics calculations. Thus, when the CRUD mass is transferred from the
chemistry calculation into the neutronics calculation, it is homogenized
into the fixed CRUD mesh layer.

Figure 1 CRUD predictions using VERA’s

coolant chemistry code coupled with sub-

channel thermal-hydraulics and neutronics
[image courtesy Ben Collins (ORNL)]

The outputs from the chemistry component include CRUD thickness,
the effective thermal resistance of the CRUD layer, the boron mass
surface density, the mass evaporation flux, and the CRUD mass surface

density.
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Figure 2 VERA Coupling Interfaces for CRUD/CIPS Predictions.



To demonstrate the application of the methodology and VERA multi-
physics, researchers Jeff Secker (Westinghouse), Ben Collins (ORNL),
Brian Kendrick (LANL) and Bob Salko (ORNL) simulated Watts Bar
cycles 5, 6, and 7. Cycle 7 was known to have significant CRUD depos-
its and experienced CIPS. It should be noted that there was a long mid-
cycle outage at ~16 GWd/mtU which removed boron from the CRUD
layer. To compensate for this strong power shift upwards, the plant was
operated with several control rods inserted. Cycle 5 did not have CIPS
indications while cycle 6 may have had some mild CIPS indications,
although much less than cycle 7.

The VERA-predicted axial offset during cycle 7 with and without the
CRUD included is shown in Figure 4, along with Watts Bar measured
data. The core locations with the largest boron deposition in the CRUD
and resulting CIPS effects were correctly identified and were also con-
sistent with predictions using the industry CRUD/chemistry code, BOA,
developed by Westinghouse and EPRI, as illustrated in Figure 3.
VERA did predict mild CIPS for cycles 5 and 6, but to a much lesser
extent than cycle 7. Figure 5 shows the distribution of CRUD mass and
thickness predicted across the reactor core for cycle 7.

The simulation was run on 4307 cores on the INL Falcon compute clus-
ter and took 16 hours and 34 minutes to complete which is comparable
to the same case without CRUD.

This initial application of VERA on the CIPS challenge problem indi-
cated a need to further adjust some of the chemistry inputs to improve
the code fidelity when coupled. These adjustments were made and re-
sulted in good agreement between measured and predicted core axial
offset behavior for WBN-1 cycle 7, as shown in Figure 4. However,
there is still room for improvement; while the boron mass and maxi-
mum CRUD thickness predictions are good, the CRUD mass is greatly
over-predicted compared to estimates from plant observations. The
predicted core CRUD mass is in the range of 200-400 pounds, while the
actual CRUD mass estimated in plants that have experienced CIPS is
more likely in the 20-60 pound range. VERA deposits CRUD at all
axial locations on the rod, although the thickest predictions are in the
upper spans of the core, consistent with plant observations. Actual plant
observations suggest there is little CRUD deposited in the lower half of
the fuel assembly.

For more information see CASL-U-2015-0166-000 and CASL-1-2015-
0318-000.
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Figure 3 WBN Cycle 7 Comparison of VERA-predicted CRUD
thickness with Industry code predictions for core location F-10. at
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Figure 4 Watts Bar Cycle 7 predictions with VERA with and without
CRUD feedback compared with plant measurements.
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