The thermal and fast neutron flux distributions as calculated with COMSOL are shown in Figure 8.7
and Figure 8.8, respectively, and are in very good agreement with the NEWT results shown in Figure 8.5
and Figure 8.6. Figure 8.7 and Figure 8.8 are surface plots that show the continuous distribution of the
fluxes. Contour lines overlay these plots to capture the discrete curves of the solution field. Again, the
neutron flux is viewed by the color spectrum scale whereby red represents the largest flux and blue
represents the smallest flux. The square root of the thermal flux is plotted along with the thermal flux
surface plot in Figure 8.7 for the sole purpose of showing more variability in the color spectrum. It is
important to note that the square root of the flux has no physical meaning. As mentioned in the previous
paragraph, steep flux gradients are unique to the compact HFIR core, which are emphasized in Figure 8.7

where the FT is red and all other regions are blue.

Region specific thermal and fast neutron flux surface plots for the FT, FE, CEs, and the beryllium
reflector regions are illustrated in Figure 8.9 through Figure 8.12, respectively. The FT, FE, and
beryllium reflector plots are bounded by the y = -30.48 cm and y = 30.48 cm planes (active fuel length is
only 50.8 cm in length) and the CE surface plot shows the entire length of the elements as modeled. The
width-to-height ratio of the CEs was increased for better visibility of the plot and CE drawings were

placed next to the plots such that the three regions (white, grey, and black) could be easily identified.

Fast neutrons are born in the fuel regions and leak out into the FT and beryllium reflector regions
where they are moderated to lower energies. The fast flux decreases with increasing penetration into the
FT and the beryllium reflector regions because they are being thermalized. The thermal flux increases
with increasing penetration into the FT and is greatest at center of the core. The thermal flux also
increases with increasing penetration into the beryllium reflector and is greatest (in the reflector) at a
distance of approximately 4 cm into the reflector (at the horizontal midplane) and then exponentially

decreases with distance out of the reflector and into the pool.

The fast flux at the horizontal midplane is greatest at the outer edge of the IFE and the inner edge of

the OFE and dips slightly in the region between the FEs since fast neutrons are produced in the fuel
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Appendix C — Additional Space-Time Kinetics Figures

This appendix provides additional figures from Chapter 9. Figures C1 — C14 show the power

distribution in the fuel elements during the control cylinder ejection transient. The position of the control

elements are shown to the right of the surface plots.
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Figure C1. Power density 0.00 seconds into
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Figure C3. Power density 1.00 seconds into
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Figure C2. Power density 0.50 seconds into
control cylinder ejection transient.

Figure C4. Power density 1.3653 seconds into
control cylinder ejection transient.
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control cylinder ejection transient.

T
20 x10
25 M
ed 25
15
10

2
5
0 08
5 15

-10

-15 & 1

-20

57 L 12845639

0.5

-30 t

10
25
20
15 2
10 i
5
15
0 4 08
-5
-10
1

-15 j

-20

25 L '8283505 05

-30 |

10

T A z.aszlxlo’

15 20 25 30 ¥ 3.2846x10’
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control cylinder ejection transient.
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Appendix D — MCNP, NEWT, and COMSOL Neutronics Analyses

This appendix serves to compare certain neutronics parameters such as the effective multiplication
factor, few-group fluxes, and macroscopic absorption cross sections as calculated with MCNP, NEWT,
and COMSOL. The purpose of this appendix is to investigate the rationale behind the unsuccessful
attempt of modeling the black rabbit ejection via the space-time kinetics methodology described in
Chapter 9. The differences in the three computational tools are well documented throughout this
dissertation, but the main differences between the three codes are highlighted in Table D1. For the
studies shown in this appendix, the same geometry and material compositions were used for the MCNP
and NEWT comparisons. Unless specified otherwise, the COMSOL model utilized cross sections

calculated by NEWT.

For the comparisons shown here, three different stationary cases were analyzed. The geometry for all
three cases is identical except for the hydraulic tube configuration. The first case has an aluminum rabbit
housing a 3.81 cm long Gd cylinder at the core midplane and 4 aluminum rabbits above and below the Gd
rabbit. A stack of 9 aluminum rabbits homogenized with water coolant is modeled in the second case and

a water filled hydraulic tube is modeled in the third. An illustration of the three configurations is shown

in Figure D1.

Table D1. MCNP, NEWT, COMSOL neutronic methods.
Code Dimensions Method Data
MCNP 3-D (x, Y, 2) Stochastic Continuous Energy ENDF/B-VII
NEWT 2-D (x,y) Discrete-ordinates 238-group ENDF/B-VII
COMSOL | 2-D axisymmetric (r, z) | 3-group diffusion theory | 3-group data derived from NEWT
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Figure D1. Gd rabbit (left), Al stack (middle), and water filled (right) hydraulic tube configurations.

The effective multiplication factors, ke, corresponding to the Gd rabbit and water filled hydraulic
tube configurations as calculated with MCNP, NEWT, and COMSOL are listed in Table D2. Two
COMSOL cases were run for the configuration with the Gd rabbit: one with Gd absorption cross sections
as calculated with NEWT (N) and one with Gd absorption cross sections as calculated with MCNP (M).
The MCNP calculation predicts the worth of the Gd rabbit configuration with respect to the water filled
hydraulic tube within 6 % of the measured value, but the NEWT calculation is almost 300 % off. The

COMSOL-based three-group diffusion theory calculations greatly over-predict the worth of the Gd rabbit.

The three-group Gd macroscopic absorption cross sections as calculated in both MCNP and NEWT
are listed in Table D3. The fast-group cross sections are within 1.4 % of each other, but the epithermal
and thermal groups differ significantly. The NEWT model over-predicts the epithermal and thermal cross

sections by 47 % and 872 % (almost an order of magnitude) in comparison to the MCNP model.
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Table D2. Worth of Gd rabbit configuration with respect to water filled configuration.

Case Water Filled Gd Rabbit _ %
Kot Ko worth ¢ | Difference
Measured - - -6.98 -
MCNP 1.01763 1.01711 | -6.59 -5.54
NEWT 1.01110 1.00896 | -27.60 295.39
COMSOL (N) 1.01701 1.00857 | -107.90 | 144591
COMSOL (M) 1.01701 1.01105 | -76.00 088.88

Table D3. Gd cylinder macroscopic absorption cross sections (1/cm).

Group NEWT MCNP 100(M-N)/M
thermal 9.842E+02 1.012E+02 -872.46
epithermal 5.614E-01 3.821E-01 -46.92
fast 3.807E-03 3.755E-03 -1.38
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The average three-group neutron fluxes in the Gd cylinder as calculated in MCNP are compared to
the fluxes calculated in COMSOL in Table D4. The epithermal and fast neutron fluxes calculated in both
COMSOL cases are between 1.5 and 2 times less than those calculated with the MCNP model. When
using the absorption cross sections calculated with the NEWT model, the MCNP and COMSOL thermal
neutron flux differs by a factor of 21.6. When the absorption cross sections calculated with MCNP are

used, the thermal flux differs by a factor of 3.4. The COMSOL three-group diffusion theory model

under-predicts the neutron fluxes in the Gd cylinder for all three energy groups.

The COMSOL-derived neutron fluxes are being under-predicted in the Gd cylinder and the worths of
the Gd cylinder are being over-predicted. Thus, the power distribution throughout the reactor core is most
likely not being well calculated. The power distributions as calculated with MCNP, NEWT, and
COMSOL are shown in Figure D2 for the Gd rabbit configuration. The MCNP and NEWT power
distribution are similar except that the NEWT model is slightly under-predicting the power in the IFE and
slightly over-predicting the power in the OFE in comparison to the MCNP model. The difference is
likely due to effect of the Gd rabbit since the NEWT model over-predicts the worth of the Gd rabbit by a
factor of 4. The COMSOL model under-predicts the power at the inner and outer edges of the IFE and

OFE and over-predicts the power in the interior of the IFE and OFE.

Table D4. Neutron flux (neutrons/cm®s) in Gd cylinder.

Group MCNP COMSOL (N) | M/[C(N)] | COMSOL (M) | MI/[C(M)]
thermal 3.129E+13 1.45E+12 21.57 9.22E+12 3.40
epithermal | 1.035E+15 5.26E+14 1.97 5.81E+14 1.78
fast 1.055E+15 5.74E+14 1.84 5.79E+14 1.82
total 2.122E+15 1.10E+15 1.93 1.17E+15 1.82
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Figure D2. Axially-averaged power density through fuel elements with Gd configuration.

The three-group Al/water macroscopic absorption cross sections as calculated in both MCNP and
NEWT are listed in Table D5. The Al/water mixture represents 9 aluminum rabbits homogenized with
the surrounding water coolant in the hydraulic tube in a region bounded by r = 0.7112 cm, z = +29.55,
and z = -29.55 cm. The percent differences between the MCNP and NEWT-derived thermal, epithermal,
and fast-group absorption cross sections are 0.7 %, 9.7 %, and 5.9 %, respectively. The three-group water
macroscopic absorption cross sections as calculated with both MCNP and NEWT are listed in Table D6.
The cross sections were calculated for the water region bounded by r = 0.7112 cm, z = +29.55, and z = -
29.55 cm. The percent differences between the MCNP and NEWT-derived thermal, epithermal, and fast-

group absorption cross sections are 1.1 %, 11.7 %, and 9.8 %, respectively.
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Table D5. Al stack macroscopic absorption cross sections (1/cm).

Group NEWT MCNP 100(M-N)/M
thermal 1.530E-02 1.540E-02 0.66
epithermal 6.156E-04 6.814E-04 9.65
fast 1.885E-04 2.002E-04 5.88

Table D6. Water filled HT macroscopic absorption cross sections (1/cm).

Group NEWT MCNP 100(M-N)/M
thermal 1.814E-02 1.835E-02 1.12
epithermal 6.732E-04 7.625E-04 11.71
fast 1.677E-04 1.858E-04 9.75
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Since the cross sections listed in Tables D5 and D6 compared well, it was desired to use the
COMSOL space-time kinetics model to study the perturbation caused by ejecting the stack of 9 aluminum
rabbits. A comparison of the transient reactor power calculated with the COMSOL space-time and
COMSOL point kinetics methodologies described in Chapter 9 is shown in Figure D3. An 11.86 MW
ejection was analyzed since low power ejections were being studied at this time. No control element
movement was simulated, so reactivity was only introduced by water replacing the aluminum rabbits.
The vertical green bars in Figure D3 highlight the times when the bottom of the stack of rabbits reach the
bottom of the active fuel, the horizontal midplane, and the top of the active fuel. The power shapes are in
similar agreement, but the space-time model calculates a 7.71 MW decrease whereas the point kinetics

model predicts a 0.38 MW decrease, which is much more realistic.
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Figure D3. Reactor power during aluminum train ejection.
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The NEWT code performs 2-D (x-y plane) neutron transport calculations, and thus, the geometry of
the HFIR as modeled in the code used to calculate the spatial flux distribution and prepare few-group
cross sections is 2-D. A 2-D model assumes that the geometry is infinitely elongated in the z-direction,
and therefore, the model is per unit depth (z), the properties must be independent of z, and any differential
equation involving the derivative of z can be set to zero. A symmetric boundary condition is used at the
axial centerline where the hydraulic tube is modeled and the largest thermal neutron flux and flux
gradients exist. The hydraulic tube is therefore modeled as if it were infinitely elongated in the z-
direction in the 2-D NEWT model, but in reality, the hydraulic tube is a finite cylinder. This modeling
assumption can cause some issues since HFIR is cylindrical in geometry and the nuclear data being

calculated in 2-D is being used in a 2-D axisymmetric model.

A 2-D axisymmetric (r, z) model has cylindrical geometry (r, z, ¢) and utilizes symmetry about an
axis of revolution (r = 0). The geometry is defined as a cross section that rotates 360 degrees about the
axis of revolution, which in the black rabbit ejection model is the center of the hydraulic tube. The 3-D
problem is confined to the r-z plane and the circumferential dimension (¢) conceptually disappears, the
model is per “loop length” = 2xr, the properties must be independent of ¢, and any differential equations
involving the derivatives of ¢ can be set to zero. A schematic representation showing the differences
between a 2-D and a 2-D axisymmetric geometry is depicted in Figure D4. The planes outlined by the
blue lines in this illustration represent the r-z plane modeled in COMSOL and the x-y plane modeled in

NEWT.
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Figure D4. 2-D axisymmetric (left) and 2-D (right) geometry illustrations.

In conclusion, the space-time black rabbit ejection model is over-predicting the effects (transient
reactor power level, reactivity worth, etc.) caused by ejecting the black rabbit out of the HFIR hydraulic
tube. Some investigative studies were performed and documented in this appendix. A summary of the

conclusions are described below:

e The few-group nuclear data being calculated via the NEWT representation is not sufficiently
accurate.
o The geometric representation in NEWT appears to provide an inadequate representation of
HFIR geometry. NEWT utilizes 2-D (x, y) geometry, but HFIR is cylindrical (r, z, ¢).
o The worth of the black rabbit configuration with respect to a water filled hydraulic tube as
calculated by NEWT is 4 times greater than the measured worth.
o The thermal absorption cross section calculated by NEWT is an order of magnitude greater

than that calculated by MCNP.
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The COMSOL three-group diffusion theory model has a limited area of applicability.
o The power distribution with the black rabbit hydraulic tube configuration does not agree
well with the MCNP and NEWT generated power distributions.
o The worth of the black rabbit configuration is being over-predicted and the neutron fluxes
in the Gd cylinder are being under-predicted in comparison to the MCNP calculation.
o The ejection velocity of the stack of rabbits is approximately 140 cm/s, and thus, the
neutron flux is rapidly varying in time.
= The time rate of change in the neutron flux should be small during the time it takes a
neutron to travel a few mean free paths [114].
o Gd has a very large thermal neutron absorption cross section, and thus, is a highly
absorbing media.
= The neutron flux should not be rapidly varying, but it is rapidly changing in the
highly absorbing media. Fick’s law applies to systems in which X, >> X, but the Gd

absorption cross section is greater than the Gd scattering cross section.

Table D6. NEWT-derived Gd cross sections.

Cross Section | Value (1/cm)
P 3.81E-03
> 5.61E-01
PN 9.84E+02
¥ 2 3.58E-03
DI 1.43E-10
> 4.13E-04
xS 9.67E-05

" The absorption properties change drastically at the Gd/Al interfaces since Al has low

absorption cross sections.
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