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Date: November 22, 2016

To: Rick Gunderson

cc Andrew Smolinski, Gilles J. Youinou

From: Javier Ortensi, Benjamin Baker, Andrew Hummel

Subject: Comparison between Point Reactor Kinetics and Spatial Dynamics for the NRAD Reactor

The purpose of this memorandum is to provide insights into the expected differences between Point Reactor Kinet-
ics (PRK) and spatial dynamics (SD) simulations of the NRAD 64 element core [1]. The specific simulation of in-
terest is the bounding reactivity insertion accident (RIA) that includes the sudden insertion of a positive reactivity
experiment as well as the sudden removal of all control rods. The magnitude of the reactivity insertion is approxi-
mately $4.00 using a beta-effective of 0.0070 [2]. Special attention is given to the behavior of the peaking factors as
a function of time since they are used in the safety analysis to determine the peak fuel temperature under adiabatic
conditions.

Methodology

In this work, the continuous-energy Monte Carlo code Serpent version 2.1.27 [3] is employed to prepare cross sec-
tions for the MAMMOTH [4] deterministic model. MAMMOTH is a reactor physics application based on the
MOOSE framework [5]. MAMMOTH uses the Rattlesnake [6] application to solve the neutron transport equation.
A variety of solution schemes for the neutron transport equation are available including Point Reactor Kinetics and
neutron diffusion, which are both used in this work. The neutron cross sections obtained from Serpent are corrected
using the SPH procedure in MAMMOTH [7] in an attempt to preserved the Monte Carlo reaction rates in the vari-
ous cross section zones. In addition, MAMMOTH is capable of computing dynamic reactivity as well as point reac-
tor kinetic parameters as a function of time via adjoint weighting. The following versions were used in the transient
calculations: MAMMOTH (12a42c6), Rattlesnake (8770c4f), YAK (b401c68), and BISON (derived from v1.2
ad3e9f4).

Cross Section Preparation with Serpent

Serpent was used to calculate a high fidelity steady state solution to the k-eigenvalue neutron transport problem.
Along with the eigenvalue, homogeneous cross-sections were generated and used in subsequent transient analyses.
All dimensions and material properties for the Serpent model were taken from the ICSBEP benchmark [8]. Howev-
er, the NRAD benchmark model itself was modified in such a way as to allow proper cross-section generation in all
spectral regions.

The Serpent model consists of 64 low-enriched UZrH fuel elements, 3 control rods, 1 water hole, 4 graphite reflector
rods, and 12 graphite reflector blocks. The fuel elements, graphite rods, and control rods are grouped into 2x2 clus-
ters with a constant pitch of 3.8862 cm. These clusters are then arranged, along with the peripheral graphite reflector
blocks, into a 6x6 array. The x and y pitch between the clusters are equal to 4.05003 cm and 3.85445 cm, respective-
ly. The core sits in a tank with a height and diameter of approximately 151 cm and 90 cm, respectively. The Serpent
input also contains the 2 beam ports, shown in Figure 1. Both measure 13.97 cm wide and have a height equal to
16.51 cm. These regions are modeled as containing just air.
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The cross section generation tasks seeks to separate regions with different materials (where possible) and regions
with similar material but different neutron spectra. A number of independent radial spectral regions shown in Figure
2 were designated based on symmetry and physical location within the core, e.g. fuel regions with one side facing
the reflector and all other sides facing fuel are assigned the same number. Each radial region contains 22 axial cross

Figure 1. Serpent Model Showing Beam Port Detail

section regions. The following region numbering was used:

SANNANE I o

Regions 1100 — 3600 for fuel rods.
Regions 4100 — 4400 for the control rod and water regions.
Regions 5000 — 5800 for graphite reflector regions.
Regions 7200, 7400, 7500, 7700, and 9200 for the east beam port.

Regions 6200, 6400, 6500, 6700, and 9300 for the north beam port.
Regions 9000 and 9900 for the radial water reflector.
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Figure 2. Radial Cross Section Regions for the NRAD 64 Core




The cross sections were based on ENDF/B-VILr0 and were condensed to the 7 energy groups used in previous cal-
culation by GA [1]. The cross sections were tabulated for the state points included in Table 1. Only the state points
indicated with an “X” were calculated and included in the final tabulation. The control rod position was expressed as
a translated distance from the reference fully inserted position. Therefore, CRO is located 20.5875 cm above the bot-
tom of the active core interface.

Table 1. State Points Used in the Functionalization of the Cross Sections

Fuel Temp CRO CRI CR2 CR3 CR4

[K] (20.5875 cm) (24.5875cm)  (28.72867 cm)  (32.72867cm)  (36.98368 cm)
313.15 X X X X X
473.15 X X X X X
553.15 X X X X X
673.15 X X X X X
973.15 X X X
1200.00 X X X

MAMMOTH Spatial Dynamics Analysis Model

The MAMMOTH model uses a cylindrical representation of the water reflector and explicitly models the beam ports
as shown in the finite element mesh in Figure 3. The mesh contains both structured and unstructured grids with hex-
ahedron elements in the former and wedge elements in the latter. Each fuel rod is represented by 16 elements in one
X-Y plane and 16 axial planes. Therefore the axial discretization consists roughly of elements 2.5 cm in height. The
movement of the control rods is introduced with a MOOSE function that linearly interpolates the location of the
control rod as a function of time. The control rods are linearly withdrawn over the course of 0.5 sec. There could be
some sensitivity in the manner the control rods are withdrawn from the core, which can be investigated in the future.

Figure 3. MAMMOTH Mesh for the NRAD 64 Element Core



Temperature coefficients of reactivity were calculated with MAMMOTH to ascertain the static feedback behavior of
the model. The effective multiplication factors, reactivity changes and computed reactivity coefficients are included
in Table 2. The results obtained compare well with GA values [2] and a plot of the reactivity versus temperature is
shown in Figure 4 for both MAMMOTH and GA values. It is worth noting that the GA values are based on isother-
mal All Rods Out (ARO) conditions. The MAMMOTH calculations are based on an approximate ARO configura-
tion (control rods at 1.12 centimeters from the fully withdrawn position) with an isothermal temperature of 313.15 K
(40°C) for the non-fuel materials in the core. The fuel temperature is the only parameter changed. The results indi-
cate that the MAMMOTH model has slightly stronger feedback than that calculated by GA.

Table 2. Reactivity Change with Temperature, ARO

k,—k

(Other materials at 313,15 K) ke Ap = @1 1AWICK]
313.15 1.02328
473.15 1.01394 -9.21E-03 -5.76E-05
553.15 1.00799 -5.90E-03 -7.38E-05
673.15 0.99761 -1.04E-02 -8.67E-05
973.15 0.96484 -3.40E-02 -1.13E-04
1200.00 0.93685 -2.99E-02 -1.32E-04
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Figure 4. Temperature Coefficient of Reactivity



MAMMOTH Point Reactor Kinetics Analysis Model

In order to maintain some consistency between the PRK and the 3-D SD model, the reactor parameters were devel-
oped from the improved quasi-static method. The development of these parameters required the specification of an
adjoint function used as a weighting function. Two adjoint state points at 313.15 K, one with CRs at the pre-
transient position and one with CRs withdrawn, were used to determine the sensitivities of the parameters to the
adjoint function and were found to have little effect. The variation of the effective delayed neutron fraction (B.s) and
the mean neutron generation time (A) was investigated, and B was determined to have very little variation to war-
rant further consideration. The calculated value of the effective delayed neutron fraction was

:BEff = 0007875

On the other hand, the change in the A over time was significant enough to warrant using the two extrema of the
distribution in two separate PRK calculations to determine the sensitivity to this parameter. The values of the mean
neutron generation time were

A = 2.975x107° and 3.182x107° sec.

The PRK reactivity insertion model was based on the steady state points calculated at the isothermal temperature of
313.15K (40°C) with the control rods at various positions as shown in Table 3. The total reactivity inserted is
0.02863, which assuming a beta of 0.007875 corresponds to $3.63. If a B = 0.007 is used instead, the reactivity
insertion corresponds to $4.09. It is important to emphasize that the PRK model is very sensitive to the reactivity
insertion model. This reactivity insertion model is based on a single temperature it is unable to accurately capture the
reactivity insertion in the core as it heats up. Conversely, the SD model provides a much better representation of the
instantaneous reactivity of the core. Future sensitivity calculations should be conducted to properly bound the values
produced by the PRK model, thus assuring the necessary level of conservatism is maintained.

Table 3. Reactivity Model for the PRK

SD model
CR Position ke_ff Ak/k
CRO 0.99480
CRI1 1.00448 0.00974
CR2 1.01283 0.01813
CR3 1.01915 0.02448
CR4 1.02328 0.02863

Since the purpose of this work is to compare similar PRK and SD models, the values of the six group s and lambda
calculated with the MAMMOTH SD model are used in the PRK model. This means that the actual static reactivity is
less than $4.

Thermal Analysis Model

The transient studies included in this report use a simple adiabatic model (no heat flow through the boundaries) for
the fuel temperature field solution during the transient. The adiabatic model has the form:

oT(r,t)
—5; = R, D2 (T, OP(T(1), 1)



where
Y(T (r),t) is the scalar flux [n/cm2-s]
2¢(T(r),t) is the fission cross section [cm-1]
k(T (1), t) is the energy release per fission [J/fission]
1

€E =
pCp

The density of fuel (2.14 g/cc) and the heat capacity are based on GA [9]. The specific heat capacity is functional-
ized with

C, = 1.145206643 + 2.13808x1073 * (t — 298.15) [V/g/K].

The fuel rods are homogenized (not modeled explicitly) in the MAMMOTH spatial model and the volume that rep-
resents a fuel rod is larger than the physical fuel volume. In order to obtain the correct energy deposition and the
corresponding temperature increase, the fuel density is reduced appropriately in order to conserve the total mass of
material within the mesh.

Results

The core power and temperature as a function of time are shown in Figures 5 and 6, respectively. The SD model
predicts a peak power of 600.0 MW, whereas both PRK results are approximately at 855 MW. This discrepancy
could be due to differences in the reactivity model, since small changes to the reactivity model in the PRK solution
can lead to large changes in the peak power computed. The dynamic reactivity for all models is included in Figure 7.
The lower reactivity of the spatial dynamics model yields both lower powers and temperatures.
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Figure 5. Power Transient Profile



The maximum fuel temperature reported is the maximum temperature in the mesh and is not the maximum tempera-
ture inside a fuel rod. To improve the calculation, detailed fuel models could be developed and readily coupled to
the current spatial model.
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Figure 6. Fuel Temperature Profile
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Figure 7. Dynamic Reactivity



Peaking factors at isothermal conditions with a core temperature of 313.15 K (40 °C), ARO are compared with GA
calculations [2] in Table 4 and shown good consistency. Additionally, peaking factors for the SD simulation at the
pre-transient configuration are shown in Table 5. Note that all of the peaking factors are higher in this configuration
since the control rod position pushes the power towards the bottom of the core. The peaking factors obtained during
the transient are reported in Table 6. The locations of the peaking factors provided in Tables 4 through 6 are based
on the map shown in Figure 8. The Hot Rod Power Factor (HRPF) location is by the water hole before and during
the transient. The Peak-to-Average Power Ratio starts (APR) by the west side of the control rod (APR1) and shifts
to the south side of the same control rod during the transient (APR2). Finally, the Rod Peaking Factor (RPF) is lo-
cated north of the control rod and approximately 3.87 cm above the interface at the bottom of the active core. In all
cases the calculated transient peaking factors are below the steady state values at the pre-transient configuration.
This is shown graphically in Figures 9 through 11.

Table 4. Peaking Factors at Steady State ARO

GA ARO MAMMOTH MAMMOTH
Table 2-5 [2] 313.15 K Location
Hot Rod Power Factor, max {—f”’d} 1.585 1.557 (6,6)
Peak-to-Average Power Ratio, max {M} 1.290 1.237 3.8)
axialrod
Rod Peaking Factor, max {%} 1.600 1.606 (3.3,1)
radial,rod
Table 5. Peaking Factors at Steady State Pre-Transient Position
MAMMOTH MAMMOTH
313.15 K Location
Hot Rod Power Factor, max {;T—"d} 1.675 (6,6)
Peak-to-Average Power Ratio, max {M} 1.550 2,7
axialrod
Rod Peaking Factor, max {M} 1.617 3,3,1)
radial,rod
Table 6. Peaking Factors During the Transient
Transient Transient
maximum Location
Hot Rod Power Factor, max {;T—"d} 1.675 (6,6)
Peak-to-Average Power Ratio, max {M} 1.550/1.390 2,7)/(3,8)
axialrod
Rod Peaking Factor, max {M} 1.617 (3,3,1)
radial,rod
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Figure 8. Location of the Peaking Factors
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Conclusions

This work shows that the MAMMOTH spatial model developed at the INL has consistent characteristics (reactivity
coefficients and peaking factors) with the GA model used in previous studies [2]. The reactivity introduced in the
transient is $3.64, which is lower than $4, but this is mainly due to the value of beta-effective calculated in the
MAMMOTH model of (0.00787) versus that used in the GA calculation (0.007). The spatial dynamics simulation
produces core powers and temperatures that are lower than the point kinetics counterpart. The PRK model displays a
high sensitivity to the reactivity insertion model. The reactivity insertion model based on cold steady state conditions
appears to be conservative compared to the spatial dynamics simulation, but further analyses are necessary to
properly bound this conclusion. Finally, in all cases the calculated transient peaking factors are below the steady
state pre-transient configuration values, but not below the values obtained in the ARO steady state configuration.
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