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Executive Summary

The current energy deposition model in the CASL neutronics code MPACT assumes all
the fission energy is deposited locally. This approximation limits the accurate represen-
tation of the heating source distribution in the reactor core, which is essential for the
thermal /hydraulic coupling calculations. There has been ongoing work to develop im-
proved models in MPACT to account for the energy deposition distribution of gamma
rays, including direct fission gamma (prompt and delayed) and the gamma rays from
neutron capture. Also, the neutron/photon coupling transport calculation has been
considered as a potential capability to be added in MPACT to provide high-fidelity
heating calculations. In order to provide a reference solution for these gamma heating
models, MCNP has been used in this work to develop a set of energy deposition bench-
mark problems, based on the elective VERA Progression Problems, including single
pin cells, 2-D assemblies and 2-D quarter core cases.

Analysis of the benchmark results shows that the direct coolant heating fraction of
2.6% used in MPACT/CTF coupled calculation is a reasonable approximation for a
fresh whole core calculation, but it would be desirable to allow the burnup depen-
dence of this fraction. As suggested by the results of 2-D assembly calculations, the
energy deposited in the non-fuel regions is non-trivial, e.g., the energy deposited in
an AIC control rod is approximately 1/4 of that in a fuel pin. By comparing the
fission rate distribution with the gamma heat distribution, the possible approach of
a simplified gamma smearing scheme (without solving the gamma transport) can be
investigated using the benchmark results, which is under development in another RTM
milestone(L3:RTM.XSN.P15.01). For the future interest of developing deterministic
neutron/photon coupled transport calculation in MPACT, the data presented in this
benchmark problem can also be used for verification.

Consortium for Advanced Simulation of LWRs i CASL-U-2017-1399-000
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1 Introduction

The energy released per fission is an important quantity in reactor core analysis. Due to the
transport of fission neutrons and gamma rays (prompt, delayed and capture gammas), the
fission energy carried by these particles can deposit their energy away from the place where
the fission event occurs. Therefore, the spatial distribution of energy deposition should be
determined by coupled neutron and photon transport calculations. To investigate the en-
ergy deposition behavior for CASL applications, MCNP6 was adopted in this work to create
a set of energy deposition benchmark problems based on VERA Progression Problems [1],
ranging from a single pin cell, to various 2-D assembly cases, and finally a few 2-D quarter
core problems. A well-defined scheme for energy deposition tally for MCNP5 [2] is used in
this study.

The rest of the report is organized as follows. The theory of fission energy release as well as
the related tallies in MCNP will be discussed in Section 2. In Section 3, the cases investi-
gated in this study are described first. A pin cell case is analyzed to verify the correctness
of our MCNP model for energy deposition tally. Finally, the results of energy deposition
are discussed in two aspects: the energy deposition fractions in different materials and the
spatial distribution of fission rate, total heating and gamma heating. Note in Section 3, only
the essential data are included for discussing the two aspects. More detailed benchmark
results in terms of various energy forms are available in Appendix A.

2 Theory

2.1 Energy Release Per Fission

Throughout the project, we are interested in the energy release per fission that is defined as

following;:
Energy  Energy

¢ Noso M)

in which o is microscopic fission cross section, N is number density of target nucleus and
¢ is neutron flux. Multiplication of all the three terms gives fission rates. The tally scheme
for energy deposition calculation discussed in the next section is adapted from the previous
experience of a VHTR with MCNP5 [2].

E/fission =

2.2 MCNP6 Tallies

2.2.1 Fission Rate

As mentioned in section 2.1, fission rate is defined by multiplication of N, o, and ¢. MCNP6
provides native support for flux tally by f4 card. “F4:n < cell number > 7 in input files
tallies the total scalar flux inside that cell. Besides, the built-in tally multiplier feature(FM
card) allows multiplying the flux by number densities and a specific cross section(e.g. fission

Consortium for Advanced Simulation of LWRs 1 CASL-U-2017-1399-000
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cross section for fission rate purpose). These functions combined give fission rate of cells.
For example,

f14:n 5
fm14:n (-1.0 20002 -6)

indicates tally number 14. Tallies whose id’s ending with 4 are flux tallies. “5” on f card
indicates it is a tally of cell 5. “1.0” in fm card means multiplying the results by total
number density of the current cell. “20002” is material number, and “-6” defines a fission
tally. “20002” and “-6” combined indicates “(microscopic) fission cross section of material
20002”. The whole f and fn set means “tally the flux times fission cross section of cell number
5”7, which is the fission reaction rate.

Internally, F4 tally is a track length estimate of cell lux in MCNP. Given the definition

of average scalar flux,
_ 1 ~
gzﬁU:V/dV/dE/dt/de(F,Q,E,t)

— %/dV/dE/dQ/dtvn(F,Q,E,t) (2)
_ %/dV/dE/dsN(F,E,t)

where €) is the directions particles traveling, v is angular flux, v is particle velocity. The
quantity dEdsN (7, E, t) can be treated as track length density due to neutrons in dE. There-
fore, the average flux can be calculated by summing track lengths and integrating over E.
As a result, MCNP estimates the value by summing WT/V of all particles in a cell, where
W is particle weight and T is track length [4].

2.2.2 Energy Deposition

This section discusses how MCNP6 was used to calculate different forms of energy depo-
sition, numerator of equation 1 in other words. Energy deposition tally is done by f6 and
7 tally cards. For the energy forms listed from section 2.2.2.1 to 2.2.2.5, fission fragments
plus neutrons, prompt gamma and capture gamma are tallied directly by MCNP6, while the
energy deposition from delayed gamma and beta are scaled, as described in their subsections.

F6 Tally: This tally card does track length estimate of energy deposition, which is physically
expressed as equation 3 below:

H= % dE/dt/dV/ant(E)H(E)w(F,Q,E, )
=20 [ apo,(B)H(E) / qv / 4o / dton(F, 9, . 1) (3)

_ % dEc,(E)H(E) / av / dsN (7, E,t)

Consortium for Advanced Simulation of LWRs 2 CASL-U-2017-1399-000
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in which o is total cross section, H(E) is heating number and p, is atom density.

Similar to Section 2, MCNP estimates this by summing WTo,(E)H(E)2, W is particle
weight and T is track length, of all the particles. Specific forms of H(E) depend on types of
particles to be tallied, which will be covered in section 2.2.2.1 and 2.2.2.2 [4].

F7 Tally: This tally card does track length estimate of fission energy deposition, which
is physically expressed as equation 4 below:

H= %Q/dE/dt/dv/anf(EW(ﬁQ,E,t)
- %Q/dEaf(E)/dv/dﬂ/dwn(ﬁﬁ,E,t) (4

- %Q/dEaf(E)/dv/dsN(ﬁE,t)

~—

and this will be estimated by summing WT'o(E)Q?. o is fission cross section, Q is fission
heating QQ value, other are the same as those in equation 3 [4].

2.2.2.1 Fission Fragments and Neutrons F6n card alone tallies energy deposited by
fission fragments and neutrons in a certain cell. The fission neutron energy given by ENDF
is the average energy of neutrons from a fission event. MCNP F6 tally does not count the
energy of neutrons from fission directly. Instead, the neutron energy is tallied when the
neutron interacts with an isotope through other reactions excluding fissions. For thermal
systems, most of the neutron energy is deposited during slowing-down and the average ab-
sorption energy of neutrons is in the order of 0.1MeV, so the neutron energy for most LWR
applications should be close to the fission neutron energy from ENDF. Thus, we can essen-
tially compare it with ENDF value to verify the correctness of our MCNP models.

F6 neutrons: Starting from f6 tally equation 3, the heat deposited by fission fragments
and neutrons uses the heating number in the following form [4]:

H(E)=E = p(BE)[Eiou(E) + Eiy(E) — Q)]
pi(E) = probability of reaction i at neutron incident energy E
Ei,out(E) = average exiting neutron energy for reaction i at neutron incident energy E
E_’M(E) = average exiting gamma energy for reaction i at neutron incident energy E

Q; = Q-value of reaction i

(5)

Consortium for Advanced Simulation of LWRs 3 CASL-U-2017-1399-000
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2.2.2.2 Prompt Gamma Gammas are all tallied by {6p card, in which “p” stands for
“photons”. For F6p alone, it tallies the total energy deposited by prompt gamma and cap-
ture gamma. And prompt gamma can be distinguished if “PIKMT” card is included to pick
up only MT=18, which includes fission introduced prompt gammas only.

F6 photons: Starting from f6 tally equation 3, estimating heat deposited by photons uses
heating number as the following form [4]:

H(E) = E =3 pB)|Erou E)

pi(E) = probability of reaction i at gamma incident energy E

Ei,out(E) = average exiting neutron energy for reaction i at neutron incident energy E
t = 1 — Compton scattering

1 = 2 — Pair production

t = 3 — Photoelectric absorption

(6)

2.2.2.3 Capture Gamma As discussed in Section 2.2.2.2, the first run with f6p alone
can get prompt gamma + capture gamma and the second run with f6p + pikmt can distin-
guish prompt gamma. Subtracting the two values gives energy deposition of capture gamma,
which is very problem dependent. It can range from 5 to 12 MeV /fission.

2.2.2.4 Delayed Gamma Unlike the previous three kinds of particles from section
2.2.2.1 to 2.2.2.3, delayed gamma tally is not supported by MCNP6. In this case, we ob-
tained the delayed gamma energy deposition by scaling the energy deposited by prompt
gamma, which assumes identical spatial distribution of delayed and prompt gamma energy
deposition. The validity of this assumption is discussed in Appendix B. By using capture
gamma and prompt gamma release data from ENDF library and weighting them by fission
rate of each isotope, we can calculate the ratio capture gamma / prompt gamma of the whole
problem domain. Then the delayed gamma depositions estimated by multiplying the ratio
with prompt gamma distribution,

Qo
o

where Q’s are library values and H,, is prompt gamma deposition discussed in 2.2.2.2.

Hoq(r) = Hyp(r) (7)

2.2.2.5 Beta Similar to delayed gamma, but beta is scaled from F7, which is the sum of
fission products, neutrons and prompt gammas, instead of prompt gamma alone. F7 tallies
are done through F7n card.

Hy(r) = Hpa(r) * % (®)

where QQ’s are library values and Hpz is obtained from F7 tally.

Consortium for Advanced Simulation of LWRs 4 CASL-U-2017-1399-000
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2.3 k-correction

For the realistic energy deposition calculation of critical systems, the equilibrium energy de-
position can be tallied with the foregoing scheme. However, the VERA progression problems
investigated in this study are mostly off the critical condition. Since the equilibrium energy
deposition does not exist for a non-critical system, the fission rates tallied by MCNP should
be divided by k.¢; in order for a balanced equation. Therefore, the energy forms directly
computed from fission rates (fission fragments, prompt and delayed gamma and beta) should
be divided by k.fr accordingly, but the energy forms not directly from fission (neutron and
capture gamma) shouldn’t be adjusted. Thus, when computing the energy per fission, this
correction is equivalent to multiplying the tallied energy from neutron and capture gamma
by kcss, but no correction is needed for the direct fission energy forms since k.sy is cancelled
out when dividing the energy by fission rate[3].

This correction has been used to verify the MCNP energy deposition models against ENDF
values. If the MCNP benchmark results are used in the future to verify the energy deposition
calculation of deterministic codes, the correction is not necessary as long as the treatment
is consistent between the results from MCNP and the deterministic code. Thus, the results
included in this report are uncorrected except the pin cell results in Section 3.2 that are
needed to verify the MCNP models using ENDF reference data.

Consortium for Advanced Simulation of LWRs 5 CASL-U-2017-1399-000
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3 Data and Analysis

3.1 Problem Descriptions

VERA Problem 1c is a pin cell case. As shown in Figure 1, the red area at the center
represents the 3.1% uranium fuel rod, the green layer is Zircaloy-4 cladding and the outermost
blue area is moderator. The fuel is at 900K and any other materials are at 600K. This case
is adopted to investigate the burnup effects. Instead of running the depletion calculation
with MCNP, isotopic ‘snapshots’ are generated at various burnups up to 60GWD/tU using
MPACT, and the fuel compositions are fed into a series of MCNP input decks to perform
the neutron/photon coupled calculations.

Figure 1: 1c: Layout

VERA Problem 2 presents a 17 by 17 fuel lattice with 264 fuel pins and 25 guide tubes.
Specific description of each case of problem 2 is shown in Table 1 below and Figure 2.

Table 1: Problem 2 Overview

Problem Name | Descriptions

2b 264 3.1% fuel pins and 25 empty guide tubes.

2f 24 pyrex insertions in the guide tubes.

2g 24 AIC(Silver-Indium-Cadmium) control rods.

2h 24 BAC(Boron Carbide) control rods.

2m 128 of the fuel rods coated by IFBA(Integral Fuel Burnable Ab-
sorber, Zr B, for this case).

2p 24 of the fuel rods mixed homogeneously with Gadolinium integral
burnable absorber (Gdy03).
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Figure 2: Case 2 Layouts

Problem 5 2D presents a quarter 2D 15 x 15 core consisting of the 17 by 17 assemblies
mentioned in Problem 2. Various concentrations of fuel rods, pyrex insertions, AIC and
B4C control rods, core baffle, barrel, vessel, and neutron pads are all included explicitly.
This problem is adopted to investigate power distribution across the core and leakage on the
boundary structural material.

Figure 3 is a quarter preview of p5’s core lattice structure. On the left figure, the num-
ber on the top of each assembly indicates the enrichment of fuel rods in that assembly, and
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the number on the bottom means number of pyrex insertions. And the right figure gives
which assemblies have control rods. Problem 5a has all the control rods fully withdrawn,
Problem 5b has AIC (Silver-Indium-Cadmium) control rods fully inserted and Problem 5¢

has B4C(Boron Carbide) control rods fully inserted.

10 10

11

11

12

13 13

14 14

Enrichment

Number of Pyrex Rods 15

15

Figure 3: Case 5 layout

3.2 MCNP Model Verification

Problem 1c was firstly run to verify the correctness for our MCNP model of VERA problems.
The case was run with reflective boundaries.

Table 2: 1c: Energy Deposition Summary(MeV /fission)

mod

he

zirc

u31

total
k-corrected
ENDF

n+fg

3.073e+00 +- 4.345e-04
2.156e-05 +- 3.050e-09
3.050e-02 +- 4.313e-06
1.695e+02 +- 2.398e-02
1.726e+02 +- 2.398e-02
1.732e+02 +- 2.81e-02
173.97

prompt gamma

3.156e-01 +- 4.464e-05
1.884e-06 +- 2.664e-10
5.674e-01 +- 8.024e-05
5.686e+00 +- 8.042e-04
6.569e+00 +- 8.094e-04
6.569e+00 +- 8.094e-04

6.57

capture gamma
3.110e-01 +- 7.675e-05
1.842e-06 +- 4.564e-10
5.494e-01 +- 1.368e-04
4.828e+00 +- 1.28%e-03
5.688e+00 +- 1.299e-03
6.664e+00 +- 1.44e-03

delayed gamma

3.089e-01 +- 4.369e-05
1.844e-06 +- 2.607e-10
5.553e-01 +- 7.853e-05
5.565e+00 +- 7.871e-04
6.430e+00 +- 7.922e-04
6.430e+00 +- 7.922e-04

6.33

Note: All the material abbreviations are material names from VERAIN files. So do the names in other figures and tables in this report.

beta

0

0

0

6.651e+00 +- 9.406e-04
6.651e+00 +- 9.406e-04
6.651e+00 +- 9.406e-04
6.65

total
4.008e+00 +- 4.456e-04
2.713e-05 +- 3.106e-09
1.703e+00 +- 1.770e-04
1.923e+02 +- 2.406e-02
1.980e+02 +- 2.406e-02
1.995e+02 +- 2.822e-02

Table 2 summarizes each form of energy deposition in each material. As shown in the table,
with K¢y correction, the simulation results are close to the ENDF reference, which affirms
the correctness of our modeling.

3.3 Results of Energy Deposition

3.3.1 Heat Deposition by Material

In the MPACT and CTF coupled calculation, we assume that majority of the fission energy
is deposited locally in the fuel rod, and only a small fraction (typically 2.6%) of the fission
energy is directly deposited into the coolant subchannels around a fuel rod, which primarily
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includes the neutron slowing-down energy and gamma energy deposited in the coolant. The
heat sources from other materials, such as control rod, and structure materials are neglected.
In this section, the heat deposition is investigated in terms of materials to verify the approx-
imations used in MPACT and CTF coupled calculation.

fuel
he
mod
zirc
poison
others
total

fuel
he
mod
zirc
poison
others
total

Table 3: VERA Problem 2 Energy Deposited in each Material(MeV /fission)

2b(U02)

1.917e+02 +- 1.970e-02

2.499e-05 +- 2.234e-09

4.284e+00 +- 2.999%¢-04

1.777e+00 +- 1.503e-04
0
0
1.977e+02 +- 1.970e-02

2f(Pyrex)
1.922e402 +- 2.113e-02
4.903e-05 +- 5.633e-09
4.971e+00 +- 3.767e-04
1.828e+00 +- 1.640e-04
9.583e-01 +- 2.383e-04
1.696e-01 +- 4.036e-05
2.001e+02 +- 2.113e-02

2g(AIC)
1.933e+02 +- 2.2130-02
3.293e-05 +- 3.191e-09
5.500e+00 +- 4.359e-04
1.992e+00 +- 1.823e-04
4.293e+00 +- 1.248¢-03
3.303e-01 +- 8.173e-05
2.055e+02 +- 2.217e-02

2h(B4C)
1.930e+02 +- 2.801e-02
3.782e-05 +- 4.639e-09
5.775e+00 +- 5.951e-04
1.907e+00 +- 2.229¢-04
2.267e+00 +- 7.116e-04
2.998e-01 +- 9.808e-05
2.0320+02 +- 2.803e-02

2m(IFBA)
1.923e+02 +- 2.113e-02
2.684e-05 +- 2.550e-09
5.348e+00 +- 4.046e-04
1.837e+00 +- 1.657¢-04
1.029e+00 +- 1.721e-04
0
2.0050+02 +- 2.113e-02

Table 4: VERA Problem 2 Energy Deposited in each Material in Percentage

2b(U02)

96.93 + 0.01%
0.00 + 0.00 %
217+ 0.00%
0.90 + 0.00 %

0
0
100%

2f(Pyrex)
96.04 +-0.01 %
0.00 +- 0.00 %
2.48 +- 0.00 %
0.91 +- 0.00 %
0.48 +- 0.00 %
0.08 +- 0.00 %
100%

2g(AIC)

94.10 +-0.01 %
0.00 + 0.00 %
2.68 +-0.00 %
0.97 + 0.00 %
2.09 +-0.00 %
0.16 +-0.00 %

100%

2h(B4C)

94.96 + 0.02 %
0.00 + 0.00 %
2.84+-0.00%
0.94 + 0.00 %
1.12 +- 0.00 %
0.15 +-0.00 %

100%

2m(IFBA)
95.90 +- 0.01 %
0.00 + 0.00 %
2.67+-0.00%
0.92 + 0.00 %
0.51 +-0.00 %
0
100%

2p(Gad)

1.953e+02 +- 2.254e-02
3.007e-05 +- 2.930e-09
5.697e+00 +- 4.474e-04
2.258e+00 +- 2.089e-04

0

0
2.032e+02 +- 2.255e-02

2p(Gad)

96.08 +- 0.02%
0.00 +- 0.00 %
2.80 +- 0.00 %
1.11 + 0.00 %

0
0
100%

Table 3 and 4 above show the material separated energy deposition information in absolute
value and fraction respectively. As poisons are present, there is more energy deposited in
regions other than fuel rods, due to the energy produced by neutron capture. A similar
trend is also observed in 2p of gadolinium integrated fuel, because of the smearing effect of
capture gamma over all material regions.

For the 2-D quarter core cases, in addition to the energy transport and deposition inside the
core, energy leakage also occurs in these cases. Energy distribution data is attached in Table
5 and 6 below.

Table 5: VERA Problem 5 Energy Deposited in each Material(MeV /fission)
5a 5b{AIC) 5¢(B4C)
Control Rod 0 1.365E-01 +- 1.880E-04 6.130E-02 +- 5.947E-05
he 3.424E-05 +- 6.034E-09 3.443E-05 +- 6.105E-09 3.450E-05 +- 4.753E-09
mod 5.054E+00 +- 7.233E-04 5.073E+00 +- 7.401E-04 5.074E+00 +- 5.710E-04
pyrex-vera 3.790E-01 +- 1.464E-04 3.734E-01 +- 1.462E-04 3.727E-01 + 1.133E-04
sS 6.310E-02 +- 2.648E-05 7.183E-02 +- 2.939E-05 7.000E-02 +- 2.237E-05
zirc 1.811E+00 +- 3.051E-04 1.8156+00 +- 3.081E-04 1.812E+00 +- 2.389E-04
Fuel Rod 1.920E+02 +- 2.756E-02 1.920E+02 +- 2.801E-02 1.920E+02 +- 2.174E-02
Qutside Core 5.573E-01 +- 3.066E-04 6.577E-01 +- 3.292E-04 6.683E-01 +- 2.570E-04
total 1.999E+02 +- 2.758E-02 2.002E+02 +- 2.803E-02 2.002E+02 +- 2.803E-02
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Table 6: VERA Problem 5 Energy Deposited in each Material in Percentage

5a 5b(AIC) 5¢(B4C)
Control Rod 0 0.07 +- 0.00% 0.03 +- 0.00%
he 0.00 +- 0.00% 0.00 +- 0.00% 0.00 +- 0.00%
mod 2.53 +- 0.00% 2.53 +- 0.00% 2.54 +- 0.00%
pyrex-vera 0.19 +- 0.00% 0.19 +- 0.00% 0.19 + 0.00%
sS 0.03 +- 0.00% 0.04 +- 0.00% 0.03 +- 0.00%
zirc 0.91 +- 0.00% 0.91 +- 0.00% 0.91 +- 0.00%
Fuel Rod 96.06 +- 0.01% 95.94 +- 0.02% 95.97 +- 0.02%
Outside Core 0.26 +- 0.00% 0.31 +- 0.00% 0.33 +- 0.00%
total 100.00% 100% 100%

As shown in these tables, about 0.3% of the energy released is deposited outside the core
lattice area, including baffle, vessels, barrels and reflector regions. The energy deposition
fractions of the materials inside the core are similar to the results from problem 2, i.e., the
cases with control rods have slightly less energy deposited in fuel rods.

We also investigate the change of energy deposition fractions over fuel burnup by calculat-
ing the depletion snapshots of Problem 1c, as shown in Table 7. As burnup increases, less
energy will be deposited in fuel rods and more will be deposited in structural materials and
moderators. This is due to the intensive neutron captures from fission products, generating
more gamma rays. For example, at 60 GWD/tU, more than 14 MeV of capture gamma may
be produced per fission reaction, as compared to 5.83 MeV for a fresh fuel case.

Table 7: 1c Energy Deposited in Different Materials at Different Burnups Stages

0(GWD/tU) 0.1(GWD/tU) 1(GWD/tU) 10(GWD/tU) 20(GWD/tU) 30(GWD/tU) 40(GWD/tU) 50(GWD/tU) 60(GWD/tU)
mod 202+0.00%  207+0.00% 210+ 000%  231+000%  251+000%  2.70+-0.00%  2.87+000%  3.01+000%  3.13+0.00%
he 0.00+-0.00%  000+0.00%  000+000%  000+000%  000+000%  000+000%  0.00+000%  000+0.00%  0.00+ 0.00%
zirc 0.86+0.00%  0.86+0.00% 087+ 000% 095+ 000%  1.01+000%  1.07+0.00%  112+000%  117+0.00% 121+ 0.00%
fuel 97.12+-0.02%  97.07+0.02% 97.03+002% 9675+ 0.02% 96.47+-0.02% 96.23+-0.03% 96.01+003% 9582+ 0.03% 9566+ 0.03%

From the aforementioned results, the 2-D assembly calculations indicate a variation of the
coolant heating fraction (2.1-2.9%) due to the different poison types. For a whole core
calculation, the 2.6% direct coolant heating fraction used in MPACT and CTF coupled
calculation is a reasonable approximation according to Table 6, but it would be desirable to
allow the burnup dependence of this fraction, as suggested by Table 7. More importantly,
the energy deposited in the poison material regions is non-trivial as indicated in Table 4,
especially for the cases with control rods. In the next section, the spatial heat distribution
will be investigated to show the local heat source of these control rods.

3.3.2 Spatial Distribution

This section covers how different forms of energy are spatially distributed across assem-
blies(Problem 2) and cores(Problem 5). The fission rate, total heat deposition and gamma
energy deposition are compared to study the smearing effect caused by gamma heating.
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Figures 4 to 9 show the normalized fission rate, heat deposition and gamma deposition of
Problem 2 cases with each block representing a pin cell. The normalization is done indepen-
dently for the fission rate, total heat deposition and gamma energy deposition, such that the
average of the 264 fuel pin cells is equal to unity. The normalization factor is then applied
to the non-fuel pins as well.

For 2-D lattices, the fission rate distribution is mostly affected by the location of poisons.
The energy deposition generally has the similar distribution patterns as fission rate, because
the majority of the fission energy release is locally deposited. Due to the gamma smear-
ing effect (non-local gamma deposition tends to flatten the gamma energy deposition), the
overall energy deposition is slightly flatter than the fission rate distribution. As mentioned
in the previous section, for some cases the energy deposited in the non-fuel regions is not
negligible. For example, in Problem 2g(AIC), the energy deposited in an AIC control rod is
approximately 1/4 of that of a fuel pin cell, indicating that the heat source from a control
rod should be modeled in order to obtain the more accurate temperature distributions from
the T/H calculation. This may require gamma transport capability in MPACT.

Also, we can compare the fission rate distribution with the gamma heating distribution to
investigate the possible approach of a simplified gamma smearing scheme (without solving
the gamma transport) in order to obtain a more consistent pin power distribution. This has
been investigated in a separate effort [5].

From the top to tbe bottom: Normalized fission rate; heat deposition and total gamma
Maximum Standard deviations below:

Normalized fission rate: 1.52e-03

Normalized fuel heat: 1.31e-03

Normalized total gamma deposition: 8.77e-04

Figure 4: 2b(UO2): Comparison of Normalized Fission Rate, Heat Deposition and Gamma Deposition. Uncertainties are in
Absolute Value.
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From the top to tbe bottom: Normalized fission rate; heat deposition and total gamma
Maximum Standard deviations below:

Normalized fission rate: 1.85e-03

Normalized fuel heat: 1.58e-03

Normalized total gamma deposition: 9.85e-04

Figure 5: 2f(Pyrex): Comparison of Normalized Fission Rate, Heat Deposition and Gamma Deposition Uncertainties are in
Absolute Value.

From the top to tbe bottom: Normalized fission rate; heat deposition and total gamma
Maximum Standard deviations below:

Normalized fission rate: 2.03e-03

Normalized fuel heat: 1.73e-03

Normalized total gamma deposition: 1.02e-03

Figure 6: 2g(AIC): Comparison of Normalized Fission Rate, Heat Deposition and Gamma Deposition. Uncertainties are in
Absolute Value.
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From the top to the bottom: Normalized fission rate; heat deposition and total gamma
Maximum Standard deviations below:

Normalized fission rate: 2.64e-03

Normalized fuel heat: 2.24e-03

Normalized total gamma deposition: 1.36e-03

Figure 7: 2h(B4C): Comparison of Normalized Fission Rate, Heat Deposition and Gamma Deposition. Uncertainties are in
Absolute Value.

From the top to tbe bottom: Normalized fission rate; heat deposition and total gamma
Maximum Standard deviations below:

Normalized fission rate: 1.56e-03

Normalized fuel heat: 1.33e-03

Normalized total gamma deposition: 9.10e-04

Figure 8: 2m(IFBA): Comparison of Normalized Fission Rate, Heat Deposition and Gamma Deposition. Uncertainties are in
Absolute Value.
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From the top to tbe bottom: Normalized fission rate; heat deposition and total gamma
Maximum Standard deviations below:

Normalized fission rate: 1.92e-03

Normalized fuel heat: 1.62e-03

Normalized total gamma deposition: 9.35e-04

Figure 9: 2p(Gad): Comparison of Normalized Fission Rate, Heat Deposition and Gamma Deposition. Uncertainties are in
Absolute Value.

For the 2-D quarter core cases, the energy distributions are tallied on the assembly level
rather than fuel pin level. As shown in Figures 10-12, the assembly-wise gamma heat dis-
tribution is relatively flatter comparing to fission rate and heat deposition, but the gamma
smearing effect is reduced across the assemblies with different enrichments. As discussed in
[5], a single gamma smearing factor across the whole core is not possible, and the fission
rate (primary source of gamma) effect should be included into the determination of gamma
smearing factors. Also, for the assemblies near the reflector, the energy deposition is lower
than one might expect from the smearing effect, and gamma heat is even more lower because
of the leakage of gamma rays. As mentioned in section 3.3.1, approximately 0.3% of the total
energy leaked out of the core, in which about two-thirds are carried away by gamma rays
(see Tables 14-16).
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From the top to tbe bottom: Normalized fission rate; heat deposition and total gamma
Maximum Standard deviations below:

Normalized fission rate: 1.99e-03

Normalized fuel heat: 1.02e-03

Normalized total gamma deposition: 7.30e-04

Figure 10: 5a-2d: Comparison of Normalized Fission Rate, Heat Deposition and Gamma Deposition. Uncertainties are given
in absolute values.

From the top to tbe bottom: Normalized fission rate; heat deposition and total gamma
Maximum Standard deviations below:

Normalized fission rate: 1.54e-03

Normalized fuel heat: 9.94e-04

Normalized total gamma deposition: 7.19e-04

Figure 11: 5b-2d: Comparison of Normalized Fission Rate, Heat Deposition and Gamma Deposition. Uncertainties are given
in absolute values.
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0.929 10.558
0933 0572
0.953 ]0.633

0.772

0.779
0.818

From the top to tbe bottom: Normalized fission rate; heat deposition and total gamma
Maximum Standard deviations below:

Normalized fission rate: 1.20e-03

Normalized fuel heat: 8.12e-04

Normalized total gamma deposition: 5.72e-04

Figure 12: 5c¢-2d: Comparison of Normalized Fission Rate, Heat Deposition and Gamma Deposition. Uncertainties are given
in absolute values.

4 Conclusions

In this work, a set of energy deposition benchmark problems were created based on the
VERA Progression Problems. A well-defined scheme for energy deposition tally for MCNP5
has been used in this study for the energy deposition. The spatial distribution of energy
deposition has been generated in terms of various energy forms available in MCNP calcu-
lation. These benchmark results will be useful to verify the ongoing development of energy
deposition methods in MPACT.

Analysis of the benchmark results shows that the direct coolant heating fraction of 2.6%
used in MPACT /CTF coupled calculation is a reasonable approximation for a fresh whole
core calculation, but it would be desirable to allow the burnup dependence of this frac-
tion. As suggested by the results of 2-D assembly calculations, the energy deposited in the
non-fuel regions is non-trivial, especially for the cases with control rods. For example, in
Problem 2g (AIC), the energy deposited in an AIC control rod is approximately 1/4 of that
of a fuel pin cell, indicating that the heat source from a control rod should be explicitly
modeled in order to obtain the more accurate temperature distributions from T/H calcu-
lation. By comparing the fission rate distribution with the gamma heating distribution,
the possible approach of a simplified gamma smearing scheme (without solving the gamma
transport) can be investigated using the benchmark results. Although the gamma heat is
evenly smeared over the fuel pins of a 2-D assembly, the whole core calculation will require a
more sophisticated gamma smearing scheme to account for the change of gamma source due
to the fission rate difference in different assemblies, which is currently under development
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in another RTM milestone(L3:RTM.XSN.P15.01). For the future interest of developing de-
terministic neutron/photon coupled transport calculation in MPACT, the data presented in
this benchmark problem can also be used for verification.
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Appendix A Benchmark Results

The detailed spatial distribution data of energy deposition by materials are provided in
terms of energy forms, including fission fragments and neutron, beta, prompt gamma, de-
layed gamma, capture gamma, total gamma and total energy. These data are normalized
such that the average fuel pin (for Problem 2) and the average assembly (for Problem 5
2D) energy deposition is equal to the overall energy deposition per fission, which is roughly
200MeV, and uncertainties are all given in absolute values. Also, the spatial integrated en-
ergy of each material is also included. The results of depleted cases of 1c are attached at the
end.

Maximum Standard deviations below:

U:2.59e-01 h:2.85e-08 m:2.59e-03  2:1.90e-03
Legend:

U:u31 h:he m:mod z:zirc

Figure 13: 2b(UO2): Fuel Pin Number Normalized Total Energy Distribution Material Separated (MeV /fission)
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Maximum Standard deviations below:

U:2.58e-01  h:2.75e-08  m:2.35e-03  z:5.17e-05
Legend:

U:u31 h:he m:mod z:zirc

Figure 14: 2b(UO2): Fuel Pin Number Normalized Energy by Fragments and Neutrons (MeV /fission)
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Maximum Standard deviations below:

U:7.61e-03  h:5.21e-09  m:4.95e-04  2:9.24e-04
Legend:

uU:U31 h:he m:mod z:zirc

Figure 15: 2b(UO2): Fuel Pin Number Normalized Prompt Gamma Distribution (MeV /fission)
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Maximum Standard deviations below:

U:1.57e-02  h:7.70e-09  m:1.06e-03  z:1.91e-03
Legend:

U:U31 h:he m:mod z:zirc

Figure 16: 2b(UO2): Fuel Pin Number Normalized Capture Gamma Distribution (MeV /fission)
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Maximum Standard deviations below:

U:7.44e-03  h:5.09e-09  m:4.83e-04  2:9.02e-04
Legend:

uU:u31 h:he m:mod z:zirc

Figure 17: 2b(UO2): Fuel Pin Number Normalized Delayed Gamma Distribution (MeV /fission)
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Maximum Standard deviations below:

U:1.57e-02 h:7.63e-09 m:1.06e-03 2:1.90e-03
Legend:

U:u31 h:he m:mod z:zirc

Figure 18: 2b(UO2): Fuel Pin Number Normalized Total Gamma Distribution (MeV /fission)
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Maximum Standard deviations below:
U:1.01e-02
Legend:
uU:u31

U3l
he
mod
zirc
total

Consortium for Advanced Simulation of LWRs

n+fg

1.695e+02 +- 1.964e-02
1.957e-05 +- 2.165e-09
3.236e+00 +- 2.895e-04
2.965e-02 +- 3.724e-06
1.728e+02 +- 1.964e-02

Figure 19: 2b(UO2): Fuel Pin Number Beta Distribution (MeV /fission)

Table 8: 2b(UO2): Energy Deposition Summary

prompt gamma

5.608e+00 +- 6.248e-04
1.874e-06 +- 2.453e-10
3.612e-01 +- 3.808e-05
6.060e-01 +- 7.032e-05
6.576e+00 +- 6.299e-04

capture gamma

4.441e+00 +- 9.416e-04
1.714e-06 +- 4.312e-10
3.339e-01 +- 5.763e-05
5.493e-01 +- 1.137e-04
5.325e+00 +- 9.502e-04

vil

delayed gamma

5.479e+00 +- 6.103e-04
1.831e-06 +- 2.396e-10
3.529e-01 +- 3.720e-05
5.920e-01 +- 6.869e-05
6.423e+00 +- 6.153e-04

beta
6.642e+00 +- 7.696e-04

6.642e+00 +- 7.696e-04

CASL-U-2017-1399-000

total

1.917e+02 +- 1.970e-02
0 2.499e-05 +- 2.234e-09
0 4.284e+00 +- 2.999e-04
0 1.777e+00 +- 1.503e-04

1.977e+02 +- 1.970e-02



& I A ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

Maximum Standard deviations below:

U:3.14e-01 h:2.25e-07 m:3.29e-03 p:1.23e-02 s:1.84e-03  z:2.15e-03
Legend:

U:u31 h:he m:mod p:pyrex S:85 z:zirc

Figure 20: 2f(pyrex): Fuel Pin Number Normalized Total Energy Distribution Material Separated (MeV /fission)

Consortium for Advanced Simulation of LWRs viii CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression & I A ;

Problems Using MCNP6

Maximum Standard deviations below:

U:3.13e-01  h:2.18e-07 m:3.03e-03  p:1.22e-02 5:6.09e-05 2:5.95e-05
Legend:

U:u31 h:he m:mod p:pyrex s:s8 z2:zirc

Figure 21: 2f(pyrex): Fuel Pin Number Normalized Energy by Fragments and Neutrons (MeV /fission)

Consortium for Advanced Simulation of LWRs ix CASL-U-2017-1399-000



& I A ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

Maximum Standard deviations below:

U:9.23e-03 h:2.67e-08 m:6.00e-04 p:6.30e-04 5:8.06e-04 2:1.03e-03
Legend:
U:u31 h:he m:mod p:pyrex 5:S5 2:zirc

Figure 22: 2f(pyrex): Fuel Pin Number Normalized Prompt Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs x CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression & I A ;

Problems Using MCNP6

Maximum Standard deviations below:

U:1.82e-02  h:5.84e-08 m:1.26e-03 p:1.36e-03 s:1.84e-03  2:2.15e-03
Legend:

U:u31 h:he m:mod p:pyrex 5:S5 2:zirc

Figure 23: 2f(pyrex): Fuel Pin Number Normalized Capture Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs xi CASL-U-2017-1399-000



& I A ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

Maximum Standard deviations below:

U:9.04e-03 h:2.61e-08 m:5.87e-04 p:6.17e-04 5:7.90e-04  2:1.01e-03
Legend:

U:u31 h:he m:mod p:pyrex 5:S5 2:zirc

Figure 24: 2f(pyrex): Fuel Pin Number Normalized Delayed Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs xii CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression & I A ;

Problems Using MCNP6

Maximum Standard deviations below:

U:1.82e-02  h:5.83e-08 m:1.26e-03 p:1.36e-03 s:1.84e-03  z:2.15e-03
Legend:

u:u31 h:he m:mod p:pyrex 5:5S z:zirc

Figure 25: 2f(pyrex): Fuel Pin Number Normalized Total Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs xiii CASL-U-2017-1399-000



Maximum Standard deviations below:

U:1.23e-

Legend:
U:U31

usl
he
mod
pyrex
ss
zirc
total

Consortium for Advanced Simulation of LWRs

02

Figure 26: 2f(pyrex): Fuel Pin Number Normalized Beta Distribution (MeV /fission)

n+fg

1.696e+02 +- 2.106e-02
3.932e-05 +- 5.448e-09
3.850e+00 +- 3.660e-04
8.456e-01 +- 2.364e-04
5.186e-03 +- 1.207e-06
3.392e-02 +- 4.421e-06
1.743e+02 +- 2.107e-02

Table 9: 2f(pyrex): Energy Deposition Summary

prompt gamma

5.518e+00 +- 6.600e-04
3.160e-06 +- 5.866e-10
3.696e-01 +- 4.189e-05
3.537e-02 +- 1.196e-05
5.157e-02 +- 1.548e-05
5.927e-01 +- 7.435e-05
6.567e+00 +- 6.658e-04

capture gamma

5.029e+00 +- 1.016e-03
3.451e-06 +- 1.175e-09
3.895e-01 +- 6.671e-05
4.269e-02 +- 2.540e-05
6.228e-02 +- 3.403e-05
6.205e-01 +- 1.267e-04
6.144e+00 +- 1.027e-03

Xiv

Energy Deposition Analysis of VERA Progression
Problems Using MCNP6

delayed gamma

5.406e+00 +- 6.467e-04
3.096e-06 +- 5.747e-10
3.621e-01 +- 4.105e-05
3.465e-02 +- 1.172e-05
5.052e-02 +- 1.516e-05
5.807e-01 +- 7.285e-05
6.434e+00 +- 6.523e-04

beta
6.663e+00 +- 8.279e-04

6.663e+00 +- 8.279e-04

CASL-U-2017-1399-000

total

1.922e+02 +- 2.113e-02
0 4.903e-05 +- 5.633e-09
0 4.971e+00 +- 3.767e-04
0 9.583e-01 +- 2.383e-04
0 1.696e-01 +- 4.036e-05
0 1.828e+00 +- 1.640e-04

2.001e+02 +- 2.113e-02



Energy Deposition Analysis of VERA Progression @ I A ;

Problems Using MCNP6

Maximum Standard deviations below:

U:3.46e-01 a:6.60e-02 h:3.85e-08 m:3.80e-03 5:3.88e-03 2:2.43e-03
Legend:

uU:u31 a:aic h:he m:mod 5:85 z:zirc

Figure 27: 2g(AIC): Fuel Pin Number Normalized Total Energy Distribution Material Separated (MeV /fission)

Consortium for Advanced Simulation of LWRs XV CASL-U-2017-1399-000



@ I A ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

Maximum Standard deviations below:

U:3.45e-01 a:6.49-02 h:3.77e-08 m:3.52e-03 5:1.28e-04 2:6.83e-05
Legend:
U:u31 a:aic h:he m:mod S:S5 2:zirc

Figure 28: 2g(AIC): Fuel Pin Number Normalized Energy by Fragments and Neutrons (MeV /fission)

Consortium for Advanced Simulation of LWRs xvi CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression @ I A ;

Problems Using MCNP6

Maximum Standard deviations below:

U:9.74e-03 a:3.84e-03 h:4.47e-09 m:6.27e-04 s:1.45e-03 2:1.14e-03
Legend:
U:U31 a:aic h:he m:mod 5:SS z:zirc

Figure 29: 2g(AIC): Fuel Pin Number Normalized Prompt Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs xvii CASL-U-2017-1399-000



@ I A ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

Maximum Standard deviations below:

U:2.02e-02 a:1.16e-02 h:9.62e-09 m:1.40e-03 5:3.88e-03 2:2.43e-03
Legend:

U:u31 a:aic h:he m:mod S:S§ z:zire

Figure 30: 2g(AIC): Fuel Pin Number Normalized Capture Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs xviii CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression @ I A ;

Problems Using MCNP6

Maximum Standard deviations below:

U:9.57e-03 a:3.77e-03 h:4.39e-09 m:6.15e-04 s:1.43e-03 z:1.12e-03
Legend:

U:u31 a:aic h:he m:mod 5:55 z:zirc

Figure 31: 2g(AIC): Fuel Pin Number Normalized Delayed Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs xix CASL-U-2017-1399-000



@ I A ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

Maximum Standard deviations below:

U:2.02e-02 a:1.16e-02 h:9.60e-09 m:1.40e-03 5:3.88e-03 7:2.43e-03
Legend:

uU:u31 a:aic h:he m:mod 5:S5 z:zirc

Figure 32: 2g(AIC): Fuel Pin Number Normalized Total Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs XX CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression
Problems Using MCNP6

Maximum Standard deviations below:
U:1.36e-02

Legend:
Figure 33: 2g(AIC): Fuel Pin Number Beta Distribution (MeV /fission)
Table 10: 2g(AIC): Energy Deposition Summary
n+fg prompt gamma capture gamma delayed gamma beta total

U3l 1.696e+02 +- 2.206e-02 5.373e+00 +- 6.765e-04 6.393e+00 +- 1.191e-03 5.278e+00 +- 6.646e-04 6.681e+00 +- 8.692e-04 1.933e+02 +- 2.213e-02
aic 3.414e+00 +- 1.226e-03 1.903e-01 +- 7.209e-05 5.019e-01 +- 2.143e-04 1.869e-01 +- 7.082e-05 0/4.293e+00 +- 1.248e-03
he 2.668e-05 +- 3.120e-09 1.831e-06 +- 2.694e-10 2.617e-06 +- 5.568e-10 1.799e-06 +- 2.647e-10 0/3.293e-05 +- 3.191e-09
mod 4.286e+00 +- 4.243e-04 3.554e-01 +- 4.275e-05 5.186e-01 +- 8.014e-05 3.492e-01 +- 4.199e-05 0/5.509e+00 +- 4.359e-04
ss 9.552e-03 +- 2.500e-06 7.635e-02 +- 2.741e-05 1.694e-01 +- 7.209e-05 7.501e-02 +- 2.693e-05 0 3.303e-01 +- 8.173e-05
zirc 3.793e-02 +- 5.073e-06 5.701e-01 +- 7.528e-05 8.241e-01 +- 1.486e-04 5.601e-01 +- 7.395e-05 0/1.992e+00 +- 1.823e-04
total 1.774e+02 +- 2.210e-02 6.565e+00 +- 6.864e-04 8.407e+00 +- 1.224e-03 6.449e+00 +- 6.743e-04 6.681e+00 +- 8.692e-04 2.055e+02 +- 2.217e-02

Consortium for Advanced Simulation of LWRs xxi

CASL-U-2017-1399-000



@ I A ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

Maximum Standard deviations below:

U:4.50e-01 b:3.66e-02 h:5.93e-08 m:5.14e-03 s:4.62e-03 2:3.12e-03
Legend:

U:u3l b:bdc h:he m:mod S:85 z:zire

Figure 34: 2h(B4C): Fuel Pin Number Normalized Total Energy Distribution Material Separated (MeV /fission)

Consortium for Advanced Simulation of LWRs xxii CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression @ I A ;

Problems Using MCNP6

Maximum Standard deviations below:

U:4.4%e-01  b:3.65e-02 h:5.77e-08 m:4.81e-03 s:1.76e-04  2:9.36e-05
Legend:

U:u31 b:b4c h:he m:mod 5:8S z2:zirc

Figure 35: 2h(B4C): Fuel Pin Number Normalized Energy by Fragments and Neutrons (MeV /fission)

Consortium for Advanced Simulation of LWRs xxiii CASL-U-2017-1399-000



& I A ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

Maximum Standard deviations below:

U:1.28e-02  h:7.26e-04 h:6.30e-09 m:8.48e-04 s:1.97e-03 2:1.44e-03
Legend:

U:u31 b:bdc h:he m:mod S:85 2:zirc

Figure 36: 2h(B4C): Fuel Pin Number Normalized Prompt Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs XXiv CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression @ I A ;

Problems Using MCNP6

Maximum Standard deviations below:

U:2.61e-02  b:1.68e-03 h:1.46e-08 m:1.78e-03 s:4.61e-03  2:3.13e-03
Legend:

U:u31 b:b4c h:he m:mod 5SS z:zirc

Figure 37: 2h(B4C): Fuel Pin Number Normalized Capture Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs XXV CASL-U-2017-1399-000



& I A ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

Maximum Standard deviations below:

U:1.26e-02  b:7.15e-04 h:6.21e-09 m:8.35e-04 s:1.94e-03  z:1.42e-03
Legend:

U:u31 b:b4c h:he m:mod 5SS z:zirc

Figure 38: 2h(B4C): Fuel Pin Number Normalized Delayed Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs xxXvi CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression & I A ;

Problems Using MCNP6

Maximum Standard deviations below:

U:2.61e-02  b:1.68e-03  h:1.46e-08 m:1.78e-03 s:4.61e-03 z:3.12e-03
Legend:

U:u31 b:b4c h:he m:mod S:85 z:zirc

Figure 39: 2h(B4C): Fuel Pin Number Normalized Total Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs  xxvii CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression
Problems Using MCNP6

Maximum Standard deviations below:
U:1.77e-02

Figure 40: 2h(B4C): Fuel Pin Number Beta Distribution (MeV /fission)

Table 11: 2h(B4C): Energy Deposition Summary

Legend:
uU:U31
n+fg prompt gamma

U3l 1.697e+02 +- 2.793e-02 5.496e+00 +- 8.789e-04
bac 2.168e+00 +- 7.107e-04 2.796e-02 +- 1.355e-05
he 3.137e-05 +- 4.554e-09 2.033e-06 +- 3.773e-10
mod 4.613e+00 +- 5.825e-04 3.670e-01 +- 5.564e-05
ss 1.045e-02 +- 3.358e-06 8.315e-02 +- 3.695e-05
zirc 4.067e-02 +- 6.767e-06 5.886e-01 +- 9.810e-05
total 1.765e+02 +- 2.794e-02 6.562e+00 +- 8.869e-04

Consortium for Advanced Simulation of LWRs

capture gamma

5.709e+00 +- 1.439e-03
4.298e-02 +- 3.069e-05
2.419e-06 +- 7.109e-10
4.333e-01 +- 9.381e-05
1.243e-01 +- 8.318e-05
6.987e-01 +- 1.752e-04
7.008e+00 +- 1.455e-03

XXViil

delayed gamma

5.411e+00 +- 8.652e-04
2.753e-02 +- 1.334e-05
2.001e-06 +- 3.715e-10
3.613e-01 +- 5.478e-05
8.186e-02 +- 3.638e-05
5.795e-01 +- 9.657e-05
6.461e+00 +- 8.732e-04

beta
6.697e+00 +- 1.106e-03

6.697e+00 +- 1.106e-03

CASL-U-2017-1399-000

total

1.930e+02 +- 2.801e-02
0 2.267e+00 +- 7.116e-04
0 3.782e-05 +- 4.639e-09
0 5.775e+00 +- 5.951e-04
0 2.998e-01 +- 9.808e-05
0 1.907e+00 +- 2.229e-04

2.032e+02 +- 2.803e-02



Energy Deposition Analysis of VERA Progression %3 I A i

Problems Using MCNP6

Maximum Standard deviations below:

U:2.65e-01 h:3.16e-08  i:3.89e-03 m:3.47e-03  z:2.14e-03
Legend:

U:u31 h:he i:ifba m:mod z2:zirc

Figure 41: 2m(IFBA): Fuel Pin Number Normalized Total Energy Distribution Material Separated (MeV /fission)

Consortium for Advanced Simulation of LWRs XXIX CASL-U-2017-1399-000



%3 I A i Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

Maximum Standard deviations below:

U:2.65e-01 h:3.06e-08  i:3.8%e-03 m:3.25e-03  2:5.76e-05
Legend:

U:u31 h:he i:ifba m:mod z2:zirc

Figure 42: 2m(IFBA): Fuel Pin Number Normalized Energy by Fragments and Neutrons (MeV /fission)

Consortium for Advanced Simulation of LWRs XXX CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression %3 I A i

Problems Using MCNP6

Maximum Standard deviations below:

U:8.27e-03 h:3.76e-09  i:1.18e-05 m:5.85e-04  z:9.94e-04
Legend:

U:u31 h:he i:ifba m:mod z:zirc

Figure 43: 2m(IFBA): Fuel Pin Number Normalized Prompt Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs xxxi CASL-U-2017-1399-000



%3 I A i Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

Maximum Standard deviations below:

U:1.69e-02  h:8.01e-09  i:2.59e-05 m:1.25e-03  z:2.15e-03
Legend:

U:u3i h:he i:ifba m:mod 2:zirc

Figure 44: 2m(IFBA): Fuel Pin Number Normalized Capture Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs  xxxii CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression %3 I A i

Problems Using MCNP6

Maximum Standard deviations below:

U:8.10e-03  h:3.68e-09  i:1.16e-05 m:5.73e-04 z:9.74e-04
Legend:

U:u3l h:he i:ifba m:mod z:zire

Figure 45: 2m(IFBA): Fuel Pin Number Normalized Delayed Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs  xxxiii CASL-U-2017-1399-000



%3 I A i Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

Maximum Standard deviations below:

U:1.69e-02 h:7.99e-09  i:2.58e-05 m:1.25e-03  z:2.14e-03
Legend:

U:u31 h:he i:ifba m:mod z2:zirc

Figure 46: 2m(IFBA): Fuel Pin Number Normalized Total Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs  xxxiv CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

0

U:6.55 U:6.92

U:6.54 U:6.93 U:6.92

0 U:6.56 U:6.55 0

U:6.54 U:6.91 U:6.90 U:6.52 U:6.80

U:6.54 U:6.92 U:6.90 U:6.46 U:6.46 0

0 U:6.52 U:6.51 0 U:6.47 U:6.43 U:6.68

U:6.48 u:6.77 U:6.87 U:6.52 U:6.75 U:6.76 U:6.30 U:6.76

U:6.73 U:6.29 U:6.89 U:6.85 U:6.31 U:6.86 U:6.92 U:6.86 U:6.29

Maximum Standard deviations below:

U:1.04e-02

Figure 47: 2m(IFBA): Fuel Pin Number Normalized Beta Distribution (MeV /fission)

Legend:
U:U31
n+fg

U3l 1.696e+02 +- 2.106e-02
he 2.159e-05 +- 2.493e-09
ifba 1.022e+00 +- 1.721e-04
mod 4.140e+00 +- 3.931e-04
zirc 3.401e-02 +- 4.468e-06
total 1.748e+02 +- 2.107e-02

Consortium for Advanced Simulation of LWRs

Table 12: 2m(IFBA): Energy Deposition Summary

prompt gamma

5.564e+00 +- 6.673e-04
1.746e-06 +- 2.499e-10
2.486e-03 +- 4.988e-07
4.005e-01 +- 4.549e-05
5.994e-01 +- 7.538e-05
6.566e+00 +- 6.731e-04

capture gamma

5.035e+00 +- 1.031e-03
1.798e-06 +- 4.548e-10
2.641e-03 +- 1.009e-06
4.153e-01 +- 7.157e-05
6.155e-01 +- 1.276e-04
6.068e+00 +- 1.041e-03

XXXV

delayed gamma

5.453e+00 +- 6.540e-04
1.712e-06 +- 2.449e-10
2.437e-03 +- 4.889e-07
3.925e-01 +- 4.459e-05
5.875e-01 +- 7.388e-05
6.436e+00 +- 6.597e-04

beta
6.665e+00 +- 8.280e-04

6.665e+00 +- 8.280e-04

total

1.923e+02 +- 2.113e-02
0 2.684e-05 +- 2.559e-09
0 1.029e+00 +- 1.721e-04
0 5.348e+00 +- 4.046e-04
0 1.837e+00 +- 1.657e-04

2.005e+02 +- 2.113e-02

CASL-U-2017-1399-000



& I A ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

Maximum Standard deviations below:
g:5.06e-02 h:3.71e-08 m:3.72e-03 u:3.28e-01 z:2.61e-03

Legend:
g:g18 h:he m:mod u:u3l 2:zirc

Figure 48: 2p(Gad): Fuel Pin Number Normalized Total Energy Distribution Material Separated (MeV /fission)

Consortium for Advanced Simulation of LWRs  xxxvi CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression & I A ;

Problems Using MCNP6

Maximum Standard deviations below:

g:4.61e-02  h:3.60e-08 m:3.41e-03 uw:3.27e-01  z:6.38e-05
Legend:

g:gl8 h:he m:mod u:u3l 2:zirc

Figure 49: 2p(Gad): Fuel Pin Number Normalized Energy by Fragments and Neutrons (MeV /fission)

Consortium for Advanced Simulation of LWRs  xxxvii CASL-U-2017-1399-000



& I A ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

Maximum Standard deviations below:
g:6.55e-03 h:4.32e-09 m:6.52e-04 u:9.57e-03 z:1.11e-03

Legend:
g:gl8 h:he m:mod u:u3l z:zirc

Figure 50: 2p(Gad): Fuel Pin Number Normalized Prompt Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs  xxxviii CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression & I A ;

Problems Using MCNP6

Maximum Standard deviations below:

g:2.06e-02 h:1.72e-08 m:1.64e-03 u:2.02e-02 z:2.61e-03
Legend:

g:gl8 h:he m:mod u:u3l z:zirc

Figure 51: 2p(Gad): Fuel Pin Number Normalized Capture Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs  xxxix CASL-U-2017-1399-000



& I A ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

Maximum Standard deviations below:
g:6.52e-03 h:4.30e-09 m:6.49e-04 u:9.53e-03 z2:1.11e-03

Legend:
g:gl8 h:he m:mod u:u3l z:zirc

Figure 52: 2p(Gad): Fuel Pin Number Normalized Delayed Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs x1 CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression & I A ;

Problems Using MCNP6

Maximum Standard deviations below:

g:2.06e-02 h:1.72e-08 m:1.65e-03 u:2.03e-02 z:2.61e-03
Legend:

g:g18 h:he m:mod u:u3l 2:zirc

Figure 53: 2p(Gad): Fuel Pin Number Normalized Total Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs xli CASL-U-2017-1399-000



CANAS

Maximum Standard deviations below:

g:1.83e-03

u:1.30e-02

Energy Deposition Analysis of VERA Progression
Problems Using MCNP6

Legend:
g:gl8 u:u3l
Figure 54: 2p(Gad): Fuel Pin Number Normalized Beta Distribution (MeV /fission)
Table 13: 2p(Gad): Energy Deposition Summary
n+fg prompt gamma capture gamma delayed gamma beta total

g18 3.769e+00 +- 9.188¢-04 3.899e-01 +- 1.250e-04 1.060e+00 +- 3.881e-04 3.881e-01 +- 1.244e-04 1.495€-01 +- 3.645e-05 5.757€+00 +- 1.014e-03
he 2.320e-05 +- 2.833e-09 1.859€-06 +- 2.833¢-10 3.162e-06 +- 6.328e-10 1.850e-06 +- 2.819e-10 0/3.007e-05 +- 2.930e-09
mod 4.208e+00 +- 4.303e-04 4017e-01 +- 4.904e-05 6.877¢-01 +- 1.013e-04 3.998e-01 +- 4.880e-05 0/5.697+00 +- 4.474e-04
31 1.658e+02 +- 2.244e-02 5.177e+00 +- 6.829¢-04 6.743e+00 +- 1.239e-03 5.152e+00 +- 6.797e-04 6.623e+00 +- 8.982-04 1.895e+02 +- 2.252-02
zirc 3.453¢-02 +- 4.813e-06 6.013e-01 +- 8.089€-05 1.023e+00 +- 1.748e-04 5.984¢-01 +- 8.051e-05 0/2.258e+00 +- 2.089%e-04
total 1.738e+02 +- 2.247e-02 6.569e+00 +- 7.007e-04 9.514€+00 +- 1.314e-03 6.538e+00 +- 6.973¢-04 6.772e+00 +- 8.989-04 2.032e+02 +- 2.255¢-02

U26:178.1 h:0.00
m:4.67 p:0.82
5:0.13 2:1.71

U26:174.1 h:0.00

U26:191.8 h:0.00
m:5.02 p:0.88
5:0.14 2:1.84

U26:211.4 h:0.00
U26:251.2 h:0.00
m:6.43 2:2.27

U26:177.3 h:0.00

U26:202.1 h:0.00
m:5.30 p:0.93
5:0.15 2:1.95

Maximum Standard deviations below:

U21:1.82e-01 U26:2.04e-01 U31:1.81e-01 he:4.60e-08 mod:3.77e-03 pyrex-vera:1.59e-03  ss:2.64e-04 zirc:1.74e-03
Legend:
u21:u21 U26:U26 U31:u31 h:he m:mod p:pyrex-vera 5:S§ z2:2irc

Figure 55: 5a-2d: Assembly Number Normalized Total Energy Distribution Material Separated (MeV /fission)
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Energy Deposition Analysis of VERA Progression @I A ;

Problems Using MCNP6

U26:157.0 h:0.00
m:3.61 p:0.73
5:0.00z:0.03
U26:153.3 h:0.00
m:3.55 p:0.85
5:0.00 z:0.03

U26:169.1 h:0.00
m:3.88 p:0.79
5:0.00 2:0.03

U26:175.8 h:0.00

U26:179.4 h:0.00
m:4.11 p:0.83 4, :0. U26:222.6 h:0.00
5:0.00 2:0.04 :0. :0. m:4.93 2:0.04
U26:194.4 h:0.00 U26:155.9 h:0.00
m:4.41 p:0.72 m:3.68 p:0.88
5:0.00 2:0.04 5:0.00 z:0.03

Maximum Standard deviations below:

U21:1.81e-01 U26:2.03e-01 U31:1.80e-01 he:4.46e-08 mod:3.52e-03 pyrex-vera:1.58e-03  s5:9.38e-06 zirc:3.62e-05
Legend:
u21:u21 U26:U26 U31:u31 h:he m:mod p:pyrex-vera sisS z:zire

Figure 56: 5a-2d: Assembly Number Normalized Energy by Fragments and Neutrons (MeV /fission)

U26:5.11 h:0.00
m:0.35 p:0.03
5:0.04 2:0.55

U26:5.49 h:0.00 U26:5.71 h:0.00
m:0.37 p:0.03 m:0.39 p:0.03
5:0.04 2:0.59 5:0.04 z:0.61

U26:6.10 h:0.00
m:0.41 p:0.03 U26:7.10 h:0.00
5:0.05 2:0.66 m:0.51 z:0.76
U26:5.86 h:0.00 U26:5.22 h:0.00
m:0.40 p:0.03 m:0.35 p:0.03
5:0.05 z:0.63 :0.04 z:0. 5:0.05 z:0.56

U26:6.33 h:0.00

Maximum Standard deviations below:

U21:6.54e-03 U26:6.46e-03 U31:6.11e-03 he:5.35e-09 mod:5.62e-04 pyrex-vera:8.56e-05 ss:1.19e-04 zirc:8.44e-04
Legend:
u21:u21 U26:U26 U31:u31 h:he m:mod p:pyrex-vera SisS z:zirc

Figure 57: 5a-2d: Assembly Number Normalized Prompt Gamma Distribution (MeV /fission)

Consortium for Advanced Simulation of LWRs xliii CASL-U-2017-1399-000



@I A ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

U26:4.80 h:0.00
m:0.38 p:0.03
5:0.05 2:0.59

U26:4.85 h:0.00

U26:5.17 h:0.00 U26:5.38 h:0.00
m:0.41 p:0.04 m:0.42 p:0.04
5:0.05 z:0.64 5:0.06 z:0.66

U26:5.69 h:0.00
m:0.45 p:0.04 U26:5.88 h:0.00
5:0.06 2:0.70 m:0.49 2:0.73
U26:5.37 h:0.00 U26:5.70 h:0.00 U26:4.94 h:0.00
m:0.46 p:0.03
5:0.05 z:0.71

Maximum Standard deviations below:

U21:1.29e-02 U26:1.33e-02 U31:1.14e-02 he:1.16e-08 mod:1.23e-03 pyrex-vera:1.82e-04  ss:2.64e-04 zirc:1.73e-03
Legend:
uz21:u21 U26:U26 U31:u3l h:he m:mod p:pyrex-vera s:5S z:zirc

Figure 58: 5a-2d: Assembly Number Normalized Capture Gamma Distribution (MeV /fission)

U26:5.00 h:0.00
m:0.34 p:0.03
5:0.04 z:0.54

U26:4.88 h:0.00
m:0.33 p:0.03
5:0.05 z:0.53

U26:5.37 h:0.00 U26:5.59 h:0.00
m:0.36 p:0.03 m:0.38 p:0.03
5:0.04 2:0.58 5:0.04 z:0.60
U26:5.73 h:0.00 U26:5.97 h:0.00
m:0.39 p:0.03 m:0.41 p:0.03 U26:6.94 h:0.00
5:0.04 z:0.62 5:0.05 z:0.64 m:0.50 z:0.74
U26:5.73 h:0.00 U26:6.20 h:0.00 U26:5.11 h:0.00
m:0.39 p:0.03 m:0.42 p:0.03 m:0.35 p:0.03
5:0.04 z:0.62 5:0.04 2:0.67 5:0.05 z:0.55

Maximum Standard deviations below:

U21:6.40e-03 U26:6.32e-03 U31:5.98e-03 he:5.23e-09 mod:5.50e-04 pyrex-vera:8.37e-05  ss:1.17e-04 zirc:8.25e-04
Legend:

u21:u21 U26:U26 U31:u31 h:he m:mod p:pyrex-vera S:SS z:zirc

Figure 59: 5a-2d: Assembly Number Normalized Delayed Gamma Distribution (MeV /fission)
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Energy Deposition Analysis of VERA Progression E%}I A ;

Problems Using MCNP6

U:14.91 h:0.00
m:1.07 p:0.09
5:0.13 z:1.68

U:14.72 h:0.00
m:1.04 p:0.10
5:0.15 2:1.66

U:16.04 h:0.00
m:1.15 p:0.10
5:0.14 z:1.81

U:17.03 h:0.00 U:17.77 h:0.00
m:1.22 p:0.10 U:19.91 h:0.00

5:0.15 2:1.92 :0. :2. m:1.50 z:2.23
U:16.96 h:0.00 U:15.27 h:0.00
m:1.21 p:0.10 m:1.08 p:0.11

5:0.15z:1.91 :0. 12, 5:0.16 2:1.73

Maximum Standard deviations below:

U:1.30e-02 U:1.35e-02 U:1.16e-02 h:1.16e-08 m:1.25e-03 p:1.82e-04 5:2.63e-04 z:1.74e-03
Legend:
U21:U21 U26:U26 U31:u31 h:he m:mod p:pyrex-vera 5:55 z:zirc

Figure 60: 5a-2d: Assembly Number Normalized Total Gamma Distribution (MeV /fission)

U26:6.16

U26:6.16
U26:6.99

U26:6.99

U26:6.02 |

:

Maximum Standard deviations below:
U21:7.10e-03 U26:7.96e-03 U31:7.07e-03
Legend:

u21:u21 U26:U26 (SENHUEN

Figure 61: 5a-2d: Assembly Number Normalized Beta Distribution (MeV /fission)

Table 14: 5a-2d: Energy Deposition Summary

n+fg prompt gamma capture gamma delayed gamma beta total
he 2.720E-05 +- 5.858E-09 2.321E-06 +- 6.086E-10 2.450E-06 +- 1.167E-09 2.271E-06 +-  5.956E-10 0 3.424E-05 +- 6.034E-09
mod 3.891E+00 + 6.942E-04 3.857E-01 +- 8.908E-05 4.000E-01 +- 1.603E-04 3.774E-01 +-  8.718E-05 0| 5.054E+00 +- 7.233E-04
pyrex-vera 3.370E-01 +- 1.452E-04 1.312E-02 +- 7.135E-06 1.606E-02 +- 1.553E-05 1.284E-02 +-  6.983E-06 0|  3.790E-01 +- 1.464E-04
ss 1.858E-03 + 8.255E-07 1.913E-02 + 1.013E-05 2.339E-02 +- 2.235E-05 1.872E-02 +-  9.916E-06 0| 6.310E-02 +- 2.648E-05
zirc 3.228E-02 +- 6.496E-06 5.925E-01 +- 1.345E-04 6.066E-01 +- 2.401E-04 5.798E-01 +-  1.316E-04 0| 1.811E+00 +- 3.051E-04
Fuel Rod 1.695E+02 +- 2.746E-02 5.509E+00 +- 9.507E-04 4.902E+00 +- 1.702E-03 5.391E+00 +-  9.303E-04 6.655E+00 +- 1.078E-03 1.920E+02 +- 2.756E-02
Outside Core 1.458E-01 +- 1.191E-04 5.793E-02 +- 6.646E-05 2.969E-01 +- 2.668E-04 5.669E-02 +-  6.504E-05 0 5.573E-01 +- 3.066E-04
total 1.739E+02 +- 2.747E-02| 6.577E+00 +- 9.666E-04| 6.245E+00 + 1.747E-03| 6.436E+00 +-  9.460E-04| 6.655E+00 +- 1.078E-03|  1.999E+02 +- 2.758E-02
Portion(%) 86.99 +- 0.02 3.29 +- 0.00 3.12 +- 0.00 3.22 +- 0.00 3.33 +- 0.00 100.00]

Consortium for Advanced Simulation of LWRs xlv CASL-U-2017-1399-000



E%:;I /\ ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

U26:140.5 h:0.00
m:3.70 p:0.65
5:0.112:1.36

U26:162.5 h:0.00
m:4.30 p:0.89
5:0.15 2:1.59

U26:157.8 h:0.00 U26:194.7 h:0.00
m:4.16 p:0.73 m:5.11 p:0.89
5:0.12 2:1.52 5:0.15 7:1.87
U26:181.2 h:0.00 U26:183.0 h:0.00 | U26:120.5 a:2.92
m:4.77 p:0.83 h:0.00 m:3.46
5:0.14 2:1.74 :0.14 z:1. 5:0.212:1.29
U26:198.1 h:0.00 U26:239.8 h:0.00 U26:152.4 h:0.00
m:5.21 p:0.91 m:6.25 p:0.88
s:0.152:1.90 5:0.14 2:2.26

Maximum Standard deviations below:

U21:1.90e-01 U26:1.94e-01 U31:1.98e-01 aic:6.02e-03 he:5.05e-08 mod:4.12e-03 pyrex-vera:1.70e-03  ss:3.73e-04 zirc:1.85e-03
Legend:

u21:u21 U26:U26 U31:u3l a:aic h:he m:mod p:pyrex-vera siss z:zirc

Figure 62: 5b-2d: Assembly Number Normalized Total Energy Distribution Material Separated (MeV /fission)

U26:123.8 h:0.00
m:2.86 p:0.58
5:0.00 2:0.02

U26:143.1 h:0.00
m:3.33 p:0.79
5:0.002:0.03

U26:139.1 h:0.00
m:3.21 p:0.65
5:0.00 2:0.03

U26:159.8 h:0.00
m:3.69 p:0.74 38 :0. h:0.00 m:2.66
5:0.00 2:0.03 :0. :0. 5:0.01 z:0.02

U26:174.7 h:0.00
m:4.03 p:0.81
5:0.00 z:0.03

Maximum Standard deviations below:

U21:1.89e-01 U26:1.93e-01 U31:1.97e-01 aic:5.92e-03 he:4.87e-08 mod:3.89e-03 pyrex-vera:1.69e-03 ss:1.27e-05 zirc:3.97e-05
Legend:
u21:u21 U26:U26 U31:u31 aaic h:he m:mod p:pyrex-vera S:SS 2:zirc

Figure 63: 5b-2d: Assembly Number Normalized Energy by Fragments and Neutrons (MeV /fission)

Consortium for Advanced Simulation of LWRs xlvi CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression E%}I /\ ;

Problems Using MCNP6

U26:4.12 h:0.00
m:0.28 p:0.02
5:0.03 z:0.44

U26:4.57 h:0.00
m:0.31 p:0.02
5:0.04 z:0.49

U26:3.52 a:0.12

h:0.00 m:0.24

5:0.05 z:0.38
U26:5.62 h:0.00 :6. :0. U26:4.46 h:0.00
m:0.38 p:0.03 m:0.30 p:0.03
5:0.04 z:0.61 :0. :0. 5:0.04 z:0.48

Maximum Standard deviations below:

pyrex-vera:9.28e-

U21:6.66e-03 U26:6.21e-03 U31:6.70e-03 aic:3.45e-04 he:5.95e-09 mod:5.85e-04 05 $5:1.39e-04 zirc:8.76e-04
Legend:
U21:U21 U26:U26 U31:U31 aaic h:he m:mod p:pyrex-vera siss z:zirc

Figure 64: 5b-2d: Assembly Number Normalized Prompt Gamma Distribution (MeV /fission)

U26:3.70 h:0.00
m:0.29 p:0.03
5:0.04 z:0.46

U26:4.39 h:0.00

U26:4.20 h:0.00 U26:5.16 h:0.00
m:0.33 p:0.03 m:0.41 p:0.04
5:0.04 2:0.52 5:0.05 z:0.64
U26:4.94 h:0.00 (U26:4.06a:0.32
h:0.00 m:0.33
5:0.112:0.52
U26:5.42 h:0.00 U26:6.26 h:0.00 U26:4.31 h:0.00
m:0.43 p:0.04

5:0.06 2:0.67

Maximum Standard deviations below:

U21:1.31e-02 U26:1.22e-02 U31:1.27e-02 aic:1.07e-03 he:1.23e-08 mod:1.23e-03 pyrex-vera:1.99e-04 ss:3.72e-04 zirc:1.83e-03
Legend:
u21:u21 U26:U26 U31:u31 aaic h:he m:mod p:pyrex-vera 5:85 z:zirc

Figure 65: 5b-2d: Assembly Number Normalized Capture Gamma Distribution (MeV /fission)
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E%:;I /\ ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

U26:4.04 h:0.00
m:0.27 p:0.02
5:0.03 2:0.43

U26:4.67 h:0.00
m:0.31 p:0.03
5:0.04 2:0.50

U26:4.48 h:0.00 U26:5.51 h:0.00
m:0.30 p:0.02

5:0.03 z:0.48

U26:5.16 h:0.00 | U26:3.45 a:0.12
m:0.35 p:0.03 h:0.00 m:0.23
5:0.04 z:0.56 5:0.052:0.37
U26:5.51 h:0.00 U26:4.37 h:0.00
m:0.37 p:0.03 m:0.29 p:0.03
5:0.04 z:0.59 :0. :0. 5:0.04 2:0.47

U26:5.06 h:0.00

Maximum
Standard
deviations below:

U21:6.52e-03 U26:6.07e-03 U31:6.56e-03 aic:3.37e-04 he:5.82e-09 mod:5.73e-04 pyrex-vera:9.08e-05 ss:1.36e-04 zirc:8.57e-04

Legend:
u21:u21 U26:U26 uU31:u31 a:aic h:he m:mod p:pyrex-vera s:sS 2:zirc

Figure 66: 5b-2d: Assembly Number Normalized Delayed Gamma Distribution (MeV /fission)

U:11.86 h:0.00
m:0.85 p:0.07
5:0.102:1.34

U:13.83 h:0.00
m:0.98 p:0.10
5:0.14 2:1.56

U:13.25 h:0.00 U:16.29 h:0.00
m:0.95 p:0.08 m:1.16 p:0.10
5:0.11 2:1.49 5:0.14 2:1.83

U:15.16 h:0.00

U:11.03 a:0.56
h:0.00 m:0.80
5:0.21 2:1.27
U:16.55 h:0.00 U:19.73 h:0.00 U:13.14 h:0.00
m:1.18 p:0.10
5:0.14 2:1.87

U:15.37 h:0.00

Maximum Standard deviations below:

U:1.33e-02 U:1.24e-02 U:1.29e-02 a:1.07e-03 h:1.24e-08 m:1.24e-03 p:1.99e-04 5:3.72e-04 2:1.85e-03
Legend:

u21:u21 U26:U26 uU31:u31 a:aic h:he m:mod p:pyrex-vera s:SS 2:zirc

Figure 67: 5b-2d: Assembly Number Normalized Total Gamma Distribution (MeV /fission)
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Energy Deposition Analysis of VERA Progression %}I /\ ;

Problems Using MCNP6

U26:5.62 |

U26:633 | U26:4.14 |

Maximum Standard deviations below:
U21:7.96e-03 U26:7.58e-03 U31:7.75e-03
Legend:

u21:u21 U26:U26 U31:U31

Figure 68: 5b-2d: Assembly Number Normalized Beta Distribution (MeV /fission)

Table 15: 5b-2d: Energy Deposition Summary

n+fg prompt gamma capture gamma delayed gamma beta total
aic 1.112E-01 +- 1.845E-04 5.406E-03 +- 1.036E-05 1.460E-02 +- 3.258E-05 5.292E-03 +-  1.014E-05 0 1.365E-01 +- 1.880E-04
he 2.739E-05 +- 5.930E-09 2.311E-06 +- 6.151E-10 2.466E-06 +- 1.172E-09 2.262E-06 +- 6.021E-10 0 3.443E-05 +- 6.105E-09
mod 3.910E+00 +- 7.114E-04 3.838E-01 +- 8.934E-05 4.034E-01 + 1.614E-04 3.757E-01 +- 8.745E-05 0 5.073E+00 +- 7.401E-04
pyrex-vera 3.3196-01 +- 1.451E-04 1.297E-02 +- 7.140E-06 1.588E-02 +- 1.553E-05 1.269E-02 +-  6.989E-06 0 3.734E-01 +- 1.462E-04
ss 2.103E-03 +- 9.204E-07 2.107E-02 +- 1.101E-05 2.803E-02 +- 2.501E-05 2.063E-02 +- 1.077E-05 0 7.183E-02 +- 2.939E-05
zirc 3.253E-02 +- 6.630E-06 5.908E-01 +- 1.358E-04 6.138E-01 +- 2.424E-04 5.783E-01 +- 1.329E-04 0.000E+00 1.815E+00 +- 3.081E-04
Fuel Rod 1.695E+02 +- 2.790E-02 5.497E+00 +- 9.485E-04 4.951E+00 +- 1.706E-03 5.379E+00 +- 9.284E-04 6.656E+00 +- 1.101E-03 1.920E+02 +- 2.801E-02
Outside Core 1.748E-01 +- 1.279E-04 6.721E-02 +- 7.167E-05 3.500E-01 +- 2.863E-04 6.578E-02 +- 7.016E-05 0.000E+00 +- 0.000E+00 6.577E-01 +- 3.292E-04
total 174.10 +- 0.03 6.58 +- 0.00 6.38 +- 0.00 6.44 +- 0.00 6.66 +- 0.00 200.20 +- 0.03
Portion(%) 86.96 +- 0.02 3.29 +- 0.00 3.18 +- 0.00 3.22 +- 0.00 3.32 +- 0.00 100.00

Max Standard deviation: 1.61E-01

Figure 69: 5c-2d: Assembly Number Normalized Total Energy Distribution Material Separated (MeV /fission)
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E%:;I /\ ; Energy Deposition Analysis of VERA Progression

Problems Using MCNP6

U26:122.2 h:0.00
m:2.83 p:0.57
5:0.00 2:0.02

U26:135.0 h:0.00 U26:169.8 h:0.00
m:3.13 p:0.63 m:3.91 p:0.79
5:0.00 z:0.03 5:0.00 z:0.03

U26:156.4 h:0.00 |U26:93.9 b:1.26
m:3.60 p:0.73 m:3.63 p:0.73 h:0.00 m:2.47
5:0.00 2:0.03 5:0.00 z:0.03 5:0.01 2:0.02
U26:172.1 h:0.00 U26:210.9 h:0.00 U26:129.9 h:0.00
m:3.98 p:0.80 m:4.81 p:0.78
5:0.00 2:0.03 5:0.00 2:0.04

Maximum Standard deviations below:

U21:1.58e-01 U26:1.49e-01 U31:1.60e-01 b4c:1.89e-03 he:3.93e-08 mod:2.89e-03 pyrex-vera:1.38e-03 ss:9.71e-06 2irc4:3.10e-05
Legend:
u21:u21 U26:U26 U31:u31 b:b4c h:he m:mod p:pyrex-vera siss z:zirc4

Figure 70: 5c-2d: Assembly Number Normalized Energy by Fragments and Neutrons (MeV /fission)

U26:4.02 h:0.00
m:0.27 p:0.02
5:0.032:0.43

U26:4.43 h:0.00 U26:5.56 h:0.00
m:0.30 p:0.02 m:0.38 p:0.03
5:0.03 2:0.48 5:0.04 2:0.60

U26:5.13 h:0.00 [U26:3.26 b:0.02
m:0.35 p:0.03 h:0.00 m:0.22
5:0.04 2:0.55 5:0.052:0.35
U26:5.55 h:0.00 :6.1 :0. U26:4.38 h:0.00
m:0.38 p:0.03
5:0.04 2:0.60

Maximum Standard deviations below:

U21:5.24e-03 U26:4.83e-03 U31:5.26e-03 bac:3.93e-05 he:4.40e-09 mod:4.36e-04 pyrex-vera:7.13e-05 ss:1.07e-04 2irc4:6.78e-04
Legend:
u21:u21 U26:U26 U31:U31 b:bac h:he m:mod p:pyrex-vera i8S 2:zirc4

Figure 71: 5¢c-2d: Assembly Number Normalized Prompt Gamma Distribution (MeV /fission)
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U26:3.67 h:0.00
m:0.29 p:0.03
5:0.04 2:0.45

U26:4.40 h:0.00

U26:4.07 h:0.00
m:0.32 p:0.03
5:0.04 2:0.50

U26:4.74 h:0.00 |U26:3.37 b:0.03
m:0.37 p:0.03 h:0.00 m:0.26
5:0.052:0.59 5:0.07 2:0.42
U26:5.30 h:0.00 :6.21 h:0.| U26:4.09 h:0.00
m:0.42 p:0.04 m:0.32 p:0.03
5:0.06 2:0.65 :0.05 z:0. 5:0.05 2:0.51

Maximum Standard deviations below:

U21:1.01e-02 U26:1.03e-02 U31:9.95e-03 b4c:9.19e-05 he:9.45e-09 mod:9.70e-04 pyrex-vera:1.55e-04 ss:2.55e-04 zirc4:1.44e-03
Legend:
u21:U21 U26:U26 U31:u31 b:bac h:he m:mod p:pyrex-vera siSS 2:zirc4

Figure 72: 5c-2d: Assembly Number Normalized Capture Gamma Distribution (MeV /fission)

U26:3.93 h:0.00
m:0.27 p:0.02
5:0.03 2:0.42

U26:4.63 h:0.00
m:0.31 p:0.03
5:0.04 2:0.50

U26:4.34 h:0.00 U26:5.44 h:0.00
m:0.29 p:0.02

5:0.03 2:0.47

U26:5.02 h:0.00 | U26:3.19 b:0.02
h:0.00 m:0.22
5:0.05 2:0.35

U26:4.28 h:0.00

U26:4.96 h:0.00

U26:5.43 h:0.00
m:0.37 p:0.03
5:0.04 2:0.58

Maximum Standard deviations below:

U21:5.13e-03 U26:4.73e-03 U31:5.14e-03 b4c:3.84e-05 he:4.31e-09 mod:4.27e-04 pyrex-vera:6.97e-05 ss:1.05e-04 2irc4:6.64e-04
Legend:
u21:u21 U26:U26 U31:U31 b:b4c h:he m:mod p:pyrex-vera s:sS 2:zirc4

Figure 73: 5c-2d: Assembly Number Normalized Delayed Gamma Distribution (MeV /fission)
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U:11.62 h:0.00
m:0.83 p:0.07
5:0.10 2:1.31

U:12.84 h:0.00
m:0.92 p:0.08
5:0.11 2:1.45

U:14.89 h:0.00 U:9.81 b:0.06
h:0.00 m:0.70
5:0.17 :1.11

U:12.75 h:0.00

U:16.28 h:0.00
m:1.16 p:0.10
5:0.14 2:1.83

Maximum Standard deviations below:

U:1.03e-02 U:1.05e-02 U:1.01e-02 b:9.18e-05 h:9.49e-09 m:9.80e-04 p:1.55e-04 §:2.54e-04 2:1.45e-03
Legend:
u21:u21 U26:U26 U31:Uu31 b:bdc h:he m:mod p:pyrex-vera s:SS 2:zirc4

Figure 74: 5c¢-2d: Assembly Number Normalized Total Gamma Distribution (MeV /fission)

U26:6.12  |U21:7.68 | U26:6.14 | U26:3.69

U26:6.67
U26:6.75 U26:8.28

Maximum Standard deviations below:
U21:6.21e-03 U26:5.87e-03 U31:6.28e-03
Legend:

U21:U21 U26:U26 U31:u3l

Figure 75: 5c-2d: Assembly Number Normalized Beta Distribution (MeV /fission)

Table 16: 5c-2d: Energy Deposition Summary

n+fg prompt gamma capture gamma delayed gamma beta total Portion(%)

bac 5.872E-02 +- 5.938E-05 7.199E-04 +- 1.168E-06 1.158E-03 +- 2.777E-06 7.047E-04 +-  1.143E-06 0 6.130E-02 +- 5.947E-05 0.03 +- 0
he 2.746E-05 +- 4.617E-09 2.315E-06 +- 4.768E-10 2.453E-06 +- 9.081E-10 2.266E-06 +-  4.667E-10 0 3.450E-05 +- 4.753E-09 0 +- 0
mod 3.913E+00 +- 5.489E-04 3.842E-01 +- 6.934E-05 4.004E-01 +- 1.238E-04 3.761E-01 +-  6.788E-05 0| 5.074E+00 +- 5.710E-04 2.54 +- 0
pyrex-vera 3.313E-01 +- 1.124E-04 1.293E-02 +- 5.501E-06 1.579E-02 +- 1.203E-05 1.266E-02 +-  5.385E-06 0 3.727€-01 +- 1.133E-04 0.19 +- 0
ss 2.089E-03 +- 7.155E-07 2.100E-02 +- 8.555E-06 2.636E-02 +- 1.888E-05 2.056E-02 +-  8.374E-06 0 7.000E-02 +- 2.237E-05 0.03 +- 0
zirc4 3.254E-02 +- 5.148E-06 5.913E-01 +- 1.055E-04 6.091E-01 +- 1.878E-04 5.788E-01 +-  1.032E-04 0.000E+00 1.812E+00 +- 2.389E-04 0.91 +- 0
Fuel Rod 1.695E+02 +- 2.167E-02| 5.499E+00 +- 7.372E-04| 4.923E+00 +- 1.315E-03 5.383E+00 +  7.216E-04 6.657E+00 +- 8.504E-04 1.920E+02 +- 2.174E-02 95.97 +-  0.02
Outside Core 1.775E-01 +- 9.762E-05 6.879E-02 +- 5.614E-05 3.546E-01 +- 2.245E-04 6.733E-02 +-  5.495E-05 0.000E+00 +- 0.000E+00 6.683E-01 +- 2.570E-04 033 +- 0.00
total 1.741E4+02 +- 2.792E-02| 6.578E+00 +- 9.651E-04 6.376E+00 +- 1.755E-03 6.438E+00 +-  9.447E-04 6.656E+00 +- 1.101E-03 2.002E+02 +- 2.803E-02 100.00
Portion(%) 86.96 +- 0.02 3.29 + 0.00! 3.18 +- 0.00] 322 +- 0.00! 3.32 + 0.00 100.00]
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mod
he
zirc
fuel
total

mod
he
zirc
fuel
total

mod
he
zirc
fuel
total

mod
he
zirc
fuel
total

mod
he
zirc
fuel
total

mod
he
zirc
fuel
total

mod
he
zirc
fuel
total

n+fg
3.164e+00 +- 4.474e-04
2.228e-05 +- 3.151e-09
3.146e-02 +- 4.449e-06
1.700e+02 +- 2.404e-02
1.731e+02 +- 2.404e-02

n+fg
3.217e+00 +- 4.549e-04
2.274e-05 +- 3.216e-09
3.204e-02 +- 4.532e-06
1.702e+02 +- 2.408e-02
1.735e+02 +- 2.408e-02

n+fg
3.629e+00 +- 5.132e-04
2.611e-05 +- 3.692e-09
3.644e-02 +- 5.154e-06
1.721e+02 +- 2.433e-02
1.757e+02 +- 2.434e-02

n+fg
4.036e+00 +- 5.707e-04
2.924e-05 +- 4.135e-09
4.066e-02 +- 5.750e-06
1.733e+02 +- 2.451e-02
1.774e+02 +- 2.452e-02

n+fg
4.409e+00 +- 9.860e-04
3.206e-05 +- 9.067e-09
4.450e-02 +- 1.259¢-05
1.743e+02 +- 4,929e-02
1.787e+02 +- 4.930e-02

n+fg
4.749e+00 +- 1.062e-03
3.460e-05 +- 9.787e-09
4.794e-02 +- 1.356e-05
1.750e+02 +- 4.951e-02
1.798e+02 +- 4.952e-02

n+fg
5.047e+00 +- 1.129e-03
3.685e-05 +- 1.042e-08
5.099e-02 +- 1.442e-05
1.757e+02 +- 4.969e-02
1.808e+02 +- 4.970e-02

BLASL

Table 17: 1c Energy Deposited in Different Materials at 0.1 GWD/tU

prompt gamma
3.155e-01 +- 7.055e-05
1.883e-06 +- 4.210e-10
5.672e-01 +- 1.268e-04
5.685e+00 +- 1.271e-03
6.567e+00 +- 1.279e-03

capture gamma
3.186e-01 +- 1.452e-04
1.887e-06 +- 8.638e-10
5.628e-01 +- 2.591e-04
4.949¢+00 +- 1.633e-03
5.830e+00 +- 1.660e-03

delayed gamma
3.089e-01 +- 6.907e-05
1.844e-06 +- 4.122e-10
5.553e-01 +- 1.242e-04
5.566e+00 +- 1.245e-03
6.430e+00 +- 1.253e-03

beta
0
0
0
6.654e+00 +- 9.410e-04
6.654e+00 +- 9.410e-04

total
4.107e+00 +- 4.806e-04
2.790e-05 +- 3.320e-09
1.717e+00 +- 3.141e-04
1.928e+02 +- 2.417e-02
1.986e+02 +- 2.418e-02

Table 18: 1c Energy Deposited in Different Materials at 1.0 GWD/tU

prompt gamma
3.156e-01 +- 7.058e-05
1.884e-06 +- 4.212e-10
5.678e-01 +- 1.270e-04
5.690e+00 +- 1.272e-03
6.574e+00 +- 1.281e-03

capture gamma
3.343e-01 +- 1.483e-04
1.981e-06 +- 8.823e-10
5.906e-01 +- 2.647e-04
5.188e+00 +- 1.658e-03
6.113e+00 +- 1.685e-03

delayed gamma
3.067e-01 +- 6.858e-05
1.830e-06 +- 4.093e-10
5.517e-01 +- 1.234e-04

beta
0
0
0

5.529e+00 +- 1.236e-03  6.610e+00 +- S.348e-04
6.387e+00 +- 1.244e-03  6.610e+00 +- S.348e-04

total
4.173e+00 +- 4.885e-04
2.843e-05 +- 3.386e-09
1.742e+00 +- 3.185e-04
1.933e+02 +- 2.422e-02
1.992e+02 +- 2.422e-02

Table 19: 1c Energy Deposited in Different Materials at 10 GWD /tU

prompt gamma
3.171e-01 +- 7.090e-05
1.892e-06 +- 4.230e-10
5.724e-01 +- 1.280e-04
5.728e+00 +- 1.281e-03
6.617e+00 +- 1.289e-03

capture gamma
4.421e-01 +- 1.704e-04
2.622e-06 +- 1.013e-09
7.796e-01 +- 3.038e-04
6.791e+00 +- 1.828e-03
8.013e+00 +- 1.861e-03

delayed gamma
2.937e-01 +- 6.567e-05
1.752e-06 +- 3.918e-10
5.302e-01 +- 1.186e-04
5.306e+00 +- 1.186e-03
6.129e+00 +- 1.194¢-03

beta
0
0
0
6.359e+00 +- 8.992e-04
6.359¢+00 +- 8.992¢-04

total
4.682e+00 +- 5.493e-04
3.238e-05 +- 3.872e-09
1.919e+00 +- 3.504e-04
1.962e+02 +- 2.448e-02
2.028e+02 +- 2.449¢-02

Table 20: 1c Energy Deposited in Different Materials at 20 GWD/tU

prompt gamma
3.192e-01 +- 7.138e-05
1.905e-06 +- 4.259%-10
5.775e-01 +- 1.291e-04
5.763e+00 +- 1.289e-03
6.659e+00 +- 1.297e-03

capture gamma
5.375e-01 +- 1.906e-04
3.191e-06 +- 1.134e-09
9.470e-01 +- 3.395e-04
8.199e+00 +- 1.987e-03
9.684e+00 +- 2.025e-03

delayed gamma
2.874e-01 +- 6.427e-05
1.715e-06 +- 3.835e-10
5.200e-01 +- 1.163e-04
5.188e+00 +- 1.160e-03
5.996e+00 +- 1.168e-03

beta
0
0
0
6.242e+00 +- 8.828e-04
6.242e+00 +- 8.828e-04

total
5.180e+00 +- 6.093e-04
3.605e-05 +- 4.326e-09
2.085e+00 +- 3.815e-04
1.987e+02 +- 2.467e-02
2.060e+02 +- 2.468e-02

Table 21: 1c Energy Deposited in Different Materials at 30 GWD /tU

prompt gamma
3.215e-01 +- 1.159e-04
1.918e-06 +- 6.916e-10
5.821e-01 +- 2.099e-04
5.791e+00 +- 1.638e-03
6.695e+00 +- 1.655e-03

capture gamma
6.223e-01 +- 2.458e-04
3.694e-06 +- 1.462e-09
1.096e+00 +- 4.372e-04
9.440e+00 +- 2.688e-03
1.116e+01 +- 2.734e-03

delayed gamma
2.840e-01 +- 1.024e-04
1.694e-06 +- 6.109e-10
5.142e-01 +- 1.854e-04

beta
0
0
0

5.116e+00 +- 1.447e-03 6.179e+00 +- 1.748e-03
5.914e+00 +- 1.462e-03 6.179e+00 +- 1.748e-03

total
5.637e+00 +- 1.028e-03
3.936e-05 +- 9.230e-09
2.237e+00 +- 5.194e-04
2.008e+02 +- 4.944e-02
2.087e+02 +- 4.946e-02

Table 22: 1c Energy Deposited in Different Materials at 40 GWD/tU

prompt gamma
3.233e-01 +- 1.166e-04
1.929e-06 +- 6.956e-10
5.858e-01 +- 2.112e-04
5.810e+00 +- 1.643e-03
6.719e+00 +- 1.661e-03

capture gamma
6.979e-01 +- 2.657e-04
4.143e-06 +- 1.580e-09
1.229e+00 +- 4.722e-04
1.054e+01 +- 2.911e-03
1.247e+01 +- 2.961e-03

delayed gamma
2.817e-01 +- 1.016e-04
1.681e-06 +- 6.060e-10
5.104e-01 +- 1.840e-04

beta
0
0
0

5.062e+00 +- 1.432e-03 6.138e+00 +- 1.736e-03
5.855e+00 +- 1.447e-03 6.138e+00 +- 1.736e-03

total
6.052e+00 +- 1.106e-03
4.235e-05 +- 9.956e-09
2.373e+00 +- 5.493e-04
2.026e+02 +- 4.967e-02
2.110e+02 +- 4.969e-02

Table 23: 1c Energy Deposited in Different Materials at 50 GWD/tU

prompt gamma
3.253e-01 +- 1.173e-04
1.941e-06 +- 6.998e-10
5.897e-01 +- 2.126e-04
5.828e+00 +- 1.648e-03
6.743e+00 +- 1.666e-03

capture gamma
7.641e-01 +- 2.835e-04
4.538e-06 +- 1.686e-09
1.346e+00 +- 5.036e-04
1.150e+01 +- 3.107e-03
1.361e+01 +- 3.161e-03

Consortium for Advanced Simulation of LWRs

delayed gamma
2.806e-01 +- 1.012e-04
1.674e-06 +- 6.036e-10
5.087e-01 +- 1.834e-04
5.027e+00 +- 1.422e-03
5.816e+00 +- 1.437e-03

liii

beta
0
0
0
6.111e+00 +- 1.728e-03
6.111e+00 +- 1.728e-03

total
6.417e+00 +- 1.174e-03
4.500e-05 +- 1.060e-08
2.495e+00 +- 5.767e-04
2.041e+02 +- 4.986e-02
2.131e+02 +- 4.988e-02

CASL-U-

Heat Deposition Portion
2.07+-0.00%

0.00 +- 0.00 %

0.86 +- 0.00 %
97.07+-0.02%

100%

Heat Deposition Portion
2.10 +- 0.00 %

0.00 +- 0.00 %

0.87 +- 0.00 %

97.03 +-0.02 %

100%

Heat Deposition Portion
2.31+-0.00%

0.00 +- 0.00 %

0.95 +- 0.00 %

96.75 +- 0.02 %

100%

Heat Deposition Portion
2.51 +- 0.00 %

0.00 +- 0.00 %

1.01 + 0.00 %

96.47 +- 0.02 %

100%

Heat Deposition Portion
2.70 +- 0.00 %

0.00 +- 0.00 %

1.07 +- 0.00 %
96.23+-0.03%

100%

Heat Deposition Portion
2.87 +-0.00%

0.00 +- 0.00 %

1.12 + 0.00 %

96.01 +- 0.03 %

100%

Heat Deposition Portion
3.01 +- 0.00 %

0.00 +- 0.00 %

1.17 + 0.00 %

95.82 +-0.03 %

100%
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Table 24: 1c Energy Deposited in Different Materials at 60 GWD/tU

n+fg prompt gamma capture gamma delayed gamma beta total Heat Deposition Portion
mod 5.287e+00 +- 1.182e-03 3.271e-01 +- 1.179e-04 8.188e-01 +- 2.983e-04 2.802e-01 +- 1.010e-04 0 6.713e+00 +- 1.229e-03 3.13 +- 0.00 %
he 3.868e-05 +- 1.094e-08 1.951e-06 +- 7.035e-10 4.863e-06 +- 1.774e-09 1.671e-06 +- 6.025e-10 0 4.716e-05 +- 1.112e-08 0.00 +- 0.00 %
zirc 5.343e-02 +- 1.511e-05 5.931e-01 +- 2.138e-04 1.443e+00 +- 5.298e-04 5.080e-01 +- 1.832e-04 0 2.597e+00 +- 6.002e-04 1.21 + 0.00 %
fuel 1.762e+02 +- 4.983e-02 5.840e+00 +- 1.652e-03 1.229e+01 +- 3.270e-03 5.002e+00 +- 1.415e-03 6.092e+00 +- 1.723e-03 2.054e+02 +- 5.001e-02 95.66 +- 0.03 %
total 1.815e+02 +- 4.984e-02 6.760e+00 +- 1.670e-03 1.455e+01 +- 3.326e-03 5.790e+00 +- 1.430e-03 6.092e+00 +- 1.723e-03 2.147e+02 +- 5.003e-02 100%
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Appendix B Delayed Gamma Spectrum

In the current MCNP energy deposition model developed for VERA Progression Problems,
the delayed beta and gamma energy depositions are scaled by normalizing the MCNP tal-
lied spatial distributions (prompt fission Q value and prompt gamma energy) to the ENDF
entries of delayed modes. This approximation could affect the accuracy of the energy depo-
sition model in two aspects: (1) the amount of delayed energy release as a function of time.
We have verified that time dependence of delayed energy has marginal effect on the nominal
reactor operation calculation with depletion. The time dependence on the fast transient
problems (such as RIAs) is under investigation; (2) the spatial distribution of the gamma
energy deposition. The current scaling approach assumes the spatial distribution of delayed
gamma energy deposition is identical to that of prompt gamma energy deposition. This is
true only when the delayed gamma spectrum resembles the prompt gamma spectrum, which
is discussed as follows.

First, Refs. [6, 7] show that the equilibrium delayed gamma spectrum and prompt gamma
spectrum of U-235 fairly resemble each other. It is also interesting to investigate the delayed
gamma spectrum as a function of time, which can be done by depletion codes to provide
the radiation source terms. In Figs. 76 and 77, we compare the prompt gamma spectrum
obtained from ENDF/B-VII.1, with the delayed gamma spectra at various times followed by
a fission event of U-235. These delayed gamma spectra data are obtained from Refs. [8] and
[9] by calculations using CINDER and ORIGEN, respectively. The spectra of prompt and
delayed gammas are normalized such that they are integrated to unity over gamma energy.
Note the spectra lower than 0.1MeV are not shown in these plots because: (1) the prompt
gamma spectrum less than 0.1MeV obtained in ENDF data is questionable by missing peaks
indicated from Ref. [9]; (2) as computed from the CINDER and ORIGEN data, the num-
ber of delayed photons is produced with similar amount between the two energy ranges,
0-0.1MeV and 0.1-1MeV, so the heating energy produced by the photons in 0-0.1MeV is an
order lower than the photons in 0.1-1MeV. Given the little potential contribution to heating
calculation, efforts of further investigating the spectra differences can be saved in the energy
range of 0-0.1MeV.

Although the spectral data of delayed gamma are available in different energy bins and time
ranges between CINDER and ORIGEN results, they are roughly consistent if comparing at
the same delayed times up to 10* s. It is also noted that the spectra of delayed gamma are
generally softened as time increases. At early times (less than 1000s), the delayed gamma
spectra are more likely to resemble the prompt gamma spectrum. Since more than three-
fourths of the total delayed gamma energy is released within 1000s after a fission, with
majority of heat contributed from short-lived FPs, it shouldn’t be a bad approximation to
assume a similar spectra of delayed gamma as prompt gamma, even during the period that
the equilibrium delayed gamma is not achieved (such as core startup or power change).

In addition, Fig. 78 shows a same comparison for Pu-239, which is also available from
CINDER calculations [8]. The same conclusion can be drawn from the spectra comparison
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between prompt and delayed gammas for Pu-239.
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Figure 76: Comparison of delayed gamma spectra (CINDER) at various time after a U-235 fission event with prompt gamma
spectrum from ENDF/B-VIL.1 (MF=15, MT=18). The data of delayed gamma spectra is from CINDER calculations in Ref.
(8]
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Figure 77: Comparison of delayed gamma spectra (ORIGEN) at various time after a U-235 fission event with prompt gamma
spectrum from ENDF/B-VII.1 (MF=15, MT=18). The data of delayed gamma spectra is from ORIGEN calculations in Ref.
(9]

Consortium for Advanced Simulation of LWRs Ivi CASL-U-2017-1399-000



Energy Deposition Analysis of VERA Progression %}EAS I

Problems Using MCNP6

Normalized photon spectra (1/MeV)

1E-5 T ——

T T T — T

0.1 1 10
Energy (MeV)

Figure 78: Comparison of delayed gamma spectra (CINDER) at various time after a Pu-239 fission event with prompt gamma
spectrum from ENDF/B-VII.1 (MF=15, MT=18). The data of delayed gamma spectra is from CINDER calculations in Ref.

(8]
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