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SUMMARY

This report details the progress and activities of Idaho National Laboratory (INL) on the Nu-
clear Regulatory Commission (NRC) project “Development and Modeling Support for Advanced
Non-Light Water Reactors.”

The deliverables completed for this report are:

• Deliverable 1c: the capability to model gas mixtures was added to Pronghorn. A test prob-
lem mimicking the conditions achieved in a depressurized loss-of-forced-cooling (DLOFC)
event was solved with both RELAP-5 and Pronghorn. Pronghorn employed a finite vol-
ume method with the Kurganov-Tadmor discretization. The comparison between the mass
fraction spatial profiles computed with RELAP-5 and Pronghorn clearly shows the presence
of numerical artifacts (i.e., overly diffusive behavior at low Mach numbers). We confirmed
that the problem disappears at higher Mach numbers. We recommend future work on the
implementation of a low Mach finite volume formulation to better treat low Mach number
problems.

• Deliverable 2a: we demonstrated two approaches to model the radiation/conduction/natu-
ral convection heat transfer across a stagnant gas for the PBMR-400 design using Pronghorn.
The first approach is based on the net radiation method, which relies on the computation of
view factors with the Multiphysics Object-Oriented Simulation Environment (MOOSE) ray
tracing capability. The second method is a traditional thermal resistance approach. The test
problems include both 2D and 3D geometries. In all cases, the results show very good agree-
ment during a DLOFC transient. This confirms that the faster thermal resistance method
produces solutions that are equivalent to the net radiation method for this geometry.

• Deliverable 3d: we demonstrated the use of the advection kernel for the delayed neutron
precursor equation in Griffin with a 2D MSFR model. The results appear physical but further
verification is recommended. We also recommend the addition of conjugate heat transfer to
compute the temperatures and model the thermomechanic behavior of the reflectors and
other structures. Significant memory and performance issues were encountered in the 3D
axisymmetric model. Future work is recommended in this area.

• Task 8g: this task allows multidimensional MOOSE applications to be coupled to system
codes (RELAP-7 and SAM). We implemented a faster multiphysics iteration coupling algo-
rithm, which provides an overall 6× acceleration of the 3D-1D coupling of the core multidi-
mensional fluid flow solver and the 1D primary and secondary loop model.
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1. INTRODUCTION

This report details the progress and activities of Idaho National Laboratory (INL) in regard

to the Nuclear Regulatory Commission (NRC) project “Development and Modeling Support for

Advanced Non-Light Water Reactors.”

Table 1 provides a summary of the tasks completed for this report. It matches the deliver-

able number, statement-of-work task, and (short) description of the deliverable with the relevant

section in this report.

Table 1: List of deliverables.

Deliverable SOW Report
Number Task Section Description

1c 1c 2 Implement the property relations for gas mixtures so that the air-
helium natural circulation phase of a depressurized loss-of-forced-
cooling (DLOFC) event can be modeled.

2a 2b 3 Develop a sample problem demonstrating how to model the radia-
tion/conduction/natural convection heat transfer across a stagnant gas
gap such as that between the core barrel and the vessel wall in a pebble
bed design.

3d 3d 4 Implement the ability to use the local concentration of delayed neutron
precursors for the analysis of molten-salt-fueled reactors.

— 8g 5 Acceleration 2D or 3D thermal-fluids coupling with 1D loops.

The tasks completed for this report are:

• Task 1c: the capability to model gas mixtures was added to Pronghorn. A test problem

mimicking the conditions achieved in a DLOFC event was solved with both RELAP-5 and

Pronghorn. Pronghorn employed a finite volume method with the Kurganov-Tadmor dis-

cretization. The comparison between the mass fraction spatial profiles computed with RELAP-

5 and Pronghorn clearly shows the presence of numerical artifacts (i.e., overly diffusive be-

havior at low Mach numbers). We confirmed that the problem disappears at higher Mach

numbers. We recommend future work on the implementation of a weakly compressible

finite volume formulation to better treat low Mach number problems.

• Task 2b: we demonstrated two approaches to model the radiation/conduction/natural con-

vection heat transfer across a stagnant gas for the PBMR-400 design using Pronghorn. The

1



first approach is based on the net radiation method, which relies on the computation of view

factors with the MOOSE ray tracing capability. The second method is a traditional thermal

resistance approach. The test problems include both 2D and 3D geometries. The results con-

firm that the faster thermal resistance method produces solutions that are equivalent to the

net radiation method for this geometry.

• Task 3d: we demonstrated the use of the advection kernel for the delayed neutron precursor

equation with a 2D MSFR model. The results appear physical but further verification is

recommended. We also recommend the addition of a conjugate heat transfer in the future

to compute the temperatures and model the thermomechanic behavior of the reflectors and

other structures.

• Task 8g: this task allows multidimensional Multiphysics Object-Oriented Simulation Envi-

ronment (MOOSE) applications to be coupled to system codes (RELAP-7 and SAM). We

implemented a faster multiphysics iteration coupling algorithm, which provides an overall

6× acceleration of the 3D-1D coupling of the core multidimensional fluid flow solver and

the 1D primary and secondary loop model.

2



2. GAS-MIXTURES

This chapter is focused on the implementation of the gas-mixture relationships in Pronghorn

[4]. The relationships were implemented in the context of Deliverable 1c to enable the mod-

eling and simulation of helium-air natural circulation in a depressurized loss-of-forced-cooling

(DLOFC).

The remainder of the chapter is organized as follows. The assumptions and the equations em-

ployed within the mixing model are reported in Section 2.1. Implementation details are addressed

in Section 2.3, while the problem description and the results are presented in Sections 2.4–2.5,

respectively.

2.1 Mixing Model

In this section, the equations for the mixing model are stated for general mixtures of N + 1

gas species. Section 2.1.1 reports the assumptions for the mixing model. The equations for molar

mass and pressure of the mixture are reported in Section 2.1.2, while Sections 2.1.3-2.1.5 include

the equations for specific properties, dynamic viscosity, and thermal conductivity, respectively.

2.1.1 Assumptions

The following assumptions are made to model the gas mixtures:

1. Local thermal equilibrium.

2. Absence of inter-species and intra-species chemical reactions.

3. Negligible inter-atomic forces among gas atoms. This is justified by the high temperature

and low pressure in the context of the DLOFC scenario.

4. Each gas in the mixture occupies the entire mixture volume at the temperature T and the

partial pressure pi.

In the remainder of this section, the properties of the mixtures, denoted by the subscript g, are

calculated as a function of the properties of the components.

3



2.1.2 Pressure, mass, moles, molar mass

For the assumptions listed in Section 2.1.1, the Dalton law holds for the mixture:

pg =
N

∑
i=0

pi, (1)

where the partial pressures {pi}i=[0,N] are computed at the temperature of the mixture T and the

partial specific volume vi. Moreover, for assumption 2, the total mass of the mixture, mg, is equal

to the sum of the partial masses, {mi}i=[0,N]:

mg =
N

∑
i=0

mi. (2)

Analogously to the total mass, the total number of moles ng is obtained by summing the partial

amounts:

ng =
N

∑
i=0

ni. (3)

If we introduce the mass fraction yi = mi/mg, the corresponding molar fraction can be expressed

as:

xi =
Moles of species i

Total moles
=

yi/Mi

∑N
i=0 yi/Mi

. (4)

Finally, the molar mass of the gas mixture can be obtained from the partial molar masses from the

following weighted average:
1

Mg
=

ng

mg
=

N

∑
i=0

yi

Mi
. (5)

2.1.3 Specific properties

Let ξi denote a specific quantity (i.e., property per unit mass) for the gaseous species i, and Ξi

the associated total quantity. For assumption 2 and 3:

ξg =
Ξg

mg
=

∑N
i=0 Ξi

mg
(6)

Introducing the identity Ξi = miξi and bringing mg within the summation, Equation 6 can be

recast as:

4



ξg =
N

∑
i=0

miξi

mg
=

N

∑
i=0

yiξi, (7)

where we have used the definition of mass fraction. Equation 2 can be utilized to compute the

specific enthalpy of the mixture hg from the partial enthalpies {hi}[i=0,N]:

hg =
N

∑
i=0

yihi. (8)

From Equation 8 and Hypothesis 1, we can obtain the equation for the specific heat at a constant

pressure cp,g:

cp,g =
N

∑
i=0

yicp,i. (9)

An equation analogous to Equation 9 holds for the specific heat at constant volume cv,g:

cv,g =
N

∑
i=0

yicv,i. (10)

2.1.4 Dynamic viscosity

The dynamic viscosity can be computed with Wilke’s model. It relies on the assumption of

weak interaction among gas molecules and reads[5]:

µg =
N

∑
i=0

µi

1 + 1
xi

∑N
j=1,j 6=i xjφi,j

, (11)

where the interaction factor φi,j is defined as:

φi,j =

(
1 +

(
µi
µj

)0.5 (Mj
Mi

)0.25
)2

4√
2

(
1 + Mi

Mj

)0.5 . (12)

The RELAP5/MOD3 manual suggests that this relationship be used to describe the dynamic vis-

cosity of a mixture of gases [6].

5



2.1.5 Thermal conductivity

The thermal conductivity can be described with Mason and Sexena’s analogous method [7].

The RELAP5/MOD3 manual suggests the use of this relationship to describe the thermal conduc-

tivity in a mixture of gases [6]. The conductivity of the mixture λg is given by the equation:

λg =
N

∑
i=0

λi(
1 + ∑N

j=1,j 6=i Gi,j
xj
xi

) , (13)

where the interaction term Gi,j is given by:

Gi,j =
1.065
2
√

2

(
1 +

Mi

Mj

)−0.5
1 +

(
λ0

i

λ0
j

)0.5 (
Mj

Mi

)0.25
2

. (14)

The ratio of frozen thermal conductivities λ0
i /λ0

j is written as:

λ0
i

λ0
j
=

µi Mj

µj Mi
. (15)

By substituting 15 into Equation 14, we obtain:

Gi,j = 1.065

(
1 +

(
µi
µj

)0.5 (Mj
Mi

)0.25
)2

4√
2

(
1 + Mi

Mj

)0.5 . (16)

2.2 Derivatives of material properties

This section reports the derivatives for the material properties with respect to pressure and

temperature. The latter are implemented to correctly calculate the Jacobian matrix required by

the numerical methods in MOOSE. The accurate computation of the Jacobian matrix allows to

reach quadratic convergence of the numerical solution to the correct solution by using the Newton

algorithm.

2.2.1 Specific heat capacity

The isochoric and isobaric specific heat are assumed to be constant with respect to temperature

and pressure. This simplification is justified by the high temperature of the mixture in DLOFC
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scenario. The effect of including the specific heat dependence on temperature and pressure will

be considered in future work.

2.2.2 Dynamic viscosity

The derivative of the viscosity with respect to temperature can be obtained by differentiating

Equation 11:

∂µg

∂T
=

N

∑
i=0

(
∂µi
∂T Fi − µi

∂Fi
∂T

F2
i

)
. (17)

In Equation 17, the factor Fi is defined as:

Fi = 1 +
1
xi

N

∑
j=0,j 6=i

xjφi,j. (18)

The partial derivative of Fi with respect to T can be computed as:

∂Fi

∂T
= 1 +

1
xi

N

∑
j=0,j 6=i

xj
∂φi,j

∂T
. (19)

The derivative of the factor φij is given by:

∂φi,j

∂T
= 2

(
1 +

(
µi
µj

)0.5 (Mj
Mi

)0.25
)

4√
2

(
1 + Mi

Mj

)0.5

(
Mj

Mi

)0.25

0.5
(

µi

µj

)−0.5 ∂µi
∂T µj −

∂µj
∂T µi

µ2
j

, (20)

that can be recast as:

∂φi,j

∂T
=

(
1 +

(
µi
µj

)0.5 (Mj
Mi

)0.25
)

4√
2

(
1 + Mi

Mj

)0.5 (Mi
Mj

)0.25 ( µi
µj

)0.5

∂µi
∂T µj −

∂µj
∂T µi

µ2
j

. (21)

Equation 17–21 are valid to describe the derivative with respect to pressure if the change ∂T → ∂p

is performed.

2.2.3 Thermal conductivity

The derivative of the mixture’s thermal conductivity is computed similarly to what done for

the viscosity. By differentiating Equation 13, the following equation is obtained:
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∂λg

∂T
=

N

∑
i=0

(
∂λi
∂T Hi − λi

∂Hi
∂T

H2
i

)
. (22)

In Equation 22, the factor Hi is defined as:

Hi = 1 +
1
xi

N

∑
j=0,j 6=i

xjGi,j, (23)

and its derivative is:

∂Hi

∂T
= 1 +

1
xi

N

∑
j=0,j 6=i

xj
∂Gi,j

∂T
. (24)

Noticing that Gij = 1.065φij leads to the following relation:

∂Gi,j

∂T
= 1.065

∂φi,j

∂T
, (25)

where ∂φi,j
∂T is defined as in Equation 21. Equation 22–25 are valid for pressure by substituting ∂T

with ∂p.

2.3 Implementation

The main part of the implementation is a fluid property object providing an interface that

allows the computation of fluid properties given temperature, pressure, and mass fractions. This

interface is used by MOOSE material, kernel, and boundary conditions objects by passing the

values of pressure, temperature, and mass fractions computed during the iterative solve on each

quadrature point. The implemented objects are based upon the current finite volume Pronghorn

capabilities and their current application was restricted to binary mixtures. This can be easily

extended in the future.

What follows is a description of the objects implemented in the context of this task [8].

GasMixPHFluidProperties – This object implements the relations for fluid properties de-

scribed in Section 2.1 and provides an interface for on-demand computation of these prop-

erties to the MOOSE system.

GasMixPorousMixedVarMaterial – This object duplicates PorousMixedVarMaterial for gas
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mixtures and computes quantities necessary for feeding the GasMixPHFluidProperties com-

putation.

GasMixPCNSFVKT – This object duplicates PCNSFVKT for gas mixtures. The latter imple-

ments the Kurganov-Tadmor discretization scheme for the advection term [9]. Different

slope limiters are available to mitigate spurious numerical oscillations and mitigate the nu-

merical diffusivity (e.g., upwind and minmod slope limiters) [10].

GasMixPCNSFVStrongBC – This object duplicates PCNSFVStrongBC for gas mixtures and

weakly imposes Dirichlet information for fluid temperature, superficial velocity or momen-

tum, pressure, and/or mass fraction(s).

2.4 Problem Description

An isothermal, 10-m high vertical pipe with a flow area of 1 m2 and porosity of 50% is used to

test the new gas mixture capabilities. At time t = 0+, air enters the helium-filled pipe from the top

boundary at 0.1 m/s. The problem was defined to recreate the physical conditions of a DLOFC

event with minimum computational effort.

The following equation is used to transport the air mass fraction in the pipe:

ε
∂ (ρya)

∂t
+∇ · (ερya~v) = 0, (26)

where:

• ε is the porosity,

• ρ is the mixture density,

• ya is the mass fraction,

• ~v is the velocity field.

The air is modeled as an ideal gas with a heat capacity ratio of 1.4 and molar mass of 29

g/mol. The heat conductivity and viscosity are set to 25.68× 10−3W/m/K and 18.23× 10−6Pa · s,

respectively.
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The mass conservation for the porous medium is written as:

ε
∂ρ

∂t
+∇ · (ερ~v) = 0, (27)

while the momentum equation for the component i of the velocity is:

ε
∂ρvi

∂t
+∇ · (ερ~vvi) + ε (∇p)i − ερ~gi = 0, (28)

where ~g is the gravity acceleration. The temperature is set to T = 523K. Table 1 reports the inlet

and outlet conditions for the problem.

Table 2: Inlet and outlet boundary conditions.

Variable Inlet/Outlet Value

ya inlet 0.999
vx, m/s inlet 0.0
vy, m/s inlet 0.1
p, Pa outlet 7.0e7

2.5 Results and Discussion

The problem described in Section 2.4 is solved by imposing axial symmetry and by discretizing

the pipe into 50 equally-high axial cells. The time increment is set to 1 second, and the transient is

run for 200 seconds. The value of the helium mass fraction calculated with RELAP-5 [11] for the

top, bottom, and middle axial cell as a function of time are reported in Figure 1. In all cases, the

helium mass fraction decreases from 1 to 0 due to the air flow entering the pipe. For the middle

and bottom element, a time-delay (i.e., a plateau) can be noted before the mass fraction starts

decreasing to zero. This is caused by the finite speed of propagation of the mass fraction wave

front.

The same problem was solved by leveraging the Pronghorn objects listed in Section 2.3. Figure

2 reports the helium mass fraction in the bottom axial cell calculated using the Kurganov-Tadmor

method with the upwind slope limiter. From Figure 2 it can be observed that, despite reaching the

correct steady-state solution, (i.e., the helium mass fraction reaches zero), the time-delay observed

in Figure 1 is not correctly reproduced. This is because the Kurganov-Tadmor discretization
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Figure 1: RELAP-5 solution. Helium mass fraction as a function of time for the top, bottom, and
middle axial cell.

scheme is highly diffusive at low Mach numbers. Figure 3 shows the spatial distribution of the

mass fraction at 25.3 seconds from which it is clear the absence of a clear wave-front. Similar

spatial shapes can be observed for the other time steps.

Figure 2: Pronghorn solution with upwind slope limiter for the bottom axial cell. The curves for
the top and middle axial cell are not reported because not distinguishable from the one for the
bottom axial cell.

Enhanced accuracy can be obtained by resorting to the minmod slope limiter. Figure 4 reports

the helium mass fraction as a function of time for the three axial cells of interest. From Figure 4, it

is noticeable a less diffusive solution despite the presence of a spurious change of slope at around

25 seconds. A caveat on the use of the minmod slope limiter is that it imposes a much smaller

time step, leading in turn to a tenfold increase in computational time with respect to the results

obtained with the upwind slope limiter. No improvement in the quality of the results was found
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Figure 3: Mass fraction as a function of space at time 25.3 seconds.

by refining the mesh.

Figure 4: Pronghorn solution with minmod slope limiter. Helium mass fraction as a function of
time for the top, bottom, and middle axial cell.

To confirm our hypothesis on the cause of the overly diffusive behavior of the solution, (i.e., the

use of the Kurganov-Tadmor discretization scheme with a weakly compressible flow) the problem

described in Section 2.4 was run by increasing the inlet speed and reactor dimensions by a factor

of 100 to achieve higher Mach numbers. Figure 5 shows the helium mass fraction as a function

of time for the top, bottom, and middle axial cell, while Figure 6 reports the air mass fraction’s

spatial profile at different time steps. From these two figures, a propagation front is clearly visible,

therefore confirming the limitations of the currently implemented Kurganov-Tadmor method in

dealing with weakly compressible flows characterized by low Mach number.
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Figure 5: Pronghorn solution with minmod slope limiter and increased Mach number. Helium
mass fraction as a function of time for the top, bottom, and middle axial cell.

Figure 6: Snapshots of the air mass fraction spatial profile at different times t (in seconds) for
increased Mach number.
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3. HEAT TRANSFER IN STAGNANT GAPS

There are a number of gap heat transfer models available in BlueCRAB through the MOOSE

physics modules. The primary goal of this section is to verify that these gap heat transfer capabil-

ities provide an accurate representation of the physics that take place in a gap with a stagnant gas.

This situation is applicable to multiple reactor types including high-temperature reactors (HTRs)

and microreactors. An example of the gas gap between the core barrel and the reactor pressure

vessel (RPV) is shown in Figure 7.

Figure 7: Stagnant gas gap in the MHTGR-350 [1, 2] between the core barrel and reactor pressure
vessel.

3.1 Methodology

The dominant heat transfer physics in a gap filled with a stagnant gas are molecular conduc-

tion and radiation heat transfer. The convective heat transfer is usually negligible for small gap

widths. For example, the helium gap between the reflector and barrel with a surface temperature

of 870 K and a bulk fluid temperate of 760 K exhibits a Grashof number of 68.3, Prandtl number of

0.65, and Rayleigh number of 44 [12]. A similar set of dimensionless parameters can be obtained

between the barrel and the reactor pressure vessel. The Grashof number is 301.173, with a Prandtl

number of 0.65, that results in a Rayleigh number of 196.89. As a reference, turbulent Rayleigh
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numbers occur near 109.

The modeling approaches for gap heat transfer in MOOSE include:

• Net Radiation Method. This method simulates radiation as mono-energetic rays and takes

absorption and re-emission into account using a single emissivity parameter. Furthermore,

it assumes that there is no attenuation in the medium between the surfaces. A MOOSE

ray-tracing algorithm is deployed to compute view factors for a number of surface patches

defined by the user. The current approach in MOOSE is to use both conduction and the gray

diffuse radiative heat transfer models across the gap. In this method, the gap is explicitly

meshed.

• Thermal Resistance Method. This method employs an electric circuit analog to represent the

heat transfer across the gap. The ”thermalContact” action in MOOSE computes the equiva-

lent gap heat transfer without the need for a mesh. In this method, the heat flux is computed

and applied as an integrated boundary condition at the quadrature points on both faces. A

nearest-node algorithm is used to connect the various interacting points on the surfaces in-

volved. The gap geometry must be specified to apply the appropriate geometry correction

(i.e., plate, cylinder, or sphere). This approach allows less memory to be used and eliminates

the ray tracing portion of the calculation, thus improving computational speed.

3.2 Problem Description

The test problem selected is based on the modeling of the PBMR-400 [13]. The simplified

geometry is a quarter core symmetric section limited to the reflector, core barrel, and RPV but

retains the same dimensions as the original benchmark. Three modeling approaches are analyzed:

1. 3D Net Radiation Method - this is an azimuthally symmetric model that serves as the reference

solution to establish the accuracy of the other two solutions,

2. 3D Thermal Resistance Method - this is the 3D analog of the reference model with the faster

method, and

3. 2D R-Z Thermal Resistance Method - this is the 2D analog of the reference model.

15



The mesh for Model 2 is shown in Figure 8. In this instance, the gap regions are not meshed.

In all three models, heat conduction kernels are used in the solid materials with the particular gap

model in the two gap regions bounded by the reflector and barrel (Gap 1) and the barrel and RPV

(Gap 2). The problem is azimuthally symmetric to ensure that the 3D solutions are equivalent

to the 2D R-Z analog. The boundary conditions for the model are included in Table 3. A time-

dependent and z-dependent Dirichlet B.C. is imposed on the inner boundary of the reflector to

simulate the core heat source. These values are obtained from the results of a DLOFC using the

INL PBMR-400 model [14]. The outer boundary is a radiative heat rejection condition between two

concentric, infinite cylinders. This boundary condition computes the radiative heat flux from the

boundary to an infinite cylinder completely surrounding it. The top and bottom of the geometry

use adiabatic conditions.

Figure 8: PBMR-400 3D mesh with two gaps. 1/4th axial scale (in meters).

The various materials and thermo-physical properties used in the simulations are included in

Table 4. Note that the thermo-physical properties are not temperature dependent to simplify the

calculations. The radiation heat transfer parameters for Model 1 are shown in Table 5.
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Table 3: Boundary conditions for the gap heat transfer model.

Region Boundary Condition

Reflector inner Dirichlet with value T(t,z)
RPV outer Radiative heat transfer between two concentric, infinite cylinders

Boundary radius = 4.62 m, T∞ = 293.15 K
Top and bottom Adiabatic (Neumann B.C.), heat flux value = 0 W/m2

Table 4: Thermo-physical properties of the various materials and regions.

Density Heat Capacity Conductivity
Material Region [ kg

m3 ] [ J
kg−K ] [ W

m−K ]

Graphite Reflector 1780 1.697 26
Steel Core barrel & RPV 7800 0.525 17

3.3 Results and Discussion

A comparison of the problem size is shown in Table 6. We differentiate between the primal

variable (temperature) and the auxiliary variables used in the thermal resistance and the net radi-

ation heat transfer algorithms.

The time evolution of the reference solution can be found in Figure 9. The times correspond

approximately to 0, 7, 14, 21, 28, 36, 43, and 50 hours. The results show the change in the axial

temperature distribution as the forced flow though the core comes to a stop. The reflector and

metallic structures heat up during the transient as heat is slowly removed from the core to the

ultimate heat sink. A comparison between the reference (Model 1) and the 3D thermal resistance

method (Model 2) at various times is included in Figure 10. The results show very good agree-

ment between the two approaches with maximum differences within 3.1 K during the duration of

the transient. This confirms that the faster thermal resistance method produces solutions that are

equivalent to the net radiation method for this geometry. Another comparison between the refer-

ence (Model 1) and the 2D R-Z thermal resistance method (Model 3) at various times is included

in Figure 11. Here again, the results show excellent agreement between the two approaches with

maximum differences within 3.2 K during the duration of the transient.
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Table 5: Radiation heat transfer parameters. The number of directions are per quadrature point.

Region Emissivity Directions Number of Patches

Reflector 0.8 512 100
Core barrel 0.8 512 100
RPV 0.8 512 100

Table 6: Comparison of the problem size.

Model Primal DoF Auxiliary DoF

1 212,400 401,940
2 159,300 275,616
3 1,768 2,884
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4. NEUTRON PRECURSOR DRIFT

Open-pool-type MSR concepts are liquid-fueled reactor designs where fissionable isotopes are

dissolved in either fluoride or chloride molten salts. The modeling of these Molten Salt Reactor

(MSR) concepts requires the inclusion of delayed neutron precursor (DNP) advection to account

for the decay of DNPs across the core. The basic theory and kernel description from the Griffin

[15] application is included in Section 4.1. In Section 4.2, we describe the test model of the molten-

salt fast reactor design [16]. Finally, the results from the steady-state simulation are presented in

Section 4.3.

4.1 Methodology

In open-pool-type MSR concepts, the DNP equations include an advection term

∂

∂t
Ci + ~∇ · (~uCi) + λiCi = βi

G

∑
g′=1

νΣf,g′Φg′ , i = 1, · · · , I, (29)

where ~u is the bulk velocity of the liquid fuel, Ci is the concentration of the ith DNP group, λi is

the decay constant for the ith DNP, βi is the delayed neutron fraction for the ith DNP group and

νΣf,g′Φg′ is the total neutron production in group g′.

Typically, one assumes that the flow is incompressible, and thus, the velocity field satisfies the

divergence-free form of the continuity equation

~∇ · ~u = 0. (30)

With the incompressibility approximation the DNP equation takes the form

∂

∂t
Ci + ~u · ~∇Ci + λiCi = βi

G

∑
g′=1

νΣf,g′Φg′ , i = 1, · · · , I. (31)

The solution to Equation 31 requires boundary conditions on the in-flow boundaries (i.e. ∂Din ≡

{~x ∈ ∂D,~n(~x) · ~u < 0}). Typically, we assume the perfect mixing of DNPs at the core outlet

(∂Dout ≡ {~x ∈ ∂D,~n(~x) · ~u > 0}) before re-entering the core uniformly after a temporal delay
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outside of the active core,

Ci =
e−λiτ

∫
∂Dout
|~u ·~n|Ci dx∫

∂Din
|~u ·~n| dx

, (32)

where τ is the time that it takes the liquid fuel to flow from the outlet back into the inlet outside of

the active core. Some MSR designs may have complicated inventory controls that can potentially

extract or inject delayed neutron precursors from or into the primary system, respectively. In such

cases, the boundary condition can be extended with a more sophisticated inventory control model.

In steady state, we cannot evaluate the DNPs algebraically as in the traditional equilibrium

state, i.e.:

Ci =
βi

λi

G

∑
g′=1

νΣf,g′Φg′ , i = 1, · · · , I, (33)

thus one cannot merge the prompt and delayed source terms in the neutron transport equation.

The DNP equations must be solved in conjunction with the multigroup neutron transport

equation. We define the following advection operator:

TcC ≡



~u · ~∇C1

~u · ~∇C2

...

~u · ~∇CI


.

The coupled equations can be written in operator notation

∂

∂t

(
Ψ

v

)
+ LΨ =Qext + SΨ + FpΨ + CC, (34)

∂

∂t
C + TcC + λC =PΦ, (35)

where Ψ is the angular flux, v is the neutron velocity, L is the streaming and collision, Qext is the

external source, S is the scattering source, Fp is the prompt neutron production, C is the multi-

group delayed neutron production, and P is the delayed neutron production.

The typical boundary and initial conditions apply to the neutron transport equation along with

the initial condition for the DNPs. The only difference is the introduction of the DNP advection
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term TcC in the DNP equation and the in-flow boundary condition for C on ∂Din:

C = FcC, (36)

where Fc maps the DNP concentration from ∂Dout to ∂Din and is defined as

FcC ≡ 1∫
∂Din
|~u ·~n| dx



e−λ1τ
∫

∂Dout
|~u ·~n|C1 dx

e−λ2τ
∫

∂Dout
|~u ·~n|C2 dx
...

e−λI τ
∫

∂Dout
|~u ·~n|CI dx


.

The steady-state equation is

LΨ =Qext + SΨ + FpΨ + CC, (37)

TcC + λC =PΦ. (38)

The k-eigenvalue problem is

LΨ =SΨ +
1
k

FpΨ + CC, (39)

TcC + λC =
1
k

PΦ. (40)

Similarly, we can obtain the neutron diffusion equation with DNP convection. An adjoint equa-

tion can be derived. We emphasize that the DNP equations cannot be merged into the neutron

transport equation and must be solved separately, even in steady-state

4.2 Problem Description

The test problem is based on the Molten Salt Fast Reactor (MSFR) design [16]. An illustration

of the design is shown in Figure 12. The MSFR is a fast-spectrum reactor that uses a fluoride-

based fuel salt with a thorium fuel cycle. The main specifications are shown in Table 7, and the

material properties are from [16]. The modeled geometry is modified from the original rectangular

geometry and replaced with curved surfaces similar to those in ”Geometry II” from [17]. The
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computational model is derived from [18], where the cross sections were prepared with a Serpent

2 model of the core in six coarse energy groups.

Figure 12: Conceptual design of the MSFR [3].

Table 7: Specifications for the MSFR.

Parameter Value

Rated power 3000 MWth
Core inlet/outlet temperature 923/1023 K
Flow rate 4.5 m3/s
Salt volume 18 m3

Salt composition LiF-ThF4-(233U/TRU)F4
Core height 2.255 m
Core diameter 2.255 m
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The computational model includes a core region, pump, and a heat exchanger. The following

assumptions and simplifications are made:

• The blanket salt region is ignored in both neutronics and thermal fluids.

• Conjugate heat transfer between structures or components and the salt is ignored, except in

the heat exchanger.

• The pump is modeled as a momentum source term for the y-component of the velocity

variable with a value of 2.0E4 kg/m2/s2.

• The friction coefficient is adjusted to 5.e3 in order to obtain the correct mass flow rate and

the approximate pressure drop in the heat exchanger.

• The heat exchanger is modeled using a heat sink kernel with a surface area density of 600

m2/m3, a heat transfer coefficient of 20 kW/m2/K, and an ambient temperature of 600oC.

• A mixing length model is used, available from the MOOSE framework.

• The Boussinesq buoyancy model is used to account for buoyant forces within the fluid.

Two mesh files were developed for 2D and 3D axisymmetric models and are shown in Fig-

ure 13. In this report, we seek to present the results for the steady-state case. The purpose of

the 3D model is to test the consistency of the solvers with a more realistic geometry. The solu-

tion for the MSFR is obtained by tightly coupling Griffin and Pronghorn via a Picard iteration

scheme. Griffin solves Equation 39 using the diffusion approximation with CFEM dicretization,

while Pronghorn solves the incompressible flow equations discretized using the FVM. The spa-

tial concentrations of the neutron precursor groups are obtained from the solution to the passive

scalar decay-transmutation-advection equations in Equation 40. The flow model used is known

as a mixing length model. This assumes that the reynolds stress tensor takes a form that only

involves the time-averaged flow and an additional unknown called the eddy viscosity [19]. This

eddy viscosity is handled with what are known as turbulence closure models. The standard for

turbulence closure models are typically two equation models. The most common are the k-epsilon

and k-omega models and their derivatives. The model used here assumes the kinetic energy term

in the Reynolds stress tensor approximation is negligible and results in the eddy viscosity be-

ing the only unknown to be solved. The eddy viscosity closure is known as an algebraic model,

specifically a mixing length model. The mixing length model correlates eddy viscosity to a mixing
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length squared and the magnitude of the wall shear stress as is shown in [19]. The mixing length is

then approximated as a constant multiplied by the distance to the nearest boundary. This constant

is frequently referred to as the Von Karman constant and has been determined experimentally.

(a) 2D axisymmetric (b) 3D axisymmetric

Figure 13: Computational mesh for the Griffin and Pronghorn models.

4.3 Results and Discussion

The results from the 2D steady-state simulation are shown in Figure 14. The fission source peak

occurs in the center of the symmetry of the active core, since there is no fertile blanket. The highest

fuel temperatures occur at the top of the active core near the reflector. The velocity field looks good

for the primitive model that we used. With one and two equation models, small recirculation

zones may be expected to appear in the top center and bottom center of the core region, but this

will depend on flow rates and local velocities. Only a moderate boundary separation occurs in

the pump region. The pump is merely modeled as a momentum source, so this is not the exact

geometry. This does give us a good evaluation of how the precursors are advected through the

core and what effect this may have on the kinetics. The temperature is as expected with a top

peaked temperature profile in the center of the core. With recirculation, the temperature profile

may not peak as much at the top due to the increased mixing, but this will depend on the exact

local flow conditions. This isn’t a simple geometry, and as a result, making predictions of how

more accurate models will behave is difficult. Negative pressures can be seen in the plot, but

negative pressures are expected. With an incompressible flow, the pressure becomes relative, and

a fixed point is needed to get a unique solution for pressure. In this simulation, the fluid properties
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are considered constant, so the fixed point is arbitrary. MOOSE handles this in a unique way

where, instead of setting a single cell or node to a specific value, it uses a Lagrange multiplier to

ensure that the average of the field is equal to a set average, zero in this case. This provides the

necessary constraint for a unique pressure solution.

(a) Fission source (scaled) (b) Temperature [K]

(c) Velocity [m/s] (d) Pressue [Pa]

Figure 14: Steady-state solution for the MSFR.

Figure 15 shows the spatial distribution delayed neutron precursor concentrations for Delayed

Groups 1, 3, and 6 half-lives of 52.1, 6.02, and 0.238 seconds, respectively. The concentrations are

normalized to unity. In Delayed Neutron Groups 1 and 3, the half-life is of the same or larger
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order than the fluids time constant (salt volume/flow rate), and this leads to solutions that show

significant advection by the fluid. The half-life in Group 6 is much smaller than the fluids time

constant, thus it dominates the spatial distribution and yields a solution that resembles the fission

source. The pressure distribution shows a total range of 20 kPa, which is consistent with prior

work showing pressure drops around 10 kPa for a similar configuration [20]. The assumptions,

models, and detail can account for the differences between the results.

In the future, it will be desirable to use turbulence models that align better with industry

standards. A simple one equation model will likely be more revealing, and a two equation model

will align the analysis with current turbulence modeling standards. This is especially true when

looking at the constants that would become less tunable parameters and instead experimentally

verified constants. Transient analysis is another item that needs to be investigated. The precursor

distributions are going to be affected by flow rates, and as a result, the effective delayed neutron

fraction will as well. 3D simulations would also need to be investigated, which was attempted

here, but there were substantial issues encountered when simulating a 3D core.

For the 3D model, we encountered the following problems:

• The run time was very slow and impractical for the geometry created.

• The run time was accompanied by very high memory usage, which made it impractical for

use in design evaluations.

Further development should resolve both these issues. The very slow run time is partially due

to coupling the precursor equations within the thermal-hydraulics solve. Because the distribution

of the precursors has no effect on the fluid flow, the two equation sets should be separated. This

will considerably reduce the size of the non-linear equation system, limiting the computational

cost and, in some capacity, the memory cost. In order to achieve this, we need to rework the

advection kernels to be able to detect flow boundary conditions for an auxiliary velocity variable.

This auxiliary variable is transferred from the fluid flow simulation to the precursor advection

solve. Improved numerical techniques are required to apply this MOOSE functionality to large

problems as the main problem for solve speed is within the navier stokes system.

The high memory usage is currently due to caching the face variables and gradients on the

cell faces. In the finite volume method, the pressure gradient and velocities have to be evaluated
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on cell faces rather at a quadrature point. This evaluation can be expensive, depending on the

numerical scheme used. For example, at the boundaries of the domain, the implementation of

the Rhie Chow interpolation in [21] requires both the face values and the gradient, which itself

depends on the face value. Because we do not lag any quantity, unlike in segregated solvers, we

have to solve a linear system to obtain both quantities. Due to this expected cost, we cached face

variables and gradients. Recent profiling has shown that the cost was initially overestimated and

that caching is not necessary for performance. The memory cost is reduced by up to 70% with this

upcoming change.
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5. 2D-1D THERMAL HYDRAULICS COUPLING

This chapter is focused on the implementation of the multiphysics coupling acceleration in

MOOSE. The acceleration methods were implemented in the context of Deliverable 8g to enable

the coupling of coarse mesh multidimensional solvers and 1D balance of plant simulations. We

detail the context of this work in Subsection 5.1, and then in Section 5.2, we describe the additional

methods implemented in the MOOSE framework to accelerate multiphysics coupling iterations.

Later, we present results in Subsection 5.3 for their application to the 3D-1D coupling of thermal

hydraulics solvers. Finally, we present in Subsection 5.4 additional methods that may be imple-

mented in the MOOSE framework to deliver even faster multiphysics coupling acceleration.

5.1 Context

For intermediate-fidelity nuclear reactor simulations, we plan to combine a 3D (or 2D-RZ)

multiphysics solve of the core region with a 1D model of the heat transfer loops. This multidi-

mensional approach is used to balance computational costs and benefits. The 3D representation

of the core is able to more closely examine potential limiting factors in the core, such as a high fuel

temperature, than a 1D approach of the core. A 1D approach would require high conservatism

for estimating failure limits. On the other hand, a 1D model for the rest of the heat transfer loops

can coarsely and cheaply model these large regions, and while these regions also play a large

role in the safety analysis of nuclear reactors, a detailed local multidimensional approach is only

beneficial for a narrow selection of accidental transients.

The major difficulty in this approach is the coupling between the two thermal hydraulics

solves. In order to couple the core model to the 1D loops, we exchange pressure, velocity, and

temperature at both the inlet and outlet of the core. The 3D core solver receives the core inlet

velocity and temperature and the core outlet pressure from the 1D solver, while the 1D solver

receives the core outlet velocities and the temperature and core inlet pressure from the 3D core

solver. Those quantities are coupled, in that the quantities computed at the core outlet strongly

depend on the core inlet, and similarly, the core inlet temperature and velocity/mass flow rate

also depend on the core outlet conditions. Because of this coupling, we have to iterate between

the two solves to converge the core inlet and outlet conditions. This coupling can be quite difficult,

32



as the exchange of pressure boundary conditions causes pressure waves propagating through each

domain. Changes in pressure boundary conditions may cause changes in material properties, es-

pecially for compressible flow, and prevent the rapid generation of a new numerical solution from

the previous iteration solution.

In a first implementation of this coupling by researchers at Argonne National Laboratory, this

coupling was performed using the native MOOSE capabilities for Picard iterations. They found

that convergence was both slow and unreliable in that the coupling could diverge. In order to

resolve this latter issue, the coupling was under-relaxed. The values transferred from the 1D

solver to the 3D (or 2D in this case) solver for the boundary conditions were blended using a

constant relaxation factor with the values from the previous iteration. This stabilized the coupling

but further slowed it down, sometimes requiring more than 100 iterations of running both solvers

to sufficiently converge a single timestep. The number of iterations was artificially capped at 10 in

order to limit the computational expense, at the detriment of the fidelity of the results.

5.2 Multiphysics Coupling Acceleration Methods

We implemented two simple fixed point algorithms, the secant method and Steffensen’s [22]

method, to demonstrate the potential for advanced multiphysics tight coupling acceleration. We

refer to as tight coupling as an iterative process between two physics solved separately, with in-

formation passed after the completion of each solve. The process is continued until mutual con-

vergence is achieved.

5.2.1 Secant method

The secant method is a root finding technique that follows secant lines to find the roots of a

function f . It is adapted here for fixed point iterations. The secant method may be described by

the following equation:

xn+1 = xn −
( f (xn)− xn) · (xn − xn−1)

f (xn)− xn − f (xn−1) + xn−1
. (41)

where xn is the specified variable/postprocessor and f is a function representing the coupled

multiphysics problem. A relaxation factor may be added to the method, though it will reduce the
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order of convergence. The secant method is easily understood for 1D problems, where (xn, f (xn)−

xn) are the coordinates of the points used to draw the secant, of slope:

xn − xn−1

( f (xn)− xn)− ( f (xn−1)− xn−1)
. (42)

The convergence of the secant method is expected to be super-linear with an order of
1 +
√

5
2

.

However convergence is not guaranteed. Some conditions for convergence at this convergence

rate is that the equations are twice differentiable in their inputs, with a fixed point multiplicity of

one. Oscillatory functions and poor initial guesses can prevent convergence.

5.2.2 Steffensen’s method

Steffensen’s method is a root finding technique based on perturbating a solution at a given

point to approximate the local derivative, such that:

g(xn) =
f (xn + f (xn))

f (xn)
(43)

xn+1 = xn −
f (xn)

g(xn)
. (44)

The update is then similar to Newton’s method, which uses the exact derivative. The con-

vergence of Steffensen’s method is expected to be quadratic. However, because it requires two

evaluations of the coupled problem before computing the next term, this method is expected to be

slower than the secant method. A poor initial guess can also prevent convergence.

5.3 Results

We applied these methods to a coupling problem using the SAM [23] code developed at Ar-

gonne National Laboratory. A 2D-RZ core thermal hydraulics simulation of a fluoride-salt-cooled

pebble-bed high-temperature reactor is coupled to a 1D model of the rest of the primary loop and

the secondary loop. The coupling is performed by exchanging boundary conditions between the

two codes, using the primitive variables of pressure, temperature, and velocity. Conservation of

mass, momentum, and energy at the interface is improved by using the same equation of state in
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both codes, though additional care is usually necessary with the finite element discretization of

the equations. We summarize this problem in Figure 16.

Figure 16: Sketch of the 2D-1D coupling problem.

We examine the number of iterations necessary to complete the tight coupling of the two solves

for the first 20 time steps of a relaxation transient in Figure 17. The number of iterations to con-

verge the coupling is initially very large, as both solves start with a poor constant initialization.

As the relaxation pseudo-transient progresses, the number of iterations to converge the coupling

reduces, and we would expect it to reach zero at convergence. Throughout the whole transient,

both the secant method and Steffensen’s method outperform Picard iterations significantly, with

between 3× and 6× fewer iterations. The effect of relaxation on Picard’s method is very signifi-

cant, doubling the number of iterations necessary for convergence.

5.4 Potential for Future Work

The methods that were implemented for this work are relatively simple and do not truly

achieve quadratic convergence. We limited our scope to these methods because their implemen-

tation already required a significant rework of the executioner system and the multiapps coupling

system in MOOSE. With the rework now achieved, we may consider three classes of methods to

achieve quadratic or higher convergence: the Newton method, additional quasi-Newton methods,

and Shanks methods and their derivatives.

The Newton method is well known in the science and engineering community and needs no

introduction. It is commonly used in MOOSE for individual solves, especially when using au-

tomatic differentiation [24] as this allows for the generation of ”perfect” Jacobians. This method
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Figure 17: Iteration counts with various multiphysics coupling algorithms for a 2D-1D thermal
hydraulics coupling problem.

could be used for multiphysics iterations with significant development in MOOSE. The automatic

differentiation system can be extended to the auxiliary variables involved in the coupling. Then

we could obtain the derivatives of the primary variables with regards to the auxiliary variables, in

both applications, allowing to compute the Jacobian of the multiphysics problem. With this infor-

mation, we could update the non-linear variables based on the change in the coupled quantities

using Newton’s method.

Quasi-Newton methods are based on approximating the Jacobian in the Newton method. The

secant method and Steffensen’s method can both be considered quasi-Newton methods. There are

however many other quasi-Newton methods, and some, for example Broyden’s method [25], can

achieve quadratic convergence. This class of methods has been applied to multiphysics iteration

problem [26, 27]. The implementation of these other methods can be performed with minimal

development effort in the MOOSE framework. However, it is likely that they will only apply to

the same categories of problems as the secant and Steffensen’s method already apply to, albeit

with an increased convergence order.

Finally, the Shanks transformation [28] is based on repeatedly applying the Aitken delta-

squared transformation. It is related in that manner to Steffensen’s method. It is classified as a

non-linear sequence transformation. The acceleration provided by the Shanks transformation de-
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pends on the sequence accelerated. Its implementation in MOOSE would only require moderate

development efforts, mostly to limit the memory cost of storing numerous vectors from several

transforms of the variables. Related development of another method by Wynn, the epsilon algo-

rithm [29], simplifies the application of the transformation and may be considered as well.
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6. CONCLUSIONS

This report details the progress and activities of INL for the NRC project “Development and

Modeling Support for Advanced Non-Light Water Reactors,” for which we report the successful

completion of one task. In addition, the extended-scope tasks have also been completed. The

following deliverable completions are reported:

• Deliverable 1c: the implementation of the gas-mixture relations in Pronghorn was described.

A problem mimicking the conditions achieved in a DLOFC event was solved with both

RELAP-5 and Pronghorn. The comparison between the mass fraction spatial profiles com-

puted with RELAP-5 and Pronghorn clearly shows the presence of numerical artifacts, (i.e.,

artificial diffusion) when the Kurganov-Tadmor (KT) discretization scheme is applied to the

advection term. This is a known issue of the KT scheme when applied to low-Mach num-

ber and weakly compressible flows [9]. To solve this issue, future work will need to focus

on the implementation of a robust solver with a weakly compressible formulation and the

use of the PIMPLE algorithm [30]. A further improvement of the results can be achieved by

implementing the air properties as real fluid rather than an ideal gas by leveraging Refer-

ences [31, 32]. Finally, the mixing model could be generalized by dropping the hypothesis

of ideality of the gas mixture and allowing non-constant specific heat capacity.

• Deliverable 2a: we demonstrate two approaches to model the radiation/conduction/natural

convection heat transfer across a stagnant gas for the PBMR-400 design using Pronghorn.

The first approach is based on the net radiation method, which relies on the computation

of view factors with the MOOSE ray tracing capability. The second method is a traditional

thermal resistance approach. The test problems include both 2D and 3D geometries. In

all cases, the results show very good agreement with maximum differences within 3.2 K

during a DLOFC transient. This confirms that the faster thermal resistance method produces

solutions that are equivalent to the net radiation method for this geometry.

• Deliverable 3d: we demonstrated the use of the advection kernel for the delayed neutron

precursor equation in Griffin with a 2D MSFR model. The results appear physical but further

verification is recommended. We also recommend the addition of a conjugate heat transfer
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to compute the temperatures and model the thermomechanic behavior of the reflectors and

other structures. In addition, we attempted to build and execute a 3D axisymmetric model,

but experienced difficulties with the memory usage and runtime performance. Further in-

vestigation is necessary to determine the source of these issues.

• Deliverable 8g: we implemented a faster multiphysics iteration coupling algorithm, which

provided overall a 6× acceleration of the 3D-1D coupling of the core multidimensional fluid

flow solver and the 1D primary and secondary loop model. These methods are generally

applicable to any multiphysics problem in which the solves are separated with different

matrices, which is also called tight coupling. The necessary rework of the executioner system

and the multiapp coupling in MOOSE opens future options for state-of-the-art fixed point

algorithms at a moderate development cost.
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