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• A hybrid domain overlapping coupling method is presented.
• Numerical stability is compared against a domain decomposition method using two loop configurations.
• Proposed method found to exhibit more favorable stability behavior.
• Proposed method is validated against experimental data considering three-dimensional scalar mixing.
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A B S T R A C T
A hybrid multiscale coupling methodology based on a domain overlapping approach has been
developed for coupling System Thermal Hydraulics (STH) and Computational Fluid Dynamics (CFD)
codes. The method has been implemented between the modern STH code SAM and the CFD code
NekRS, using the coupling tool Cardinal. The coupling aims to extend the STH code’s applicability
to scenarios where local momentum and energy transfers are important yet difficult for STH codes to
capture, such as three-dimensional mixing.

Two coupling strategies are implemented and compared: a hybrid domain overlapping method
and the conventional domain decomposition method. The strategies are applied to two closed-loop
applications, and the present method showed superior stability behavior when compared to the domain
decomposition method. Then, the present coupling method is validated against experimental data from
a double T-junction experiment. The present STH/CFD coupling shows improved agreement with
experimental data when compared to STH standalone simulations.

1. Introduction
One important problem in nuclear reactor safety anal-

ysis is how to compute the evolution of accident scenarios
for accurately estimating reactor safety margins. Currently,
government regulators accept results from System Thermal
Hydraulics (STH) codes if the physical conditions of ap-
plication are within the code’s range of validation. STH
codes utilize a simplified, 1D (one-dimensional) description
of the nuclear power plant, and to augment the simplified
models, they rely on a large number of closure correlations
typically based on experimental data. When 3D (three-
dimensional) flow effects play an important role in the
system, the STH code’s simplifying 1D assumptions face
many challenges and can even become invalid. In current and
next-generation nuclear reactor systems, components such
as the reactor pressure vessel, containment compartments
and pools contain 3D flow and mixing effects that can play
an important role in the evolution of accident scenarios. For
example, during a loss of forced-cooling accident, a Modular
High Temperature Gas-cooled Reactor’s upper plenum can
contain 3D mixing and thermal striping due to reversed flow
within the reactor’s core (Huning et al. (2021)). During a
similar protected loss of forced-cooling accident, a pool-type
Sodium-cooled Fast Reactor’s sodium pool contains heat
and mass transfer that produces thermal stratification, which
is inherently a three-dimensional process (Wu et al. (2020)).
Computational Fluid Dynamics (CFD) codes can provide
more-accurate predictions of complex 3D flow phenomena
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than STH codes. Over recent years, CFD codes have been
increasingly applied to the simulation of single-phase flow
in complex nuclear reactor systems due to the increased ma-
turity of CFD models and increased availability of computa-
tional resources (Smith et al. (2008)). However, modeling
an entire reactor system with CFD remains prohibitively
computationally expensive. As a result, the coupling of CFD
with STH codes to take full advantage of CFD’s modeling
accuracy and STH’s computational efficiency is an impor-
tant undertaking.
1.1. Previous STH/CFD Coupling

In recent years, there have been several efforts in cou-
pling STH/CFD codes using various STH and CFD codes,
coupling methods, and computational domain decomposi-
tion methods. For a full overview of recent work in the
field, the authors direct readers to Long et al. (2021) and
Pucciarelli et al. (2021). STH/CFD coupling methods are
placed into two major categories: explicit or semi-implicit.
In explicit coupling, the codes advance a coupled time step
in sequence, and each code solves the time step only once.
In semi-implicit coupling, each code solves the time step
multiple times until the coupled step reaches a problem-
specific convergence criteria. STH/CFD coupling’s compu-
tational domain decomposition methods are placed into two
major categories as well: domain decomposition and domain
overlapping. The domain decomposition method splits the
modeled system into separate STH and CFD domains, and
data transfers occur at the boundaries of each code’s domain.
For the domain overlapping method, the STH code models
the entire domain, including a component that overlaps with
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the CFD-modeled domain. Here, data transfers occur at the
boundaries of the CFD domain, and the overlapping STH
component’s internal nodes receive a CFD-informed model
coefficient in the form of a friction factor or form loss
coefficient.

The majority of previous STH/CFD coupling imple-
mentations utilize an explicit coupling approach along with
the domain decomposition method (Aumiller et al. (2001);
Schultz and Weaver (2003); Anderson (2006); Papukchiev
et al. (2009); Liu et al. (2010); Yan et al. (2011); Bavière
et al. (2014); Cho et al. (2014); Li et al. (2014); Martelli
et al. (2014); Watanabe et al. (2014); Tangtao et al. (2017)).
In an effort to improve the domain decomposition method’s
stability at the boundaries of the STH and CFD domains,
authors have pursued the semi-implicit coupling method
(Bertolotto et al. (2009); Martelli et al. (2014); Theodoridis
et al. (2014); Toti et al. (2017)). Bertolotto et al. (2009) uti-
lized explicit and semi-implicit coupling methods with the
domain decomposition method, and the semi-implicit cou-
pling method showed superior stability behavior compared
to explicit coupling. The semi-implicit method provides
improved numerical stability but requires the recalculation
of coupled time steps, which can be too computationally
costly for the CFD code. A fully-implicit coupling method
has also been pursued by Park et al. (2013), but such a
coupling requires a large amount of user intervention into
the STH and CFD source code and as well as underlying
knowledge of the internal solvers.

To improve numerical stability of the explicit coupling
method without requiring the CFD code to rerun time steps,
authors have pursued domain overlapping methods where
the STH domain contains a component overlapping with
the CFD domain. Grunloh and Manera (2016) performed
explicit coupling with domain decomposition and domain
overlapping method where the authors informed the overlap-
ping STH component using a CFD-informed friction factor
coming from the CFD solution. The domain overlapping
method showed superior stability compared to the domain
decomposition method without the additional computational
requirements required for semi-implicit coupling. However,
the authors did not specify energy coupling or additional
passive scalar coupling.
1.2. Present STH/CFD Coupling

In the paper, the authors present a hybrid domain over-
lapping coupling method that applies and extends Grun-
loh and Manera (2016)’s domain overlapping method to
energy and passive scalar coupling. This addition enables
the coupling method for the analysis of pool-type reactor
systems where 3D flow is governed by buoyancy effects via
spatial temperature gradients. Here, the coupling is applied
between the advanced reactor STH code SAM (Hu et al.
(2021)) and the GPU-oriented CFD code NekRS (Fischer
et al. (2021)) using the coupling tool Cardinal (Merzari et al.
(2021); Novak et al. (2022)) to facilitate code execution and
in-memory data transfers. The traditional domain decompo-
sition method is also employed for comparison purposes.

2. Software Used
2.1. STH code: SAM

SAM (System Analysis Module) is a modern STH code
aimed at advanced non-LWR safety analysis and is under
active development at Argonne National Laboratory. SAM
aims to provide fast-running, whole-plant transient analyses
capability with improved-fidelity for Sodium-cooled Fast
Reactors, Lead-cooled Fast Reactors, and Molten Salt Re-
actors. SAM utilizes the open-source, NQA-1 compliant,
object-oriented application framework MOOSE (Permann
et al. (2020)) with its underlying meshing and finite-element
library libMesh (Kirk et al. (2006)), and linear and non-
linear solvers PETSc (Balay et al. (2022)).
2.2. CFD code: NekRS

NekRS is an open-source, GPU-oriented CFD code
based on the high-order spectral element method and in-
cludes an interface to its predecessor Nek5000. NekRS is
under active development at Argonne National Laboratory.
State of-the-art multilevel preconditioners, efficient high-
order time-splitting methods, and runtime-adaptive commu-
nication strategies are built on a fast OCCA-based kernel
library, libParanumal (Chalmers et al. (2022)), to provide
scalability and portability across the spectrum of current
and future high-performance computing platforms. NekRS
is suited to model a wide range of spatial scales from Direct
Numerical Simulations and Large Eddy Simulations to
Reynolds-Averaged Navier Stokes (RANS). As an example
of NekRS’s applicability within the nuclear energy research
community, Fischer et al. (2021) used NekRS to perform
full-core Large Eddy Simulations of a pebble bed reactor
with more than 350,000 pebbles. Also, Merzari et al. (2020)
used NekRS to perform full-core Small Modular Reactor
RANS simulations, showing NekRS’s range of fidelity.
2.3. Coupling tool: Cardinal

Cardinal is an open-source wrapping of NekRS within
the MOOSE framework (Permann et al. (2020)) and is under
active development at Argonne National Laboratory. Cardi-
nal can couple NekRS to other MOOSE-native or MOOSE-
wrapped applications. One clear advantage of using the
MOOSE framework for coupling is MOOSE’s MultiApp
system, (Gaston et al. (2015)) which facilitates code execu-
tion and data transfer timing. Cardinal uses a generic data
transfer implementation that allows NekRS to be coupled
to any MOOSE application, enabling a broad set of multi-
physics and multiscale capabilities. Example uses of Cardi-
nal include the following: Merzari et al. (2021) performed
coupled Monte Carlo, thermal fluids and fuel performance
simulations in pebble bed reactors; Novak et al. (2021)
performed coupled conjugate heat transfer simulations for
bypass flow modeling in pebble bed reactors; Novak et al.
(2022a) performed coupled Monte Carlo and thermal hy-
draulics simulations of a prismatic gas reactor fuel assembly;
and Novak et al. (2022b) performed coupled Monte Carlo
transport and conjugate heat transfer simulations for wire-
wrapped fuel bundles.
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3. Coupling Methodology and Equations
The present work utilizes an explicit coupling imple-

mentation with both domain decomposition and domain
overlapping methods to couple mass, momentum, energy,
and passive scalar equations of single-phase incompressible
flows (Huxford et al. (2022)). An explicit coupling method is
utilized because it requires less computational resources than
the semi-implicit coupling method, as well as far less user
intervention. Diagrams of the domain methods are shown in
Fig. 1, where U is velocity, P is pressure, T is temperature
and 𝑓𝐶𝐹𝐷 is a CFD-informed friction factor. The main
difference between methods is that the domain overlapping
method allows the STH code to model the entire domain,
including the CFD-modeled portion. The CFD domain’s
solution is used to pass a CFD-informed friction factor to
the overlapping STH component, which is expanded on in
Section 3.1.

STH STH

CFD CFD

STH

Figure 1: Coupling schematics for the domain decomposition
(left) and hybrid domain overlapping (right) methods.

The domain overlapping method proposed by Grunloh
and Manera (2016) was extended to coupling of the energy
equation and passive scalar equations utilizing a domain
decomposition-like approach. Unlike the strong coupling
between velocity and pressure fields, temperature and pas-
sive scalars are less-coupled in space, such that a domain
decomposition-like coupling is sufficient. That is, the present
hybrid domain overlapping coupling method uses an over-
lapping methodology for momentum coupling and a domain
decomposition methodology for energy and passive scalar
coupling.

Time step n

Advance STH by ∆t

t = t
end

n = n+1

no

End execution

Send Xn
STH

 to CFD

Advance CFD by ∆t

Send Xn
CFD

 to STH

yes

Figure 2: Explicit coupling scheme implemented.

The explicit coupling scheme implemented is shown in
Fig. 2. The terms 𝑋𝑛

𝑆𝑇𝐻 and 𝑋𝑛
𝐶𝐹𝐷 reflect data coming

from the STH code and CFD code, respectively. Their de-
scription depends on the domain method, decomposition
or overlapping, and are written in Table 1. Data coming
from the CFD code are surface-averaged quantities over
their corresponding boundary surface. For passive scalar
coupling, additional scalars are transferred using the same
method as temperatures 𝑇 𝑛

𝑆𝑇𝐻 and 𝑇 𝑛
𝐶𝐹𝐷.

Table 1
Data transfers for each coupling method.

Coupled
Term

Coupling Method

Decomposition Overlapping

𝑋𝑛
𝑆𝑇𝐻 𝑈 𝑛

𝑆𝑇𝐻 , 𝑇
𝑛
𝑆𝑇𝐻 𝑈 𝑛

𝑆𝑇𝐻 , 𝑇
𝑛
𝑆𝑇𝐻

𝑋𝑛
𝐶𝐹𝐷 𝑈 𝑛

𝐶𝐹𝐷, 𝑃
𝑛
𝐶𝐹𝐷, 𝑇

𝑛
𝐶𝐹𝐷 𝑓 𝑛

𝐶𝐹𝐷, 𝑇
𝑛
𝐶𝐹𝐷

3.1. CFD-informed Friction Factor
Care needs to be taken when implementing the domain

overlapping’s 𝑓𝐶𝐹𝐷 because the STH code may utilize ei-
ther the Fanning or Darcy friction factor, which differ by
a factor of four. To derive 𝑓𝐶𝐹𝐷, the authors follow the
same procedure as Grunloh and Manera (2016). First, the
CFD, NekRS momentum conservation equation and the
equivalent STH, SAM 1D equation are outlined in Eq. (1)
and Eq. (2), respectively. These equations are also followed
by the solenoidal condition ∇ ⋅ u = 0 stemming from
incompressible mass conservation.

𝜕u
𝜕𝑡

+ u ⋅ ∇u = −1
𝜌
∇𝑃 + ∇ ⋅ 𝝉 − g (1)

𝜕𝑢
𝜕𝑡

+ 𝑢 𝜕𝑢
𝜕𝑥

= −1
𝜌
𝜕𝑃
𝜕𝑥

−
𝑓
𝐷𝑒

𝑢|𝑢|
2

− 𝑔 (2)

The domain overlapping coupling method uses a CFD-
informed friction factor to ensure that given the same in-
let velocity, the pressure gradient in SAM’s overlapping
component matches the NekRS solution. In order for the
pressure gradients in Eq. (1) and Eq. (2) to match, the sum
of SAM’s convection, friction, and gravity terms should
match the sum of NekRS’s convection, viscous, Reynolds-
stress, and gravity terms. To do so, SAM’s convection and
gravity terms in Eq. (2) are first removed to allow NekRS to
model these effects. Then, SAM’s friction term is equated
to NekRS’s inertial (including gravity) and friction terms,
and the friction factor is solved for as the following CFD-
informed friction factor:

𝑓𝐶𝐹𝐷 = −
2𝐷𝑒
𝜌𝑢|𝑢|

[

∇𝑃 + 𝜌𝜕u
𝜕𝑡

]

𝐶𝐹𝐷

, (3)
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where [⋯]𝐶𝐹𝐷 contains information from the NekRS CFD
solution. The friction-factor in Eq. (3) depends on SAM’s
velocity 𝑢 and is thus implemented as an implicit term within
SAM’s internal solver. Also, the overlapped portion of SAM
solves a modified version of the momentum equation since
NekRS is already modeling the convective and gravitational
terms. This is especially important when buoyancy effects
are present, such as during coupled modeling of natural
circulation loops.

To use 𝑓𝐶𝐹𝐷 from Eq. (3), a single value is computed for
the entire overlapped STH component. The bracketed term
with 3D CFD information is derived as a volume-averaged
quantity. First, the 3D CFD data is dotted into a 1D flow
direction, which is labeled by the flow path vector field n̂𝑓𝑝.
Then it is volume averaged using ⟨⋅⟩ = 1

𝑉 ∭𝑉 (⋅)𝑑𝑉 . Doing
so for the pressure gradient and inertial term in Eq. (3), the
full form of 𝑓𝐶𝐹𝐷 becomes:

𝑓𝐶𝐹𝐷 =
2𝐷𝑒
𝜌𝑢|𝑢|

[Δ𝑃 𝑛
𝐶𝐹𝐷
𝐿

−

𝜌
Δ𝑡

(

1
𝑉 ∭ (u𝑛+1 ⋅ n̂𝑓𝑝)𝑑𝑉 − 1

𝑉 ∭ (u𝑛 ⋅ n̂𝑓𝑝)𝑑𝑉
)]

,
(4)

where 𝑛 corresponds to the 𝑛-th time step, 𝐿 is the 1D
component length and 𝑉 is the volume of the component.
The inertial term in Eq. 4 is time-averaged using a first-order
scheme. Eq. 4 is only applicable to simple geometries where
n̂𝑓𝑝 and 𝐿 are easily defined, and the extension of Eq. 4 to
more sophisticated geometries requires further description.

For example, Grunloh and Manera (2017) extended the
coupling treatment to couple CFD with an overlapping,
multi-dimensional (multi-D) STH component. However, this
required additional stabilization efforts that were tailored to
the specific flow solver utilized by the STH code’s multi-
D component. Therefore it is recommended that the CFD
model is only coupled with a 1D STH component. When
coupling a sophisticated CFD model such as a reactor pres-
sure vessel, the overlapping 1D STH component should
be configured to ensure its coupled pressure drop correctly
matches the CFD model’s solution.

4. Coupling Verification and Stability
The present SAM-NekRS coupling is first verified against

a canonical pump-driven closed loop. The same loop is also
used to compare stability performance between the domain
decomposition and domain overlapping coupling methods.
Then, a canonical natural circulation loop is used to further
compare stability between the methods.
4.1. Pump-driven Closed Loop

The pump-driven closed loop in Fig. 3 is implemented
for the present SAM-NekRS coupling. The set pump head
produces a pressure gradient in the loop, resulting in a
forced flow rate and a tightly-coupled system between the
pressure and velocity field. The working fluid is water at

Table 2
Pump-driven loop verification results.

Simulation ΔP over section Steady loop 𝑅𝑒
[Pa] [-]

SAM standalone 6.25 25,076
Decomp. developed 6.22 25,096
Overlap. developed 6.22 25,096

Decomp. flat 7.61 24,021
Overlap. flat 7.61 24,021

atmospheric conditions with fluid properties obtained from
NIST (Linstrom and W.G. Mallard (2022)).

Set PressureCoupled section

1 m

1 m

1 m

1 m 0.1 m

pump

Figure 3: Pump-driven loop’s setup with lengths in meters.

All straight components in Fig. 3 are round pipes with
a diameter of 0.1 meters, and NekRS is used to model the
coupled section of the loop. The pump head is set to 25
Pa such that the steady-state Reynolds number predicted
by a SAM standalone simulation is approximately 25,000.
NekRS RANS modeling is employed using the wall-resolved
𝑘-𝜏 model (Benton et al. (1996); Shaver et al. (2020)).
This model is implemented in NekRS similarly to what is
described in Kok (2000).
4.1.1. Coupling Verification

To verify the coupling implementations, the simulation
is ran with a SAM standalone, SAM-NekRS coupled us-
ing the domain decomposition method and SAM-NekRS
coupled using the domain overlapping method. Each SAM-
NekRS coupling method’s simulation is ran with both a
fully-developed and flat velocity profile at the inlet of the
NekRS domain. Fully-developed 𝑘 and 𝜏 fields are used for
all NekRS simulations. For a fully-developed simulation,
NekRS and SAM are expected to produce a similar pressure
drop over the coupled section. However, prescribing a flat
inlet velocity to NekRS produces a larger pressure drop due
to flow development near the inlet of the CFD domain.

Results from each simulation are shown in Table 2. For
each coupling method, using a fully-developed inlet velocity
profile produces similar results in the coupled section’s
pressure drop and thus steady loop Reynolds number. Using
a flat inlet profile produces a larger pressure drop in the
NekRS domain, as expected, resulting in a lower predicted
loop Reynolds number. Furthermore, each domain coupling
method produces the same results for each given inlet profile,
verifying both coupling methods are consistent.
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4.1.2. Stability comparison between coupling methods
To compare the stability of domain decomposition and

domain overlapping coupling methods, the change in loop
velocity 𝑈𝑆𝑇𝐻 between time steps 𝑛 and 𝑛−1 is considered
relative to the steady loop velocity 𝑈𝑠𝑡𝑒𝑎𝑑𝑦. The relative
stability criteria is explicitly written in Eq. (5). Once this cri-
teria is met, the coupled SAM-NekRS simulation is deemed
numerically stable.

|

|

|

|

(

𝑑𝑈𝑆𝑇𝐻
𝑑𝑡

)𝑛
−
(

𝑑𝑈𝑆𝑇𝐻
𝑑𝑡

)𝑛−1
|

|

|

|

< 1e−3 ⋅𝑈𝑠𝑡𝑒𝑎𝑑𝑦 . (5)

To obtain a good initial guess for the loop, a coupled
simulation is first preformed to obtain a "correct" steady
flow rate in the loop. This steady flow rate is then used
to set the initial velocity field within the NekRS domain,
and the initial velocity in the SAM domain is deviated from
this steady value to test the coupling’s ability to return to a
stable solution. For means of comparison, the total number
of NekRS pressure solver iterations required to reach the
stability criteria in Eq. (5) is compared while deviating the
initial SAM domain’s velocity. The total NekRS pressure
solver iterations is used as the figure of merit because,
as Fischer et al. (2021) showed, the majority of NekRS’s
computational effort is used for its pressure solver.
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Figure 4: Pump-driven loop stability comparison between both
methods (top) with a zoomed-in view (bottom).

The stability comparison between coupling methods is
shown in Fig. 4, where a lower number of NekRS pressure
iterations equates to a more efficient coupled simulation. In
Fig. 4, the lowest number of pressure iterations is required
when the initial loop velocity is the same as the steady
state velocity (𝑢𝑖𝑛𝑖𝑡𝑖𝑎𝑙∕𝑢𝑠𝑡𝑒𝑎𝑑𝑦 = 1). Given the same initial
velocity, the domain overlapping method requires far fewer

NekRS pressure iterations to reach stability than the domain
decomposition method. Also, the domain decomposition
method is able to reach stability using an initial velocity 33-
150% the steady velocity, whereas the domain overlapping
can converge with an initial velocity 5-200% the steady
velocity. Therefore, the domain overlapping method is able
to handle a wider range of conditions than domain decom-
position.
4.2. Natural Circulation Loop

A natural circulation loop presents a highly-coupled sys-
tem where pressure losses are balanced between buoyancy
(temperature) and friction (velocity) effects. The single-
phase, natural circulation loop from Grunloh (2016) is used
and shown in Fig. 5. For a complete description, authors
refer to Grunloh (2016), but a brief description is given
here. The heat 𝑞 imposed and removed in Fig. 5 is set
such that the steady state Reynolds number predicted is
approximately 100,000 and thus sufficiently turbulent to
utilize NekRS’s RANS 𝑘-𝜏 model. Water properties from
NIST (Linstrom and W.G. Mallard (2022)) at a reference
pressure and temperature of 15 MPa and 550 K, respectively,
are used for prescribing the fluid’s density, viscosity, and
thermal expansion coefficient.

For the coupling setup in Fig. 5, NekRS models the
bottom U-bend where 3D effects are most present. For
the domain decomposition implementation, SAM models
the rest of the loop not modeled by NekRS, but for the
hybrid domain overlapping implementation SAM models
the complete loop. The NekRS model’s all-hex mesh is gen-
erated using Gmsh (Geuzaine and Remacle (2009)) while
ensuring the y+ off the wall is approximately 1 due to the
use of the wall-resolved RANS 𝑘-𝜏 model. Fig. 6 shows the
computational mesh utilized and the velocity field predicted
by NekRS. Boundary conditions set in the NekRS model are
listed in Table 3. The Inlet’s velocity and RANS 𝑘-𝜏 fields
are set using a “Fully Developed” profile from a periodic
pipe flow simulation. The Inlet’s velocity profile is scaled
such that its average velocity 𝑈 matches the velocity 𝑈𝑆𝑇𝐻coming from SAM. Furthermore, the NekRS RANS 𝑘-𝜏
model is employed using the Boussinesq approximation in
its momentum equation to account for buoyancy effects
due to temperature variation. For the SAM model, to best
account for friction effects in the top U-bend a U-bend form-
loss coefficient from Idelchik (1986) is employed.
4.2.1. Stability comparison between coupling methods

To compare stability again, the change in loop velocity
between time steps is considered relative to the steady loop
velocity. The same relative criteria as the pump-driven loop
is utilized, as written previously in Eq. (5). To obtain a good
initial guess for the loop, a coupled simulation is performed
to obtain a "correct" steady flow rate in the loop, which
is considered the ideal initial conditions for the coupled
simulation. The steady flow rate is then used to set the
initial velocity field within the NekRS domain, and the initial
velocity in the SAM domain is deviated from this steady
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Table 3
Boundary conditions set for the U-bend’s NekRS model.

Boundary Pressure Velocity RANS 𝑘 and 𝜏 Temperature (𝑇 )

Inlet - Fully Developed with 𝑈 = 𝑈𝑆𝑇𝐻 Fully Developed Flat with 𝑇𝑆𝑇𝐻

Outlet 0 ∇𝑈 = 0 ∇𝑘 = ∇𝜏 = 0 ∇𝑇 = 0
Wall - 0 0 ∇𝑇 = 0

0.2
0.5

0.5

1.0

1.0

Set Pressure

Coupled Section

U-Bend Form Loss

Figure 5: Natural circulation loop’s setup with lengths in
meters.

Inlet

Wall

Outlet

Figure 6: NekRS computational mesh with labeled boundaries
(left) and NekRS RANS 𝑘 − 𝜏 predicted velocity field (right).

value. The temperature field in the loop is initialized using a
SAM checkpoint file.

For means of comparison, the total number of NekRS
pressure solver iterations required to reach the stability cri-
teria in Eq. (5) is compared while deviating the initial SAM
domain’s velocity. The results for the domain overlapping
coupling are shown in Fig. 7, where the method was able
to reach the stability criteria while starting with an initial
velocity deviated nearly 10% from the steady velocity.
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Figure 7: Natural circulation loop stability comparison between
methods. Black X’s denote when the coupled domain decom-
position simulation fails to converge.

The domain decomposition coupled simulation breaks at
or before the 30th time step, which is due to the large pres-
sure feedback effects in the loop. The normalized interface
pressure at the inlet of the NekRS domain is shown in Fig. 7
for various initial flow conditions. Large pressure oscilla-
tions are seen and continue to propagate until the simulation
fails to converge, whereas the domain overlapping method
stays stable. This is due to the natural circulation loop’s
tight coupling between velocity, pressure and temperature
fields, which domain decomposition with explicit coupling
can not stabilize. As a whole then, Fig. 7 shows the domain
overlapping method is again more stable than the domain
decomposition method.

5. Coupling validation
To validate the hybrid domain overlapping coupling

implementation, the double T-junction experiment from
Bertolotto et al. (2009) is employed. Comparisons are made
between experiment data, a SAM standalone simulation,
a SAM-NekRS coupled simulation, and a TRACE-CFX
coupled simulation from Bertolotto et al. (2009).
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5.1. Double T-junction Setup
For a complete description of the experiment, the authors

direct readers to Bertolotto et al. (2009) and Bertolotto
(2011), but a brief description is given here. The double
T-junction’s setup is shown in Fig. 8, and it contains two
loops joined by a double T-junction where one loop serves
as the main line and one the recirculation line. The main
line enforces a set flow rate into the double T-junction, and
the recirculation line has a pump forcing flow back into the
double T-junction. The system is operated at atmospheric
conditions with tap water as the working fluid. A tracer
(deionized water) is injected within the side loop, and its
concentration is measured at three different locations using
wire mesh sensors (WM). The flow rate is controlled in each
loop to maintain the same Reynolds number of 23,750.

Main Line

Outlet

Main Line

Inlet

WM1

Initial Tracer

Injection Location Recirculation Pump

WM2

WM3

Wire Mesh 

Sensors

Tracer Flow Path

Figure 8: Schematic of the double T-junction experiment,
adapted from Bertolotto et al. (2009).

5.2. NekRS Model Details
NekRS is used to model the double T-junction where

3D mixing effects are most present, and the NekRS model
employs an unsteady-RANS simulation with its 𝑘-𝜏 model
along with an additional passive scalar for modeling the
tracer’s transport. An all-hex mesh is generated using Gmsh
(Geuzaine and Remacle (2009)) while ensuring the wall
y+ is approximately 1 due to the use of the wall-resolved
RANS 𝑘-𝜏 model, and Fig. 9 shows the NekRS mesh used.
The NekRS predicted flow field is shown in Fig. 10 with
boundaries labeled. Boundary conditions set in the NekRS
model are listed in Table 4. The NekRS model’s domain was
extended at both outlets to ensure there’s no reversed flow at
these boundaries. The term “Fully Developed” in Table 4
refers to a fully-developed profile coming from a periodic
simulation for the same operational Reynolds number as the
experiment.

In Table 4’s boundary conditions, the relative pressure at
the Side outlet is set to -365 Pa such that NekRS reproduces
the 1:1 flow ratio used in the experiment. In Bertolotto
et al. (2009)’s CFX simulation of the same junction, the
authors utilized a split-flow boundary condition for the same
boundary. For the present NekRS model, setting the relative
Side outlet pressure achieves the same desired result.

Both inlet boundaries in Table 4 utilize a “Fully De-
veloped” profile from a periodic pipe flow simulation for
the velocity and RANS 𝑘-𝜏 fields. However, the Side in-
let’s velocity profile is scaled such that its average velocity
𝑈 matches the velocity 𝑈𝑆𝑇𝐻 coming from SAM. For

Figure 9: NekRS computational mesh used for the validation.

Main 

inlet

Side outlet

Side inlet

Main 

outlet

Wall

Figure 10: NekRS’s predicted velocity field along the domain’s
centerline, with boundaries labeled.

the tracer’s Side inlet boundary condition, Bertolotto et al.
(2009) found that the distribution injected into the CFD
domain has little influence on tracer concentrations extracted
at wire mesh sensor locations. Therefore, a flat inlet distri-
bution is used, corresponding to the value 𝑆𝑆𝑇𝐻 from SAM,
where 𝑆 denotes that the tracer is a passive scalar.

The initial tracer injection into the system is simulated as
a prescribed, time-dependent profile following experimental
wire mesh data from WM1. Doing so allows the initial
tracer conditions in all of the simulations to match the initial
experiment’s conditions, as shown by the overlapping WM1
plot in Fig. 12. The initial injection is prescribed from within
the SAM model and is transferred to the NekRS Side inlet
boundary as 𝑆𝑆𝑇𝐻 . In NekRS, the tracer is modeled as a
passive scalar with zero molecular diffusivity but includes
turbulent diffusivity utilizing a turbulent Schmidt of 0.9, the
same methodology used in Bertolotto et al. (2009).
5.3. SAM Model Details

While NekRS only models the double T-junction, SAM
is used to model the entire recirculation loop, including the
portion of the double T-junction that closes the recirculation
loop. A schematic of the SAM standalone model is shown in
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Table 4
Boundary conditions set for the double T-junction’s NekRS model.

Boundary Pressure [Pa] Velocity RANS 𝑘 and 𝜏 Tracer (𝑆)

Main inlet - Fully Developed Fully Developed 0
Side inlet - Fully Developed with 𝑈 = 𝑈𝑆𝑇𝐻 Fully Developed Flat with 𝑆𝑆𝑇𝐻

Main outlet 0 ∇𝑈 = 0 ∇𝑘 = ∇𝜏 = 0 ∇𝑆 = 0
Side outlet -365 ∇𝑈 = 0 ∇𝑘 = ∇𝜏 = 0 ∇𝑆 = 0

Wall - 0 0 ∇𝑆 = 0

Fig. 11. Components J1-J4 in Fig. 11 are PBBranch compo-
nents while the PBTDJ and PBTDV components specify in-
let flow rate and outlet reference pressure, respectively. Com-
ponents M1-M3 and S1-S4 are PBOneDFluidComponents
with their nodalization details shown in Table 5. To enforce
the 1:1 flow ratio between the main and recirculation loop,
Bertolotto et al. (2009) implemented a TRACE component
to set the flow rate in the recirculation loop. In SAM, the
PBPump component’s “desired mass flow rate” parameter
is controlled, such that a 1:1 flow ratio is maintained. The
SAM model employs a passive scalar to model the tracer’s
transport with a diffusion coefficient of 7.6e-3 m2/s, which
acts to model any 3D mixing effects present in the recircula-
tion loop. Bertolotto (2011) used a similar value for TRACE
modeling of the same system.

PBTDJ PBTDVM1 M2 M3J1 J2

J3

PBPump

S4

S1

S3

S2

J4

Figure 11: SAM standalone model of the double T-junction.

5.4. Coupled SAM-NekRS concentration profiles
For all present simulations, a time step size of 2.5e-

4 seconds is used. The need for a small time step size
is due to small elements that resulted from using Gmsh
to mesh the round double T-junction for an all-hex mesh.
The simulations were repeated using a NekRS polynomial
order of 3, 4, and 5. Results using a polynomial order of
4 and 5 did not differ significantly, so to limit computa-
tional expenses an order of 4 is used. For all comparisons,
experiment and previous TRACE-CFX coupled simulation

Table 5
SAM model details for all PBOneDFluidComponents utilized.

Label Length (meters) No. of elements
M1 0.12 4
M2 0.12 24
M3 0.16 32
S1 0.20 40
S2 2.51 502
S3 2.79 559
S4 0.10 20

results are compared to SAM standalone and SAM-NekRS
coupled simulation results, using the present hybrid domain
overlapping method.

The cross-section averaged concentration over time for
the first flow through of tracer is shown in Fig. 12. These
plots serve to validate the NekRS model in the coupled
SAM-NekRS simulation because during the first flow through,
the coupled SAM-NekRS simulation transports tracer only
within its NekRS domain. WM1’s concentration profile
in all simulations matches the experiment exactly because
this is the initial tracer injection used for all simulations.
SAM-NekRS coupled results for WM2 and WM3 match
the experiment better than the SAM standalone simulation
while producing similar results to previous TRACE-CFX
coupling. The SAM standalone simulation under predicts
tracer recirculating in the recirculation loop through WM2
and over predicts tracer leaving the system through WM3.
This is due to the 3D mixing effects present within the
double T-junction, which SAM doesn’t take into account
when using its 1D components. Explicitly, due to equal mass
flow rates in the main line and recirculation line, SAM splits
the tracer within the double T-junction equally such that half
of the tracer leaves the system through WM3 and half is
recirculated through WM2. In the experiment however, the
tracer concentration does not split according to the mass flow
rate and instead has a tendency to deviate into the side loop.

After the first flow through, the tracer either leaves
the system through WM3 or is recirculated through the
recirculation loop and re-enters the double T-Junction at
WM1. As tracer leaves the system, less and less tracer is
recirculated through the wire mesh sensors. This is shown by
the decreasing magnitude of tracer concentration in Fig. 12
and Fig. 13 over time.
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Figure 12: Cross-section averaged tracer concentration plots
for the first tracer flow through.

The second and third tracer flow throughs are shown in
Fig. 13. These plots serve to validate the complete SAM-
NekRS coupled model because now the tracer is transported
by both the SAM domain and NekRS domain. The SAM
standalone simulation continues to under predict tracer re-
circulation through WM2 and over predict tracer leaving
the system through WM3. SAM-NekRS coupled results are
similar to previous TRACE-CFX results, but for WM2 and
WM3, the present SAM-NekRS results match more closely
with the experiment. This is likely due to a combination of
effects stemming from differences in the codes and models
used between the SAM-NekRS and TRACE-CFX coupling.
SAM utilizes higher-order numerical methods than TRACE,
resulting in a low amount of numerical diffusion that would
greatly affect passive scalar transport, both spatially and
temporally. As for the CFD models, NekRS uses the RANS
𝑘-𝜏 model whereas CFX used the RANS SST (Shear Stress
Transport) model. Different RANS models are expected to
predict different flow fields, so for the double T-junction the
NekRS RANS 𝑘-𝜏 model likely predicts a flow field more
similar to the experiment compared to the CFX RANS SST
model.
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Figure 13: Cross-section averaged tracer concentration plots
for the second and third tracer flow throughs.

5.5. Coupled SAM-NekRS concentration integrals
Next, concentration integrals are used to compare the

total concentration of tracer passing through each wire mesh
sensor over time. The concentration integrals are shown
in Fig. 14, where each integral increases three times, one
for each flow through of tracer. In Fig. 14 it is even more
apparent that the SAM standalone simulation under predicts
tracer recirculation (through WM2) and over predicts tracer
leaving the system (through WM3). Furthermore, SAM-
NekRS coupled results match experiment more closely than
the previous TRACE-CFX coupling, with the largest dif-
ference being in the WM3 concentration integral plot. This
is likely due to differences in the predicted velocity field
between NekRS’s RANS 𝑘-𝜏 model and CFX’s RANS SST
model used by Bertolotto et al. (2009).

Although it may be of interest to compare 2D con-
tour plots of the tracer concentration between the SAM-
NekRS coupled simulation and the experiment, 2D wire
mesh sensor data was not published by Bertolotto et al.
(2009). Furthermore, the goal of a coupled STH-CFD model
is to provide more-accurate results compared to an STH
standalone model, but such 2D contour data does not exist
in the STH standalone model. Therefore, only cross-section
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Figure 14: Concentration integrals through each wire mesh
sensor location.

averaged concentration plots and concentration integral plots
were compared between the simulations and experiment.

6. Conclusions and Future Work
The coupling between the STH code SAM and the CFD

code NekRS has been presented using domain decomposi-
tion and hybrid domain overlapping coupling methods with
an explicit coupling scheme. The numerical stability of each
coupling method was compared using a pump-driven closed
loop and natural circulation loop, both of which contain
tightly-coupled loop configurations. In both cases, domain
overlapping was shown to be more stable, especially in the
natural circulation loop case where the domain decomposi-
tion method’s simulation diverged.

The proposed hybrid domain overlapping coupling method
was validated against a double T-junction experiment from
open literature. The present SAM-NekRS coupled simula-
tion was able capture the complexity of 3D mixing in the
double T-junction. Furthermore, the SAM-NekRS coupling
provided superior results matching experiment data better
than previous TRACE-CFX coupling of the same system.
This is partly due to SAM utilizing higher-order numerical

methods than TRACE, resulting in low amount of numerical
diffusion that would greatly affect passive scalar transport.
Also, the NekRS model utilizes a different RANS model
than the CFX model, so the NekRS RANS 𝑘-𝜏 model likely
predicts a flow field more similar to the experiment as
compared to the CFX RANS SST model.

With the coupling method validated on a small system
with passive scalar coupling, the method requires further
validation against experimental data of large systems con-
taining mass, momentum and energy coupling. One promis-
ing facility is the Tall-3D STH/CFD benchmark facility from
Grishchenko et al. (2015). TALL-3D is a Lead-Bismuth
Eutectic (LBE) loop built for validating STH/CFD coupling
efforts for advanced nuclear reactor systems. The facility’s
benchmark contains a transient from forced-circulation to
natural circulation, emulating a protected loss of flow ac-
cident scenario in a pool-type, liquid metal cooled fast
reactor. Therefore, validating the present coupling against
this facility is of great interest.
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