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Abstract: To date, numerical simulation of complex turbulent flows with separation remains challenging. On the one hand,
turbulence models in Reynolds-averaged Navier-Stokes (RANS) equations struggle with correctly representing turbulent momentum
transfer in such flows, whereas turbulence-resolving techniques such as large-eddy simulations (LES) carry high computational cost
on the other hand. Alternatively, hybrid RANS–LES turbulence models promise to deliver scale-resolving accuracy at acceptable
computational cost, yet their accuracy remains highly dependent on simulation setup and flow conditions. Here, we investigate
hybrid turbulence models readily available in OpenFOAM, and benchmark their performance to Reynolds-averaged approaches
and turbulence-resolving high-fidelity reference data for a confined backward-facing step flow at low Prandtl number and relatively
low Reynolds number. Although temperature is generally well predicted by all considered setups, a comparison between RANS
and LES shows that turbulence resolution can increase the accuracy for the considered flow case. Results show that scale-adaptive
simulation techniques do not produce resolved turbulence and fail to outperform the baseline Reynolds-averaged simulations for
the considered case. In contrast, detached-eddy variants do resolve turbulence in the separated shear layer, yet some configurations
suffer from modeled-stress depletion due to late development of resolved turbulence. A grid coarsening study compares the
degradation of accuracy for each approach, showcasing robustness of the standard RANS approach and the good performance of
full LES even at surprisingly coarse resolutions. For each grid, the best-performing setup was either a RANS or an LES approach,
but never a hybrid turbulence model setup. Finally, a Reynolds-number sensitivity is presented, indicating that resolved turbulence
development is promoted at higher Reynolds numbers, thus leading to setups more amenable to hybrid turbulence models.
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1 Introduction

Simulating turbulent flows and heat transfer relevant for engineering applications remains a significant challenge to date, inspiring
the development of a wide variety of simulation strategies. Direct numerical simulation (DNS) promises high accuracy but remains
computationally far out of reach for any practical applications despite decades of evolution in computing infrastructure (Moin and
Mahesh, 1998). Large-eddy simulations (LES) allow to relax the grid constraints of DNS by utilizing a sub-grid scale model
for unresolved small-scale turbulence while explicitly resolving the energy-containing eddies (Sagaut, 2006). However, their
applicability to engineering flows in complex geometries is still limited due to prohibitive computational costs in an industrial
context. For example, current simulation roadmaps project DNS of a liquid-metal nuclear reactor pool to be feasible only after
2070, and we cannot expect to employ LES techniques on full pool geometries before 2040 (Roelofs et al., 2019). On the other
side of the modeling spectrum, Reynolds-averaged Navier–Stokes (RANS) simulations can deliver timely numerical solutions by
employing a model which parameterizes all effects of turbulence on resolved mean flow, thus eliminating the need for highly-refined
turbulence-resolving simulation grids. Unfortunately, currently available turbulence models are typically only valid in one flow
regime (e.g., natural, forced, or mixed convection) or geometry (e.g., jet, step, or wake flows), and perform poorly when faced
with a multitude of flow regimes and configurations typical in engineering applications such as thermal hydraulics (Koloszar and
Moreau, 2019).
This contrast between the prohibitive costs associated with full-scale high-fidelity DNS/LES and the affordable but limited-fidelity
character of RANS has motivated the development of hybrid turbulence models, in which parts of the domain are treated according
to DNS/LES techniques whereas others exhibit RANS behavior. Since the late 1990s, a large amount of different hybrid turbulence
models have been developed based on various techniques for hybridization. Recent overviews of the general approach and
state-of-the-art methods can be found, e.g., in Chaouat (2017) and Menter et al. (2021). These methods have historically been
developed for aeronautical and ground transportation applications characterized by external flows with massive separation (see,
e.g., Strelets, 2001; Slotnick et al., 2014), but they have found their way to various other applications as well, including internal
low-Prandtl flows in nuclear thermal hydraulics applications (Bhushan et al., 2022). Although they have been used with success in
many studies, several weaknesses have also become apparent over the years. For example, spurious switching to LES zones in
insufficiently destabilized regions has been known to produce so-called modeled stress depletion (MSD), in which neither modeled
(RANS) nor resolved (LES) turbulence produces sufficient mixing close to transition zones (Spalart, 2009). Furthermore, even
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Fig. 1: Sketch of the BFS domain. The bottom wall colored in red is heated. Figure adapted from Tiselj and Oder (2019)

though their performance for external 
ows at high Reynolds numbers has been benchmarked to RANS and LES (see, e.g., Frendi
et al., 2006; Haase et al., 2009; Ashton et al., 2016), studies using hybrid turbulence models for internal 
ows at low to medium
Reynolds numbers have been more scarce to date. Although such cases bene�t from (partial) scale resolution, e�ects of viscosity
and con�nement have the potential to attenuate massive separation e�ects as observed in high-Reynolds external 
ows, which can
be challenging for hybrid methods (Spalart, 2009).
In the current paper, we investigate hybrid turbulence models available in OpenFOAM, and benchmark their performance to fully
Reynolds-averaged approaches, LES with partial scale resolution, and DNS resolving all turbulence scales. The scope of the
study is deliberately limited to models readily available in OpenFOAM, justi�ed by its status as one of the most widely used
open-source computational 
uid dynamics frameworks stemming from more than two decades of development (Weller et al., 1998).
Hybrid models considered in the study are the unsteady-RANS-like scale-adaptive simulation model (SAS) and variants of the
detached-eddy simulation model (DES). The benchmark is performed for a con�ned backward-facing step (BFS) 
ow at low
Prandtl number and relatively low Reynolds number. The remainder of this paper is structured as follows. The BFS 
ow case
is described in detail in Sect. 2, followed by the simulation methodology in Sect. 3. Next, simulation results of the considered
hybrid turbulence models are compared to DNS and to baseline RANS and LES setups for a single grid in Sect. 4. Furthermore,
sensitivity studies regarding grid resolution and Reynolds number are presented in Sect. 5. Finally, Sect. 6 summarizes the main
conclusions and provides suggestions for further research.

2 Case description

We investigate an incompressible BFS 
ow, characterized by an inlet channel with a sudden step expansion. This expansion results
in adverse pressure gradients and a large-scale separated shear layer (SSL) downstream of the step, which in turn causes anisotropy
and recirculation. Although the geometry is simple, these 
ow phenomena justify the BFS as a standard test case for turbulence
models (see, e.g., Lien and Leschziner, 1994; Probst et al., 2010; Smirnov et al., 2018).
We speci�cally focus on the reference BFS simulated with DNS as presented by Oder et al. (2019). The availability of such a
reference database from DNS guarantees a high-�delity numerical baseline without uncertainties related to turbulence modeling or
experimental conditions. A sketch of the considered BFS geometry is presented in Fig. 1. Except for in- and outlet, all boundaries
are solid walls, hence the BFS is con�ned. Upstream of the step, a recycling condition produces a fully developed turbulent channel

ow with a bulk inlet velocity hD8=i . The bottom wall past the step expansion is heated, where the wall temperature results from a
conjugate heat transfer in the original DNS.
The 
ow is characterized by a relatively low Reynolds numberRe= huini h•a = 6400and a low Prandtl numberPr = a•U = 5� 10� 3,
with a andU the 
uid kinematic viscosity and thermal di�usivity respectively. The reference 
ow dataset from Oder et al. (2019)
is produced with the Nek5000 code1using the non-buoyant incompressible Navier{Stokes momentum and continuity equations
for velocity u and density-divided pressure?• d, along with a passive scalar transport equation for temperature\ as
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3 Simulation methodology

Simulations are compared for di�erent turbulence models in OpenFOAM. This study is limited to out-of-the-box con�gurations
readily available in the v2012 release.2 The numerical setup, including the simulation grid, boundary conditions and OpenFOAM
solvers, is described in Sect. 3.1. Next, the di�erent turbulence models considered in this study are detailed in Sect. 3.2.

1http://nek5000.mcs.anl.gov
2Available at: https://develop.openfoam.com/Development/openfoam/-/releases/OpenFOAM-v2012
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Fig. 2: Overview of the baseline simulation grid with 3.7 million grid cells.

3.1 Numerical setup

Simulations are performed on an identical baseline simulation grid illustrated in Fig. 2. The grid is created with theblockMesh
tool, and is su�ciently re�ned to support all turbulence modeling strategies considered here. The wall resolution is chosen to
resolve the viscous sublayers such thatḨ = DgH•a � 1 averaged over solid surfaces, withDg the local friction velocity,Hthe �rst
cell-center height o� the wall, anda the kinematic viscosity. The overall grid is further built with uniform stretching using the
simpleGrading tool, such that resolution of large eddies remains supported throughout the domain, resulting in a grid of about
3.7 million cells. Initial tests showed that this grid supports LES in which about 94% of the turbulence in the domain is resolved,
whereas the remaining 6% is accounted for by the sub-grid scale model.
Boundary conditions are summarized in Tab. 1. Matching the DNS reference setup, the inlet applies a `mapped condition' which
introduces the solution at the recycling plane back at the inlet, resulting in a periodic channel 
ow between inlet and recycling
plane. Walls are treated with no-slip conditions (no wall functions are used), zero-gradient pressure, and appropriate �xed-value
conditions for turbulence model quantities3. At the outlet, a reference pressure value is �xed, whereas other 
ow quantities are
subject to zero-gradient and zero-back
ow conditions. For temperature, all domain boundaries except the lower post-step wall
are treated as adiabatic. Instead of explicitly modeling the conjugate heat transfer as in Oder et al. (2019), we map the DNS
time-averaged temperature (which ranges between 24.6 and 38.9 dimensionless units) directly as a �xed-value thermal boundary
condition.
Steady cases are solved using the simpleFoam solver, whereas the pisoFoam solver is used for transient simulations. Unsteady
simulations are initialized using a steady RANS solution. Subsequently, simulations are advanced in time until a statistically
stationary state is observed, after which statistical sampling is performed over a time horizon of about 50 domain 
ow-throughs.

3.2 Turbulence modeling

To mitigate the excessive computational cost of resolving the full velocity �eld down to Kolmogorov scales as in DNS, this �eld is
either represented by a time- or ensemble average in RANS, or by a coarse-grained �lteredein LES.4This procedure introduces
unclosed turbulent stresses in the governing equations(1) - (3) representing unresolved momentum and thermal transport that
have to be closed by an appropriate turbulence or sub-grid scale model. In the current work, models of eddy-viscosity type are
used, which relate unresolved momentum stress to the resolved rate-of-strain tensor through the use of an eddy viscosityaC. In
turn, unresolved thermal di�usivity is related toaC through the Reynolds analogy, with a turbulent Prandtl numberPrt = 2 for
RANS-type models (Bartosiewicz and Duponcheel, 2019) and a sub-grid Prandtl numberPrt = 0•4 for LES-type models (Sagaut,
2006). Within the current paper, six di�erent turbulence models are considered, consisting of baseline RANS and LES setups, an

3Note that the omegaWallFunction in OpenFOAM is a �xed-value condition rather than an actual wall function
4In the remainder of this manuscript, the tilde notation is omitted and overlines indicate time-averaged variables.
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Tab. 1:Overview of boundary conditions for all variables along with the associated OpenFOAM keyword. Note that the variable
l is not used in LES.

inlet outlet lowerwall post-step other walls
Velocity u Recycling mD•m== 0 or u � n = 0 u = 0 u = 0

(mapped) (inletOutlet ) (noSlip ) (noSlip )

Temperature \ Fixed: \ = 0 Adiabatic:m=\ = 0 Mapped from DNS Adiabatic:m=\ = 0
(zeroGradient ) (zeroGradient ) (fixedValue ) (zeroGradient )

Pressure ? m=? = 0 Fixed: ? = 0 m=? = 0 m=? = 0
(zeroGradient ) (fixedValue ) (zeroGradient ) (zeroGradient )

TKE : Recycling m= : = 0 : = 0 : = 0
(mapped) (zeroGradient ) (fixedValue ) (fixedValue )

TKE dissipation l Recycling m=l = 0 l = 6a•¹ 0•075H2
1º l = 6a•¹ 0•075H2

1º
(mapped) (zeroGradient ) (omegaWallFunction) (omegaWallFunction)

Tab. 2: Overview of simulation cases.

Case Resolution of large eddies Turbulence model Modeled turbulence length scale
RANS None : � l SST 3SST = : 0•5•¹ 0•09l º
LES Everywhere (down to grid scale� ) : (dynamic) 3LES = � LES�
SAS Hybrid: based on solution : � l SST SAS 3SAS = 3SST•3E 
DES Hybrid: based on solution + grid : � l SST DES 3DES = min¹3SST– 3LESº
DDES Hybrid: DES + boundary-layer shielding: � l SST DDES 3DDES � 3SST (close to walls)

3DDES � 3DES (away from walls)
IDDES Hybrid: DDES + WMLES features : � l SST IDDES 3IDDES � 3SST (close to walls)

3IDDES � 3DES (away from walls)
3IDDES (+ log-layer modi�cations)

extended unsteady RANS hybrid model, and three RANS/LES-based hybrid turbulence models. Note that all turbulence models
mentioned below are readily available in OpenFOAM v2012 and are used in their default con�guration. Simulation cases for all
six turbulence models considered here are summarized in Tab. 2.
Baseline RANS and LES are performed as lower and upper limits of expected attainable performance by the hybrid models. The
RANS uses the: � l SST turbulence model (Menter et al., 2003), whereas the LES uses a high-�delity dynamic: sub-grid scale
model (Kim and Menon, 1995). Both models rely on a prognostic equation for the modeled turbulent kinetic energy: . This
prognostic equation contains a destruction term which is inversely proportional to a modeled turbulence length scale3. In this way,
smaller values for3 result in a reduction of modeled: , in turn yielding lower eddy viscosityaC. The main di�erence in governing
equations of unsteady RANS and LES lies in how3 is de�ned. In RANS it depends solely on the solution as, e.g.,

3SST = : 0•5•¹ 0•09l º (4)

for the : � l SST model. For LES on the other hand, in line with the implied �ltering of variables at the grid scale, the modeled
turbulence length scale is directly related to the local grid resolution� as

3LES = � LES� (5)

instead, with� LES a constant in the order of 0.1 (dependent on local 
ow variables in dynamic formulations). In this way, on �ner
LES grids the foregoingaCreduction destabilizes the numerical solution to facilitate resolution of large eddies.
A �rst hybrid setup consists of the: � l SST SAS turbulence model (Egorov and Menter, 2008). The SAS methodology can be
viewed as an extension to unsteady RANS in the sense that turbulence modeling is based solely on physical length scales derived
from the solution 
ow �elds. In addition to the standard: � l SST length scale3SST, the underlying turbulence model in SAS is
provided with a second independent von-K�arm�an length scale3E based on the ratio of �rst and second-order velocity gradients.
This allows to automatically reduceaC in regions of strong shear and inherent instability without relying explicitly on grid or time
step parameters, thus promoting eddy resolution based solely on the properties of the numerical solution.
In contrast, the other three hybrid setups considered in this work lean more towards an LES approach, in which also the grid
resolution� plays a direct role in the turbulence model in addition to physical properties in the numerical solution. More
speci�cally, three variants of DES methods are considered. Firstly, we consider the: � l SST DES developed by Strelets (2001),
which de�nes a length scale

3DES = min ¹3SST– �DES� º • (6)
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Note that this results in DES adhering to the smallest of either the RANS or the LES length scale formulation.5 Eq.(6) implies
that, if the local length scale of modeled turbulence exceeds� DES� , it will no longer be accounted for in the: � l SST model,
since the local grid resolution should su�ce in resolving scales larger than this threshold. Mathematically, this results in a reduced
eddy viscosityaC, which facilitates destabilization of the numerical solution to resolve turbulence in LES mode.
Secondly, the: � l SST Delayed DES (DDES) formulation proposed by Gritskevich et al. (2012) is used. DDES de�nes a
shielding function53 , which is used to avoid spurious grid-induced transition to scale-resolving regimes in regions characterized
by signi�cant grid re�nement but insu�ciently strong 
ow instabilities to rapidly produce resolved turbulence such as attached
boundary layers. This problem is known to severely impact accuracy in standard DES, therefore motivating to de�ne the length
scale in DDES as

3DDES = 3SST � 53 max¹3SST � � DES� º – (7)

with 53 � 0 close to walls, hence3DDES � 3SST and 53 � 1 away from them, resulting in3DDES � 3DES. Third, the: � l SST
Improved DDES model (IDDES) is employed (Gritskevich et al., 2012), which features slight modi�cations of the DDES length
scale to avoid so-called log layer mismatch close to solid boundaries and make it more amenable wall-modeled LES (WMLES)
operation.

4 Results on baseline grid

In this section, we show the performance of the di�erent turbulence models and compare them to each other and to the reference
DNS data, with speci�c focus on the hybrid models. Firstly, we set the baseline performance by comparing the full RANS and LES
approaches in Sect. 4.1 as the expected lowest and highest �delity turbulence models respectively. Next, we discuss the behavior of
the di�erent hybrid setups in Sect. 4.2. Finally, we discuss the overall performance of all methods quantitatively in Sect. 4.3.

4.1 Setting the bar: performance of RANS and LES

Qualitative 
ow �eld description A qualitative view of the 
ow and temperature �elds in LES and RANS is shown in Fig. 3. It
can be seen that, while the RANS streamwise velocity is smooth and time-averaged by construction (a), the LES counterpart
(d) features turbulent structures throughout the domain. Looking at the time-averaged vertical velocities in (b) and (e), the 3D
structure of the �elds is very di�erent, especially in the downstream vicinity of the step. In contrast, di�erences in the mean
temperature between RANS (c) and LES (f) are much more subtle. This can be attributed to the geometry and boundary conditions
of the temperature �eld, but more importantly to the low Prandtl numberPr = 5 � 10� 3, resulting in a temperature distribution
that is governed by molecular di�usion rather than turbulent mixing. In Fig. 4, the time-averaged LES �eld (b) can be compared
to the inherently time-averaged RANS �eld (a). The main qualitative di�erence that can be observed from these plots is the
increased coherence of a jet-type 
ow at the top part of the outlet in RANS, whereas this jet is signi�cantly more di�used in LES.
Furthermore, close observation of the streamlines shows a di�erent structure of the recirculation bubble in both cases, i.e., a very

at and long bubble in RANS versus an inclined shorter bubble in LES.

Midplane pro�les Pro�les of 
ow quantities along the domain midplane are compared to DNS data in Fig. 5. For the horizontal
velocityD(a), it can be seen that the turbulent channel pro�les from DNS are matched well by both RANS and LES. However,
downstream of the step, RANS shows signi�cant deviations from the DNS whereas LES retains a good match throughout the domain.
More speci�cally, the back
ow velocity in the separation bubble close to the step (1 � G• � � 3) is signi�cantly underpredicted by
RANS, whereas the 
ow velocity in the top right part of the domain is overpredicted (3 � G• � � 11–0 � H• � � 0•8). Turning to
the vertical velocityEin panel (b), it is seen that the LES achieves an acceptable match with the DNS data. Even though the
velocity is lower than the DNS data for4 � G• � � 10–� 1 � H• � � 0, the overall shape of the pro�le is retained. In contrast,
RANS only matches the DNS pro�le atG• � = 2, while the S-shaped pro�les observed in DNS and LES are not found at all in the
RANS solution. In addition to the mean-
ow quantities discussed above, Fig. 5c) contains pro�les of the resolved and modeled
time-averaged turbulent kinetic energy: . LES achieves a good match with DNS, although slight overpredictions are observed for
2 � G• � � 4–� 1 � H� 0. Furthermore, the LES seems highly resolved, i.e., sub-grid modeled components are much smaller than
the resolved components. Regarding the modeled turbulence in RANS, we see the largest discrepancies with DNS are observed in
the SSL close to the step, where turbulence is generally underpredicted. Downstream, the match with DNS is improved, although
it remains worse than the LES. Midplane pro�les for time-averaged temperature\ are shown in Fig. 6. It is clearly shown that,
despite the observed di�erences in the velocity pro�les above, there is a very good match with DNS temperature pro�les for both
RANS and LES, apart from a minor deviation in the RANS temperature pro�les atG• � = 2. As mentioned above, this is mainly
caused by the low Prandtl number, resulting in a strongly viscosity-dominated temperature transport.

Summary We conclude here that LES is able to match the DNS data throughout the entire domain, whereas RANS exhibits
signi�cant discrepancies in the velocity �eld downstream of the step. This observation is in line with the motivation for using
hybrid RANS/LES turbulence models, as large-eddy scale resolution in the downstream zone could hence be capable of increasing
overall accuracy.

5In practice,� ��( slightly di�ers from � !�( to accommodate di�erent zones in the: � l SST model.
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