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ABSTRACT
The present work reports an assessment of a new class

of turbulence closures recently developed by Cimarelli et al.
(2025) that, thorugh a temporal filtering procedure, dynami-
cally adjusts the eddy viscosity within the framework of clas-
sical RANS turbulence models. The developed dynamic pro-
cedure is shown to maximize the amount of information pro-
vided by the numerical solution for a given spatial resolution,
thus effectively improving the performance of classical RANS
models without incurring in a significant increase in compu-
tational costs. In particular, the proposed new class of turbu-
lence closures is found to form a bridge between the compu-
tational efficiency of RANS and the higher fidelity of LES. A
detailed comparison with predictions from the standard k− ε

model and the hybrid LES-RANS k− ε −ζ − f model is per-
formed in the settings provided by the transitional flow over a
rounded leading edge flat plate and by the flow around a rect-
angular cylinder with sharp edges. The results show that the
developed dynamic closure nicely perform in reproducing the
scale-dependent fetaures of the flow, in capturing the laminar
to turbulence transition phenomena and in the sensitivity to the
free-stream flow conditions.

INTRODUCTION
Turbulent fluid motion characterizes a wide range of CFD

applications, with turbulence exhibiting a wide spectrum of
spatial and temporal scales. This variety in scales signifi-
cantly increases the computational cost, making it challeng-
ing to accurately resolve all of them. DNS (Direct Numeri-
cal Simulation) and LES (Large-Eddy Simulation) approaches,
while highly accurate, remain prohibitively expensive for most
practical engineering applications due to their high compu-
tational demands. That is why RANS (Reynolds-Averaged
Navier-Stokes) simulations remain the preferred solution in
engineering applications, yet their inability to capture turbu-
lent fluctuations and their difficulties with laminar to turbu-
lence transitional flows represent a hefty trade-off for their
low cost. Traditional eddy viscosity models suffer from stress
over-prediction in adverse pressure gradients, which severely
compromises their ability to predict laminar-to-turbulent tran-

sition. They are also incapable of returning scale-resolving
solutions when the grid resolution and the numerical settings
allow them. This work premiers a new formalism for RANS
eddy viscosity models that actaully faces these fundamental
issues.

A NEW CLASS OF TURBULENCE CLOSURES
We report here a brief introduction to the new class of tur-

bulence closures. The basic assumption is that the smoothing
action of RANS turbulence closure can be modeled as a tem-
poral filtering operator implicitly applied to the Navier-Stokes
equations, hereafter denoted as ⟨·⟩τ where τ represents the fil-
ter time scale implicitly imposed by the eddy viscosity. In this
framework, the turbulent stresses takes the exact form

Rτ (ui,u j) = ⟨uiu j⟩τ −⟨ui⟩τ ⟨u j⟩τ (1)

A relevant aspect of the use of the filtering approach is given by
the fact that some important algebraic properties can be lever-
aged. In particular, by introducing a second filter operator with
a larger characteristic time scale T > τ , it is possible to evalu-
ate the turbulent stresses at a coarser level as

RTτ
(ui,u j) = ⟨⟨uiu j⟩τ ⟩T −⟨⟨ui⟩τ ⟩T ⟨⟨u j⟩τ ⟩T (2)

These turbulent stresses are related with those at the finer level

RTτ
(ui,u j) =⟨Rτ (ui,u j)⟩T+

⟨⟨ui⟩τ ⟨u j⟩τ ⟩T −⟨⟨ui⟩τ ⟩T ⟨⟨u j⟩τ ⟩T
(3)

thus allowing us to write one of the most famous identities in
turbulence, Germano (1992),

RTτ
(ui,u j)−⟨Rτ (ui,u j)⟩T =

⟨⟨ui⟩τ ⟨u j⟩τ ⟩T −⟨⟨ui⟩τ ⟩T ⟨⟨u j⟩τ ⟩T
(4)
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This identity can be exploited to develop a dynamic procedure
for the computation of the model coefficient cµ classically ap-
pearing as a constant in RANS eddy viscosity models, Wilcox
et al. (1998).

In the context of eddy viscosity models the turbulent
stresses at the two filter levels can be written as

Rτ (ui,u j) =−2ντ ⟨Si j⟩τ

RTτ
(ui,u j) =−2νTτ

⟨⟨Si j⟩τ ⟩T
(5)

where Si j = (∂ui/∂x j +∂u j/∂xi)/2 is the rate of deformation
tensor and the two diffusion coefficients, ντ and νTτ

, are the
eddy viscosity associated to the two filter levels. Without loss
of generality, by considering the classical k− ε approach, the
two eddy viscosity can be written as

ντ = cµ

k2
τ

ετ

νTτ
= cµ

k2
Tτ

εTτ

(6)

Here, kτ and ετ are the transported turbulent kinetic energy
and turbulent dissipation whose classical evolution equation is

∂kτ

∂ t
+

∂kτ ⟨u j⟩τ

∂x j
=

2ντ ⟨Si j⟩τ ⟨Si j⟩τ − ετ +
∂

∂x j

[(
ν +

ντ

σ k

)
∂kτ

∂x j

] (7)

∂ετ

∂ t
+

∂ετ ⟨u j⟩τ

∂x j
=

ετ

kτ

(
2Cε1 ντ ⟨Si j⟩τ ⟨Si j⟩τ −Cε2 ετ

)
+

∂

∂x j

[(
ν +

ντ

σ ε

)
∂ετ

∂x j

]
(8)

where σ k, σ ε , Cε1 and Cε2 are adjustable model coefficients,
Launder & Spalding (1983). On the other hand, kTτ

and εTτ

are the turbulent kinetic energy and turbulent dissipation asso-
ciated with the flow solution at the test filter level and can be
computed as

kTτ
= ⟨kτ ⟩T +Lii/2

εTτ
= ⟨ετ ⟩T +νDii

(9)

where the tensor Li j directly comes from identity (4),

Li j ≡ RTτ
(ui,u j)−⟨Rτ (ui,u j)⟩T =

⟨⟨ui⟩τ ⟨u j⟩τ ⟩T −⟨⟨ui⟩τ ⟩T ⟨⟨u j⟩τ ⟩T
(10)

on the other hand, Di j derives from the same arguments but
applied to the velocity gradient,

Di j ≡RTτ

(
∂ui

∂xk
,

∂u j

∂xk

)
−
〈

Rτ

(
∂ui

∂xk
,

∂u j

∂xk

)〉
T
=〈

∂ ⟨ui⟩τ

∂xk

∂ ⟨u j⟩τ

∂xk

〉
T
− ∂ ⟨⟨ui⟩τ ⟩T

∂xk

∂ ⟨⟨u j⟩τ ⟩T

∂xk

(11)

Figure 1. Transitional flow over a rounded leading-edge flat
plate, the T3L test case. Iso-surfaces of the Q-criterion Q =

0.15, Hunt et al. (1988), colored with the streamwise velocity
for the standard k − ε model (left) and for the new dynamic
RANS procedure (right). In the inset plot of the right panel,
isosurfaces with positive streamwise velocity are hidden to re-
veal the structures of the reverse boundary layer within the
main recirculating bubble.

By substituting modeling assumptions (6) into the Boussinesq
hypothesis (5), the identity (4) can be rewritten as

cµ =
Mi jLi j

Mi jMi j
(12)

where

Mi j = 2
〈

k2
τ

ετ

⟨Si j⟩τ

〉
T
−2

k2
Tτ

εTτ

⟨⟨Si j⟩τ ⟩T (13)

and

Li j = ⟨⟨ui⟩τ ⟨u j⟩τ ⟩T −⟨⟨ui⟩τ ⟩T ⟨⟨u j⟩τ ⟩T (14)

Equation (12) represents a new class of turbulence closures
that has been recently derived by Cimarelli et al. (2025). In-
deed, the tensor Mi j has been derived here specifically for the
k− ε model but can be equivalently written for any other two-
equation eddy viscosity model. This new class of models (12)
will be hereafter called dynamic RANS closures.

RESULTS
The present section reports the first attempt to assess the

properties of the proposed dynamic procedure. Different flow
cases have been considered. Here, we focus on the transitional
flow over a rounded leading edge flat plate under different
free-stream turbulence conditions, the so-called T3L test case
series of the ERCOFTAC suite, Yang & Voke (2001); Bassi
et al. (2020); Cimarelli et al. (2020), and on the flow around
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Figure 2. Separating and reattaching flow around a rectangular cylinder, the BARC test case. Iso-surfaces the Q-Criterion Q = 0.15,
Hunt et al. (1988), colored with the streamwise velocity for the standard k− ε model (left) and for the new dynamic procedure (right).
Top and bottom panels show the solutions obtained in a finer and coarser grid. In the inset plot of the right panels, isosurfaces with
positive streamwise velocity are hidden to reveal the structures of the reverse boundary layer within the main recirculating bubble.

a rectangular cylinder with aspect ratio 5, the so-called BARC
(Benchmark on the Aerodynamics of a Rectangular 5:1 Cylin-
der) Bruno et al. (2014).

The T3L case is chosen because it explicitly concerns
flow phenomena of separation, transition and reattachment,
which are intimately linked with the management of the near-
wall physics, of the laminar to turbulence transition and of the
physical dependence of such phenomena on the values of free-
stream turbulence, the main prospects for the developed dy-
namic procedure. Simulations are performed by varying the
grid resolution and the free-stream turbulence levels by keep-
ing a fixed Reynolds number, Re=U0D/ν = 3333 where U0 is
the free-stream velocity, D the plate thickness and ν the kine-
matic viscosity.

The BARC flow case is selected because of the availabil-
ity of several high-fidelity numerical studies that can be used
for comparison. Among others, here we consider as reference
the DNS of Cimarelli et al. (2024) because of the fairly high
Reynolds number considered, Re =U0D/ν = 14000. The dis-
tinguishing feature of the BARC case compared to the T3L
case, is the laminar boundary layer separation that is fixed at
the sharp leading-edges of the body.

All the simulations have been perfomed by us-
ing the solver T-Flows (https://github.com/DelNov/T-Flows)
Hadžiabdić et al. (2022). T-Flows is based on a finite vol-
ume method for collocated, unstructured and arbitrary grids.
The transport scheme for momentum and turbulent quantities
is SMART, a high-order upwind-biased scheme which max-
imises accuracy within the limits required to preserve bound-
edness. Time integration is performed with the Backward Eu-
ler scheme in first-order form for the stresses and in a second-
order variant, used in iterative fashion, for the inertial term.
The time step is adapted to obtain a condition CFL ≈ 1.5.

As shown in figures 1 and 2, the new class of closures
based on the dynamic procedure (12) show to enable well-
defined scale-resolving features in both the T3L and BARC
test cases contrary to the baseline k− ε model that reproduces
a 2D flow solution. As shown in the bottom panels of fig-

ure 2, these scale-resolving features are reproduced also when
coarsening the grid resolution. A more deep analysis will be
reported at the conference talk and shows that a significant im-
provement of the quality of the statistics is also obtained by
applying the dynamic procedure to the baseline model.

CONCLUSIONS
A new class of turbulence closures is developed that is

based on a dynamic procedure recently developed by Cimarelli
et al. (2025) for the computation of the model coefficient cµ

commonly employed in eddy viscosity models. The procedure
is based on a formalism that describes the smoothing action of
closures as a temporal filtering operator. A detailed analysis
of the results will be reported at the conference talk. We an-
ticipate here that the dynamic procedure applied to the k− ε

model allows to capture scale-resolving flow features that are
supported by the grid resolution and to nicely predict challeng-
ing phenomena such as turbulence transition and the depen-
dence of the flow solution on the free-sream turbulence con-
ditions. Such important properties are obtained without an in-
crease of the computational costs and are completely missed
by the baseline k− ε model.
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