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Abstract

A frequent configuration in computational fluid mechanics combines an explicit time advanc-
ing scheme for accuracy purposes and a computational grid with a very small portion of much
smaller elements than in the remaining mesh. Examples of such situations are the travel of
a discontinuity followed by a moving mesh, and the large eddy simulation of high Reynolds
number flows around bluff bodies where together very thin boundary layers and vortices of
much more important size need to be captured. For such configurations, explicit time ad-
vancing schemes with global time stepping are very costly. In order to reduce this problem,
the multirate time stepping approach represents an interesting improvement. The objective
of such schemes, which allow to use different time steps in the computational domain, is
to avoid penalizing the computational cost of the time advancement of unsteady solutions
which can become large due to the use of small global time steps imposed by the smallest
elements such as those constituting the boundary layers. In the present work, a new multirate
scheme based on control volume agglomeration is proposed for the solution of the compress-
ible Navier-Stokes equations possibly equipped with turbulence models. The method relies
on a prediction step where large time steps are performed with an evaluation of the fluxes on
macro-cells for the smaller elements for stability purpose, and on a correction step in which
small time steps are employed only for the smaller elements. The accuracy and efficiency
of the proposed method are evaluated on several benchmarks flows: the problem of a mov-
ing contact discontinuity (inviscid flow), the computation with a hybrid turbulence model of
flows around bluff bodies like a tandem cylinders at Reynolds number 1.66 x 10° , a circular
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cylinder at Reynolds number 8.4 x 10°, and a flow around a space probe model at Reynolds
number 10°.

Keywords: computational fluid dynamics, multirate time advancing, explicit scheme, volume
agglomeration, unstructured grid, hybrid turbulence model.

1 INTRODUCTION

A frequent configuration in CFD calculations combines an explicit time advancing scheme
for accuracy purpose and a computational grid with a very small portion of much smaller
elements than in the remaining mesh. Two typical examples are the following: A first example
is the hybrid RANS/LES simulation of high Reynolds number flows around bluff bodies. In
that case, very thin boundary layers need be addressed with extremely small cells. When
applying explicit time advancing, the computation is penalized by the very small time-step
to be applied (CFL number of order 1). But this is not the only interesting region of the
computational domain. An important part of the meshing effort is devoted to large regions
of medium cell size in which the motion of vortices need be accurately captured. For these
vortices, the efficient and accurate time-step is of order of the ratio of local mesh size by
vortex velocity. We can apply an implicit scheme with such a time-step, which would produce
a local CFL of order 1 for the vortices and a local CFL of order hundreds for the boundary
layer. But the implicit scheme used with a too small time step will be of larger cost than the
explicit one, with a cost increasing importantly with formal accuracy, think of implicit RK
schemes. For higher time lapse, implicit schemes like BDF1/2 show much more dissipation
than explicit schemes and are much less accurate.

Our second example concerns an important complexity issue in unsteady mesh adapta-
tion. Indeed, unsteady mesh adaptive calculations are penalized by the very small time-step
imposed by accuracy requirements on regions involving small space-time scales. This small
time step is for example an important computational penalty for mesh adaptive methods of
AMR type [5]. This is also the case for unsteady fixed-point mesh-adaptive methods as in [4].
Conversely, using an implicit scheme and large time steps will strongly degrade the accuracy.
In that latter method, the loss of efficiency is even more crucial when the anisotropic mesh
is strongly locally strongly streched. In [4], this loss is evaluated as limiting the numerical
convergence order for discontinuities to 8/5 instead of second-order convergence.

This limitation also applies to mesh adaptation by mesh motion. Our second example
will concentrate on the computation of an isolated traveling discontinuity. The discontinuity
needs to be followed by the mesh, preferably in a mesh-adaptive mode. Except if the adap-
tation works in a purely Lagrangian mode, an implicit scheme will smear the discontinuity
of the solution. An explicit scheme will applied a costly very small time step on the whole
computational domain.

In order to overcome these problems, the multirate time stepping approach represents an
interesting alternative. A part of the computational domain is advanced in time with the small
time-step imposed by accuracy and stability constraints. Another part is advanced with the
larger time-step giving a good compromise between accuracy and efficiency. Many works
have been published on multirate methods in the field of ODE, see for example [24,1,9,29]
and [25,2,15,8,7,14,13,27], but fewer works were conducted on multirate time advancing
schemes for the solution of PDE and hyperbolic conservation laws [6,26,23,18,28,21], and
rare applications were performed in Computational Fluid Dynamics (CFD), for shock propa-



gation in [21] and for shallow water computations in [28]. Therefore, there is still much work
to do to provide viable multirate methods for CFD applications.

In this work, we propose a new multirate scheme based on control volume agglomeration
which is at the same time very simple and well suited to a large class of finite volume approx-
imations. The agglomeration produces macro-cells by grouping together several neighboring
cells of the initial mesh. The method relies on a prediction step where large time steps are
used with an evaluation of the fluxes performed on the macro-cells for the region of smallest
cells, and on a correction step advancing solely the region of small cells, this time with a
small time step.

We demonstrate the method in a numerical framework using a vertex centered approxima-
tion, the mixed finite volume/finite element formulation.

Target applications are three-dimensional unsteady flows modeled by the compressible
Navier-Stokes equations equipped with turbulence models and discretized on unstructured
possibly deformable meshes. The numerical illustration involves the two above examples.

The proposed algorithm is described in Section 2. Section 3 provides some motivations of
this construction. Section 4 gives several examples of applications.

2 Multirate time advancing by volume agglomeration
2.1 Finite-Volume Navier-Stokes

The multirate time advancing scheme based on volume agglomeration is developed for the
solution of the three-dimensional compressible Navier-Stokes equations. The main assump-
tion is that the computational domain is split into computational finite volume cells such that
cells intersect only by their boundaries and cover the whole computational domain. The dis-
crete Navier-Stokes system is assembled by into a flux summation ¥; summing convective
and diffusive fluxes evaluated at all the interfaces separating two cells. More precisely, the
finite-volume spatial discretization combined with an explicit forward-Euler time-advancing
writes for the Navier-Stokes equations possibly equipped with a k¥ — € model:

vol; w't = wvol; w + AtW;, Vi=1,.. ncell,
where vol; is the volume of cell;, At the time step,
wi = (p;, (pu)i', (pv)is (pw)i, BT, (pk)7, (pE)7)
are as usually the density, moments, total energy, turbulent energy and turbulent dissipation

at cell; and time level ", and ncell the total number of cells in the mesh.

Given an explicit -conditionally stable- time advancing, we assume that we can define a
maximal stable time step (local time step) At;,© = 1, ..., ncell on each node. The stable local
time step is classically defined by the combination of a viscous stability limit and an advective
one according to the following formula:

2
At < CFL x Al;

< (1)

Al + ) +2- (;;— + %)
where Al; is a local characteristic mesh size, u; the local velocity, ¢; the sound celerity,
the ration of specific heats, p; the density, £- + I’i—té the sum of local viscosity to Prandtl
ratio, laminar and turbulent, and CFL a parameter depending of the time advancing scheme,



of the order of unity. Using the local time step At; leads to a stable but not consistent time
advancing.
A consistent and stable time advancing should use a global/uniform time step defined by:

At = min At;.

1,ncell

2.2 Inner and outer zones

We first define the inner zone and the outer zone, the coarse grid, and the construction of the
fluxes on the coarse grid, ingredients on which our multirate time advancing scheme is based.

For this splitting into two zones, the user is supposed to choose a (integer) time step factor
K > 1

— Definition of the Inner and Outer zones :
— We define the outer zone as the set of cells ¢ for which the explicit scheme is stable for
a time step K At

At > KA,

— the inner zone is the set of cells for which

— Definition of the coarse grid :

— Objective :

e Advancement in time is performed with time step K At

e Advancement in time preserves accuracy in the outer zone

e Advancement in time is consistent in the inner zone
In the example given below, the accuracy of the initial scheme can be defined as a third-
order spatial accuracy on smooth meshes, through the use of a MUSCL-type upwind-
biased finite volume, combined with a fourth-order time accuracy through the use of
the standard Runge-Kutta scheme, see [19] for details.

— A coarse grid is defined on the inner zone by applying cell agglomeration in such
a way that on each macro-cell, the maximal local stable time step is at least K At.
Agglomeration consists in considering each cell and aggregating to it neigboring cells
which are not yet aggregated to an other one (Figure 1). Agglomeration into macro-
cell is re-iterated until macro-cells with maximal time step smaller then K At have
disappeared.

— Time-advancing on the macro-cells :
e We advance in time the chosen explicit scheme on the coarse grid with K At as
time step.
— Construction of the flux on the coarse grid

— The nodal fluxes ¥; are assembled on the fine cells (as usual)
— Fluxes are summed on the macro-cells I (inner zone) :

ol = Z v, (2)

kel



Remark 1: Stability can be reinforced by adding a smoothing of the coarse flux (inner zone)

vl = (Y wFvol®) /(> wol®). 3)
)

Kev(I Kev(I)

We did not need to apply this flux-smoothing.[]

fine cells i macro-cell I

Fig. 1 Sketch (in 2D) of the agglomeration of 4 cells into a macro-cell.Cells are dual cells of triangles, bounded
by sections of triangle medians.

2.3 Multirate time advancing

The multirate algorithm is then based on a prediction step and a correction step as defined
hereafter :

Step 1 (prediction step) :
The solution is advanced in time with time step K At, on the macro-cells in the inner zone
and on the fine cells in the outer zone :

For o = 1, RK step

outer zone : voliwgo‘) = voliwgo) + by K At %(a—l) (4)
inner zone :  vol'w"® = pollw" O + b, KAt wHeD (5)
wga) = wl® foriel (6)

EndFor a.
where b, denote the Runge-Kutta parameters, and vol! the volume of macro-cell I.

Step 2 (correction step) :

— The unknowns are frozen in the outer zone at level t" + K At.

— The outer unknowns near the boundary of the outer zone which are necessary for advanc-
ing the inner zone are interpolated in time.

— In the inner zone, using these interpolated values, the solution is advanced in time with
the chosen explicit scheme and time step At.



This time advancing writes:

Forkt=1K
For a = 1, RK step

@ = volw” + b At WY (7

inner zone :  wvol,w;

EndFor «.
EndFor kt.

Remark 2: The complexity, proportional to the number of points in the inner zone, is there-
fore mastered.[]

3 Elements of analysis
3.1 Stability

The central question concerning the coarse grid is the stability resulting from its use in the
computation.

Considering (1), we expect that the viscous stability limit will improve by a factor four
for a twice larger cell. The viscous stability limit can therefore be considered as more easily
addressed by our coarsening. For the advective stability limit, we can be a little more precise.
The coarse mesh is an unstructured partition of the domain in which cells are polyhedra.
Analyses of time advancing schemes on unstructured meshes are available in L? norm for
unstructured meshes, see [3,11,10]. Here we solely propose a L> analysis of the first order
advection scheme. The gain in L stability can be analysed for a first-order upwind advection
scheme. We get the following (obvious) lemma:

Lemma : The upwind advection scheme is positive on the mesh made of macro-cells as soon
as for all macro-cell I :

-1

AT / / dx
Z Ocell(I) ﬂ@cell(J cell(I)

JEN(I)

where N (I) holds for the neighbouring macro-cells of I.[]

Thanks to the application of an adequate neighboring-cell agglomeration, macro-cell shapes
will not degrade and the ratio in RHS will be increased, producing finally a /K -times larger
stability limit.

3.2 Accuracy

In contrast to more sophisticated multirate algorithms, the proposed method has not a strong
control of the accuracy. Let us first remark that the generic situation involves variable-size
meshes, which limits the unsteady accuracy on small scales, already before applying the
multirate method.



However the two following remarks tend to show that the scheme accuracy - on the coarser
grid- is conserved:

- the predictor step involves a sum of the fluxes and is at least as accurate as an equivalent
coarse-grid approximation,

- the corrector step will improve the result in a way which depends on mesh smoothness,
i.e. in better extent if the transition from small cells to larger cells is a smooth one.

3.3 Efficiency

The proposed two-level multirate depends on only one parameter, the ratio K between the
large and small time step. Considering a mesh with /V vertices, a short loop on the mesh will
produce the function K +— N*™4(K) < N which gives the number of cells in the inner
region for K.

If CPUgypnode(At) denotes the CPU per node and per time step At of the underlying
explicit scheme, a model for the multirate cpu per At would be

N
CPUnr) (At) = (E + Nsma”(K)> X CPUgupNode(At)

to be compared with the explicit case:
CPUEwph(At) = N X CPUExpNOd6<At).

Once we have evaluated K > N*™(K) for a given mesh it is possible to predict a theoret-
ical optimum K, for minimising the CPU time in scalar execution.

3.4 Parallelism

The proposed method is experimented with a parallel MPI software which relies on mesh
partitioning. Cell-agglomeration is applied inside partitions to save communications.

In first study, we have not optimised the MPI partitioning in order to adapt it to the two
different steps of the multirate algorithm, predictor over the whole mesh, corrector on the
inner cells only. The efficiency with respect to non-parallel calculation may then deteriorate.
If the inner zone is large, mesh partition can be optimised by splitting uniformly the inner
zone between the processors. We have not applied this strategy because, in the experiments
we performed, we have observed that the inner zone can be of very small size, and, on the
other hand, we have prefered to keep the present domain decomposition which optimizes the
(many) intercore communications that occur during a computation. A consequence is a poor
parallel efficiency for the correction step, related to a defavourable ratio between computation
and communication, and not related to unbalanced load when a small inner zone is involved.

In a second study, we use a special partition, the multi-constrained partition of Karypis,
[17] which is incorporated in the METIS library. The principle is apply the partition optimizer
by minimizing the communications while imposing the two constraints than both the whole
domain and the inner zone are balanced by the partition. In practice, we have applied the
Kapyris algorithm to a vertex partition and then transposed to elements for running our CFD
code.

If the partition is ideally perfectly balanced for the inner nodes and for all nodes, then
for nproc processors, both C'PU gk (At) and CPU.yy;(At) will be nproc smaller and the



theoretical gain is as for the scalar case.

Remark 3 : Another idea, not implemented in this work, is to organize concurrency be-
tween the corrector step and a part of the predictor. Indeed, the corrector only needs the
predicted values of an intermediate zone in the coarse cells region located near the interface
with the fine cells region. Then a possible improvement of parallel efficiency could be to first
compute the predictor step in the intermediate zone, then communicate in order to allow a
concurrent computation of (the rest of, with some overlapping) the predictor step together
with the corrector step (to be concentrated on a very few processors). [J

4 Applications

The multirate algorithm is implemented into the parallel (MPI) CFD code AIRONUM shared
by INRIA Sophia-Antipolis, LEMMA company and University of Montpellier. A description
of this tool, which solves with a mixed element/volume method on unstructured meshes the

compressible Euler and Navier-Stokes equations possibly equipped with a turbulence model,
can be found in [22] and [16].

4.1 Contact discontinuity

In this first example, we consider the case of a moving contact discontinuity. For this purpose,
the compressible Euler equations are solved in a rectangular parallelepiped as computational
domain where the density is initially discontinuous at its middle (see Figure 2) while velocity
and pressure are uniform.

2

Fig. 2 ALE calculation of a traveling contact discontinuity. Instantaneous mesh with mesh concentration in
the middle of zoom and corresponding advected discontinuous fluid density.

The uniform velocity is a purely horizontal one. As can be seen in Figure 2, small cells
are present on either side of the disconstinuity. The mesh moves during the computation
in such a way that the nodes located at the discontinuity are still the same, and that the
number of small cells are equally balanced on either side of the discontinuity. An Arbitrary



K CPU N*mall(K)/N Expected CPU CPU Measured

explicit (%) gain pred. phase correc. phase gain

(s/ At/node) (scalar) (s/KA?) (s/KAt) (parallel)
5 4.96.107° 1.3 4.7 0.124 0.244 1.7
10 4.96.107° 1.3 8.8 0.124 0.482 2.0
15  4.96.107° 1.3 12.5 0.124 0.729 2.2

Table 1 ALE propagation of a contact discontinuity: Time step factor K, CPU of the explicit scheme per ex-
plicit time-step At and per node, percent%e of nodes in the inner region, theoretical gain in scalar mode, CPU
of the i)redictlon phase per time-step K At, CPU of the correction phase per time-step K A¢, and measured
parallel gain.

Lagrangian-Eulerian formulation is then used to solve the Euler equations on the resulting
deforming mesh. Our long term objective is to combine the multirate time advancing with a
mesh adaptation algorithm in such a way that the small time steps imposed by the necessary
good resolution of the discontinuity remain of weak impact on the global computational time.

The mesh used in this simulation contains 25000 nodes and 96000 tetrahedra. The compu-
tational domain is decomposed into 2 subdomains. When integer /<, used for the definition of
the inner and outer zones, is set to 5, 10 and 15, the percentage of nodes located in the inner
zone is always 1.3%, which corresponds to the vertices of the small cells located on either
side of the discontinuity.

The multirate scheme with the aforementioned values of K, as well as a 4-stage Runge-
Kutta method, are used for the computation. Each simulation was run on 2 cores of a Bullx
B720 cluster. In Table 1, CPU times (prediction phase / correction phase) are given for the
multirate approach and different time step factors KA. An improvement in the efficiency of
about 1.7, 2.0 and 2.2 is observed when K is set to 5, 10 and 15, respectively. Though
a gain up to 2.2 is reached, the small number of inner nodes, leading to a poor computa-
tion/communication ratio in the correction phase, can explain that the obtained gain is rather
moderate when compared to the scalar theoretical case.

4.2 Tandem cylinders

Our main study concerning the application of multirate is the calculation of a flow around
a tandem cylinders at Reynolds number 1.66 x 10°. This was a test case of an AIAA work-
shop, see [20]. It is a challenging computation since several complex flow features need to
be captured around multiple bodies (stagnation zones, boundary layers, shear layers, sepa-
rations, laminar-turbulent transition, recirculations, vortex sheddings, wakes). Furthermore,
small cells are necessary for a proper prediction of the very thin boundary layers, which im-
plies very small global time steps so that classical explicit calculations become very costly.
The application of our multirate scheme to the tandem cylinders benchmark is also made
more difficult by the fact that we use a hybrid turbulence model based on RANS and VMS-
LES approaches [16], so that additional equations associated with turbulent variables need to
be advanced in time.

In order to illustrate the quality of resolution, the Q-criterion isosurfaces are shown in
Figure 5. It shows the complex flow features and the very small structures that need to be
captured by the numerical model and the turbulence model, which renders this simulation
particularly challenging. Further information concerning the comparison between computa-
tion and experiments are available in [16].
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Fig. 3 Tandem cylinders - coarse mesh : instantaneous Q-criterion isosurfaces.

Two meshes were used for this study : a coarse mesh which contains 2.6 million nodes
and 15 million tetrahedra, and a fine mesh with 16 million nodes and 96 million tetraedra.
For both meshes, the smallest cell thickness is 1.2.107%.

— Coarse mesh

The computational domain is decomposed into 192 subdomains. The CFL number is set
to 0.5 for the explicit and multirate computations. When integer /<, used for the definition
of the inner and outer zones, is set to 2, 5 and 10, the percentage of nodes located in the
inner zone is 4%, 16% and 25%, respectively.

CPU times (prediction phase / correction phase) are given in Table 2 for the multirate ap-
proach and different time step factors K. For this test case, the multirate scheme is not very
efficient due to a too costly correction phase (a large number of inner nodes not equally
distributed among the subdomains). It is also true that the theoretical scalar gain is rather
small. One can notice that with an implicit simulation and a CFL number set to 30, the
gain is large compared to the explicit option. However, the accuracy is degraded with the
implicit approach compared to the multirate option (see the relative error in Table 2 and
Figure 4).

K CPU Nsmall(K)/N  Expected CPU CPU Measured  Error
explicit (%) gain pred. phase  cor. phase gain (%)
(s/ At/mode) (scalar) (s/KAt) (s/KAt) (parallel)
2 3.510°7 4 1.85 0.92 0.86 1.03 1.67107°
5 3.510°7 16 2.77 0.92 4.10 0.92 2.57107°
10 3.51077 25 2.86 0.92 8.48 0.98 7.671074
Implicit 53 251071

Table 2 Tandem cylinder - coarse mesh: Time step factor K, CPU of the explicit scheme per explicit time-
step At and per node, percentage of nodes in the inner region, theoretical gain in scalar mode, CPU of the
prediction phase per time-step K At, CPU of the correction phase per time-step /K At, measured parallel gain,
and relative error.

— Fine mesh
The computational domain is decomposed into 768 subdomains, and as many cores on
a Bullx cluster were used to perform these computations. When integer K, used for the
definition of the inner and outer zones, is set to 5, 10 and 20, the percentage of nodes
located in the inner zone is 18%, 24% and 35%, respectively (see Table 3).
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Fig. 4 Tandem cylinder - coarse mesh : zoom of the lift curves obtained with explicit, implicit and multirate
schemes for the first cylinder.

The CPU times for the explicit and multirate schemes are shown in Table 3. As for the
coarse mesh and for the same reason, the multirate option turns out to be not very efficient.
Again, the theoretical scalar gain is rather small in this case (see Table 3).

Fig. 5 Tandem cylinders - fine mesh : instantaneous Q-criterion isosurfaces. (coloured with velocity modulus).

4.3 Circular cylinder at very high Reynolds number

The third application concerns the simulation of the flow around a circular cylinder at Reynolds
number 8.4 x 10°. As for the previous benchmark, the computational domain is made of small
cells around the body in order to allow a proper representation of the very thin boundary layer
that occurs at such a high Reynolds number. On the other hand, the same hybrid RANS/VMS-
LES model as that of the previous benchmark is used to compute this flow, which implies
again that both the fluid and turbulent variables need to be advanced by the time integration
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K CPU Nsmall() /N Expected CPU CPU  Measured
explicit (%) gain pred. phase cor. phase gain

(s/ At/node) (scalar) (s/IKAt) (s/KAt)  (parallel)
5 1077 18 2.63 1.55 6.93 0.91
10 1077 24 2.94 1.52 14.15 0.99
20 1077 35 2.50 1.53 28.94 1.02

Table 3 Tandem cylinder - fine mesh: Time step factor K, CPU of the explicit scheme per explicit time-
step At and per node, percentage of nodes in the inner region, theoretical gain in scalar mode, CPU of the
prediction phase per time-step K At, CPU of the correction phase per time-step K At, and measured parallel
gain.

scheme, and therefore also the multirate method. Figure 6 depicts the Q-criterion isosurfaces
and shows the very small and complex structures that need to be captured by the numerical
and the turbulence models, which renders this simulation very challenging.

The mesh used in this simulation contains 4.3 million nodes and 25 million tetrahedra.
The smallest cell thickness is 2.5.107%. The computational domain is decomposed into 768
subdomains. When integer K, used for the definition of the inner and outer zones, is set
to 5, 10 and 20, the percentage of nodes located in the inner zone is 15%, 19% and 24%,
respectively (see Table 4).

Fig. 6 Circular cylinder at Reynolds number 8.4 x 10 : instantaneous Q-criterion isosurfaces (coloured with
velocity modulus).

The explicit scheme is the 4-stage Runge-Kutta method. For each simulation, 768 cores
were used on a Bullx B720 cluster, and the CFL number was set to 0.5. CPU times for the ex-
plicit and multirate schemes with different values of K are given in Table 4. One can observe
that the efficiency of the multirate approach is rather moderate, probably less than 1%. The
cost of the correction phase is indeed relatively high compared to the prediction phase. This
is certainly due to an important number of inner nodes (which implies also a moderate the-
oretical scalar gain) and a non uniform distribution of these nodes among the computational
cores. An implicit simulation, with a CFL number set to 30, was also performed. An impor-
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K CPU N*mall(K)/N  Expected CPU CPU Measured  Error
explicit (%) gain pred. phase  cor. phase gain (%)
(s/ At/mode) (scalar) (s/KAt) (s/KAt) (parallel)
5 8.410°8 15 2.86 0.39 1.53 1.02 441072
10 8.4108 19 3.45 0.39 3.12 1.11 7.81074
20 8.4108 24 3.45 0.39 6.24 1.18 2.61073
Implicit 12.12 1.0

Table 4 Circular cylinder: Time step factor K, CPU of the explicit scheme per explicit time-step At and per
node, percentage of nodes in the inner region, theoretical gain in scalar mode, CPU of the prediction phase per
time-step K At, CPU of the correction phase per time-step K At, measured parallel gain, and relative error.

tant gain is observed compared to the multirate case, but at the cost of a notable degradation
of the accuracy (see Table 4 and Figure 7) .

CYL, Re= 8.4M
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Fig.7 Circular cylinder at Reynolds number 8.4 x 10° : zoom of the lift curves obtained with explicit, implicit
and multirate schemes.

4.4 Spatial probe

The last case is the supersonic flow around a probe model for Exomars (see for example [12]).
The Reynolds number is 1 million with respect to probe diameter. Delicate features in this
simulation are a separation arising on a highly curved wall and relatively large recirculation
zone at afterbody. Hybrid RANS-LES calculation brings more information than pure RANS
does. The mesh involves 4.38 million nodes, 26 million tetrahedra, and the smallest mesh
thickness is 2.107°. A sketch of this flow is presented in Figure 8. The gain in efficiency
varies from 2.93 with X' = 10 and 56 cells in the inner zone to a maximum of 3.82 with
K = 40 and 151 cells in the inner zone (located in the high curvature region of the boundary
layer where few very small cells are present). For K = 40, only 15 subdomains have inner
cells (mean number 15 inner cells). On the other hand, the impact of the multirate approach
on accuracy is very low compared to the implicit case, even for KX = 40 which corresponds
to an effective CFL number of 20 (see Table 4.4 and Figure 9).
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hybrid-LesWale 18000 iterations
Vortmag 100

Fig. 8 Flow around a probe model at Reynolds number 1 million. Q criterion.

K CPU Nsmall(K)/N  Expected CPU CPU Measured  Error
explicit gain pred. phase  cor. phase gain
(s/ At/mode) (%) (scalar) (s/KAt) (s/KAt) (parallel) (%)
10 4.13.1077 0.015 8.69 1.81 4.36 2.93 110-5
40 4.13.1077 0.040 15.38 1.83 17.35 3.82 1.6 10—-4
Implicit 36.88 2.1072

Table 5 Spatial probe: Time step factor K, CPU of the explicit scheme per explicit time-step At and per
node, percentage of nodes in the inner region, theoretical gain in scalar mode, CPU of the prediction E)hase
per time-step K At, CPU of the correction phase per time-step K At, measured parallel gain, and relative
error.
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Fig. 9 Spatial probe : zoom of the lift curves obtained with explicit, implicit and multirate schemes.

4.5 Numerical experiments with a constrained partition

In this section we use a multi-constrained partitioning described in [17] and included in the
METIS library.
The motivation of multi-constrained partitioning is to produce a partition which is quasi op-
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Test case Mesh size nproc K Measured Measured

(vertices) gain gain

(usual partition) (MCP)

Single cylinder Re=8.4M 4.3M 384 20 1.18 1.51
Tandem cylinder Re=166K  2.59M 192 20 1.2 1.29
Tandem cylinder Re=166K 16M 192 20 not computed 1.77
Tandem cylinder Re=166K 16M 768 20 1.02 2.0

Table 6 Gains obtained by parallel multirate simulations using usual partitions and {)arallel multirate simu-
lations using multi-constrained partitions (noted MCP), when compared to the parallel explicit simulations
using the same partitions.

timal for the several steps of the parallel MPI multirate algorithm of the considered code.

The two constraints in our case are:

— balance the predictor phase applying to the whole mesh,

— balance the corrector phase applying to the inner-nodes submesh

New multi-constrained partition have been built for the cylinder and the tandem problems
using the METIS library. Table 6 shortly presents the main output of this new series of com-
putations. Better parallel gains, when compared to the explicit scheme on the same partitions,
are observed with the multirate method on multi-constrained partitions. However, it should
be noted that we could not obtain a perfect partition on the considered meshes which would
have allowed for an equally shared workload between the computational cores for both the
predictor step and the correction step.

5 Conclusion

A new simplified multirate strategy for unstructured finite volume CFD is proposed in this
work. The motivation of this research is two folds. The first motivation is related to the com-
putation of high Reynolds number flows. Hybrid turbulence simulations with Reynolds num-
bers ranging from hundreds of thousands to millions can be computed with implicit time
advancing methods in order to maintain a reasonable computational cost. But in many cases
this is achieved with an important degradation of the accuracy with respect to computations
based on smaller time steps on the same mesh. The second motivation is related to the arising
of novel anisotropic mesh adaptation methods. The complexity of computations with large
and very small cells in a mesh needs to be mastered with new methods. Now, since the aver-
age hybrid turbulence algorithm is already very complex, it is important to develop multirate
methods which are simple and for which the programmation into existing CFD is only slightly
intrusive. The proposed method is based on control volume agglomeration, and relies on a
prediction step where large time steps are used and where the fluxes for the smaller elements
are evaluated on macro-cells for stability purpose. A correction step follows in which only the
smaller elements are advanced in time with a small time step. The modifications in an exist-
ing explicit unstructured code, required by the implementation of such a multirate algorithm,
demand little effort. Preliminary interesting results are given. They show that the proposed
multirate strategy can be applied to complex unsteady CFD problems such as the prediction
of three-dimensional flows around bluff bodies with an hybrid RANS/LES turbulence model.
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Simulations, representative of problems that can be encountered in industrial applications,
up to a Reynolds number as high as 8.4 million, are performed. For the considered flow cal-
culations, the fully explicit option is still usable but of high computational cost. We observed
that the proposed multirate strategy offers a really superior efficiency when the number of
inner nodes, associated with very small cells in the mesh, is rather moderate. Thanks to the
use of an explicit Runge- Kutta time advancing, the time accuracy of the multirate scheme
remains high and the dissipation remains low, by comparaison with an implicit computation.
Only very small time-scales are lost with respect to a pure explicit computation.

The case of a simplified mesh adaptive calculation is also studied. Due to its simplicity, the
proposed method can be easily extended to several multirate layers corresponding to different
time step stability regions in order to separate, for example in the case of three layers, very
small scales from intermediate ones, and intermediate scales from larger ones.

In a first series of numerical experiments, CPU gains are obtained with a usual mesh
partition. We also performed calculations using a particular partition constrained by the bal-
ancing of both global mesh and inner nodes submesh. Ideally, the workload should be equally
shared for both Stepl (prediction phase) and Step2 (correction phase) of the multirate algo-
rithm. However, we could not obtain such an ideal partition with our meshes. Further work
on partitioning is probably necessary to get perfectly balanced workloads without too large
communication times.

In summary, the proposed multirate method is easy to program into a complex CFD code,
is very stable in practice and the loss of accuracy with respect to an explicit scheme is very
low, in contrast to implicit BDF2-based calculations, although we applied the implicit scheme
with a CFL of 30, not much larger than with the multirate calculation (CFL= 10 for K = 20
in our simulations). Implicit accuracy is limited not only by the intrinsic scheme accuracy but
also by the conditions required to achieve greater efficiency which involve a sufficiently large
time-step and a short, parameter dependant, convergence of the linear solver performed in
the time advancing step. In contrast, explicit and multirate computations are parameter safe,
and the accuracy of the multirate method is optimal in regions complementary to the inner
zone, that is, in our vortex shedding flow simulations, where it can be necessary to propagate
accurately vortices, for example from the first cylinder to the second one in the case of the
tandem cylinders. A future work will assess the effect of the better accuracy provided by the
multirate scheme on vortex propagation in LES and hybrid turbulence simulations.
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