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Introduction

• The scale-resolving (LES and hybrid RANS-LES) approaches (SRA) for turbulent-flow 
simulation are mainly used on structured meshes and, correspondingly, exploit 
“structured” algorithms

• Using this way, it is easier to satisfy the requirements for scale-resolving approaches:
o high accuracy
o minimization of numerical dissipation
o while maintaining the stability
of the numerical scheme for the approximation of convective fluxes

• At the same time, the applicable scope of LES and especially hybrid RANS-LES approaches 
for industrial problems while using structured meshes is limited

• The use of unstructured meshes can improve the workability of these scale-resolving 
approaches and promote their implementation in massive industrial computations

• A weak point of most high-accuracy “unstructured” algorithms based, in particular, on 
Discontinuous Galerkin or k-exact FV schemes is their high computational costs

• We propose to use higher-accuracy EBR (Edge-Based Reconstruction) schemes based on 
quasi-1D reconstruction of variables involved to the calculation of numerical fluxes within 
FV approach

o Thanks to the quasi-1D property, these schemes possess moderate computational 
expenses
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Problems

• Freestream flows
o turbulent jets

o round immersed jet

• Aircraft aerodynamics and aeroacoustics
o airframe
o jets
o acoustic liners

• Helicopter aerodynamics and aeroacoustics
o tail rotor (fenestron)
o main rotor

• Space rockets aerodynamics 
and acoustic loads

• Separation-induced flows
o bluff body flows

o flow near round cylinder
o flow near tandem of square cylinders

• Near-wall flows (separation, attachment)
o with strong separation

o gap
o wedge-shaped body with back step
o cavity M219
o cavity with deflector
o two cylinders base flow

o mildly-separating flows

• High Reynolds number turbulent flows 
with the presence of walls

o scientific problems (mathematical 
models and approaches validation, 
flow physics study, …) 

o industrial problems
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Research code NOISEtte
 Vertex-centered FV unstructured in-house code NOISEtte

for solving CFD and CAA problems:
o turbulent flow simulation using scale-resolving approaches
o unstructured meshes (tetrahedrons, pyramids, prisms, hexahedrons)
o O(100K) cores parallel scalability, hybrid MPI+OpenMP parallelization

 The algorithm is based on higher-accuracy EBR (Edge-Based Reconstruction) scheme 
which exploits quasi-1D reconstruction of variables

 Recent modification [Shur et al., 2015] of hybrid RANS-LES DES method 
(with Δ=ΔSLA , shear layer adapted LES length scale) 
which accelerates RANS-to-LES transition in shear layers

 Remarkable details:
o hybrid CD-Upw paradigm of the scheme
o adaptive EBR scheme depending on the mesh peculiarities and the solution
o shock-capturing methods (WENO scheme)

o Alternative subgrid LES model (WALE, σ, S3PQR, …) [Mockett et al., 2015]

( )1ij C UpwDF F F= + σ−σ

 Time integration:
o up to 4th order explicit RK scheme (mostly for free flows)
o 2nd order implicit scheme (Newton iterations + BiCGStab solver) for wall-bounded flows
o timestep is limited by CFL<1 condition for turbulent flow region
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Robust scheme for convective fluxes

• The initial shear layer region is essential for most types of flows, so
o lowest scheme dissipation to prevent the delay in RANS-to-LES transition and
o highest accuracy of the numerical scheme for convective fluxes is required
o to provide “physical” (but not “numerical”) instability in the shear layer

• The main objective towards developing robust scale-resolving algorithm is
o to investigate low-dissipative properties of the EBR scheme for arbitrary unstructured 

meshes and to improve it by making adaptive to solution and mesh peculiarities – make the 
scheme anisotropic (reconstruction on edges is varying depending on solution and mesh 
peculiarities)

• Parameters to vary:
o scheme stencil size
o dissipation (weight of upwind flux) 
o shock capturing techniques (WENO)

• Scale-resolving simulation is becoming more popular but is not widely used for solving 
industry-oriented problems even though HPC power is increasing

o SRA are much more sensitive for mesh quality and numerical schemes’ accuracy
o they require much more resources (higher mesh resolution, more timesteps, …)
o SRA require more advanced knowledge 
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Using explicit numerical scheme

• Model and numerics:
o Mesh: 8.87M nodes
o SA DDES
o 5th order EBR scheme
o 4 stages RK

----------------------- CR_TIMER REPORT -------------------
Channel name             N     tsum %

Total timestep 1000    379.633   100.000
BeforeStep 1000    8.722     2.261
CalcDTL 1000    7.920     2.084
MPI_Allreduce(max)          9032    92.052    16.013
MPI_Allreduce(min)          1007    0.794     0.135

MainTimeStep 1000    369.541   97.296
Viscosity                    4000    174.168   41.807
Visc MolViscosity 4000    1.485     0.317
ViscGradients 4000    45.779    11.390
NodalGradient_gen 4000    29.942    7.480

AbsOmegaAbsS 4000    3.117     0.769
Visc TurbModel 4000    31.746    7.604
FKH(<VTM>)                 4000    10.174    2.383
CalcDeltaOmega 1000    5.303     1.002
SA Sources                 4000    10.388    2.464
SigmaUpw 4000    6.098     1.280

Visc Viscosity              4000    93.565    21.701
ConvFluxes 4000    140.853   30.063
NodeFluxFillIn 4000    1.986     0.460
Reconstruction              4000    138.932   29.588

Sources                      4000    0.010     0.003
BC                           4000    19.351    1.278
R-K                          4000    3.528     0.848
UpdateVAR-all                4000    31.638    5.816
checks                       4000    17.744    3.325

AfterStep 1000    1.682     0.440
Residuals and IO             1000    1.630     0.425
AVGRecord 1000    0.003     0.001
HistorySnapShot 1000    0.008     0.001
Visualize                   1000    0.969     0.222
RecoveryRec 1000    0.607     0.134

MPI_Allreduce(sum)             14    0.001     0.000
MPI_Barrier 2    0.414     0.063

-----------------------------------------------------------

• Computation:
o Lomonosov-2
o 50 Intel Xeon E5-2697
o 700 CPU cores
o 50MPI x 14OpenMP

Subsonic turbulent jet

• Times:
o 250 convective time units (CTU) for 

statistics and far field
o 200-300 CTU of transient period
o ~16 hours for 100 CTU
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Using implicit numerical scheme

• Model and numerics:
o Mesh: 8.1M nodes
o SA DDES
o 5th order EBR scheme
o 2-3 Newton iterations
o 2-8 solver iterations

Channel name                     N     tsum %
Total timestep 100    87.921   100.004
BeforeStep 100    0.740     0.632
CalcDTL 100    0.641     0.524
MPI_Allreduce(max)           538    6.202     3.421
MPI_Allreduce(min)           104    0.065     0.039

MainTimeStep 100    85.236    96.927
Newton pre                    400    4.629     4.639
Newton fluxes                 200    40.101    42.845
Viscosity                    200    22.564    23.869
Visc MolViscosity 200    0.122     0.123
ViscGradients 200    3.321     3.432
NodalGradient_gen 200    2.541     2.652

AbsOmegaAbsS 200    0.221     0.216
Visc TurbModel 200    1.976     1.917
SGS::f_d(DDES)             200    0.292     0.284
CalcDeltaOmega 100    0.358     0.348
SA Sources                 200    1.276     1.178

SigmaUpw 200    0.419     0.371
Visc ElementAverage 200    0.394     0.340
Visc Viscosity              200    16.542    17.457
ConvFluxes 200    14.493    15.400
NodeFluxFillIn 200    0.141     0.142
Reconstruction              200    14.366    15.254
Sources                      200    0.001     0.001
BC                           200    2.377     0.481
Newton pre2                   200    1.355     1.095
Newton solver                 200    42.632    47.878
Solver BiCG-STAB             200    42.631    47.876
DotMT 2200    9.236     8.596
MPI_Allreduce(sum)        3204    8.124     6.776

InitPrecondJacobi 100    0.799     0.837
PrecondMT 1000    2.162     2.169
UpdateVarSolver 1398    3.392     2.720
UpdateVAR-all             1598    4.609     3.773

SpMVMT 1200    25.098    26.945
VecExprMT 1500    1.918     1.849

Newton post                   200    0.380     0.430
DotT 796    1.751     1.388
VecExprT 597    0.652     0.632
PrecondT 398    0.174     0.169
SpMVT 398    1.014     1.035

IBC                           100    0.000     0.000
AfterStep 100    2.345     2.441
Residuals and IO              100    2.327     2.421
AVGRecord 100    1.924     1.937
HistorySnapShot 100    0.000     0.000
Visualize                    100    0.001     0.001
RecoveryRec 100    0.394     0.383
MPI_Barrier 10    0.112     0.085

• Computation:
o Kurchatov HPC4
o 40 Intel Xeon E5-2680
o 480 CPU cores
o 40MPI x 24OpenMP

Two cylinders base flow

• Times:
o 200-300 CTU for statistics
o 100-150 CTU of transient period
o ~144 hours for 100 CTU
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M219 cavity: computational setup
Flow parameters:
ReH=1.37·106 M∞=0.85
H=0.1016 [m]   P∞=6.21·104 [Pa]

Reference data:
• Experiment: pressure history [de 

Henshaw et al., 2002]
• LES [Larcheveque et al., 2004]

Mesh:
Hexahedral mesh
4M nodes
ΔLES = H/33

Computational mesh pattern

Approach:
• IDDES (Δ=ΔSLA) [Shur et al, 2015]
• Hybrid CD-Upw EBR vertex-centered scheme

Computation:
448 CPU cores
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M219 cavity: instantaneous fields

p/p ∞-1p/p ∞-1p/p ∞-1p/p ∞-1

Q=5 criterion
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M219 cavity: comparison with the reference LES data

Mean longitudinal velocity profiles

Resolved turbulent kinetic energy profiles
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PSD estimation:
• Periodogram method, Hanning window, overlap 50%
• Sample length: experiment: 3.4 [s], IDDES: 1 [s]

Mode 1 2 3 4

Experiment (Hz) 135 350 590 820 

Rossiter formula (Hz) 148 357 566 775

LES (Hz) 125 360 585 825

IDDES (Hz) 140 375 595 835

Comparison of Rossiter modes values

M219 cavity: OASPL and Rossiter modes
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M219 cavity: PSD(p’) (1/2)
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M219 cavity: PSD(p’) (2/2)
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75 Hz < f < 175 Hz

M219 cavity: Band-Integrated Sound Pressure Levels

300 Hz < f < 400 Hz

550 Hz < f < 650 Hz 750 Hz < f < 850 Hz
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Cavity with deflector
Flow parameters
• ReH = 7·106 (H – cavity depth)
• M = 0.8

Meshes
• Cavity without deflector: hexa mesh, 5.07M nodes
• Cavity with deflector: hexa, tetra, pyramids 14.09M nodes
• Cell size:

o on deflector surface: 8.5·10-3h (h=0.215H)
o downstream deflector: ≤ h/30
o inside cavity: ≤H/30

Approach:
• IDDES (Δ=ΔSLA) [Shur et al, 2015]
• Hybrid CD-Upw EBR vertex-centered scheme
• Deflector: Immersed Boundary Conditions (IBC) method
• Plate and cavity surfaces:  wall functions

Deflector modelled by IBC (red)
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Cavity with deflector: flow statistics

• The deflector changes the flow structure: additional recirculation regions appear
• The deflector lowers pressure coefficient on the cavity surface, especially at the aft wall

Without deflector With deflector

pc< > pc< >

/u U∞< > /u U∞< >

2k /t U∞
2k /t U∞
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Cavity with deflector: acoustic loads

• The deflector changes the distribution of acoustic loads, however not significantly
o reducing near cavity floor and aft wall edge
o increasing of SPL near forward vertical wall (flow through the gap between deflector and 

cavity leading edge)

Cavity floor Cavity aft wall
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Jet: computational setup

Slice z/D=0 Nozzle exit

Reference data:
o Turbulence: [Lau, 1981], [Arakeri et al., 2003], [Simonich et al., 2001]
o Aeroacoustics: [Viswanathan, 2004]

• Immersed unheated subsonic round jet (ReD=1.1·106, Mjet=0.9)
o computational setup (meshes and nozzle exit precomputed profiles using RANS) is provided 

by M. Shur and M. Strelets from SPbPU

• Meshes: 1.52M (Grid 1), 4.13 (Grid 2), 8.87 (Grid 3)
• Farfield noise computation: FWH method

Computation:
280-700 CPU cores
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Jet: flow visualization
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Jet: instantaneous flow fields

Slice z/D=0

Grid 1

Grid 2

Grid 3

3D vortices visualization
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Jet: flow statistics
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Jet: flow statistics
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Jet: far field noise

θ=60° θ=90°

θ=130° θ=150°
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Axisymmetric turbulent separating-reattaching flow

ReD=1.2·106 Mesh: 8.1M

Computation: 480 CPU cores
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Conclusions

• Further development and improvement of unstructured numerical algorithm is required
o adaptation of the scheme for solution and mesh peculiarities
o involving shock capturing methods into the hybrid scheme

are on demand to make it robust and to apply it for industrial problems.

• The numerical algorithm realizing scale-resolving approach exploiting low-dissipative 
scheme is presented

• The workability of the numerical algorithm along with stability improvements was 
demonstrated on simulation of four compressible turbulent flows

• Cases for the nearest future:
o subsonic jet on fully unstructured mesh
o underexpanded hot jet
o supersonic axisymmetric body base flow
o flow over the space rocket

Supercomputers:
• Lomonosov(-2) of MSU
• HPC4 of Kurchatov institute
• Sarov supercomputer
• MVS-10P of JSCC RAS
• K100 of KIAM RAS

The work is supported by:
• Russian Science Foundation       

(project 16-11-10350)
• Russian Foundation for Basic Research              

(project 16-01-07911)
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Thanks for attention!
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