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Introduction Code Overview

Physical Models

Reference

• HiFiLES4 - an open source high-order Large Eddy 
Simulation code

• Further developed to support large-scale, 3D supersonic 
jet flow simulation and acoustic analysis.

• Reconstructed to achieve better performance and stability.
• Added a compact shock capturing method into the code to 

deal with supersonic flow. 
• Implemented numerical probe that can sample data along 

lines and surfaces to extract time dependent field 
variables for acoustic analysis

• Compressible 3D Euler/Navier-Stokes Solver
– High order Energy-Stable Flux Reconstruction schemes5

– Support 2D and 3D unstructured hybrid mesh
– Explicit time stepping methods: Euler, SSP-RK34, RK45, etc.
– Riemann Solvers: Rusanov, Roe, HLLC
– Numerical probes
– Shock capturing methods: Persson
– Viscous flux: LDG method
– Parallelization: MPI
– BLAS: Intel MKL

• Large Eddy simulation
– Sub-grid scale models: static Smagorinsky, WALE, etc.

Code Capabilities

Parallel Efficiency

• The motion of high-speed turbulent air jet is governed by Navier-
Stokes equations
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• In order to resolve motions of all scales, the mesh size should be 
approximately proportional to  2/3.35. For high Reynolds number 
flow such as supersonic jet, this is unobtainable via DNS.

• In order to run the simulation on a coarse mesh while still obtaining 
a good simulation result, we use a mathematical model called “Large 
Eddy simulation” (LES).

• LES relies on the philosophy of numerically resolving the large-scale 
turbulent structures and modeling or implicitly dissipating the small-
scale structures. The equations of motion are filtered for this purpose. 
For example, the filtered momentum equation is
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• The sub-grid scale stress tensor can be modeled using eddy viscosity 
assumption. 

.*&;<; = 2>? ̅@*&
where ̅@*& is the filtered strain rate.

• Here we use the wall-adapted local eddy viscosity (WALE) model as 
our sub-grid scale model.

(Continuity)

(Momentum)

(Energy) Simulation Setup Future work

• The scalability of a code indicates how efficient it is when using 
increasing number of processing cores to solve large problems.

• Here we carry out two scalability tests that are most commonly used in 
HPC field.

• Strong Scalability  Efficiency = tB/ D ∗ #F ∗ 100%

• Weak Scalability Efficiency = #B/#F ∗ 100% (communication bottleneck)

Cores time(min) strong scaling efficiency
128 93.823 100%
256 46.509 100%
512 24.506 95.71%

Cores time(min) weak scaling efficiency
16 75.447 100%

128 95.823 80.41%
1024 111.488 67.67%

Validation Results
• Before running expensive 3D jet simulation, we use a simple testcase to validate the 

code.
• The testcase is called “Taylor Green Vortex”6, which is a classic numerical benchmark 

to test the capability of the code to capture turbulence accurately.
• The mesh size of the case is 64K and we run the case with polynomial order 1 to 3 to 

test the P convergence. No explicit turbulence model is used in this testcase. Finally 
the result is compared to a DNS data with LMN = 512K

• Experimental data from NASA Small Hot Jet 
Aeroacoustics Rig (SHJAR) database are used to 
validate our acoustic prediction.

• The working condition are the same as Setpoint 
447 in the database, so we can compare our result 
with experimental data. Details of the simulation 
are listed below.

Ø Design Mach number: PQ=1.0
Ø Nozzle pressure ratio: NPR=3.514
Ø Jet Mach number: P& = 1.469
Ø Total temperature ratio: TTR=3.2
Ø Total mesh element: 3,569,034
Ø Polynomial basis order: 2
Ø Total DOF: 3,569,0340
Ø Running on 2048 cores using MPI
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Enstropy and turbulent kinetic energy for ,B, ,3 and ,K results and reference data.
Horizontal axis is dimensionless time.

Q-Criterion(T = 0.1 UV3) isosurface at # = 20

Computational mesh used for LES with WX~200 at nozzle walls 

Nozzle Profile

Department of Mechanical and Aerospace Engineering, UFL
Theoretical Fluid Dynamics and Turbulence Group

• Extract data on surfaces to give far-field acoustic prediction using 
traditional method and compare the result to experimental 
measurements.

• Compare the turbulence statistics along lip-line and centerline with 
experimental data.

• Carry out grid independence study.
• Explore methods to decompose the LES data to extract data from large 

scale coherent structures separately.

• The mean velocity in the axial direction along centerline and lip-line 
are plotted. 

• The mean velocity plot is normalized with fully expanded jet velocity 
Z& = 762.390 ]/U.

• Shock structures of the over expanded jet are observed in the figure as 
expected.

Mean velocity along lip-line and centerline

Transient density fluctuating pressure

• Transient density and  fluctuating pressure are presented. Density is 
normalized with ambient density "^ = 1.177 _`/]K. 

• In the plot, Mach wave radiation generated by supersonic moving 
large-scale turbulent structures is clearly observed.
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Flow chart of the code

• Supersonic jet exhaust from high performance aircraft during take-off 
creates high amplitude acoustic radiation. This loud noise radiated from 
the aircraft will harm the hearing of airman and ground staff. 

• From the previous study1, it has been found that the dominant 
component of the noise from a supersonic jet is caused by the 
interaction between shock waves and large-scale turbulent structures in 
the jet flow. In order to predict this noise and eventually find a way to 
reduce it, we need to examine the change of turbulence statistics in the 
shear layer and across shockwaves.

• Previously, Miller2,3 proposed a new mathematical framework to predict 
turbulent noise based on a decomposition approach of the Navier-
Stokes equations.  The method involves finding structure functions for 
both isotropic and anisotropic structures in turbulence. Isotropic 
turbulence are universal and the basis function comes from theory of 
isotropic turbulence . However, anisotropic structure functions can only 
be found numerically through direct numerical simulation (DNS) or 
large-eddy simulation (LES). 

• After the noise sources are computed using the proposed model using 
these structure functions, it will be validated by comparing the LES 
solutions and noise prediction with experimental data.

• As a result, to obtain an accurate and efficient LES solver is a key 
component to the current research.


