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Implementation Performance ResultsMotivation & Contributions

HPC Factory

Navier-Stokes Flow

Future Work

What are the limitations of today’s CFD simulations? 
Production CFD codes operate at 3–5% of the architectures peak performance 
Deterioration in convergence rate of the numerical solver with 

increasing problem size 
large parallel partitioning  

Why do we need an efficient CFD solver? 
To reduce the simulation times by taking advantage of the full potential of today’s 
computing powers  
To enable new simulations currently impossible, by utilization of High 
Performance Computing  

Contributions of this work: 
Targets an entire application, as opposed to a single stencil kernel 
Presents a highly optimized and scalable parallel CFD solver 
Maps well onto different platforms, with different memory hierarchy and CPU 
architectures 

Governing equations 

To solve the Navier Stokes equations above we use:           
5 stage Runge Kutta time stepping scheme 
Central difference with artificial dissipation (2nd 
order accurate in space) 

Flux calculation (yellow box) takes up ~ 90% of  the 
total execution time 
Inviscid flux 

5 point stencil in 2D and 7 point stencil in 3D  

Artificial dissipation 
9 point stencil in 2D and 13 point stencil in 3D

Our algorithm was designed to overcome the limitations of today’s simulations, with the 
goal of scalability on different multicore systems in mind. 

Verification 
We use the following simulations in order to verify the obtained results: 

As future work, we plan to continue with this trend in improving these 
simulations, and add more features to our solver. The following are some of our 
future goals: 

Parallel Implementation of Multigrid 
Supporting Turbulence Models 

This is essential to capture the physics in numerous real-world applications 
Heterogeneous Algorithms  

Computational resources are wasted when either CPU or GPU is left idle. 
We plan to partition the grid to utilize the entire system to its full potential  

Distributed Implementation 
Simulations on Supercomputers 

Our ultimate goal is to enable new simulations using supercomputers

GFlops Improvement 
The following figures illustrate the improvements of Gflop per second with each 
optimization for the step flow on a grid with size 1000x500 cells. 
The initial baseline code achieved 1.28 GFlops for double precision and 2.18 
GFlops for single precision.

Viscous flux 
Auxiliary grid(dashed line cells in figure, centered 
at the vertex of original cell) used for calculating 
the gradients  
27 point stencil in 3D, 9 point stencil in 2D

Implementation 
We start from a naive baseline sequential implementation, written in C++ 
Single Node Optimizations 

Loop unrolling 
Efficient data structures 
Minimizing expensive math operations 

Parallelization 

Divide the grid into equal blocks to assign to each thread (Red blocks) 
NUMA Optimizations 

First touch policy + OpenMP binding policies 
False Sharing Considerations 

Array padding  
Maximizing thread private data

Streamlines and Pressure Contour 

Steady(Reynolds number 50)

Vorticity Contour

Unsteady(Reynolds number 250)

Pressure Contour Velocity Contour 

Compiler Assisted Vectorization 
  Transformed the code to help the compiler 
auto vectorize. Some of the transformations: 

Loop un-switching 
Loop fission    
Strict aliasing

Two levels of cache blocking with 
tunable sizes 

Block for last level cache 
(Yellow blocks) 
Block for L1 within each thread 
(Green blocks)

Simulation Speedup 
The following figures illustrate the speedup achieved for the execution time of a 
full simulation, with a residual drop of 3 orders of magnitude. 
The Y axis is the speedup compared to the optimized sequential code.

Step Flow Cylinder Flow

Reads Writes Flops
Inviscid Flux 60 17 180
Artificial Dissipation 91 26 330
Viscous Flux 315 212 500

Number of reads, writes and floating point operations  
for each stencil computation at one cell:

“Lost time is never found again” -Benjamin Franklin

System 
Specs

Architecture L1/L2/L3 
cache size

Sockets Cores/
Socket

GFLOPS Per 
Core (DP/SP) 

GFLOPS (DP/
SP)

System 1 Intel XE5- 
2630 v3

32/256/20480 
KB

2 8 38.4/76.8 614.4/1228.8

System 2 Intel XE5- 
2680 v3

32/256/30720 
KB

2 12 40/80 960/1920
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Grid size : 1000x500 Grid size :130x80

Padded Array:

Laminar Step Flow 
Mach number 0.2 
Grid Size 200x100

Cylinder Flow 
Mach number 0.2 
Grid Size 130x80

Our single threaded implementation is nearly 5x faster than the baseline. Overall our 
optimized implementation achieves 40x speedup compared to the naive baseline.


