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San José State University, CA 95192

†Air Force Research Laboratory
Edwards AFB, CA 93524

August 19, 2011

Distribution A: Approved for Public Release; Distribution Unlimited



Table of Contents

1 Introduction

2 Plasma Simulation

3 GPU Implementation

4 Results

5 Conclusion and Future Works



Introduction
Plasma Simulation

GPU Implementation
Results

Conclusion and Future Works

Plasma

What is Plasma?

A plasma is a gas in which an important fraction of the atoms
is ionized, so that the electrons and ions are separately free.

How to model Plasma?

We need to keep track of its evolution both in spatial and
velocity space.

Modeling methodology:

Fluid methods

Kinetic methods
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Driven Applications

Electric Propulsion

Laser-Plasma Interactions

Hypersonic Re-entry

Material Processing

Astrophysics
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Governing Equations

Starting from the Boltzmann equation of the distribution function
of a multi-component plasma

∂fα
∂t

+ ~v · ~∇x fα +~a · ~∇v fα =
∑

β

Cαβ(fα) (1)

Complete solution requires solving the convection equations for
each plasma component in 6 dimensional coupled with the source
terms on the RHS → highly computationally and memory
intensive, model reduction required → fluid model
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Fluid Description

Assumption

Velocity distribution function is close to a Maxwellian
distribution.

Approach

Model the plasma using the fluid dynamical equations (Euler,
Navier-Stokes)

Thermochemical non-equilibrium environment can be
characterized via multiple-temperature model

Eletromagetic field effect can be modeled using the MHD
approximation.
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Fluid Equations

Two-temperature plasma (Th − Te)

∂Q

∂t
+

1

V

∮

S
FndS = Ω̇ (2)

Q =




ρs
ρu
ρv
ρw
E
Se




;Fn =




ρsUn

Pnx + ρuUn

Pny + ρvUn

Pnz + ρwUn

UnH
UnSe




Ω̇ = Ω̇CR + Ω̇Chem + Ω̇cond + . . . (3)

Solution method:

Finite Volume method for hyperbolic conservation laws

Source terms are solved by using operator splitting technique
Distribution A: Approved for Public Release; Distribution Unlimited Plasma Simulations on GPUs
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Kinetic Description

Assumption

High temperature

Low density

Approach

Treat the plasma as a set of pseudo-particles moving in the
electromagnetic field computed on a grid (Particle In Cell).

The plasma is then modeled by intergrating the equation of
motion (Lorentz equations) for each particle inside the field.
The field is also updated by solving the Maxwell equations.

Ionization can be modeled by particle collision (e.g.
Monte-Carlo collision)
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Particle-in-Cell Method

Particle equation of motion

m
d~v

dt
= q(~E + ~v × ~B) (4)

Field Equation

Electrostatic: Poisson equation

~∇2φ =
e

ε0
(Zini − ne) (5)

where ~En = −∇nφ

Electromagnetic: Maxwell equations
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Current Focus

Current Focus

Basic framework for Fluid (CFD) and Particle (PIC)
simulations on GPU

Fluid: CFD solver with reaction kinetics
Particle: Electrostatic PIC
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Graphic Processing Unit

What is GPU?

Graphic processing units containing a massive amount of
processing cores

Designed specifically for graphic rendering which is a highly
parallel process

Why GPU?

GPU is faster than CPU on SIMD execution model

GPU is now very easy to program

GPU is much cheaper than CPU
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GPU versus CPU
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Figure 1: Single and double precision floating point operation capability of GPU and CPU from
2003-2010 (adapted from NVIDIA[8])

attempts had been made in writing scientific codes on the GPU, and promising results were
obtained both in terms of performance and flexibility.[1, 6]

In this work, we attempt to follow the same path on the design of numerical solvers on
the GPUs. However, our focus is different from the previous attempts such that we place
more attention to the kinetics solver than the fluid dynamics. This is due to the fact that for
the simulation of high-speed fluid flow, the computation is dominated by solving the kinetics.
While the current implementation is only for chemical kinetics, we aim to extend it to a more
complicated and computationally intensive kinetics model for plasma.

2 Governing Equations

The set of the Euler equations for a reactive gas mixture can be written as

∂Q

∂t
+∇ · F̄ = Ω̇ (1)

where Q and F are the vectors of conservative variables and fluxes. We assumed that there is
no species diffusion and the gas is thermally equilibrium (i.e., all species have the same velocity
and all the internal energy modes are at equilibrium). The right hand side (RHS) of Eq. 1
denotes the vector of source terms Ω̇. In this case, the source terms are composed of exchange
terms due to chemical reactions. By applying Gauss’s law to the divergence of the fluxes, one
could obtain

∂Q

∂t
+

1

V

∮

S

FndS = Ω̇ (2)

2

Figure: Single and double precision floating point operation capability of
GPU and CPU from 2003-2010
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GPU Programming

Programming languages for GPU: CUDA, OpenCL,
DirectCompute, BrookGPU, ...
CUDA is the most mature programing environment for GPU.

similar to C/C++

support OO features

easy to debug
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GPU Programming Model

Based on grid and thread blocks

Execution instruction called kernel
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GPU Implementation

CFD:

Map the computational domain with CUDA grid

All the computational cells can be processed in parallel

PIC:

Associate particles with threads and have each thread
integrate the equation of motion.

Associate field quantities of the cells with threads and have
each thread update the field value of the cell.
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CFD

Forward step - Mach 3 flow over a step

Figure 4: Forward step problem

The second test is the shock diffraction problem which is modeled as the diffraction of a
shock wave (M = 2.4) down a step[12]. The diffraction results in a strong rarefaction generated
at the corner of the step which can cause a problem of having negative density when performing
the reconstruction. The problem is modeled using 27,000 cells. The numerical simulation is
shown in pair with the experimental images in figure 5. It has been shown that the solver was
able to reproduce the correct flow features in the region of the rarefaction fan.

Figure 5: Diffraction of a Mach 2.4 shock wave down a step. Comparison between
numerical schlieren and experimental images

We also modeled the Rayleigh-Taylor instability problem. The problem is described as the
acceleration of a heavy fluid into a light fluid driven by gravity. For a rectangular domain of

9
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CFD

Backward step - Mach 2.4 shock diffraction
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CFD

Rayleigh-Taylor Instability - Acceleration of a heavy fluid to a
lighter fluid

[0, 0.25]× [0, 1], the initial conditions are given as follows:

ρ = 2, u = 0, v = −0.025 cos(8πx), P = 2y + 1 for 0 ≤ y ≤ 1

2

ρ = 1, u = 0, v = −0.025c cos(8πx), P = y +
3

2
for

1

2
≤ y ≤ 1

where c is the speed of sound.
The top and bottom boundaries are set as reflecting and the left and right boundaries are

periodic. As the flow progress, the shear layer starts to develop and the Kelvin-Helmholtz insta-
bilities become more evident. The gravity effect is taken into account by adding a source term
vector which modifies the momentum vector and the energy of the flow based on gravitational
force. The source term in this case is relatively simple and contributes very little to the overall
computational time. The performance of the fluid dynamics calculation is discussed in the next
section of this report.

10
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PIC

PIC Demo
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Performance

Without chemical kinetics

Figure 8: Two dimensional simulation of a detonation wave

5.2 Performance Results

Figure 9 shows the performance of the solver for the simulation considering only the fluid
dynamics aspect using the MP5 and the ADERWENO schemes. The speed-ups obtained in
both cases are very promising. Since the ADERWENO scheme only requires single-stage time
integration, it is expected that it is faster than the MP5 scheme. It can be seen in Figure 9
that the speed up scales almost linearly with the number of computational cells. For the
ADERWENO scheme, we can obtain almost 60 times speed-up for a large grid which is about
twice faster than the MP5 scheme. All the comparisons are made between a Tesla C2070 and
an Intel Xeon X5650 using double precision calculation.

ADERWENO

MP5
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Figure 9: Performance of the fluid dynamics simulation only

Figure 10 shows the performance of only the kinetics solver (i.e., no convection). The test
is performed considering only solving the kinetics system. Although constructing the kinetics

12
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Performance

With chemical kinetics

36 species, 308 reactions
9 species, 38 reactions
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Figure 12: Performance of the reactive flow solver for two different chemistry mechanism

6 Conclusion and Future Works

In the current paper, we show the implementation of a numerical solver for simulating chemically
reacting flow on the GPU. The fluid dynamics is modeled using high-order finite volume schemes,
and the chemical kinetics is solved using an implicit solver. Results of both the fluid dynamics
and chemical kinetics are shown. Considering only the fluid dynamics, we obtained a speed-
up of 30 and 55 times compared to the CPU version for the MP5 and ADERWENO scheme,
respectively. For the chemical kinetics, we present two different approaches on implementing the
Gaussian elimination algorithm on the GPU. The best performance obtained by only solving
the kinetics problem ranges from 30-40 depending on the size of the chemical mechanism. When
the fluid dynamics is coupled with the kinetics, we obtained a speed-up factor of 40 times for a
9-species gas mixture with 38 reactions. The solver is also tested with a larger mechanism (36
species, 308 reactions) and the performance obtained is faster than the small mechanism.

The current work can be extended in different ways. First, since the framework is performing
well in shared memory architecture, it is possible to also extend it to distributed memory
architecture utilizing Message Passing Interface (MPI). The extension permits using multi-GPU
which is attracted for performing large-scale simulations. On the other hand, although the
current simulation is done for chemically reacting flow, it is desired to extend it to simulate
ionized gas (i.e. plasma) which requires additional modeling process (Collisional-Radiative) to
model the changes in the different excited level of the charged species. In adidition, the governing
equations also need to be extended to characterize the thermal non-equilibrium environment of
the plasma. Given that the physics has been well established[2, 7, 4], the extension does not
present a priori challenges.
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Conclusion and Future Works

Accomplishment:

Basic CFD framework for fluid simulation and PIC framework
for electrostatic field on the GPU

Performance obtained in both cases are very promising

Future Works:

Plasma ionization kinetics (CR model) for fluid modeling.

Monte-Carlo collision for PIC (PIC-MCC)

Multi-fluid and hybrid modeling

Model each component of the plasma by different methods
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