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EFFICIENT COMPUTATION OF COMPRESSIBLE FLOW BY HIGHER-ORDER METHOD
ACCELERATED USING GPU

TK. Chang,' J.S. Park’* and C. Kim™*

"Department of Aerospace Engineering, Seoul National University
“Institute of Advanced Aerospace Technology, Seoul National University

The present paper deals with the efficient computation of higher-order CFD methods for compressible flow
using graphics processing units (GPU). The higher-order CFD methods, such as discontinuous Galerkin (DG)
methods and correction procedure via reconstruction (CPR) methods, can realize arbitrary higher-order accuracy
with compact stencil on unstructured mesh. However, they require much more computational costs compared to the
widely used finite volume methods (FVM). Graphics processing unit, consisting of hundreds or thousands small
cores, is apt to massive parallel computations of compressible flow based on the higher-order CFD methods and
can reduce computational time greatly. Higher-order multi-dimensional limiting process (MLP) is applied for the
robust control of numerical oscillations around shock discontinuity and implemented efficiently on GPU. The
program is written and optimized in CUDA library offered from NVIDIA. The whole algorithms are implemented to
guarantee accurate and efficient computations for parallel programming on shared-memory model of GPU. The
extensive numerical experiments validates that the GPU successfully accelerates computing compressible flow using
higher-order method.

Key Words : AH-A| 9 8KCFD), $+5/d-A-5(Compressible Flow), 12%} J &% <=X]7]"H(Higher-order Method),
=914 2271 W (Discontinuous Galerkin Method), CPR Hhﬂé](Correctlon Procedure via Reconstruction Method),
GPU AXKGPU computing), CUDA =% 72I"(CUDA Programming)
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Fig. 2 Solution points(squares) and flux points(circles) for P3
reconstruction of CPR method
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5,388 | 1.7618E-05|1.7618E-05 | 1.4718E-13
DG P2 |21,564|2.0922E-06 |2.0922E-06 | 2.5251E-16 | 3.07
TVD-RK3| 86,472 | 2.5418E-07 | 2.5418E-07 | 4.3896E-14 | 3.04
344,184| 3.1270E-08 | 3.1270E-08 | 5.3137E-16 | 3.03

103,680 | 3.2050E-03 1.8527E-04

DG P2 | 245,760 | 1.5303E-03 | 2.57 | 7.9750E-05 | 2.93
TVD-RK3| 480,000 | 8.1469E-04 | 2.83 | 4.0711E-05 | 3.01
829,440 | 4.8211E-04 | 2.88 | 2.2938E-05 | 3.15

8,980 |4.5783E-07 | 4.5783E-07 | 2.5556E-16
35,940 | 2.6414E-08 | 2.6414E-08 | 3.7100E-16 | 4.11
144,120 1.6140E-09 | 1.6140E-09 | 6.5519E-16 | 4.03
573,640 1.0049E-10 | 1.0050E-10 | 1.5076E-14 | 4.02

DG P3
SSP-RK
45)

207,360 | 4.8391E-04 1.2556E-05
491,520 | 1.6408E-04 | 3.76 | 3.8417E-06 | 4.12
960,000 | 6.6254E-05 | 4.06 | 1.5577E-06 | 4.05
1,658,880, 3.2427E-05 | 3.92 | 7.3962E-07 | 4.09

DG P3
SSP-RK
4.5)

5,388 | 5.1504E-05 | 5.1504E-05 | 2.9847E-13
CPR P2 |21,564|6.1691E-06 | 6.1691E-06 | 2.6681E-15 | 3.06
TVD-RK3| 86,472 | 7.5423E-07 | 7.5423E-07 | 9.5874E-14 | 3.03

103,680 | 1.5008E-02 4.8089E-04
CPR P2 | 245,760 | 6.3655E-03 | 2.98 | 1.3928E-04 | 4.31
TVD-RK3| 480,000 | 3.1726E-03 | 3.12 | 6.8145E-05 | 3.20

573.6401 2.8280E-10 | 2.8280E-10 [ 2.5730E-15 | 4.01

344,184| 9.3268E-08 | 9.3268E-08 | 4.4811E-15 | 3.03 829,440 | 1.7712E-03 | 3.20 | 3.9252E-05 | 3.03

CPR P3 8,980 | 1.2747E-06 | 1.2747E-06 | 1.8389E-13 CPR P3 207.360 | 1.5955E-03 3.0265E-05
SSP-RK 35,940 7.3741E-08 | 7.3741E-08 | 4.7397E-15 | 4.11 SSP-RK 491,520 | 5.1932E-04 | 3.90 | 9.0501E-06 | 4.20
(4,5) 144,120, 4.5179E-09 | 4.5179E-09 | 2.6492E-15 | 4.02 (4,5) 960,000 | 2.1765E-04 | 3.90 | 3.5697E-06 | 4.17

1.658.880 1.0550E-04 | 3.97 | 1.6731E-06 | 4.16
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Fig. 8 Plot of computational cost-accuracy for DG method
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Table 4 Computational efficiency for Schardin's problem

Computational CPU GPU
cost (12 cores) (K20) Speedup
DG P2 1.0 0.41 x 2.44
DG P3 2.84 1.61 x 1.57
CPR P2 1.0 0.39 x 2.53
CPR _P3 222 1.13 x_1.96

@) . )

Fig. 9 Comparison of shadowgraphs from experiments(a)[16] with
numerical Schileren image of computations by DG
method(b)
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Fig. 10 Result of 3-D explosion problem(inside) and density
distribution along diagonal line
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Table 5 Computational efficiency for 3-D explosion problem

Computational CPU GPU
cost (12 cores) (K20) Sipesiy
DG P2 1.0 0.69 x 1.45
DG P3 4.82 3.55 x 1.38
CPR P2 1.0 0.60 x 1.67
CPR _P3 3.20 2.61 x 1.23

u DG(CPU) = CPR(CPU) mDG(GPU) = CPR(GPU)
20,000 18,000
18,000 - 16,000
16,000 14,000
14,000 12,000
12,000 10,000
10,000 £.000

8,000 ?
6,000 6,000
4,000 4,000
2,000 2,000

0 r- 0

2-D P2 2-D P3 3-D P2 3-DP3

Fig. 11 Comparison of real computational time(sec.) of CPU serial
and GPU parallel computations for 2-D (Schardin's
problem) and 3-D (explosion problem) cases
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