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ARTICLE INFORMATION ABSTRACT
Original Research Paper In this paper, an implicit finite element-discontinuous Galerkin method for compressible viscous and
Received 14 January 2017 inviscid flow is developed using Newton-Krylov algorithm with the objective of increasing the accuracy
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- ) and convergence rate. For inviscid flows, an artificial viscosity is implemented in sharp gradient flow
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regions especially at high-order cases, increasing the accuracy of the solution. Moreover, for viscous

flows, the accuracy is improved by using compact discontinuous Galerkin discretization method for

Keywords: A . . . . .

Discontinuous Galerkin elliptical terms. To reduce the computing CPU time and increase the convergence rate, an iterative
Compressible viscous and inviscid flow Krylov type preconditioned linear solver is applied. For preconditioning, restarting, Block-Jacobi and
Newton-Krylov Algorithm block incomplete-LU factorization are employed for solving the linear system of the Jacobian matrix.

Preconditioning

i The Jacobian matrix is constructed via finite difference perturbation technique. In this context, the
Multigrid smoother

performance of preconditioning matrix for three types of flow regimes of inviscid subsonic, inviscid
transonic and viscous laminar subsonic are studied. In addition to complete the discussions, multigrid
smoother with special conditions is applied for all preconditioning matrices. To improve the solver
performance for higher order discretization, a lower order solution may be used as higher orders initial
condition. Therefore, a middle phase is needed to transfer calculations from low to high order
discretized domain and then the final Newton phase is continued. In addition, local time stepping is
implemented to improve the rate of convergence. Consequently, the presented numerical method can be
used as an efficient algorithm for high-order Discontinuous Galerkin flow simulation, especially for
transonic inviscid and laminar viscous flows.
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Table 4 Effect of different precondition matrixes for inviscid transonic flow
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Table 6 Effect of different precondition matrixes for viscous subsonic flow
MG-ILU(2) MG-ILU(0) MG-Block ILU(2) 1LU(0) Block
ok; GMRES 155 ok;  GMRES 155 oky; GMRES 5 ok; GMRES IS5 oLy GMRES I8 ok; GMRES IS8 =
14.7 16 16 191 56 20 1421 3126 20 133 663 16 163 7886 17 - - -

N=1
30.9 14 14 404 56 18 1769 3072 18 299 477 14 331 6847 14 - - - N=2
69.1 17 15 927 82 20 3675 4578 22 67.6 548 15 - - - - - - N=3

291 3 ooladds (17 0993 1396 s ,a (e Suilke wdiie



Obled 9 B )3s a9

LS Iga B9 Sl 03wl b 33336515 0L U i YU As e QS (S )5 Slie (Heud @i 98Il Asngs

methodfor elliptic problems. SIAM Journal on Scientific Computing, Vol. 30,
No. 4, pp. 1806-1824,2008.

[11] F. Bassi, S. Rebay, Numerical evaluation of two discontinuous galerkin
methodsfor the compressible navier-stokes equations. International Journal
for Numerical Methods in Fluids, Vol. 40, No. 1-2, pp. 197-207, 2002.

[12] V. Dolejsi, M. Holik, J. Hozman, Efficient solution strategy for the semi
implicit discontinuous galerkin discretization of the navier—stokes equations.
Journal of Computational Physics, Vol. 230, No. 11, pp. 41764200, 2011.

[13] F. Bassi,A. Crivellini, D. Di Pietro, S. Rebay, Animplicit high-order
discontinuous galerkin method for steady and unsteady incompressible flows,
Computers & Fluids, Vol. 36, No. 10, pp. 1529-1546, 2007

[14] P. O. Persson, J. Peraire, Newton-gmres preconditioning for discontinuous
galerkin discretizations of the navier-stokes equations, SIAM Journal on
Scientific Computing, Vol. 30, No. 6, pp. 2709-2733, 2000.

[15] T, Diosady, D. Darmofal, Preconditioning methods for discontinuousgalerkin
solutions of the navier—stokes equations, Journal of Computational Physics,
Vol. 228, No. 11, pp. 3917-3935, 2009.

[16] A. Nejat, C. Ollivier-Gooch, A high-order accurate unstructured finitevolume
newton—krylov algorithm for inviscid compressible flows, Journal of
Computational Physics, VVol. 227, No. 4, pp. 2582-2609, 2008.

[177A. Nejat, C. Ollivier-Gooch, Effect of discretization order on
preconditioningand convergence of a high-order unstructured newton-gmres
solver for theeuler equations, Journal of Computational Physics, Vol. 227,
No. 4, pp. 2366-2386, 2008.

[18] V. Esfahanian, A. Nejat, B. Baghapour, High-order cubic spline boundary
representation for discontinuous Galerkin simulation of compressible
inviscid flows, 20th AIAA CFD Conference, AIAA Paper 2011-3838, 2011.

[19] B. Baghapour, V. Esfahanian, A. Nejat, A framework for curved boundary
representation in 2D discontinuous galerkin euler solver, Journal of Applied
Fluid Mechanics, Vol. 7, No. 4, pp. 693-702, 2014.

[20] Y. Saad, Iterative methods for sparse linear systems, Siam, pp. 102-183,
2003.

[21] Y. Saad, M. Schultz, Gmres: A generalized minimal residual algorithmfor
solving non-symmetric linear systems. SIAM Journal on Scientific and
Statistical Computing, Vol. 7, No. 3, pp. 856869, 1986.

[22] CH. Michalak, C. Ollivier-Gooch, Globalized matrix-explicit newton-gmres
for the high-order accurate solution of the euler equations, Computers &
Fluids, Vol. 39, No. 7, pp. 1156-1167, 2010.

[23] V. Venkatakrishnan, Convergence to steady state solutions of the euler
equations on unstructured grids with limiters, Journal of Computational
Physics, Vol. 118, No. 1, pp. 120-130, 1995.

[24] D. L. De Zeeuw, A Quadtree-Based Adaptively —Refined Cartesian-Grid
Algorithm for Solution ofthe Euler Equations, PhD thesis, Aerospace
Engineering and Scientific Computing in the University of Michigan, 1993.

[25] C. Liang, A. Jameson, Z. Wang, Spectral difference method for compressible
flow on unstructured grids with mixed elements, Journal of Computational
Physics, Vol. 228, No. 8, pp. 2847-2858, 2009.

[26] Test Case for Invixcid Flow Fields, Technical Report AR-211, Advisory
Group for Aerospace Research and Development (AGARD), NATO., 1985.

[27] C. Ollivier-Gooch, Solution of the Navier-Stokes Equations on Locally-
Refined Cartesian Meshes Using State-Vector Splitting, PhD thesis, Stanford
University, 1993.

[28] D. J. Mavriplis, A. Jameson, L. Martinelli, Multigrid solution of the Navier-
Stokes equations ontriangular meshes, ICASE Report No. 89-11, NASA
Langley Research Center, 1989.

[29]R. Radespiel, A cell-vertex multigrid method for the Navier-Stokes equations,
NASA TM-101557,1989.

3 oolads 17 0995 1396 s 3 (jurde Suille Swise

simn ) s 5 Gl 5 Sy e s o s il
oo Sl 029 L) Jo s jiulidl cel gadge pl ol 00y 3 oolatul
(b al>po o (ot 38 (25K00) 5o 55 Gl g (4500 sluss
9y 3 st Sla S5 sl el (sl Baiod (nl S (eigres L
i e 558 Bl ol e sle IS sl
Sledy S (S gy sl LS Glagm Lol eslinal
Vol (iluttannS j (26 5mgSly mple slaals (398 45 000
el iy S1%en s gy gl 36 Mos g 009y Sl Sl Lo
MG-ILU(2) 5 ILU(2) by i sl pmrile 51 ooliial il ol o

5 19 Sgo )35 woys 65 gilnd Byo nj Gl 0 hSes 25
51 oolaiul oy o Hhiay el sols zalS woe 93 U 1) alT Cgo )

@ Sen Jie Wlge Yo adre x5Sl bpdin omrle
S by 1, Y by sae b ola e ilo

&1

[1] J. Anderson, Fundamentals of aerodynamics, Vol. 2. McGraw-Hill NewY ork,
pp. 81-147, 2001.

[2] J. Ekaterinaris, A. High-order accurate, low numerical diffusion methods
aerodynamics, Progress in Aerospace Sciences, Vol. 41, No. 3, pp. 192-300,
2005.

[3] C B. Cockburn, CH. W. Shu, TVB Runge—Kutta local projection
discontinuous Galerkin finite element method for conservation laws. Il.
general framework, Mathematics of Computation, Vol. 52, No. 186, pp. 411—
435, 1989.

[4] B. Cockburn, CH. W. Shu, The Runge—Kutta discontinuous Galerkin method
for conservation laws V: multidimensional systems, Journal of
Computational Physics, VVol. 141, No. 2, pp. 199-224, 1998.

[5] G. Chavent, G. Salzano, A finite-element method for the 1-D water
floodingproblem with gravity, Journal of Computational Physics, Vol. 45,
No. 3, pp. 307 — 344, 1982.

[6] M. Jamei, H. Ghafouri, A discontinuous Galerkin method for two-phase flow
in porous media using modified MLP slop limiter, Modares Mechanical
Engineering, Vol. 15, No. 12, pp. 185-195, 2015. (in Persian .3

[7] F. Bassi, S. Rebay, High-order accurate discontinuous finite element solution
of the 2D Euler equations. Journal of Computational Physics, Vol. 138, No.
2, pp. 251-285, 1997.

[8] F. Bassi, S. Rebay, A high-order accurate discontinuous finite element
method for the numerical solution of the compressible Navier—Stokes
equations, Journal of Computational Physics, Vol. 131, No. 2, pp. 267-279,
1997.

[9] B. Cockburn, G.Kanschat, I. Perugia, D. Schotzau, Super convergence of the
local discontinuous galerkin method for elliptic problemson cartesian grids,
SIAM Journal on Numerical Analysis, Vol. 39, No. 1, pp. 264-285, 2000.

[10]J. Peraire, P. O. Persson, The compact discontinuous galerkin (cdg)

292



