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Development of an open-source software framework for finite difference
schemes with parallel processing feature
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ARTICLE INFORMATION ABSTRACT
Original Research Paper In this paper, an open-source software framework named “Chesmeh” for numerical solution of the fluid
Received 22 September 2017 dynamics equations is introduced. The data structure is designed in a way that the software framework
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Available Online 15 December 2017 supports structured grids on arbitrary number of spatial dimensions. The software has the ability to

decompose the numerical grid into several smaller grids for parallel processing. Furthermore, using
some functions, the complexity of the parallel programming is considerably made easier for the user.

Keywords:

Open-Source Software The software is developed using the new features of the C++ programming language, specially the
Finite Difference template metaprogramming feature. In addition to the linear finite difference schemes, which can be
Structured Grids simply implemented, the nonlinear schemes such as essentially non-oscillatory shock capturing schemes

Parallel Processing

) are implemented. Using the software, it is also possible to use compact finite difference schemes, which
Template Metaprogramming

lead to a tridiagonal system of equations. Defining and applying different kinds of boundary conditions
are also predicted in the software. In addition, utilities are considered for file input and output. Using
several test cases of compressible and incompressible flows and viscous and inviscid flows, the
capabilities of the software are demonstrated.
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#include"FrameWork.h"

const real pi = acos(-1.0);
struct init : public MultiVarFun < init, real >
static real apply(real x, real y)

return exp(-10 * (pow(x - 0.5, 2) + pow(y - 0.5, 2)));

3
int main(int argc, char *argv[])
{
intrank =0, size = 1;
MPI_Init(&argc, &argv);
MPI_Comm_rank(MPI_COMM_WORLD, &rank);
MPI_Comm_size(MPI_COMM_WORLD, &size);
1 Multi<StructuredGrid> multiGrid;
2 GridDistributor distributor(size, rank, multiGrid);
real L1=1.0,L2=1.0;
int imax[] = { 101, 101 };
intghost[]={1,1};
real length[]={L1,L2};
real dx[] =
{ length[0] / (imax[0] - 1), length[1] / (imax[1] - 1) };
real dx2[] = { dx[0] * dx[0], dx[1] * dx[1] };
3 distributor.Decompose(2, imax, ghost, length);
4 VectorField<RealField> X("x", "position”, 2);
5 ScalarField<RealField> u("u", "dependent variable", 2);
6 ScalarField<RealField>
un("'un”, "dependent variable new time step", 2);
real dt = 0.5*dx[0];
7 X.Allocate(multiGrid);
8 distributor.SetGeometry(X);
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Fig 1 Adding halo points to sub-grids for parallel processing
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u.Allocate(multiGrid);
un.Allocate(multiGrid);

9 Patch interior(“interior", multiGrid);
10 Patch bottom("bottom", multiGrid);
11 Patch top("top", multiGrid);

12 Patch left("left", multiGrid);

13 Patch right("right", multiGrid);

RealField &x = X(0);
RealField &y = X(1);

14 interior.MakelnteriorPatch();

15 left. MakeBoundaryPatch(0);

16 right.MakeBoundaryPatch(1, y > 0.0);
17 bottom.MakeBoundaryPatch(2);

18 top.MakeBoundaryPatch(3, x > 0.0);

// Initial condition

u() = init::fun(x, y);

un() = u();
/1 stencils
19 Stencil<2> backward = CreateStencil(-1, -1.0)(0, 1.0);
20 MultiDimStencil<2> backwardx =
CreateStencil(backward, 0, dt / dx[0]);
21 MultiDimStencil<2> backwardy =

CreateStencil(backward, 1, dt / dx[1]);

int itermax = 50;
real time = 0.0;

22 for (int iter = 0; iter < itermax; iter++)
{
time = dt*iter;
24 un()(interior) =
u() - backwardx.D(u()) - backwardy.D(u());
25 un()(left) = init::fun(x - time, y - time);
26 un()(bottom) = init::fun(x - time, y - time);
27 un()(top) =
u() - backwardx.D(u()) - backwardy.D(u());
28 un()(right) =
u() - backwardx.D(u()) - backwardy.D(u());
29 distributor.UpdateHaloNodes(un());
u() = unQ);

char fname[] = “case/wave/field";

10Controller out(rank, size, fname, multiGrid, X, u);
out.Write();

30

31 MPI_Finalize();
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Stencil<2> backward = CreateStencil(-1, -1.0)(0, 1.0);
Stencil<3> central = CreateStencil(1,1.0)(0,-2.0)(1,-1.0);
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MultiDimStencil<2> backward_x =
CreateStencil(backward, 0, 1.0/dx[0];
MultiDimStencil<3> central_y =
CreateStencil(central, 1, 1.0/pow(dx[1],2));
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3 Backward difference operator
4 Central difference operator
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Fig 2 Supersonic flow over a bump; Mach number contour lines
(top), Mach number distributions over wind tunnel walls (bottom)
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Patch interior("interior”, multiGrid);
Patch fluid("fluid", multiGrid);
Patch down("down", multiGrid);
Patch middown("middown", multiGrid);
Patch up("up”, multiGrid);
Patch inlet("inlet", multiGrid);

Patch midleft("midleft", multiGrid);
Patch outlet("outlet", multiGrid);

interior.MakelnteriorPatch();

inlet.MakeBoundaryPatch(0, X(1) >=0.0);
outlet.MakeBoundaryPatch(1);
down.MakeBoundaryPatch(2, X(0) >= 0.0 && X(0) < L2);
up.MakeBoundaryPatch(3, X(0) < L2);
middown.MakePatch(X(0) <= 0.0 && abs(X(1)) < 1e-4);
midleft.MakePatch(X(1) <= 0.0 && abs(X(0)) < 1le-4);
fluid.MakePatch(interior, X(0) > 0.0 || X(1) > 0.0);
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Fig 3 Incompressible flow over a backward facing step
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number of 0.85 and an angle of attack of 1 degree.

wsly 5085 gl sae o LA o yo mis 1hdnl ) 9oy lx 5SS
a0 1 ale>

1 Gibbs oscillations
2 C-Grid
3 Wake

406



olg)l.\g,'é,oxa O

190 GBI 5 el by S9ame Jublis sl s Sl Slacyie l3dle s a9l K drsngs

ezl Oom ez Ay Sluging Bygpe sy szl ooy amlie 1 Jeux
|Feisd pé o5 S g aniir (s 038k 5
Table 1 Runtime comparison of the fifth-order weighted essentially

non-oscillatory scheme between Cheshmeh framework and a non-
object-oriented code
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Fig 6 Subsonic flow over an airfoil; vorticity contour lines in two-
dimensions, flow specifications: Mach number 0.2, Reynolds number
105, angle of attack 18 degree
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Fig 7 Subsonic flow over an airfoil; vorticity iso-surfaces in three-
dimensions, flow specifications: Mach number 0.2, Reynolds number
10°, angle of attack 18 degree.
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