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ABSTRACT
To solve time-dependent natural convection problems, we develop an MPI parallelized mono-
lithic projection method based on staggered time discretization (VDMPM-STD). In the pro-
posed method, all the terms are advanced using the Crank-Nicolson scheme in time along with
the second-order central difference in space at the staggered time grids, in which temperature
and pressure fields are evaluated at half-integer time levels (n + 1/2) while velocity fields
are evaluated at integer time levels (n + 1). Thus, the velocity and temperature fields are de-
coupled, and the nonlinear convection part in the energy equation is inherently linearized. To
obtain a non-iterative monolithic method from the fully discretized nonlinear system, we adopt
linearization of the nonlinear convection terms in momentum equations with incurring second-
order errors in time. Approximate block lower-upper decompositions, along with an approxi-
mate factorization technique, are additionally employed to a global linearly coupled system. All
these lead to several decoupled subsystems, i.e., VDMPM-STD.

In addition, to provide efficient large-scale simulations of three-dimensional natural convection
problems, we propose the highly scalable tridiagonal system equation solve algorithm for MPI
parallel implementation of the proposed VDMPM-STD. The tridiagonal system equation solve
algorithm proposed in this study consists of the following three steps.

Step 1. Lower / Upper part reduction for reduced tridiagonal system.
Step 2. Solving the reduced tridiagonal system.
Step 3. Update solution of reduced tridiagonal system.

The modified Thomas algorithm transforms the tridiagonal system into a system that the first-
last column and diagonal element is non-zero. As a result, the tridiagonal system is decomposed
into reduced tridiagonal system and solution update part. Even though data communication is
required for a reduced tridiagonal matrix, communication cost is greatly reduced because only
two rows information need to be communicated. The reduced tridiagonal system is solved by
any sequential Thomas algorithm. We test the proposed method to 3D ADI Heat equation solver
and get 80% parallelization efficiency up to 2,048 cores.

The parallelized VDMPM-STD is applied to predict the three-dimensional convection problems
for very high Rayleigh numbers using up to 8,192 cores in 8 billion grids. It shows that the ap-
plication of the parallelization technique in VDMPM-STD can speedup 5,800 times faster than



the original VDMPM-STD with maintaining comparable spatial and temporal accuracy and
stability property. Large-scale structures in three-dimensional turbulent convection are studied
based on the numerical results. More detailed results will be presented at the conference.
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