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ABSTRACT
Natural convection problems have attracted considerable research attention owing to their wide
range of engineering applications, such as solar energy collection, processor cooling, architec-
tural design, and mantle convection. They involve not only incompressible and nonlinear mo-
mentum equations but also strong coupling between incompressible flows and heat transfers.
To solve time-dependent natural convection problems, we develop a new monolithic projection
method based on staggered time discretization (VDMPM-STD). In the proposed 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 field-
s are evaluated at half-integer time levels while velocity fields are evaluated at integer time
levels. Thus, the velocity and temperature fields are decoupled and the nonlinear convection
part in the energy equation is inherently linearized. We assess the proposed VDMPM-STD
through theoretical analyses and numerical simulations. The global error in terms of the dis-
crete l2-norm is estimated to verify the second-order temporal accuracy of VDMPM-STD for
all the variables. VDMPM-STD is shown to be stable if the time step is less than or equal to
a constant by investigating the energy evolution. Numerical simulations of two-dimensional
Rayleigh–Bénard convection and periodic forced flow show that the proposed method correctly
predicts Rayleigh–Bénard problems, significantly relaxes the time step restriction compared to
a semi-implicit projection method (SIPM) with nearly the same computational cost for each
time level, and guarantees second-order accuracy in both time and space. Using the proposed
method, we successfully simulated two-dimensional horizontal periodic natural convection un-
der fixed-temperature and fixed-flux boundary conditions for a Rayleigh number up to 1010.
Finally, the proposed method was shown to reasonably predict three-dimensional turbulent
Rayleigh–Bénard convection problems for a Rayleigh number ranging from 1× 105 to 2× 107.


