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Abstract

Many engineering applications involving complicated geometries often encounter flows
in more than one regime viz: continuum, slip, transition and rarefied such as re-entry
vehicles, flows in micro-channels, thruster-plumes etc. These flow situations demand the
development of accurate and robust numerical techniques which can seamlessly simulate
flows in different regimes. The Unified Gas Kinetic Scheme (UGKS) is a potential tech-
nique with an ability of seamlessly solving flows from the hydrodynamic regime to free
molecular flow regime.

Although UGKS has the ability to simulate flows corresponding to various Knudsen
numbers, its recent applications have been limited to simulate canonical flow problems
only. This is due to the reason that UGKS is computationally expensive both in terms
of time and substantial memory requirements. Moreover, UGKS has primarily been
developed for structured meshes and has not been systematically developed for simulating
flows past complicated geometries. A final lacuna that remains in extending UGKS to
practical flows is the lack of any validation for its applicability to turbulent flows.

The overarching aim of the current thesis is to remove the above mentioned limita-
tions of UGKS, enable it to handle flow past complicated geometries at various Knudsen
numbers and extend its application to simulate turbulent flows. Both these require, in
turn, the development of a parallelization strategy for UGKS. Accordingly, the thesis
first focuses on developing an efficient parallelisation technique for UGKS using an ap-
plication programming interface called message passing interface (MPI). The MPI based

parallelisation procedure developed in this work utilises a three dimensional domain de-
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composition technique called the cubic decomposition. The parallel 3D UGKS solver is
first validated by simulating both the 2D and 3D laminar flows. Thereafter, it is used
to perform the direct numerical simulation of turbulent flows. The numerical results
demonstrate that with efficient parallelisation, UGKS can be used to simulate even the
turbulent flows.

The thesis then focuses on simulating the flow past complicated geometries in different
regimes. This is achieved by combining the UGKS solver with a suitably derived Cartesian
Grid Method (CGM) and developing a novel UGKS-CGM solver. The CGM presented
here satisfies the boundary conditions at wall by using a constrained least square interpo-
lation procedure. Moreover, it differs from the usual, continuum Cartesian Grid Methods
in two ways. Firstly, in order to capture the non-continuum effects at the boundaries, the
CGM used herein interpolates the microscopic velocity distribution function in addition
to the macroscopic variables. Secondly, even for the macroscopic variables, a gas-kinetic
method based density interpolation procedure is used at the boundaries which allows
the CGM to interface well with the UGKS method. The method is then tested for its
robustness and efficacy by using it to simulate flows past arbitrary shaped immersed
boundaries at various Knudsen numbers ranging from continuum to transition regimes.
The numerical results demonstrates that the newly developed UGKS-CGM solver is ca-
pable of simulating viscous, compressible flows (with intermediate Mach numbers) upto
transition regime quite well. In summary, the development of a parallelization strategy, a
Cartesian grid methodology for complex geometries, and demonstration of applicability
to turbulent flows, in conjunction, are expected to aid in the application of UGKS to

practical flow scenarios.
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