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Abstract

Supersonic/hypersonic flights often encounter issues like a high drag, shock and its
interactions, and high-temperature effects. Thus, to design a high-speed aircraft, efficient
prediction of these flow complexities is extremely important. Over the years, computational fluid
dynamics has emerged as an efficient tool to simulate such flows. Given this, the present study is
focused on the numerical investigation of these flow problems. Hence, a finite volume-based two-
dimensional axisymmetric laminar flow solver, which accounts for reaction kinetics of Earth and
Martian atmosphere is developed and validated with various numerical as well as experimental
test cases. These include flow over a ramp, flow over a sphere and ramp-induced SWBLI. In
addition to this real gas solver, a perfect gas solver is also employed for low enthalpy simulations.

After the successful development and validation of the in-house real gas solver, it is
employed to analyze the energy deposition technique for drag mitigation in Earth and Mars
atmospheric flow mediums. Here, the golden section search optimization algorithm is effectively
integrated with the solver to evaluate the optimum energy deposition required to obtain the
maximum power effectiveness. The study reveals the need for a comparatively more amount of
energy deposition in the case of the Mars gas model to attain maximum power effectiveness. This
observation is attributed to the fact that the specific heat variation for Mars atmospheric conditions
is more sensitive to the temperature variation. Further, it is noted that for either flow model, the
maximum power effectiveness decreases with an increase in the freestream enthalpy. This
observation is found to be more prominent for the Earth atmospheric model. Thus, it is observed
that the increase in the freestream enthalpy degrades the performance of the energy deposition-
based drag reduction technique for both the flow mediums.

Further, the investigation is continued to analyze the real gas effects on the Mach reflection
studies in Earth and Mars atmosphere. The low enthalpy simulations reveal the Mach reflection in
both the flow mediums. Further, for either flow medium, it is noted that the increase in freestream
enthalpy decreases the Mach stem height and as the enthalpy crosses a threshold value, the
transition to the regular reflection occurs. This is because of noticeable real gas effects for the
higher enthalpy simulations. To quantify the observation, the shock polar diagrams are also

incorporated which reveals the mechanism for these transitions.
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In further studies, the detailed physics associated with shock/shock interactions on various
double wedge geometries and freestream enthalpies are explored. For this purpose, reacting as
well as the perfect gas simulations are performed in Earth and Mars atmospheric mediums.
Significant differences in the flow structures are noticed between the perfect and reacting gas
outcomes. The reasons for these discrepancies are identified and discussed. Further, it is noted that
for the same geometry, the interaction type changes with the variation in freestream enthalpies.
Thus, it is observed the increase in enthalpy provided the same effects as that of reducing the
second wedge angle.

In continuation, the real gas effects on shock/expansion wave interactions in different
geometries are also investigated. The initial outcomes of perfect gas simulations are found to be in
good agreement with the analytical inviscid results. The real gas simulation at different freestream
enthalpies shows a drastic modification in the flow structures. It is noted that an increase in the
freestream enthalpy has a decreasing effect on the post-shock Mach number and an increasing
effect on the post-expansion wave Mach number. Further, the peak pressure ratio is noted to be on
the lower side for higher enthalpy cases.

Later, ramp-induced shock wave boundary layer interaction (SWBLI) study in Earth and
Mars atmosphere has been carried out. For this purpose, hypersonic laminar flow simulations are
performed with the in-house real gas solver. The effects of variation in wall temperature,
freestream enthalpy, Mach number on the intensity of SWBLI are explored. For both flow
mediums, the separation size is found to be directly proportional to the wall temperature and
inversely proportional to the Mach number and freestream enthalpy. Here, the percentage change in
the separation size is always found to be more for the Mars gas model. Further, the difference in
separation length for the same wall to total temperature ratio is found to be insignificant for either
flow medium. The present investigation confirms that, for both planetary conditions, sufficiently
large leading-edge bluntness can be a useful tool to mitigate the boundary layer separation. Further,
the outcomes of the simulations are utilized to revise correlations to predict the upstream influence
location and separation size for the Earth atmosphere and devise new correlations for the Mars

atmosphere.
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Chapter 1: Introduction

1.1 Introduction

Historically, the idea of flying like birds has always instigated researchers to build manned
flights. At the very beginning, the design idea was to imitate birds by attaching a wing-like
structure around the arms. After many unsuccessful attempts, the idea of “ornithopters” came into
existence, where the flapping of wings is performed by some mechanical device. The initial design
of such ornithopters can be found in the fifteenth-century articles of Leonardo da Vinci. Later on,
the idea of lighter than air vehicles lead to the invention of hot air balloons and the first manned
flight was achieved in the year 1783. The hot air balloons were followed by the invention of the
glider. Nevertheless, the foundation of modern-day flights i.e. heavier-than-air flight was first
conceptualized by Sir George Cayley in the latter part of the eighteenth century. He was the first
person to introduce the idea of fixed-wing for lift and a separate propulsion system. Subsequently,
Orville and Wilbur Wright achieved the first successful flight of powered aircraft on December
17, 1903. This accomplishment ensured the rapid development in the field of powered aircraft in
the next decade and by the year 1913 societies in different parts of the globe started using these
flying machines f