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Droplet breakup induced by high speed gas flows has many applications such as damage of rain
droplets impinging on aircrafts in supersonic flight, ablation of space vehicles during
atmosphere re—entry, combustion and detonation in two—phase mixtures, etc. As a result, it has
been extensively studied by many researchers. Of the various breakup modes of liquid droplets
impinged by shock waves, the so—called stripping type breakup takes place over a wide range of
the Weber numbers of approximately from 100 to 20, 000, where the Weber number We is defined as
We=pU2d/G, where p is the gas density, U is the velocity difference between the gas and the
droplet, d is the droplet diameter and ¢ is the surface tension.

Previously, schlieren method or shadowgraph was implemented to visualize this process, in
which the shape of disintegrating spherical droplets appeared to be fireballs. On these
photographs the internal structure of the disintegrating spherical droplets such as shattering
mist clouds and wakes were hardly distinguished. However, on holographic interferometry it can
be extracted, although not as complete 3D images, so that the structure of the mist clouds and
wakes look different from that seen in schlieren photographs and shadowgrams. Object beams of
holographic interferometry carried phase information scattered from micro—mist particles were
recorded on a holofilm. Through the process of reconstruction, the phase information were
partially recovered, whereas in the schlieren method or shadowgraph, these could never be
stored on the film,

Advantages of double exposure holographic interferometry, applied to droplet breakup
process, were well demonstrated by comparing images on reconstructed and unreconstructed
holographic interferograms. Images on unreconstructed image holograms are equivalent to
shadowgraphs, so that the shape of disintegrating droplets observable on them appears to be
fireballs and is significantly different from those seen in interferograms. This trend is
especially noticeable at later stages of the breakup process.

In all the experiments mentioned so far spherical water droplets were employed to result in
a three—-dimensional interaction pattern. In three-dimensional interactions their visualization
is difficult. In particular, wave interactions inside the droplet and the wake structure have
never been correctly visualized. However these could be observable when a planar shock wave
collides with a cylindrical liquid column, which is a two—dimensional droplet. In order to
account for the process of disintegration and particularly to clarify the effect of wave motions
inside the droplets the visualization of the interaction of a shock wave with a liquid column in




a shock tube would be important. The visualization could correctly illuminate the complex
process of three—dimensional droplet disintegrations; it would also provide a straightforward
comparison with a numerical scheme simulating the shock wave interaction with a liquid droplet.

In this thesis water columns of various initial diameters were impinged by shock waves and
their deformation and breakup were visualized using finite and infinite fringe interferometry.

To interpret the experimental results, numerical simulations were also carried out. Two
different types of numerical schemes were developed. The first one is based on the CIP scheme
and the second one is based on an upwind TVD scheme. 1In the past few numerical simulations were
applied to droplet breakup they studied droplet deformation in convective flows, in which the
flow was assumed to be incompressible at low speed range. The CIP method was employed for
simulating the shock wave/liquid droplet interaction. However, the density ratio between the
liquid and gas phases was selected to be 10, which is in two orders of magnitude smaller than
the value of real water/air phases. Several modifications were implemented in the present work
to the CIP scheme in order to apply it to handle water/air interface without causing any density
diffusion or oscillations at the interface

Water/air two phase flows are difficult to simulate, it is one of the most challenging
topics of computational fluid dynamics. The main problem lies in modeling the interface between
the gas and the liquid phases. Shock capturing schemes such as TVD or ENO schemes are usually
useful in simulating accurately single component gas flows. However, in the case of multi—
components flows, consisting of two foreign gas interfaces or two—phase flows, usually non
realistic pressure fluctuations appear across the interfaces. These pressure fluctuations are
generated as a result of calculation of pressures from the equation of state based on the total
energy of the gas. In multi-component flows, even when densities and velocities of the various

components are initially identical, the internal energy of each fluid component will be
different due to the difference in their specific heats ratios y, and hence after one time step
energy diffusion starts to exist across the interface. When wusing vy which changes

discontinuously across the interface, incorrect pressures values will be obtained at the
interface. In the next time step, a false velocity will be derived since its derivation was
based on incorrect pressure values

Many researchers proposed possible methods to overcome this problem. These schemes were
usually quasi conservative schemes, in which the density variation at the interface was not
sharp due to its diffusive nature. In most schemes, the shock wave were typically stretched
over 2 — 3 grid points while the interface was smeared over 5 — 7 grid points. This could be
acceptable in dealing only with a pure gas phase. However, in the case a two—-phase flow such
as a mixture of gas and liquid phases accompanying very large density difference between the two
phases, density diffusion at the interface is strictly unacceptable. Physically interfacial
mixing hardly takes place at gas/liquid interfaces except in very special cases. Numerical
diffusion might result in unphysical densities at the interfaces. Therefore, a different method
should be used in order to overcome this numerical mixing. This method can eliminate pressure
fluctuations at the interface and keep a discontinuous density profile at the interface. Here
the results derived from an exact Riemann solver at the interface will be applied for correcting
the density diffusion and pressure fluctuations at the interface by interpolating the results of
the exact Riemann solver with grid points that were not affected by diffusion near the interface.
As a result the pressure and density are corrected at the grid points across the interface.
Therefore, the numerical density diffusion and pressure oscillations are eliminated. Thus a
discontinuous interface is retained for the next iteration.

The second numerical scheme developed here is an upwind TVD scheme with the correction step
described above. The interface is captured using the level set approach. -The level set
approach is an interface capturing scheme based on level set functions. It can capture the
interface between two grid points. The level set function y is defined as the distance between
4 grid point and the interface so that y=0 designates the material interface.



The present thesis consists of 6 chapters:

In Chapter 1, an introduction and background of the current research is presented.

In Chapter 2, the development of the modified CIP scheme is presented. The modification to
the CIP scheme to simulate a gas/liquid interface sharply are highlighted. This new modified
scheme has the following advantages compared with the original CIP scheme.

(a) The modified CIP scheme can handle physical gas liquid interfaces with a liquid gas

density ratio of about 800 and speed of sound ratio of about 5;

(b) The modified CIP scheme does not diffuse the density at the gas/liquid interface;

{c) The modified CIP scheme has better interface tracking.

A shock wave interaction with a water column is successfully simulated. The obtained
results are compared with experimental ones good agreement between the two results is achieved.
In the experiment, double exposure holographic interferometry was used to visualize the gas and
liquid phases. The density variation inside the droplet was studied and its effect on the
breakup process was evaluated. For the first time wave motion inside the water column were
visualized. It has been shown both numerically and experimentally that these waves propagate
inside the water column at the initial stages of the breakup process. It was found that the
pressure distribution inside the water column mainly affects the deformation in the early stages
of the breakup process. However, at later stages it is insignificant since the flow field is
dominated by the boundary layer stripping.

In Chapter 3, +the development of an upwind TVD scheme coupled with the level set approach
and an interface correction step is presented. The numerical scheme is extended for solving
multi dimensional flows using directional splitting. As is clearly evident from the numerical
examples, the proposed scheme is suitable for handling gas/liquid interfaces. It does not
create pressure oscillation nor density diffusion at the interface

In Chapter 4, the numerical scheme developed in Chapter 3 is applied to the shock wave
interaction with a liquid column. These numerical results are compared with experimental results
obtain from finite fringe interferometry and with numerical results of shock wave interaction
with a solid cylinder. The shock wave motions existed inside the water column, which was found
to be similar to that of a shock wave inside a circular reflector. The flow field is initially
similar to that of shock wave interaction with a solid cylinder. Their similarity terminates
when the interfacial instability appears. Based on the numerical results the onset of the
interfacial instability was found that for the Mach numbers studied in the current thesis the
instability of the water column interface remains in quasi-steady state with the aid of
experimental results the various stages of the water column breakup were determined.

Liquid column deformation for various shock wave Mach numbers and initial liquid column
diameters was studied. Presenting the obtained results in dimensionless terms show that the
data points lie along a similar line. The maximum lateral deformation of the water column was
lower than that of a spherical water droplet although their maximum lateral deformation occurred
at a similar dimensionless time. The drag coefficient was evaluated for the various water
columns and compared to that of a spherical droplet

In Chapter 5, an experimental study of two water columns in tandem, interacting with a
planar shock wave is presented. The behavior of the water columns is compared to that observed
for the case of a single water column. It was found that the front water column behavior is
similar to that of a single water column. From the experimental results the water column
deformations, displacements and accelerations are investigated. The interaction between the
two water columns is studied as well. It was found that the rear water column was significantly
affected by the presence of the front water column and hence its displacement and drag
coefficient were lower than those of the front water column. These results are compared to
those of tandem spherical droplet droplets subjected to shock wave loading;

In Chapter 6, the conclusions of this thesis are drawn.
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