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Abstract 

This work is done as a requirement for the master’s degree. In this work, a 

system for generating aerosol delivery into shock tube for interface creation and a 

method to measure aerosol is developed. In chapter 1, a brief introduction of 

hydrodynamic instabilities later focussing on shock driven multiphase instabilities 

(SDMI) and its importance is presented. SDMIs have similar flow morphology to 

the Richtmeyer-Meshkov Instability (RMI), however, the driving force that induces 

instability is different. Current methods of aerosol production and measurement 

with pros and cons are given to justify the adaption of the selected method for our 

system. Chapter 2 discusses about the theory of ultrasonic atomization and 

evidence of faraday instability for atomization. Later setup of aerosol delivery 

system with two different set of atomizers is presented. In chapter 3, Laser 

interferometry principle and apparatus used for the measurement of aerosol with 

the consideration of various factors is given. To avoid Mie scattering theory’s 

intense use of calculations Geometrical optics approximation method is used which 

agrees well with the Mie theory for all the particles above 1µm.  

Chapter 4 presents experimental results of measurement which includes 

particle size distribution, density measurement of aerosol. Later it presents the 

experimental results when the aerosol is used for the study of SDMI. Two different 

cases, one with the low effective Atwood number and the other with higher effective 

Atwood  number are investigated. In the case of low effective Atwood number the 

instability evolved is more like RMI rather than SDMI which is due to domination of 

Gas Atwood number over effect Atwood number. Last case with higher effective 

Atwood number of 0.03  with shock wave of Mach 1.66 is investigated, to find out 

that flow morphologies are in good agreement with literature and simulations. 

Chapter 5 gives conclusion of the research studies and future research  



1 
 

1.Introduction 

1.1 Introduction to hydrodynamic instabilities 

 Hydrodynamic instability forms due to the transformation of a fluid flow 

from hydrodynamically stable region to turbulence. Three ingredients that are 

required for the development of the hydrodynamic instability are interface, 

perturbations on the interface, and interface growth mechanism. The sources 

for the growth mechanism can be constant acceleration, shear velocity, or 

instantaneous acceleration. Based on type of growth mechanism hydrodynamic 

instabilities can be classified into three types; Rayleigh Taylor Instability (RTI) 

occurs when a heavy fluid is suspended over a lighter fluid under a constant 

acceleration towards heavy fluid. RTI occurs at various places and has 

profound effect on nature, for an example the evaporation of ocean water on 

the surface by the winds from the coasts of Greenland and Iceland makes the 

upper layer of water more saltier leading to descending plumes that drive the 

abyssal ocean circulation, which in turn pumps warm equatorial waters up 

north. Without this RTI effect there would have been very low temperatures in 

Northern Europe [1]. Kelvin Helmholtz Instability (KHI) occurs when there is a 

velocity shear across the interface between two parallel flows. KHI occurs in 

atmosphere, ocean, motion of interstellar clouds [2],[3].  

Richtmyer Meshkov Instability (RMI) is a phenomenon which takes place 

when a shock wave passes through the interface which separates two different 

density gases. The misalignment between the density gradient and the 

pressure gradient gives rise to a baroclinic term in the vorticity equation forming 

vortical structures. The vorticity equation is given as; 
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𝐷𝜔

𝐷𝑡
=  𝜔∇𝑉𝑔. +𝑣𝑔∇2𝜔 + [

1

𝜌𝑔
2 ∇𝜌𝑔×∇𝑃] Baroclinic term  (1.1.1) 

In equation 1.1.1, ω is the angular velocity of the flow, 𝑣𝑔 is the kinematic 

viscosity, and P is the pressure, p is density. RMI requires a density gradient, 

pressure gradient and a misalignment between the component vectors. The 

term that shows the misalignment between the two component vectors is the 

Baroclinic term in the eq 1.1.1 The vorticity depositions are directly related to 

magnitudes of density and pressure gradients, whereas the pressure gradient 

is proportional to the mach strength which is defined by Mach number as a ratio 

of velocity of fluid to the local speed of the sound in the medium. 

𝑀 =  
𝑣

𝑐
     (1.1.2) 

In equation 1.1.2 M = Mach number, v = fluid flow speed, c = speed of 

sound and density gradient is represented by Atwood number which is ratio of 

densities between two gases (eq. 1.1.3) 

𝐴 =  
(𝜌1−𝜌2)

(𝜌1+𝜌2)
    (1.1.3) 

In equation 1.1.3 𝜌1 is the density of the downstream gas and 𝜌2 is the density 

of the upstream gas. 

In inertial confinement fusion, the RMI results in mixing of the capsule material 

and the fuel inside the capsule thereby limiting the final compression [4] In 

stellar evolution models RMI acts as a key ingredient [5] in distributing heavy 

elements from supernovae. In supersonic and hypersonic flight engines 

http://www.engineeringtoolbox.com/speed-sound-d_82.html
http://www.engineeringtoolbox.com/speed-sound-d_82.html
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(scramjets) RMI can be used for better fuel and oxidizer mixing for increased 

efficiency and power [6].  Our focus is on Shock driven multiphase 

hydrodynamic instability (SDMI) which is similar in some ways to the RMI [7]. 

RMI requires single phase(fluids), multispecies system and SDMI has 

multiphase, multispecies system. A density gradient in the fluid phase is not 

necessary for the SDMI as the particles are seeded into the gas and create an 

effective multiphase gradient. Due to this reason ,equation 1.1.1 isn’t enough 

to describe the vorticity of the SDMI. Hence the enstrophy transport equation 

which represents all of the dissipation effects related to rotational kinetic energy 

in the flow model is given as  

𝑑𝑡
𝜔𝑖𝜔𝑖

2
+ 𝑢𝑔𝑗𝜕𝑗

𝜔𝑖𝜔𝑖

2
= [𝜔𝑖

1

𝜌𝑔
2 ∈𝑖𝑗𝑘 𝜕𝑗𝜌𝑔𝜕𝑘𝑃]

𝐵

+ 𝜔𝑖𝜔𝑗𝜕𝑗𝑢𝑔,𝑖 −

𝜔𝑖𝜔𝑖𝜕𝑗𝑢𝑔,𝑗 + 𝑣𝜕𝑗𝜕𝑗
𝜔𝑖𝜔𝑖

2
− 𝑣𝜕𝑗𝜔𝑖𝜕𝑗𝜔𝑖 + [

1

𝜌𝑔∈̅
𝜔𝑖 ∈𝑖𝑗𝑘 𝜕𝑗𝐹𝑘]

𝑀

       (1.1.4) 

where, Fk is the particle momentum source term, and E is the void fraction, 

considered when particles are present in the fluid. The bracketed term, 

subscript B, is the baroclinic term while the bracketed term, subscript M, is the 

particle multiphase source term. In SDMI production of enstropy can be driven 

by the multiphase source term or the baroclinic term, as there can be gas 

density gradients and multiphase effective density gradients at the interface. 

The effective Atwood number can be used to adapt RMI theory for multiphase 

mixtures and accounts for particle mass in the multiphase system. It is defined 

as  

𝐴𝑒𝑓𝑓 =  
(𝜌𝑒1−𝜌𝑒2)

(𝜌𝑒1+𝜌𝑒2)
   (1.1.5) 
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Where ρe1 is effective density of test gas and ρe2 is the effective density of the 

surrounding gas. SDMI and RMI are similar in terms of flow morphology but 

they differ in driving mechanisms, Figure 1.1.1 given below helps us to better 

understand the difference between SDMI and RMI.  

 

Figure 1.1.1: comparison of a classical RMI (a,b,c) to a SDMI (d,e,f). [8] 

In SDMI, particle source term is responsible for the instability where as 

in RMI the misalignment between pressure and density gradient (baroclinic 

term) is solely responsible for the instability. [9] If the particles are small, they 

can react quickly to the shock passage and the resulting instability will behave 

like the RMI. When the particles are larger, they will lag behind the carrier gas 

in which they are seeded and alter the morphology of the instability. In either 

case the average velocity of the particle laden gas is less than that of the 

unseeded (clean) gas. This leads to shear on the interface and the development 

of vertical roll-ups which result in mixing. The particles ability to reach 

equilibrium with the carrier gas can be given by the momentum relaxation time 
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in equation 1.1.6 where upg is the initial velocity difference between the particle 

and the carrier gas.  

𝑡𝑣 =
𝑚𝑝

6𝜋𝑟𝑝µ𝑔𝑝
     (1.1.6) 

The lower the relaxation time, the faster the particle adapts to the changes in 

the flow. 

1.2 Shock tube & equations 

So far we have briefly discussed about the hydrodynamic instabilities, 

but to carry out these experiments in a laboratory we need a shock tube facility 

that is capable of generating shock waves of required strength. It must 

withstand high pressures and high temperatures during experiments and allow 

us to create single or multiphase interfaces that are optically accessible. This 

facility was developed at the Fluids Mixing and Shock Tube Laboratory 

(FMSTL) at the University of Missouri. The shock tube consists of two sections 

known as driver section and driven section. In this shock tube a mechanically 

driven shock wave is generated when a replaceable diaphragm (typically 0.030” 

poly carbonate sheet) is ruptured by high air pressure in the driven section. . 

Sufficient length of the driver section is allowed to convert this shock wave to a 

planar shock wave at the test section. The test section is the crucial part of the 

shock tube that gives us optical access to study the instabilities, and create 

either multispecies or multiphase interface with different shapes to get different 

perturbations. This section also has an end wall which captures the shock 

pressures within in the tube. When the incident shock reaches this end wall it 

is reflected back upstream into the tube creating a reflected shock wave known 
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as a reshock. The test section allows us to also study the development of the 

interface after it is shocked a second time (from the opposite side) by this 

reshock. 

 

Figure 1.2.1: Missouri Shock tube 

For conducting experiments to study these instabilities we need a 

complete understanding of several factors and shock tube equations. The 

following shock tube equations can be used to find the 1D estimated properties 

of fluids at different Mach number, wave speeds and conditions. Since the 

shock tube is mostly one dimensional these estimates are considered accurate.  

In the diagram below (fig. 1.2.2) state 1 is the preshock condition in the driven 

and test sections, state 2 is the post shock condition in the driven, State 4 is the 

initial driver pressure before it is consumed by expansion fans, state 3 is the 

post expansion fan driver gas state, and state 5 is the post-reshock driven/test 

section gas state. 
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Figure 1.2.2: Diagram of the shock tube pre-shock (a), Post-shock (b), and 

detail of reshock in the test section (c).[8] 

The speed of sound in any given medium can be given by   

𝑐 =  √𝛾𝑅𝑇     (1.2.1) 

where R is the gas constant, T is temperature of the gas and 𝛾 is corresponding 

ratio of specific heats. Driver (high pressure region-state 4) and driven (low 

pressure region-state 1) sections are separated by a diaphragm and the 

pressure ratio 
𝑝4

𝑝1
 across the diaphragm is called diaphragm pressure ratio. 

𝑝4

𝑝1
 

ratio along with 𝛾1 and 𝛾4 determines the shock wave strength 
𝑝2

𝑝1
 when the 

diaphragm bursts which is given by equation 1.2.2. The incident shock 

properties are given by equations 1.2.3,  1.2.4, and 1.2.5. Reshock pressure is 

important factor for the study of reshock effects and is given by equation 1.2.6. 

This pressure is also important in designing the test sections and ensuring they 

are safe. 
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𝑝4

𝑝1
=  

𝑝2

𝑝1
{1 −

(𝛾4−1)(
𝑐1
𝑐4

)( 
𝑝2
𝑝1

−1)

√2𝛾1[2𝛾1+(𝛾1+1))( 
𝑝2
𝑝1

−1)]
}

−2𝛾4
(𝛾4−1)

  (1.2.2)   

𝑇2

𝑇1
=

𝑝2

𝑝1
(

𝛾+1

𝛾−1
+

𝑝2
𝑝1

1+
𝛾+1

𝛾−1

𝑝2
𝑝1

)     (1.2.3) 

𝜌2

𝜌1
=

1+
𝛾+1

𝛾−1

𝑝2
𝑝1

𝛾+1

𝛾−1
+

𝑝2
𝑝1

     (1.2.4) 

𝑝5

𝑝2
=

(3𝛾−1)
𝑝2
𝑝1

−(𝛾−1)

(𝛾−1)
𝑝2
𝑝1

+(𝛾+1)
    (1.2.5) 

𝑊 =  𝑐1√
𝛾1+1

2𝛾
(

𝑝2

𝑝1
− 1) + 1  (1.2.6) 

1.3 Selection of apt method for aerosol production 

To study multiphase effects in a shock tube facility, we require an aerosol 

generator that can produce a narrow range particle sizes and hence we studied 

different methods of aerosol production and choose the best method for our 

current application. Atomization is the most commonly used process for droplet 

generation [10]. It is the process of disintegrating bulk liquid into droplets using 

an atomizer into surrounding medium. The resultant suspension of droplets in 

surrounding medium is called as mist, spray, or aerosol. This atomizer can be 

a nozzle using atomizing medium like gas or liquid, a centrifugal device or 

ultrasonic vibrator. The process of atomizing can be carried out by variety of 

means: mechanically, aerodynamically, electrostatically or ultrasonically. All of 
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these processes can be classified into two types in terms of the relative velocity 

between the liquid being atomized and the surrounding medium. Pressure 

atomization or Rotary atomization falls under first category where a liquid at 

high velocity is discharged into still or relatively slow moving surrounding 

medium. Whistle atomization (liquid disintegration by directing high-pressure 

gas) and two-fluid atomization falls under second category where a relatively 

slow moving liquid is exposed to a stream of gas at high velocity. An ideal 

atomizer should be energy efficient and cost-effective. Factors that are to be 

considered for the selection of the appropriate technique for specific application 

are a) cost effectiveness b) the ease of operation and maintenance and c) the 

capability of producing a monodisperse spray, covering the required range of 

droplet sizes, accommodating various liquid properties, and achieving sufficient 

production rates.[11] Below is a discussion of various atomization techniques 

that we explored for this work. 

i) Pressure atomization: This is the most common type of atomization 

used widely in general applications. In this method of atomization, pressure is 

converted to kinetic energy to accelerate the liquid to a higher velocity relative 

to the surrounding ambient fluid. Depending on the type of geometry and 

acceleration of liquid pressure atomization devices can be classified into 

different types like pressure jet atomization, pressure-swirl atomization (aerosol 

formed by passing high pressure liquid into swirl chamber to disintegrate at the 

end orifice) [12] and fan spray atomization (uses flat nozzle head with a 1200 

spray pattern).  

ii) Two-fluid atomization: The kinetic energy of high velocity air stream is 

used to shatter the liquid jet into ligaments and further disintegration into 
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droplets. This can be classified into two types utilized for atomization based on 

the amount of air and its velocity, Air-assist atomization (high velocity difference 

between two fluids causes disintegration of low velocity fluid) and Air-blast 

atomization.(a jet of slow moving fluid disintegrated by high velocity air 

stream)[13] 

iii) Rotary atomization: In this method liquid is introduced onto a rotating 

surface at its center and then spreads out uniformly under the action of 

centrifugal force. We can see droplets at the edge of the surface at low liquid 

flow rates but in the case of high liquid flow rate, a sheet of liquid breaks into 

ligaments further disintegrating into droplets [14]. 

iv) Effervescent atomization: Gas is used to penetrate into a liquid at 

nearly the same pressure as the liquid forming gas bubbles in the flow. During 

discharging, the liquid is squeezed by the gas bubbles into thin ligaments and 

shreds when gas bubbles break forming droplets [15]. 

v) Electrostatic atomization: An electric potential is applied between the 

liquid to be atomized and an electrode placed in the spray at a certain distance 

from liquid discharge nozzle. The surface becomes unstable due to the 

accumulation of the like charges and disrupts when the pressure due to the 

electrostatic force exceeds the surface tension of the liquid. Droplets size 

generated in electrostatic atomization is a function of electric potential applied, 

nozzle diameter and liquid properties.  

vi) Vibration atomization: In this method, a liquid is broken into droplets 

by periodical vibrations of the liquid. This method is divided into a) ultrasonic 

atomization b) acoustic atomization c) mechanical vibration atomization. This is 
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based on the type of vibrating element used like a) a piezoelectric transducer 

b) acoustic vibrator c) a direct mechanical means respectively. In ultrasonic 

atomization, liquid on a rapidly vibrating surface forms capillary waves and 

when the amplitude is high enough to make the wave crests unstable, liquid 

film breaks up and ejects away droplets. 

vii) Ultrasonic mesh atomizers: These types of atomizers function in a 

different method creating particles by liquid through a mesh with micron sized 

holes. The, mesh contains over a thousand perforated micropores on the disc 

surrounded by a piezoelectric vibrating element that vibrates near 108 kHz. This 

vibrating element acts as a diaphragm type pump forcing water through the 

mesh.  The water forms micro jets and break up into highly uniform sized 

droplets.  
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Table 1.3.1 summarizes the techniques explored for creating an aerosol 

in this work.[11] 

 

 For our SDMI work we required droplets in the range of 2-10 µm with a 

narrow distribution of sizes at the best cost possible. From the above 

techniques ultrasonic atomization is the best technique for the study of SDMI 

which produces very narrow range of size distribution of droplets. This 

Method 
Droplet 

size (µ) 
Advantage Limitation 

Pressure atomization 20-200 
Simple & good 

atomization, cheap 

High supply pressure, 

narrowing of spray with 

increase in pressure. 

 Rotary Atomization 10-320 

 Good 

monodispersity of 

droplets 

Satellite droplets, 3600 spray 

pattern & possible 

requirement for air blast 

around periphery 

  Two-Fluid 

Atomization 
15-500 

Good atomization 

and low risk of 

clogging 

Requirements for external 

source of high pressure air, 

poor atomization at low air 

velocities 

Effervescent 

Atomization 
20-340 

Simple, cheap, 

reliable and good 

atomization 

Need for separate supply of 

atomizing air 

Electrostatic 

Atomization 
 0.1-1000 

Fine and uniform 

droplets 

Very low flow rates, strongly 

dependent on liquid electrical 

properties 

Ultrasonic Atomization 1-20 
 Very fine and 

uniform droplets 

Incapable of handling high 

liquid flow rates 

Ultrasonic Mesh 

Atomization 
3-20 

Very fine and 

uniform droplets 

Incapable of handling high 

liquid flow rates 
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technique is also very efficient and doesn’t require any extra supply of high 

pressure air for it to operate. 
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2 Design of aerosol generation system  

This chapter will cover the design of our aerosol generation system 

using the previous discussed particle generating method. 

2.1 Theory of Ultrasonic atomization  

Ultrasonic atomization is a versatile technique that produces fine mist 

with narrow size distribution. This technique involves submerging a 

piezoelectric transducer in a fluid bath.  When power is given to the transducer 

disc, it drives acoustic waves through the fluid. With increased forcing, an 

initially flat surface state will transform into periodic standing wave state and 

then turn into an aperiodic state. At sufficiently large forcing these waves evolve 

into large-amplitude waves with upward jets that break into droplets [15-19] 

Puthenveettil, Lang and others validated that the rupture of the waves at 

the fluid surface is responsible for droplets ejection [20-22 ]. These studies have 

reduced the problem of predicting the ejected droplet size to the determination 

of the dominant capillary mode at the surface of the excited fluid. The 

observation of different surface patterns on the fluid when the vessel was 

vibrated vertically with frequency ω was first reported by Faraday in 1831 [23]. 

He demonstrated a subharmonic (ω/2) surface patterns and Matthiessen 

experiments showed us the possibility of harmonic (ω) response [24,25]. Later 

Benjamin and Ursell cleared up the discrepancies by establishing their results 

that subharmonic instability has a much larger growth rate than the harmonic 

instability for an inviscid liquid at low excitation amplitude [26]. Later many 

researchers focused on the possibility of exciting harmonic waves in a viscous 

fluid [27-31]. We will consider Benjamin and Ursell’s theory in the large drive 
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amplitude regime further. The radius of a droplet ejected from an excited fluid 

surface relates to the wavelength λ of the ruptured wave as [21]. 

𝑟 =
𝐶𝜆

2
     (2.1.1) 

 where C = 0.34, an empirically determined constant. The above relation has 

been experimentally verified over several orders of magnitude in dimensionless 

frequency [21-23]. Thus the problem of determining the droplet radius is related 

to the capillary wavelength, λ, at the fluid surface which is given by the 

linearized stability analysis of the fluid surface [21-26]. Benjamin and Ursell’s 

analysis is adopted for ultrasonic atomization neglecting boundary effects and 

compressibility effects. According to the analysis, for large driving frequencies 

in an inviscid fluid, the initial small-amplitude oscillations, η, at the surface are 

governed by the Mathieu equation   

𝑑2𝜂

𝑑𝑇2 + (𝑝 − 2𝑞𝑐𝑜𝑠(2𝑇))𝜂 = 0    (2.1.2) 

Where q, and p are nondimensional parameters and T = ωt/2. For a deep-water 

bath, the parameter p has the value p = 4ω2
k/ω2 where 

𝜔𝑘
2 =  𝜎𝑘3/𝜌      (2.1.3)  

ω is the frequency of a capillary surface wave, and σ,ρ are the surface tension 

and density of the fluid respectively. Note that in the limit of small forcing p=1 

for subharmonic (ω/2) excitation, while p=4 for the harmonic (ω) case. The 

parameter q takes the value q = 2kA; where k = 2π/λ is the surface wavenumber 

and A is the driving amplitude. It is important to note that while this equation is 

valid only for small surface wave amplitude (i.e., soon after the vibrations begin 
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η≪ 1), it remains valid even for large driving amplitudes (A > 1). Interestingly, 

increasing the drive amplitude does not increase the surface wave amplitude 

because droplet ejection occurs at wave amplitudes modestly beyond onset, 

thus limiting amplitude growth [32,33] 

From equation 2.1.1 we can obtain droplet radius in terms of the most unstable 

p value as 

𝑟 =  𝜋𝐶(
𝜎

𝜌𝑝
)

1
3⁄ (

2

𝜔
)

2
3⁄

     (2.1.4) 

as given by Benjamin and Ursell, for small amplitude (small q), p=1 for the most 

unstable mode. These results were consistent with previous atomization work 

in the capillary regime. [20-22]  

 

Figure 2.1.1 Onset growth rates of most unstable subharmonic and 

harmonic modes as a function of nondimensionalized driving 

amplitude[34] 
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Figure 2.1.1 shows the growth rates for the subharmonic and harmonic 

modes as a function of the nondimensionalized drive amplitude α. The growth 

rate G is nondimensionalized such that the wave amplitude grows in proportion 

to eGT. Mathematically, G corresponds to the imaginary part of the Mathieu 

characteristic exponent. The nondimensionalized drive amplitude is defined 

such that   

𝛼3 = 2𝜌𝐴3𝜔2/𝜎     (2.1.5) 

For sufficiently large α, the harmonic mode has a larger growth rate than the 

subharmonic. This corresponds to p=4 in equation (2.1.4), and thus would 

produce a decrease in droplet size by a factor of 4
1

3⁄ ≈ 1.6. For ultrasonic 

transducers in the MHz regime, wavelengths are on the order of 1 µm and 

resonant transducer displacements on the order of 1 µm are typical. Thus, for 

sufficiently large excitation frequencies, the possibility of atomization in the 

large α (harmonic) regime is worth considering. 

To better understand the emergence of the harmonic Faraday instability 

(Fig 2.1.1) in detail, we need to examine the stability diagram in Fig 2.1.2. Each 

capillary wave is associated with a (p,q) pair, and thus a point in the diagram. 

Waves with negative growth rate are shaded, and those with positive growth 

are white. The two white areas correspond to subharmonic and harmonic 

excitation, and the curves of maximum growth show the most unstable modes 

in each region. Driving amplitude (α) enters into this picture through the 

dispersion relation (2.1.3) , which can be written as 

𝑝 =  (𝑞/𝛼)3
       2.6) 
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For small α one therefore obtains a dispersion curve which intersects the 

maximum growth curves at p=1 (subharmonic) and p=4 (harmonic). In this 

regime, the subharmonic mode has the larger growth rate and is expected to 

dominate. For example, one can read off from figure 1.1 that when α= 0.2 

the growth rate G for subharmonic waves is G =0.1 while the growth rate for 

harmonic waves is G = 0.005. As α is increased the dispersion curve intersects 

the growth curves in a detuned region, which leads to weaker growth. For 

example, when 𝛼 ≈ 4 the maximal subharmonic growth is substantially detuned 

from p=1 and the subharmonic mode begins to have a smaller growth rate than 

the harmonic mode (Figure 2.1.1) which suggests that harmonic droplet 

ejecting waves for sufficiently large α.  

 

Figure 2.1.2 Stability Chart for the Mathieu equation (equation 2.1.2)[34] 
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Above figure 2.1.2 shows the Stability chart for the Mathieu equation, 

(Eq 2.1.2), arrows indicate possible path of the system that transforms from the 

subharmonic to harmonic modes, which is not possible in the context of 

linearized theory. Points corresponding to negative growth rate are shaded, 

whereas the white tongues correspond to growth via subharmonic or harmonic 

excitation. To check the competition of several modes in the neighbourhood of 

maximum growth Donnelly et al. [34] have developed a conservative metric for 

classifying waves associated with the subharmonic and harmonic instabilities. 

[34] The values of p = 1 to p= 0.64 are associated to subharmonic waves which 

corresponds to p values from a small a limit up to the point where harmonic’s 

mode growth rate exceeds that of the subharmonic, respectively. Similarly, the 

values 3.4≤p≤4.3 are associated with harmonic growth, where the lower and 

upper limits are the harmonic p values for the two large a dispersion curves in 

figure 2.1.2. Using equation 2.1.4 with the appropriate p value, harmonic and 

subharmonic Faraday excitations may be distinguished by measuring the 

droplet radius r produced by an oscillator driven at a frequency x. For example, 

in an experiment with 2.5MHz excitation a droplet radius measurement of r =1.1 

would be associated with subharmonic ejection whereas a measurement r =0.7 

would be associated with harmonic ejection.  

2.2 Design requirements for the study of SDMI 

In the study of Shock Driven Multiphase Instability an increase in the 

particle concentration has significant effect and momentum, energy and mass 

transfer between the phases become important [35] When particle relaxation 

times based on momentum exchange, heat transfer and phase change are 

small compared to the characteristic times of the flow then equilibrium can be 
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assumed between gas and particles. This assumption lead to one model the 

particle-gas system as one single gas (dusty gas) with averaged properties. 

[36] This model ignores the particle coupling effects and change in the 

temperature of the fluid due to presence of the particles in the gas system.  In 

the case of larger, slower reacting particles the dusty gas approximation will 

over predict the deposition of vorticity and will not accurately capture the 

morphology of a SDMI. Hence, we are interested accounting for particle lag 

effects in SDMI. McFarland et al. [35] computationally studied the effects of 

particle-gas coupling, incident shock strength, particle size, effective system 

density differences, and multiple particle relaxation time effects on the particle-

gas system [35]. As a follow up to this qualitative study our interests lead us to 

conduct experiments by replicating the similar conditions to validate the results 

experimentally. The Fluids Mixing and Shock Tube Laboratory has facilities to 

conduct this experiment except a system that generates an aerosol was needed 

to study SDMI. Hence, as part of this thesis work, we built a system that is 

capable of generating particle-gas system with a wide range of particle size 

distribution from 1 – 11 µm and producing the required effective Atwood number 

(number density of particles in aerosol).  

As discussed before, the ultrasonic piezoelectric transducer was used to 

generate an aerosol with droplets on the scale on few microns. These 

piezoelectric discs propagate ultrasonic waves through the fluid column and 

generate aerosol at the surface of the fluid. Ultrasonic atomization has an 

added advantage of generating narrow range of size particles over other 

aerosol generating methods which have a very wide distribution of particles 

size. To generate different size of particles two different set of ultrasonic 
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atomizing units have been used. First set comprises of two 1.65 MHz nebulizer 

boards manufactured by American Piezo Ceramics International Ltd and 

Beijing Ultrasonics. When given power ultrasonic transducer discs pass 

acoustic waves through fluid causing instabilities at the water surface to 

disintegrate into fine droplets. Nebulizer boards when operated produces lot of 

heat, hence proper cooling of the board is necessary. To avoid this overheating 

problem nebulizer boards are enclosed in water tight aluminium box which act 

as an effective heat sink when placed at the bottom of the water bath. 350cc/hr 

of aerosol with 2 µm average droplet size is produced by each board, to get the 

effective Atwood number of 0.03 from a total of six nebulizer boards (taking into 

account that some portion of the aerosol produced is deposited on the walls 

and settled back into the tank).   

The chamber to hold all of these atomizers is 35 gallon plastic water 

tank, designed for use in transporting potable water. We modified this tank to 

have one inlet for the gas and multiple possible outlets for the particle-gas 

delivery to the shock tube. Multiple outlet points were tested to determine the 

best point to capture particles from within the water tank. The amount of gas 

passed into the tank is controlled using flowmeter. Ultrasonic atomizers 

generated water droplets and formed thick cloud of particles right above the 

water surface. Initially fans were used to stir the multiphase mixture in the tank 

but this was found to reduce the particle concentration. Instead the multiphase 

mixture was allowed to stratify and a long pipe was dropped down from one of 

the outlets into the dense multiphase layer near the water surface (fig.2.2.1 ).  

From this outlet particles were then sent to the shock tube through the shortest 
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possible route to prevent particle agglomeration or accumulation on the tube 

side walls. 

. 

 

Figure 2.2.1 Basic set up of 1st set of atomizers (Ultrasonic atomizers)[8] 

 

 

Fig 2.2.2 Basic setup of 2nd set of atomizers (mesh atomizers) 
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A second set of atomizers was used to create larger particles. This work 

is still preliminary at the time of this thesis writing and while a small-scale 

system has been validated a full scale system for the shock tube experiments 

has not been finished yet. These atomizers function in a different method 

creating particles by liquid through a mesh with micron sized holes. The, mesh 

contains over a thousand perforated micropores on the disc surrounded by a 

piezoelectric vibrating element that vibrates near 108 kHz. This vibrating 

element acts as a diaphragm type pump forcing water through the mesh.  The 

water forms micro jets and break up into highly uniform sized droplets.  

These devices were in a separate chamber (fig 3.3.1) where single disc 

is placed and used to take measurement of aerosol. 
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3 Measurement of an aerosol  

3.1 Laser interferometry and theory 

Numerous energy related systems consist of two-phase flows with liquid 

droplets or gas bubbles. Measurement techniques applied on such systems 

give analysis of flows which involves change of phase and flow fields with 

particles and help us to understand the two-phase flow interactions. Many 

researchers have conducted various measurement techniques to measure 

refractive index [36], size of the droplets [37] and their temperature [38]. 

Hardalupas et al [38] developed Shadow Doppler velocimetry technique for the 

measurement of non-transparent and non-spherical particles [38] where as 

Bachalo et al [40] developed Phase Doppler anemometry to measure droplet 

size by recording the phase difference of Doppler signals from a set of receivers 

[40]. Some of the above point measurement techniques which give localized 

information gives strain obtaining instantaneous spatial information like 

velocity, concentration and diameter of droplets. The laser interferometric 

method of droplet sizing belongs to the class of optical field investigations which 

measures the size of droplets in a chosen cross section plane of the any type 

flow including combustion. This method also provides the information on 

location and velocity of the particles in the flow without disturbing it. 

The laser interferometric method measures the diameter of the spherical 

particle (must assume particles are spherical) with the analysis of the scattered 

light intensity distribution by the particle. The exact solution to scattering of 

electromagnetic waves on a dielectric sphere was given by Gustav Mie with his 

classic paper in 1908 on simulation of the colour effects in in colloidal gold 
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solutions [41]. Mie theory is application range in many fields from engineering 

subjects like optical particle characterisation to physics subjects involving 

plasmonics, interstellar dust and near-field  optics. Figure 3.1.1 below shows 

the scattered-light intensity from a single 10-μm droplet expressed as a function 

of scattering angle, calculated with Mie scattering theory. [42-44] The peak at 

low scattering angles, i.e., narrow-angle forward scatter, is dominated by 

diffraction, and it is this information that is used in diffraction-based instruments 

to determine a size distribution for a droplet field. The complex behaviour in 

backscatter (such as the rainbow and glory effects) involves substantial 

contributions from surface waves and has been treated in detail by 

Nussenzwieg. [45] In the wide-angle forward-scatter region, around 20° to 70°, 

there are regular fringes, whose origin can be understood in terms of a 

simplified geometric theory. 

 

Figure 3.1.1 Intensity of light scattered in the horizontal plane by a 

single droplet, for a vertically polarized incident radiation [42-44] 
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Figure 3.1.2 Geometric-optics approximation for wide-angle forward 

scatter [45] 

Glantschnig and Chen [45] showed that these regular fringes arise from 

interference between reflected and refracted rays of orders p=0 and p=1, 

respectively, as shown in figure 3.1.2. (redifing the values o) The angular 

frequency of the fringes is directly proportional to droplet diameter, so if a set 

of fringes can be observed for individual droplets, they provide a potentially 

accurate measure of droplet diameter. Konig and coworkers [47-49] described 

a method for measuring the size of single droplets by recording the wide-angle 

fringe pattern on a linear array detector and developed a geometric analysis to 

predict the phase difference between the reflected and the refracted rays . Mie 

scattering calculations makes intensive use of spherical Bessel functions and 

spherical harmonics which are time-consuming when the size of the spherical 

particle becomes large.[50] For large particles, geometrical optics 

approximation of light scattering is considered as a good method that avoids 

the Mie coefficient calculations. Van De Hulst [40] showed that reasonable 

agreement between the geometrical method and full Lorenz-Mie theory is 
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obtained for values of X = πd/λ > 5 when refractive index of droplet differs 

significantly from its surroundings and that rays close to grazing incidence and 

those close to the rainbow angles are not involved. The basic Interferometric 

droplet sizing arrangement is as shown in the figure.  

 

Figure 3.1.3 Interferometric droplet sizing arrangement [45] 

A region of aerosol spray is illuminated by a coherent and vertical laser 

sheet. Droplets within the sheet scatters light in the forward scattering region of 

200-800. CCD placed in this scattering region receives both reflected and 

refracted light of order p=0 and p=1 respectively forms a couple of glare points 

at the focal plane. The droplet diameter can be determined by the distance 

between glare points. This is not effective for real flows because it is difficult to 

relate points that emanate from a single droplet. On the non-focal plane, two 

rays interfere with each other and regular fringes can be seen and their origin 

can be understood in terms of a simplified geometric theory. The fringe spacing 

is proportional to the droplet diameter, and if a set of fringes can be observed 

for individual droplets, they provide accurate measure of the droplet diameter. 

Konig et al.[46] describe a method for measuring the size of single droplet and 

the angular fringe spacing as a function of droplet size so that the particle size 
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measurement might become independent of the absolute light intensity and 

only the real part of the refractive index has to be taken into account [50]. The 

function (provided below) relates the number of fringes and particle diameter. 

It is easily expressed via the phase difference between two rays. Roth et al.[48] 

showed the angular inter-fringe spacing ∆θ is linked to the droplet diameter, 

where; d is the droplet diameter, N is the number of fringe,  θ is the scattering 

angle, α is the collecting angle (equal to N*∆θ), ∆θ is the fringe space, λ is the 

wavelength, and m is the refractive index of water  

𝑑 =  
2𝜆𝑁

𝛼
 

1

cos(
𝜃

2
)+

𝑚𝑠𝑖𝑛
𝜃
2

√𝑚2+1−2𝑚𝑐𝑜𝑠
𝜃
2

  (3.1.1) 

3.2 Experimental setup for measurement 

The experimental setup for this study is shown in the figure. Fi

 

Figure 3.2.1 Interferometric droplet sizing experimental setup 
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A pulsed laser is necessary for interferometric measurement because 

any movement of the fringes as a result of droplet motion during recording must 

be small compared to fringe separation. In the experiments described here a 

pulsed Nd:YAG laser was used to provide 200 mJ pulses at max repetition rate 

of 20 Hz. The YAG laser has ample longitudinal and transverse coherence for 

the formation of interference pattern from droplets. Cylindrical lenses were used 

to produce laser sheet with a vertical extent of couple of centimeters and a 

horizontal beam waist of tens of micrometers. The optimum experimental 

configuration is obtained when imaging optical axis is at 660 where reflected 

light and refracted light have almost same intensity for better fringe formation. 

The collecting angle α is 3.80 which is calculated by the distance from the 

collecting lens to the center of object plane and the collective lens effective 

diameter. The imaging lens used was 18-300mm,f/3.5  NIKKOR lens which can 

be used to take both wide angle and super-telephoto images. The recording 

medium should satisfy two main requirements: sufficient spatial resolution 

record fringe patterns produced by the largest droplets without aliasing, 

sufficient dynamic range to cover the range of scattered intensities produced 

by the range of droplet sizes in the sample. High resolution CCD camera from 

Tsi, 630090-4 MP pixel covers all of these requirements. Each pixel size is of 

5.5 µm x 5.5 µm with total pixel resolution of 2320x1768 pixels. Region of 

interest of the images captured can be selected from 16 x 2 to 2352 x 1768 

pixels.  
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3.3 Difficulties faced during experiments and solutions to 

overcome them 

Interferometric droplet sizing technique is intended for characterizing 

relatively sparse sprays. The limiting factor for this method is the number 

density because of the overlapping out-of-focus images in the film plane and 

obscuration by droplets in the spray between the object plane (laser sheet) and 

the lens. This problem is resolved by sampling out a part of aerosol produced 

from the atomizers bypassing the flow (figure 3.3.1) and using different caps 

with different slots to pass aerosol to the point of measurement. Figures 3.3.2 

(a), (b) show caps used to reducing the aerosol of the atomizers produced and 

the reduction in concentration of the droplets at the point of measurement. 

 

Figure 3.3.1  Bypassing aerosol for reducing concentration of aerosol 
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   (a)        (b)  

Figure 3.3.2 (a) Aerosol outlet with long slit (b) Aerosol outlet with pin hole 

3.4 Density measurement : Physical gravimetry analysis. 

Besides the size of the particles produced from an atomizer, the number 

of particles produced by it also important for the study of SDMI’s. Effective 

Atwood number is calculated based on the concentration of the droplets in a 

flow. Gravimetric analysis is generally used in analytical chemistry for the 

quantitative determination of an analyte based on its mass. We shall use the 

same principle for the measuring the amount of liquid present in particle-gas 

system by filtering the particles using a filter paper and weigh it to calculate the 

amount of liquid, there by calculating Effective atwood number.  
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Figure 3.4.1 Filter holder for hydrophilic filter papers 

 

Figure 3.4.2 Weighing scale for gravimetric analysis 
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 A filter holder as shown in the figure 3.4.1 is used to hold a hydrophilic 

filter paper with 1 micron size pores that effectively filters out all of the particles. 

Filter holder with filter paper is attached to the outlet of aerosol tank and allowed 

to collect particles for calculated amount of gas. The filter paper is then removed 

and weighed. Many measurements (20 +) are taken over time (figure 3.4.2) and 

average value is used to get number density 
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4 Results 

4.1 Particle measurement data 

Measurements of aerosol generated by two different atomizers were 

obtained. The laser sheet was arranged to intersect the outlet from the tank. 

Data from interferometric droplet measurement field of 5mm x 5 mm were then 

analysed and average droplet size for each generator is provided. Average 

droplet size given by the manufacturers of atomizers has been verified by the 

measurements taken by interferometric droplet sizing technique. Below are the 

images that show transformation of glare points to interferograms from focus 

plane to defocused plane respectively. Figure 4.1.1 is obtained when droplets 

are recorded on a focus plane of receiver as glare points (see fig 3.1.3). When 

shifting the image plane from focus plane, slight and rough interferograms are 

observed as shown in Figure 4.1.2 . Upon further defocusing we get clear 

interferograms as seen in Figure 4.1.3 
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Figure 4.1.1 Glare points at focus plane 

 

Figure 4.1.2 Intermediate evolution of interferograms from glare points 
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Figure 4.1.3 Complete interferograms on defocused plane 

 

Particle measurement data for 1st set of atomizers (1.65 MHz) are presented 

below 

 

(a)                                                  (b) 
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   (c)                                     (d) 

Figure 4.1.4 Different size droplets (a) = 2.6 µm, (b) = 2.45 µm, (c) = 2.45 

µm , (d) = 1.53 µm and their fringes on defocus plane 

Figure 4.1.4 shows different particles with fringes formed at a defocus plane of 

the receiver CCD. Using equation 3.1.1 the droplet size can be determined by 

the number of fringes. Smallest particle observed was with four fringes which is 

less than one micron. Due to limit of geometrical approximation method limit, 

any particles less than one micron might not be accurate in size or has 

considerable amount of error in the diameter when this approach is used to 

calculate diameter of particles. Particle measurement data for about 100 

particles for the 1st set of atomizers (1.65 MHz) is presented below in figures 

4.1.5 through 4.1.7. Mean droplet size of aerosol is 1.7 µm and standard 

deviation is 0.69 µm for 1.65 Mhz atomizer with particles size range of 0.7 µm 

to 3.5 µm. These values show that more droplets of almost same size are 

formed in the aerosol production and has a very narrow size range.  The little 

spike at the end of distribution might be agglomeration or we are not sure if 

ultrasonic atomization induces some charge during the process of atomization 

which  might attract particles and coagulate to form a single drop. 
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Figure 4.1.5 Number of fringes vs diameter

 

Figure 4.1.6 Histogram of number of fringes 
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Figure 4.1.7 Histogram of droplet diameters 

Particle Measurement data for 2nd set of atomizers (108 kHz) are presented 

below  
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Figure 4.1.8 Image showing a droplet with 72 fringes i.e. 11 µm

 

Figure 4.1.9 Image showing a droplet with 65 fringes i.e. 9.96 µm 

 

Figure 4.1.10 Image showing a droplet with 50 fringes i.e. 7.67 µm 
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Figure 4.1.8 – 4.1.10 shows different particles with fringes formed at a defocus 

plane of the receiver CCD. Using equation 3.1.1 the droplet size can be 

determined by the number of fringes. Smallest particle observed was 6 microns. 

Preliminary particle measurement data for about 40 particles for the 2nd set of 

atomizers (Mesh generators) is presented below in figures 4.1.11 through 

4.1.13. These data show that most of the aerosol produced is about 11 µm. 

Mean droplet size of aerosol is 11.16 µm and standard deviation is 4 µm for 

ultrasonic mesh atomizers. A few very big particles are also observed which 

might be because of coagulation when they have come in contact with each 

other during flow process.  

 

 

Figure 4.11 Number of fringes vs diameter 
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Figure 4.1.12 Histogram of number of fringes

 

Figure 4.1.13 Histogram of droplet diamters 
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4.2 Experimental observations on interface evolution in shock 

tube  

Aerosol generated using atomizers has been used to create interface for 

the study of SDMI in the shock tube. Two case studies were carried out i) with 

low effective Atwood number of -0.01 ii) higher effective Atwood number of 0.03 

Case i) Low particle Atwood number 

We have run this experiment aiming for higher Atwood number but passing 

aerosol through solenoid valve has caused very low effective Atwood number 

of -0.01. Cylindrical interface composed of nitrogen gas seeded with water 

particles surrounded by air.  This resulted in unusual flow morphology when 

experiment was conducted with 1.66 Mach number.  Evolving interface with 

time is shown in the Fig . Images captured during this run are only two, one at 

0.7 ms and other at 2.9 ms due to the configuration of the setup at that time. 

  

Figure 4.2.1 Mosaic of evolving interface with low Atwood number 

Though the mean droplet size of aerosol produced by the atomizer is 2 µm, we 

can see it produces particles less than a micron to three, this results in the 

particle lag effects of different size droplets. At t=0.7 ms we can see that larger 
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particles are trailing behind the flow while the small particles flow with the gas. 

Also at this time instability starts to develop which can be observed as the faded 

haze at the downstream. At t = 2.9 ms major portion of particles have been 

evaporated and almost all of the larger particles are separated from the smaller 

particles and vortex pair seen at last time is much more pronounces. To study 

this experimental outcomes and understand the effects, simulations have been 

performed with same set of conditions. This can be seen in the Fig

 

Figure 4.2.2 Comparison of simulation and experimental result for a low 

Atwood number [8] 

Flow morphology agrees well with each other, larger particles in red and 

yellow in the simulation are trailing behind the interface just like in the 

experiment. Shades of purple at the vortices represent the concentration of 

mixing of higher nitrogen and air. Similar vortices can be observed in the 

experiments which is driven due to the mixing of nitrogen with air. The reason 

for this is due to the domination of Gas Atwood number over the effective 

Atwood number. Therefore observed instability is RMI rather than a SDMI. 
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Case ii) Higher Atwood number 

For this run same gas was used throughout the shock tube eliminating 

a gas density gradient and only having an effective particle density gradient. 

Evolution of interface is observed till late time 4 ms. At 0.47 ms we can observe 

large particles trailing behind which is evident by the haze in the upstream and 

roll up of vertices begin to form vortex pairs. When a shock wave is passed 

through the interface, instability begins at the outer edges and curls inward, this 

pulls the particles from the centre and rolls them around vortices.  Well-

developed and perfect symmetric vortex pair can be seen at t=2.1 ms . Though 

the vortex pairs at the outer edges of the rotation are smooth there seems to 

be disturbances at the upstream of this interface. At 2.9 ms still symmetry exists 

but still the disturbances at the upstream can be seen which might be due to 

shear effects or 3D effects that can’t be seen at that plane. Over the time , more 

of the particles in the upstream are being pulled towards vortex core and there 

is a large concentration of the particles in the downstream. 

 

 



46 
 

 

   

 

Figure 4.2.3. Mosaic of evolving interface both experimental and 

simulated  

At 4 ms the interface seems to develop certain filament pairs which were 

usually observed only in a pure RMI but not in any SDMI [49]. Though Vorobeiff 

et al observed these filaments, their experiment did consider later times as 4 

ms, so the filaments could be results of late time developments. Simulated 

results also agree well with flow morphologies of the experimental results. 

  

Particle diameter (0-5 µm) Vapor mass fraction (0%  - 3%) 
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5 Summary & Conclusions 

The work presented in this thesis discussed about the system that 

generates aerosol and a method for measurement of aerosol that is being to be 

delivered to the shock tube for study of multiphase instabilities. The first chapter 

starts with a brief description of hydrodynamic instabilities followed by relating 

similarities between Richtmeyer-Meshkov Instability and Shock Driven 

Multiphase Instability in flow morphology though their driving forces that induce 

instabilities are different. Later various methods currently available for 

production of aerosol are introduced. Ultrasonic atomization method is chosen 

over methods for its production of fine and uniform droplets with narrow size 

distribution and doesn’t require any extra supply of high pressurized air for 

generating aerosol.  Chapter two went into the theory of faraday stability and 

ultrasonic atomization based on faraday instability. Also design of the setup for 

aerosol delivery system with two different set of atomizers is presented.  

Third chapter presents the principle of laser interferometry and theory 

for the measurement of aerosol. Calculations involved in Mie scattering are 

laborious, hence geometrical optical approximation method is used for 

measuring the droplet size. This approximation method holds good for all the 

particles whose wave number is greater than five. Besides theory, solutions to 

the  practical problems faced while conducting experiments like low effective 

Atwood number caused due to the use of solenoid valve and higher 

concentration of particles causing degraded images due to obscuration of 

particles were presented.   Fourth chapter furnishes all of the results from 

measuring the aerosol with two different sets of atomizers,1st set gave a particle 
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size distribution of 0.7 µm to 3.5 µm with average droplet size of 1.7 µm with a 

standard deviation of 0.69 µm; 2nd set had a average droplet size as 11.16 µm 

with a standard deviation 4 µm. Shock tube experiments were conducted with 

aerosol generated from the first set of atomizers with two cases. Experiment 

conducted with low effective Atwood number yielded flow morphology which is 

more like RMI rather than SDMI due to domination of gas Atwood number in 

the flow. Investigation of higher effective Atwood number resulted in the similar 

flow morphologies from simulations and experiments conducted by Vorobieff 

[49] under same testing conditions. Interestingly unique secondary instabilities, 

3D effects are formed at later times and also filaments which were observed in 

a pure RMI have appeared in SDMI at late time of t = 4 ms.  

For future work shock tube will continue to investigate SDMI. It shall start 

immediately with the experiment of same effective Atwood number of 0.03 but 

with the bigger size particles and also the study of reshock effects.  
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