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Abstract 

This thesis details work performed towards the completion of a Masters of Science in 

Mechanical Engineering. Two topics are discussed towards the study of shock driven 

multiphase hydrodynamic instabilities. The first topic, expanded upon in chapter 2, 

covers design work for the body of the Missouri shock tube experimental facility. The 

shock tube facility is a device which creates shock waves by mechanically releasing high 

pressure gas into a low pressure region. This shock wave travels through the tube and 

interacts with an interface created through the pairing of multiphase and/or 

multispecies components. The use of finite element analysis, von Mises analysis, and 

industry accepted guidelines are used to present the operating conditions for various 

conditions. Through this it was found that the maximum allowable Mach number in Air 

is 2.75, when considering both safety of the user and the facility itself. The second topic, 

considered in chapters 3 and 4, investigates the shock driven multiphase instability 

through the use of two multiphysics codes developed at Lawrence Livermore National 

Laboratory and Los Alamos National Laboratory called Ares and FLAG respectively. In 

these simulations a shock wave with the Mach number 1.5 and an effective system 

Atwood number of 0.11 are considered. This Atwood number is created by considering 

the effective density field created by the presence of the multiphase components, 

initialized as spherical particles. In both chapters this instability is compared to the 

traditional shock driven single phase multi-density hydrodynamic instability, termed the 

Richtmyer-Meshkov instability (RMI), created to be an equivalent approximation 

through the use of mass averaging the particle properties to create an effective gas. 
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Chapter 3 discusses work performed in Ares to explore the parameters involved in the 

multiphase instability, highlighting that by increase the particle size noticeable 

morphological differences occur between the RMI and the multiphase instability due to 

the decrease in circulation deposition. Chapter 4 continues the comparison, with the 

inclusion of particle evaporation. It was found that evaporation showed a slight increase 

in circulation over the non-evaporating particle case, with both these cases still 

exhibiting less circulation than the RMI equivalent. The evaporation is then explored 

through the use of artificially modifying the rate and rate and amount of evaporation 

through the diffusion coefficient and particle saturation pressure respectively. It was 

found that by increasing the amount of evaporation the circulation is then increased. A 

reshock study was also performed due to the nature of evaporation to change the 

particle effects and post-shock scalar fields. This studied showed that the inclusion and 

then increase in evaporation changed the post-shock conditions such that the reshocked 

system would then exhibit more circulation deposition than the previous limiting case, 

the RMI equivalent. It was also found that the reshock morphology of the multiphase 

instability differed from the traditional RMI with increasing similarity due to increasing 

evaporation.
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1. Introduction

The purpose of this work is to present research that was performed towards the 

completion of a Masters thesis. This work is divided into two topics, cover the topics of 

the early development of a shock tube and the simulation of a multiphase instability. 

Chapter 2 covers preliminary design work completed during the first year of the Masters 

program, after which the author primarily focused on simulation work. The second topic 

investigates multiphase effects in a shock driven particle-gas instability through 

simulations, with Chapter 3 introducing the multiphase instability and Chapter 4 

expanding the multiphase physics in the simulations to include evaporation. The study 

of multiphase hydrodynamics is challenging, due to the addition of the multiphase 

components, in the form of liquid droplets suspended in a gas, and the coupling of their 

physics to already complex hydrodynamic flows. The addition of shock waves and phase 

change further complicate the flows involved. As such these systems have scarcely been 

investigated. Some of the multiphase physics have been simplified through numerical 

techniques or studied, though there exists a wide parameter space left uninvestigated. 

The multiphase instability investigated here will closely resemble the Richtmyer-

Meskhov (RM) instability [1, 2], a multi-species variable density shock driven instability. 

This thesis examines the multiphase effects of a shock drive-particle gas system. 

The RM instability is a hydrodynamic instability resulting from the interaction of an 

impulsive acceleration to a misaligned density gradient. The impulsive acceleration 
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creates a pressure gradient in the form of a shock or blast wave, which propagates 

through a perturbed interface or density gradient and imparts vorticity. The 

dependence upon the misalignment can been seen in the baroclinic term of the 

compressible vorticity equation (eqn. 1).  

 
𝐷�⃗⃗� 

𝐷𝑡
= �⃗⃗�  ·  �⃗� �⃗� +  𝜈𝛻2�⃗⃗� + [

1

𝜌2
�⃗� 𝜌 × �⃗� 𝑃]

𝑏𝑎𝑟𝑜𝑐𝑙𝑖𝑛𝑖𝑐

 
       

(1.1) 

Where 𝐷�⃗⃗� /𝐷𝑡, ω, u, ν, ρ, and P are the material derivative of vorticity, the vorticity 

vector, the velocity vector, the kinematic viscosity, density, and pressure respectively. It 

can be seen in equation 1 that the baroclinic term contains both pressure and density 

gradients, and the physical misalignment of these terms is represented by their cross 

product. The vorticity deposited at the interface stretches the surface area between the 

two fluids and rapidly increases the mixing as well as the diffusion across the now larger 

area. The amount of vorticity deposited is directly related to the strength of the 

pressure and density gradients. The strength of the pressure gradient is represented by 

the Mach number; the larger the Mach number the more vorticity is deposited on the 

interface. The density gradient strength is related to the Atwood number (eqn. 2), a 

non-dimensional parameter comparing the densities, where 1 and 2 represent the 

upstream to downstream species respectively.  

 𝐴 =
𝜌2 − 𝜌1

𝜌2 + 𝜌1
 (1.2) 

  In these two equations it is easy to imagine the effects a multiphase component 

may have in the instability. For both the Atwood number and the density of the 
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baroclinic term the density of a multiphase component would depend on the amount of 

particles that was present in the gas; likewise a local misalignment of the pressure and 

density could be prescribed by the surface of the particle.  

Through the history of the RM research perturbations in both the density 

gradient and the pressure gradient have been studied using various methods. Several 

different methods of creating pressure gradients, or complex accelerations which drive 

the gradients, have been utilized; from mechanically driven to laser driven shock waves. 

Chapman and Jacobs [3] placed a test bed on a sled and accelerated the apparatus 

toward a spring near the end of the track while Robey et al. [4] applied a laser-driven 

shock wave. The most prevalent method of creating the shock wave in experiments is to 

mechanically generate it by the instantaneous release of high pressure gas into low 

pressure gas; the device which utilizes this method is known as a shock tube. The 

second chapter will discuss the development of the Missouri shock tube, including the 

governing equations and a safety analysis of the materials involved. Wave diagrams 

used to discuss the timing events within the shock tube will be investigated as well as a 

brief description of using various gases to drive shock waves. The shock tube is the 

experimental environment that will be simulated within this work. 

Just as the pressure gradient has been researched, so too have various methods 

of creating the fluid perturbation, or the density gradient, been explored. Fluid interface 

perturbations have been created by using gas-bubble interactions in which a bubble of 

density ρ1 was released into a shock tube filled with gas at ρ2  [5]. Another method used 

included dropping gas cylinders into the shock tube to create a double perturbation 
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interface as the shock wave would travel from ρ1 to ρ2 and back to ρ1, [6]. Both Motl et 

al. [7] and Krivets et al. [8] created a standing sinusoidal wave interface by oscillating 

the tube in an effort to create a well-characterize fluid perturbation while McFarland et 

al [9,10] used a shock tube environment designed at an angle to create an inclined 

interface, even providing research which explored reshock. Reshock, the phenomena 

where the shock wave penetrates the interface a second time after being reflected by 

the back wall of the domain, is used to study complex accelerations and multiple 

shockwave interactions.  

Just as the literature is rich with experimental studies, there are many 

simulations used to understand, qualify, and study the RM instability. Shilling et al. [11] 

explored the RM instability of a single perturbation but continued the simulation to 

encompass reshock at late time, utilizing a 9th order weighted essentially non-oscillatory 

shock-capturing method to simulate the physics. Cook et al. [12] preformed large scale 

large eddy simulations on the Rayleigh-Taylor instability, the non-instantaneously 

acceleration relative of the RM instability, and was able to develop a methodology 

which compared well to direct numerical simulations. This simulation research is 

important as the fundamentals of the Rayleigh-Taylor instability are comparable to the 

RM instability and can provide good insight when trying to resolve the turbulence 

cascade and molecular mixing. Zabusky et al. [13] studied the growth rate of a single 

unsteady perturbed interface. As the interface grows post shock and becomes 

‘multivalued’, or develops additional perturbations, it is shown that the previously 

discussed Atwood number can be used to predict the decay of the rate of growth; as in 
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the higher the Atwood number the slower the decay of the growth rate. These 

previously discussed methods of disturbing the fluid interface are all examples of single 

mode perturbations. A multitude of research has explored the realm of multimodal 

perturbations of the interface in both experiments and simulations. Olsen and 

Greenough [14] considered 2D and 3D simulations for both single and multimodal 

perturbations and found that often the 2D under-predicts the mixed mass. Miles et 

al. [15] performed simulations which studied the effect of multimodal perturbations 

combined with laser driven blast waves towards the goal of understanding the growth 

of the highly turbulent mixing layers in supernovae. McFarland et al. [16, 17] simulated 

the inclined interface, including studies for reshock and 3D multimodal perturbations, 

using the multi-physics hydrodynamics code Ares.  

In recent years the RM instability has been increasingly studied for its applications in 

many areas. It has applications in astrophysics where its inclusion increases accuracy 

when modeling the behavior of supernovae (SNe) [18]. However, these kind of 

astrophysical systems are inherently multiphase in nature. SNe process dust, creating 

shockwaves which drive material out from the core into interstellar material [19]. 

Inertial Confinement Fusion (ICF) is another area where RM research is focused, and 

where multiphase physics appear. ICF involves a shock wave penetrating several layers 

of different densities, which are indeed different phases, with perturbations in each 

layer. These layers experience both the RM instability and the Rayleigh-Taylor 

instability [20, 21].  Even within traditional RM experiments, a common method to 

obtain data is to use laser based optics in order to illuminate particle seeded species and 
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capture the evolution of the instability. Balakumar et al. [22] used acetone vapor 

fluorescence to get particle imaging velocimetry (PIV) and planar laser induced 

fluorescence (PLIF) data, which allowed for the analysis of velocity and density both. 

McFarland et al. [16, 17] used sub-micron diameter glycerol particles to track flows in an 

inclined RM instability. Similarly Reilly et al. [23] presented uncertainty in a 2D velocity 

field with PIV measurements utilizing sub-micron glycerol particles.  

Recognizing the potential for particle effects on the evolution of the RM instability 

several groups began to investigate these multiphase components. It has been 

discussed among several of the following works that while the particle supported 

instability is RM like, the mechanism for evolution is dependent upon the particles 

ability to follow the flow and reach a momentum or thermal equilibrium, referred to as 

particle lag effects, as opposed to a single phase density gradient. Vorobieff et al. [24] 

investigated the effects of particles and identified that the instability could be supported 

by a multiphase interface alone. Using sub-micron particles, the authors found that the 

particles could induce similar mixing to a traditional RM. Further Work [25] investigated 

the role of particles in a shock-cylinder RM instability with both experiments and 

simulations. In 2010, Ukai et al. [26] investigated dilute gas-particle mixtures for the RM 

instability both analytically and through simulations. These results were compared with 

the original Richtmyers model. Schultz et al. [27] expanded upon this through 3D 

simulations and allowed for reshock to occur. The authors found that depending on 

their mass loading and particle sizes that the RM growth rate could be significantly 

reduced. McFarland et al. [28] examined the particle effects in great detail, outlining 
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and investigating several particles parameters from particle sizes, shock strength, as well 

as investigating the effects of momentum and energy coupling in simulations. This work 

also highlighted that without a gas or particle Atwood number, particle relaxation times 

could still create an instability very similar to the RM instability.  

Chapter 3 will present research on the contributing effects of the particle effects 

including a brief sweep of the parameters involved with the multiphase effects, 

including the particles sizes and a simplification of the multiphase components. This 

chapter discusses two interfaces and simulations performed using Ares, a 

hydrodynamics code developed and maintained by Lawrence Livermore National 

Laboratory. Sections of this chapter were presented at the Missouri Space Grant 

Consortium or were published in literature, and so will be discussed in a condensed 

manner. The discussion will lead to Chapter 4, which will observe the sinusoidal 

interface shown in section 3.4. The research in this chapter utilized the hydrocode, 

FLAG, which is developed and maintained by Los Alamos National Laboratory [29, 30]. 

This chapter examines the multiphase instability with the introduction of an evaporation 

model. It is expected that the evaporation will affect the evolution of the instability by 

changing the post shock scalar fields of temperature and density. This effect will change 

the acoustic impedance of the system as well as the post shock conditions of flow, 

which could be very important for systems which experience complex accelerations or 

multiple shock phenomena. With this in mind select cases will be taken out to late time 

to include the reshock phenomena.  
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2. Preliminary shock tube Design 

2.1.  Introduction 

This chapter will cover the preliminary design work towards the Missouri shock 

tube and Fluid Mixing Laboratory. To create shock driven hydrodynamic instabilities, 

single phase or multiphase, a particular experimental setup is necessary. This facility 

must be able to generate shock waves, support significantly high pressures, survive high 

temperatures, allow the creation of multiple specie and phase interfaces, and be 

optically accessible. A common tool in shock driven research is a shock tube, which 

meets all these requirements.  

A shock tube, shown in figure 2.1, typically consists of two sections known as the 

driver and driven section. The driver section is the section of the shock tube where a 

shock wave is created. There are several methods of creating a shock wave, from using 

lasers to mechanically driving a shock wave. In laser driven shock waves a laser focuses 

on a surface, which absorbs the energy and creates a plasma. This plasma expands 

rapidly, creating compression waves which coalesce into a shock wave. A mechanical 

shock wave likewise creates compression waves, but the mechanism of the 

development is different. In this method a driver section is sealed except for an inlet. 

This inlet constantly supplies mass until a diaphragm is ruptured. Once the diaphragm 

breaks the driver gas expands rapidly, flowing out into the driven section. This is the 

second section found in shock tubes. The driver allows the length necessary for the 
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compression waves, generated from the release of the high pressure in low pressure, to 

coalesce into a normal planar shock wave.  

 

Figure 2.1. Missouri shock tube 

To capture data an optically accessible section, known as a test section, is often 

used in instability research. This section holds an interface, either multispecies or 

multiphase, and has a similar cross section to the driver section. This is included within 

the design work here. It is also common in shock tube design to allow the test section to 

exit into ambient air. There are benefits and draw backs to this. The benefit of having an 

open test section is that the evolution of the interface is left uninterrupted until it exits 

into the ambient air. However, this can also be considered a draw back. It is often 

important to study the evolution of an instability under a two shock condition. A 

reshock phenomenon can fulfill this condition. A reshock occurs when the transmitted 

shock wave transverses the interface and then reflects off the back wall. This 

transmitted reflected wave then interacts with the interface a second time. This second 

interaction allows the interface to experience conditions that may occur within nature. 

The closed test section also allows the shock tube to be evacuated, enabling the 
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generation of higher Mach numbers by lowering the required pressures. Therefore the 

Missouri shock tube was designed with both considerations in mind, with a removable 

flange to serve as the back reflecting wall. 

The follow sections will discuss the preliminary design of the Missouri shock 

tube. The shock tube was designed using the shock tube equations. These equations, 

discussed in Section 2.2, are well known equations in one dimensional gas dynamics and 

outline the extreme environments a shock tube section may experience [31]. They also 

provide important information regarding timing events. Section 2.3 discusses the 

material properties and design specifications of the sections of the shock tube. It also 

covers a preliminary FE analysis performed using Solid Works.  

2.2 Shock tube equations 

In order to fully design an experiment within the shock tube, several factors 

need to be understood. One important parameter to shock driven hydrodynamics is the 

strength of the shock wave, quantified by the Mach number. The Mach number, given in 

equation 2.1, is the velocity of the wave over the speed of sound, or wi and a 

respectively. Other important factors include how energetic the environment is within 

the tube. This is important when considering the construction of the experiment and the 

safety for those performing the experiment.  

𝑀𝑖 =
𝑤𝑖

𝑎
     (2.1) 

Because the Missouri shock tube is used for hydrodynamic experiments, the 

main concern is how to create a shockwave in a gas. Even when dealing with the 
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multiphase components present in the interface, the shockwave will still travel through 

a bulk volume of gas. Thus the well understood normal shock wave equations may be 

used. The shock wave equations consider the shock wave as an infinitely thin 

discontinuity across which mass, momentum, and energy are conserved and relate the 

post shock pressure, temperature, density, sound speed, and Mach number as a 

function of the shock wave Mach number and the gas’s ratio of specific heat [32]. These 

equations are given as equations 2.2 - 2.6, where the subscripts 1 and 2 denote 

preshock and post shock conditions respectively. Using equation 2.1 with the post shock 

Mach number, the post shock velocity can be solved for.  

𝑃2

𝑃1
=

2𝛾𝑀𝑖
2−(𝛾−1)

𝛾+1
     (2.2) 

𝑇2

𝑇1
= 1 +

[2𝛾𝑀𝑖
2−1][(𝛾−1)𝑀𝑖

2+2]

𝑀𝑖
2    (2.3) 

𝜌2

𝜌1
=

(𝛾+1)𝑀𝑖
2

(𝛾−1)𝑀𝑖
2+2

     (2.4) 

𝑀2
2 =

(𝛾−1)𝑀𝑖
2+2

2𝛾𝑀𝑖
2−(𝛾−1)

    (2.5) 

These normal shock equations describe the conditions just behind a shock wave, 

and are useful when comparing data to verify the experimental parameters. However, 

they can be expanded even further to account for what happens in each location of the 

shock tube. These equations are known as the shock tube equations [31], and are 

important in the design of the entire experimental apparatus. The shock tube equations 

give information about the maximum pressure experienced by the system as well as the 
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timing of shock wave events. The timing is important because it allows the operator to 

know a priori when a shock wave will transit with the interface, when the reshock will 

intersect with a previously shocked interface, and when unwanted waves from the 

driver section may interfere with the interface. This information is vital in selecting the 

lengths of the sections, the gas pairs to be used in an experiment, and knowing when to 

take data during the experiment as the shock driven experiment time scales are on the 

order of milliseconds. Equations 2.6 – 2.8 give the shock tube equations. The subscripts 

1, 2, 3, 4, and 5 denote the pre-shock, post-shock, post-shock expansion, driver, and 

post-reshock regions respectively. Figure 2.2 shows regions 1 – 4 and is further 

annotated for clarity. Note, region 5 will be created upon the shock waves reflection 

from the back wall in the domain. This will occur after the shock wave transmits through 

region 1, completely turning it into region 2. Region 5 will move in the opposite 

direction as the transmitted-reflected wave travels back through region 2, consuming it 

and creating region 5. Note, the equations below assume that regions 1, 2, and 5 have 

the same gas, therefore their γ are interchangeable; however there are situations where 

it becomes advantageous to use a different driver gas. Therefore, where necessary, the 

subscript 4 has been used to denote the driver gas.   

𝑃4

𝑃1
=

1+
2𝛾

𝛾+1
(𝑀𝑖

2−1)

(1−
𝛾4−1

𝛾+1

𝑎

𝑎4

𝑀𝑖
2−1

𝑀𝑖
)

2𝛾4
𝛾4−1⁄

    (2.6) 

𝑃5

𝑃2

(3𝛾−1)
𝑃2
1

−(𝛾−1)

(𝛾−1)
𝑃2
𝑃1

+(𝛾−1)
    (2.7) 
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𝑃5

𝑃1
= 1 + 2(

𝑃2

𝑃1
− 1)

1+(
1

2
+

𝛾−1

𝛾+1
)(𝑀𝑖

2−1)

1+
𝛾−1

𝛾+1
(𝑀𝑖

2−1)
  (2.8) 

 

Figure 2.2. Shock Tube Region Diagram 

Tables 2.1 and 2.2 show the solutions of the shock tube equations for the 

pressures throughout the tube, considering various Mach numbers for a single gas and 

at a single Mach number with various gas pairs. Table 2.1 assume a single gas nitrogen 

(N2) as the driver, driven, and test section gas. This gas was chosen for its relevance in 

the following chapters as the main driven gas. Here it can be seen that the pressures in 

the reshock and driver are the limiting factor in the design of the experiments. As the 

strength of the shock wave is increased, the driver and reshock pressures increase 

greatly. For instance, a 25% increase in Mach number returns an increase of over 100% 

in reshock pressure, and over 300% in the driver pressure. Table 2.2 examines a Mach 

number of 1.5 with various gas pairs, showing the solutions for the pressures 

throughout the shock tube. Unlike table 2.1, here the effects of various gases can be 

seen to effect the pressures in the tube. The nomenclature lists the driver gas first, with 

the driven/test gas second. Here it is shown that the advantage to using a light gas in 

the driver and a heavy gas in the driver/test section. Since the lighter gases can sustain a 

higher Mach number with less pressure, the driver can experience less stress while 
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creating the desirable Mach number. A similar result can occur when vacuuming the 

driven section of the shock tube. If the driver section ruptures into an evacuated 

section, which is at a pressure less than atmosphere, it takes less pressure to create a 

high Mach number. However, for design considerations, it was assumed the driven 

section was held at atmospheric conditions.  

Table 2.1. Regional pressures in the shock tube considering N2 everywhere at various Mach numbers 

Mach Number P1 (kPa) P2 (kPa) P4 (kPa) P5 (kPa) 

1.2 101.3 153.3 238.5 226.7 

1.5 101.3 249.1 710.0 549.8 

2 101.3 456.1 3421.0 1519.8 

2.5 101.3 722.1 14767.0 3079.5 

 

Table 2.2. Region pressures in the shock tube considering different gas pairs at M=1.5 

Gas Pair P1 (kPa) P2 (kPa) P4 (kPa) P5 (kPa) 

He-He 101.3 259.7 835.1 568.8 

He-N2 101.3 249.1 378.4 549.8 

He-Ar 101.3 259.7 365.3 568.8 

N2-He 101.3 259.7 5973.2 568.8 

N2-SF6 101.3 233.6 364.4 522.4 

 

Once the shock tube equations were solved, not only pressures but also wave speeds 

and transit times could be obtained. These parameters are used to create timing diagrams, 

called x-t diagrams. Figures 2.3 – 2.6 are x-t diagrams created using a Riemann-solver provided 

by Dr. McFarland. This solver plots pressure waves in black with increasing line thickness 

denoting increasing pressure, with the shock wave as the thickest black line. Two red lines are 
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used to denote potential interface locations, the first being the interface between the driver and 

driven section and the second being the experimental interface in the test section. 

The purpose of an x-t diagram is to simplify the wave behavior to a 1-d approximation 

used to describe the interactions of the incident shock wave, the expansion fans, the interface 

reflected waves, and the transmitted reflected reshock wave. This information is useful when 

determining the length of the sections and the time the interface is allowed to evolve before it 

encounters any other wave interactions. To create an x-t diagram some a prior knowledge is 

required. The length of the overall tube, including the length of the driver and the placement of 

the interface, must be known. With this information, the x-t diagram can display the wave 

interactions at the diaphragm placement in the driver and the interface due to changes in 

pressures and gas species respectively. The gases which will transmit the waves must also be 

known at all locations.  

For the design of the Missouri shock tube, three driver lengths were considered at 3, 5, 

and 7 ft. It was then decided that the driven would be at least L/D = 15, that is the length of the 

driver should be 15D where D is the diameter of the driver section. This sets the driven at 10.9 

ft., or 3.33 m. Using this assumption, the length of the driver has no effect on the length of the 

driven. Figure 2.3 shows the x-t diagrams for driver lengths 3, 5, and 7 feet. In this figure the 

driver and driven gases are both N2, the Mach number is taken as 1.5, and the test gas is 

considered as the dusty gas discussed further in chapters 3 and 4. The driven and test section 

lengths are held constant at 10.9 and 3 ft., respectively. Here the effect of the driver length can 

be seen. A longer driver allows for more time for the shock wave to interact with the interface 

before the expansion fans exit the driver and interfere with the experiment. It can also be seen 

that the increasing driver section has no effect on the timing of the experiment. That is to say 
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the time between the shock and reshock interactions with the interface is not effected by the 

driver length. 

 

Figure 2.3. x-t diagrams considering N2 in the driver and driven sections with driver lengths at 3', 5', and 7' with M = 
1.5 

 Another way to help remedy this issue is to increase the length of the driven 

section. The length of the driven serves two purposes: one, to delay expansion fans 

from interfering with the experiment and two, to allow a normal shock wave to form 

before penetrating with the interface. As shown in figure 2.3 a long driver may provide 

the distance to keep expansion fans from interacting with the interface as well.  

However, the longer the driver section the more mass must be supplied before a large 

Mach number shock wave can be sustained, therefore these two parameters must be 

balanced. Figure 2.4 shows three x-t diagrams with increasing driven or test section 

length. The design of the Missouri shock tube is modular, therefore the driven and test 

section lengths may be increased for flexibility. As such, figure 2.4 moves left to right in 

increasing length. The first diagram shows a 5ft driver, 10.9 ft. driven, and 3 ft. test 

section. The second diagram increases the driven to 16.3 ft., with the third diagram 
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increasing the test section length to 6 ft. These second two diagrams are achievable in 

experiments due to the modular nature of the shock tube. The extended test section is 

termed a reshock section, since its original intent was to be used in experiments with 

reshock. Figure 2.4 below shows the benefit of an increased length in the driven and 

test sections. By increasing the driven length, the shock wave is fully formed by the time 

it contacts the interface and can pass through without any noticeable wave refraction. 

An even more significant benefit occurs with the addition of the reshock section. The 

reshock allows for an increased experiment time, which allows the instability to evolve 

further towards turbulence. At Mach 1.5 with a driven and driver of N2 and the dusty gas 

as the test gas, the reshock section allows the experiment to last for over 4 ms, a time 

often achieved in simulations. Although not shown here, an x-t diagram was made 

considering this experimental set up with a Mach 2 shock wave and it was found that 

reshock would occur ~3 ms after the shock event.  

 

Figure 2.4. x-t diagrams for increasing shock tube length, all considering N2 in the driver and driven sections and M = 
1.5. Right: 5' driver, 10.9 ft. driven. Middle: 

For the sake of discussion, figures 2.5 and 2.6 show different gas pairings for the 

driver and driven. Both of these cases consider the same test gas as above. Figure 2.5 
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shows two x-t diagrams that consider helium throughout both the driver and driven 

sections. The diagram of the left considers the driver and test section at atmospheric 

pressure, while the diagram on the right is evacuated to ½ atmosphere. The left diagram 

shows massive interference from the expansion fans right as the experiment begins. 

This setup was initially considered unattractive due to the high pressures required to 

drive the Mach 1.5 wave. The real strength of helium is that it can be used at low 

pressure in evacuated settings. The right diagram shows that even at an easy to achieve 

vacuum, helium can achieve good timing of ~3.5 ms at Mach 1.5. It should be noted that 

before this experiment is run a better pressure should be selected, even at ½ 

atmosphere there is expansion fan interference.   

Figure 2.6 shows a single x-t diagram with nitrogen in the driver and SF6 in the 

driven. Like the right most diagram in figure 2.4, the longer driven and reshock section 

are considered, and the Mach number is 1.5. This figure shows that by alternating gases 

the experimental times can be altered greatly. The heavier SF6 slows the expansion fans 

as well as the reshock, preventing any noise in the experiment until well after the 6 ms 

of post-shock experimental time has passed. This is an attractive option when trying to 

prolong the experimental times, either post-shock or reshock. However, the effects of 

the heavier gas must be considered both for cost of the experiment and the pressures of 

the reshock and driven sections. 
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Figure 2.5. x-t diagrams considering helium in the driver and driven sections, with M =1.5 at 1 and 1/2 atmospheric 
pressure 

 

Figure 2.6. x-t diagram considering N2 in the driver, SF6 in the driven at M=1.5 

This section covered the design work to aid in the selection and modification of the 

shock tube. Originally a driven section of 10.9 ft. was considered, but ultimately 

changed to 16.3 ft. This was due to the modular design of the sections as well as the 

availability of materials. The longer driven section also allowed for a medium driver 

section. The driver was selected to be 5 ft., as it had good performance and would 
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require less mass to fill to the required pressures. The test section was also investigated, 

at different Mach numbers and with different gases, and found that with the reshock 

section the experimental time could be increased considerably. 

2.3.  Design Specifications 

Once the timing and pressures were found, materials were investigated. The 

Missouri shock tube driver is made from a 10’ schedule 140 round pipe and is grade 

A106-B carbon steel. This was chosen as round pipes have no stress concentration 

points, typically created by corners and joints, and have standard pressure ratings used 

by the American Society of Mechanical Engineers (ASME).  The driven and test sections 

are made from ASTM A500-C Seamless carbon steel with a 7” by 7” cross section and 

0.75” thick walls. These sections were chosen as square tubes, to simplify machining and 

modification. Figure 2.7 shows the cross section of the pipe used for the driver section 

on the right, while the left shows the cross section of the driven and test sections.  
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Figure 2.7. Dimensions of the shock tube components. Left: NPT 10" SCH 140 pipe for the driver, Right: AMST A500-C 
Carbon Steel tube for driven and test section 

The materials for the shock tube were selected for their high strength, 

machinability, and availability. The carbon steel is relatively easy to machine taps for 

pressure transducers as well as weld on flanges to connect the tube. To verify the 

material could survive the pressures outlined above, a finite element analysis (FEA) was 

performed within Solid Works. FEA creates a mesh, which is applied to the geometry in 

the problem, then uses ordinary differential equations to solve partial differential 

equations. Solid Works FEA calculates the displacements of the mesh and calculates 

stress and strain under specified loads. In this analysis the load was assumed as a 

constant pressure, despite the fact that the whole experiment lasts a matter of seconds 

and the highest pressures are dynamics loadings. Due to this approximation, it is 

recognized that this analysis is preliminary in scope.  

A von Mises analysis was used to determine if the shock tube sections would fail 

under the load provided by the pressure necessary to create and drive shock waves at 
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various Mach numbers. The driver section was also included in this kind of analysis 

despite having an AMSE rated pressure. A von Mises analysis is a basic analysis used 

often within industry for ductile materials. It calculates the Von Mises stresses, a 

function of principle stresses, given in equation 2.9. This equation uses σ to represent 

stress, the subscripts v, 1, 2, and 3 to represent von Mises, or a principal direction 

respectively; and is the Cauchy-stress representation of the von Mises equation.  The 

analysis the material behaves elastically until the von Mises stress achieves a critical 

stress, often assumed the yield strength [33].  Once the von Mises stress exceed this 

critical stress the material yields, and in the context of the shock tube, fails. The analysis 

was performed on a small cross section of the driver, driven, and test section. Stress 

concentrations are shown in figure 2.8 for the driver section considering a shock wave 

with a Mach number 2.75 in air, creating a pressure of 30.7 MPa.  

𝜎𝑣
2 =

1

2
[(𝜎11 − 𝜎22)

2 + (𝜎22 − 𝜎33)
2+(𝜎33 − 𝜎11)

2 + 6(𝜎23
2 + 𝜎31

2+𝜎12
2)] (2.9) 
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Figure 2.8. Von Mises Stress Pseudo-color for the driver section 

Another tool useful for analyzing the design was to show the factor of safety 

(FOS). Solid Works solves for the factor of safety by dividing the critical stress, given as 

σy, by the Von Mises Stress shown in equation 2.10. Figure 2.9 shows a factor of safety 

pseudo-color mapped to the driver, the driven, and the test section for the case of a 

2.75 Mach number in air. Note the driver shows a factor of safety barely over one, 

meaning this is the absolute maximum these materials can handle according to this 

simple stress analysis. This creates pressures of 30.7 MPa in the driver, 0.877 MPa in the 

driven, and 4.08 MPa in the reshocked test section.  

𝐹. 𝑂. 𝑆 =  
𝜎𝑦

𝜎𝑣
    (2.10) 
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Figure 2.9. Factor of Safety Pseudo-colors made considering the von Mises stresses due to the pressure coinciding with 
M=2.75 in Air 

Despite this preliminary analysis clearing the shock tube for Mach numbers under 2.75 

with N2 in the drier and driven sections, it is suggested to use the ASME rating for the driver 

section. This rating, shown in table 2.3, will be considered the failure criteria and will not be 

achieved in experiments. This limits the maximum Mach number for experiments at 2.5, higher 

than what was considered in section 2.2. Since the FEA analysis performed in Solid Works 

showed that the driver could survive a higher Mach number than what ASME has rated for it, it 

is assumed that the square sections will survive the lower pressures as well. It should be noted 

that this means the Missouri shock tube has a theoretical pressure limit of 23.28 MPa in the 

driver, creating a reshock pressure in air of approximately 3.7 MPa, which Solid Works gave a 

FOS of over 2 for the square sections. Table 2.3 contains the maximum pressures calculated by 

the Solid Works FEA analysis along with the factor of safety, the material and material 

dimensions of the sections, the AMSE ratings and the corresponding maximum Mach number in 

air. The material values here are found from steel manufacturers and the ratings from AMSE 

guidelines.  
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Table 2.3. Material Properties for the driven and driver/test sections including dimensions, ratings, and max allowable 
Mach numbers in air 

Section Material OD 

(in) 

ID 

(in)  

Wt 

(in) 

σy 

(MPa) 

FEA ASME 

Rating 

(MPa) 

Mi Max 

Pmax 

(MPa) 

FOS FEA ASME 

Driver 10” sch 

140 Pipe 

A106 B 

Carbon 

Steel 

10.75 8.75 1 241.3 30.7 1.14 23.28 2.75 2.5 

Driven/ 

Test 

ASTM-

500 

Carbon 

Steel 

Grade C 

7 5.5 0.75 345 8 1.07 - 3 

 

- 

 

2.4.  Conclusion 

In this chapter preliminary analysis and early design work for the Missouri shock 

tube was discussed.  The author investigated the environment for various gas pairs and 

at various Mach numbers to determine what kinds of pressures the shock tube will 

experience under different conditions. These were found using the normal shock 

equations and the shock tube equations. 

The x-t diagrams were employed for various cases to show the effects of selecting the 

lengths of the various sections. It was found that for smaller driver and driven sections 

expansion fans from the driver would interfere with the experiment before reshock. As 

such a longer driven section was selected to be 16.3 ft. in length, with a 5 ft. driver 

section. The driver section was selected to be shorted to mitigate the amount of mass 

required to create high Mach numbers.  
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The material for the shock tube sections were also selected and then tested 

using FEA analysis in Solid Works. It was found that this analysis showed that the shock 

tube sections could survive higher Mach Numbers then the driver is rated for, according 

to ASME guidelines. As such, no further analysis was performed and instead the ASME 

piping code value was taken as the operation limit. This allows for the generation of a 

Mach 2.5 shock wave in all air. It should be noted that most experiments planned for 

the Missouri shock tube at this point will be around Mach 1.5, and as such are 

considered within safe operating conditions.  

This design work covered part one of two components completed towards the 

progress of this Masters thesis, and was concurrently performed alongside simulation 

work. This simulation work was performed using two different hydrodynamic codes; one 

supported by Lawrence Livermore National Lab, utilized early in the research to consider 

a multiphase instability and the Richtmyer-Meshkov instability, and the other supported 

by Los Alamos National Laboratory, in which an evaporation model was implemented to 

further study the effects of multiphase components on a shock driven instability. This 

research is discussed in more detail in the following chapters.  

3. Shock driven multiphase hydrodynamic instabilities 

3.1.  Introduction 

 

Multiphase systems are frequent and diverse in nature. They can appear in 

terrestrial settings as volcanic ash production [34], be used for industry in refrigeration 

and energy producing turbines [35] and ejectors [36], and even dominate natural 
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phenomena, like appearing as fog. They exist as supernovae and can have important 

applications for fusion, such as inertial confinement fusion (ICF). These systems exists at 

various operating conditions and can involve various physics, which previous 

approximations used to simplify multiphase components may not capture. These 

systems even have applications in astrophysics, where the inclusion of multiphase 

components is important in capturing the behavior of supernovae (SNe) dust 

destruction. These SNe create shockwaves which drive material out from the core into 

the interstellar medium, and act to process the surrounding dust produced by the star 

[19, 37]. Like SNe events, Inertial Confinement Fusion (ICF) is another area which can 

benefit from multiphase research. ICF involves a shock wave penetrating several layers 

of different densities with perturbations in each layer, these layers change phase several 

times creating a complex hydrodynamic multiphase system.   

In many of these applications, not only are hydrodynamics of great interest, but 

they can involve complex multiphase components. The purpose of this chapter is to 

investigate multiphase effects in a shock driven particle-gas instability through 

simulations. This research will be used to guide the development of experiments for the 

University of Missouri shock tube and Fluid Mixing Laboratory. This multiphase 

instability will be compared to the RM instability, as they are both shock driven multi-

density systems. Another reason for the comparison is that within RM experiments, a 

common method to obtain data is to use laser- based optics in order to illuminate one 

species and capture the evolution of the instability measuring both entrainment and 

velocities. To illuminate the species, vapor or particles are used, which can change the 
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nature of and create a multiphase component within the system. While submicron 

particles are commonly used, the effects of particle seeding on the RM have been 

investigated and particle effects have been recognized within the literature.  

Despite recent attention to the multiphase components, it has been historically 

common in hydrodynamics to approximate the multiphase components using the dusty 

gas approximation [38]. This approximation takes the multiphase components and 

creates a gas species with mass averaged properties. In this chapter as well as in 

Chapter 4, the dusty gas approximation has been used to draw a comparison between a 

multispecies single phase traditional RM instability and the multiphase instability. In the 

cases that consider the dusty gas approximation, a gas species is created and assumed 

to follow the ideal gas equation of state. Below, in equations 3.1 and 3.2 the effective 

density and ratio of specific heat equations for the dusty gas species are shown. The 

effective density, also called the dusty gas density [38] or particle gas density [28], is a 

function of the mass loading, θml, and the carrier density, ρc. Equation 3.2, the effective 

ratio of specific heats, is a function of the carrier gas’s specific heats at constant 

pressure and constant volume, and the specific heat of the particle, or Cp, CV, and C 

respectively. These equations are based on the mass loading of the particles, equation 

3.3, which is a function of the number of particles the mass of a single particle, and the 

mass of the gas in a single cell; Np, mp, mg.  

 𝜌𝑒𝑓𝑓 = (1 + 𝜃𝑚𝑙)𝜌𝑐     (3.1) 

𝛾𝑒𝑓𝑓 =
𝐶𝑝+𝜃𝑚𝑙𝐶

𝐶𝑣+𝜃𝑚𝑙𝐶
     (3.2) 
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𝜃𝑚𝑙 =
𝑁𝑝𝑚𝑝

𝑚𝑔
        (3.3) 

Once the parameters of the dusty gas were known, the simulations were 

compared using a constant Atwood number. As mentioned previously, the traditional 

RM instability is dependent upon a density gradient, a pressure gradient, and the 

perturbation between the two. The density gradient is often characterized by the 

Atwood number, making it a common parameter varied in hydrodynamic research. 

Equations 3.4 and 3.5 show the gas and particle-gas Atwood numbers respectively. 

Sections 3.3 and 3.4 discuss the effects of a purely multiphase instability, with section 

3.4 delving into the mechanics behind the multiphase contributions. Two important 

parameters are the characteristic times for velocity and thermal relaxation of the 

particles. The velocity equilibrium time, a function of the mass of the particle, mp, the 

viscosity of the gas, µg, and the radius of the particle, r; is shown as equation 3.6. The 

thermal equilibrium time, shown in equation 3.7 is a function of the carrier conductivity, 

k, and the particles specific heat, C.  

𝐴𝑡𝑔 =
𝜌2−𝜌1

𝜌1+𝜌2
      (3.4) 

𝐴𝑡𝑝𝑔 =
𝜌1+𝜌𝑒𝑓𝑓

𝜌1+𝜌𝑒𝑓𝑓
    (3.5) 

𝜏𝑣 =
 𝑚𝑝

6𝜋𝑟𝜇𝑔
       (3.6) 

𝜏𝑇 =
𝑚𝑝𝐶

4𝜋𝑟𝑘
      (3.7) 
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Another important particle parameter is the Stokes number, equation 3.8. 

Related to the previous relaxation time in that it, too, is a measure of how well the 

particles can equilibrate with the flow. The Stokes number defined here is the Stokes 

number for a particle in turbulent flow [39], as a ratio of the characteristic time of the 

particles, equation 3.9, to the characteristic time of the carrier gas equation 3.10. A low 

Stokes number indicates that the particles can quickly respond to changes in the flow- 

which would allow the multiphase instability to act like a traditional RM instability. The 

characteristic time for the particle introduces a dependency on the flow Reynolds 

number. The gas characteristic time is found as a modified Kolmogorov time constant, 

with the interface wavelength defined as the characteristic length, 𝜆, and the jump 

velocity of the interface as the characteristic velocity. The characteristic length and 

velocity depend on the interface being studied and on strength of the shock wave 

respectively. The parameters introduced here are important to the development and 

characterization of the multiphase and dusty gas approximation instabilities, and will be 

discussed in the following sections. This chapter will discuss simulations performed 

using the multispecies, multi-physics hydrocode Ares. It will include a brief overview of 

Ares, preliminary multiphase work on a cylinder interface, and then introduce a more 

rigorous study on the sinusoidal interface. The analysis on the sinusoidal interface will 

use a qualitative comparison for the scalar fields at a non-dimensional time, τ, given in 

equation 3.11, and is a function of time, t; the initial amplitude of the interface, η0, and 

the initial transit wave speed.  

𝑆𝑡 =
𝜏𝑝

𝜏𝑔
     (3.8) 
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𝜏𝑝 =
𝑑2𝜌𝑝

𝜌𝑔
⁄

18𝜈(1+0.15𝑅𝑒0.687)
    (3.9) 

𝜏𝑔 = (
𝜆

𝑢𝑝𝑔
)0.5      (3.10) 

𝜏 =
𝑡

𝜂0
𝑤𝑖

⁄
      (3.11) 

3.2.  Computational environment: Ares 

 
The simulations presented in this chapter were performed using a staggered 

mesh arbitrary Lagrange Eulerian (ALE) hydrodynamics code, Ares, developed at 

Lawrence Livermore National Laboratory. The Lagrange time advancement is second-

order predictor- corrector and uses the Gauss Divergence theorem to give the discrete 

finite difference equations  [40]. All numerical differences are fully second order in 

space. Velocities are defined at mesh nodes and density and internal energy are defined 

at the zone centers using piecewise constant profiles. Artificial viscosity is used to 

suppress spurious oscillations  [41]. A second-order remap  [42] is applied to the 

solution after the Lagrange step. In the simulations presented in Chapter 3, a fixed 

Eulerian mesh is used at all times. The Ares code includes an adaptive mesh refinement 

(AMR) capability that allows the base resolution to be increased by a factor of 3 for each 

level of refinement. The refinement is performed on areas that exceed an error 

tolerance in the computation of a second undivided difference of pressure and on all 

mixed zones. The AMR approach implemented in Ares follows that of Berger and 

Oliger  [43] and Berger and Colella  [44]. Time advancement is not recursive though, and 

the coarser levels are slaved to run at the finest level time step. This approach has been 
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extensively studied and provides a factor of ∼5–7 increase in efficiency over a fully 

refined mesh everywhere simulation. In the current AMR implementation, the particles 

must reside in fully refined regions while the carrier gas-only regions may exist at any 

level of refinement. The Ares code solves the compressible Navier-Stokes equations for 

multi-species flows, conservation of mass, momentum and energy.  

A summary of these equations can be found in the full publication [17, 28], 

including the continuity, momentum, and energy equations modified for the inclusion of 

the gas-particle volume effects. Since this work focuses chiefly on particles, the particle 

transport equations as they are used in Ares will be presented here. Equations 3.12 and 

3.13 give the particle momentum and energy equations respectively. The momentum 

equation is a function of the particle mass, velocity, density, pressure and the source 

term, or mp, vi, ρp, P, fi respectively. The source term, equation 3.14, is found using the 

standard drag model. The standard drag shows a dependency on the drag coefficient, 

the gas velocity, and the gas volume fraction listed as CD, ui, and ϕvg respectively. For the 

case of particles the drag coefficient is given by the Kliatchko model [45], equation 3.15, 

which was developed for a single smooth, non-rotating particle moving at a constant 

speed without turbulence and at low Mach numbers. The Reynolds number in this 

model is found using the absolute value of the difference of the gas and particle velocity 

as well as the radius of the particle and the dynamics gas viscosity, or |ui-vi|, rp, and µ. 

The viscosity in these simulations is approximated by the Sutherland law. The energy 

equation, equation 3.13, is a function of the specific heat of the particle, Cp; the 

temperature of the particle, Tp; and the source term, Qs, given by the Ranz-Marshall 
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correlation in equation 3.16. The Ranz-Marshall correlation [46] introduced a 

dependency on the thermal conductivity, κ, and Prandtl number, Pr, and is valid for 

spherical non-evaporating particles. Ares models the particles using parcels, which are 

computational particles comprised of many physical particles. This significantly reduces 

the computational power necessary to simulate these systems, however because the 

flow isn’t being solved around every particle this method may become inaccurate for 

flows with a significant volume of particles.  

𝑚𝑝𝜕𝑡𝑣𝑖 +
𝑚𝑝

𝜌𝑝
𝜕𝑖𝑃 + 𝑓𝑖 = 0    (3.12) 

𝑀𝑝𝐶𝑃𝜕𝑡𝑇𝑃 − 𝑄𝑠 = 0     (3.13) 

𝑓𝑖 =
3𝜌𝑔𝐶𝐷𝑚𝑝

8𝜌𝑝𝑟𝑝
|𝑢𝑖 − 𝑣𝑖|(𝑢𝑖−𝑣𝑖)   (3.14) 

𝐶𝐷(𝑅𝑒𝑝, ϕ𝑣𝑔) = 0.024ϕ𝑣𝑔
−2.55 + 0.4ϕ𝑣𝑔

−1.78𝑖𝑓 𝑅𝑒𝑝 > 1000 (3.15) 

= 
24

𝑅𝑒𝑝ϕ𝑣𝑔
2.65 +

4

𝑅𝑒𝑝

1
3ϕ𝑣𝑔

1.78
𝑖𝑓 𝑅𝑒𝑝 ≤ 1000 

𝑄𝑠 = 4𝜋𝑟𝑝
2𝜅(ϕ𝑣𝑔

−1.75 + 0.3ϕ𝑣𝑔
−1/2𝑅𝑒𝑝

1/2𝑃𝑟1/3)
(𝑇𝑔−𝑇𝑝)

𝑟𝑝
⁄   (3.16) 

These simulations model the top and bottom walls as solid, insulated, no 

penetration boundaries. The back wall is modeled as a reflecting wall, allowing the 

shock wave to return down the tube a late time to a second shock-interface interaction. 

At the front wall of the tube a source term is modeled which is constantly supplying 

mass of the unseeded gas at post shock conditions. Both sections 3.3 and 3.4 consider 
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different interfaces, and as such the simulation parameters will be expanded upon in 

these sections. All images in this chapter were created using the visualization and 

analysis software package, VisIt. 

3.3.  Shock generated multiphase hydrodynamic instability 
 

The following section contains early simulation work performed to investigate a 

shock driven multiphase instability. It was presented at the Missouri Space Grant 

Consortium as a paper and presentation both under the name “Shock Generated 

Multiphase Hydrodynamic Instabilities”, and has been reformatted and expanded upon 

for its presentation here. This work was early in the Masters program, and therefore 

was performed with the main goals to study the hydrocode Ares, identify key 

components of the multiphase instability, and simulate existing experiments in 

literature.  

This section considers 2D simulations similar to experiments in literature [5, 24, 

25]. The domain in these simulations are 100 cm in x, and 5 cm in y, with the gas 

cylinder interface represented as a 2-D circle with a diameter of 2 cm. The simulations 

are initialized at 101.3 kPa and 300 K. The conference paper and presentation this 

section is adapted from compared three cases to experiments performed by Dr. Peter 

Vorobieffs group from the University of New Mexico, Albuquerque [24, 25]. Instead of 

covering all three cases and continuing the comparison only two cases will be discussed 

in detail here. It should be noted that the third case from this work, not shown here, 

was a case with a high gas Atwood number and a low particle-gas Atwood number. It 
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was directly compared to literature to show the ability of Ares to capture multiphase 

effects on a RM dominated instability and is neglected here as it was mostly RM 

unstable with little multiphase contributions. The two cases that will be discussed in this 

section compare the dusty gas approximation to a multiphase system, each initialized 

with the same effective Atwood number. Case I considers a pure multiphase instability, 

with nitrogen (N2) gas everywhere in the system and glycol particles seeded as a 

cylinder perturbation. The second case, Case II, is a dusty gas approximation of the 

previous cylinder, with pure N2 as the driven gas. Table 3.1 shows the simulations below 

with the parameters, including the gas and particle gas Atwood numbers. Figure 3.1 

visualizes the initial conditions for the simulations. Figure 3.1 A) shows a seeded gas 

cylinder with the particles colored white, representative of case I, while figure 3.1 B) 

shows the initial conditions for the dusty gas approximation. The low particle-gas 

Atwood numbers and dusty-gas Atwood number were selected based off the previously 

mentioned work. The Mach number for these cases is 1.5.   

Table 3.1. Simulation conditions for the cylindrical interface 

Case name I II 

Species pairs N2-N2-
Glycol Particles 

N2-
Dusty gas 

Gas Atwood number 0.00 0.02 
Particle-gas Atwood 

number 
0.02 0.00 
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Figure 3.1. Initial Conditions for cylinder interface cases. Left: Case I with seeded cylinder Right: Case II with dusty gas 
cylinder 

Figure 3.2 contains the time evolution of the two simulations from t = 0 µs to t= 

500 µs, which has been offset by the time the shock wave transits the interface. The gas 

species are colored by density and the particles by particle temperatures. Since the 

mass loading is relatively low the particle temperatures are constant at 396.3 K 

throughout the interface. In this figure both cases appear macroscopically RM unstable. 

That is to say, as the shock wave penetrates the interface and travels downstream, it 

deposits vorticity along the edge of the cylinder perturbation. This vorticity causes 

vortex cores to form around the downstream edge of the interface. This stretches the 

interface and increases mixing. The density of case I is decreased by 15% from the dusty 

gas case. There is also a region of low density near the rollup features. This is potentially 

due to stretching of the Lagrangian particle mesh, creating layers of hot gas. This is a 

non-physical numerical effect. Case II - the dusty gas case, shows stronger vortex cores 

and forms a mustache-shaped instability at late times. The density field for this case also 
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shows a feature expanding out from the center, this is likely a weak shock refraction 

caused by the shape of the interface.  

 

Figure 3.2. Time evolution of cylinder interface cases 

Despite having a similar system Atwood number, the two cases show different 

vortex development, which corresponds to circulation. Circulation is defined in equation 

3.17, which expresses the positive circulation as the integral of the positive vorticity 

over a surface area. The surface area here is the area of the cylinder. Figure 3.3 shows 

the circulation of these two cases. Case I shows a significant reduction in circulation 

when compared to Case II, which is simply the traditional RM instability. This supports 

concepts discussed in literature [24, 25, 28], that despite being macroscopically similar, 

the driving forces between the two instabilities is different. The mechanism responsible 

for the multiphase instability has been attributed to the particle lag effects. These 

effects can be considered by the relaxation times, which were presented previously as 

equations 3.6 and 3.7, and will be expanded upon in the next section.  
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𝛤+ = ∫𝜔+ 𝑑𝐴    (3.17) 

 

Figure 3.3. Circulation over time for the cylinder interface cases 

3.4. Computational study of a multiphase particle-gas instability 

 

This section details work that greatly expanded upon concepts discussed in the 

previous section. Whereas the previous section simulated experiments similar to those 

found in literature to explore the capabilities of Ares and gather preliminary data on the 

multiphase instability, the work in this section discusses a much deeper investigation of 

the parameters involved in the multiphase instability. This work was co-authored by the 

author of this thesis, with the advisor Dr. Jacob McFarland as the primary author, and 

was published as "Computational study of the shock driven instability of a multiphase 

particle-gas system" [28]. This paper explored both parameters of the multiphase 

system as well as the techniques required to capture the evolution of the instability. It 

covers simulation topics such as two-way coupling for both momentum and energy, and 

a resolution study; instability parameters like the strength of the density and pressure 

gradients; and the multiphase parameters of particle sizes and particle relaxation times.  
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Although this work is large in scope, only a general over view of key points that 

helped to guide the development of this thesis will be included here. This section will 

discuss a comparison of the traditional RM, in the form of the dusty gas approximation, 

to the multiphase instability and the particle relaxation effects briefly. For the full 

description of these parameters and the others, please refer to the published article.    

Figure 3.4 shows the initial conditions for the simulations presented in this 

section. Unlike the previous section, the simulations in this section consider a sinusoidal 

interface, commonly studied in RM research, with a wavelength of 5 cm and an 

amplitude of 0.5 cm. This is considered marginally linear, as a linear interface is one with 

an amplitude (η) to wavelength (𝜆) ratio of approximately less than 0.1. The total 

computational domain is 250 cm in x and 5 cm in y, or one wavelength. The interface is 

initialized at x = 100 cm, and has a diffusion layer of 0.5 cm. To save computational 

resources this domain was initialized with three different species. In the exemplar case 

species 1 and 2 are identical except that species 2 is the carrier phase - that is to say the 

gas properties between these two species for the majority of the study are the same 

and provide a gas Atwood number of zero, unless specified. In all simulations, species 3 

is a dusty gas approximation of the particles seeded in species 2. This was initialized so 

that no hydrodynamic instability would evolve along this interface, allowing the particles 

and therefore high resolution region to be restricted only to the region of study.  

The initial temperature and pressure are constant in the pre-shock region of the 

domain, at 300 K and 101.3 kPa respectively. The particles are seeded as glycol particles 

with a density of 1100 kg/m3 and a specific heat of 2.85 kJ/kg K. The mass loading, 
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volume fraction, and number of particles per parcel are all dependent upon the particle-

gas Atwood number. It should be noted that the maximum mass loading and particle 

volume fraction were 40% and 0.036% respectively, placing them in the dilute flow 

regime considered in multiphase flow terms.  

An exemplar case is defined as a basis for comparison. This case uses nitrogen 

for both species 1 and 2, creating an Atwood gas number of zero, allowing complete 

attribution of any hydrodynamic growth to the particles presence. The mass loading is 

set to 25% and the Mach number is initialized as 1.5. The particles are prescribed with a 

diameter of 2 µm, providing a Stokes number of approximately 0.2, with τv ≈ τT ≈ 0.12, 

and a particle-gas Atwood number of 0.11.  

 

Figure 3.4. Typical initial conditions for the sinusoidal interface 

3.4.1. Traditional RM vs. Multiphase Instability 

In the case of fast reacting, small particles the multiphase instability approaches 

the dusty gas approximation. This is because the particle lag effects become negligible 

and the particles follow the flow without creating any hydrodynamic disturbances. As 

previously described, the dusty gas itself is a multiphase system approximated as a 

multi-species system; therefore, the instability that arises in the presence of a shock 

wave would be the traditional RM instability. This section compares the exemplar case 
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described previously, against a dusty gas approximation using the exemplar cases 

parameters to create a gas Atwood number of 0.11, as well as the equivalent ratio of 

specific heats given above as equation 3.2.  

In the paper, the discussion of this section is led by observing the time evolution 

of the dusty gas approximation, which recovers the traditional RM instability, versus the 

multiphase instability. However, this discussion is included in the next chapter using 

evaporating water particles as opposed to non-evaporating glycol; as such only a few 

sentences will be said here. It was found that the exemplar case exhibited similar 

features to the traditional RM instability. However it had weaker counter-rotating 

vortex cores, a thicker stem and flatter front in the spike structure. The traditional RM 

on the other hand produced strong vortex cores and a thin, long stem with a rounded 

spike front. This can also be seen in figure 3.5, which shows the instability at tau 200 

using the scalar fields of species, temperature, and vorticity. The aforementioned 

features can be seen in the species field. The vorticity pseudo-colors show that the 

particles exhibit less organization with more diffuse, weaker vortex cores. The 

temperature fields are very similar, which is to be expected as the dusty gas 

approximation is created to have a comparable γ to the particle-gas system. Alternating 

regions of hot and cool species 2 is seen in the particle region, as well as a hot region 

downstream near the species 3 interface. This is attributed to particle stretching and the 

particle relaxation distance, which is expanded upon in the publication.  
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Figure 3.5. Comparison of the particle and dusty gas simulations at τ = 200 

Figure 3.6 shows the positive circulation, Γ+, for the dusty gas approximation and 

the particle instability. The circulation, shown in the previous section as equation 3.17, is 

calculated using the area and the positive component of vorticity, given as A and ω+. In 

this figure it can be seen that the particles exhibit 25% less circulation that the dusty gas 

approximation. In this way we see similar evolution to the traditional RM in the 

multiphase instability, but that the dusty gas approximation over predicts vorticity 

deposition and the features of the particle evolution.  
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Figure 3.6. Circulation over time for the particle and dusty gas simulations 

3.4.2. Particle Size Effects 

As described in the previous section, in the case of small, fast reacting particles 

with negligible lag effects this multiphase instability can be easily approximated as the 

RM instability. This highlights the significance of the particle sizes to the evolution of 

hydrodynamics. As such, an investigation on the effect of the particle sizes was 

desirable. This section compares three additional cases to the previous cases, with two 

larger particle sizes and one smaller. Table 3.2 below outlines the particle sizes, 

characteristic times, and stokes numbers. The reader should note that all particle cases 

in this section have the same Atwood numbers, thereby changing the number of 

particles per parcel.  
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Table 3.2. Simulation conditions for the particle size cases 

Case Name d (µm) St τv τT 

Dusty Gas Na 0 0 0 
Small 

Particles 
0.5 0.0014 0.00747 0.00744 

Exemplar 
Case 

2 0.023 0.119 0.121 

Medium 
Particles 

4.5 0.121 0.605 0.611 

Large 
Particles 

10 0.597 2.986 3.020 

 

Figure 3.7 shows the time evolution for the three small, medium, and large 

particle cases. It can be seen early as τ = 50 that the medium and large particle cases 

both lag out of species 2 and extend into species 1. Throughout τ the small particles 

shares features that more closely resemble the traditional RM than the exemplar case. 

By τ = 200 this manifests itself as sharing a thin stem and more rounded spike front than 

the exemplar case. As the particle size is increased, the roll up structures created by the 

vortex cores are reduced. While the medium particles case has definite rollup features 

throughout τ, they are significantly damped by τ = 200. This case exhibits a thicker stem 

and flatter spike front than the exemplar case. The large particles fail to follow the 

species interface, showing significant lag even early in time. The vortex cores are 

entirely damped to where they cannot create any rollup morphology resembling the 

other interfaces at late times. This case too has a thick stem, though instead of a spike 

front it ends in a flat region. The reader should note that as shown by the species plots 

in figure 3.7, the large particle case has an extended species 2 field. This also increases 

the area where the particles are initialized. This was done so that the secondary 

interface wouldn’t create any noticeable effects due to the increased particle lag effects.  
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Figure 3.7. Species 2 mass fraction and particle locations for the particle size cases at four non-dimensional times 

Similar to the above discussion, the particle size has a negative correlation with 

the vorticity. The vorticity field, alongside the species, particle and gas temperatures, 

are shown in figure 3.8. The vortex cores form the morphology of the instabilities, so it 

follows that as the vorticity is reduced due to the large particle sizes the features will 

likewise be affected. The larger particles can be seen to extend their cooling effect into 

species 1. There are some cool regions here due to stretching of the particle field, which 

is discussed further in the paper. The particle temperature field shows that as the 

particle sizes increase, so do the number of hot particles, which are arranged into 

thicker sheets and do not become entrained in the vortex cores – like those of the small 

particle case. This suggests that as the particle relaxation times increase, the particle 

temperatures increase and the particle distribution becomes more uniform.  
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Figure 3.8. Comparison of the particle size cases at τ = 200 

Since the vorticity is damped with particle size, it follows that the circulation 

would behave similarly. Figure 3.9 shows that with increasing particle size the 

circulation deposition on the particle-gas interface is decreased. The small particle case 

has a circulation history that closely resembles the dusty gas approximation despite 

decreasing in later time. This decrease is due to particle volume effects where drag 

heating converts part of the particle kinetic energy into heat, increasing the late time 

circulation dissipation. This effect shows that circulation deposition converges to the 

dusty gas deposition for cases with short relaxation times. That is to say, as the particle 

sizes decrease, the multiphase instability tends towards RM behavior.  



47 
 

 

Figure 3.9. Circulation over time for the particle size cases 

3.5. Conclusion 

 
In this chapter the Ares code was used to study the multiphase instability for a 

particle seeded cylinder and a sinusoidal interface. Preliminary work was done and 

showed that Ares can replicate experimental work, agrees well qualitatively, and that 

the particles both support a multiphase instability and can also affect an instability even 

with a low gas Atwood number. It was also shown that the dusty gas approximation may 

exhibit a similar behavior for temperature, it over predicts the circulation and exhibits 

different morphology than the multiphase instability.  

This preliminary work was continued and published, and it investigated several 

parameters involved in the multiphase instability. These parameters included the 

particle sizes. It was found that the particles, which affected the relaxation times, could 

damp the instability with increasing particle size. The large particles also tended to be 

more distributed, exhibited a higher temperature, and lagged out of their carrier gas. 
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The smaller particles behaved similar to the dusty gas approximation. Other parameters 

not included here were investigations of energy and momentum 2-way coupling, the 

addition of a gas Atwood number to a systems with a particle-gas Atwood number, and 

the creation of an instability in the presences of a zero system Atwood number through 

the use of particle relaxation times.  

4. Implementation of an evaporation model for multiphase 

instabilities 

4.1. Introduction 

 
The previous chapter investigated the parameters important to sustaining the 

multiphase instability and compared it to the dusty gas approximation. This chapter will 

investigate the effects of evaporation on a sinusoidal instability utilizing the hydrocode 

FLAG. The reader should note that this chapter has been taken from a publication under 

review. This publication, “Implementation of an evaporation model for multiphase 

instabilities” has been re-formatted and re-arranged for the purpose of this thesis. 

This chapter will continue the study of the particle effects on the multiphase 

instability, with the introduction of an evaporation model. Evaporation was selected 

because it is easy to accomplish in the shock tube environment using acetone or water 

particles. These fluids have well documented particle generating methods commonly 

employed for past Mie scattering and PIV techniques. Phase change on the whole is of 

great importance to many multiphase systems; for example the aforementioned ICF 

consists of a capsule that has different layers of different species. As the shock waves 
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penetrate these layers the capsule experiences both the RM instability and the Rayleigh-

Taylor instability [20, 21]. These layers change phase to a plasma, which allows the 

mixing to occur.  

It is expected that the evaporation will affect the evolution of the instability by 

changing the post shock scalar fields of temperature and density. This effect will change 

the acoustic impedance of the system, or the rate at which the interface will move 

through the domain as it evolves, as well as the post shock conditions of the flow, which 

could be very important for systems that experience complex accelerations of multiple 

shock phenomena. With this in mind select cases will be taken out to late time to 

include reshock. As discussed in chapter 2, a shock tube mechanically generates a shock 

wave by the instantaneous release of high pressure gas into a low pressure region. This 

shock wave may penetrate the interface a second time after being reflected by the back 

wall of the experiment and is commonly used to study complex accelerations and 

multiple shock wave interactions. These kind of interactions are important because they 

can represent phenomena that also occur within a supernovae. For instance the dust 

created by a supernovae may separate into various sized layers with differing 

properties. These layers may experience a secondary shock interaction, either in the 

form of a reflected wave or from a secondary source, which would then travel through a 

previously shocked interface. In this way a reshock within experiments and simulations 

can represent a phenomena that occurs within nature.   

In this chapter some repeated discussion will occur around models utilized in the 

hydrocode or over the parameters important to the instability. This is in part due to this 
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section being adapted from a future publication and was left intact for clarity and to 

preserve the original story. Also, while the same models for the momentum and energy 

are used between FLAG and Ares, because of the natures of these two codes their 

implementation different. As such, while the equations may appear redundant it is 

important that they be presented.  

4.2. Computational Environment: FLAG 

 
The simulations presented in this work were performed using the hydrocode FLAG. 

FLAG is a multi-material multi-physics hydrodynamics code developed at Los Alamos 

National Laboratory. FLAG includes a fully unstructured grid, allowing an arbitrary 

polyhedral mesh, and can function as an Arbitrary-Lagrangian-Eulerian (ALE) code 

utilizing a Lagrangian hydrodynamics step followed by a relaxation and remapping step 

[47]; it is second order in time, with a predictor corrector scheme [48]. To handle the 

particles, FLAG uses the Multiphase Particle-In-Cell (MP-PIC) method [49], which assigns 

the particles their own discrete points and couples the particle effects to the gas mesh 

via energy and momentum terms. The particles in FLAG are also known as parcels, 

representing a large number of physical particles. These parcels are considered to save 

computational time and resources by significantly reducing the number of calculations 

necessary to capture the hydrodynamics. During the particle transport, continuum 

properties are interpolated to the particle locations to allow effects such as drag; 

whereas the particle properties including mass, momentum, and energy are 

accumulated over the gas mesh to act as feedback, allowing calculations such as drag 
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heating [47]. Figure 4.1 shows a simplified diagram outlining the steps and order in 

which flag calculates terms to solve hydrodynamic problems.  

 

Figure 4.1. Schematic diagram of a FLAG hydrodynamic calculation [47] 

Equations 4.1 – 4.3 present the continuum equations of motion for mass, 

momentum, and energy as they are given in FLAG; which solves for the density, ρ, 

pressure, P, and specific internal energy, 𝜀, respectively and include the continuum 

velocity, uj. Equations 4.4 and 4.5 outline the particle transport equations of particle 

momentum and energy, where mp, vj,  ρp, fj, Qs are the particle mass, particle velocity, 

particle density, momentum source term, and energy source term respectively.  The 

momentum source term given in equation 4.6 relies on the Kliatchko Drag Model [45] 

shown in equation 4.7, and is a function of the particle Reynolds number. The particle 

Reynolds number is given in equation 4.8 where D, ρg, µ are the particle diameter, the 

carrier density- previously called continuum density, and the dynamic viscosity of the 
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carrier gas. The particle source term for the energy equation is found using the Ranz-

Marshall correlation, equation 4.9 [46] where rp, k, Cp, Pr, Tg, and Tp are the radius of the 

particle, the thermal conductivity of the fluid, the specific heat of the particle, the 

Prandtl number of the fluid and the temperatures of the carrier gas and particle 

respectively.  Since the particles in this work are considered as water droplets, the 

reader should note that the internal specific energy is approximated a 𝜖 = 𝐶𝑑𝑇, with C 

being the specific heat of water.  

𝜌𝑑𝑡 (
1

𝜌
)−𝑑𝑖𝑢𝑗 = 0     (4.1) 

𝜌𝑑𝑡𝑢𝑗 + 𝑑𝑖𝑃𝑗 = 0    (4.2) 

𝜌𝑑𝑡𝜀 + 𝑃𝑗𝑑𝑖𝑢𝑗 = 0     (4.3) 

𝑚𝑝𝑑𝑡𝑣𝑗 +
𝑚𝑝

𝜌𝑝
𝑑𝑖𝑃𝑗 − 𝑓𝑖 = 0   (4.4) 

𝑚𝑝𝑑𝑡𝜀 − 𝑄𝑠 = 0     (4.5) 

𝑓𝑗 =
𝐶𝑑𝐴𝑝𝜌𝑔

2
(|𝑢𝑗 − 𝑣𝑗|)(𝑢𝑗 − 𝑣𝑗)    (4.6) 

𝐶𝑑 = 0.424, 𝑖𝑓 𝑅𝑒 > 1000,  

 =  
24

𝑅𝑒
+

4

𝑅𝑒1/3 , 𝑖𝑓 𝑅𝑒 ≤ 1000     (4.7) 

 𝑅𝑒 =  𝐷𝜌𝑔|𝑢𝑗−𝑣𝑗| 𝜇⁄       (4.8) 

𝑑𝑡𝑇𝑝 =
4𝜋𝑟𝑝𝑘

𝐶𝑝𝑚𝑝
(1 + 0.3𝑅𝑒1/2𝑃𝑟1/3)(𝑇𝑔 − 𝑇𝑝)     (4.9) 
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To validate the particles, a methodology similar to previous work [28] was 

employed. The method involved comparing four cases with various particle sizes against 

the analytical solutions for velocity and temperature [50]. The solutions for the 4 

different particle sizes are plotted against results from FLAG simulations in Figure 4.2. 

The reader should note these cases were run without evaporation, and simply show that 

the multiphase momentum and energy effects can be captured for non-evaporating 

particles. 

 

Figure 4.2. Analytical solutions vs. FLAG simulations for non-evaporating particles. Left: Particle Velocity. Right: 
Particle Temperature 

4.2.1. Evaporation Implementation 

To increase the capabilities of FLAG, a phase change model was developed based of 

the equations given by Crowe [51]. Equations 4.10 and 4.11 show the mass transfer 

equation and the change in energy for the particles respectively. Equation 4.10 shows a 

dependency on Sh, Dv, ωA,∞, and ωa,s, or the Sherwood Number, the diffusion 

coefficient, the vapor concentration between the free stream, and the vapor 
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concentration at the surface of the particle respectively. The change in mass calculated 

in this equation is the change in mass for a single particle, which is then multiplied by 

the number of particles per parcel; this is the mass which is then transferred to the gas 

mesh. The same method is used for the energy coupling due to mass transfer. Equation 

4.11 introduces the latent heat of vaporization, hL; the Nusselt number given by 

equation 4.13 and the Ranz-Marshall equation for forced convection effects [51], Nu; 

and the thermal lag time τT, given by equation 4.14 [48]. Equation 4.12 gives the relation 

used for the Sherwood number, Sh, which uses the Ranz-Marshall relation for non-

rotating round particles. Equation 4.15 shows the mass diffusivity dependence on the 

Schmidt number, Sc, and the surrounding gas viscosity. Equations 4.16 and 4.17 expand 

on the vapor concentration between the free stream and the surface of the particles 

respectively. The vapor concentration at the surface of the particles is a function of the 

ratio of the saturation pressure of the particles to the pressure of the carrier phase as 

well as the ratio of the molecular weights; these are given as Psat, Pc, MWp, MWc 

respectively. In the simulations presented in the next section these equations were used 

in the initial conditions to stop any pre-shock evaporation. To do so, the saturation 

pressure of the particles was calculated using the Antione equation, shown as equation 

4.18; using the coefficients for water, A B, and C, shown in Table 4.1. These coefficients 

were obtained for the National Institute of Standards and Technology (NIST). The 

constants are empirical and temperature dependent, with a threshold to change above 

380 K. Once the saturation pressure was found, at the initial temperature of the system, 

300 K, equation 4.17 was used to solve for the equilibrium concentration at the initial 
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conditions. This concentration was then applied to the free stream, that is to say the 

entire computational domain, which set equations 4.16 and 4.17 to equilibrium; 

allowing no mass, momentum, or energy transfer before the shock wave interacted with 

the particle fields.  

𝑑𝑚𝑝

𝑑𝑡
= 𝑆ℎ𝜋𝐷𝜌𝑐𝐷𝑣(𝜔𝐴,∞ − 𝜔𝑎,𝑠)  (4.10) 

𝑑𝑇𝑝

𝑑𝑡
=

𝑁𝑢

2

1

𝜏𝑇
(𝑇𝑐−𝑇𝑝) +

𝑆ℎ𝜌𝑐𝜋𝐷𝐷𝑣(𝜔𝐴,∞−𝜔𝐴,𝑠)ℎ𝐿

𝐶𝑑𝜌𝑝𝜋𝐷2
6⁄

   (4.11) 

𝑆ℎ =  2 + 0.6𝑅𝑒0.5𝑆𝑐0.33      (4.12) 

𝑁𝑢 = 2 + 0.5𝑅𝑒0.5𝑃𝑟0.33    (4.13) 

𝜏𝑇 =  
𝐶𝑑𝜌𝑑𝐷2

𝑘𝑐
      (4.14) 

𝐷𝑣 =
𝜈

𝑆𝑐
    (4.15) 

𝜔∞,𝐴 =
𝑚𝑣

𝑚𝑐
        (4.16) 

𝜔𝑠,𝑎 =
𝑀𝑊𝑝

𝑀𝑊𝑐

𝑃𝑠𝑎𝑡

𝑃𝑐
   (4.17) 

𝑙𝑜𝑔(𝑃𝑠𝑎𝑡) = 𝐴 −
𝐵

𝐶+𝑇𝑝
   (4.18) 

Table 4.1. Constants and their appropriate temperature ranges for the Antione Equation for Water 

Temperature (K) 0-380 380-1000 

A 4.6543 3.5596 

B 1435.426 643.748 

C -64.848 -198.043 
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To validate the evaporation model a single parcel was placed into a small 

ambient computation domain and allowed to evaporate until equilibrium was reached. 

The domain was initialized as a single cell with a gas approximated as air, at atmospheric 

conditions of 300 K and 101.3 kPa. The parcel was initialized as a water droplet at the 

same temperature and with zero velocity. Figure 4.3, below, shows the gas 

temperature, particle temperature, and vapor concentration with respect to time. The 

vapor concentration reaches just under 7 grams per kilogram of dry air, while the 

temperature of the gas falls from 300 K to 281 K. When looking at the well-established 

psychometric properties of air, the amount of water vapor that corresponds to a 

saturation temperature of 281 K is about 6.9 grams. In figure 4.3 FLAG shows close 

agreement with both the vapor concentration and the saturation temperature. 

 

Figure 4.3. Two-axis plot validation of the saturation temperature and vapor concentration for the evaporation model  

4.2.2. Simulation Parameters and Initial Conditions 

Since evaporation is the main focus of this work, the initial conditions of the 

simulations were all specified such that evaporation would not occur without a shock 
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interaction. This prevented any change to the pre-shock Atwood number before the 

shock arrival.  These simulations consider a mechanically driven shock tube 

environment, selected as to guide the development of a new experimental facility.  

Two types of simulations are presented in the following section; a dusty gas [38] 

case, which recovers the traditional RM instability, and several particle-gas simulations. 

The first three simulations, noted as the physical cases, present the dusty gas case, 

noted as the DG case, and two particle-gas instabilities, one without and one with 

evaporation. The multiphase instability without evaporation is similar to those 

presented in previous research [24-28, 38], referred to as the NE case for non-

evaporating particles. The case with evaporation will be considered as the main case for 

comparison and is noted as our exemplar case, or the EV case.  

To explore the effects of evaporation, it was desirable to control the rate at 

which the particles would evaporate without changing the parameters of the system or 

the amount of evaporation which would occur. It was found that by adjusting the 

Schmidt number, Sc, this could be accomplished. Looking at equation 4.15, it can be 

seen that the Sc is inversely proportional to the diffusion coefficient, Dv, which occurs in 

both the mass coupling equations. Looking at the mass transfer equation, equation 4.10, 

it can be seen that evaporation occurs due to the difference between the vapor 

concentration in the free stream and the surface of the particle. Since neither of these 

parameters are a function of Dv, adjusting the diffusion coefficient only changes the rate 

at which evaporation occurs. Section 4.3.2 considers this parameter, showing the results 
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for cases D0.2 and D5, where the diffusion coefficient is divided and multiplied by 5 

respectively. 

After adjusting the rate at which evaporation would occur, another parameter 

was selected to adjust the amount of evaporation as well. As previously stated equation 

4.10, the mass transfer equation, is dependent about the difference between the vapor 

concentration in the free stream and the vapor concentration at the surface of the 

particles. When considering these parameters and their equations, equations 4.16 and 

4.17 respectively, the parameter which makes more sense to adjust becomes clear. The 

vapor concentration about the surface of the particle is the better of the parameters to 

manipulate, as the sign of the overall mass transfer must be negative for evaporation 

otherwise the particles would gain mass as condensation. By adjusting this parameter 

the amount as well as the rate of evaporation can be modified. Following this logic a 

multiplier, referred to here as the saturation pressure multiplier, was selected for 

equation 4.17. This parameter is discussed in section 4.3.3, with cases P0.1 and P15, 

which consider multiplies of 0.1 and 15 respectively. The reader should note that one 

could adjust the amount of evaporation without affecting the rate of evaporation by 

combining the effects of the diffusion coefficient and saturation pressure modifiers. 

However, this case is not presented within the work here.  

These simulations are compared to the exemplar case in section 4.3 and are all 

limited to 2D studies with a large amplitude sinusoidal perturbation in the XY plane. The 

sine wave was chosen such that the ratio of its initial amplitude, η0, to wavelength, 𝜆0, is 

0.1; this setup is commonly studied within literature and allows the interface to be 
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considered as a marginally linear interface according to Richtmyers impulsive model [1]. 

The computational domain is 250 cm in the x direction and a single wavelength in the y, 

or 5 cm. A shock wave is initialized at x = 90 cm with the interface centered on x = 100 

cm, and particles initialized in the entirety of the domain downstream of the interface. 

Figure 4.4 A) shows a small section of the computational domain including the particle 

created interface. The reader should note that the non-seeded and seeded phases were 

initialized separately despite containing the same species so that they could be easily 

tracked and interface information could be readily calculated. Figure 4.4 B) shows these 

species as they are initialized. This figure also represents the initial conditions of the 

dusty gas simulation. For ease of reference the case names and a brief description are 

shown in Table 4.2. 

 

Figure 4.4. A) The initial particle field B) The initial gas field. Note: This shows how the seeded and non-seeded phases 
are initialized separately despite being the same gas. This also can be used to show the DG case initial conditions.  
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Table 4.2. Naming convention and features of presented simulations 

Nomenclature  

DG Simplifies seeded phase and particles using dusty gas 

approximation.  

NE Non-evaporating particles with only momentum and energy 

transfer 

EV Evaporating particles with mass, momentum, and energy 

transfer 

D0.2 The EV case with a modified diffusion coefficient which is one 

fifth the physical value 

D5 The EV case with a modified diffusion coefficient which is five 

times  

the physical value 

P0.1 The EV case with a modified saturation pressure which is one 

tenth the physical value 

P15 The EV case with a modified saturation pressure which is 15 

times the physical value 

All simulations were initialized at atmospheric conditions, with the pressure and 

temperature at 101.3 kPa and 300 K respectively. For the NE and EV cases this sets the 

pre-shock vapor concentration to approximately 2.3% of the mass fraction for the 

system, which shows good agreement with the established psychometric values. 

Although the NE case has no evaporation, it was initialized with the same vapor phase 

concentration so that the other parameters important to the particle-gas instability 

would be the same. It was previously mentioned that the Atwood number can be used 

to determine the strength of the traditional RM instability. This parameter can be 

adjusted to account for the multiphase components. 

The method for computing the particle-gas Atwood number involves calculating 

an effective density. This density, shown as equation 4.20, uses the definition of mass 
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loading. Mass loading, shown in equation 4.19 is the ratio of mass in a cell; that is to say 

the mass of a single particle multiplied by the total number of physical particles in the 

parcel, over the total mass of the carrier phase in a single cell. The reader should note 

that the effective density is also used as the density of the mass averaged gas in the DG 

case; the full methodology to calculate the dusty gas parameters can be found in 

previous work [28, 38]. For all cases, including those which explore the effects of 

evaporation, the effective Atwood number, equation 4.21, was held to a constant 0.11. 

For the diffusion modifier cases, the same initial conditions used for the EV case were 

valid, as the diffusion multiplier does not change the initial vapor concentration. 

However, when considering the pressure modifier the vapor phase had to be adjusted 

to prevent pre-shock phase change. As such, to keep the effective density the same, the 

number of physical particles per computation particle was adjusted.  Note these 

equations were presented previously in Chapter 3, but are repeated here for 

convenience.  

𝜃𝑚𝑙 =
𝑁𝑝𝑚𝑝

𝑚𝑔
     (4.19) 

𝜌𝑒𝑓𝑓 = (1 + 𝜃𝑚𝑙)    (4.20) 

𝐴𝑡𝑒𝑓𝑓 =
𝜌𝑒𝑓𝑓−𝜌1

𝜌𝑒𝑓𝑓+𝜌1
    (4.21) 

Another important parameter to the instability is the strength of the shock wave, 

or the Mach number. The Mach number, given in equation 4.22, is 1.5 with a small 

variation differing no more than 0.1% in any simulations. This variation is due to a 
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change in the prescription of vapor concentration for the saturation pressure cases. The 

Mach number is dependent upon wi and a the incident wave speed of the shock wave 

and the sound of speed in air.  To compare the different cases together two non-

dimensional times will be used, shown in equations 4.23 and 4.24. The first non-

dimensional time, τ, is the post shock time, is applicable to all cases and is a function of 

t, η0, and wi, or the time, the initial amplitude of the interface, and incident wave speed 

respectively. Equation 4.24 gives the post reshock non-dimensional time, τR, and is a 

function of the transmitted reflected shock wave speed, the interface wavelength, and 

the time the transmitted reflected wave intersects the interface, or wt, 𝜆, and ta. The 

reader should note that the interface wavelength in this equation was taken to be the 

same as the initial wavelength. It is common in some literature [10] to include a post 

shock pre-reshock Atwood number in the numerator of equation 4.24. This was 

removed in this work to highlight the effects of evaporation on post-shock Atwood 

number.  

𝑀𝑖 =
𝑤𝑖

𝑎
     (4.22) 

𝜏 =
𝑡

𝜂0
𝑤𝑖

⁄
     (4.23) 

𝜏𝑅 =
𝑤𝑡

𝜆
(𝑡 − 𝑡𝑎)    (4.24)   

For all the simulations the particles are considered as water droplets with a 

radius of 1 µm and the carrier phase is a Nitrogen water vapor mixture. Table 4.3 shows 

the basic initial conditions which are common among all particle-laden simulations on 
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the left and case specific conditions on the right. All data shown in this work was 

visualized using the CFD visualization program EnSight, a post processing program made 

by Computational Engineering International, Inc. 

Table 4.3. Initial Conditions by case 

 DG NE EV D0.2 D5 P0.1 P15 

P (kPa) 101.3 

T (K) 300 

ρ (kg/m3) 1.124/1.404 1.124 1.136 0.959 

M 1.5 ± 0.1% 

Ateff 0.11 

Particle 
Species 

- Water 

Gas Species N2-vapor Dusty gas/ 
N2-Vapor-Particles 

Dusty Gas 

N2-Vapor 

Initial Vapor 
Concentration 

(%) 

- 2.25 0.22 33.8 

Mass Loading - 25 

Particles per 
Parcel 

- 167650 169540 143000 

Tp (K) - 300 

rp (µm) - 1 

 

4.3. Simulations and Results 

 
Figure 4.5 shows the evolution of the instability with respect to time. The figure 

is separated into two rows with five columns. The first row shows the DG case with the 

second row showing the evolution of the evaporating particle supported instability. The 
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columns each represent a different instance in τ in increments of 50. The first column, τ 

= 0, shows the initial conditions of the simulation. Moving to the second column, τ = 50, 

shows the formation of the bubble front. At τ = 50 roll-up features are more prevalent in 

the DG case than in the EV case; this trend continues throughout τ. At τ = 150 the 

bubble front is considerable more developed in the DG case, with more mixing in the 

roll ups. However, in the EV case secondary features can be seen beginning to form 

around the roll ups. This is due to an effective resolution increase over the DG case due 

to the purely Lagrangian particles. The evolution is followed out to τ = 200, the timing 

just before reshock. The DG case has a significantly smoother interface than that of the 

EV case, while the exemplar case exhibits the aforementioned secondary features. 

Throughout all τ after zero the EV case can be seen to be at a slightly different location 

upstream when compared to the DG case. This is in part because the evaporating 

particles change the post shock wave speed of the seeded gas, allowing the interface to 

move slightly faster. This will be seen in the follow sections when discussing the other 

particle cases. For brevity all further discussion on the pre-reshock cases will only 

consider τ = 200.  
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Figure 4.5. Evolution of the dusty gas and evaporation particle instabilities with respect to non-dimensional time, τ 

4.3.1. Physical cases 

This section covers what is referred to as the physical cases, and includes the DG, 

NE, and EV cases. Figure 4.6 is divided into three rows and five columns. These rows 

from top to bottom represent the DG, NE, and EV cases respectively, with the columns 

moving from species, gas density, gas temperature, particle temperature, and vorticity. 

The reader should note that since the DG case as no particles, the particle temperature 

column has a blank space. This case can be considered as the extreme case, as shown in 

figure 4.6. As expected, this case exhibits the highest post shock temperature, the 

highest gas density, and the greatest amount of vorticity deposition.  
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Figure 4.6. The qualitative scalar fields for the physical cases at τ = 200 

The NE case shows the starting effects of including the multiphase components. 

Comparing the DG and NE cases gas density fields, the NE case has a lower seeded gas 

density. This however is misleading, because the effective density of these two cases is 

the same even during post shock. The dusty gas approximation modifies the gas by mass 

averaging the properties, including the ratio of specific heats. This allows the DG case to 

exhibit a similar temperature field as the NE case. As such, considering the temperature 

fields are the same, it follows logically that their densities would be similar as well.  The 

EV case, however, shows a lower temperature field for the seeded gas. This drop in 

temperature is due to the mass coupling of the particles; that is to say energy is 

removed from the system due to evaporative cooling.  Even with the temperature drop, 

the density of the EV cases seeded phase is similar to that of the DG and NE cases. 
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Similar to the previous chapter the DG case exhibits the most vorticity between 

these cases, and indeed out of any of pre-reshock cases in the subsequent sections. 

However, the EV case shows a slight increase over the vorticity deposition experienced 

by the NE case. It can also be seen between the particle cases and the DG case that the 

particle cases exhibit secondary vortical features. This is likely due to the purely 

Lagrangian behavior of the particles.  

To capture quantitative metrics, filters had to be employed such that the 

interface was the focus of the analysis. This was done to remove any noise away from 

the interface and so that the mixing around the interface could be captured. Two 

methods of finding the area of interest about the interface were required to 

accommodate both the dusty gas and the particle cases. For the dusty gas the filter 

shown in equation 4.25 was used to calculate an area of mixed species, Asp2, 1. In this 

equation, θ2 and θ1 are the upstream and downstream gas mass fractions respectively. 

By filtering out the area where the product of the mass fractions is less than 0.001, the 

vortex cores and mixing layer of the instability was captured. For the particle cases, this 

filter was used in conjunction with equation 4.26, or the area which captures the 

particles penetration into the unseeded phase. ϑ is a scalar variable between zero and 

one that maps the particle mesh to the background carrier gas mesh, with zero meaning 

no particles and one estimating a particles presence on the gas mesh. This filter is meant 

to replicate a kind of mixing area similar to the previous species filter, capturing any 

mixing that may occur due to particle lag, which could be located off the seeded and 



68 
 

unseeded interface. Once these filters were applied to the simulations the circulation 

and integral mixed width could be found.  

𝐴𝑠𝑝21
=  4(𝜃2𝜃1)  𝑖𝑓 (𝜃2𝜃1)  ≥ 0.001  

=  0 𝑖𝑓 (𝜃2𝜃1)  <  0.001   (4.25) 

𝐴𝑝𝑡,𝑠𝑝1
= 𝜗𝜃1  𝑖𝑓 (𝜗𝜃1)  ≥ 0.001  

=  0 𝑖𝑓 (𝜗𝜃1)  <  0.001   (4.26) 

Figure 4.7 shows the circulation calculated using equation 4.27 over the filtered 

area. This equation gives the circulation as the surface area integral of the positive 

component of vorticity, or ω+. All cases show a similar trend in circulation deposition, 

with the DG case having the highest circulation and the NE case the lowest. Figure 4.7 

shows that circulation for the DG case has the greatest initial deposition and then 

remains mostly constant after the shock acceleration. The two particle cases show 

similar initial deposition, which is around 70% the DG case, but then they slowly 

increase at later times. The circulation appears to begin increasing around τ = 50, which 

hints that this increasing behavior is possibly due to the effective resolution of the 

particles capturing some secondary features. As τ increases the EV case begins to 

deviate from the NE case, slowly approaching the DG case circulation. As will be shown 

later when considering modified evaporation, the more the particles are allowed to 

evaporate the more they asymptotically approach the DG case.  

𝛤 = ∫𝜔+𝑑𝐴     (4.27) 
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Figure 4.7. Circulation over time for the physical cases 

Figure 4.8 shows the integral mixed width, equation 4.28, where the DG case 

once again serves as the extreme case. To find the integral mixed width, Lmw, the area of 

the filtered interface was calculated using the filtered areas given by equations 4.24 and 

4.25 in EnSight. This area, Atot, was then divided by the characteristic height of the 

instability, or the initial wavelength. As expected of the NE and EV cases, which have a 

similar circulation, these cases have a very similar mixing width through time. The 

reader should note that the mixing width plots have some noise at around τ = 190, and 

as such they are limited here to just before that. However, the trends are not disrupted 

and the noise does not affect any results in the post-reshock regime.  
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𝐿𝑚𝑤 =
𝐴𝑡𝑜𝑡

𝜆
      (4.28) 

 
 

 

Figure 4.8. Integral Mixed Width over time of the physical cases 

4.3.2. Diffusion Modifier 

To further explore the effects of evaporation the diffusion coefficient was both 

multiplied (the D5 case) and divided (the D0.2 case) by a factor of five. By adjusting the 

diffusion coefficient in this manner, the rate of evaporation could be artificially sped up 

or slowed respectively. Figure 4.9 shows a qualitative comparison of the species, gas 

density, gas temperatures, particle temperatures, and vorticity. Its organization is 

similar to figure 4.6 where each row represents a different simulation moving from the 

EV, the D0.2, to the D5 case respectively; and each column represents the 

aforementioned properties. 

Looking at figure 4.9, it can be seen that the instability is in the same position in the 

shock tube at τ = 200. If allowing evaporation changes the impedance of the system, in 

turn allowing the instability to move at a different rate in the EV case than in the other 
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physical cases, then it appears that modifying diffusion has not affected the position of 

the instability. This hints that the effects of the diffusion modifier are not being 

exhibited with the particle-gas instability. The post shock densities also appear very 

similar with no noticeable differences. This trend continues throughout the qualitative 

comparison, with figure 4.9 showing a similar scalar field for all cases and parameters. 

 

Figure 4.9. The qualitative scalar fields for the Diffusion Modifier cases at τ = 200 

Figures 4.9 and 4.10 show the circulation and the mixed width for the diffusion 

modifier cases. These quantitative measurements show the evolution through time and 

can help to determine if the diffusion modifier has some effect before τ = 200. However, 

figure 4.10 shows that the modifying the diffusion does not modify the circulation, the 

D0.2 and D5 cases exhibit the same circulation as the EV case.  Figure 4.11 continues this 

story for the mixed width. Changing the diffusion coefficient by a factor of 5 in either 

direction does not seem affect the instability. 
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Figure 4.10. The circulation over time for the Diffusion Modifier Cases 

 

 

Figure 4.11 Integral Mixed Width over time of the Diffusion Modifier Cases  

4.3.3. Saturation Pressure Modifier 

While the diffusion coefficient did not greatly affect the growth of the instability, it 

was found that the saturation pressure modifier did. This modifier was divided by a 

factor of 10 and multiplied by a factor of 15. When the saturation pressure was divided 

by 10, the evaporation would essentially stop due to the rate and total allowable vapor 
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mass decreasing by an order of magnitude. When the modifier was multiplied by 15, the 

evaporation rate and amount both increased significantly. The effects of these modifiers 

are outlined in the following section. As previously mentioned, by changing the 

saturation pressure modifier the initial equilibrium concentrations are also changed. To 

prevent any preshock evaporation the free stream vapor concentration was changed so 

the simulation was in psychometric equilibrium before the shock interaction. It should 

be noted that to fairly compare the modified saturation pressure cases to the EV case, 

the preshock Atwood number was kept to 0.11 even when considering the change in 

vapor concentration required to avoid preshock evaporation. The effective Atwood 

number was held constant by adjusting the particle loading for these cases. These 

parameters were outlined in Table 4.3 in the previous section. 

Figure 4.12 shows the qualitative results of the modified saturation pressure 

simulations. The first column, like figures 4.5 and 4.8 shows the species. Here it can be 

seen that the positon of the interface changes with respect to increasing evaporation. 

Recall that figure 4.6 showed a similar trend with the EV case further down the domain 

than the physical other cases, suggesting that evaporation plays a part in the acoustic 

impedance of the system. The P0.1 case, which has the least evaporation of any of the 

evaporating particle cases, shows results very similar to the NE case. P15 on the other 

hand is even further down the domain than the EV case, acting as a sort of extreme for 

the particle cases. Since the difference between the EV case and the physical cases is 

evaporation, and the difference between the modified saturation pressure cases is the 

amount of evaporation, this further supports the theory that evaporation serves to 



74 
 

change the acoustic impedance of the post shock gas allowing the interface to travel 

downstream faster than cases without or with less evaporation.  

 

Figure 4.12. The qualitative scalar fields for the saturation pressure modifier cases at τ = 200 

Figure 4.12 column 2 contains the gas density. The density between the EV and 

P0.1 cases is mostly due to the temperature effects of the particles, rather than 

evaporation, similar to the differences between the EV and NE cases. Since evaporation 

is allowed in the P0.1 case, it has a more significant change in density than the NE case, 

though the difference between these two cases is slight due the fact that evaporation is 

reduced by an order of magnitude. The P15 case exhibits the lowest post shock density 

out of all the cases. The unseeded phase has a lower density due to the initial increase 

in vapor concentration; again this increase is to prevent any pre-shock evaporation and 

can be calculated according to equations 4.18 and 4.19. It should be noted that despite 
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the initial vapor concentration differences, the post shock seeded gas density is similar 

throughout these cases.  

Since the temperatures of the seeded gas and particles decreases with respect to 

increasing evaporation, it follows that the P0.1 case shows a similar temperature field to 

the NE case in both the gas and particle field. It can be seen here that the P15 case 

exhibits the lowest post shock seeded gas temperature. The reader should note that 

between these cases the temperature fields of the unseeded phase reveal a more 

significant difference, this is due to the change in the density caused by the increased 

vapor concentration for the P15 case. This increase in vapor concentration is also what 

allows the P15 case to exhibit both a lower temperature and density throughout the 

seeded gas as well. The final column of figure 4.12 shows that the vorticity increases as 

evaporation increases, with P0.1 reporting the lowest vorticity among the saturation 

pressure modifier cases. This leads to the conclusion that as evaporation is increased 

many of the scalar fields are influenced. 

Figures 4.13 and 4.14 show the circulation and integral mixed width over time 

respectively. Similar to the increase of vorticity with evaporation, figure 4.13 reports the 

P15 case as the highest circulation deposition amongst the particle cases, with its values 

approaching the DG case at late times. As can be expected, the P0.1 case exhibits 

circulation slightly lower than the EV case; a trend it shares with the NE case. The 

increase in circulation deposition exhibited to the P15 case is likely due to the increase 

in post shock Atwood number that occurs as a result of the evaporative cooling of the 

seeded gas. It should be noted that despite the P15 case having a section of the 
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circulation which suddenly drops off and then recovers only the trends are being 

considered and compared here. This fluctuation is likely due to the vortex core moving 

outside the specified interface region and then being recaptured shortly thereafter. 

 

Figure 4.13. Circulation over time for the saturation pressure modifier cases 

Figure 4.14 shows the comparison of the integral mixed width for the modified 

saturation pressure cases against the exemplar case. Continuing the previously 

discussed trend, the P0.1 case closely resembles the EV case in the mixing width, again 

behaving similarly to the NE case. Here the P15 case shows circulation similar to the EV 

case, throughout most of τ. However, at late times, just before reshock, its mixing width 

begins to increase. This behavior is potentially due to the particles manipulating the 

circulation as opposed to stretching the mixing width. 
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Figure 4.14. Integral Mixed Width over time of the Saturation Pressure Modifier Cases  

4.3.4. Reshock Cases 

The modified Atwood numbers can be seen in table 4.4, which outlines the initial 

and pre-reshock Atwood numbers, labeled as IC and τ = 200 respectively. This highlights 

the effects of the multiphase physics, from including the particles to including 

evaporation and finally increasing the evaporation. The additional effects of particle 

evaporation continue to change the post shock Atwood number, though it should be 

mentioned that for the parameters explored here the exemplar case post shock Atwood 

number is pretty similar to the NE case. This is likely driven by particle energy coupling, 

which serves to change the post shock Atwood number even without evaporation. As 

expected, the pre-reshock Atwood number increases with increasing evaporation due to 

evaporative cooling.   
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Table 4.4. Atwood Numbers for the Reshock Cases 

  IC τ =200  

DG 

At 0.111 0.179 

Ateff 0.111 0.179 

NE 

At 0 0.071 

Ateff 0.111 0.205 

EV 

At 0 0.093 

Ateff 0.111 0.207 

P15 

At 0 0.103 

Ateff 0.111 0.233 

 

As evaporation was shown to most directly affect the post shock Atwood 

number a complex acceleration study was desirable. The simulations presented here 

were created with a shock tube environment in mind, as such modeling a reshock 

phenomenon was the simplest choice to create the complex acceleration. The cases 

considered for reshock were the physical cases and the P15 case. No diffusion modifier 

case was selected as there is no appreciable difference in the pre-reshock Atwood 

number, likewise the P0.1 case was considered too similar to the NE case.  

Figure 4.15 represents the growth of the reshocked interface for both the DG 

and the EV cases through post-reshock non-dimensional time τR, given by equation 4.24. 

Similar to figure 4.5 the EV case is representative of all particle cases. This figure shows 

images all taken at the same position in the domain, since the reshock phenomena 

stops all translational velocity. As the images are at the same position, the interface 

stretching and post reshock growth can be qualitatively compared. Looking at structures 
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involved in this evolution, it can be seen that the bubble front has been inverted, 

creating two spike like structures. The spike front region now has a large well central 

bubble-like structure. These features in the DG case are very smooth and well 

developed, with a strong mixing layer. However, the EV case shows less developed 

features. The central bubble formation has a layer of unmixed species in its center. This 

unmixed region starts as unseeded gas and can be seen in both the DG and EV case at τR 

= 2.1. This region becomes mixed in the DG case, as the unseeded gas is pulled into the 

bubble feature as early as τR = 4.15. In the EV case, some of this unseeded gas is mixed 

with the carrier gas, but some persist all the way through τR = 6.25. It can also be noted 

that the EV case has a pocket of unmixed carrier gas in its central bubble feature. This 

behavior continues throughout the evolution of the post-reshock instability. The EV case 

has less organization in the mixing layer, appearing thinner, and in the spike features, 

with less mixed species and some secondary features along the roll ups.   

 

Figure 4.15. Evolution of the post-reshock interface with respect to non-dimensional time, τR. Like figure 4.4, the 
particle cases are represented by the exemplar case 

Figure 4.16 shows density pseudo-colors of the reshocked data set through τR. 

Like the previous physical cases, the DG case has the highest post reshock gas density in 
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its dusty gas phase. The NE case shows a similar carrier gas density to the mixing layer of 

the DG case. However the particles present in the flow introduce disorganization in the 

mixing layer, introducing a central spike feature in the early time that persists 

throughout τR. This case shows significantly less organization than the EV case, with two 

pockets of unseeded density present at late τR. The EV case has a higher carrier density 

than the NE case. This is due to evaporative cooling, and will be discussed in the next 

paragraph. The P15 case shows a similar density to the NE and DG cases, however this is 

slightly misleading. Because the initial concentration of vapor is different in the P15 

case, instead it’s ratio of densities should be compared. Table 4.5 shows the ratio of the 

post-reshock carrier density to the post-reshock unseeded density, or ρ’s over ρ’un 

where ‘ denotes the post-reshock value,  and the subscripts c and un stand the carrier 

gas, and the unseeded gas respectively. Here it can be seen that the P15 case has the 

highest density ratio of any of the particle cases. The P15 case also exhibits the best 

organization of the particle cases with a strong intermediate mixing layer which 

resembles the DG case and a well-mixed central bubble feature. 
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Figure 4.16. Density of the Reshock Cases with respect to τR 

Table 4.5. Density ratio of the Reshock Cases at τR = 6.25 

Case 𝜌′
𝑠

𝜌′
𝑢𝑛

⁄  

DG 1.67 
NE 1.35 
EV 1.46 

P15 1.5 

 

Figure 4.17 displays pseudo-colors for temperature of the reshock cases. The DG 

and NE cases are shown to have similar temperature pseudo-colors with the particles 

cooling off the spike roll ups slightly more. Here the previously mentioned 

disorganization can be more easily seen for the NE case. The central bubble feature 

exhibits feathering like features, as pockets of unseeded gas remain unmixed.  The EV 

case shows a greater temperature drop for the carrier phase. This follows from previous 

discussion which showed that evaporation allows for a greater decrease in temperature. 

This trend is echoed by the P15 case which has the lowest gas temperature, reaching as 
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low as 330 K. The P15 case also exhibits an elevated temperature field. This structure 

can be found in the other cases using their local temperature extremes and is due to an 

irregular shock refraction. 

 

Figure 4.17. Temperatures of the Reshock Cases with respect to τR 

For the NE, EV, and P15 cases the particle temperatures are shown in figure 4.18. 

In the previous sections it was shown that the particles are pulled into the bubble roll 

ups, creating the secondary features present in the flow. In the post reshock flow, the 

particles are not fully pulled into any roll up feature. In all cases the particles follow the 

mixing layer without entering into either the spikes or the central bubble feature 

outlining various features not captured in the density and temperature pseudo-colors. 

The particles do follow the secondary features visible in the EV and P15 cases in the 

spikes, even if they aren’t entering the rollups present. The particles act similarly to 

previous discussion with the NE cases particles being the hottest and the temperature 

dropping with increased evaporation.   
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Figure 4.18. Particle Temperatures of the Reshock Cases with respect to τR 

Vorticity pseudo-colors of the reshock set are shown in figure 4.19. Unlike the 

post shock cases, the DG case has less vorticity deposition than the previous cases. P15 

shows the most vorticity deposition and recovers the alternating vorticity along the 

interface exhibited by the DG case. The change in behavior for vorticity deposition can 

be attributed to the post shock Atwood number. The Atwood number can be used to 

describe the strength of the shock driven instability, as such it follows that the DG case 

would have less circulation deposition from the reshock than the particle laden cases.   
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Figure 4.19. Vorticity fields of the Reshock Cases with respect to τR 

Figures 4.20 and 4.21 present the circulation and the integral mixed width for 

the reshocked cases. The circulation follows the vorticity and Atwood numbers with all 

three of the particle cases exceeding the DG case circulation. The NE case shows an 

initial deposition between the DG and EV cases, and this trend is persevered throughout 

τR, despite a short time where it surpasses the EV case. P15 has the highest initial 

deposition, as expected, and continues this as a general trend. Like the NE case, there is 

some fluctuation in its circulation. At the same time where the NE case surpasses the EV 

case, the P15 case drops and the two cases overlap. This is likely due to the filters 

employed not capturing the full circulation deposition. However, the general trends 

agree with the post-shock Atwood numbers and the vorticity from figure 4.19. 
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Figure 4.20. Circulation over time of the for the Reshock Cases 

Figure 4.21, the mixing width of the reshock cases, shows that the DG and NE 

cases are similar through time. Initially the EV case shows the highest mixing width, and 

continues to show a greater trend through τR. The P15 case, which has the dominate 

circulation, exhibits a lower circulation at early τR but around τR = 3.5 it surpasses the 

other cases and shows the highest mixing width. This early time low mixing width is 

similar to the post-shock study, where P15 shows a similar mixing width to the EV and 

P0.1 cases, despite having a higher circulation. This is potentially due to the circulation 

contributing to the motion of the particles as opposed to increasing the mixing width. 
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Figure 4.21. Integral Mixed Width over time of the for the Reshock Cases  

4.4. Conclusions 
In this work an evaporation model was implemented in FLAG, validated against 

well-established psychometric values, and employed in a multiphase RM-like instability. 

The multiphase components were considered as water particles with a radius of 1 µm, 

initialized in a nitrogen-water vapor gas at a mass loading of 25%. This study considered 

physical evaporation as well as basic parameters involved in the evaporation model, 

adjusting the diffusion coefficient and the saturation pressure through the use of 

multipliers to explore the effects of evaporation rate and evaporation amount and rate 

respectively.  

Three main conclusions were found from this work are presented briefly below and 

then expanded upon: 
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 Within the parameter range explored, evaporation affects the post-shock scalar 

fields and increases the post-shock circulation. When the EV case was compared 

to the other physical cases it was shown that the particles further cooled the 

system via mass transfer. This evaporative cooling affected both the 

temperature and the density scalar fields, changing the post shock Atwood 

number. The circulation through τ is also different between the NE and EV cases 

with the EV case slowly increasing over the NE case. Both particle cases exhibited 

a circulation and mixing width below the DG case. The EV case does not exhibit a 

higher mixing width than the NE case, even at later times with the increase in its 

circulation.  

 The diffusion coefficient and saturation pressure were examined to highlight the 

effects of evaporation. It appears that changing the diffusion coefficient, which 

affects the rate of evaporation, has little effect on the overall instability. It is 

likely that the evaporation time scale is overpowered by the thermal and 

momentum time scales present. Although the diffusion coefficient didn’t 

noticeably affect the instability under the conditions presented in this work, the 

saturation pressure provided a very clear effect in the post-shock circulation. As 

expected by reducing this modifier, and therefor the amount and rate of 

allowable evaporation, the circulation in the instability approaches the NE case. 

This case also exhibits a similar mixing width to the NE case. Increasing the 

multiplier one can see the circulation approach the theoretical limit set by the 

dusty gas approximation. Despite this increase in circulation, the P15 case 
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exhibits a similar behavior to the EV case until late times, at which it shows a 

very slight increase in the mixing width.  

 Since evaporation affects the post shock scalar fields, such as temperature and 

density, the different cases can greatly diverge from the dusty gas approximation 

and even non-evaporating particles with additional shock interactions. The 

evaporation of the particles serves to change the post-shock Atwood number 

(table 4.4), it can be shown that these systems will exhibit different scalar fields 

as well as circulations and mixing widths post reshock. The dusty gas 

approximation underestimates the post-shock circulation and mixing width, 

lacking any way to update the information that is provided by the multiphase 

physics present in the other cases. The NE case follows a similar trend as the DG 

case, with lower circulation and mixing width than the cases with evaporation. 

The P15 case has the highest post shock Atwood number, which allows for the 

highest post reshock circulation. At later times post reshock, this case also 

surpasses the EV case for the highest mixing width.  

To further investigate the effects of evaporation experiments are being developed 

with these parameters in mind. Future simulations will also explore evaporation effects 

with lower mass loadings to allow for full evaporation. To better understand the effects 

of the diffusion modifier, simulations with various particle sizes may also be considered. 

Changing the particle sizes will directly affect the thermal and momentum times 

associated with the particles, and may provide information on the evaporation time 

scales. Also combining the saturation pressure and diffusion modifiers to change the 
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amount of evaporation while preserving the original rate of evaporation can provide 

some important information. Due to the effects of reshock other complex accelerations 

should also be considered, such as a blast wave, which is important due to its SNe, dust 

processing, systems which experience explosive phenomena, and many others.   

5. Conclusion 

The work presented in the chapters above discuss the research performed as 

part of the requirements towards the completion of a Masters in Science of Mechanical 

Engineering. This work covered two topics, broken into three chapters. The first topic is 

the preliminary design work for the Missouri shock tube and was covered in chapter 2. 

This included the use of industry grade software for analysis, the rigorous analysis of 

materials, and united mechanics with thermofluid sciences by finding the limiting 

pressures versus the limiting strengths. 

In chapter two the shock tube equations were used with various gases to 

determine the pressures in each region. It was shown that the limiting regions in the 

design are the driver and reshock pressures. The limiting pressure for the driver was 

selected in accordance with ASME guidelines, in efforts to promote safety in the 

laboratory. This limiting pressure of 23 MPa corresponds to a Mach number 2.5 shock 

wave in air. This is a sufficiently high Mach number for instability research, with most 

literature keeping to Mach numbers between 1.5 and 2.  

This chapter also used x-t diagrams to show the effects of the modular design on 

expansion wave and experiment timing. It was shown that a 5 ft. driver section is 
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sufficient to prevent expansion wave interference with N2, air, and evacuated He. This is 

especially true for the increased driven section. The driven was calculated at needing at 

least a length of 10.9 ft. However, since the material came in increments of 8 ft., and to 

prevent any expansion interference for situations not yet accounted for, the driver 

length was increase to 16 ft. It’s been reported within this paper as 16.3 ft., which 

accounts for flange thickness. A reshock section was also considered to prolong the time 

between a reshock event and the initial shock wave penetration. It was found that the 

reshock section could increase the experimental time by up to 2.5 ms in N2, and up to 6 

ms with SF6 in the driven section.  

It should be noted that much more work was performed on the shock tube 

during the author’s time as the primary design engineer. Challenges such as coating the 

carbon steel to prevent corrosion, to optics, to designing the flanges and cross section 

changes between the driver and driven were all considered. However, since this project 

was taken over by another student, only the most basic design work which was 

completed was reported here.  

The second topic of this thesis is the simulation of the hydrodynamic instability 

which occurs when a shock wave interacts with a multiphase interface. During this work 

the use of two multi-physics, multi-material hydrodynamic codes were used. The first 

code, Ares, was used for the first year of the Masters work and is developed by 

Lawrence Livermore National Laboratory. The second code, FLAG, is the current code 

used by the author. This code is developed by Los Alamos National Laboratory, and 
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allows for the addition and modification. These codes are discussed in chapters 3 and 4 

respectively.  

In Chapter 3, two interfaces are examined for the multiphase instability and 

compared to their dusty gas approximations, which recovers the traditional Richtmyer-

Meshkov instability. The first interface investigated was the cylinder interface, in 2D this 

resembles the shock-bubble problem. These simulations were preliminary in scope but 

did show a distinct difference in the circulation, with the multiphase instability 

exhibiting only ~50% of the circulation of the dusty gas approximation. This allows a 

dampening of the morphology of the particle instability, with the dusty gas 

approximation showing a mustache-shaped interface at late times.  

The second interface considered was a marginally linear sinusoidal interface. This 

interface is commonly studied in experiments due to its amplitude to wavelength ratio. 

The simulations in this section delved into the components of the multiphase instability, 

investigating the scalar fields of the dusty gas approximation versus the multiphase 

instability as well as the particle size and relaxation effects on the multiphase instability. 

This research was published by the authors advisor as “Computational study of the 

shock driven instability of a multiphase particle-gas system”, which covered additional 

parameters. Similar to the cylindrical interface, the sinusoidal multiphase instability 

showed a reduction in circulation over time, this time showing a 25% decrease. The 

morphology of the interface was similar here as well, however, the dusty gas 

approximation exhibited a thinner stem and a more rounded spike front. 
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It was shown that increasing the particle sizes increased the relaxation times 

associated with the particles. The increasing relaxation times showed a further decrease 

in circulation and a more significantly changed morphology. As the particle size was 

increase, the stem leading to the spike would thicken, the spike itself would flatten, and 

vortex cores could not strongly form. The opposite is true for the smaller particle size, 

which would approach the theoretical limit set by the dusty gas approximation. The 

larger particles also showed a more organized field, with hotter particles arranged in 

sheets.  

Chapter 4 continued the investigation into the sinusoidal interface discussed in 

Chapter 3, but changed the particles from glycol to water. This was in consideration for 

an evaporation model, which was implemented into FLAG to examine its effects on the 

instability. Like the previous section, a non-evaporating particle case was considered 

alongside the dusty gas approximation and the now evaporating particles. The 

comparison of these three cases showed a slight increase in the circulation for the 

evaporating particles over the non-evaporating particles, with both cases still lower than 

the dusty gas. The temperature of the carrier gas was also lower for the evaporating 

particles, due to evaporative cooling. Despite the lower temperature, the densities of 

the particles cases were similar due to the addition of the vapor when the particles 

evaporated. 

To isolates the effects of evaporation, two modifiers were selected to artificially 

control the rate of evaporation, and the rate and amount of evaporation through the 

diffusion coefficient and the saturation pressure of the particles respectively. It was 
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found for the current case the diffusion modifier does not affect the instability. It is 

suggested however to try variations on this instability, including investigating the 

relaxation time ratios alongside the diffusion modifier. It may also be enlightening to 

investigate the diffusion coefficient in a case with a low mass loading, which would 

allow full evaporation of the particles. The saturation pressure modifier showed that by 

increasing the amount and rate of evaporation the circulation approaches the 

theoretical limit set by the dusty gas. Likewise reducing this modifier, preventing 

evaporation, forced the instability to behave similarly to the non-evaporating particles 

 

A noticeable effect of evaporation was the change in the post system Atwood 

number. The evaporation would allow for a significant change, with increase 

evaporation creating a higher pre-reshock Atwood number. As such, the secondary 

shock interaction showed significant deviation from the post shock cases. Select cases 

were investigated for reshock, from the base cases used throughout this work including 

the dusty gas approximation, the non-evaporating particles, the now exemplar case, and 

the high saturation pressure case which allowed the most evaporation. In these cases 

the multiphase instabilities had greater circulation than the dusty gas approximation, 

with increasing evaporation showing increasing circulation. The multiphase instabilities 

also had less organized structures, weaker vortex cores, and less mixing. As evaporation 

was increased, these tended to behave more similarly to the dusty gas case as well, with 

the non-evaporating particles exhibiting the most disorganization and the high 

saturation pressure exhibiting the most organization of the multiphase instabilities.  
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